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ABSTRACT 
This paper presents the production and results of optoelectronic characterization process for  

ITO/PEDOT:PSS/P3HT:PCBM/Al organic solar cells (OSC). OSCs were produced in open air environment with 

various P3HT:PCBM active layer thicknesses of 70, 110, 140, 175 and 190 nm. The diode properties of the solar 

cells in the dark have been investigated by using current-voltage (I-V) measurements. The absorption 

characteristics have been investigated by using transmission spectroscopy, and optical band gap energy (Eg) for 

each sample has been calculated. Solar cell parameters for each solar cell has been investigated by using current 

density-voltage (J-V) measurements under AM 1.5 solar raditation, and important solar cell parameters have been 

calculated. It was observed that fill factor (FF) value of the solar cells increase between 0.3239 and 0.3409 with 

decreasing diode ideality factor (n) value. The highest value of PCE was found to be 0.59, which belongs to the 

cell having 140 nm P3HT:PCBM thickness. 
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P3HT:PCBM Tabanlı Organik Güneş Hücrelerinin Opteoelektronik 

Özelliklerinin Aktif Katman Kalınlığına Bağlı İncelenmesi 
 

ÖZET 
Bu çalışmada ITO/PEDOT:PSS/P3HT:PCBM/Al organik güneş hücrelerinin (OSC) üretimi ve optoelektronik 

karakterizasyon süreci üzerine yapılan araştırmanın sonuçlarını sunmaktadır. OSC'ler, 70, 110, 140, 175 ve 190 

nm P3HT:PCBM aktif tabaka kalınlıklarına sahip olacak şekilde açık hava ortamında üretildi. Güneş hücrelerinin 

diyot özellikleri karanlıkta yapılan akım-gerilim (I-V) ölçümleri kullanılarak incelenmiştir. Soğurma 

karakteristikleri optik geçirgenlik spektroskopisi kullanılarak incelenmiş ve her numune için yasak enerji bant 

aralığı (Eg) hesaplanmıştır. Her bir güneş hücresi için hücre parametreleri, AM 1.5 güneş radyasyonu altında akım 

yoğunluğu-voltaj (J-V) ölçümleri kullanılarak incelenmiş ve önemli güneş hücresi parametreleri hesaplanmıştır. 

Güneş hücrelerinin FF değerinin 0,3239 ile 0,3409 arasında diyot idealite faktörü (n) düştükçe arttığı gözlendi. 

PCE'nin en yüksek değerinin 140 nm P3HT: PCBM kalınlığına sahip hücreye ait 0,59 olduğu bulunmuştur. 
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I. INTRODUCTION 
 

Optoelectronic applications of solution processable organic semiconductors have attracted much 

attention in the past years mainly due to their low fabrication cost, flexibility and tuneable optoelectronic 

properties [1-5]. Amongst these applications, composite polymer and fullerene based organic solar cells 

(OSCs) have received a special attention by researchers [6,7]. Bulk heterojunction (BHJ) OSCs having 

an active layer blend of polymer, poly (3-hexylthiophene) (P3HT) and fullerene [6,6],-phenyl-C61-

butyric acid methyl ester (PCBM) have been extensively studied by several researches in the last decade 

[8-14]. The power conversion efficiencies (PCE) of OSCs are mainly affected by the structure of BHJ 

active layers, which has a significant effect on charge generation and transport mechanisms [15,16]. 

Among various device arthitecture types, ITO/PEDOT:PSS/P3HT:PCBM/Al cells are known to have 

the simplest structure of P3HT:PCBM based OSCs, where PEDOT:PSS layer is used as a hole transport 

layer to enhance device characteristics. It has been reported that PCE of P3HT:PCBM based OSCs can 

be enhanced by changing thicknesses of different cell layers [17-19]. PCEs can further be enhanced by 

annealing of PEDOT:PSS layers at several temperatures with several durations [20]. The highest PCE 

of P3HT:PCBM OSCs at 150 °C annealing temperature with 10 minutes of annealing time was reported 

to be 3.84 % [13]. The characterization of produced OSCs were made by several techniques including 

absorption spectroscopy, optical microscopy, photoluminescence spectroscopy, Xray diffraction, DC 

masurements, and AC impedance spectroscopy [21-29]. When literature is taken into account, it is seen 

that most of the time P3HT:PCBM OSCs were produced in a closed system under vacuum or inert gas 

enviroment. It is also seen that, the diode characteristics and their effects measured under dark conditions 

have not been investigated in detail systematically, despite several methods have been used to 

characterize P3HT:PCBM based OSCs. 

