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Bulk heterojunction has emerged over the past years as a promising structure for organic solar cells. Different materials for
electron and hole contact are usually used for most optimized devices, which results in a built-in voltage. Based on the
double Gaussian distribution of density of states of bulk junction materials, a numerical model for the built-in voltage of bulk
heterojunction solar cells is developed. The result show that the built-in voltage of a bulk heterojunction solar cells is strongly
dependent on the mixing ratio. Compared with the built-in voltage of the pure devices (with pure donor material or pure
acceptor material), the built-in voltage of bulk heterojunction solar cell is larger than the smaller but smaller than the larger of
the built-in voltages of the two pure devices. The result also show that the built-in voltage increases with the increase of the
cathode Fermi level, which is characterized by two plateaus related to the filling of the LUMOs of the acceptor and that of the

donor, respectively.
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1. Introduction

Compared with the inorganic solar cells, such as the
silicon solar cells, the organic solar cells (OSCs) can be
cheaper fabricated, and can be made on large size flexible
substrate. Usually the organic solar cells can be made in
planar heterojunction structure and bulk heterojunction
structure. Due to the higher dissociation efficiency of the
photogenerated excitons, the conversion efficiency of bulk
heterojunction solar cells is higher than that of planar
heterojunction solar cells, and becoming the competitive
structure of OSCs. Usually different electrode materials
for electron and hole contact are used in OSCs, which
results in a built-in voltage, , because Uy; sets the upper
limit of the open-circuit voltage ™, and hence directly
related to the conversion efficiency. The energy conversion
efficiency (7, ) of a solar cell can be described as :

. U, J.FF

"R
where Uy, Ji,FF and P;, are the open-circuit voltage ,
short-circuit current density, fill factor (FF) and the
intensity of input light , respectively , the volue of FF is
between 0 and 1. Obviously , under the condition of given
Ji, FF and Py, the energy conversion efficiency of OSC
increases with the open —circuit voltage . The relavant
experimental results show that the open-circuit voltage
increases with the input light . As Uy sets the upper
limit of Uy, The further research on the built —in voltage

of OSC is very important.

When neglecting band bending due to charges near
the electrodes, Uy,; for MOSM structures can be described
as[2]:

Ubi :I\/Iin(\/va’EH)_I\/IaX(V\Ic’EL)l 1)

Where W, and W, are the anode and cathode Fermi level,
Ey and E_ are the mean values of HOMO and LUMO
levels of the organic in respective to vacuum. For bulk
heterojunction solar cells, the built-in voltage under MIM
approximation can be formulated as

Uy zMin(VVa’EHA’EHD)_MaX(\Nc’ELA’ELD) )
Where Eya and E 5 are the mean values of HOMO and
LUMO levels of the acceptor, and Eyp and E, p are that of
the donor in respective to vacuum. Under the condition of
single carrier transport approximation, M. Kemerink et.al.
derived a analytical expression for the built-in voltage.
Unfortuntely, the mixing ratio ({)is not included in that
formal ,it is only applicable for the planar heterojunction
solar cells and can not use in the bulk-heterojunction solar
cells. By using the Guassian distribution of energy states
in organic semiconductor density, we proposed a
numerical model for the calculation of the analysed the
mixing ratio dependence of the built-in voltage .The rusult
show that compared with the built-in voltage of the pure
devices, the built-in voltage of bulk heterojunction solar
cells is larger than the smaller but smaller than the larger
of the built-in voltages of the two pure devices. The result
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also show that the built-in voltage creases with the
increase of the cathode Fermi level, which is characterized
with two plateaus. This conclution is an indispensable
guider for making the BHJ SOCS.

2. Model

Organic  semiconductor thin films are either
amorphous, or polycrystalline in structure, which is

disordered in comparison with regular inorganic crystals.
The essential effect of disorder is to split the electronic
transport orbital bands of the corresponding regular crystal
lattice into a series of localized states. To a good
approximation the density of states of LUMOs g, (E), and
HOMOs gy(E) display a Gaussian profile®*. The energy
distribution of DOS in a bulk heterojunction structure is
[5-6]

_ E-E,) E-E
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Here { is the mixing ratio, which is defined as the semiconductor devices, interface states at

quotient of molar density of the donor to the total. Nya,
Nia En and E_ are the total density of HOMO, the total
density of LUMO, the mean energy of HOMOs and the
mean energy LUMOs of the acceptor, respectively. oy
ando, are the variance of HOMO levels and the variance
of LUMO levels. NHD, NLD, EH, ELloHD andO’LD are the
corresponding parameters of the donor.

