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Abstract  
As fossil fuels cause environmental problems and 

begin to become depleted, research into developing 

renewable energy is on the rise. As fossil fuels begin 

to deplete and the cost of energy rises, there is more 

and more need for a renewable, clean energy source.  

One such possible alternative are Organic Solar Cells.  

Experimental results have reported 8.3% efficiency in 

lab tests.  The development of OSC efficiency is an 

important step in reducing our carbon footprint. The 
absorption of photons is not a problem in most OSC 

because normally 96% of light is absorbed and 

organic semiconductors have high absorption 

coefficients even for very thin specimen. After the 

photons are absorbed, an exciton consisting of a hole 

and an electron with a binding energy of 0.1 - 1.4 eV 

is formed.   In this article, three different models for 

the bimolecular recombination of solar cells are 

explored and a simulation is run and compared to 

experimental results. 
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Investigation and Simulation of Recombination Models in Virtual Organic Solar Cells 

1. INTRODUCTION  

Inorganic solar cells, usually manufactured using doped silicon, do not have 

high enough efficiencies to be cost effective in today’s energy market because 

they are expensive to manufacture and have reached a plateau in their efficiency.  

However, there is another possibility for a replacement of silicon based solar 

cells.  Organic solar cells, or OSC*, are solar cells created from carbon-based 

polymers. [1,2] They have been developed over the last ten years.  Starting in 

2000, Alan Heeger, et al were given the Nobel Prize in Chemistry for 

developing conductive polymers.  Since then, OSC have taken shape.  Now, 

OSC are shown to be much less expensive to manufacture and show promise in 

being able to reach ten percent efficiency.  8.3% efficiency of OSC has been 

reported in lab testing already.  OSC also are flexible, making them more 

versatile than inorganic solar cells.  [3]  

However, in order to make OSC viable, the efficiency needs to be improved.  

The efficiency of OSC is dependent on many different parts of the energy 

generation process. The absorption of photons, transportation and separation of 

excitons, and the transportation of electrons and holes to their respective 

electrodes all contribute to the efficiency of OSC. [4,5]  

A possible shortcut to improved efficiency of solar cells is creating a virtual 

model with the capabilities of changing parameters to model real situations and 

thus idealizing OSC setups.  This will eliminate the time of creating a specific 

OSC and running experimental tests, which take time and resources to carry out.   

 However, the model is in need of an equation that will describe the 

bimolecular recombination effects.  Three different equations are presented: 

Langevin's equation, the Interface model, and Koster's model. [6,7] 

 

2. THEORY AND MODEL 

The problem is that the exciton needs to be separated and the exciton has a short 

diffusion length of three to ten nanometers. This is solved by using two different 

materials that have a high electron affinity and a lower ionization energy. The 

materials (usually a polymer - fullerene combination) would then be combined 

to form a bulk heterojunction.  At the junction of the materials the exciton will 

separate, causing the electrons to travel to the cathode and the holes to travel to 

the anode. [8,9] 

                                                        
* Organic solar cells 
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The places that energy is lost is when an exciton fails to reach the polymer - 

fullerene junction, when an electron and a hole recombines with one another, 

and when electrons and holes get trapped in the dangling bonds of the polymer 

between the OSC and the electrodes or defects in the material. When holes and 

electrons recombine after separating at the interface it is called bimolecular 

recombination and when holes or electrons get caught in traps due to defects or 

disorder in the material it is called monomolecular material.  In the model used, 

monomolecular recombination is neglected because the polymer/fullerene 

mixture of P3HT:PCBM has few defects. [10] 

In this model, drift and diffusion of charge carriers, bimolecular recombination, 

and the effect of field and temperature dependent generation of free charge 

carriers is included. The steady state continuity equation for electrons is given 

by:[11] 

RpPGxJ
xq

n )1()(
1





                                                                                    (1) 

Where )(xJ n  is the electron current density, G is the generation rate of bound 

electron- hole pairs , and P is the probability for dissociation of a bound 

electron- hole pair. The dissociation probability is dependent on the initial 

electron- hole separation distance(a) and the decay rate of the bound pair. The 

factor 1-P appears in Eq.(1) since the recombination of electrons and holes in a 

blend systems dose not directly lead to loss of charge carriers. Instead, a bound 

electron- hole pair is created, analogous to the creation of a bound pair after 

electron transfer across the materials interface, effectively lowering the 

recombination constant to (1-P) .[12] 

Solar cells are usually characterized by three parameters: The current density 

under short-circuit conditions )( scJ , the open-circuit voltage )( ocV , defined as 

the voltage for which the current in the external circuit equals zero, and the fill 

factor )(FF Eq.(3). 

