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Abstract 

 In this research, a thin film of titanium dioxide was prepared as electron transporting layer to be used in perovskite solar cell 

simulation. The thin film TiO2 was prepared under different lab conditions such as changing the chamber pressure from 2.0×10-

2 to 4.0×10-2 mbar and changing the power of deposition device from 200 to 240 watts for different thickness ranging from 30 

to 150 nm. Radio frequency magnetron sputtering method has been used to fabricate the layers under the mentioned 

laboratory conditions. Then, the band gap energy of the thin films was calculated by Tauc’s plot method.  It was shown that 
the bands gap energy which is one of the contributing factors in solar cell characteristics, such as short-circuit current, open-

circuit voltage, fill factor and solar cell efficiency, highly depends on laboratory conditions of preparing the thin film and it 

changes with changes in deposition parameters of the device. The simulated solar cells were considered as ZnO: Al / TiO2 

compact layer/ CH3NH3SnI3 / CuI / Au. Investigation on the effects of preparation conditions of TiO2 on properties of the cell 

and perovskite solar efficiency was carried out using experimental data related to TiO2 and extraction of data of other layers 

from authentic articles using comsol multiphysics software. In comparison with other preparation conditions, the prepared layer 

with 30 nm thickness under 240 watts device power and 3.5×10-2 mbar chamber pressure had the best possible results. In 

this condition, perovskite solar cell characteristics obtained Is c = 22.368mA, Vo c = 1.02V, % FF = 80.522 and % PCE = 18.371.  

 

Introduction 

Economic crises and other problems like fossil fuels decline 

and their destructive effects on the environment as well as the 

rise of energy consumption due to world population increase 

[1] have made scientists to find appropriate solutions to solve 

global energy and its environmental impact problem [2, 3]. 

Developed countries and developing countries are using 

renewable energy sources like sunlight, wind, water, etc. to 

provide clean energy sources and consequently decrease 

detrimental environmental hazards, greenhouse gasses, and 

global warming [4]. The only solution to these problems is to 

use renewable energy sources. Nowadays, the strategy of the 

world’s countries is to use renewable energies especially 

solar photovoltaic energy [5]. Solar energy is one of the 

renewable sources; this endless energy source has the 

potential to solve most of the mentioned problems [6]. Solar 

cells can solve human’s energy needs by receiving sunlight 
and converting it into electrical energy. This energy can be 

used in different industries. The naming of different solar 

cells is based on their semi-conductor materials. These 

materials should have specific characteristics to absorb the 

sunlight. Some kinds of solar cells have been made of 

different compounds like silicon solar cells [7], cadmium-

telluride [8], gallium arsenide [9], hybrid solar cells 

composed of semi-conductor organic a non - organic 

materials [10], bio-hybrid solar cells [11, 12], and recently 

perovskite solar cells [13] that is the purpose of this article. 
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Inclusion of lead as a feature of perovskite material is a 

common concern. Tin-based perovskite absorbents like 

CH3NH3SnI3 have been reported with lower power efficiency 

[14, 15]. In their structure, generally, solar cells have that 

they have been made of different layers to convert luminous 

energy to electrical energy. Semi-conductor nano-materials 

are promising options for the economic and environment 

friendly system having copious chemical and catalyst non-

toxic energy sources without any secondary pollution. 

There are many semi-conductor compounds which can be 

used as anti-reflection coating in solar cells, the most 

important of them are Sio2 [16], ZnS [17], MgF2 [18], ZnO 

[19], and Tio2 [19]. Titanium dioxide is one the most highly 

used anti-reflection materials. Its natural stability is 

titanium oxide [20]. Titanium dioxide can be prepared in 

three main phases of brookite, anatase, and rutile [21]. This 

material has a wide range of application in the paint 

industry, paper industry, plastic, glaze, glass industry, 

cosmetic products, water refinery (as catalyst) [22, 23], 

isolators, sensors, etc. Titanium dioxide is the most 

appropriate candidate to be used in solar cells due to having 

peculiar physical-chemical properties such as high stability 

in the vast environment around in high acidity [24], high 

refractive index [25, 26] and the very low edge of 

conduction band to energy balances of light absorbent 

layers [27]. In general, titanium dioxide is used as electron 

transporting layer in solar cells. For instance, since the 

conduction edge of titanium dioxide in solar cells sensitive 
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to pigment is a little bit smaller than the energy of excited 

