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 Abstract: In this work we have presented exact optical and physical parameters for P3HT: PCBM solar cells. 

We have used Langevin model to evaluate recombination rate, utilizing singlet and triplet models for exchange 

between charge carrier and singlet and triplet excitons. Turning point in our work is to insert RGO–TiO2 

composite layer in bulk heterojunction solar cells. The results indicate that the power conversion efficiency 

(PCE) can be enhanced in bulk heterojunction P3HT: PCBM solar cells by inserting an interfacial electron 

transporting layer consisting of reduced graphene oxidetitanium dioxide (RGO–TiO2) between the active layer 

and Al cathode, which improves the PCE of the organic solar cell up to 1.94%. 

Keywords -Reduced Graphene Oxide(RGO), P3HT:PCBM, power conversion efficiency, organic solar cells. 

 

I. Introduction 
Organic photovoltaic devices have perfect technological potentials to make electrical energy from 

renewable resources. Furthermore, organic photovoltaic devices havea potential for low cost due to the printing 

techniques applied to their fabrication [1]. 

The potential of a flexible, roll-to-roll manufacturing process has made bulk-heterojunction (BHJ) 

organic solar cells (OSCs) as a promising solution to energy and environmental problems [2-3]. 

Notwithstanding thebenefits of procedure, the power conversion efficiency of OSCs probably islower in thin-

film architectures when compared to high PCE inorganic counterparts. This is fundamentally due to the trade-

off between light absorption and exciton diffusion [4-5]. 

In polymer solar cells, the characteristics such as fill factor (FF), short-circuit current density (Jsc) and open-

circuit voltage (Voc) are extremely dependent on the interfacial properties between the electrodes and the active 
layers [6].The limitation of diffusion lengthexciton affectsthe limitation of charge collection. Hence, the 

absorption of layers probably requires to be thin enough [4-7].  

In recent years, bulk heterojunction OSCs based on P3HT:PCBM active material have received special 

attention owing to their large absorption [4].Among the configurations of organicpolymer solar cells,graphene 

or graphene oxide (GO) have been examined as an electrode, an interlayer or an addition to active layer [8].  

However, nowadays it is the beginning of incorporating graphene or graphene oxide (GO) into organic 

polymer solar cells. Graphene, which is mechanically strong, chemically stable, and inert, should improve the 

durability and simplify the technology of optoelectronic devices. However, the method of graphene synthesis 

influences on its properties [8]. Graphene is primarily obtained using procedures such as exfoliation, chemical 

vapour deposition (CVD) and chemical and electrochemical methods [8].  

 

 

II. Rgo-Tio2 Analysis In Literature 
In the beginning, we want to simulatethe results of paper[9] as an evaluation of the model,thenwe want 

to present important parameters from valid literature. In the next step, we want to examine the effects of RGO-

TiO2 interfacial layer on power conversion efficiency.  

In the paper, there has been represented an organic solar cell with structure 

ITO/PEDOT:PSS/P3HT:PCBM/Al. The P3HT:PCBM (1:0.8, w/w) solutions were prepared in pure solvent 

(Dichlorobenzene) and stirred for 48 h under N2 conditions. First, a 40 nm thick PEDOT:PSS layer was spin 

coated onto a well-cleaned glass substrate covered with a 100 nm thick layer of indium tin oxide (ITO). 

Secondly, the photoactive layer was fabricated by depositing the prepared solution via spin coating. The 

thickness of the photoactive layer was around 120 nm. Finally, the devices were completed by the evaporation 

of 80 nm Al back electrode at pressure lower than 10-6 m bar. The result of photoresponsebehavior PV devices 

when illuminated by a UV filtered halogen lamp typical (for these materials in the described device layout with 

Al cathodes), indicated: Voc = 0.39 V, Isc = 8.7 mA cm2, FF = 42% [9]. In this section, we want to analyze the 

performance of RGO-TiO2 interfaciallayer in organic solar cells. We have presented overall report from the 

positions of graphene in organic solar cells in the table 1. 

 

Table1. Overall report from the positions of grapheme in organic solar cells 
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structure Voc(V) Jsc(mlA) FF(%) PCE Ref. 

