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Inverted organic photovoltaic solar cells were fabricated with the configuration of FTO/TiO2/
P3HT:PC61BM/MoO3/Ag. Besides, the influence of transport layers, titanium dioxide and molybdenum 
trioxide, on the performance of solar cells were investigated. These compounds showed excellent optical 
(around 80% for molybdenum trioxide and 95% for titanium dioxide), electrical (like charge carrier 
density of 3.3 x1015 cm-3 and 2.5 x1014 cm-3 for titanium and molybdenum, respectively) and structural 
(anatase and amorphous hexagonal phase for titanium and molybdenum, respectively) properties to be 
used as transport layers. Also the influence of the thickness of the electron transport layer is studied, 
as well as the thickness, temperature and heat treatment time of the active layer. The correct selection 
of TiO2’s thickness (70 nm) and active layer’s thickness (250 nm) and annealing (at 100 degrees for 
8 minutes) can increase the power conversion efficiency. Moreover, the cell fabricated with transport 
layers and the best conditions found showed a maximum efficiency of 3.3%, which indicates that the 
titanium dioxide and molybdenum trioxide played a determining role in the solar cell performance.
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1. Introduction
Over the past few decades, organic photovoltaic solar cells 

(OPV) have gained the researchers’ attention because of their 
earth-abundant constituents, low cost and easy fabrication 
process and offers several advantages including light-weight, 
flexibility, suitability for large-scale production and roll-to-
roll processing1-4. The typical OPV consists of transparent 
electrodes, active layers, interfacial layers, and metal electrodes. 
Active layer based on conjugated poly[3-hexylthiophene] 
(P3HT) polymer donor and [6,6]-phenyl-C61-butyric acid 
methyl ester (PCBM) fullerene acceptors have widely been 
investigated due to their excellent optical and electrical 
properties and have a good stability and lifetime, which is 
around five years under controlled conditions4-6. Besides, 
interfacial layers such as electron transport layers (ETL) 
and hole transport layers (HTL) have been incorporated 
between active layer and electrodes to enhance the power 
conversion efficiency of the solar cells7,8. ETL must be highly 
transparent to transmit the incident light to the active layer9. 
Furthermore, ETL carries the electrons to the cathode while 
blocking holes whereas HTL passes the holes to the anode 
and hampering electrons10. Therefore, these transport layers 
help to extract and collect the photo-generated charge carriers 
and reduce the recombination, which in turn enhances the 
performance of solar cells11. Moreover, they act as buffer 
layers that decrease surface imperfections12, improves the 
air stability and lifetime7,13.

Poly[3,4-ethylenedioxythiophene]:poly[styrenesulfonate] 
(PEDOT:PSS) is the most widely used HTL due to its high 
transparency, hole affinity, and easy solution processability. 
However, the PEDOT:PSS has several disadvantages such 
as hygroscopy, humidity, and inhomogeneous electrical 
properties, which limits the performance of the OPV14. 
In this concern, molybdenum trioxide (MoO3) has been used 
as an HTL due to its energy level alignment, high carrier 
mobility, and environmental stability. Besides, MoO3 is 
a polymorph that can be found in three phases: α-MoO3, 
β-MoO3 and h-MoO3

15. On the other hand, titanium dioxide 
(TiO2) is considered to be the most promising ETL in OPV 
due to its high electron mobility, stability, low cost, and high 
transparency16. It has three phases such as anatase, rutile, and 
brookite, in which, anatase phase exhibits excellent optical 
and electrical properties17. Herein, the expensive indium tin 
oxide (ITO) is replaced by fluorine-doped tin oxide (FTO) 
as a transparent electrode. FTO is less expensive and shows 
better thermal stability than ITO (over 350°C)18 and it has 
excellent electrical conductivity, greater mobility and good 
mechanical stability19. In fact, FTO has been recognized as 
a very promising material for a number of optoelectronic 
applications18-20.

Here, the device fabricated with the configuration of 
FTO/TiO2/P3HT:PC61BM/MoO3/Ag exhibited the highest 
power conversion efficiency (PCE) of 3.3%. To achieve this 
efficiency, the study of the optical, electrical and structural 
properties of the carrier layers was carried out, as well as *e-mail: jsantos@uaq.edu.mx
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the study of the influence of the thickness of the ETL and 
the thickness, temperature and annealing time of the active 
layer. In addition to this, the PCE decay of the constructed 
cells was studied.

