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Influence of Urbach energy, temperature, and longitudinal position in 

the active layer on carrier diffusion length in perovskite solar cells  

Hooman Mehdizadeh-Rad, and Jai Singh * 

Abstract 

The diffusion length of charge carriers in the active layer of a perovskite solar cell (PSC) of the 

structure Glass/PEDOT: PSS/ CH3NH3PbI3 /PC60BM/Al is modelled. It is found that the diffusion 

length depends on the position x in the active layer measured from the PEDOT: PSS interface, Urbach 

energy and temperature. By varying the voltage in the range from zero to 𝑉𝑜𝑐, it is shown that the 

dependence of diffusion length on the position x in the active layer reduces at higher voltage. The 

combined influence of applied voltage and temperature on the diffusion length of charge carriers is 

investigated and it is found that in the low voltage range the diffusion length is temperature independent, 

but it becomes significantly temperature dependent at higher voltages. Also, it is found that the diffusion 

length decreases as the applied voltage increases and this reduction becomes much more significant at 

higher voltage and temperatures. The combined influence of applied voltage and Urbach energy on 

diffusion length of charge carriers reveals that the diffusion length decreases when both the applied 

voltage and Urbach energy increase. However, the reduction in the diffusion length due to the increase 

in Urbach energy becomes less significant at higher voltage.   

Keywords: Perovskite solar cells, Diffusion length, Position in the active layer, Applied voltage, 

Temperature, Urbach energy 

 

 𝟏. Introduction 

Global warming is a by-product of greenhouse gas emissions caused by population 

growth and industrialization. To reduce this noxious outcome of fossil fuel combustions, 

renewable sources of energy should be put into practice among which the solar energy is  most 

accessible [1]. The solar energy is generated outside the planet in huge quantity and is freely 

available to all living being on earth. However, for converting solar energy into electricity we 

need low cost and highly efficient solar cells. Perovskite solar cells (PSCs), being highly 

efficient and cost effective [2,3], have great potential to meet the increasing domestic and 

industrial energy demands. Solar cells based on hybrid halide perovskites of the structure 

AMX3, where A is an organic cation, M is a metal cation, and X is a halide anion, have 

achieved a power conversion efficiency (PCE) higher than 22% [4,5]. High PCE in PSCs may 

be attributed to the high absorption coefficient, high carrier mobilities, and long charge carrier 

diffusion lengths [6-9]. In contrast to organic solar cells (OSCs), the photon absorption in the  
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active layer of PSCs excites electron and hole pairs which do form excitons but with very small  

binding energy; only a few meV,  and hence can easily be dissociated even at room temperature 
[10]. This is one of the reasons of achieving high PCE in PSCs in comparison with that in OSCs 

where the exciton binding energy is larger and excitons cannot be dissociated without any  

excess energy available which leads energy loss and hence less PCE. However, there are energy 

losses that occur in PSCs too which need to be reduced/eliminated in order to get even higher 

PCE. Various types of recombination may take place in the active layer of PSCs, however, the 

analyses of the electroluminescence efficiency and the diode ideality factor show that the 

dominant recombination mechanism in PSCs is the non-radiative trap-assisted recombination 
[10-13]. In the past few years, it is noted through the study of charge transport dynamics that  the 

diffusion length of charge carriers in the PSCs plays a significant role in their performance [14]. 