ITO\PEDOT:PSS\P3HT:PCBM\Al 0.47 7.86 0.37 1.38 [11] 

ITO\GO\P3HT:PCBM\PEDOT:PSS\Al 0.06 0.44 0.07 0.002 [11] 

ITO\GO\P3HT:PCBM\GO\Al 0.04 0.68 0.16 0.004 [11] 

ITO\PEDOT:PSS\P3HT:PCBM\GO\Al 0.39 4.00 0.3 0.47 [11] 

ITO/ PEDOT:PSS /P3HT:PCBM /X/ Al      

ITO\PEDOT:PSS\P:PC70BM\RGO-TiO2\Al 0.76 10.95 0.64 5.33 [11] 

ITO/PEDOT:PSS/P3HT:graphene:MDMO-PPV                           

/LiF/Al 

   1.5    [13] 

ITO/ZnO/P3HT:PCBM/graphene oxide (GO) /graphene      

(for 10 layers of graphene) - - - 1.88  [14] 

(for shining from ITO side) - - - 2.5  [14] 

ITO/ZnO/P3HT:PCBM/PEDOT:PSS/graphene - - - 3.04  [14] 

ITO/GO/P3HT:PCBM/Al - - - 3.5  [15] 

ITO/GO/NiOx/P3HT:PCBM/LiF/Al - - - 3.48 [16] 

ITO/r-GO/P3HT:PCBM/Ca/Al - - - 3.70  [17] 

 

According to the table1, we can understand the best position for graphene. Reducedgraphene oxide-

titanium dioxide (RGO-TiO2)has been applied to interfacial layers above of the cathode. We are going to 

investigate the reasons of increase in performance solar cells, including RGO-TiO2interfacial layerson the top of 

cathode. In addition, we will analyze the results of inserting RGO-TiO2interfacial layers that have been reported 

in the paper[12]. 

 In paper [12], the TiO2 or RGO–TiO2 was deposited onto the top ofP:PC70BM active layer by spin 

coating method using ethanol as solvent and dried for 1 h before the deposition of Al electrode. The thickness of 

the TiO2 or RGO–TiO2 was about 25–30 nm[12].  

The Jsc of the BHJ organic solar cell depends on the light absorption characteristics of the active layer, 

the exciton dissociation rate and the charge collection/extraction efficiency by the electrodes. The light 

absorption efficiency is related to the absorption spectral response of the active layer used in the device with and 

without interfacial layers have been illustrated in Fig.1(C). It can be seen from this figure that the incorporation 

of the interfacial layer increases the absorption in the whole absorption region. The increased absorption of the 

active layer with the insertion of the interfacial layer may be one of the reasons of enhancement in the Jscof 

polymer solar cells[12]. 

 According to Fig.1(B), the enhancement of optical electric field amplitude for the RGO–TiO2 

interfacial layer is more than the TiO2 interfacial layer and without interfacial layer. The increasing optical 

electric field affects increasing photocurrent and Jsc and PCE in the organic solar cells [12]. 

 

 
Fig.1. (A)Current–voltage characteristics of P: PC70BM solar cells (a) without, (b) with TiO2 layer and (c) with 

RGO–TiO2 composite layer. (B) Distribution of the normalized optical electric field for light inside BHJ devices 

at the wavelength 745 nm (C)Absorption spectra of active layers with and without interfacial layer. (D) 

Photocurrent density (Jph) for the cells (a) without (a) with TiO2 layer and (c) RGO–TiO2 layer [12]. 
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On the other hand, the hole mobility of P:PC70BM is two order of magnitude lower than its electron 

mobility [18].The imbalance in charge carriers mobility leads to build up of charges in the active layer and 

affects increasing the charge recombination, which was resulted in a low FF and Jsc.According the electron 

mobility for the RGO–TiO2layer is lower than the TiO2layer,the reducing electron mobility affectsreducing the 

ratio of electron to hole mobility, which consider benefit for achieving a balance charge 

management/extraction[19]. This balance charge extraction affects increasingFF and Jsc [12]. 

