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Abstract 

Bulk heterojunction (BHJ) organic solar cells (OSCs) with four different Urbach’s tail 

width energies (𝐸𝑈) are simulated, and the combined influence of 𝐸𝑈 and charge carrier 

mobility on the short circuit current (𝐽𝑠𝑐), open circuit voltage (𝑉𝑜𝑐), fill factor (FF), power 

conversion efficiency (PCE), Langevin and tail state recombination is investigated. The results 

show that 𝐽𝑠𝑐  decreases more drastically with increasing 𝐸𝑈 in the lower mobility range and 

then asymptotically converges to a single value in the large mobility range. Likewise, with the 

increase in mobility, 𝑉𝑜𝑐 decreases nearly linearly with different slopes depending on different 

𝐸𝑈  in the lower mobility range and then different slopes converge to a single slope in the larger 

mobility range. Thus, 𝑉𝑜𝑐 becomes 𝐸𝑈 independent in the higher mobility range. Furthermore, 

it is found that by increasing 𝐸𝑈, the maximum values of FF and PCE shift towards the higher 

mobility range. It is shown that the influence of combined optimization of 𝐸𝑈 and mobility 

enhances both FF and PCE, but its effect on FF is much more significant than that on PCE.   

Keywords: Organic solar cells, Urbach’s tail width energy, Mobility. 

1. Introduction  

       Research activities in organic solar cells (OSCs) are growing very fast due to their merits 

such as light weight and low cost making them near commercialization [1, 2]. As 

recombination in bulk heterojunction (BHJ) OSCs reduces the short circuit current (𝐽𝑠𝑐) and 

fill factor (FF), it is very important to investigate the recombination processes in detail for 

maximizing the power conversion efficiency (PCE) of OSCs [3]. Various types of 

recombination processes, both geminate and non-geminate, may take place on the way leading 

to the eventual generation of electricity by OSCs. A geminate recombination is defined to be 

the recombination of an electron- hole pair excited by the same photon and a non-geminate 

recombination occurs between an electron- hole excited by different photons. The non-

geminate recombination between two free charge carriers (electrons and holes) is also known 

as the Langevin recombination. As most OSCs are fabricated from amorphous organic 

materials, which involve the localized tail states, another type of non-geminate recombination 

should be considered which is the trap-assisted recombination which occurs between one 

trapped and one free charge carriers [4-6]. Fig. 1 illustrates different types of recombination 

processes which may take place at different states in BHJ OSCs. Photo excited excitons and 

charge transfer excitons may recombine directly to the ground state with rates 𝐾𝑓1 and  𝐾𝑓2, 

respectively, due to the geminate recombination. The photo generated excitons then become 

CT excitons at the interface and dissociate into free electrons and holes, some of which may 

get trapped in the tail states and others remain free. The free pairs of electrons and holes may 

recombine with rates 𝑅𝐿, through the Langevin and the trapped pairs with rate 𝑅𝑡𝑎𝑖𝑙 through 

the trap-assisted recombination processes. It may be noted that the existence of localized band 

tail states in disordered semiconductors has been well established [7-9]. According to Fig. 1, 
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the trap-assisted recombination is a non-geminate recombination because it involves 

recombination of a free charge carrier with a trapped one of opposite charge and thus it becomes 

a first order process in which one electron and one hole recombine through a localized energetic 

trap [4]. Though it involves two carriers, it is still considered monomolecular recombination 

because it involves one carrier at a time; first, one carrier is trapped and then the second, 

oppositely charged carrier must find the trapped carrier. If both carriers are free to recombine 

then it becomes a bimolecular recombination or Langevin recombination. It is relatively easier 

to reduce/eliminate the bimolecular recombination by using a more efficient hole extraction 

layer [10] but the trap assisted recombination being intrinsic part of any disordered material 

cannot be easily controlled and hence it is important to study the influence of trapped states on 

the performance of OSCs. Urbach energy 𝐸𝑈  is a measure of existence of tail states within the 

bandgap and it is one of the parameters that influences the rate of trap assisted recombination 

and performance of OSCs. 𝐸𝑈 appears in the low crystalline, poor crystalline, the disordered 

and amorphous materials because these materials have localized tail states which extend in the 

band gap [11].   

 Fig. 2 illustrates the four processes of recombination of charge carriers through the tail 

states, which involve the recombination of (1) a free electron in the conduction band with a 

trapped hole in the valence tail states, (2) a free hole in the valence band with a trapped electron 

in the conduction band tail states, (3) a free hole in the valence band with an unoccupied valence 

tail state and (4) of an electron in the conduction band by an unoccupied conduction band tail 

state. The trap sites in the active layer of a BHJ OSC act as centres for non-radiative 

recombination [5, 12].      