 

In the present study, we represent the results of the study on ITO/PEDOT:PSS/P3HT:PCBM/Al OSCs 

produced in open air environment with various P3HT:PCBM active layer thicknesses. The diode 

properties of the solar cells in the dark have been investigated by using Current-Voltage (I-V) 

measurements. By using the results of the measurements, the most important diode parameter, ideality 

factor (n), has been calculated. In addition, the absorption characteristics have been investigated by using 

transmission spectroscopy and forbidden band gap energy (Eg) for each sample has been calculated. 

Finally, solar cell parameters for each solar cell has been investigated by using I-V measurements under 

AM 1.5 solar raditation. Important solar cell parameters such as open circuit voltage (Voc), short circuit 

current (Isc), maximum cell power (Pmax), fill factor (FF), and PCE have been calculated. The dependence 

of the optoelectronic properties of the cells on the thickness of P3HT:PCBM active layer has been 

revealed by means of detailed analysis on measured data and result of calculations. 

 

 

II. EXPERIMENTAL DETAILS 
 

A. PRODUCTION OF SOLAR CELLS 

 
PCBM and P3HT organic polymer materials used in this study are provided by Sigma Aldrich Ltd. 

Company. PEDOT:PSS, which is used as a hole carrier layer, was purchased from Heraeus Deutschland 

GmbH Company. ITO/PEDOT:PSS/P3HT:PCBM/Al organic solar cells were produced by preparing a 

mixture to form an organic interface layer. The hole carrier layer PEDOT:PSS was mixed with DMSO 

with the help of magnetic fishes to have a volumetric ratio of 3% for 24 hours at room temperature by 

stirring. In order to prepare the active layer, P3HT:PCBM mixture, the powdered P3HT and PCBM had 

first to be converted into liquid solutions by dichlorobenzene (DCB) solvent. Stirring was carried out by 

magnetic fishes in different tubes to form 25mg/mL solutions at 45° C for 6 hours. Separately prepared 

solutions were then transferred to the same vessel in a 1: 1 ratio through a 0.45 µm filter and stirred for 

24 hours.  
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The first stage of the ITO/PEDOT:PSS/P3HT:PCBM/Al organic solar cell production process is the 

cleaning of ITO coated glass to be used as wafers for solar cells. These wafers are commercially 

available, cut to a size of 15x15mm and coated with ITO on one side, approximately 150 nm thick. 

Before starting the experimental procedures, the wafers were cleaned in an ultrasonic bath at room 

temperature for 10 min in purified water, 10 min in acetone and 10 min in isopropyl alcohol. After 

cleaning, drying with N2 gas was carried out in order to prevent oxide layers on ITO coated surface.  

 

After these preliminary steps, all wafers were spin coated with 50µL PEDOT:PSS solution at 1000 rpm 

with a Specialty Coating Systems G3 spin coater. The initial coating was followed by annealing at 150° 

C for 10 minutes and then allowing to cool. For the coating of the active layer, P3HT:PCBM, 50 µL of 

solution was used for each sample. The determining parameter of the coating thickness of the samples 

was the rpm value of the spin coater. These values were selected as 500rpm, 1000rpm, 2000rpm, 

3000rpm, 4000rpm.  

 

Al contacts required for the characterization of the device coated on the active layer by a Nanovak 

NVBJ-300TH thermal evaporator. The structures of the produced solar cells are shown schematically in 

Figure 1. The circular contacts with radius of 1mm were produced by help of a metal mask. By this 

method, several contacts were formed on each sample.  

 

 
 

Figure 1. Schematic representation showing the structure of ITO/PEDOT:PSS/P3HT:PCBM/Al solar cells. 
 

