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Abstract— The discovery of bulk-heterojunction concept and 

conjugated polymer led to an increasing interest towards organic 

solar cells. Eventhough organic solar cells are less expensive than 

inorganic solar cells,  the power conversion energy is still 

considered low. This research’s main objective is to study the 

thickness and concentration effect of P3HT’s layer towards the 

efficiency of the P3HT:Graphene solar cells. SCAPS is a 

simulation software that is used in this research to simulate the 

effect on the solar cells. The solar cell’s structure is drawn in the 

simulation software and the parameters for each layers is 

inserted. From the overall results, the thickness of 100nm and the 

concentration of 1.0 x 1016 cm-3 yeild the optimum efficiency. 

 
Index Terms— Organic Solar Cells, P3HT, Graphene, SCAPS. 

I. INTRODUCTION 

Since the discovery of conjugated polymers [1]-[2] and bulk-

heterojunction [3], organic solar cells has become a major 

field of studies in photovoltaic. Organic solar cells is well 

known nowadays due to its favorable properties such as easy 

fabrication, less expensive and also lighter than inorganic 

based solar cells [4].  

Most studied polymer till today is Poly(3-hexylthiophene) 

(P3HT), which in the last decade has been widely used in 

organic electronics and photonics. Its use in organic 

photovoltaic has most contribute to its popularity. P3HT is 

known to posses properties such as high electrical 

conductivity and high solubility in different solvent [4]. It also 

can be deposited under low deposition temperature by using 

cheap deposition technique [4]-[5].  
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P3HT possesses a high electrical mobility (µhole = 0.2 

cm2/Vs) but it is low compared to the electrical mobility of 

inorganic solar cells [4],[6]. Since P3HT is a donor material 

and a p-type semiconductor, it posses higher hole mobility 

than electron mobility. P3HT has a melting temperature of 

240°C and is a semi-crystalline polymer [7]. 

Recent photovoltaic studies shows new materials that have 

organic-inorganic combination such as P3HT with carbon 

polymorph composites is developed in order to produce a 

higher efficiency [4]. Carbon polymorph composites such as 

Carbon nanotubes (CNTs) and Graphene is being widely 

researched. The discovery of Graphene in 2004 has led to 

many research on Graphene’s properties. Graphene has an 

excellent electrical characteristic such as high conductivity 

and mobility than CNTs [4],[8]. It is also reported that 

Graphene is a superb electron acceptor [4]. In this research, 

P3HT is mixed with Graphene and is use as an active layer 

inside the solar cell. 

The existence of Graphene in P3HT effects the capacitance 

of the thin film. Capacitance (C) is used to analyze the charge 

transport in organic photovoltaic devices. The capacitance-

voltage characteristics gives a deep understanding into these 

devices when combined with current density-voltage (J-V) 

data [9] and also provide info of the device characteristic. 

Recent research has showed that at the peak in the C-V 

characteristic, the built- in voltage (Vbi) can be obtained [10]. 

As polarity changed, only one peak is visible when the bias is 

applied through the organic semiconductor 

[11][12][11][11][13].  

Low power conversion efficiency is the main problem for 

organic solar cells. This is because of low photocurrent. Low 

photocurrent in P3HT is due to low  electron mobility (µelectron 

= 10-14 – 10-14 cm2/Vs) [4],[6]. In order to increase the electron 

mobility, P3HT will be mixed with a high electron mobility 

material such as Graphene. It also has been stated that low 

photocurrent is due to low absorption of incident light power 

[6],[14]. These two problems is mainly affected by the 

thickness of the active layer in the solar cell. This research is 

to study the effect of P3HT:Graphene concentration and 

thickness towards the solar cell’s characteristic.  
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II. METHODOLOGY 

The simulation software that is used in this research is 

SCAPS. The structure of the solar cell is drawn in the software 

as shown in Figure 1. The parameters such as the bandgap, 

electron affinity and the electron concentration is fixed for 

each layer of the solar cell. The P3HT’s thickness is measured 

from 60 nm to 100 nm and for each thickness of P3HT, the 

hole concentration is measured from 1x1013 till 1x1016 cm-3. 