The recombination in the trapped states has been investigated recently by several research 

groups. Kirchartz et al. [12] have proposed a model by considering the exponential trap states 

and studied the ideality factor under illumination and dark conditions in BHJ OSCs. Kuik et al. 

[5] have investigated the trap-assisted recombination in organic semiconductors and shown 

that it is governed by the diffusion of free charge carriers towards the trapped charge carriers. 

Cowan et al. [3] have shown that the recombination kinetics are voltage dependent, and 

monomolecular recombination which occurs in the tail states is dominant at short circuit current 

condition, while bimolecular recombination is dominant at open circuit voltage condition. 

Maurano et al. [13] have investigated the recombination dynamics involving tail states, and 

they have shown that the open circuit voltage (𝑉𝑜𝑐) depends not only on the material energetics 

but also on the lifetime of charge carriers within the blend. Blakesley et al. [14] have studied 

the influence of energetic disorder on the 𝑉𝑜𝑐 in OSCs, and they have shown that a large degree 

of energetic disorder leads to significant reductions in 𝑉𝑜𝑐. Also, the influence of mobility on 

photovoltaic performance of OSCs has been investigated by several groups. For example, 

Mandock et al. [15] have determined the optimum charge carrier mobility in OSCs by varying 

it in the range 10−14 to 106 (𝑚2𝑉−1𝑠−1) in their simulation. Thus, although the individual 

influence of 𝐸𝑈 and mobility on photovoltaic performance of OSCs has been studied, the 

combined influence of 𝐸𝑈 and mobility on photovoltaic performance has not yet been carried 

out.  

 

In this paper, we have simulated the performance of OSCs with four different 𝐸𝑈 values by 

varying the charge carrier mobility. The objective is to address two issues: 1) determine the 

optimal mobility of charge carriers leading to the highest PCE at different 𝐸𝑈 values and 2) 

how the performance of OSCs depends on 𝐸𝑈 in different regimes of mobility of charge 

carriers. The simulation is carried out by solving Poisson’s and drift diffusion equations and 

considering both Langevin and tail state recombination. The combined influence of 𝐸𝑈 and 

mobility on the 𝐽𝑠𝑐, 𝑉𝑜𝑐, FF, PCE, Langevin and tail state recombination is investigated in detail. 
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It is shown that the influence of combined optimization of 𝐸𝑈 and mobility enhances both FF 

and PCE, but its effect on FF is much more significant than that on PCE.    

 

 

 

 

 

 

 

 

Fig.1. The schematic presentation of recombination processes which may occur in BHJ OSCs. Photo 

excited excitons and charge transfer excitons may recombine directly to the ground state with rates  
𝐾𝑓1 and 𝐾𝑓2, respectively, due to the geminate recombination. Free charge carriers generated by the CT 

exciton dissociation may recombine with rates 𝑅𝐿 and 𝑅𝑡𝑎𝑖𝑙, respectively, due to the non-geminate 

recombination through the Langevin and trap state recombination processes.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2. The schematic presentation of different processes for loss of free charge carriers involving the 

tail states: (1) recombination of a free electron in the conduction band (LUMO) with a trapped hole in 

the valence band (HOMO) tail states, (2) recombination of a free hole in the valence band (HOMO) 

with a trapped electron in the conduction band (LUMO) tail states, (3) capture of a free hole in the 

valence band (HOMO) by a vacancy in the valence band (HOMO) tail states and (4) capture of a free 

electron in the conduction band (LUMO)  by a vacancy in the conduction band (LUMO) tail states.   
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2. Methodology 

In order to determine the J-V characteristics and rates of recombination through 

Langevin and exponential tail state processes in the active layer, we need to  solve the following 

Poisson’s, electron and hole  continuity equations, respectively [16-20]: 

𝜕2𝜑(𝑥)

𝜕𝑥2
=

𝑞

𝜀
(𝑛(𝑥) − 𝑝(𝑥)), 

(1) 

𝜕𝐽𝑛(𝑥)

𝜕𝑥
= 𝑞(−𝐺(𝑥) + 𝑅(𝑥)) , 

(2) 

𝜕𝐽𝑝(𝑥)

𝜕𝑥
= 𝑞(𝐺(𝑥) − 𝑅(𝑥)) , 

(3) 

where 𝜑 is the electric potential, 𝑞 is elementary charge, 𝜀 is dielectric constant, 𝑛(𝑥) and 𝑝(𝑥) 

are the electron and hole concentrations, respectively, 𝐽𝑛(𝑝) is the electron (hole) current 

density, 𝐺(𝑥) and 𝑅(𝑥) are the generation and recombination rates, respectively.  

