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Abstract 

Research about mesoporous TiO2 as an electron transport layer in perovskite solar cell has been done to obtain 

the best fabricated cell’s performance. In this research, the concentrations of opaque and transparent TiO2 

nanoparticle were varied, in order to optimize the TiO2 mesoporous electron transport layer in FTO/CL-TiO2/MS-

TiO2/Perovskite/P3HT/Ag perovskite-based solar cell. Morphological, optical, and electrical characteristics of TiO2 

layers were investigated using scanning electron microscopy (SEM), four-point probe (FPP), and UV-Vis 

spectroscopy. The influences of those characteristics in solar cell performance were analyzed by using illumination 

of sun simulator with a light intensity of 500 W/m2. The results showed that transparent TiO2 has a higher 

conductivity and transmittance compared to the opaque TiO2. The concentration of TiO2 solution in 1:17 ratio 

resulted in higher electrical performance in both the transparent and opaque TiO2 layer. The best perovskite solar 

cell performance with PCE of 0.37% was achieved from the sample using TiO2 transparent layer with a 

concentration of 1:7 ratio. 
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I. INTRODUCTION 

Perovskite solar cell (PSC) is one of the 3rd 

generation solar cells that has a simpler and low-cost 

fabrication [1]. Organometal halide, specifically leads 

methyl ammonium triiodide (CH3NH3PbI3) has a 

perovskite structure, which can be used as an active 

light-absorbing layer because of its direct bandgap, a 

large absorption coefficient, good electron and hole 

conductivity, and high charge carrier mobility [2,3]. 

Typical device architectures of PSC consist of thin 

layers of transparent conductive oxide (TCO), electron-

transporting layer (ETL), perovskite light-absorber 
layer, hole transport layer (HTL), and a metal electrode 

[4]. Depending on the sequence of depositing the ETL 

and HTL, the device structure can be divided into 

conventional versus inverted architectures. The order 

and chemical nature of the layers and the metal 

electrode strongly condition the performance of PSC 

[5]. 

The electron-transporting layer plays a crucial part 

in the PSC because it prevents the carriers from directly 

contacting the conductive substrate and thereby 

shunting the device. Inorganic semiconductors such as 

titanium dioxide (TiO2) and zinc oxide (ZnO) are often 

used as an electron transport layer in PSC. Organic 

materials such as PCBM, C60, and their derivatives can 

also be used with inverted architecture [6]-[8].  
Titanium dioxide is the most common material 

used because it has a suitable fermi level with lead 

methyl ammonium triiodide or MAI (CH3NH3PbI3) 

perovskite, so that electron could easily be injected into 

its conductive band [9]. Relatively stable, long electron 

lifetime and simple fabrication methods are also the 

factors why TiO2 is selected as an electron transport 

material [10]. Spin coating (SC) and spray pyrolysis 

(SP) are two representative solution processes used to 

form TiO2 ETL, although atomic layer deposition 

(ALD), thermal oxidation, TiCl4 chemical bath 

deposition, and screen printing have also been reported 
in the literature [11]. It is generally acknowledged that 

the quality of ETL produced is highly sensitive to 

process parameters, and thus the efficiency and 

reproducibility can vary substantially. The quality of the 

ETL can be improved by controlling both layer 

thickness and morphology. ETL thickness is very 

influential on the ease of electrons to flow to the anode 

and the optical properties of cells [12]. Mesoporous 
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structure of the ETL surface can lead perovskite to enter 

the pores and causes a larger surface area of the 

perovskite layer [13]. Although the properties of the 

TiO2 layer in solid-state PSCs have been widely 

investigated, thickness- and morphology-dependent 

effects of the mesoscopic TiO2 layer are still unclear. 
Therefore, in this study, these parameters will be 

investigated to obtain the optimum ETL TiO2 layer in 

the process of making perovskite solar cells. The TiO2 

material used in this research is transparent and opaque 

TiO2 pastes. The transparent paste contains a uniform of 

20 nm TiO2 particles, while opaque TiO2 paste contains 

a mixture of 20 nm and 450 nm TiO2 particles. In this 

research, the TiO2 layers were deposited by a spin 

coating method, and because of the material used is in 

the form of a paste, it is necessary to dilute the pastes to 

make it possible to do the spin coating process. The 

concentration of the TiO2 solution was varied by 
diluting TiO2 pastes in ethanol, with a mass ratio of 1:3, 

1:5, 1:7, 1:9, and 1:11, respectively.  