B. CHARACTERIZATION OF SOLAR CELLS 

 
The optoelectronic characterization of produced solar cells were done by several methods. The electrical 

characterization of the cells were done by means of Current(I)-Voltage(V) measurements with a 

Keithley 2400 measurement system which has a built-in power supply and an ampermeter. The optical 

characterization of the cells were done by using optical transmission spectroscopy. For this purpose, a 

PG Instruments T70+ model spectrophotometer with 0.5 nm spectral bandwith was used. The recorded 

spectra were corrected for both optical detector efficiency and effect of substrates. Final characterization 

of solar cells were done by using a FY 7000 solar simulator under AM 1.5 solar radiation. The 

thicknesses of PEDOT:PSS and P3HT:PCBM layers were measured by a FEI Quanta FEG 250 scanning 

electron microscope by taking the image of the cross section of the cells. 

 

 

III. RESULTS AND DISCUSSION 
 

As a first step in the characterization process of ITO/PEDOT:PSS/P3HT:PCBM/Al solar cells, the 

thicknesses of the corresponding layers were measured by taking SEM images of the cross sections of 
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the cells. As a result of measurements, the thicknesses of the PEDOT:PSS layers were found to be 

around 50 nm for all the cells. The thicknesses of the P3HT:PCBM active layers were found to be 190 

nm, 175 nm, 140 nm, 110 nm and 70 nm for the layers produced at 500 rpm, 1000 rpm, 2000 rpm, 3000 

rpm, and 4000 rpm, respectively. 

 

To reveal electrical characteristics of the produced solar cells, I-V measurements were performed in the 

voltage range betweeen -3 V and 3 V. The results of the measurements were shown in Figure 2 in semi-

logharitmic scale due to exponential behaviour of the I-V characteristics. From the figure, it is obviously 

seen that all cells show a rectifying behaviour as expected. This means that forward currents are 

exponentially increasing with the voltage, while the reverse currents show somehow weaker voltage 

dependencies. This shows that internal electric field was succesfully generated in the produced cells. 

 

 
 

Figure 2. I-V characteristics of ITO/PEDOT:PSS/P3HT:PCBM/Al solar cells. 
 

For a more detailed analysis on the electrical properties of the cells, several diode parameters can be 

calculated. The I-V characteristic of a diode can be defined by [30], 
 

𝐼 = 𝐼0𝑒𝑥𝑝 (
𝑞𝑉 − 𝐼𝑅

𝑛𝑘𝑇
) [1 − 𝑒𝑥𝑝 (

𝑞(𝑉 − 𝐼𝑅)

𝑘𝑇
)] (1) 

 

and 

 

𝐼0 = 𝐴𝑅∗𝑇2𝑒𝑥𝑝 (−
𝑞𝛷0

𝑘𝑇
) (2) 

 

Here I0 denotes the saturation current, q denotes electronic charge, V denotes applied voltage, n denotes 

ideality factor of a diode, k denotes Boltzman constant, R denotes Richardson constant, T denotes 

absolute temperature in Kelvin, A denotes diode area, and ϕ0 denotes zero potential barrier height. It is 

well known that n indicates the proximity of the diode characteristics to the ideal one. The area of the 

produced cells were measured to be 3,14×10-6 m2. The ideality factor n can be calculated by, 
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𝑛 =
𝑞

𝑘𝑇

𝑑(𝑉)

𝑑(ln(𝐼))
 (3) 

 

The values of n were calculated by using the slopes of the linear regions of the curves shown in figure2 

in the forward bias region, and the results of the calculations were shown in figure 3. As seen from the 

figure, the value of the ideality factor changes between 3.29 and 3.96, and increases with active layer 

thickness. The ideality factor is a measure of how much a diode follows pure thermo-ionic emission 

behaviour, and its value is expected to be 1 in the ideal case, or closer to 1 in non ideal cases [31]. In 

general, it is thought that recombination of the charge carriers occur in the neutral areas of the device in 

the regions where the value of the ideality factor is around 1, whereas it occurs in the depletion area in 

the regions where the value of the ideality factor is 2 or higher [32]. The values of the ideality factor 

also affects fill factor (FF) of the solar cell. It is expected that the increase in the value of ideality factor 

of the produced cells will result in a decrease in the value of solar cell fill factor, and decrease its power 

conversion efficiency PCE.  

 

 
 

Figure 3. Dependence of the values of n on P3HT:PCBM active layer thickness. 
 