2. Experimental details
FTO substrates (Pilkington Tec15) were consecutively 

cleaned in an ultrasonic bath using soap, acetone, and 
ethanol for 15 minutes each one. TiO2 sol-gel solution was 
prepared under the nitrogen atmosphere using titanium (IV) 
isopropoxide (Sigma-Aldrich, 97%), ethanol (J.T. Baker, 
99.8%) and hydrofluoric acid (J.T. Baker, 98.51%). Firstly, 
0.117 mL of hydrofluoric acid was added into 14.2 mL of 
ethanol and then 4 mL of titanium (IV) isopropoxide was 
added into 14.2 mL of ethanol in a separate vial. Finally, 
both the solution was mixed and stirred for 5 minutes to 
obtain the uniform dispersion. Subsequently, the solution 
was spin-coated onto the FTO substrate and annealed at 
550 °C for 1 hour in an air atmosphere. Besides, active layer 
blend was made by dissolving P3HT:PC61BM (SOL4106 and 
SOL5061A, respectively, Solaris Chem, 99.5%) at 1:1 w/w, 
25 mg/mL in o-dichlorobenzene (J. T. Baker, 98.5%) under 
the nitrogen atmosphere, and the solution was stirred at 
60°C for 30 minutes. Then, the blend was deposited over the 
TiO2 layer by spin coating and annealed for each experiment 
according to the Table 1. After that, the MoO3 layer (~10nm) 
was deposited by physical vapor deposition (PVD) using 
MoO3 powder (Sigma-Aldrich 99.5%). Finally, silver (Ag) 
metallic contacts with a thickness of ~100 nm were deposited 
by PVD using a mask with a nominal diameter of 1mm.

The annealing time of active layer was studied by 
varying time (Experiment A). In fact, four samples were 
made for each proposed time (5 s, 5 min, 10 min and 15 min). 
Samples were named using a three character code: a letter 
followed by a two-digit number. The letter corresponds 
to the experiment according to Table 1, the first number 
corresponds to the time variation, to differentiate between 
the devices built, and the last one represents the cell. After 
that the thickness of the ETL and the active layer was studied 
according to the Experiment B. Again, here samples were 
named using a three character code: the letter corresponds 
to the experiment according to Table 1, the first number 
corresponds to the variation of parameters (thicknesses of 
active layer, and ETL), to differentiate between the devices 
built, and the last one represents the cells in each device. 
In this experiment nine devices were made. In Experiment 
C we use the recommended literature parameters (visible 
in Table 1) to compare with the cells constructed versus the 
best parameters found in this research. In this case three 
different solar cells named C1, C2 and C3 were fabricated at 

the same conditions. Finally, using the best ETL’s thickness 
and active layer’s thickness and annealing time, found in 
previous experiments (shown in Table 1), Experiment D was 
developed and four cells were constructed.

3. Characterization techniques
The absorption and transmission spectra of the films 

were obtained in the range between 300 and 900 nm, 
using UV-Vis spectrophotometer Genesys S10 Thermo-
scientific. Raman measurements were carried out using 
a micro Raman DXR2 Thermoscientific with a blue laser 
(455 nm) for TiO2 and MoO3 and a red laser (633 nm) for the 
P3HT, PC61BM, and P3HT:PC61BM samples. Atomic force 
microscopy (AFM) images were taken with a dimension 
of 10 µm x 10 µm. X-ray diffraction analysis (XRD) was 
performed using the Rigaku Ultima IV diffractometer with 
Cu Kα radiation (1.54051 Å) at 40 kV with 15 mA. Finally, 
Current density‐voltage (J-V) curves were obtained from the 
solar simulator model LCS-100 calibrated with AM 1.5 and 
quantum efficiency measurements were performed using 
QEPVSi-b, Newport system.