state of most of the sensitive pigments, an electron can be 

injected efficiently. Moreover, having high refractive 

index, titanium dioxide prevents recombination before 

reproduction by an oxidative electrolyte [28]. This material 

is a good candidate for using solar cells.  Because of its high 

refractive index [29], titanium dioxide can be used as a 

white pigment or transparency regulator in powder form 

[30]. Recently, it has been shown that, to increase light 

trapping capacity in perovskite solar cells, TiO2 can be 

prepared in form of nano-tube or nano-particles [31] or 

nano-bar and nano-particle through the hydrothermal 

method. It’s been shown that perovskite solar cell 
efficiency obtained 12.2% [32]. Currently, photovoltaic 

cells with heterojunctions are being seriously investigated 

because they are a promising   route toward converting solar 

energy with high efficiency and low cost [33-36]. There has 

been considerable growth in the development of perovskite 

solar cells since 2008 [37]. The efficiency of perovskite 

solar cell increased from 3.1% in 2009 to 3.8% in 2011 

[38], 6.5% in 2012 [39] to 9.7% [40] and 10.9% [41]. Then, 

with relatively rapid growth, the efficiency reached to 

15.3% in 2013 [42, 43]. In 2015, the chemical technology 

research institute of South Korea (KRICT) reported the 

efficiency of solid-state perovskite solar cells 17.9%.  More 

recently, perovskite solar cell efficiency has enhanced 

approximately to 22.1% [44, 45] for a cell with a cross-

sectional area less than 0.1cm2. This study investigated. the 

effect of lab conditions on preparation of titanium dioxide 

layer as one of the most highly used layers in different solar 

cells especially perovskite. This layer was prepared 

experimentally under different lab conditions like chamber 

pressure change and device power change using radio 

frequency magnetron sputtering method. Then, the effect of 

lab conditions on preparation of titanium dioxide layer on 

perovskite solar cell parameters such as short-circuit 

current, open-circuit voltage, fill factor, and solar cell 

efficiency was investigated. Thus, the required information 

of other layers was selected from valid sources, then 

simulation was performed using comsol multiphysics 

software. 

Materials and methods 

This study used radio frequency magnetron sputtering device 

model MSS – MDAU 160 from an injection of Argon neutral 

gas with 99.99% purity. Titanium dioxide tablet had a 

thickness of 3 mm, a diameter of 76.2 mm and purity of 

99.99%. The fixed value of 5 cm was selected as the target 

distance to substrate for deposition. The normal glass 

substrate of (2 cm × 5 cm) was used for deposition. In this 

research, the effects of lab conditions of the preparation of 

titanium dioxide for different thicknesses in fixed deposition 

pressure and power as well as a fixed thickness under 

different deposition pressure and power are examined using 

radio frequency magnetron sputtering method. 

Sample preparation 

Lab conditions and deposition process 

First, all substrates were washed with distilled water for 15 

minutes. Then, the substrates were washed several times with 

acetone and placed in alcohol for 10 minutes to remove all 

impurities. Before starting the main deposition on substrates, 

to purify the vacuum chamber, the initial pressure inside the 

chamber was reached to 3.0×10-5 mbar to minimize the 

pollution inside the environment. After adjusting the device 

and formation of plasma for deposition, a deposition was 

carried out tentatively for 10 minutes to remove all possible 

impurities on the target tablet. After these stages and ensuring 

the minimization of the chamber pollution and substrate, a 

plasma was formed for deposition by regulating the initial 

power of 500 watts and a chamber pressure of 3.0×10-5mbar 

and deposition of different lab conditions was completed. 

