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Abstract

Perovskite solar cells are regarded as a promising alternative for the next generation solar cells. Despite a significant 
improvement in their power conversion efficiency (PCE), the dependence of open circuit voltage ( )OCV on material 
parameters has not been fully understood. We have derived two analytical expressions for the OCV  in perovskite 
solar cells as a function of material parameters, such as electron (hole) mobility ( )e hµ µ ,electron-carrier concentration 
(n),effective density of states of holes at the at the valence band edge ( )VN , photo generation rate G , active layer 
thickness(d)and electron drift velocity ( )ev . It is found that using perovskite materials with low VN , higher electron-
hole mobility ratio ( )e hµ µ , and larger active layer thickness at high light intensity can lead to higher OCV  and hence 
higher PCE in perovskite solar cells, which agree well with experimental results. These results may provide useful 
guidance in selecting materials leading to higher OCV  and hence PCE in perovskite solar cells.
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Introduction

Inorganic-organic perovskite-based solar cells have 
attracted considerable attention due to their high power 
conversion efficiency (PCE) reaching up to 22% [1,2,3] in 
a short time. This high PCE arises from a combination of 
several properties such as long electron and hole diffusion 
lengths [4,5], low exciton binding energy [6,7], high charge 
carrier mobility [8,9] and high absorption coefficient [10]. 
Several theoretical [11,12,13] and experimental studies 
[14,15] have also been conducted to elucidate the other 
factors responsible for perovskite solar cells’ high PCE. For 
example, it has been experimentally demonstrated that 
the PCE of perovskite solar cells depends on the interface 

losses, film morphology and crystal quality [16,17,18]. In 
other studies, high PCE has also been attributed to the 
high dielectric constant and larger band gap [19,20,21] 
of perovskites. Generally, a perovskite solar cell consists 
of a layered structure with an electron transport layer 
(ETL) of mesoporous titanium dioxide or alumina (mp-
TiO2 or mp-Al2O3), a perovskite absorber layer (PSL) of a 
methylammonium lead halide (CH3NH3PbX3, X = Cl, Br, 
I) and a spiro-OMeTAD hole transport layer (HTL) [22], 
sandwiched between anode and cathode electrodes as 
ITO/ETL/PSL/HTL/Ag. Light is absorbed in the PSL which 
generates free electrons and holes [23] due to higher 
dielectric constant. These free charge carriers then 
drift under the influence of the electric filed created by 
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the difference in work functions of the two electrodes. 
Electrons move towards the ETL and holes towards the 
HTL and eventually get extracted to their respective 
electrodes. Electrons and holes may also recombine in 
radiative and non-radiative ways without being extracted 
leading to loss of charge carriers and hence poor device 
performance.

Typically, a perovskite solar cell is made up of a 
perovskite absorber layer sandwiched between the 
electron transport layer (ETL) and the hole transport layer 
(HTL). Light is absorbed in the perovskite layer which gives 
rise to free electrons and holes [16]. These free charge 
carriers then diffuse and drift under the influence of the 
electric field, with electrons moving toward the ETL and 
holes toward the HTL. The ETL and HTL are responsible 
for transporting the electrons and holes to respective 
electrodes for efficient extraction. Electrons and holes 
can also recombine in a radiative or non-radiative way 
which results in loss in device performance. A radiative 
recombination results from the annihilation of an 
electron in the conduction band (CB) and an hole in the 
valence band (VB) to emit a photon of energy equal to 
the band-gap energy (Eg) of the perovskite. On the other 
hand, nonradiative recombination takes place via an 
intermediate, such as a defect or a trap (an energy level 
in the band gap of the perovskite), occupied with either 
an electron or a hole (depending on the energy level of 
the trap) and an eventual annihilation with a hole in VB 
or electron in CB. 

The optoelectronic properties of perovskite solar cells 
depend strongly on the distribution of localised states in 
the band gap of the perovskite as the absorbing layer. This 
is because if there is low density of states (DOS) within the 
band gap, which acts as traps for the charge carriers, then 
the generation of free charge carriers within the perovskite 
active layer will be enhanced. Experimental information 
on the distribution of defects cannot be obtained directly; 
various techniques such as ultraviolet photoelectron 
spectroscopy, Kelvin probe force microscopy, electron 
spin resonance spectroscopy and space-charge-limited-
current spectroscopy [13,14,15,16,17,22] have been 
proposed to extract information regarding the energy 
distribution of the DOS in thin-film semiconductors. On 
the other hand, thin-film transistors have been used to 
determine the density of localised states in the optical 
gap of inorganic semiconductors, such as polycrystalline 
silicon or hydrogenated amorphous silicon [24], and 
more recently in the study of organic semiconductors 
[25]. Clearly, the presence of charge carrier traps at 

interfaces and grain boundaries significantly affects the 
performance of perovskite solar cells [26]. A higher DOS 
distribution causes more charge trapping and reduces 
carrier mobility, which is detrimental to charge carrier 
extraction that limits performance parameters such as 
short-circuit current ( )SCJ and fill factor ( )FF  values 
[18]. Furthermore, it causes hysteresis in the current-
voltage (I-V) curves, which is regarded as a critical issue in 
the operation of perovskite solar cells [26]. 