II. EXPERIMENTAL SECTION 

A. Materials 

The substrate used in this research is fluorine-doped 

tin oxide (FTO) glass coated with a sheet resistivity of 

~15 Ω/sq (Dyesol, TEC15). TiO2 opaque (18NR-AO) 

and transparent (18NR-T) pastes were also purchased 
from Dyesol. TiCl4 synthetic grade was obtained from 

Merck, while CH3NH3I (MAI), PbI2, DMF, 

chlorobenzene, isopropyl alcohol, and silver wire were 

ordered from Sigma Aldrich as a pure analyzed grade. 

B. Procedure 

FTO glass substrates with the size of 2 cm × 1.5 cm 

were sonicated in Teepol, deionized (DI) water, and 

isopropyl alcohol (IPA) for 10 minutes, respectively. 

After being dried in the air, the substrates were 
immersed in 40 mM TiCl4 solution at 70oC for 30 

minutes, then they were rinsed with Deionized (DI) 

water and then annealed at 500oC for 30 minutes in the 

furnace to form TiO2 compact layer.  

TABLE 1 

RESEARCH SAMPLE MAPPING 

No 
Sample 

Name 
Type of TiO2 

Particle 

Size 

(nm) 

TiO2 : Ethanol 

Ratio (w/w) 

1 1:3 T 

18NR-T 

(Transparent) 
20 

1:3 

2 1:5 T 1:5 

3 1:7 T 1:7 

4 1:9 T 1:9 

5 1:11 T 1:11 

6 1:3 AO 

18NR-AO 

(Opaque) 
20 – 450 

1:3 

7 1:5 AO 1:5 

8 1:7 AO 1:7 

9 1:9 AO 1:9 

10 1:11 AO 1:11 

 

 

 
(a) 

 
(b) 

 

Figure 1. Device Structure: (a) Top view, (b) Side view. 

 

In this study, we use two types of TiO2 pastes, 

which are commercially available. The opaque TiO2 

paste contains a mixture of 20 nm and 450 nm TiO2 

nanoparticles; meanwhile, the transparent one contains a 

uniform of 20 nm nanoparticles. Both of these pastes 

have very high viscosity. The spin coating technique 
used in this study requires materials with low viscosity. 

Therefore, the two pastes need to be diluted first. The 

TiO2 pastes were diluted in ethanol as a dispersant. 

Since the paste has a very high viscosity, it is more 

convenient to prepare the samples with mass ratio, not 

volume ratio [14]. The concentration was varied in the 

mass ratio of 1:3, 1:5, 1:7, 1:9, and 1:11, respectively. 

Table 1 shows the name of samples, type of paste, and 

the ratio between TiO2 and ethanol, which were used. 

A 75 μl of the TiO2 solution was spin-coated on the 

substrates at 5000 rpm for 30 seconds and dried at 70oC 
for 10 minutes in the oven, before annealing the 

substrates in the furnace at 500 oC for 30 minutes. 

MAPbI3 perovskite solution was prepared by mixing 

MAI and PbI2 in a molar ratio of 1:1 in DMF, resulting 

in a concentration of 35 wt%. The solution was stirred 

overnight at 65oC in order to dissolve it uniformly. A 75 

μl perovskite solution was spin-coated at 4500 rpm for 

30 seconds. At 4th second in the spin-coating process, 

150 μl of chlorobenzene as anti-dispersant was dropped 

onto the spinning substrate. The perovskite layers were 

annealed on a hotplate at 95oC for 30 minutes. 

A solution of 15 mg poly-3hexylthiopene (P3HT) 
in 1 ml chlorobenzene was prepared as HTL. The 

solution was stirred for 2 hours and then spin-coated on 

the surface of the perovskite layer at 3000 rpm for 30 

seconds. The substrates were annealed on the hotplate at 

(b) 
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95oC for 10 minutes. Finally, a 70 nm-thick silver 

electrode was deposited by thermal evaporation onto 
P3HT layer at a vacuum pressure of 5x10-5 mBar. The 

device structure can be seen in Figure 1. 