During the deposition process, the temperature inside the 

chamber was kept fixed for 580C. Then, using Argon gas, five 

thicknesses of 30, 75, 60, 90, 105 nm were deposited with 

power 240 watts and 3.5×10-2 mbar chamber pressure as 

shown in the table (1). In the next step, by selecting the fixed 

thickness of 30 nm, this thickness was deposited once with 

the fixed 220 watts power under different pressures inside the 

chamber as shown in the table (2). 

The next time, the chamber pressure kept fixed 3.5×10-2 

mbar and deposition were carried out with different powers 

as shown in the table (3). Then, to specify coefficient 

absorption and using it determine bands gap energy, the 

layers were lighted by Perkins Elmer model Lambda 45. A 

sample of a substrate without coating was placed in the 

device and its absorption rate became zero for further 

accurate measurements of substrates with coating. Lighting 

the prepared layers was completed in wavelength of the 

visible light spectrum of (320-900) nm. Laboratory samples 

made are shown in figure (1). 

 

 

Fig 1   Tio2 laboratory samples made in different laboratory conditions. 

 

Table 1   Deposition under fixed power& pressure of device for different thicknesses 

 

Table 2   Deposition under fixed power of device for fixed thicknesses 30 nm under different chamber pressure. 

 

Table 3   Deposition under fixed chamber pressure for 30 nm layer under different powers of device 

.

  



Characterization 

 
Determining band gap energy 

 

There are different methods such as Beer-Lambert law [46] 

and Tauc’s plot [47] for calculating bands gap energy. This 

research used Tauc’s plot method for measuring bands gap 
energy. Coefficient absorption (equation 1) can be described 

based on a function of Photon energy (eV) and used to 

calculate bands gap energy: 

 αhν = A (Eg - hν) n                                                     (1) 

Where fixed h is Planck’s constant, ν is frequency, n is the 
numerical value which is dependent on transition nature 

having values of 1/2, 2, and 3/2 for direct, indirect and 

forbidden transition. Regarding that Tio2 is a semi-conductor 

or direct band gap transition, the value of 1/2 was considered 

for n [48]. Therefore, with drawing (αhν)2 versus hν and 
extrapolation of the linear area of the curve in α=0, direct 
bands gap energy for titanium dioxide is calculated. 

 
 

Fig. 2   Tauc’s plot for the thin film prepared TiO2 a) different thicknesses, b) under different pressures, 

                                                         c) Different powers 

 

The final results of extraction of bands gap energy of the 

prepared layers under different conditions using figures 

(2- a, 2-b and 2-c) are shown in table (4). 

 

 

 

Table 4   The extracted band gap energy related to Tio2 compact layer. 

 

 

Methodology 
Computational simulation is a method of studying and 

analyzing the behavior of a real device by a hypothetical 

system using a computer program. Simulation is based on a 

mathematical model that describes the system. For years, it’s 
been confirmed that numerical simulation method of solar 

cell device is a valid instrument for studying and 

understanding properties of solar cell devices like optical, 

electrical and mechanical properties [49]. Numerical 

simulation has been used for studying the performance of the 

solar cell for 40 years [50]. With development of these 

numerical models, a clear understanding of the mechanism of 

solar cells has been obtained which has led considerably to 

improvement and development of the performance and 

efficiency of the device. Comsol multiphysics software is a 

complete set of simulation which can solve differential 

equations of non-linear systems by partial derivatives 

through FEM method in one, two, and three-dimensional 

space. This is a numerical method for approximate solution 

of partial differential equations using numerical methods like 

Euler method. Comsol multiphysics software can examine 

thin film systems and photonic structures properly. This 

study designs and investigates tin-based perovskite solar cell 

efficiency using experimental results and previous studies 

simultaneously through simulation in comsol multiphysics 

software.  