Stranks et al. [15] have used transient absorption and photoluminescence-quenching 

measurements to determine the electron-hole diffusion lengths, diffusion constants, and 

lifetimes in the mixed halide (CH3NH3PbI3-xClx) and triiodide (CH3NH3PbI3) perovskite 

absorbers. They found that the charge carrier diffusion length is larger than 1 μm in the mixed 

halide perovskites, which is an order of magnitude higher than the absorption depth in these 

materials. Milot et al. [16] have investigated the temperature dependent charge-carrier dynamics 

in CH3NH3PbI3 perovskite thin films and studied the temperature dependence of charge carrier 

diffusion length. They have shown that the charge carrier diffusion length gradually decreases 

with increasing temperature from about 3 μm at −93 °C to 1.2 μm at 67 °C. Johnston et al. [17] 

have investigated charge carrier recombination and diffusion in PSCs and they have calculated 

charge carrier diffusion lengths for CH3NH3PbI3 as a function of charge carrier density for a 

range of different monomolecular recombination rates. Xie et al. [18] have investigated the 

influence of chloride on the diffusion length in PSCs. They have shown that addition of 

chloride increases the diffusion length of charge carriers and reduces the trap states in PSCs. 

       Wetzelaer et al. [19] have shown that the non-radiative trap-assisted recombination plays an 

important role in perovskite solar cells. It is well established that perovskites are known to 

suffer from a significant density of sub gap states leading to non-negligible recombination 

losses [20-22]. These sub-gap states contribute to the well-known tail states in non-crystalline 

solids, where the absorption coefficient 𝛼 is found empirically to depend exponentially on the 

energy below the conduction band edge. This exponential relation was first observed by 

Urbach[23] and is given by: 𝛼(ℎ𝜈, 𝑇) = 𝛼0 exp((ℎ𝜈 − 𝐸0)/𝐸𝑈(𝑇)), where 𝛼0 is the absorption 

coefficient at the band edge, ℎ𝜈 < 𝐸0 is the photon energy absorbed in the tail states with 𝐸0 

being the band edge energy and 𝐸𝑈(𝑇) is the Urbach energy which depends on temperature 

and the steepness of the exponential function [24]. The steepness parameter is a major of the 

density of disorders present in the tail states and hence the Urbach energy depends on the 

energetic disorder and is one of the parameters that influences the rate of trap assisted 

recombination and PSCs performance. Urbach energy 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[25]. 

In this paper, we have calculated the diffusion length and tail state recombination rate, 

which depends on Urbach energy, as a function of position and voltage in the active layer of 

methylammonium lead triiodide (CH3NH3PbI3 or MAPbI3), which is the most widely used 

material for fabricating high performing PSCs. In this simulation, we have considered a PSC 

of structure: Glass/PEDOT: PSS/CH3NH3PbI3/PC60BM/Al as shown in Fig. 1. For 

simulating the J-V characteristics of the solar cell a voltage is applied from zero (short circuit 

current condition) to 𝑉𝑜𝑐 (zero current- open circuit voltage condition). Thus in our simulation, 

we have assumed the tail state recombination in the active layer and then implementing 

Kirchartz et al. model [26], the tail state and subsequently the charge carrier diffusion length in 
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the active layer of PSCs have been calculated. The dependence of the diffusion length of charge 

carriers on the position, applied voltage, Urbach energy and temperature have been investigated 

in detail. 

 

 

 

 

 

 

 

 

 

 

Fig.1. Schematic structure of a PSC of structure: Glass/PEDOT: PSS/CH3NH3PbI3/PC60BM/Al. x 

denotes the position in the active layer of thickness d from 0 to d. 

𝟐. Methodology 

In order to calculate the diffusion length (𝐿𝐷 (𝑥)) at position x in the active layer, we 

have used the following equation [16,17]: 

𝐿𝐷(𝑥) = √
𝐷

𝑅𝑇(𝑥)
 , 

 

(1) 

where 𝐷 is the temperature dependant diffusion coefficient and 𝑅𝑇(𝑥) is the total 

recombination rate at position x in the active layer which can be determined as: 

𝑅𝑇(𝑥)= 𝑅𝐴(𝑥)+ 𝑅𝐵(𝑥)+ 𝑅𝑀(𝑥), 
 

(2) 

 

where  𝑅𝐴(𝑥), 𝑅𝐵(𝑥) and 𝑅𝑀(𝑥) are rates of Auger, bimolecular and monomolecular 

recombinations, respectively, at position x in the active layer. However, many studies have 

found that the monomolecular recombination is the dominant recombination in PSCs [10-13]. 