4. Results and Discussions

4.1. Characterization of thin films
Figure 1 a shows 80% transmittance in the visible region 

for MoO3 and 95% for TiO2 samples. Figure 1 b depicts the 
absorption spectra of P3HT, PC61BM, and P3HT:PC61BM. 
The observed peak in the range between 350 and 650 nm, 
ascribed to the π-π* electronic transition of P3HT polymer 
and the PC61BM exhibits absorption in the range between 
300 and 400 nm, while P3HT:PC61BM blend shows the 
absorption at 300 and 650 nm. The bandgap of 1.9 eV and 
2 eV, corresponding to the P3HT and PC61BM polymers, 
respectively, according with the literature21. Then, the bandgap 
was calculated for both TiO2 and MoO3 using the Tauc plot, 
which is found to be 3.2 eV and 3.6 eV, respectively, for this 
experiment, and can be seen in Figure 2.

Raman spectra of TiO2 and MoO3 films are shown in 
Figure 3. The TiO2 sample showed vibrational modes at 138 cm-1, 
191 cm-1, 392 cm-1, 509 cm-1 and 632 cm-1, attributed to Ti-O 
bond22. The MoO3 film showed the characteristic modes at 
242 cm-1, 283 cm-1, 336 cm-1, 373 cm-1, 664 cm-1, 815 cm-1, 
958 cm-1 and 991cm-1, ascribed to binding and stretching 
modes of Mo-O3. Besides, the peak obtained at 552 cm-1 and 
1090 cm-1, corresponding to the glass substrates23. Furthermore, 
P3HT:PC61BM blend exhibited peak at 731 cm-1, 1386 cm-1, 
1449 cm-1, 1469 cm-1 and 2889 cm-124,25. The observed 
vibrational mode at 731 cm-1 corresponds to the vibrational 
deformation of the C-S-C molecular bond24, and peak at 

Table 1. Variation of parameters in experiments with the configuration FTO/TiO2/P3HT:PC61BM/MoO3/Ag

Experiment TiO2 layer (nm) Active layer (nm) Active layer’s annealing 
time

Annealing temperature 
(°C)

A 70 200 5s; 5, 10 and 15 min 100
B 40, 55, 70 150, 200, 250 10 min 100
C 70 180 15 min 120
D 70 250 8 min 100



3Optoelectrical Properties and the Study of Thickness and Annealing in Poly-3-hexylthiophene Based ITO Free 
Organic Solar Cells with TiO2 and MoO3 as Transport Layers

1386 cm-1 represents the C-C bond of the main structure25. 
Also, vibrational modes at 1449 cm-1 and 1469 cm-1 are 
related to the C=C bond in aggregate and non-aggregated 
chains of P3HT thiophene ring24-26. Finally, the observed 
vibrational mode at 2889 cm-1 corresponds to the C-H bond25.

XRD patterns of TiO2 and MoO3 samples are shown in 
Figure 4. The observed diffraction planes of (101), (004), 
(200), (105), (204), (116) and (115) attributed to the anatase 
phase of TiO2 (JCPDS 21-1272)27. Moreover, MoO3 thin film 
showed (210), (300), (220), (310), (320), (410), (008), (218), 
(424) and (524) planes, which correspond to the amorphous 
hexagonal phase: h-MoO3 (JCPDS 21-0569)28,29.

Figure 5 shows the 2D and 3D AFM images of TiO2 and 
MoO3 films with dimensions of 10 µm x 10 µm. For TiO2, 
the obtained average roughness (Ra) and the mean square 
roughness (Rms) values of ~1.36 nm and ~1.74 nm are 
relatively low, which reveals the uniformity and surface 
homogeneity of the film30. Hence, the results suggested that 
the TiO2 surface is favorable for the active layer deposition31. 
Moreover, the Ra and Rms values of MoO3 were found to be 
~1.59 nm and ~2.31 nm, respectively, indicating the uniform 
distribution obtained from the physical vapor deposition31. 
According to Figure 5 a, TiO2 sample are turned out to be 
strongly polydispersive with particles, which have a nearly 

Figure 1. a) Transmission spectra of TiO2 (TD) and MoO3 (MO) thin films and b) absorption spectra of P3HT, PC61BM and P3HT:PC61BM 
films annealed at 120 °C.