 

Device structure  

According to figure (3), tin-based perovskite solar cell is 

considered as flat heterojunction, TiO2 is the electron 

transporting material, CH3NH3SnI3 is the absorbent layer 

and CuI is hole transporting material. ZnO: Al and Au are 

the front and back contact respectively. 

 

 

 

Fig. 3   a) Schematic structure and b) perovskite solar cell energy diagram CH3NH3SnI3 

 

The parameters used in simulation 

The parameters used in simulation of different layers were 

meticulously selected from experimental data of this study 

and previous studies. The data related to TiO2 like different 

thicknesses and bands gap energy measured under deposition 

conditions in the first section of this study were entered into 

the simulation. Table (5) shows the simulation parameters.  

 

Table 5   The selected parameters for simulation process in AM1.5G. 

 

In this simulation, the recombination process was considered 

Shockley-Reed-Hall recombination [60] and doped 

impurities assumed 1017 (1/cm3). After the completion of 

simulation and extraction of data from  I-V curve using  FF=  

(Imp × Vmp)/(Isc × Voc )  and  PCE =  (FF × Isc ×Voc)/Pin   where  

Imp  and  Vmp  are voltage and current in maximum power 

and  Isc  and  Vo c are open-circuit voltage and short-circuit 

voltage and  Pin is the power of the incident light to solar cell 

surface, the fill factor and perovskite solar cell efficiency can 

be calculated. The cross section of the perovskite solar cell is 

considered to be 2cm2 and comsol multiphysics software 

considers the connection model to be an ideal ohmic and the 

ideal ohmic connection equation have been used [61]. Graphs 

are down using MATLAB Software. The I-V curves were 

extracted by combining the data related to prepare TiO2 layer 

under different physical conditions experimentally and the 

data of table (4) in comsol multiphysics software. Using these 



diagrams, Isc, Voc  ،% FF and % PCE of perovskite solar cell 

for all three states can be obtained. 

Different thicknesses of the prepared layers under 
fixed power and pressure 

I-V curves and perovskite solar cell parameters for different 

thicknesses are shown in the figure (4) and table (6), 

respectively. 

 

Fig.  4   I-V   curve perovskite solar cell for different thicknesses. 

 

Table 6   Perovskite solar cell parameters for different thicknesses 

The prepared layers TiO2 with 30nm thickness 
under fixed power and different pressures of 
chamber 

As can be seen from figure (4), the I-V diagram is quite 

sensitive to changes in the thickness of the Tio2 layer. As the  

thickness increases, the short-circuit current decreases. But 

there is no change in the open-circuit voltage.    I-V curves 

and perovskite solar cell parameters for 30 nm thickness 

under different pressures of chamber are shown in figure (5) 

and table (7), respectively. 

 

Fig.  5   I-V curve perovskite solar cell for different pressures. 

Table 7.  Perovskite solar cell parameters for different pressures 

Figure (5) shows an overlap for the simulated I-V diagrams. 

The figure (5-a), (from a close-up view) shows that under the 

mentioned conditions, the numerical values of short-circuit 

currents (table 7) are very close to each other. That is, the 

pressure change in the preparation of the Tio2 layer has very 

little effect on the short-circuit current. The figure (5-b) 

shows that no change in open-circuit voltage is observed. 

 

The prepared layers TiO2 with 30nm thickness 
under the fixed pressure and different powers 
device  

I-V curves and perovskite solar cell parameters for 30 nm 

thickness under different powers of chamber are shown in 

figure (6) and table (8), respectively. 

 

Fig. 6   I-V curve perovskite solar cell for different powers. 