Effect of the concentration will also be measured since carrier 

concentration is linked with electrical mobility. The open 

circuit voltage (Voc), short circuit current density (Jsc), fill 

factor (FF), efficiency (η), quantum efficiency (QE), the 

capacitance-voltage (C-V) and the capacitance-frequency (C-f) 

is calculated by the software. Equation (1) shows the 

efficiency (η) equation where PIN is the input power. Equation 

(2) shows the quantum efficiency (QE) equation. Po is the 

incident optical power and Iph is the photocurrent.  
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Fig. 1. Solar cell structure of P3HT/Graphene layer 

 

III. RESULT AND DISCUSSION 

According to the simulation result shown in Figure 2, the 

current density shows the gap between the dark current and 

under illumination increases when the thickness of the active 

layer increases. In order to generate more power, the gap 

between the dark current and under illumination should be 

bigger. Due to a bigger charge generation, the photocurrent 

will increase as the thickness of the P3HT:Graphene increases 

[6].  
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Fig 2 Current density (Jsc) for every thickness at dark current and under 

illumination at a hole concentration of 1.0 x 1016 cm-3. 

 

From Figure 3, the quantum efficiency shows that the more 

thicker the P3HT:Graphene layer, the higher the quantum 

efficiency. Quantum efficiency (QE) is only affected by the 

amount of the absorption light. Therefore more light will be 

absorbed to generate more photocurrent when the active layer 

is thicker. The QE drop till 0 at around wavelength of 580nm 

because there are no more light absorbed at higher 

wavelength. P3HT absorption is has also been proved to be at 

300nm till 600nm [4]. 
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Fig. 3. The quantum efficiency (QE) at different thickness of the active layer. 

 

The effect of the layer’s concentration towards the open 

circuit voltage (Voc) is shown in Figure 4. Voc increases as the 

concentration of the active layer increases. From the graph in 

Figure 4, the thickness of 60 nm has the highest Voc value at a 

concentration of 1x1016 cm-3 while the thickness of 100nm has 

the lowest Voc value. The results shows that the thicker the 

active layer, the lower the voltage. Voltage usually is affected 

by the resistance. A thicker active layer has a lower voltage 

due to a higher series resistance [6]. 
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Fig. 4. The open circuit voltage (Voc) for every thickness and concentration 

 

 Figure 5 shows the effect of the thickness towards the 

short circuit current density (Jsc). From the results, the highest 

current density value is the layer with a thickness of 100 nm 

while 60 nm has the lowest value. At 100 nm, the active layer 

has more area to generate current than the active layer that is 

only 60 nm thick. It also have more carrier concentration when 

the active layer is thicker. Therefore the current is higher. As 

stated from previous studies, when the thickness increased, the 

number of charges also increase due to more absorption [6]. 
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Fig. 5. The short circuit current density (Jsc) for every thickness 
 

The fill factor results for every concentration is shown in 

Figure 6. As shown, the fill factor decrease rapidly as the 

concentration rises. The fill factor then decrease as the 

thickness and concentration of the active layer increase from 

1x1014 cm-3 to 1x1016 cm-3. Fill factor is the ratio of the 

maximum power from the solar cell to the product of Voc and 

Jsc. The FF decrease when the charge mobility is raised in 

polymer solar cells [6]. When the charge mobility increases, 

more charges can move through faster and will result in a 

higher photocurrent.  
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Fig. 6. Fill Factor (FF) for every thickness and concentration of P3HT 

 

In Figure 7, the efficiency rises when the concentration 

increases.  Highest efficiency achieved is 15% at a thickness 

of 100 nm. A higher efficiency lead to a better device 

performance because more sunlight can be converted into 

electricity. Figure 7 shows a higher power conversion 

efficiency is achieved when the active layer is thicker. The 

efficiency is the most important results because it shows the 

performance of a solar cell. A higher efficiency leads to a 

higher performance solar cell. Efficiency is mainly affected by 

Jsc and from Figure 5, the Jsc increase when the active layer 

gets thicker, due to that the efficiency also increased [6]. 

 

10^13 10^14 10^15 10^16

12.5

13.0

13.5

14.0

14.5

15.0

 

 

E
ff
ic

ie
n

c
y
 (

%
)

Concentration (cm
-3
)

 (A) Thickness (60nm)

 (B) Thickness (70nm)

 (C) Thickness (80nm)

 (D) Thickness (90nm)

 (E) Thickness (100nm)

 
Fig. 7. The efficiency (η) for every thickness and concentration. 

The effect of the P3HT’s concentration towards the device’s 

capacitance is shown in Figure 8. The thickness of the active 

layer is fixed at 100nm while the hole concentration is 

evaluated from 1.0 x 1013 cm-3 to 1.0 x 1016 cm-3. From Figure 

8, only (D) shows a drastic increase at 0.7 V while (A),(B) and 

(C) slowly decrease as the voltage increase. (D) also shows 

there is a built-in voltage inside solar cells. The capacitance 

increases in the forward direction and reach a peak at 0.86V. It 

has been reported that the peak came from mobile holes in 

donor materials [11].This occur due to the concentration of 

P3HT which increase from 1.0 x 1013 cm-3 to 1.0 x 1016 cm-3. 