 In order to determine the energy lost, models are created to represent 

recombination, electron-hole diffusion and generation rate of holes and 

electrons.  Using a model will help determine what is the ideal combination of 

polymer and fullerene as well as being able to test individual aspects of the 

model by holding other variables constant. [13,14]  
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 The ultimate goal is to create a model that will closely estimate the efficiency 

of OSC.  This efficiency is determined by the energy produced by the OSC 

divided by the amount of light energy or photons available for absorption.  This 

efficiency is calculated with the following equation, [15] 

  

in

scoc

P

FFIV
                                                                                                             (2) 

with η as the efficiency and Pin representing the light energy absorbed.   The fill 

factor, FF, is the maximum amount of power a OSC can produce given specific 

open circuit voltage, Voc, and short circuit current, Isc.  The equation, 

ocsc

mppmpp

VJ

VJ
FF                                                                                                             (3) 

Jmpp and Vmpp represent the voltage and current density when the power output is 

greatest.  Graphically, the fill factor is the largest square inside the current 

density/applied voltage curve. [16]  

 
Fig. 1.  Current-voltage characteristics of a bulk heterojunction photovoltaic device[5] 

 

Fig.1 shows simulated current-voltage characteristics for various recombination 

strengths and two orders of magnitude difference between electron and hole 

mobility ( Vsme /103 27  and Vsmh /103 29 ). Whiout 

bimolecular recombination the fill factor is 84% (Fig.1, dotted line), but the FF 
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drops from 57% to 44% when increasing   from taking only the slowest carrier 

Eq.(6) to the spatial average result Eq.(4). This sensitivity of the FF on the 

recombination strength allows us to determine whether the slowest carrier 

determines the Langevin rate instead of the spatial average of the 

mobilities.[17,18] 

In order to be more specific with the model, a recombination rate needs to be 

incorporated, particularly for bimolecular recombination .  Previously, 

Langevin's recombination model has been used to represent the recombination. 

[19,20] Using 

)( he

q



                                                                                                        (4) 

where γ is Langevin's recombination constant, q is the elementary charge, ε is 

the dielectric constant, and μe and μh represent the electron and hole mobilities, 

respectively.  The recombination, R, will then be defined by  

)( intint pnnpR                                                                                                      (5) 

where n and p are the free electron and hole densities, respectively, and nint and 

pint being the intrinsic electron and hole densities, respectively[21] 

 Lately, γL has been described as being four orders of magnitude greater 

than the experimental results. Langevin's model usually holds true for room 

temperature, but OSC operate at a variety of temperatures.   Koster et al. 

proposed that bimolecular recombination can only occur at the junction of the 

two materials and thus will only happen if the slowest charge carrier reaches the 

interface. [14,15] The equation,  

),min( hek

q



                                                                                                  (6) 

incorporates only the slowest carrier. [22,23] 

 Another explanation is that, due to the two different materials, there will 

be two different dielectric constants.  Known as the interface recombination 

coefficient, 
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ε1 and ε2 represent the different static permittivities and μ1 is the mobility of the 

carriers in the ε1 permittivity medium. For example, the mixture P3HT:PCBM 

has a dielectric constant of 3.9 for PCBM while P3HT is 3.0.  Langevin's model 

uses the spatial average of the two dielectric constants. [24,25]   

 

Fig.2. Current- voltage characteristics in treated and untreated devices[8] 

In Dark Injection technique has been measured the steady-state current-voltage 

characteristics, as shown in Fig.2. The experimentally measured(bipolar) current 

(data points) is compared with the calculated unipolar SCLC( straight lines).The 

high current density in the treated films confirm that the electron and hole 

injection are not limited by the contacts, but the carrier recombination in the 
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bulk of the film. By comparing the result of this work with our work, we get the 

approved results.[26,27] 