 

Table 8   Perovskite solar cell parameters for different powers 

 

Figure (6) shows that as the power of the device increases 

from 200 to 220 watts, an increase in short-circuit current 

occurs. Then, by increasing the power of the device from 220 

to 240 watts, the open-circuit current increases by 0.004mA 

compared to the power of 220 watts (table 8), which is not 

considered a significant change. In other words, an overlap 

has occurred as shown in Figure (6- a). Figure (6-b) shows 

that as the power of the device changes, the open- circuit 

voltage remains constant and does not depend on the change 

in power of the device. 

Results and Discussion 

The effect of thickness on the band gap energy of 
TiO2 prepared at constant pressure and power 

 Table (4) shows the change of bands gap energy versus the 

drawn thickness and the effect of thickness on bands gap 

energy as shown in figure (7).  

 

Fig.  7   TiO2 compact layer bands gap energy as a function of the layer’s thickness. 
 

The dependence of photovoltaic performance on 
thickness of the TiO2 thin film 

Figure (8-a) shows that Isc significantly depends on the 

change of the thin film thickness and it decreases with the 

increase of thickness. In 30 to 105 nm range, Is c changes 

from 22.37(mA) to 19.64(mA) and the current declines 

12% approximately.  

This behavior can be explained in this way: there are two 

ways for transporting charge from perovskite to side current, 

one of them via TiO2 and the other one via perovskite itself 

[62, 63]. In structures having an approximate thickness of 1 

µm (like the selected structure in this article), regarding the 

lower conduction band of TiO2 in comparison to lower 

perovskite’s unoccupied molecular orbital, the rate of TiO2 is 

much lower than perovskite electron transport. Therefore, the 

capacity of electron transport from compact layer shows 

higher dependence on thickness [63, 64] and the other reason 

can be related to increase of thickness so that pair electron - 

hole are produced and recombined before reaching the 

contacts. Voc decreased slightly with an increase of thickness 

which can be disregarded. In other words, Vo c is to some 

extent independent of the compact layer thickness [64] With 

the change of Isc, fill factor and consequently the perovskite 

solar cell TiO2 acts as an anti-reflector layer in solar cells and 

transparency of TiO2 thin film is of paramount importance. 

This layer should be as thin as possible to decline its 



resistance against the current. The thickness of the layer 

allows more light to pass and reach a perovskite absorbent 

layer for production of the pair electron-hole.  The series 

resistance is proportionate to a thickness so that the less the 

thickness the less the series resistance and the more the 

current. The increase of the thickness increases the TiO2 

layer’s series resistance which thin film is of paramount 
importance. This layer should be as thin as possible to decline 

its resistance against the current. The thickness of the layer 

allows more light to pass and reach a perovskite absorbent 

layer for production of the pair electron-hole. The series 

resistance is proportionate to a thickness so that the less the 

thickness the less the series resistance and the more the 

current. The increase of the thickness increases the TiO2 

layer’s series resistance which leads to a decrease in Isc 

current and decreases the efficiency in consequence. The 

electron transporting layer impacts on the performance of 

solar cell: the resistance should be low as much as possible 

and the thickness should be as thin as possible. Therefore, to 

transport the electron and the hole, the edge of conduction 

band of TiO2 should be under perovskite’s conduction band 
and its valance should be under perovskite’s valance band. 
According to figure (8-b), Voc has not changed, (1.02), which 

it can be concluded that during shining the rate of production 

and recombination of electrons and holes almost remains 

fixed and Voc does not change as a result. In addition to the 

mentioned factors, there is a peculiar relationship between 

Voc and contributing factors including energetic disorder, 

charge transfer states, donor-acceptor interface, micro-

structure, carrier density, etc. Each of which having a special 

importance in Voc. Other parameters like electrode work 

function, morphology, light intensity, density of state (DOS) 