For solving Eqs. (2) and (3), we need to know the recombination rate 𝑅(𝑥), which is a 

sum of the recombination rates of both, free and trapped charge carriers, i.e., 𝑅(𝑥) =  𝑅𝐿(𝑥) +

𝑅𝑡𝑎𝑖𝑙(𝑥). Here 𝑅𝑡𝑎𝑖𝑙(𝑥) is the tail state recombination and 𝑅𝐿(𝑥) is the recombination rate of 

free charge carriers at the position x in the active layer calculated using the Langevin 

recombination process as [6, 12]:  

𝑅𝐿(𝑥) =
𝑞(𝜇𝑛 + 𝜇𝑝)

𝜀
(𝑛(𝑥)𝑝(𝑥) − 𝑛𝑖

2) , 
(4) 

where 𝑛𝑖 is the intrinsic carrier concentration and 𝜇𝑛(𝑝) is electron (hole) mobility. 𝑅𝑡𝑎𝑖𝑙(𝑥)  

can be calculated by using 𝑅𝑡𝑎𝑖𝑙(𝐸, 𝑥) which is the rate of tail state recombination at position 

𝑥 in the active layer at an energy 𝐸 in the tail states and is given by: 

𝑅𝑡𝑎𝑖𝑙(𝐸, 𝑥) = 𝑅𝐶𝐵𝑇(𝐸, 𝑥) + 𝑅𝑉𝐵𝑇(𝐸, 𝑥) , 
 

(5) 

where 𝑅𝐶𝐵𝑇(𝐸, 𝑥) and 𝑅𝑉𝐵𝑇(𝐸, 𝑥) are the rates of recombination in the conduction band (CB) 

and valence band (VB) tail states, respectively,  given by [8, 9, 12, 21]: 

𝑅𝐶𝐵𝑇(𝐸, 𝑥) = 𝑁𝐶𝐵𝑇(𝐸)𝜂𝑅𝐶(𝐸, 𝑥) , 
 

(6) 

𝑅𝑉𝐵𝑇(𝐸, 𝑥) = 𝑁𝑉𝐵𝑇(𝐸)𝜂𝑅𝑉(𝐸, 𝑥) , 
 

(7) 

where 𝜂𝑅𝐶(𝐸, 𝑥) and 𝜂𝑅𝑉(𝐸, 𝑥) are the recombination efficiencies in the CB and VB, 

respectively. In the non-equilibrium steady-state conditions, the recombination efficiency is 

equal to the net rate at which electrons are captured by a trap state [9]. 𝜂𝑅𝐶(𝐸, 𝑥) and 

𝜂𝑅𝑉(𝐸, 𝑥) can, respectively, be given by [12]:  

 

𝜂𝑅𝐶(𝐸, 𝑥) =
𝛽𝑝

−𝛽𝑛
0(𝑛(𝑥)𝑝(𝑥) − 𝑛𝑖

2)

𝛽𝑛
0 (𝑛(𝑥) + 𝑁𝑐 exp (

𝐸 − 𝐸𝑐

𝐾𝐵𝑇 )) + 𝛽𝑝
− (𝑝(𝑥) + 𝑁𝑣 exp (

𝐸𝑣 − 𝐸
𝐾𝐵𝑇 ) )

  , 

and 

(8) 

𝜂𝑅𝑉(𝐸, 𝑥) =
𝛽𝑝

0𝛽𝑛
+(𝑛(𝑥)𝑝(𝑥) − 𝑛𝑖

2)

𝛽𝑛
+ (𝑛(𝑥) + 𝑁𝑐 exp (

𝐸 − 𝐸𝑐

𝐾𝐵𝑇 )) + 𝛽𝑝
0 (𝑝(𝑥) + 𝑁𝑣 exp (

𝐸𝑣 − 𝐸
𝐾𝐵𝑇 ))

  , 

 

(9) 
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where 𝐾𝐵 is the Boltzmann constant, 𝑇 is the temperature, 𝑁𝑐 (𝑁𝑣) is the effective 

concentration of electrons (holes) at the conduction (valence) edges with energy 𝐸𝑐 (𝐸𝑣). 𝛽𝑛
+  

is the capture rate coefficient in the VB tail and represents the capture of an electron from the 

CB by a trapped hole in the valence tail states,  𝛽𝑝
0  is the capture rate coefficient for a hole in 

the VB by an unoccupied VB tail state, 𝛽𝑝
− is the capture rate coefficient in the CB tail states 

for a hole created in the VB and 𝛽𝑛
0 is the capture rate coefficient for an electron in the CB by 

an unoccupied conduction band tail states. 𝑁𝐶𝐵𝑇(𝐸) and 𝑁𝑉𝐵𝑇(𝐸) in Eqs. (6) and (7) are the 

energy dependent carrier concentrations in the conduction and valence tail states, respectively, 

with exponential distributions and are given by: 