3. RESULTS AND DISCUSSION  

 Using the three different models, certain parameters must be defined to fit 

with experimental data.  Two different combinations of materials were used in 

the model.  The fullerene that was used is PCBM in both cases.  In the first 

combination, P3HT is the polymer was used.  Monomolecular recombination 

can be neglected as long as illumination intensity is kept low.  The combination 

of high illumination intensity and large differences in hole and electron mobility 

will cause space charge limited photocurrent and will decrease the efficiency.  

Using parameters defined by Koster, the results are shown in Fig.3.   

 

 
Fig. 3. Comparison of Experimental and Virtual Values for P3HT:PCBM 

All three recombination models used the same parameters.  The temperature was 

set at room temperature (300K) so it was expected that Langevin would be a 

more precise model.  However, the large error between the experimental data 

and the models can probably be attributed to certain estimated parameters.   

Another model was run using the same recombination models with a different 

polymer: PPV.  The results are graphed in Fig.4.   
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Fig. 4. Comparison of Experimental and Virtual Values for PPV:PCBM 

These virtual models were also run at room temperature.  It is obvious that Langevin's 

equation has a small margin of error compared to experimental values.   

 

4. CONCLUSION 

 The information that can be gathered from this data is that at room 

temperature, Langevin's model is most accurate.  However, in the P3HT:PCBM 

mixture, none of the recombination models represented the experimental data 

accurately enough.  Curve fitting code could be used to estimate parameters in 

order to more closely match experimental data. The sensitivity of the FF of the 

current-voltage characteristics of solar cells and the infeasibility to obtain a good 

fit with the original Langvein rate allow us to discriminate between the original 

(spatially averaged) Langvein rate and the rate dominated only by the slowest 

charge carrier. Moreover, recent measurement of recombination rate in a 

conjugated polymer/PCBM blend quantitatively confirm this reduction of the 

Langevin recombination constant. 

 

 



 
 

 

Ali Mahmoudloo           DOI: 10.30495/jopn.2022.30243.1263 

Journal of Optoelectronical Nanostructures. 2022; 7 (4): 1- 12                            9 

REFERENCES  

 

[1] C. Liang, Y. Wang, D. Li, X. Ji, F. Zhang, Z. He, Modeling and simulation 

of bulk heterojunction polymer solar cells, Sol. Energy Mater. Sol. Cells, 

127 (2019) 67–86. Available: https://doi.org/10.1016/j.solmat.2014.04.009 

[2] T. Tromholt, M. Manceau, M. Helgesen, J. E. Carle, F. C. Krebs, 
Degradation of semiconducting polymers by concentrated sunlight, Sol. 

Energy Mater. Sol. Cells, 95 (2018) 130-142. 

Available:https://www.sciencedirect.com/science/article/pii/S09270281000

5465  

[3] Y. Zhou, J. Pei, Q. Dong, X. Sun, Y. Liu, W. Tian, Donor- Acceptor 

Molecule as the Acceptor for Polymer-Based Bulk Heterojunction Solar 

Cells, J. Phys. Chem. C, 113 (2019) 78-82. 

Available: https://doi.org/ 10.102/jp811522p 

[4] Szmytokowski, J. "Analysis of the image force effects on the recombination  

at the donor-acceptor interface in organic bulk heterojunction solar cells." 

Chemical Physics Letters, 2019: 123-125. 

  Available: https://doi.org/ 10.1016/j.cplett.2009.01.043 

[5] L. Koster, V. Mihailetchi, P. Blom. "Bimolecular recombination in 
polymer/fullerene bulk heterojunction solar cells." Applied Physics Letters, 

2020: 052104. Available: https://doi.org/ 10.1063/1.2170424 

[6] Moliton, Andre, and Jean-Michel Nunzi. "How to model the behaviour of 

organic photovoltic cells." Polymer International, 2006: 583-600. 