Therefore, we have considered only the influence of monomolecular recombination on the 

diffusion length here. According to Kirchartz et al. [26] , the monomolecular recombination rate 

𝑅𝑀(𝑥) is dominantly governed by the exponential tail state recombination rate 𝑅𝑡𝑎𝑖𝑙(𝑥), 

accordingly, Eq. (2) can be written as:  

𝑅𝑇(𝑥) ≈ 𝑅𝑀(𝑥) ≈ 𝑅𝑡𝑎𝑖𝑙(𝑥), 
 

(3) 

where 𝑅𝑡𝑎𝑖𝑙(𝑥) is as a function of position x in the active layer and can be determined as [26-29]: 

𝑅𝑡𝑎𝑖𝑙(𝑥) = 𝑅𝐶𝐵𝑇(𝑥) + 𝑅𝑉𝐵𝑇(𝑥) , 
 

(4) 

 + - 

Glass 

PEDOT: PSS 

CH3NH3PbI3 

PC60BM 

Al 

x 

𝑥 = 0 

𝑥 = 𝑑 
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where 𝑅𝐶𝐵𝑇(𝑥) and 𝑅𝑉𝐵𝑇(𝑥) are the rates of recombination in the conduction-band (CB) and 

valence-band (VB) tail states, respectively,  given by [26-29]: 

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

 

 

                                                                                                                                            (5) 

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

 

                                                                                                                                            (6) 

Here 𝑛(𝑥) and 𝑝(𝑥) are electron and hole concentrations, 𝐾𝐵 is the Boltzmann constant, 𝑇 is 

the temperature, 𝑛𝑖 is intrinsic carrier concentration. 𝑁𝑐  (𝑁𝑣) is the effective concentration of 

electrons (holes) at the conduction (valence) edges with energy 𝐸𝑐 (𝐸𝑣). 𝑇𝑐0 (𝑇𝑣0) is the 

characteristic temperature and 𝐸𝑈𝑐 ( 𝐸𝑈𝑣) is Urbach energy of conduction (valence) band tail 

states. 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. For calculating 𝑅𝐶𝐵𝑇(𝑥) [Eq. (12)] and 

𝑅𝑉𝐵𝑇(𝑥) [Eq. (13)], 𝛽𝑛
0 and  𝛽𝑝

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

− can 

be  obtained as [26,30]: 

𝛽𝑛
+ =

𝑒 𝜇𝑛

𝜀
, 

 

(7) 

𝛽𝑝
− =

𝑒 𝜇𝑝

𝜀
, 

 

(8) 

where  𝜇𝑛(𝑝) is electron (hole) mobility, 𝑒 is the elementary charge and 𝜀 is the static dielectric 

constant. It is assumed here in the simulation that  𝜇𝑛 =  𝜇𝑝 which makes 𝛽𝑛
+ = 𝛽𝑝

− in Eqs. (7) 

and (8).  

The diffusion coefficient in Eq. (1) can be calculated by [16]: 

𝐷 =
𝜇 𝐾𝐵 𝑇

𝑒
. 

(9) 

  

It is assumed that D in Eq. (9) is position independent. Using Eqs. (3) and (9) in Eq. (1), the 

diffusion length as a function of energy and position can be obtained as:  

𝐿𝐷(𝑥) = √
𝜇 𝐾𝐵 𝑇

𝑒𝑅𝑡𝑎𝑖𝑙(𝑥)
 

(10) 
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For this calculation we have used the  finite difference method used by Scharfetter and Gummel 
[31,32], which considers an exponential variation in the carrier concentrations between two grid 

points. Finally, 𝐿𝐷(𝑥) is calculated using the charge carrier concentrations 𝑛(𝑥) and 𝑝(𝑥), 

determined by solving the Poisson and continuity equations by applying Gummel method [33] ( 

the details are described elsewhere [34]).  