C. Characterization 

The morphology characteristics of the mesoporous 

TiO2 layer were observed using a 20 kV scanning 

electron microscopy (SEM) JEOL JSM IT-300. The 

layer thickness was also obtained using the scaled cross-

section images that had been generated by SEM. 

Meanwhile, the transmittance spectra of the electron 

transport layer were obtained with an ultraviolet 

spectrophotometer (Hewlett Packard 8453 Agilent 
Technologies). The sheet resistance of the TiO2 layers 

was measured by a four-point probe using an HP 3468A 

electrometer. The photovoltaic performance of the 

fabricated perovskite solar cells was measured by the 

National Instrument I-V measurement system using sun 

simulator (Oriel, Newport, USA, AM1.5G) with the 

intensity of 500 W/m2. 

III. RESULTS AND DISCUSSION 

The configuration of the device was FTO/CL-

TiO2/MS-TiO2/Perovskite/P3HT/Ag. Band-alignment of 

anode, electron transport layer (TiO2), light-absorbing 

layer (perovskite), hole transport layer (P3HT), and the 
cathode (Ag) is shown in Figure 2. This energy-level 

diagram could also be used to calculate open-circuit 

voltage (Voc) in theory, which is the difference between 

lowest unoccupied molecular orbital (LUMO) energy or 

conduction band in the electron transport layer and 

highest occupied molecular orbital (HOMO) or valence 

band in hole transport layer [15]. LUMO of TiO2 is -4.1 

eV; meanwhile, HOMO of P3HT is -5.2 eV. By 

definition, the value of Voc, in theory, is LUMO (TiO2) 

– HOMO (P3HT), which is -4.1 eV – (-5.2 eV) or 1.1 

eV. 
SEM images of the surface morphology of opaque 

and transparent TiO2 mesoporous layer in different 

concentrations were shown in Figure 3. It was observed 

in the figure that random large particles are present 

between fine particles on the opaque TiO2 layer. 

 
 

Figure 2. Schematic energy-level diagram for layers in the fabricated 

perovskite solar cell. 

  

  

  
 

Figure 3. SEM images of TiO2 ETL surface: (a) 1:3 AO, (b) 1:3 T, (c) 

1:7 AO, (d) 1:7 T, (e) 1:11 AO, and (f) 1:11 T. 

 

The number of large particles decreases with 

decreasing concentration of TiO2 paste, so the surface 

tends to be smoother. Different from the opaque TiO2 

layer, in a transparent TiO2 layer, the layer produces a 
uniform surface with evenly distributed particle size. 

The surface becomes increasingly uneven with 

decreasing concentration. It also shows the formation of 

contours with decreased concentration, both on the 

opaque and transparent TiO2 layer. 

The thickness of the TiO2 layers was measured 

from the SEM image of the cross-section side of the 

samples (Figure 4). Figure 5 shows the thickness of the 

transparent and opaque TiO2 layer under different 

concentration (ratio). Each samples’ thickness was 

measured in three different points, and by those 
thickness data, error bars in Figure 5 were calculated. It 

was observed that increasing TiO2 concentration in the 

solution would thicken the deposited layer for both 

opaque and transparent pastes. This observation verifies 

that TiO2 mesoporous structure’s thickness could be 

adjusted by varying TiO2 concentrations in the solution 

or by arranging the ratio of TiO2 paste and ethanol. 

Figure 5 also shows that opaque TiO2 produces a thicker 

layer than the transparent one. The result from the TiO2 

opaque device is thicker than the device with the TiO2 

transparent layer because it has some broader particle 

sizes, either smaller or bigger particles (20 nm and 450 
nm). While the device with the TiO2 transparent layer a 

uniform particle size around 20 nm. Ito et al. also found 

that the TiO2 layer would thicken as its particle was 

increasing in size without changing its solution volume 

in the deposition process [16]. 

(c) (d) 

(e) (f) 

(a) (b) 
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Figure 4. Thickness measurement of the TiO2 layer by SEM image 

through the cross-section side of the TiO2 layer. 