The other essential parameter that has still not been 
fully discussed in relation to the material parameters 
such as density of states (DOS) and carrier mobility in 
perovskites is the open circuit voltage ( )OCV . Recently, 
Zhou and Long [27] have used numerical models based 
on ab initio method to quantify the losses in OCV with 
respect to the DOS distribution in amorphous silicon, 
CdTe, and perovskites. The influence of charge carrier 
mobility on OCV  is less direct, because at open circuit 
conditions there is no direct current extraction. As a result 
the influence of various material parameters on OCV is not 
yet fully understood in perovskite solar cells and there 
exists more room for further theoretical developments. 
In this work, we study theoretically the influence of charge 
carrier mobility, charge carrier concentration, energetics, 
active layer thickness and DOS on the open circuit voltage 

OCV  in perovskite solar cells. 

Theoretical Approach

Derivation of Open Circuit Voltage 

First, in order to study the influence of material 
parameters on OCV in perovskite solar cells we need an 
expression for the open circuit voltage. Following our 
earlier work [28] on organic solar cells, we can define 

OCV as [29]:

e h
OC F FqV E E= − ,     (1)

where qis the electronic charge, e
FE  is the electron 

quasi-Fermi level of the electron transport layer and h
FE  

is the hole quasi-Fermi level of the hole transport layer.

the right-hand side of Eq. (1) can be determined using 
[30]:

B

exp
e

C F
C

E En N
k T

 −
= − 

 
    (2)

and 

B

exp
h
F V

V
E Ep N

k T
 −

= − 
 

,    (3)
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where ( )n p is the concentration of electrons (holes) 
and, ( )V CN N  is the effective density of states of holes 
(electrons) at the valence (conduction) band edge, 
respectively in the perovskite layer at the thermal 
equilibrium, T is the temperature and Bk  is the Boltzmann 
constant. CE  and VE are energies of the conduction and 
valence bands of the absorber perovskite, respectively, 
which for the organic solar cells (OSCs) are used as the 
energies of LUMO of acceptor and HOMO of donor, 
respectively.

At open circuit voltage condition, the rates of 
generation of electron and hole pairs and bimolecular 
recombination are equal. As a result, we assume that the 
current densities for electrons e

e e FJ n Eµ= ∇  and holes
h

h h FJ p Eµ= ∇ are equal, which gives: 

e h
e F h Fn E p Eµ µ∇ = ∇ ,    (4)

where ( )e hµ µ is the electron (hole) mobility and
( )e h

F FE E∇ ∇  is the gradient of the electron (hole) quasi-
Fermi level, which is assumed to be constant here [30,31]. 
Thus, e h

F FE E∇ =∇ =const, and then Eq. (4) can be written 
as:

e

h

p nµ
µ

= .                   (5)

Substituting Eq. (3) into Eq. (5), we get:

Bexp[( ) / ]he
V V F

h

n N E E k Tµ
µ

= − .   (6)

One can replace h
FE by e

F OCE qV−  according Eq. (1), 
and VE  by C GE E−  for the perovskite absorber using 

G C VE E E= − , then Eq. (6) can be written as:
  

B lne e
C G OC F

h V

nE E qV E k T
N

µ
µ

− + − = .  (7)

Rearranging Eq. (7), we get OCV  as:

B( ) 2 lne
OC G C F GqV E E E k T PQ E= − − + = −∆ , (8)

where B( ) 2 lne
C FE E k T PQ∆ = − −  is the voltage 

loss: e

h
P µ

µ=  and 
V

nQ N= . 

The expression of OCV , thus obtained in Eq. (8), is 
comparable to that derived in [28] for OSCs where the 
effective band gap DAE  has been used instead of GE . 

the OCV  obtained in Eq. (8) depends on the energy 

difference between the conduction band and the electron 
quasi-Fermi level of the hole transport layers ( )e

C FE E−
, the ratio of electron to hole mobility ( / )e hµ µ , the 
electron-carrier concentration (n)and the effective density 
of states of holes at the valence band edge ( )VN .

