
   
 

© The Author(s) 2011. This article is published with open access at Springerlink.com csb.scichina.com   www.springer.com/scp 

Article 

SPECIAL TOPICS:  

Materials Science July 2011  Vol.56  No.19: 2050–2054 

 doi: 10.1007/s11434-011-4376-4 

Numerical model of planar heterojunction organic solar cells 

MA ChaoZhu1, PENG YingQuan1,2*, WANG RunSheng1, LI RongHua1, XIE HongWei1,  
WANG Ying1, XIE JiPeng1,3 & YANG Ting1 

1
 Institute of Microelectronics of the School of Physical Science and Technology, Lanzhou University, Lanzhou 730000, China; 

2
 Key Laboratory for Magnetism and Magnetic Materials of the Ministry of Education, Lanzhou University, Lanzhou 730000, China;  

3
 Department of Basic, Airforce Communication Sergeant Accademy, Dalian 116600, China 

Received March 20, 2010; accepted December 15, 2010 

 

We present a numerical study of the effects of the energy barrier between the lowest unoccupied molecular orbital of the acceptor 
layer and the cathode, the thicknesses of the donor layer and acceptor layer on the distributions of carrier density, the electric 
fields and the electric potentials of organic planar heterojunction solar cells. We obtained the quantitative dependencies of the 
distribution of carrier density, electric fields and the electric potentials on these quantities. The results provide a theoretical foun-
dation for the experimental study of open-circuit organic planar heterojunction solar cells. 
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In recent years, organic solar cells have attracted a great 
deal of attention. They exhibit several advantages over in-
organic solar cells, such as fabrication at low temperatures, 
bendable and low cost. Since the first report by Tang [1], 
organic solar cells have been widely investigated and many 
different structures have been developed. Theoretical stud-
ies on single layer organic solar cells [2,3] and bulk-heteroj- 
unction organic solar cells [4,5] have been presented. Sev-
eral models have been developed for planar heterojunction 
organic solar cells based on equivalent circuit models [6], 
experimental work [7] or semi-analytical approaches [8]. 
Despite growing research efforts, the fundamental processes 
governing the operation of planar heterojunction organic 
solar cells are still poorly understood. These models do not 
account for internal physical mechanisms such as the carrier 
distribution and electric field. 

In this work, we derive a numerical model for distribu-
tion of carriers, fields and potentials based on the diffusion 
and drift of carriers in both donor and acceptor materials.  
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Then we investigate behavior of the energy barrier between 
the lowest unoccupied molecular orbitals (LUMO) of the 
acceptor layer and the cathode, the influence of the thick-
nesses of the donor layer and acceptor layer on the distribu-
tion of carriers and the distribution of the electric fields and 
the electric potentials in organic planar heterojunction solar 
cells. The results provide a theoretical foundation for the 
experimental study of open-circuit organic planar hetero-
junction solar cells.  

1  Theoretical model 

When the planar heterojunction organic solar cell is illumi-
nated, a large number of excitons (the bound electron-hole 
pairs) are created in the organic layer of the solar cell. These 
excitons dissociate into free electrons and holes after they 
diffuse across the interface between the donor and acceptor 
materials. These free electrons and holes are transported to 
their respective electrodes under the influence of the intrin-
sic electrical field, which can be seen in Figure 1.  
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Experimental results show that the trap effect can be ne-
glected because of its weak influence on the carrier trans-
port in organic solar cells [9]. Therefore, the spatial distri-
bution of the potential ψ(x), the electron density n(x) and the 
hole density p(x) at position x are related through the posi-
tion equation: 
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where εr is the relative permittivity, ε0 is the vacuum per-
mittivity, q is the elementary charge. If we assume the de-
vice to be in steady state and account for the donor and ac-
ceptor materials, eq. (1) can be written as 
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where dD and dA are the thicknesses of the donor layer and 
acceptor layer, respectively. 

If we consider the one dimensional case, the donor layer 
consists of hole-conducting donor material and the acceptor 
layer consists of electron-conducting donor material. As a 
result, the total current in the donor and acceptor layers can 
be written as 
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where F is the electric field strength, Dn(p) is the electron 
(hole) diffusion coefficient and Dn(p) is the electron (hole) 
mobility. These quantities are assumed to obey the Einstein 
relation: 
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were kB is the Boltzmann’s constant and T is the tempera-
ture. We then substitute eq. (4) into eq. 3(a) and 3(b) and 
obtain:  

 

Figure 1  Structure of planar heterojunction organic solar cells. 
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For an open-circuit configuration, jp=0, jn=0 and eqs. 
5(a) and 5(b) become 
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The hole density, pa, at x=0 can be written as 
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were ND is the effective density of states of the donor layer 
and ΔΦa is the energy barrier between the highest occupied 
molecular orbital energy level of the donor layer and the 
Fermi level of the anode. The electron density, nc, at 
x=dD+dA can be written as: 
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where NA is the effective density of states of the acceptor 
layer and ΔΦc is the energy barrier between the LUMO en-
ergy of the acceptor layer and the Fermi energy of the cath-
ode. 

The hole density and the electron density at the interface 
x=dD are satisfied by the following condition: 
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To study the interplay among the distributions, fields and 
parameters, we present a numerical approach to solving eqs. 
(1)–(9). 

2  Results and discussion 

Correlating the carrier density with incident light intensity is 
difficult. Therefore, the plots used in this paper give the 
carrier density, pi,s, at the interface on the x axis instead of 
the incident light intensity.  