 

Figure 5. Thickness of TiO2 mesoporous electron transport layer of 

different type of TiO2 paste under different concentration 

 

The thickness of a TiO2 layer could affect the 

electron-hole recombination rate in the perovskite solar 
cell [13]. A thinner electron transport layer would have 

a shorter electron travel distance and reduce the cell’s 

recombination rate. However, a thinner layer would 

reduce the deposited perovskite volume on it because of 

its mesoporous structure that acts as a scaffold for the 

perovskite layer [14]. 

An optical characteristic of the TiO2 layer can be 

seen in Figure 6. As the name suggests, TiO2 opaque 

produces an opaque layer, and on the other hand, TiO2 

transparent produces a transparent layer. Thus, the TiO2 

transparent layer was able to transmit light better than 
the TiO2 opaque layer, as seen in the transmittance 

curve in Figure 6. Both TiO2 transparent and opaque 

have a high transmittance in the visible region (400 – 

800 nm), but in the ultraviolet region (400 nm) has a 

low transmittance. These optical properties are due to 

optical properties of TiO2 nanoparticle itself that is able 

to absorb ultraviolet because of its wide bandgap of 3.0 

eV – 3.2 eV [10]. 

From Figure 6(a), we can see that substrate with 

TiO2 transparent did not have any significant difference 

between ratios of TiO2 and ethanol. The highest 

transmittance of 93% is obtained by sample 1:9 T, while 
sample 1:7 T has the lowest transmittance value of 75%. 

In theory, sample 1:11 T should have the highest 

transmittance value. However, that position was 

obtained by sample 1:9 T. This could be caused by the 

uneven surface contour of sample 1:11, as seen in 

Figure 3(f). When light meets an object with an uneven 

surface, it will be scattered. Hence it reduces the 

transmitted light [14]. 

On the other hand, samples with TiO2 opaque have 

a significant difference between each concentration ratio 

value, as can be seen in Figure 6(b). Mainly in ratio 1:3 
and 1:11, where the value is 4% and 74% respectively 

in wavelength of ~480 nm. It was shown that the 

transmittance is decreasing with increasing TiO2 

concentration. One of the possible causes is the increase 

of the layer thickness as TiO2 concentration increases. 

When the layer thickens, the transparency of a layer will 

be reduced, and thus, transmittance value becomes less 

because the light will be absorbed by the addition layer 

[17]. 

As seen in Figure 6a and b, the control sample has a 

lower transmittance value than all transparent paste 

samples and opaque paste with a concentration of 1:9 
and 1:11. This result is caused by the difference of TiO2 

material used in the deposition process. In the control 

sample, TiO2 compact layer is deposited by the 

chemical bath method using TiCl4 as the base material, 

whereas in other samples, TiO2 is deposited by spin-

coating using commercially available TiO2 paste that 

has nano-sized particle and more even particle size 

distribution. 

 
(a) 

 
(b) 

Figure 6. Ultraviolet-visible transmittance spectra of TiO2 

mesoporous electron transport layer with: (a) Transparent and 
(b) Opaque 
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Figure 7. Electrical conductivity of TiO2 mesoporous electron 

transport layer under different TiO2 concentration 

The electrical characteristic of a layer is one of the 

important factors for deciding whether a material is 

good for the electron transport layer. Ideally, the 

electron transport layer should have high conductivity, 

because it will increase the performance of charge 

accumulation and transfer process from the perovskite 

layer to electrode [3]. The electrical conductivity of the 

TiO2 layer was obtained by measuring sheet resistance 
using a four-point probe equipped with an HP 3468A 

electrometer. The conductivity value is inversely 

proportional to the sheet resistivity value. Figure 7 

shows the electrical conductivity of the TiO2 layer at 

various concentrations. It was found that the electrical 

conductivity of the TiO2 layer increases as TiO2 

concentration decreases, both opaque and transparent. 

The conductivity of the transparent layer is higher than 

the opaque layer. An opaque layer has a massive 

particle, which can be attributed to the high level of 

recombination and low electron density in the active 

layer [18]. 
Electrical performance of the fabricated perovskite 

solar cell with the configuration of FTO/CL- TiO2/MS- 

TiO2/Perovskite/ P3HT/Ag was presented in the current-

voltage curve, as seen in Figure 8. In the transparent 

TiO2 layer (Figure 8(a)), Voc increases from the ratio of 

1:3 to 1:7. Later, it decreases from a ratio of 1:7 to 1:11. 