To reveal optical properties ITO/PEDOT:PSS/P3HT:PCBM/Al solar cells, optical transmission 

spectroscopy was employed. After transmission experiments, the experimental data were corrected both 

for detector efficiency and substrate effects. Figure 4 shows corrected transmission spectra for all cells 

recorded between 525 nm and 800 nm wavelength interval. It is obviously seen from the figure that 

absorption of incident light increases as the active layer thickness increases. It is an expected result, 

since as the active layer thickness increases, the length of the path light has to travel across this layer 

and possibility of photons being captured by charge carriers also increases. If all the other parameters 

are not taken into account, it is expected that cells having the highest absorption would have the highest 

value of PCE. It is also directly seen from the figure that all cells have a soft absorption edge, that is, 

high absorption region covers roughly 150 nm, which is relatively a wide interval. In general, 

cristallinity of the material increases as the absorption edge gets sharper. 
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Figure 4. Dependence of the transmission spectra of produced cells on active layer thickness. 
 

For a detailed analysis of the optical properties of the cells, Beer Lambert law of the form [33] 

 

𝐼 = 𝐼0𝑒
−𝛼𝑑(4) 

can be used. Here, α denotes absorption coefficent, I0 denotes incident light intensity, I denotes the light 

intensity passing through the active layer of the cell, and d denotes the distance light travels through 

active region, i.e., active region thickness. By using equation 4, α can be calculated by 

 

𝛼 =
1

𝑑
𝑙𝑛 (

𝐼0
𝐼
)(5) 

 

Figure 5 shows the variation of calculated values of α with respect to incident light photon energy. 

Optical band gap of the material can also be calculated by using the values of α, and Tauc relation given 

by [33] 

 

(𝛼ℎ𝜈) = 𝐴(ℎ𝜈 − 𝐸𝑔)
𝑝
(6)   

 

where hυ corresponds to photon energy, Eg corresponds to optical band gap, A corresponds to a constant 

depending on transition probability. In addition, p value characterizes the type of the optical absorption 

process. Its value is theoretically equal to 0.5 for allowed direct, and 2 for allowed indirect transitions. 

The values of p can easily be determined by analyzing figure 5, in which all the curves show a parabolic 

behaviour. This behaviour can simply be verified by drawing a line connecting first and last data points. 

The parabolic behaviour shows that the value of p is 2 for all of the active layers of the cells. By taking 

squareroot of the equation 6, we get 

 

(𝛼ℎ𝜈)0.5 = 𝐵0.5(ℎ𝜈 − 𝐸𝑔)(7) 

 



1808 

 

 
 

Figure 5. Dependence of the absorption coefficent on photon energy for all produced solar cells. 

  

From equation 7, it is seen that the hν intercept of (αhν)0,5 vs. hν graph gives the value of Eg. To calculate 

Eg, figure 6 is drawn. The values of optical band gaps of active layers of the cells were found to be 1.67 

eV, 1.69 eV, 1.70 eV, 1.71 eV, and 1.71 eV for 70 nm, 110 nm, 140 nm, 175 nm, and 190 nm, 

respectively.  

 

 
 

Figure 6. The graph drawn to reveal optical band gap energy of active region of all produced solar cells. 
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It is seen from the figure that the thickness of the active layer has no significant effect on value of Eg. 

This is an expected result, since the composition of the active layer does not change. In general, the size 

of band gap is very important for a solar cell, since it directly affects the energy that can be absorbed 

from light. If incoming photon energy is higher than Eg, the photon is absorbed by the electron and 

excess energy will be lost due to relaxation of the electron to band minimum, which causes loss of 

energy. However, if ncoming photon energy is lower than Eg, it will not be absorbed, which again causes 

loss of energy. For our produced cells, it is out of corcern, since Eg values do not differ from each other 

much. 

 

 
 

Figure 7. J-V characteristic of the solar cell having 140 nm thick P3HT:PCBM layer. 
 

To reveal characteristic properties of produced solar cells, current density (J) – Voltage (V) experiments 

were employed. Figure 7 shows the results of J-V experiments under dark and AM 1.5 solar raditation 

conditions of the cell having 140 nm thick P3HT:PCBM layer, for comparison. The graph shows a shift 

in the curve when exposed to solar radiation, which proves photo response of the solar cell as expected. 