Figure 2. Tauc plots of a) TiO2 (TD) and b) MoO3 (MO).
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spherical shape and consists of many nanocrystallites that 
grown together and combined into larger agglomerates 
forming structures up to 18 nm in size32. The surface 
morphological image of the MoO3 sample (Figure  5b, 
supports the amorphous nature of the film and it’s possible 
to see needle-like morphology and nanosized grains which 
are fused compactly together33.

From the Hall‐effect measurements, the observed 
charge carrier density of 3.3 x1015 cm-3 and resistivity of 
4.0 x104 Ω∙cm, corresponding to the TiO2 films. For MoO3 films, 
the charge carrier density of 2.5 x1014 cm-3, mobility of 
4.6 cm2/V∙s and resistivity of 1.46 x104 Ω∙cm values were 
observed. The combination of ETL and HTL improves the 
transport carrier (electrons to cathode and holes to anode) 
minimizing recombination of charge carriers and increasing 
the fill factor (FF)34.

4.2. Solar devices
Figure 6 a depicts the inverted solar cell structure of 

FTO/TiO2/P3HT:PC61BM/MoO3/Ag, in which, FTO works 
as a cathode and Ag works as an anode. Herein, photons 
travel to the active layer through the cathode and the ETL. 
The inverted structure offers several advantages including 
better photon harvest, the possibility of high-temperature 
annealing for ETL layer (550 °C to reach anatase phase), 
due to the FTO’s high thermal stability in contrast to the 
maximum temperature of ITO, which is 350 ° C.

Figure 6 b shows a schematic representation of the energy 
level diagram. The energy level offset, reported in literature 
and shown, between the donor (P3HT) and acceptor (PC61BM) 
interface is 0.6 eV35. Besides, the reported conduction band 
value (– 4.2) eV of TiO2 is close to the work function of FTO 
(– 4.4 eV), indicating ohmic contact which in turn facilitates 
the electron transfer36. Similarly, the work function (– 5.3 eV) 
of MoO3 leads to ohmic contact with the donor polymer that 
transports holes to the Ag (anode).

4.2.1. Experiment A: Variation of annealing time.
The results can be consulted in the Table  2 and the 

Figure 7. As it is possible to observe, Table 2 shows the 
best sample (of the four samples made) for each proposed 

Figure 3. Raman spectra of TiO2 (TD), MoO3 (MO), and P3HT:PC61BM 
thin films.

Figure 4. XRD patterns of TiO2 (TD)annealed at 550 °C and 
amorphous hexagonal phase of MoO3 (MO) thin films.

Figure 5. AFM images of a) TiO2 and b) MoO3 thin films.
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time (5 s, 5 min, 10 min and 15 min). Also, short-circuit 
current density (Jsc), open-circuit voltage (Voc), fill factor 
(FF), power conversion efficiency (PCE) and the average 
PCE (Av. PCE) were shown. The same parameters, of the 
best cell of each device and the average of the device, are 
shown in the Figure 6, where the trend line is also observed.

A minimum time of 10 s was used because it is quite 
close to not having used heat treatment, but necessary 
to promote the relative crystallinity of the polymers and 
possibly eliminate residual solvent. Just in this time PCE 
and Av. PCE were the worst showed in the Table 2, with a 
maximum PCE of 1.23% (cell A11) and an average PCE of 
1.03%. By increasing the treatment time, it is observed that 
PCE and Av. PCE also increase until 10 min of annealing 
is reached. Here (10 min of annealing), a minimum PCE 
of 1.84%, a maximum of 2.26% and an average PCE of 
2.11% were observed. It is possible to say that by increasing 
the treatment time a greater amount of residual solvent is 
eliminated and the relative crystallinity of the polymers 
of the active layer is improved. However, apparently, by 
continuing to increase the heat treatment time (greater than 
10 minutes), it is observed that the PCE begins to decrease. 
This is seen in the maximum PCE (2%) of the cells treated 
for 15 min, as well as in their average (1.67%). This could 
be related to the breaking of the polymer chains of the active 
layer. In general, the trend found is not only observed in 
the PCE, since it can also be seen in the Jsc, the Voc and 
the FF. Considering only the results of the best cell of each 
device, it can be seen that the PCE, the FF, the Voc and the 
Jsc are quite close in the devices annealed for 5 minutes and 
for 10 minutes. One could venture to say that a better time 
could exist between 5 and 10 minutes, but close to the latter.