𝟑. Results and discussions 

 The exponential tail state recombination and the diffusion length at each position 

through the active layer is calculated. For carrying out this calculation first we have checked 

the validity of our simulation method by calculating the J-V characteristics of a PSC of the 

structure Glass/PEDOT: PSS/ CH3NH3PbI3 (200 nm)/PC60BM/Al and compared it with the 

experimental results obtained by Kim et al. [35]. The input data required in the simulation are 

listed in Table 1 and both experimental and theoretical J – V characteristics are shown in Fig. 

2, which illustrates that our simulation results agree very well with the experimental ones.  

Table 1 Input parameters used for simulation in this paper [26,35]. 

 

 

 

 

 

 

 

 

 

Fig. 2. The 𝐽 − 𝑉 characteristics of a PSC of structure Glass/ PEDOT: PSS/ CH3NH3PbI3 (200nm)/ 

PC60BM/ Al obtained from our simulation and experimental work [35] to check the validity of our 

simulation.     

In planar PSCs, high diffusion length is an important factor to achieve high PCE in 

solar cells. However, the diffusion length 𝐿𝐷(𝑥) of charge carriers in the active layer depends 

on the position x, temperature, applied voltage, charge carrier concentration and the rate of 

Parameter                                           Value  

𝐸𝑔 (eV) 1.5  

𝐺(𝑚−3𝑠−1) 6 × 1027  

𝑑 (𝑛𝑚) 200  

𝑁𝑐, 𝑁𝑣  (𝑐𝑚−3) 1020   

𝜇𝑛 (𝑚2𝑉−1𝑠−1) 0.5 × 10−4  

𝜇𝑝 (𝑚2𝑉−1𝑠−1) 0.5 × 10−4  

𝑁𝑐0, 𝑁𝑣0 (𝑐𝑚−3𝑒𝑉−1) 1020  

𝛽𝑛 
0 (𝑐𝑚3𝑠−1) 2.5× 10−10  

𝛽𝑝
0 (𝑐𝑚3𝑠−1) 5× 10−10  

𝐸𝑈𝑐 = 𝐸𝑈𝑐  (𝑚𝑒𝑉) 45  

𝑇 (𝐾) 300  
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recombination in the tail states 𝑅𝑡𝑎𝑖𝑙(𝑥). The dependence of diffusion length on recombination 

rate at a position x in the active layer is derived in Eq. (10), which shows that at any particular 

temperature the diffusion length is inversely proportional to the square root of recombination 

rate. To study the relation between 𝐿𝐷(𝑥) and 𝑅𝑡𝑎𝑖𝑙(𝑥) more profoundly, we have plotted both 

as contours as a function of position x in the active layer of thickness 200 nm at different 

voltages used in plotting the J-V curve in Fig. 2 and shown in Figs. 3 (a) and (b), respectively. 

According to Fig. 3 (a), the diffusion length decreases from 40 𝜇m to 0.01 𝜇m at different 

positions within the active layer when the applied voltage increases from 0 to 0.9 V. As it is 

shown in Fig. 3 (a), the maximum diffusion length occurs within the active layer between 60 

and 80 nm at zero applied voltage (under short circuit current condition). The minimum 

diffusion length is nearly independent of the position in the active layer and is found to occur 

under the open circuit voltage condition (zero current) at an applied voltage = 0.87 V. It may 

also be noted in Fig. 3 (a) that the dependence of the diffusion length on the position x within 

the active layer reduces as the applied voltage increases. 