 

III. Model 
We utilized Bimolecular Langevin Recombination Model in order to determine recombination rate. 

The Langevin recombination rate coefficienthas been given in literature [20][21]by equation: 

𝑟𝐿 x, y, t =
q

ε 𝜀0
 𝜇𝑛 𝐸 + 𝜇𝑝 𝐸                        (1) 

Where μnand μpare electron and hole mobility respectively .The electron-to-hole mobility ratio β is 

defined by: 

𝛽 =
𝜇𝑛
𝜇𝑝  

        (2) 

The Langevin recombination rate is given by: 

𝑅𝐿  𝑛 ,𝑝 x, y, t = 𝑟𝐿 x, y, t  𝑛𝑝 − 𝑛𝑖2                 (3) 

Where n is electron density, p is hole density and ni is the intrinsic concentration[10]. The Langevin 

recombination rate is included in recombination terms in the carrier continuity equations (equations 4 and 5). 

The continuity equations for electrons and holes are defined by equations: 

∂n

∂t
=

1

𝑞
𝑑𝑖𝑣 𝑗𝑛       + 𝐺𝑛 − 𝑅𝑛                                   (4) 

∂p

∂t
=

1

𝑞
𝑑𝑖𝑣 𝑗𝑝       + 𝐺𝑝 −𝑅𝑝      (5) 

Where n and p are the electron and hole concentration, 𝑗𝑛       and 𝑗𝑝       are the electron and hole current 

densities, 𝐺𝑛  and 𝐺𝑝are the generation rates for electrons and holes, 𝑅𝑛  and 𝑅𝑝  are the recombination rates for 

electrons and holes, and q is the magnitude of the charge on an electron. 

furthermore, we used singlet and triplet model for exchange between charged carrier and singlet and triplet 

excitons (with SILVACO Atlas).Of course we can self-consistently solve the singlet and triplet exciton 

continuity equations along with the electron and hole drift diffusion equations that have been given by [33] and 

[34].Almost, ray tracing based on geometrical optic principles has been utilized in order to simulate 

optoelectronic devices. But in this case, we used Beam Propagation Method (with SILVACO Atlas) 

[22].Because we need a method that takes into account the wave nature of light. The BPM in LUMINOUS, has 

been extended to solve a more general Helmholtz Wave Equation (Equation 6). 

 

∇2E r, t −
n2

c2

∂2𝐸 𝑟, 𝑡 

∂t2
= 0                           (6) 

Here, E is the electric field of an optical wave, n is the complex refractive index of the material, and c is the 

speed of light in vacuum.We need to know almost all the physical parameters of each layer in the organic solar 

cell in order to simulateparameters such as hole and electron mobility, band gap energy, density of state, LUMO 

and HOMO, dielectric constant. We reportedthese parameters in the table2,3 and 4. 

 

Table2. Parameter of PEDOT: PSS [23] 
material Band 

gap 

(ev) 

HOMO 

(ev) 

LUMO 

(ev) 

permittivity Refractive 

index 

density 

of 
states(ev) 

Hole 

mobility 

(10−7 m2 

V−1s−1) 

Electron 

mobility 

(10−7m2 V−1 

s−1) 

density of 

transport sites 

(1026 m−3) 

PEDOT:PSS 2.9 5 2.2 3.2 2.1 0.13 1.4 1.4 6 

The P3HT has HOMO level at 5.2 ev and LUMO level at 3.3 ev, while for PCBM has been reported: HOMO 

6.1 ev and LUMO 4.1 ev. The PEDOT:PSS interlayerhas HOMO at 5.0ev and LUMO at about 2.2 ev 

[24,25,26,27, 28]. 
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Table3. Parameter of P3HT: PCBM [9][29] 
material permittivity Acceptor doping density (NC)(cm-3) Dielectric 

constant 

density of transport sites(NA) 

(1016 cm−3) 

P3HT: 

PCBM 

3 10 21 3 5 

 

We utilized ITO as an anode in solar cells .The characteristics of ITO has been shown in table 4. 

Table4.Parameter of ITO [30] 
material Band gap 

(ev) 

carrier concentration 

(1020) 

Refractive index Electron mobility 

(cm2 V−1 s−1) 

dielectric constant 

ITO 3.8-4.3  2- 7.5 2.2 180 4.1 – 3.3 

The final schematicstructure of this work has been shown in Fig.2. 