4.2.2. Experiment B: Variation of active layer and ETL 
thicknesses.

The results of Experiment B can be consulted in the 
Table 3 and the Figure 8. Also, Jsc, Voc, FF, PCE and Av. 
PCE were shown. For this experiment, the best cell of each 
device and the average of the device were graphed and they are 
shown in the Figure 7, where the trend line is observed, too.

The Table 3 shows that the best PCE (2.5%) and average 
PCE (2.27%)correspond to the device with the greatest 
thicknesses used for the active layer (AL) and ETL: 70 nm 

Figure 6. (a) Device structure and (b) energy level diagram of the fabricated OPV.

Figure 7. Parameters and tendence line of the annealing time’s 
variation in cells according to the Experiment A.
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and 250 nm, for ETL and active layer, respectively. On the 
other hand, the worst device constructed corresponds to 
the device with an ETL thickness of 40 nm and an active 
layer of 200 nm, which correspond to an average PCE of 
0.35%. In fact, in this experiment, the best cell constructed 
corresponds to the cell B12, which has a Jsc of 9.75 mA/cm2, 

a Voc of 0.63 Volts, a FF of 0.41, a PCE of 2.5%, while the 
worst cell showed corresponds to the cell B84, which has 
a Jsc of 6.04 mA/cm2, a Voc of 0.38, a FF of 0.26 and a 
PCE of 0.35%.

Using Figure 8, it is possible to observe the tendence 
lines in this experiment. In general, it is shown how the 
PCE increases with increasing thickness of the films under 
study and this applies to both the active layer and the ETL. 
Larger active layer thicknesses increase the number of photo-
generated electron-hole pairs, increasing in turn the Voc and 
Jsc of the constructed cells, which in turn benefits the FF 
and therefore the PCE, maximum and average. Meanwhile, 
increasing the thickness of the ETL also increases the Jsc, 
the Voc, the FF and therefore the PCE, this is due to the 
fact that the distance traveled by the electrons in this layer 
increases, increasing the volume of charge carriers that can 
be displaced and decreasing the probability of recombination 
of the charge carriers. Both observations can be stated with 
certainty for the trend lines with the ETL of 70 and 55 nm. 
However, this trend is not completely fulfilled in the trend 
line corresponding to a 40 nm ETL, this due to the fact that 
there is an outlier in the device with a 150 nm active layer, 
departing from the observed trend.

In addition, it is necessary to say that only the ETL was 
varied and not the HTL, because the work function of the 
MoO3 is slightly lower (-5.3 eV) than the HOMO of the 
P3HT (-5.2 eV) and to increase the thickness of this layer 
would increase the probability of recombination of the 
charge carriers. On the other hand, using PVD system it is 
not possible to deposit a lower thickness of MoO3 without 
affecting the homogeneity of the layer.

4.2.3. Experiment C: Application of literature 
parameters

Figure 9 depicts the J-V curves of the fabricated OPV 
and Table 4 shows the device parameters of Jsc, Voc, FF, 
PCE and Av. PCE values. The Jsc was changed from 10.97 to 
11.23 and slight changes were observed in FF and Voc values, 

Table 2. Experiment A and the variation of their parameters in cells with the configuration FTO/TiO2/P3HT:PC61BM/MoO3/Ag

Time Sample Jsc (mA/cm2) Voc (Volts) FF Max. PCE (%) Av. PCE (%)
10 s A11 6.56 0.52 0.36 1.23 1.03

5 min A22 8.97 0.59 0.42 2.22 1.76
10 min A34 8.87 0.60 0.42 2.26 2.11
15 min A44 8.78 0.59 0.39 2.00 1.67

Table 3. Experiment B and the variation of their parameters in cells with the configuration FTO/TiO2/P3HT:PC61BM/MoO3/Ag

TiO2 (nm) AL (nm) Sample Jsc (mA/cm2) Voc (Volts) FF Max. PCE (%) Av. PCE (%)
70 250 B12 9.75 0.63 0.41 2.50 2.27