Available: https://doi.org/ 10.1002/pi.2038 

[7] Heeger, Alan J. "Nobel Lecture: Semiconducting and metallic polymers: The 

fourth generation of polymeric materials." Reviews of Modern Physics, 

2001: 681-700. Available: https://doi.org/ 10.1103/RevModPhys.73.681 

[8] A. Mahmoudloo , S. Ahmadi , Influence of the temperature on the charge 

transport and recombination profile in organic bulk heterojunction solar 
cells: a drift-diffusion study, J. Applide Physics A,119(4), (2015) 1523-

1529. Available: https://doi.org/ 10.1007/s00339-015-9130-3 

[9] D. Rezzonico, B. Perucco, E. Knapp, R. Hausermann, N. A. Reinke, F. 

Muller, B. Ruhstaller, Numerical analysis of exciton dynamics in organic 

http://dx.doi.org/10.1016/j.solmat.2014.04.009
https://doi.org/10.1016/j.cplett.2009.01.043
http://dx.doi.org/10.1063/1.2170424
https://doi.org/10.1002/pi.2038
http://dx.doi.org/10.1007/s00339-015-9130-3


 

 

 

 

Investigation and Simulation of Recombination Models in Virtual Organic Solar Cells 

10                      Journal of Optoelectronical Nanostructures. 2022; 7 (4): 1- 12 

light-emitting devices and solar cells, J. of Photonics for Energy, 1 (2011) 

110-119. Available: https://doi.org/10.1117/1.3528045 

[10] M. Jafari, Electronic transmission wave function of disordered graphene by 

direct method and green function method. Journal of Optoelectrical Nano 

Structuers.2. 2.  (2016) 57-68.   

 Available: http://jopn.miau.ac.ir/article_2049.html 

[11] J. D. Kotlarski, L. J. A. Koster, P. W. M. Blom, M. Lenes, and L. H. Slooff, 

Combined optical and electrical modeling of polymer:fullerene bulk 

heterojunction solar cells, J. Appl. Phys. 103 (2019) 845-852. 

Available: https://doi.org/10.1063/1.2905243 

 [12] M. Hasani , R. Chegell . Electronic and optical properties of the Graphene 
and Boron Nitride nanoribbons in presence of the electric field. Journal of 

Optoelectrical Nano Structuers.5.2 (2020)49-64.           

 Available: http://jopn.miau.ac.ir/article_4218.html 

[13] A. H. Fallahpour, A. Gagliardi, F. Santoni, D. Gentilini, A. Zampetti, M. 

Auf der Maur, and A. Di Carlo Modeling and simulation of energetically 

disordered organic solar cells, J. Appl. Phys., 103(2014) 184-190. 

Available: https://doi.org/10.1063/1.4901065 

[14] R. Yahyazadeh, Z. Hashempour, Effect of Hyrostatic pressure on optical 

Absorption coeffivient of InGaN/GaN of Multiple Quantum well solar 

cells, Journal of optoelectronical Nano structures,6.2 (2021) 1-22 

Available: https://doi.org/10.304951JOPN.2021.27941.1221 

[15] L. J. A. Koster, E. C. P. Smits, V. D. Mihailetchi, P. W. M. Blom, Device 

model for the operation of polymer/fullerene bulk heterojunction solar 

cells, Phys. Rev. B, 72 (2005) 852-859. 

Available:https://doi.org/10.1103/PhysRevB.72.085205 

[16] J. Nelson, J. J. Kwiatkowski, J. Kirkpatrick, and J. M. Frost, Modeling 

charge transport in organic photovoltaic materials, Acc. Chem. Res., 42 

(2009) 176-183. Available:https://doi.org/10.1021/ar900119f 

[17] F. F. Stelzl, Uli Wurfel, Modeling the influence of doping on the 

performance of bulk heterojunction organic solar cells: One-dimensional 
effective semiconductor versus two-dimensional onor/acceptor model, 

Phys. Rev. B., 86 (2018) 753-761. 

https://doi.org/10.1117/1.3528045
http://jopn.miau.ac.ir/article_2049.html
https://doi.org/10.1063/1.2905243
http://jopn.miau.ac.ir/article_4218.html
https://doi.org/10.1063/1.4901065
https://doi.org/10.1021/ar900119f


 
 

 