The above noted behaviour of the diffusion length can also be explained from the plot 

of the recombination rate shown in (Fig. 3 (b)). According to Eq. (10), as stated above, the 

square of the diffusion length is inversely proportional to 𝑅𝑡𝑎𝑖𝑙(𝑥). As a result, in Fig. 3 (b), 

the minimum of recombination rate occurs within the active layer between 60 and 80 nm from 

the interface under the short circuit current condition and the maximum 𝑅𝑡𝑎𝑖𝑙(𝑥) is found to 

occur under the open circuit voltage condition nearly independent of the position within the 

active layer. These characteristics are nearly inverse of those of 𝐿𝐷(𝑥) shown in Fig. 3 (a) and 

consistent with Eq. (10). Under short circuit current condition (V = 0), the highest 

recombination occurs at the electrode interfaces due to the charge carrier accumulation as it is 

shown in Fig. 3 (b) leading to lower diffusion length at these positions as shown in Fig. 3 (a). 

However, under the open circuit voltage condition (zero current) the charge carriers may get 

uniformly distributed along the whole active layer resulting into high recombination rate and 

lower diffusion length throughout. This behaviour is clearly illustrated in Figs. 3 (a) and (b) in 

the higher voltage range.   

 

Fig. 3. Plot of (a) diffusion length and (b) recombination rate as a function of applied voltage and 

position x in the active layer of a PSC of the structure Glass/ PEDOT: PSS/ CH3NH3PbI3 (200nm)/ 

PC60BM/ Al.  

According to Eq. (1), the diffusion length depends on the position x in the active layer 

because of the position dependent recombination rate 𝑅𝑡𝑎𝑖𝑙(𝑥).  By using the integrated 
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recombination rate as 𝑅𝑡𝑎𝑖𝑙 =  ∫ 𝑅𝑡𝑎𝑖𝑙(𝑥)𝑑𝑥
𝑑

0
 in Eq. (10) we get the total diffusion length 𝐿𝐷 

as: 

𝐿𝐷 = √
𝜇 𝐾𝐵 𝑇

𝑒𝑅𝑡𝑎𝑖𝑙
 

(11) 

Using Eq. (11), the diffusion lengths thus obtained are 1.46 𝜇𝑚 and 0.06 𝜇𝑚 under the short 

circuit current and open circuit voltage conditions, respectively.  

According to Eqs. (10) and (11), as 𝑅𝑡𝑎𝑖𝑙 depends on the temperature and applied 

voltage the diffusion length also becomes temperature and applied voltage dependent. For 

investigating the influence of temperature on the diffusion length, we have simulated the 

diffusion length 𝐿𝐷 in Eq. (11) in the temperature range between 220 K and 340 K in which 

perovskite exists in both tetragonal and cubic phases [25, 31]. It may be noted that for calculating 

such temperature dependent 𝐿𝐷, the temperature dependent recombination rates as given in 

Eqs. (5) and (6) will also have to be calculated at each temperature. The diffusion length thus 

calculated using Eq. (11) is plotted in Fig. 4 as a function of the applied voltage at five different 

temperatures. However, the actual temperature of solar cell depends on different conditions 

such as wind speed, panel installation angle, and heating from solar irradiance. In a solar cell 

with a power conversion efficiency of 20% operating in an ambient temperature of 40 °C, the 

actual working temperature can exceed 70 °C [16]. It has been reported that a phase transition 

from tetragonal to cubic takes place at temperature about 330 K in MAPbI3 
[36]. According to 

Fig. 4, in the low applied voltage range, 0 < 𝑉𝑎 < 0.3 V, the diffusion length decreases gradually 

with the increasing applied voltage but this decrease remains temperature independent, i.e., 

nearly the same at all five temperatures.  However, at 𝑉𝑎> 0.3, although the diffusion length 

continues to decrease further with the increasing voltage the decrease becomes temperature 

dependent leading to a maximum decrease at the highest temperature of 340 K and lowest 

decrease at the lowest temperature of 220 K at the applied voltage of 0.9 V.  In particular, by 

increasing the applied voltage from 0 to 0.9 V, the diffusion length reduces from 1.98 (𝜇𝑚) to 