𝑁𝐶𝐵𝑇(𝐸) = 𝑁𝑐0 exp (
𝐸 − 𝐸𝑐

𝐸𝑈𝑐
) , 

 

(10) 

𝑁𝑉𝐵𝑇(𝐸) = 𝑁𝑣0 exp (
𝐸𝑣 − 𝐸

𝐸𝑈𝑣
) , 

 

(11) 

where 𝑁𝑐0 (𝑁𝑣0) is the density of tail states per energy interval and 𝐸𝑈𝑐 (𝐸𝑈𝑣) is Urbach’s tail 

width energy of conduction (valence) band tail states. Using Eqs. (8) - (11) in Eqs. (6) and (7) 

and integrating over the energy, the recombination rates 𝑅𝐶𝐵𝑇(𝑥) and 𝑅𝑉𝐵𝑇(𝑥) in the 

conduction and valence tail states at position 𝑥 in the active layer can, respectively, be written 

as: 

𝑅𝐶𝐵𝑇(𝑥)

= ∫ 𝑁𝑐0 exp (
𝐸 − 𝐸𝑐

𝐸𝑈𝑐
)

𝛽𝑝
−𝛽𝑛

0(𝑛(𝑥)𝑝(𝑥) − 𝑛𝑖
2)

𝛽𝑛
0 (𝑛(𝑥) + 𝑁𝑐 exp (

𝐸 − 𝐸𝑐

𝐾𝐵𝑇 )) + 𝛽𝑝
− (𝑝(𝑥) + 𝑁𝑣 exp (

𝐸𝑣 − 𝐸
𝐾𝐵𝑇 ) )

𝑑𝐸 ,
𝐸𝑐

𝐸𝑣

 

 

(12) 

𝑅𝑉𝐵𝑇(𝑥)

= ∫ 𝑁𝑣0 exp (
𝐸𝑣 − 𝐸

𝐸𝑈𝑣
)

𝛽𝑝
0𝛽𝑛

+(𝑛(𝑥)𝑝(𝑥) − 𝑛𝑖
2)

𝛽𝑛
+ (𝑛(𝑥) + 𝑁𝑐 exp (

𝐸 − 𝐸𝑐

𝐾𝐵𝑇 )) + 𝛽𝑝
0 (𝑝(𝑥) + 𝑁𝑣 exp (

𝐸𝑣 − 𝐸
𝐾𝐵𝑇 ))

𝑑𝐸 .
𝐸𝑐

𝐸𝑣

 

(13) 

For calculating 𝑅𝐶𝐵𝑇(𝑥) [Eq. (12)] and 𝑅𝑉𝐵𝑇(𝑥) [Eq. (13)], we need 𝛽𝑛
0, 𝛽𝑝

0 , 𝛽𝑛
+  and 𝛽𝑝

−.  𝛽𝑛
0 

and  𝛽𝑝
0 are known parameters as listed in Table 1 and 𝛽𝑛

+  and 𝛽𝑝
− can be  obtained as [5, 12]: 

𝛽𝑛
+ =

𝑞 𝜇𝑛

𝜀
 , 

 

(14) 

𝛽𝑝
− =

𝑞 𝜇𝑝

𝜀
 . 

 

(15) 

  Finally, the tail state recombination at position 𝑥 can be determine as:    

𝑅𝑡𝑎𝑖𝑙(𝑥) = 𝑅𝐶𝐵𝑇(𝑥) + 𝑅𝑉𝐵𝑇(𝑥) . 
 

(16) 

In this paper, Poisson’s and drift diffusion equations are numerically solved using Gummel’s 

method  [22, 23] to determine 𝜑, 𝑛 and 𝑝 from Eqs. (1) – (3). 
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3. Results and discussion 

A comprehensive simulation study of the combined influence of 𝐸𝑈  and mobility on 

photovoltaic performance of BHJ OSCs is carried out. Solving Poisson’s and drift diffusion 

equations [Eqs. (1) - (3)] with 𝑅(𝑥) as a sum of both Langevin recombination rate (𝑅𝐿) and 

tail state recombination (𝑅𝑡𝑎𝑖𝑙) as described above and the input parameters listed in Table 

1, 𝐽𝑛 and 𝐽𝑝 are calculated to give the total current density 𝐽 = 𝐽𝑛  + 𝐽𝑝  as a function of the 

Urbach’s tail width energy 𝐸𝑈 and the charge carrier mobility 𝜇. It may be noted that in this 

simulation we have assumed that 𝐸𝑈  = 𝐸𝑈𝑐  = 𝐸𝑈𝑣  and  𝜇 =  𝜇𝑛 =  𝜇𝑝.  However, prior to 

showing the results of simulation in this paper, we have compared the 𝐽 − 𝑉 characteristics 

of our simulation with those obtained by Kirchartz et al. [12] in Fig. 3, which shows a good 

agreement with their work. The objective of this comparison in Fig. 3 is to establish the 

quantitative confidence in our simulation results presented in this paper. 