While on the opaque TiO2 layer (Figure 8(b)), the 

change in Voc value is not significant. The voltage of the 

transparent TiO2 layer increases from 0.07 V to 0.35 V, 

and the voltage of the opaque TiO2 layer increases from 

0.11 V to 0.18 V. While in the resulting of Isc value, the 
transparent TiO2 layer is also higher than opaque TiO2 

layer. Sample with TiO2 ratio of 1:7 has the high Voc 

and Isc, both in the transparent and opaque TiO2 layer. 

The performance parameters of the devices can be 

calculated from the I-V curve in Figure 7, and the 

results are presented in Table 2. The performance 

parameter of the control (sample without TiO2 electron 

transfer layer) is also presented in the table. From Table 

2, we can see that sample “control” did not generate any 

current; meanwhile, the others did generate current with 

different values. This could be caused by the long travel 

distance electron must take before finally reach the 
electron transport layer to be transported to the FTO. 

 
(a) 

 
(b) 

Figure 8. Current-voltage curves of perovskite solar cell with different 

TiO2 concentration with: (a) Transparent, (b) Opaque. 

With a mesoporous structure that acts as a scaffold 

for the perovskite layer, electron travel distance is 

significantly reduced and, in turn, reducing the 
possibility of recombination [10]. 

As seen in the I-V curve in Figure 7, the TiO2 

paste’s ratio of 1:7 results in the highest Voc and Isc, 

hence the resulting performance becomes the best. The 

power conversion efficiency (PCE) of the transparent 

TiO2 layer and opaque TiO2 layer is 0.37% and 0.21%, 

respectively. Thus, the best performance is obtained by 

a transparent TiO2 layer. 

TABLE 2 

ELECTRICAL CHARACTERISTICS OF THE FABRICATED PEROVSKITE 

SOLAR CELL 

Sample Name Voc (V) Jsc (mA/cm2) FF 
PCE 

(%) 

Control Not generating any current 

1:3 T 0.07 2.01 0.28 0.09 

1:5 T 0.19 1.38 0.15 0.14 

1:7 T 0.35 2.43 0.19 0.37 

1:9 T 0.20 2.19 0.27 0.26 

1:11 T 0.11 1.09 0.33 0.09 

1:3 AO 0.11 0.71 0.25 0.04 

1:5 AO 0.07 2.04 0.28 0.11 

1:7 AO 0.18 2.14 0.21 0.21 

1:9 AO 0.17 1.34 0.18 0.10 

1:11 AO 0.06 0.73 0.27 0.02 
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Overall, the resulting efficiency value is still very 

low compared to the perovskite solar cells in general, 

which is > 10% [10,13,19]. The resulting low efficiency 

is due to low Voc and Isc values. The Voc value is 

determined by the difference between the LUMO 

electron transfer layer and the HOMO transfer hole 
layer on the perovskite solar cell work function 

diagram, as seen in Figure 1. The low Voc value (< 0.35 

V) in this study can be caused by changes in the work 

function of one or both of these layers. The work 

function of a material can change when there are 

additives added to the material intentionally or not [20]. 

In this study, silver was estimated to act as an impurity 

entering P3HT semiconductor material, thereby 

increasing its conductive properties by changing its 

valence and conductive band values, which results in a 

reduced bandgap value. This short bandgap can cause a 

low Voc value obtained. Silver also makes the resulting 
low Isc values due to deeper penetration into the 

perovskite layer. In addition, optimization of the 

perovskite layer and hole P3HT HTM needs to be done 

further. 

CONCLUSION 

Perovskite solar cells have been fabricated with the 

configuration of FTO/CL-TiO2/MS-TiO2/Perovskite/ 

P3HT/Ag. In order to optimize TiO2 mesoporous as an 

electron transport layer, the concentration of transparent 

and opaque TiO2 nanoparticles was varied. Results 

showed that transparent TiO2 had a higher conductivity 
and transmittance compared to opaque. The 

concentration of the TiO2 solution in a 1:17 ratio 

resulted in higher electrical performance in both 

transparent and opaque TiO2 layers. The best perovskite 

solar cell’s performance with PCE of 0.37% was 

achieved from the sample using a transparent TiO2 layer 

with a concentration of 1:7 ratio. 
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