 

 

 

 

Fig.2. Schematic representation of the energy levels (energies given in eV) of the electron donating and electron 

accepting materials 
 

IV. Result And Discussion 
AS a primary simulation, we have simulated the structure ITO/PEDOT:PSS /P3HT:PCBM/Al that 

current–voltage characteristics are in good agreement with the results of paper[9]. 

 

 
Fig.3.Current–voltage characteristics of solar cells with configuration ITO/PEDOT:PSS/P3HT:PCBM /Al 

 

You can see in Fig. 3, the short circuit current and the open circuit voltage are Approximately 8.7 mA 

cm-2 and 3.9 V respectively.In the second simulation, we want to simulate the configuration 

ITO/PEDOT:PSS/P3HT:PCBM/ RGO-TiO2/Al (see Fig.4); then we will analyze the influence of RGO-TiO2 

(the analysisof RGO-TiO2has been described in previous section) on Jsc, FF and PCE through considering the 

influences of enhancement in the optical absorption and the generation rate of interfacial layer. 
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Fig.4 Current–voltage characteristics of P3HT:PCBM solar cells with RGO–TiO2 composite layer. 

 

The current–voltage trend of figure 4 is almost like figure 3, but short circuit current has been increased 

to 12.45 mA/cm2.In addition, we investigated and illustrated current–voltage characteristics with different 

thickness composite layer in Fig.5. According to Fig.5, voltage cathode and anode current have been declined 

with increasing the thickness of the composite layer. May be, the limitation of diffusion and life time charge 

carrier are more important reasons for the decline.  

 
Fig.5. Current–voltage characteristics with different thickness composite layer 

  

In addition, we know relation between the current density and the voltage in dark for electron that 

given by the Mott-Gurney equation (Eq.7) [32].Where 𝜀𝑟   is the relative permittivity of the active layer,𝜀0  is the 

permittivity of free space,V is the applied voltage to the device, Vbi is the built in potential, L is the device 

thickness, and 𝜇 is the electron mobility. 

𝐽 =  
9

8
 𝜀𝑟  𝜀0 𝜇

 𝑉 − 𝑉𝑏𝑖  

𝐿3
                          (7) 

 

In addition to equation 7, we know current density and anode current associate to charge mobility 

generally. On the other hand, we know mobility depends on temperature. Therefore, we can see theinfluence of 

temperature changes on current-voltage curve in Fig.5. 
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Fig.5. J(V) curve illustrated as a temperature-dependent parameter. 

 

According to explanation above, it seems RGO-TiO2 interfacial layer is suitable for configuration 

mentioned include P3HT: PCBM due tothe hole mobilitymagnitude of P3HT:PCBM is lower than the electron 

mobility.In other words, inserting RGO-TiO2 interfacial layer causesan optimization the β parameter (that has 

been mentioned in the equation 2) and reducing in the ratio of electron to hole mobility, which consider benefit 

for achieving a balance charge management. The photovoltaic parameters of P3HT:PCBM solar cells without 

and with RGO–TiO2 composite layerhave been illustrated in Fig. 6 and table 5. 

 
Fig.6.Current–voltage characteristics of P3HT:PCBM solar cells (Cell1) without, (cell2) with RGO–TiO2 

composite layer. 

 

Table5.Photovoltaic parameters of P3HT:PCBM solar cells without and with RGO–TiO2 layers. 
Device Jsc(mlA) Voc(V) PCE(%) 

Without interfacial layer[31] 8.7 0.39 1.42 

RGO-TiO2 12.45 0.39 1.94 

 

V. Conclusion 
We have used RGO–TiO2 composite, inserted between BHJ active layer consisting of P3HT as donor 

and PCBM as acceptor and Al cathode electrode. We have compared PCE of the solar cells without and with 

RGO–TiO2 interfaciallayer .The results indicate overall PCE about 1.42% and 1.94% for solar cells with and 

without RGO–TiO2 interfacial layer respectively. Enhancement in Jscand FF was resulted in PCE with the 

incorporation of interfacial layer. The increase in these two parameters was a key feature to the increase in 

charge generation rate, upon the insertion of the interfacial layer. In addition, we have improvedthe charge 

collection through reducing ratio between the electron and hole mobility as a result, reduction in the charge 

recombination.  
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