 
Table 1 Input parameters used for simulation in this paper [12]. 

 

 

 

 

 

 

 

 

 

 Fig. 3. The 𝐽 − 𝑉 characteristics of our simulation and those of Kirchartz et al. [12] to show that the 

agreement is very quantitative.    

The Urbach’s energy shows the energetic disorder and is one of the parameters that 

influence the rate of recombination and OSC performance. In Fig. 4 we have plotted the 

simulated 𝐽𝑠𝑐 as a function of mobility for four different Urbach’s energies such as 𝐸𝑈= 45, 90, 

135 and 180 meV. According to Fig. 4, 𝐽𝑠𝑐 increases with the increase in mobility of charge 

carries, which is expected as well as it is in agreement with the results of Deibel et al. [24, 25]. 

Fig. 4 also shows that 𝐽𝑠𝑐 decreases by increasing 𝐸𝑈, which is also expected because an 

Parameter                                           Value  

𝐸𝑔 (eV) 1.1  

𝑑 (𝑛𝑚)  150  

𝐺(𝑚−3𝑠−1) 3.85 × 1027  

𝑁𝑐, 𝑁𝑣   (𝑚−3) 1026   

𝜇𝑛 (𝑚2𝑉−1𝑠−1) 7.3 × 10−8  

𝜇𝑝 (𝑚2𝑉−1𝑠−1) 7.3 × 10−8  

𝑁𝑐0, 𝑁𝑣0 (𝑐𝑚−3𝑒𝑉−1) 1020  

𝛽𝑛 
0 (𝑐𝑚3𝑠−1) 2.3× 10−10  

𝛽𝑝
0 (𝑐𝑚3𝑠−1) 2.6× 10−10  

𝑇 (𝐾) 300  
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increase in 𝐸𝑈  implies an increase in the tail states recombination. According to Fig. 4, by 

increasing the mobility, the slope of the curves is reducing which implies that the dependency 

of 𝐽𝑠𝑐 on mobility is reducing by increasing the mobility. Fig. 4 illustrates it further, for 

example, when 𝐸𝑈  = 45 meV, any increase in mobility from 10-6 m2/Vs to 10-2 m2/Vs makes 

little change in 𝐽𝑠𝑐 but at 𝐸𝑈 = 180 meV, 𝐽𝑠𝑐 increases from almost 72 A/m2 to 82 A/m2 in this 

mobility range. This implies that by reducing 𝐸𝑈, the dependency of 𝐽𝑠𝑐 on the mobility reduces. 

According to Fig. 4, if the mobility is very high, the influence of 𝐸𝑈 on 𝐽𝑠𝑐 reduces, which is 

due to the fact that the tail state recombination will have negligible influence if the mobility is 

very high.   

 

Fig. 4. Simulated 𝐽𝑠𝑐 is plotted as a function of the mobility for four different Urbach’s energies 𝐸𝑈= 

45, 90, 135 and 180 meV.  

In Fig. 5 we have plotted the simulated 𝑉𝑜𝑐 as a function of mobility for the same four 

different values of  𝐸𝑈 as in Fig. 4. According to Fig. 5, for all 𝐸𝑈, the 𝑉𝑜𝑐 is found to decrease 

sharply which agrees well with the simulation results of Deibel et al. [24, 25]. However, Fig. 5 

also illustrates that 𝑉𝑜𝑐  increases in the lower mobility range if the 𝐸𝑈 is reduced but in the very 

high mobility range this effect gets nearly eliminated. In other words, at higher mobility range 

𝑉𝑜𝑐 is 𝐸𝑈 independent.    

 

Fig. 5. Simulated 𝑉𝑜𝑐  is plotted as a function of the mobility for four different Urbach’s energies 𝐸𝑈= 

45, 90, 135 and 180 meV. 