Ali Mahmoudloo           DOI: 10.30495/jopn.2022.30243.1263 

Journal of Optoelectronical Nanostructures. 2022; 7 (4): 1- 12                            
11 

Available:https://doi.org/10.1103/PhysRevB.86.075315 

[18] B. Ray and M. A. Alam, Random vs regularized OPV: Limits of 

performance gain of organic bulk heterojunction solar cells by 

morphology engineering, Sol. Energy Mater. Sol. Cells, 99 (2019) 204-

212. Available:https://doi.org/10.1016/j.solmat.2011.11.042 

[19] M. Pfeiffer , K. Leo, X. Zhou, J.S. Huang, M. Hofmann, A. Werner, J. 

Blochwitz-Nimoth, Doped organic semiconductors: Physics and 

application in light emitting diodes, Organic Elec. 4 (2020) 891-898. 

Available:https://doi.org/10.1016/j.orgel.2003.08.004 

[20] B. A. Gregg, Transport in Charged Defect-Rich p-Conjugated Polymers, J. 

Phys. Chem. C, 113 (2019) 58-69. 

Available:https://doi.org/10.1039/d0sm01371d 

[21] B. A. Gregg, Charged defects in soft semiconductors and their influence on 

organic photovoltaics, Soft Matter., 5 (2019) 2985- 2991 

Available:https://doi.org/https://doi.org/10.1039/B905722F 

[22] A. Nollau, M. Pfeiffer, T. Fritz, K. Leo, Controlled n-type doping of a 

molecular Organic semiconductor: naphthalenetetracarboxylic 

dianhydride (NTCDA) doped with bis (ethylenedithio)- tetrathiafulvalene 

(BEDT-TTF), J. Appl. Phys., 87 (2020) 4340-4343. 

Available:https://doi.org/10.1007/s11082-014-9938-7 

[23] A. Veysel Tunc, A. De Sio, D. Riedel, F. Deschler, E. Da Como, J. Parisi, 
E. von Hauff, Molecular doping of low-bandgap-polymer: fullerene solar 

cells: Effects on transport and solar cells, Org. Electron., 13 (2017) 290- 

299. Available:https://doi.org/10.1016/j.orgel.2011.11.014 

[24] B. Maennig, M. Pfeiffer, A. Nollau, X. Zhou, K. Leo, P. Simon, Controlled 
p-type doping of polycrystalline and amorphous organic layers: Self-

consistent description of conductivity and field-effect mobility by a 

microscopic percolation model, Phys. Rev. B, 64 (2018) 195-208 

Available:https://doi.org/https://doi.org/10.1103/PhysRevB.64.195208 

[25] H. Hashemi , M.R. Shayesteh, M.R. Moslemi, A Carbon Nanotube CNT – 

based SiGe Thin Film Solar cell structure, Journal of optoelectronical 

Nano structures, 6.1(2021) 71- 86 

Available:https://doi.org/10.30495/JOPN. 2021.4541 

http://dx.doi.org/10.1016/j.solmat.2011.11.042
https://doi.org/10.1016/j.orgel.2003.08.004
https://doi.org/10.1039/B905722F
http://dx.doi.org/10.1007/s11082-014-9938-7
http://dx.doi.org/10.1016/j.orgel.2011.11.014


 

 

 

 

Investigation and Simulation of Recombination Models in Virtual Organic Solar Cells 

12                      Journal of Optoelectronical Nanostructures. 2022; 7 (4): 1- 12 

[26] R.Osterbacka, A. Pivrikas,  Effect of 2-D Delocalization on Charge 
Transport and Recombination in Bulk-Heterojunction Solar Cells , IEEE in 

Quantum Electronics, 16(2017) 1738-1745 

Available:https://doi.org/10.1109/JSTQE.2010.2048746 

[27] E. Tazikeh, F. Azimi, F. Kaveh, Optoelectronical Properties of a 

Metalloid- Doped B12N12 Nano – Cage , Journal of optoelectronical Nano 

structures, 5.1(2020) 101 – 120. 

 Available: http://jopn.miau.ac.ir/issue_526_527.html 

 
 

 

http://dx.doi.org/10.1109/JSTQE.2010.2048746