recombination, temperature, and defect state and crystallinity 

impact on open-circuit voltage of organic solar cells with 

heterogeneous junction directly or indirectly. The amount on 

the effect of each of these factors can be considered 

separately [65]. According to figures (8-a) and (8-b), the rate 

of efficiency solar cell (% PCE) as shown in figure (8-d), 

change is similar to Isc showing that the efficiency is all 

dependent on short current circuit. It should be noted that the 

change of fill factor as shown in figure (8-c) needs more 

investigations. The fill factor depends on the short-circuit 

current and the open-circuit voltage. For example, open-

circuit voltage depends on various factors such as 

morphology, electrodes work function, light intensity, 

recombination and etc. [64]. In this paper, only the effect of 

physical conditions on the fabrication of the titanium dioxide 

layer is investigated. Therefore, the effect of other factors on 

the fill factor should be investigated, which requires more 

investigations. 

 

  

Fig. 8   Compact layer (CL) thickness-dependent variation in (a) Is c, (b) Vo c, (c) % FF, and (d) % PCE. 

 

The effect of pressure on the band gap energy of 
TiO2 prepared at constant thickness and power 

 

Using table (4), the change of bands gap energy versus 

different chamber pressures is drawn and the effect of 

pressure on bands gap energy is shown in figure 9. 

 

Fig   9   TiO2 compact layer bands gap energy as a function of chamber’s pressure. 
 

The dependence of photovoltaic performance on 
construction of TiO2 thin film in different pressures 

Figure (10-a) shows that Is c depends slightly on the change 

of chamber's pressure in making of the thin film so that with 

the increase of the chamber pressure from 0.02 to 0.04 

mbar, it changes and increases from 22.356 mA to 22.364 

mA. In other words, with the increase of the chamber 

pressure, a slight increase about 0.04% happens which can 

be disregarded and it can be said that Isc is almost 

independent of the chamber pressure during the layer 

making. The approximate fixed state of short-circuit 

current means that the series resistance is almost fixed 

under different conditions of the layer making and the 

capacity of electron transport of this layer has almost not 

changed. In general, Voc is resulted from the splitting of 

quasi-fermi levels and the hole caused by shining.  

Voc = 1/q (EFN - EFP)                                                    (2) 

Where q is elementary charge and EFN and EFP are 

respectively electron and hole quasi-fermi energy levels [65]. 

Under open-circuit conditions, when switching off the source 

of light shining, the charge carriers caused by light are not 

produced, and naturally due to recombination phenomenon, 

the number of electrons and holes decreases and Voc declines 

theoretically [66]. Regarding that Voc remains fixed, (1.02), 

according to figure (10-b), it can be concluded that during 

shining the rate of production and recombination of electrons 

and holes almost remains fixed and Voc does not change as a 

result. Regarding the reliance of FF as shown in figure (10-

c), on short-circuit current and open-circuit voltage and fixity 

of Isc and Voc, this parameter also remained fixed. Regarding 

the reliance of solar cell efficiency on Isc, Voc and FF, the 

efficiency changes with the change in Is c, Voc and % FF. 

Since Voc and FF are fixed and independent of the chamber 

pressure, as shown in figure (10-a) and (10-b), it is all clear 

that the solar cell efficiency (% PCE) as shown in figure (10-

d), has changed slightly with Isc change. Since the change is 

very subtle. This means that according to table 8, this change 

is something around 0.038%, which is very small. 

It can be concluded that efficiency of the simulated 

perovskite solar cell is almost independent of the changes 

in chamber’s pressure in making of compact layer of 

titanium dioxide. 

 

 

 

Fig. 10   Compact layer (CL) pressure-dependent variation in a) Isc, b) Voc, c) % FF, and   d) % PCE 



 

 

The effect of device deposition power on the band 
gap energy of TiO2 prepared at constant thickness 
and pressure 

Parameters Using table (4), the change of bands gap energy 

versus different deposition powers are drawn and the effect 

of bands gap energy power is shown in figure 11. 

Fig. 11   TiO2 compact layer bands gap energy as a function of deposition power. 