200 B23 8.54 0.58 0.33 1.64 1.50
150 B32 7.91 0.53 0.33 1.40 1.21

55 250 B41 8.87 0.52 0.35 1.61 1.25
200 B52 7.33 0.46 0.29 0.97 0.55
150 B65 6.54 0.43 0.31 0.87 0.56

40 250 B75 7.09 0.48 0.27 0.91 0.77
200 B84 6.04 0.38 0.26 0.59 0.35
150 B94 7.58 0.47 0.35 1.23 0.97

Figure 8. Parameters and tendence line of the thicknesses variation 
in cells according to the Experiment B.
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as can be seen in Table 4. Moreover, the device efficiency was 
varied from 3.03 to 3.12% and the average PCE was found 
to be 3.07%. Therefore, the observed differences in the PCE 
were relatively low, which revealed the high reproducibility 
of the fabricated OPV in this work. Also, the FF was low in 
comparison with other organic solar cells. This low FF is 
attributed to shunt resistance (RSH) and series resistance (RS). 
RSH is caused by manufacturing or natural intrinsic defects 
and includes leakage of current in the layers, in the limits of 
the cell, by difference of energy levels that act as “traps” or 
by recombination of charge carriers. Meanwhile, resistance 
in the active layer, the resistance provided by the electrodes 
and the resistance caused by the contact of the interfaces in 
the device contribute to RS

37. To achieve a good interface’s 
contact the device is usually annealing after fabrication to 
110 °C for 10 minutes38. For this work, no annealing was 
made, because there’s no shown an improvement in the 
interface contact and that decreased the FF and PCE.

External quantum efficiency (EQE) curves of the device 
are shown in Figure  10. The measured EQE was about 
23% and the observed changes in the EQE are directly 
proportional to the PCE of the device. Furthermore, EQE 
exhibits photocurrent in the wavelength ranging from 300 to 
650 nm, which is consistent with the UV-Vis absorption of 
the P3HT:PC61BM blend (Figure 1b).

Figure 11 shows the cross-sectional SEM of the cells, C1, 
C2 and C3, presented in this work. In Figure 11a the SEM 
image corresponding to cell C1 shows FTO, the polymer 
blend and MoO3/Ag. In that cell is not possible to see the 
TiO2 and also the blend has a tear, possibly caused during 
sample preparation, which covers MoO3 and Ag layers. 
Figure 11 b shows the FTO/TiO2 layers and polymers layer 

corresponding to cell C2. Finally, Figure 11c shows FTO, 
TiO2, polymers blend and the MoO3/Ag layers corresponding 
to cell C3. Using these SEM images, the estimated thickness 
mentioned in “experimental details” were verified.

4.2.4. Experiment D: Enhanced devices with the best 
found parameters.

The results of the Experiment D were shown in Table 5 and 
Figure 12. It’s possible to see that the best cell corresponds 
to the cell D4, which has a Jsc of 12.49 mA/cm2, a Voc of 
0.55 Volts, a FF of 0.48 and a PCE of 3.3%. On the other 
hand, the worst cell was the cell D1, which exhibits a Jsc of 
11.79 mA/cm2, a Voc of 0.53 Volts, a FF of 0.5 (the best value 
found in this research) and a PCE of 3.15%. The average 
PCE was 3.21%. It is easy to show that by using the best 
cell construction parameters, which were high ETL and 
active layer thicknesses, treatment time equal to or slightly 
less than 10 min, as well as measuring the cells on the same 
day, an increase in the electrical properties of the constructed 
cells is obtained. In comparison with Experiment C, in 
Experiment D it is observed that by decreasing the treatment 
time and temperature, which leads to a substantial decrease 
in Voc, but consequently, Jsc and FF increase helping the 
relative increase of PCE.

Furthermore, the obtained device parameters were 
compared with the literature values as can be seen in Table 6. 
The efficiency decreased by 1.85% when they incorporated 
layers of MoO3 and TiO2 to the device, compared to the base 
cell with PEDOT-PSS Here, it is worth to mention that the 
maximum PCE of 3.3% was achieved using HTL and ETL 
and the best conditions in this work. Moreover, the device 
was fabricated with and without HTL and ETL. The device 

Figure 9. J-V curves of the device fabricated in the Experiment 
C with the configuration of FTO/TiO2/P3HT:PC61BM/MoO3/Ag.