The dependence 𝑉𝑜𝑐 on the mobility shown in Fig. 5 is nearly linear with a negative 

slope, which means 𝑉𝑜𝑐 ≈ −𝑐ln𝜇, where c is a constant but as a function of 𝐸𝑈. This can be 

written as: 
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𝜇 ≈ exp (−
𝑉𝑜𝑐

𝑐
) 

(17) 

                                                       

In Fig. 6, FF is plotted as a function of mobility for the same four values of 𝐸𝑈. From 

Fig. 6, one can see that FF has a maximum value at a particular mobility corresponding to each 

𝐸𝑈. Accordingly, FF is maximum at mobility values of 6 × 10−6 m2/Vs, 3 × 10−5 

m2/Vs, 10−4 m2/Vs and 10−3 m2/Vs for 𝐸𝑈 values 45 meV, 90 meV, 135 meV and 180 meV, 

respectively. Obtaining a maximum FF at a certain carrier mobility may be attributed to the 

fact that by increasing the mobility the 𝐽𝑠𝑐 increases as shown in Fig. 4 which increases the fill 

factor. However, according to Fig. 5, an increase in mobility reduces 𝑉𝑜𝑐  which reduces FF and 

as a result of this competition between an increase in 𝐽𝑠𝑐 and decrease in 𝑉𝑜𝑐 we get a maximum 

point in FF.    

       It may be noted that as 𝐸𝑈 increases in Fig. 6, two points are observed: (i) FF decreases 

and (ii) the maximum of FF shifts towards the higher mobility range. The point (i) may be 

attributed to the fact that an increase in 𝐸𝑈 is expected to increase the carrier recombination in 

the tail states which will reduce 𝐽𝑠𝑐 and hence FF. The second point may also be attributed to 

the same effect. As 𝐸𝑈 increases 𝐽𝑠𝑐 decreases so the only way that the 𝐽𝑠𝑐 can be increased is 

by increasing the mobility. As a result, the maximum of FF shifts towards the higher mobility 

when 𝐸𝑈 increases. As stated above and shown in Fig. 6, for  𝐸𝑈 = 45 meV (black curve) the 

peak of FF = 0.66 occurs at a mobility of 6 × 10−6 m2/Vs. However, when 𝐸𝑈  increases to 

180 meV (purple curve) at this mobility FF is only 0.48; not maximum. The maximum FF = 

0.56 for 𝐸𝑈 = 180 meV occurs at a much higher mobility of  10−3 m2/Vs.  Thus, in relation 

with the transport of charge carriers this result explains clearly that the effect of deeper traps 

in the tail states can be compensated by increasing the mobility of charge carriers. 

 

Fig. 6. Simulated FF is plotted as a function of the mobility for four different Urbach’s energies 𝐸𝑈= 

45, 90, 135 and 180 meV.  

         In Fig. 7, PCE is plotted as a function of mobility for the same four different 𝐸𝑈 values. 

According to Fig. 7, the dependence of PCE on the carrier mobility and 𝐸𝑈 is similar to that of 

FF shown in Fig. 6, i.e., Corresponding to each 𝐸𝑈 , PCE first increases with the increase in 

mobility and reaches a maximum value and then it starts decreasing again as the mobility 

increases. Also, the maximum value of PCE decreases and gets shifted to higher mobility as 

𝐸𝑈 increases. This agrees with the results obtained by Mandoc et al. [15] who have also reported 

an optimum PCE with respect to the mobility. The PCE is lower for lower mobilities because 
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of the higher recombination of charge carriers, then it becomes maximum at a certain mobility 

and starts decreasing again at higher mobility due to decrease in the  𝑉𝑜𝑐 as shown in Fig. 5. As 

FF and PCE are related, these behaviours of PCE may also be attributed to the enhanced 

recombination in the tail states at larger 𝐸𝑈 values, as explained for the results shown in Fig. 6. 

However, by comparing the results of Figs. 6 and 7, the influence of combined optimization of 

mobility and 𝐸𝑈  on FF is much more significant than that of PCE. Furthermore, according to 

Fig.7, the values of PCE for different 𝐸𝑈 values converge to a single value by increasing the 

mobility. This implies that the dependence of PCE on 𝐸𝑈 converges in higher mobility range 

(> 10−3 m2/Vs) which is consistent with the results of Figs. 4 and 5 as well.    

 

Fig.7. Simulated PCE is plotted as a function of the mobility for four different Urbach’s energies 𝐸𝑈= 

45, 90, 135 and 180 meV.  

Furthermore, according to Eqs. (14) and (15), both the capture coefficients for a free electron 

on a trapped hole in a valence band tail state (𝛽𝑛
+) and that for a free hole by an electron trapped 

in a conduction band tail state (𝛽𝑝
−) increase with the increase in mobility. As a result, on one 

hand, the tail state recombination rates 𝑅𝐶𝐵𝑇(𝑥) [Eq. (12)] and 𝑅𝑉𝐵𝑇(𝑥) [Eq. (13)] are expected 

to increase with increase in mobility. On the other hand, by increasing the mobility, the charge 

transport becomes faster as the drift component of current density equation directly depends 

on the mobility, and this may lead to a decrease in charge carrier concentration and 

subsequently the recombination rate [4].  