Figure 8 is drawn to analyse the characteristic parameters of all solar cells under illumination. By using 

the figure, important solar cell parameters such as short circuit current density (Jsc), open circuit voltage 

(Voc), maximum cell power density (Pmax), fill factor (FF) and power conversion efficiency (PCE). While 

Jsc and Voc can directly be determined from the figure by using J-axis and V-axis intercepts of the curves, 

the other parameters should be calculated. Pmax can easily be calculated by calculating the power 

generated by the solar cell at each voltage value and taking the maximum. FF of a solar cell can be 

calculated by [34], 

 

𝐹𝐹 =
𝑃𝑚𝑎𝑥

𝐽𝑆𝐶 × 𝑉𝑂𝐶
=
𝐽𝑚𝑎𝑥 × 𝑉𝑚𝑎𝑥

𝐽𝑆𝐶 × 𝑉𝑂𝐶
(8) 

 

where Jmax is the value of current density, and Vmax is the value of voltage at maximum cell power. 
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(a) 

 

 
(b) 

 
Figure 8. J-V characteristic of the solar cells having a) 70, 110, and 140 nm, b) 140, 175, and 190 nm thick 

P3HT:PCBM layers. 
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Furthermore, PCE, showing how much light energy can be converted to electrical energy of a solar cell, 

can be calculated by [34] 

 

PCE =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
(9) 

 

where Pincident is the optical power density incident on the solar cell. All of the calculated solar cell 

parameters are given in Table 1. The most important parameter showing the cell performance is PCE. 

As seen from the table, the most effective solar cell with the highest PCE is the one having 140 nm thick 

P3HT:PCBM layer.  

 
Table 1. Characteristic parameters of ITO/PEDOT:PSS/P3HT:PCBM/Al solar cells for different P3HT:PCBM 

layer thicknesses. 

 

Thickness 

 (nm) 

Jsc 

(mA.cm-2) 

Voc 

(V) 

Pmax 

(mW.cm-2) 

% FF % PCE 

 70 3.4 0.44 0.51 34.09 0.51 

110 3.5 0.46 0.54 33.54 0.54 

140 3.7 0.48 0.59 33.22 0.59 

175 3.1 0.52 0.53 32.88 0.53 

190 2.8 0.43 0.39 32.39 0.39 

 

 
 

Figure 9. The behaviors of the ideality factors and fill factors of the produced 
ITO/PEDOT:PSS/P3HT:PCBM/Al solar cells for different P3HT:PCBM layer thicknesses. 

 
Solar cell efficiency may be affected by several factors. Firstly, light should be captured by the active 

layer of the cell, which could be affected by Eg, absorption coefficent and thickness of the material. For 

organic materials, Eg is generally thought to represent energy difference between the highest occupied 
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molecular orbital (HOMO) level and lowest unoccupied molecular orbital (LUMO) energy level. As 

mentioned before, since Eg of the cells do not differ from each other significantly (figure 6), light is best 

absorbed by 190 nm thick cell, which has the thickest P3HT:PCBM layer (figure 4). Secondly, the 

absorbed light should be converted to electrical energy with minimum loss. As the electrical properties 

of the cells are investigated, it is seen from the figure 3 that the cells having 70 nm thick P3HT:PCBM 

layer is the one closest to an ideal diode. The ideality factor for a cell does not directly affect the PCE 

of a solar cell, however it is expected that an increase in the value of ideality factor will result in a 

decrease in the value of solar cell fill factor, and decrease its PCE. To see this behavior, figure 9 is 

drawn. As seen from the figure, n and FF values of the solar cells are inversely proportional to each 

other, as expected. It is understandable that a solar cell with a lower n and higher FF might have a higher 

PCE, although its absorption is lower when compared to others.  

 

Figure 10 is drawn to see the dependence of the PCE on P3HT:PCBM layer thickness. It is seen from 

the figure that the solar cell with the highest PCE is the one having 140 nm thick P3HT:PCBM layer. It 

is seen that this cell has a % PCE of 0.59 %. By using the results of all available data, it can be concluded 

that this cell satisfies an optimum condition between optical and electrical properties of produced 

ITO/PEDOT:PSS/P3HT:PCBM/Al solar cell with an optimum P3HT:PCBM  layer thickness. 