P3HT is p-type semiconductor and  rich in hole concentration. 

The capacitance value also increase when the hole 

concentration increases. It seems that the capacitance decrease 

until it reach a voltage of 0.58V. At 0.58V, the capacitance 
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increase rapidly at a concentration of 1.0 x 1016 cm-3 until it 

reach its peak at around 0.86V. The capacitance then decrease 

till 0.94V due to the limitation of the minority carriers 

concentration [10]. 
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Fig. 8. C-V characteristic for every concentration 

The effect of thickness towards the device’s capacitance 

voltage is shown in Figure 9. Here, the voltage  and 

concentration is fixed from -0.8V to 1.0V and 1.0 x 1016 cm-3 

respectively. The thickness of P3HT is measured from 60 nm 

till 100 nm. As seen from Figure 9, 60nm has the highest 

capacitance while the lowest capacitance is at 100 nm. It can 

be concluded that as the thickness decreases, the capacitance 

increases. For very thickness, there is a slight rise at 0.84V  

but as the thickness decrease, the peak also decreases. As 

explained above the peak decrease because of the limitation of 

minority carriers concentration [10]. The hole concentration 

decreases as the thickness of the P3HT decreases. This will 

cause the peak to decrease. The peak voltage is related to the 

bias voltage Vbi therefore the peak for all thickness is the same 

[9]. The thickness of the active layer is inversely proportional 

to the capacitance. Therefore as the active layers gets thicker, 

the capacitance decerase. 
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Fig. 9. C-V characteristic for different layer’s thickness 

The capacitance – frequency (C-f) result is shown in Figure 

10. The highest capacitance value is at a concentration of 1.0 x 

1016 cm-3 when under illumination. As the frecuancy increase, 

the capacitance does not show a major change. It can be seen 

in Figure 10 that even the concentration increases from 1.0 x 

1013 cm-3 to 1.0 x 1016 cm-3, the capacitance is static. The 

highest capacitance value is shown at (B) which is around 

85.4125 nF/cm2 while (E) shows the lowest capacitance value 

at 84.832 nF/cm2. When the active layer is under illumination, 

the capacitance value remains constant due to fixed 

temperature in the simulation program. 
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Fig. 10. C-f characteristic for every concentration. 

Figure 11 shows the effect of P3HT:Graphene thickness 

towards the capacitance. The capacitance increase as the 

active layer’s thickness increases. The thickness of 60nm has 

the highest capacitance while 100nm has the lowest. The 

capacitance of P3HT:Graphene remain the same in Figure 11 

as the frequency increases. The capacitance value between (B) 

and (F) has a larger gap compared to the one in Figure 10. 

This shows the thickness has a higher effect than the carrier’s 

concentration towards the solar cell’s capacitance. As shown 

in Figure 11, (A) shows as frequency increases, the 

capacitance decrease. The graph is actually quite the same as 

(A) for all thickness under illiminaton. Its is seen as a straight 

line due to the decrease of capacitance is too small. It can be 

concluded from the graph that the thickness of the thin film 

has a small effect on the capacitance because it is mainly 

affected by the temperature [15]. As the active layer is 

thicken, the capacitance decrease because the distance 

between two electrodes of the solar cells increase. Due to that 

the capacitance to slowly decrease. 
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Fig. 11. C-f characteristic at every thickness. 

 

IV. CONCLUSION 

A simulation on the effect of the thickness and 

concentration towards the solar cell’s characterization has 

successfully been done. It can be concluded that the thicker 

and the more higher the concentration, the higher the power 

conversion efficiency. When the thickness and the 

concentration of P3HT is increased, the total of carrier 

concentration increases. It will lead to a higher photocurrent. 

Therefore, the optimum thickness and concentration of P3HT 

layer that yield the optimum efficiency is at a thickness of 100 

nm and concentration of 1.0 x 1016 cm-3. For C-V 

measurements, the peak appears at both results. The 

capacitance value at forward bias shows a strong sign that the 

minority charge carriers plays an important role. For C-f 

measurements, the thin film’s thickness & concentration have 

a little effect. The capacitance decrease as the thickness of the 

active layer increase. This is due to the increase distance from 

the two electrodes.  

ACKNOWLEDGMENT 

I am greatly thankful for the support from my supervisor 

and the scholarship from Kementerian Pelajaran Malaysia 

(KPM) and also UiTM for the TPM scholarship. 

 

REFERENCES 

[1] G. Yu, J. Gao, J. C. Hummelen, F. Wudl, and A. J. Heeger, 

“Polymer Photovoltaic Cells: Enhanced Efficiencies via a Network 

of Internal Donor-Acceptor Heterojunctions,” Science (80-. )., vol. 