  It may be desirable to understand the influence of 𝐸𝑈 on the absorption and the charge 

carrier transport in OSCs. According to the results in Figs. 4-7, all four photovoltaic quantities, 

𝐽𝑠𝑐, 𝑉𝑜𝑐, FF and PCE, reduce if 𝐸𝑈  increases from 45 meV to 180 meV. 𝐽𝑠𝑐 is known to depend 

directly on the absorption; more absorption of photons, more charge carrier generation and 

hence more photocurrent. If 𝐸𝑈  is large that means more presence of tail states and hence more 

absorption in the tail states creating trapped charge carriers which cannot contribute to the 

current and hence 𝐽𝑠𝑐 decreases. Therefore, 𝐸𝑈 influences both the absorption as well as the 

charge carrier transport; the absorption increases in the tail states producing trapped charge 

carriers which cannot contribute to current and hence reduction in the charge carrier transport.  

     In order to investigate the influence of mobility and 𝐸𝑈 on the total rate of tail state 

recombination and Langevin recombination, we have plotted the integrated rate over the whole 

active layer thickness of tail state recombination (blue curves in Fig. 8) and Langevin 

recombination (red curves in Fig. 8) as a function of mobility and 𝐸𝑈 under short circuit current 

and open circuit voltage conditions in Figs. 8 (a) and (b), respectively. It may be noted that 

because of integration over the layer thickness, the unit (m-3s-1) of the position dependent 
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recombination rates given in Eqs. (12) and (13) has changed to m-2s-1 for integrated rates plotted 

in Figs. 8 and 9. According to Fig. 8, by increasing 𝐸𝑈, the tail state recombination at both short 

circuit current and open circuit voltage conditions increases due to the increase in the density 

of tail states, although the increase reduces gradually by increasing the 𝐸𝑈 values. However, 

the Langevin recombination rate shows the opposite effect; it decreases under both short circuit 

current and open circuit voltage conditions as 𝐸𝑈 increases. This may be attributed to the fact 

that as 𝐸𝑈 increases density of tail states increases and hence the concentration of trapped 

charge carriers increases leading to a reduction in free charge carriers and hence reduction in 

the rate of Langevin recombination. However, as the bimolecular recombination reduces the 

concentration of free charge carriers, a reduction in the bimolecular recombination alone, 

keeping the trap-assisted recombination constant, is expected to enhance the extraction of free 

charge carriers leading to better performing OSCs as it has been observed by Wang et al. [26].  

It may also be noted that in Fig. 8 (a), by increasing the mobility at short circuit current 

condition, both the tail state recombination and Langevin recombination decrease when 

mobility increases from almost 7×10-8 to 10-6 m2/Vs. This decrease is very drastic (large 

negative slope) in Langevin recombination rate (red curves).  This is because of the fact that at 

low mobilities, the charge carriers cannot be collected efficiently, which may lead to charge 

carrier accumulation in the active layer leading subsequently higher recombination rates. After 

the mobility increases beyond > 10-6 m2/Vs, the reduction in slope reduces nearly to zero, 

particularly in the tail state recombination rate. This behaviour may be attributed to the fact 

that at higher mobility most of the photo generated charge carriers get collected at the 

electrodes and recombination rates stabilize to a constant low value.  More drastic decrease in 

the Langevin recombination rate occurs because at higher mobility these are the free charge 

carriers which will be collected more efficiently leading to drastic reduction in the Langevin 

free charge carriers’ recombination rate.  

Fig. 8 (b) shows that by increasing the mobility at open circuit voltage condition, the 

rate of tail state recombination decreases and Langevin recombination increases slightly except 

for the lowest 𝐸𝑈 = 45 meV. As there is no current at the open circuit voltage condition, all the 

charge carriers may recombine through the tail state or Langevin recombination. In this 

condition, increasing the mobility will not lead to more efficient charge carrier collection since 

there is no current. Therefore, the increase of the mobility culminates in an increase in the 

Langevin recombination rate. On the other hand, all the charge carriers are recombined at open 

circuit voltage condition, which means that the tail state recombination rate should decrease as 

the total recombination rate should be remain constant. 
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Fig. 8. Tail state (blue curves) and Langevin recombination (red curves) rates as a function of 𝐸𝑈 and 

mobility at (a) short circuit current (b) open circuit voltage conditions for four different Urbach’s 

energies 𝐸𝑈= 45 (solid line), 90 (dashed line), 135 (dotted line) and 180 (dashed-dotted line) meV. 