 

 
 

Figure 10. Dependence of PCE % of ITO/PEDOT:PSS/P3HT:PCBM/Al solar cells for different P3HT:PCBM 

layer thicknesses. 
 

Table 2 is drawn to compare the results of the present study to latest studies performed in the literature. 

It is seen from the table that the value of PCE for the produced solar cell is not higher than the most 

PCEs reported. From the table, it is also seen that the highest PCE values were obtained for the cells 

produced in vacuum environment.  After a thorough analysis of the data, it is seen that Voc value of the 

produced cell is somehow close to the ones in the literature, and the difference in PCE mainly comes 

from Jsc values. This leads to thinking about the metal contact quality of the cell. It is also seen from the 

data that increasing contact thickness also resulted in a higher PCE values. It was mentioned in the text 

that solar cells produced in this study were produced in open air conditions, and relatively thinner metal 

contact layers. Therefore, it seems reasonable to be able to achieve only a low PCE value. Producing 

solar cells with thicker metal contact layer was not performed, since it exceeds the scope of the present 
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study. However, a future study with the subject of investigation of the dependence of PCE on metal 

contact thickness should be performed to achieve higher PCE values.  

 
Table 2. Characteristic parameters of recently produced ITO/PEDOT:PSS/P3HT:PCBM/Al solar cells in the 

literature. Thermal evaporation and magnetron sputtering methods were denoted by TE and MS abbreviations. 

 

Active 

Layer 

Thick. 

 (nm) 

Al  

Contact 

 Thick. 

(nm) 

Jsc 

(mA.cm-2) 

Voc 

(V) 

FF % PCE Annealing 

 Env. 

Ref. 

No 

140 50 (TE) 3.70 0.48 0.33 0.59 Air This Study 

150  100 (TE) 11.62 0.57 0.58 3.84 Vacuum [35] 

100-250 100 (TE) 4.61 0.60 0.21 0.57 Vacuum [36] 

100-250 50 (MS) 2.16 0.34 0.19 14×10-5 Vacuum [36] 

160 - 8.74 0.62 0.51 2.77 Vacuum [37] 

160 - 8.51 0.63 0.52 2.76 N2 [37] 

160 - 7.86 0.62 0.54 2.64 Ar2 [37] 

160 - 7.45 0.63 0.48 2.29 Air [37] 

 

 

IV. CONCLUSION 
 

In the present study, the results of the investigations on ITO/PEDOT:PSS/P3HT:PCBM/Al OSCs 

produced in open air environment with various P3HT:PCBM active layer thicknesses were reported. 

The active layer thicknesses of the produced cells were measured to be 190 nm, 175 nm, 140 nm, 110 

nm and 70 nm, by SEM imaging. Several methods have been employed to reveal electrical and optical 

properties of the produced solar cells. The diode properties of the solar cells in the dark have been 

investigated by using I-V measurements. By using the results of the measurements, the most important 

diode parameter n has been calculated to be 3.96, 3.89, 3.43, 3.31, and 3.29, respectively. Besides, the 

absorption characteristics have been investigated by using transmission spectroscopy. By using the 

results of the transmission measurements, Eg for each sample has been calculated to be 1.71, 1.71, 1.70, 

1.69, and 1.67 eV, respectively. It is thought that the values of Eg are not determining parameters, since 

they are very close to each other. Furthermore, solar cell parameters for each solar cell has been 

investigated by using J-V measurements under AM 1.5 solar raditation. Important solar cell parameters 

such as open circuit voltage (Voc), short circuit current density (Jsc), maximum cell power (Pmax), fill 

factor (FF), and PCE have been calculated. The values of % PCE were found to be 0.39, 0.53, 0.59, 

0.54, and 0.51, respectively. It was also observed that FF value of the solar cells increase between 0.3239 

and 0.3409 with decreasing n value. It was revealed that the cell with highest PCE is the one having 140 

nm P3HT:PCBM thickness. The reason for relatively low value of PCE was proposed to be the 

production of cells in open air environment, and with a thin layer of metal contact.  Although the PCE 

value of the produced cells seems to be lower when compared to ones in the latest literature, a future 

study proposal was made to achieve cells having thicker metal contacts with higher expected PCE 

values.  
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