 

According to table (4) and figure (7, 9 and 11), the rate of 

bands gap change is (3.618 to 3.687) eV, which shows that 

bands gap energy highly depends on the conditions under 

which the process is carried out [67]. Titanium dioxide’s 
bands gap energy deposited through DC magnetron 

sputtering method under different powers and pressures in 

(3.20-3.28) eV limit which is in line with the results of this 

study [68]. The bands gap energy of thin film of titanium 

dioxide with mixed phase has been reported in (3.58 to 

3.75) eV limit [69] which is in line with bands gap energy 

of this study in (3.576-3.687) eV.  

The dependence of photovoltaic performance on 
TiO2 thin film in different deposition power  

Figure (12-a) shows that Isc depends on the change of 

deposition power of the device and with an increase of the 

power, in 200 to 240 watts, Isc current changes from 

14.899(mA) to 22.368 (mA) and an approximate current 

increase of 33% happens. In other words, the series 

resistance decreases with the increase of the power and the 

current increases as a consequence. According to figure 

(12-b), Voc remain fixed, (1.02), showing that the change in 

deposition power has no effect on the open-circuit voltage. 

Regarding the fixity of Voc, the change trend of % FF as 

shown in figure (12-c), has an ascending pattern with an 

increase of power. With the reliance of this parameter on 

Isc, its change trend is almost proportionate to short-circuit 

current having an ascending trend with an increase of 

power. Finally, the efficiency of perovskite solar cell (% 

PCE) as shown in figure (12-d) increases with power 

increase so that it reaches to its highest rate of 18.371% in 

240 watts. 

 

 

 

Fig.  12   compact layer (CL) Power-dependent variation in a) Isc, b) Voc, c) % FF, and d) % PCE 

 

Conclusion 

The simulation technique of a solar cell for investigating its 

parameters like Is c, Vo c, % FF, % PCE is very useful and 

low cost. In this study, thin layer of TiO2 was prepared 

under different lab conditions like thickness, changing   

deposition power of the device and changing chamber 

pressure using radio frequency magnetron sputtering 

method and its effects on optical parameters of bands gap 

energy of TiO2 thin layer was investigated. In the next step, 

a tin-based perovskite solar cell was simulated by 

COMSOL multiphysics software followed by analysis of 

the effect of the preparation conditions of TiO2 electron 

transporting layer on the performance and efficiency of the 

solar cell. The tin-based perovskite solar cell is important 

since tin is not toxic and is easily accessible with low cost. 

The results of the simulation showed that the 30 nm layer 

under 240 watts power and 3.5×10-2 mbar pressure was the 

most appropriate layer for trapping light. In this prepared 

layer, the highest efficiency was % PCE = 18.371 and other 

parameters obtained Is c = 22.368 mA, Vo c = 1.02mV, % FF 

= 80.522. 
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Figures

Figure 1

Tio2 laboratory samples made in different laboratory conditions.



Figure 2

Tauc’s plot for the thin �lm prepared TiO2 a) different thicknesses, b) under different pressures, c)
Different powers



Figure 3

a) Schematic structure and b) perovskite solar cell energy diagram CH3NH3SnI3

Figure 4

I-V curve perovskite solar cell for different thicknesses.



Figure 5

I-V curve perovskite solar cell for different pressures.

Figure 6

I-V curve perovskite solar cell for different powers.



Figure 7

TiO2 compact layer bands gap energy as a function of the layer’s thickness.



Figure 8

Compact layer (CL) thickness-dependent variation in (a) Is c, (b) Vo c, (c) % FF, and (d) % PCE.



Figure 9

TiO2 compact layer bands gap energy as a function of chamber’s pressure.



Figure 10

Compact layer (CL) pressure-dependent variation in a) Isc, b) Voc, c) % FF, and d) % PCE



Figure 11

TiO2 compact layer bands gap energy as a function of deposition power.



Figure 12

compact layer (CL) Power-dependent variation in a) Isc, b) Voc, c) % FF, and d) % PCE