Figure 10. External quantum efficiency of the device fabricated 
with the configuration of FTO/TiO2/P3HT:PC61BM/MoO3/Ag.

Table 4. Solar cell device properties of the device fabricated in the Experiment C with the configuration of FTO/TiO2/P3HT:PC61BM/
MoO3/Ag

Sample Jsc (mA/cm2) Voc (Volts) Fill Factor PCE (%) PCE average (%)
C1 11.17 0.61 0.45 3.12 3.07
C2 10.97 0.61 0.45 3.03
C3 11.23 0.60 0.45 3.05
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parameters such as Jsc, Voc, and FF values were significantly 
improved with HTL and ETL. Therefore, the efficiency was 
greatly increased from 0.44% to 3.3% as can be seen in 
Table 6. These results suggested that the HTL and ETL play 
a crucial role in the performance of the OPV as mentioned 
earlier. Nevertheless, the highest efficiency of 5% reported 
in the literature39 was obtained with the device configuration 
of ITO/PEDOT:PSS/P3HT:PC61BM/Al (or LiF/Al or Ca/Al 

as a cathode). The most noticeable difference between the 
properties of that organic cell and the best cell in the present 
work is the FF. In fact, if the cell D4 had the same FF (0.628) 
the PCE would increase significantly. It is necessary realized 
more research in order to had best FF and PCE.

5. Conclusions
TiO2 and MoO3 showed the optical, electrical and structural 

properties to be used as transport layers in the structure 
proposed. Also, work function and thermal stability of FTO 
had a good matching with the TiO2 conduction band and 
annealing at 550 °C. In addition, the thickness of the ETL, 
as well as the thickness, temperature and annealing time 
of the active layer, played an important role in increasing 
the efficiency of the built cells. According to experiments, 
a relatively high thickness of ETL permits increase the 
PCE, similar to increasing the thickness in the active layer. 
Also, increasing the time of active layer’s annealing can 
increase the PCE, but continuing to increase said time 
causes a decrease in efficiency. In fact, in this work with the 
experiments made, a thickness of 70 nm is recommended 
for the ETL and a thickness of 250 nm for the active layer, 
which must also be heat treated at 100 ° C for a time close 
to 10 minutes. Furthermore, the device showed the lowest 
PCE of 0.44% without transport layers and the PCE was 
enhanced to 3.3% when the transport layers, with the best 

Figure 11. Cross-sectional SEM of the cells a) C1, b) C2 and c) C3 with the configuration FTO/TiO2/P3HT:PC61BM/MoO3/Ag.

Table 6. Comparison of electrical properties of fabricated OPV with the literature

Sample Anode HTL ETL Cathode Jsc (mA/cm2) Voc (Volts) FF PCE (%)
PW Ag - - FTO 6.66 0.22 0.30 0.44

11 PW Ag MoO3 TiO2 FTO 12.49 0.55 0.48 3.30
Ref [39] ITO PEDOT:PSS - Al 12.80 0.64 0.63 5.15
Ref [40] ITO MoO3 - LiF/Al 4.99 0.61 0.41 1.25
Ref [41] Ag MoO3 TiOx ITO 7.94 0.52 0.44 1.81

PW: present work

Figure 12. J-V curves of the device fabricated in the Experiment 
D with the configuration of FTO/TiO2/P3HT:PC61BM/MoO3/Ag.

Table 5. Solar cell device properties of the device fabricated in the Experiment D with the configuration of FTO/TiO2/P3HT:PC61BM/
MoO3/Ag

Sample Jsc (mA/cm2) Voc (Volts) FF PCE (%) Av. PCE (%)
D1 11.79 0.53 0.50 3.15 3.21
D2 12.43 0.52 0.49 3.17
D3 12.20 0.55 0.48 3.23
D4 12.49 0.55 0.48 3.30
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conditions, were incorporated into the device. However, FF 
must be improved to achieve greater efficiencies.
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