0.28 (𝜇𝑚) at temperature 220K, while at temperature 340K the diffusion length reduces from 

1.93 (𝜇𝑚) to 0.024 (𝜇𝑚). Reduction in diffusion length of charge carriers with increasing 

temperature as found here agrees with the simulation results of Milot et al. [16], but its 

dependence on the applied voltage has not yet been studied. It may be noted that by increasing 

the applied voltage, the recombination rate is expected to increase and hence the reduction in 

the diffusion length with the increase in the applied voltage as shown in Fig. 4 may be attributed 

to the increase in the recombination rate. Consequently, it may be concluded that although at 

low applied voltage, the influence of both temperature and applied voltage on diffusion length 

of charge carriers is not very significant, their influences on diffusion length become very 

significant at high applied voltages.  
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Fig. 4. Diffusion length calculated at five different temperatures in the range 220 – 340 K and plotted 

as a function of applied voltage in the active layer of a PSC of the structure Glass/ PEDOT: PSS/ 

CH3NH3PbI3 (200 nm)/ PC60BM/ Al. 

The diffusion length is plotted as a function of the applied voltage for four different 

values of Urbach energy as shown in Fig. 5. According to Fig. 5, the diffusion length decreases 

by increasing Urbach energy, which is expected because an increase in Urbach energy leads to 

higher recombination rates that causes lower diffusion length. However, at all applied voltages 

< 0.9 V, the magnitude of reduction in diffusion length due to the increase in Urbach energy in 

step of 45 meV reduces as latter increases from 45 meV to 180 meV, or in other words the 

dependence of diffusion length on Urbach energy reduces in the higher Urbach energy range 

at all applied voltages. Furthermore, according to Fig. 5, the dependence of diffusion length on 

Urbach energy reduces by increasing the applied voltage such that the diffusion lengths of 

charge carriers at all four different Urbach energies appear to be converging to a single value 

near the open circuit voltage shown by the arrow. The points of intersections of each curve 

with the arrow in Fig. 5 show the corresponding open circuit voltage which reduces from 0.84 

to 0.78 V by increasing Urbach energy from 45 meV to 180 meV. This may be explained as 

follows: by increasing the applied voltage from zero to 𝑉𝑜𝑐, all the charge carriers may be 

subjected to recombination in the absence of any current, leading nearly very small diffusion 

length. Therefore, it may be concluded that at low applied voltages, the Urbach energy plays 

more dominant role in the diffusion length of charge carriers than at higher applied voltages.  

  

Fig. 5. Diffusion length plotted as a function of the applied voltage in the active layer of a PSC 

of the structure Glass/ PEDOT: PSS/ CH3NH3PbI3 (200nm)/ PC60BM/ Al for four different Urbach 

energies. 
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𝟒. Conclusions 

A comprehensive theoretical study of the diffusion length of the charge carriers in the 

active layer of a PSC of the structure Glass/PEDOT: PSS/ CH3NH3PbI3 /PC60BM/Al is carried 

out. Calculations of the diffusion length of charge carriers as a function of position x in the 

active layer show that the diffusion length within the active layer changes from one position to 

another by more than two orders of magnitude under short circuit current condition (zero 

applied voltage). Also, it is shown that the dependence of diffusion length on the position x in 

the active layer reduces by increasing the applied voltage. The combined influence of applied 

voltage and temperature on the diffusion length of charge carriers is investigated and it is found 

that at low applied voltage the diffusion length is temperature independent but by increasing 

the applied voltage the influence of temperature on the diffusion length becomes significant. 

Also, it is shown that the reduction of diffusion length due to the increase in the applied voltage 

is much more significant at higher temperatures. The combined influence of applied voltage 

and Urbach energy on diffusion length of charge carriers reveals that the diffusion length 

decreases when both the applied voltage and Urbach energy increase. However, the reduction 

in the diffusion length due to increase in Urbach energy becomes less significant at higher 

voltage.  
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