In another case, OCV is considered to be determined 
by diffusion-limited transport and the recombination 
within the bulk of the device. Here, we use the well-known 
electron drift velocity ( )ev equation, which is given as [32]:

int2 e
e

Vv
d
µ

= ,                               (9)

and 
2

int2 e

Gdn
Vµ

= ,                    (10)

where G  is free charge carrier photogeneration rate, 

intV  is the built-in voltage. 

Using Eqs. (9) and (10), the expression for OCV  in Eq. 
(8) can be rewritten as:

B( ) 2 lne e
OC G C F

h e V

GdqV E E E k T
v N

µ
µ

= − − +             (11)

the expression in Eq. (11) shows that OCV  also depends 
on the active layer thickness (d) and the electric field (F), 
and increases with an increase in d and a decrease in the 
magnitude of F, as e ev Fµ= .This agrees quite well with 
the results obtained by Sandberg et al. [33]. 

Results and Discussions

A comprehensive study of the influence of multiple 
material parameters on the open circuit voltage in 
perovskite solar cells has been carried out. For calculating 
the open circuit voltage using Eq. (8), we require several 
input parameters, which have been listed in Table I for 
CH3NH3PbI3perovskite material commonly used as active 
layer with and without hole transport layer (HTL). Using 
the parameters in Table I, the calculated values of voltage 
losses ∆ and OCV are listed in Table II.

As listed in Table I, we have assumed ( )e
C FE E− = 0.2 

eV, which is consistent with the values reported by Leijtens 
et al. [36],and used it in Eq. (8) for calculating OCV  for all 
the materials given in Table II. Using e

C FE E− and CN [27] 
in Eq. (2) the values of electron-carrier concentration(n)
are calculated at room temperature and listed in Table I; 
these values are also consistent with those reported by 
Leijtens et al. [36]. According to Table II, the voltage losses 
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∆ of the perovskites listed in Table II, ranging from 0.40-
0.46 eV agree well with the value 0.45 eV measured at 
room temperature for CH3NH3PbI3 [37]. Additionally, the 
calculated values of OCV agree reasonably well with the 
measured values [27,35].

According to Eq. (8), there are four ways one can reduce 

the voltage loss B( ) 2 lne e
C F

h V

nE E k T
N

µ
µ

∆ = − − : 

(i) by reducing the magnitude of the energy difference
e

C FE E− . This is consistent with the simulation 
analysis [38], where a reduction of the energetic 
barrier is found to increase with OCV ; (ii) by increasing 
the electron-carrier concentration  n ; (iii) by using 
materials with smaller VN ; and (iv) by increasing the 
electron to hole mobility ratio ( )e hµ µ . Therefore, 
with a careful selection of materials for the transport 
layers one may be able to minimise the voltage loss 
∆ by optimizing the above four conditions. 

Using Eq. (8), the OCV  is plotted as a function of 

electron: hole mobility ratio e

h
P µ

µ= for two different 

values of ( )e
C FE E− = 0.18 eV and 0.20 eV inCH3NH3PbI3 

in Figure 1. 

10 -3 10 -2 10 -1 10 0

log ( e
/

h
)

1

1.05

1.1

1.15

1.2

1.25

V
O

C
 (

V
)

CH
3

NH
3

PbI
3  @ (E L U M O

A  - E
F

e
) = 0.18 eV

CH
3

NH
3

PbI
3  @ (E L U M O

A  - E
F

e
) = 0.20 eV

Figure 1: Open circuit voltage plotted as a function of 

the electron-hole mobility ratio e

h
P µ

µ= at two different 

values of ( )e
C FE E− = 0.18 and 0.20 eV in a CH3NH3PbI3 

perovskite solar cell.

According to Figure 1 and Eq. (8), OCV depends linearly 

on ln e

h

µ
µ

  
 

. However, if P= 1 ( )e hµ µ= then the 

Table 1: List of input parameters required for calculating OCV using Eq. (8) are G C VE E E= − , ( )e
C FE E− , VN , 

calculated electron-carrier concentration (n)values, eµ and hµ for each material.

Perovskite material Eg (eV)
[34] Ec-E

e
F(eV) Nv(1024 m-3)

[27]
n µe(10-4m2V-1s-1)

[22]

µh(10-4  m2V-
1s-1)
[22](1021m-3)

CH3NH3PbI3 (mp-TiO2) 1.57 0.2 2.49 3.185 0.6 19
CH3NH3PbI3 (mp-Al2O3) 1.57 0.2 2.49 3.185 3 7

CH3NH3PbI3 (no HTL) 1.57 0.2 2.49 3.185 3 17

Table 2: The voltage loss B( ) 2 lne e
C F

h V

nE E k T
N

µ
µ

∆ = − − , the calculated open circuit voltage values cal.( )OCV from Eq. 