270, no. 5243, pp. 1789–1791, 1995. 

[2] S. E. Shaheen, C. J. Brabec, N. S. Sariciftci, F. Padinger, T. 

Fromherz, and J. C. Hummelen, “2.5% efficient organic plastic solar 
cells,” Appl. Phys. Lett., vol. 78, no. 6, pp. 841–843, 2001. 

[3] Q. Liu, Z. Liu, X. Zhang, L. Yang, N. Zhang, G. Pan, S. Yin, Y. 
Chen, and J. Wei, “Polymer Photovoltaic Cells Based on Solution-

Processable Graphene and P3HT,” Adv. Funct. Mater., vol. 19, no. 

6, pp. 894–904, 2009. 

[4] V. Saini, O. Abdulrazzaq, S. Bourdo, E. Dervishi, A. Petre, V. G. 

Bairi, T. Mustafa, L. Schnackenberg, T. Viswanathan, and A. S. 

Biris, “Structural and optoelectronic properties of P3HT-graphene 

composites prepared by in situ oxidative polymerization,” J. Appl. 
Phys., vol. 112, no. 5, pp. 54327–54329, 2012. 

[5] K. X. Steirer, M. O. Reese, B. L. Rupert, N. Kopidakis, D. C. Olson, 
R. T. Collins, and D. S. Ginley, “Ultrasonic spray deposition for 

production of organic solar cells,” Sol. Energy Mater. Sol. Cells, 

vol. 93, no. 4, pp. 447–453, 2009. 

[6] A. J. Moulé, J. B. Bonekamp, and K. Meerholz, “The effect of 

active layer thickness and composition on the performance of bulk-
heterojunction solar cells,” J. Appl. Phys., vol. 100, no. 9, p. 94503, 

2006. 

[7] M. Oliveira and L. Hilliou, “Thermal stability of P3HT and P3HT : 

PCBM blends in the molten state,” Polym. Test., vol. 32, no. 7, pp. 

1192–1201, 2013. 

[8] A. Iwan and A. Chuchmała, “Perspectives of applied graphene: 

Polymer solar cells,” Prog. Polym. Sci., vol. 37, no. 12, pp. 1805–
1828, 2012. 

[9] A. T. Mallajosyula, S. Sundar Kumar Iyer, and B. Mazhari, 
“Capacitance–voltage characteristics of P3HT:PCBM bulk 

heterojunction solar cells with ohmic contacts and the impact of 

single walled carbon nanotubes on them,” Org. Electron., vol. 13, 
no. 7, pp. 1158–1165, 2012. 

[10] S. L. M. van Mensfoort and R. Coehoorn, “Determination of 
Injection Barriers in Organic Semiconductor Devices from 

Capacitance Measurements,” Phys. Rev. Lett., vol. 100, no. 8, p. 

86802, 2008. 

[11] J. W. Zhang, Y. He, X. Q. Chen, Y. Pei, H. M. Yu, J. J. Qin, and X. 
Y. Hou, “Study on the basic capacitance–voltage characteristics of 

organic molecular semiconductors,” Org. Electron., vol. 21, no. 0, 

pp. 73–77, 2015. 

[12] D. C. Tripathi and Y. N. Mohapatra, “Diffusive capacitance in space 

charge limited organic diodes: Analysis of peak in capacitance-
voltage characteristics,” Appl. Phys. Lett., vol. 102, no. 25, p. 

253303, 2013. 

[13] P. Pahner, H. Kleemann, L. Burtone, M. L. Tietze, J. Fischer, K. 

Leo, and B. Lüssem, “Pentacene Schottky diodes studied by 

impedance spectroscopy: Doping properties and trap response,” 
Phys. Rev. B, vol. 88, no. 19, p. 195205, 2013. 

[14] M. Lenes, L. J. A. Koster, V. D. Mihailetchi, and P. W. M. Blom, 
“Thickness dependence of the efficiency of polymer:fullerene bulk 

heterojunction solar cells,” Appl. Phys. Lett., vol. 88, no. 24, p. 

243502, 2006. 

[15] Y. Zhang, L. Li, S. Yuan, G. Li, and W. Zhang, “Electrochimica 

Acta Electrical properties of the interfaces in bulk heterojunction 
organic solar cells investigated by electrochemical impedance 

spectroscopy,” Electrochim. Acta, vol. 109, pp. 221–225, 2013.  

  

  

(A) 

(B) 

(C) 

(D) 

(E) 

(F) 

(

A

) 

(
B

) 

(

C

) 

(

D

) 

(

E

) 