2.1  Energy barrier effects 

Figure 2 shows the effect of ΔΦc on the calculated distribu-
tion of carrier densities, electric field and electric potential 
for a given ΔΦa and the Fermi level of the anode. It can be 
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seen from Figure 2(a), 2(b) and 2(c) that the hole density, 
the electric field and the electric potential in the donor layer 
vary little with ΔΦc. However, there is an obvious change in 
the electron density, the electric field and the electric poten-
tial in the acceptor layer. For a given ΔΦa, the electron den-
sity and the electric potential vary inversely with ΔΦc. This 
can be explained by the fact that the electron density in the 
acceptor layer near the cathode decreases with increasing 
ΔΦc, according to eq. (8). This leads to decreasing electron 
density at the interface between the donor layer and the ac-
ceptor layer for the same gradient of the electron density 

distribution, according to eq. (9). This trend leads to de-
creasing electron density in the acceptor layer for x from dD 
to dD+dA. The decreasing electron density causes an in-
crease of the electric field in the acceptor layer for a given 
pi,s and ΔΦa (ΔΦa= 0.4 eV), according to the eq. (2). The 
electric potential has a trend opposite that of the electric 
field, which is shown in Figure 2(c).  

2.2  Donor layer thickness 

Figure 3 shows the effect of the donor layer thickness on the 
distribution of carriers, the electric field and the electric 
potential for a given acceptor layer thickness. It can be seen 
from Figure 3(a) that when the donor layer thickness is in-
creased, the distribution of holes in the donor layer broadens 
and flattens. As a result, the gradient of the hole density 
distribution at the interface x=dD decreases. This leads the 
electron density at the interface between the donor layer and 
the acceptor layer to decrease. Therefore, the electric field 
at this interface will follow the same trend. This can be seen 
in Figure 3(b). According to eq. (2), this leads to increasing 
electric potential with increasing donor layer thickness, 
which can be seen in Figure 3(c). 

2.3  Acceptor layer thickness 

Figure 4 shows the effect of the acceptor layer thickness on 
the distribution of carriers, the electric field and the electric 
potential for a given donor layer thickness. From these fig-
ures it can been seen that the distribution of hole density, 
the electric field and the electric potential in the donor layer 
are almost constant even when there are significant varia-
tions in electron density, the electric field distribution and 
the electric potential distribution in the acceptor layer. It can 
be seen in Figure 4(a) that the distribution of electrons in 
the acceptor layer broadens when the thickness of the ac-
ceptor is increased, for a given donor layer thickness. At the 
interface between the donor layer and the acceptor layer, the 
gradient of the hole density distribution is constant. There-
fore, the gradient of the electron density distributions at 
these interfaces must also be almost constant. This leads to 
the broadening of the electron density distribution. Accord-
ing to eq. (2), this results in a similar trend for the electric 
field distribution, which can be seen in Figure 4(b) and 4(c). 
This leads to the conclusion that the electric potential dis-
tribution in planar heterojunction organic solar cells varies 
positively with the electron density in the acceptor layer. 

3  Conclusion 

In this paper, we numerically studied the effects of ΔΦc, 
ΔΦa, and the thicknesses of the donor and acceptor layers 
on three distributions: the carrier density distribution, the 
electric field distribution and the electric potential distribu- 

 

Figure 2  Effect of ΔΦc on the distribution of carriers, the electric field 
and the electric potential for ΔΦa = 0.4 eV, ND = NA = 1.0×1027 m–3, pi,s = 
1.0×1022 m–3, εD = εA = 3.0, dD = dA = 100 nm, T = 300 K, and Wa = –5.0 
eV, HOMOD = –5.4 eV, HOMOA = –5.7 eV, LUMOD = –3.9 eV, LUMOA

= –4.1 eV. (a) Calculated distribution of carriers; (b) calculated distribution 
of the electric field; (c) calculated distribution of the electric potential. 
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Figure 3  Effect of the donor layer thickness on the carrier distribution, 
electric field and electric potential, with ND= NA= 1.0×1027 m–3, pi,s= 
1.0×1022 m–3, εD= εA= 3.0, dA= 100 nm, T= 300 K, Wa= –5.0 eV, Wc= –4.7 
eV, HOMOD= –5.4 eV, HOMOA=–5.7 eV, LUMOD= –3.9 eV, LUMOA= 
–4.1 eV, ΔΦa= 0.4 eV and ΔΦc= 0.6 eV. (a) Calculated distribution of 
carriers; (b) calculated distribution of the electric field; (c) calculated dis-
tribution of the electric potential. 

tion of organic planar heterojunction solar cells. The results 
indicate that for a given ΔΦa, the hole density, the electric 
field and the electric potential in the donor layer vary little. 
The electron density in the acceptor layer decreases with 
increasing ΔΦc. However, the electric field in the acceptor 
layer increases. For a given acceptor layer thickness, the 
electron density at the interface between the donor layer and 
the acceptor layer decreases with increasing donor layer 
thickness. This results in the broadening and flattening of 
the electron density distribution in the acceptor layer. The  

 

Figure 4  Effect of the acceptor layer thickness on the carrier distribution, 
electric field and electric potential, where ND= NA= 1.0×1027 m–3, pi,s= 
1.0×1022 m–3, εD= εA=3.0, dD=100 nm, T= 300 K, Wa= –5.0 eV, Wc= –4.7 
eV, HOMOD= –5.4 eV, HOMOA= –5.7 eV, LUMOD= –3.9 eV, LUMOA= 
–4.1 eV, ΔΦa= 0.4 eV and ΔΦc= 0.6 eV. (a) Calculated distribution of 
carriers; (b) calculated distribution of the electric field; (c) calculated dis-
tribution of the electric potential. 

electric field in the acceptor layer follows the same trend. 
For a given donor layer thickness, the gradient of the elec-
tron density at the interface between the donor layer and the 
acceptor layer is nearly constant. This leads to the broaden-
ing of the distributions of the electron density, electric field, 
and electric potential in the acceptor layer of a planar het-
erojunction organic solar cell. 
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