(8) and the corresponding measured values meas.( )OCV .

Perovskite material ∆
(eV) Voc

cal (V) Voc
means (V)
[35]

CH3NH3PbI3 (mp-TiO2) 0.46 1.11 1.01
CH3NH3PbI3 (mp-Al2O3) 0.4 1.17 1.02

CH3NH3PbI3 (no HTL) 0.42 1.15 0.77
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mobility will have no influence on OCV , which may be the 
case studied by Sherkar et al. [38] who have indicated 
that the carrier mobility has no influence on the OCV . 
Our result of OCV  being independent of mobility for P= 
1 also agrees with that of  Würfel et al. [39] who have 
assumed e hµ µ=  and found that the OCV  is independent 
of charge carrier mobility ranging from10-10 to 10-4 m2V-

1s-1. 

In Figure 2, we have plotted OCV in Eq. (8) as a function 

of ln Q  where 
V

nQ N=
 
and as expected OCV  increases 

linearly with ln Q . This implies that materials with higher 

electron-carrier concentration (n) and/or lower VN may 
have higher OCV and agrees well with the measured 
results [40,41]. 
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Q, n/N
V
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 (

V
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Figure 2: Open circuit voltage plotted as a function of

ln Q for 
V

nQ N= for CH3NH3PbI3perovskite solar cells; 

all three perovskites combinations considered here show 

the same dependence between OCV and Q.

For comparing VN  of silicon (Si) with that of 
perovskite, we have used CN =1.85×1025m-3 [42] and Eq. 
(2) to obtain n =8.441×1021m-3 at room temperature in Si, 
which is comparable with the values of electron-carrier 
concentration (n) listed for the perovskites in Table I. 
However, the value of VN =2.85×1025m-3 [42] in Si is about 
an order of magnitude higher than that in perovskite 

(Table I). A lower VN in perovskites agrees well with that 
reported by Endres et al. [23] and it may be regarded as 
another cause of achieving higher OCV  in perovskites. 

Using Eq. (11), OCV is plotted as a function of ln G
in Figure 3, and as expected, OCV increases linearly 

with ln G . As G is proportional to the absorbed light 

intensity absI  given by [ ]0 1 exp( )abs
G I I tα
γ
∝ = − − [28], 

this implies that OCV increases linearly with ln absI as 

well, which agrees well with the numerical simualtions 

[43,44,45]. 
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Figure 3: Open circuit voltage plotted as a function of 
ln G for two different values of ( )e

C FE E− = 0.18 and 
0.20 eV in a CH3NH3PbI3 perovskite solar cell.

Figure 3 illustrates clearly that for a lower ( )e
C FE E−

=0.18 eV, OCV is higher than that for higher ( )e
C FE E−

=0.20 eV and this difference in OCV  is independent of 
G. According to Eq. (11), OCV  also depends linearly on 
the natural log of the active layer thickness d, which 
agrees well withprevious theoretical analysis [33] and 
experimental results[46,47]. 

On the basis of the above results, it may be concluded 
that using perovskite materials with lower VN , higher

e hµ µ , larger active layer thickness d, and higher 
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electron-carrier concentration can lead to higher OCV  
and hence higher PCE in perovskite solar cells. The 
magnitude of ( )e

C FE E−  is dependent on the choice of 
transport layers having dissimilar band gaps. Reduction 
of the distance by careful selection of materials is crucial 
for increasing device OCV .

Conclusions

The influence of multiple material parameters such 
as mobility μ, electron-carrier concentration n, effective 
density of states of holes at the at the valence band edge

VN , active layer thickness d, energetics ( )e
C FE E− , and 

photo activation parameter like light intensity on open 
circuit voltage in perovskite solar cells has been analysed. 
In this paper, we have derived two analytical expressions 
for OCV as a function the above material parameters and 
the calculated results are in good agreement with existing 
experimental and numerical results. The analytical and 
simulation results indicate that perovskite materials 
with higher electron carrier concentration and/or lower

VN , higher e hµ µ  and larger thickness at higher light 
intensity will give higher OCV  and better photovoltaic 
performance. It is expected that the results presented 
here may guide selecting materials that may give higher 

OCV  and eventually enhance the PCE of perovskite solar 
cells. 
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