Using Eqs. (4) and (16), we have plotted the total recombination rate, 𝑅 =

∫ (𝑅𝐿(𝑥) + 𝑅𝑡𝑎𝑖𝑙(𝑥))𝑑𝑥
𝑑

0
 as a function of mobility and for the four values of 𝐸𝑈 at the short 

circuit current and open circuit voltage conditions in Figs. 9 (a) and (b), respectively. According 

to Fig. 9 (a), the total recombination rate R (m-2s-1) decreases with a steeper slope when the 

mobility increases to 10-6 m2/Vs and then decreases with a lesser slope for 𝜇 > 10-6 m2/Vs under 

the short circuit current condition for all four values of 𝐸𝑈. This behaviour is not new and it is 

obvious from the sum of the blue and red curves in Fig. 8 (a). However, it may also be noted 

that in the short circuit current condition, the total recombination R increases when 𝐸𝑈  

increases. This result is also consistent with that shown in Fig. 8 (a) and implies that the 

increase rate of tail state recombination is higher than the reduction in Langevin recombination 

rate with the increase of 𝐸𝑈.  

The total rate R in the open circuit voltage condition shown in Fig. 9 (b) appears to 

remain constant with the increase in mobility and 𝐸𝑈. This is also consistent with the results 

plotted in Fig. 8 (b) where the sum of the corresponding blue and red curves remain nearly 

constant as the mobility and 𝐸𝑈 increase. This may also be attributed to the fact that under open 

circuit voltage condition, with no current; most of the charge carriers may only be subjected to 

the recombination [5]. Therefore, when the tail state recombination increases, the Langevin 
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recombination decreases and the total recombination remains constant. 

 

Fig. 9. Total recombination rate as a function of 𝐸𝑈 for different mobility values at a) short circuit 

current and b) open circuit voltage conditions for four different Urbach’s energies 𝐸𝑈= 45, 90, 135 and 

180 meV.  

It may be desirable to discuss the implication of the present theoretical work in 

fabricating better performing BHJ OSCs. According to Fig. 7, the maximum PCE is obtained 

when 𝐸𝑈  is smallest which means that the active layer should have least disorders or non-

crystallinity for better photovoltaic performance. However, it may not be easy to control the 

structural disorders in organic materials prepared from solution, which implies that the 

materials with higher charge carrier mobility may be synthesized to get the optimal 

photovoltaic performance. For example, in fullerene based OSCs, the charge carrier mobility 

can be varied by varying the blending ratio of fullerene [27]. In this way, the blending may be 

optimized to get an optimal mobility leading to optimal PCE. It is interesting to note that in 

one of the best performing BHJ OSCs of P3HT: PCBM, the experimentally measured carrier 

mobility of about ~10−7 m2/Vs [15] is close to at which the maximum PCE is obtained in Fig.7. 

This may imply that a BHJ OSC of P3HT: PCBM has a lower 𝐸𝑈 . 

 

4. Conclusions 

In this paper, the influence of both 𝐸𝑈 and mobility on 𝐽𝑠𝑐, 𝑉𝑜𝑐, FF, PCE and the rates of 

Langevin and tail state recombination in the active layer of BHJ OSCs is investigated in detail. 

The results show that (i) 𝐽𝑠𝑐 is higher when 𝐸𝑈  is smaller in the lower mobility range and (ii) it 

increases rapidly by increasing the mobility in the lower mobility range and then asymptotically 

converges to a single higher value in the large mobility range. Likewise, with the increase in 

mobility, 𝑉𝑜𝑐 decreases nearly linearly with different slopes depending on different 𝐸𝑈 in the 

lower mobility range and then different slopes converge to a single slope in the larger mobility 

range, which implies that at higher mobility range 𝑉𝑜𝑐 is 𝐸𝑈 independent. Also, it is found that 

by increasing 𝐸𝑈, the maximum of FF and PCE shift towards the higher mobility range. It is 

shown that the influence of combined optimization of 𝐸𝑈 and mobility enhances both FF and 

PCE, but its effect on FF is much more significant than that on PCE.  It is shown that by 

increasing the 𝐸𝑈, the tail state recombination increases, however, the Langevin recombination 

reduces at both short circuit current and open circuit voltage conditions. Also, it is found that 

by increasing the mobility at the short circuit current condition, the rates of both tail state 



13 
 

recombination and Langevin recombination reduce and the reduction is much more significant 

at lower mobility values. Furthermore, by increasing the mobility at open circuit voltage 

condition, the rate of tail state recombination decreases and Langevin recombination increases 

nearly linearly leading to the total rate of recombination to become almost constant and 

independent of the mobility and 𝐸𝑈.  
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