Generally the occupation of HOMO and LUMO
energy states obey Fermi-Dirac statistics. In inorganic

metal-semiconductor interfaces play an important role due
to dangling bonds. But in the case of organic
semiconductor devices, the density of interface states is
generally negligible lower because of molecular bonding
of organic solids. Neglecting the contribution of interface
states, the hole and electron concentration at
anode-organic interface (x=0), po and ng, are described by
Equation (5) and (8), respectively.

E—E,.—Ag,) E-E,,—Ad)
(1 é/)NHA exp _( HA2 ¢a) + é/NHD exp ( HD2 ¢a)
D, = 1 I Oin 204, Oip 201 dE (5)
TR (Wa —Ej
1+exp
N

Here kg and T are Boltzmann constant and device oK Tp
temperature, respectively. Ag, is the image-force lowering FO =— B 10 (6)
of the energy barrier at the anode-organic interface, which &réo
depends on the electric field at x=0, F,. By single carrier q|F |
transport approximation near the contacts, that is, hole A¢ =q @)
transport dominates in the area near the anode, while 4”80

electron transport dominates in the area near cathode, F,
and Ag, can be expressed as ['®

(E ELA+A¢)

Analogously, the electron density near the cathode can be
expressed as

ZGLA

J ¢Np exp[_(E — ELD:_A¢C)2]
Op 20,
dE ®)

1+exp[ ‘
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where Ag. is the image-force lowering of the energy
barrier at the cathode-organic interface (Figure 1). poand
nq are calculated iteratively by setting a staring value of
zero for both Ap, and Ag.

0 d

Fig. 1. Schematic energy level diagram in a bulk
heterojunction solar cells.

Let the electric potential at x=d be the quasi Fermi
level at x=0, Eg,(0), and the quasi Fermi level at x=d,
Ern(d) , are calculated from following equations:

0

—00

contacts:

Uy =Eq, (d)-Eg, (0). (12)

3. Results and discussion

Fig. 2 shows the calculated dependence of built-in
voltage on the mixing ratio for P3HT:PCBM bulk
heterojunction solar cells with a given cathode
workfunction for different anode work functions. The
parameters used are listed in Table 1. It is seen that the
built-in voltage of the bulk heterojunction solar cells is
larger than the pure PCBM device, but smaller than that of
the pure P3HT devices, and decreases with the increase of
the mixing ratio. This is because the built-in voltage in the
device anode/P3HT/AI is larger than that of the device
anode/PCBMY/AL, and this can be elucidated with help of
Equation (1). First of all, the built-in voltage from
Equation (1) in the two devices are nearly equal, about
0.5eV. In addition, in device anode/PCBM/AI, the anode
and cathode Fermi level located fully in the energy gap of
PCBM, which results in a limited charge accumulation
near the two contacts. While in the case of device
anode/P3HT/AI, the HOMO level of P3HT is just near the
anode workfunction, and thus there is a high accumulation
of holes near the anode, which results in a larger built-in
voltage than the device anode/PCBM/AI.

Table 1. The HOMO and LUMO levels of donor and acceptor

materials.
J. O [E’ Eia(0). Eiip (0)] f (B Eq)dE=p, . (9) Material HOMO | LUMO | Reference
- OC1C10-PPV | 5.20 3.4 [9]
P3HT 4.90 2.9 [10]
[ 9. [E.Ea(@),Ep ()] . (E, Ery)dE =1, (10) Si-PCPDTBT | 530 | 36 [11]
C60 6.20 4.5 [12]
Where Exa(0)=EnatAga, Enp(0)=Enpt+Ags, PCBM 6.41 4.0 [13]
ELa(d)=E a-Ag,, and E p(d)=E p-Ag.. The built-in voltage
Uy, is the difference of the quasi Fermi levels at the two
Table 2. Comparison of calculated Uy,; with measured open-circuit voltages.
Device structure Weight mixture Mole mixure | Ugc Ui (V)
ratio ratio ¢ V)
ITO/PEDOT/ OC1C10-PPV:PCBM/LIF/Al 1:4 0.484 0.90[14] | 1.410
ITO/PEDOT/ OC1C10-PPV:PCBM /Ag 1:4 0.484 0.70 [14] | 0.9115
ITO/PEDOT:PSS/ P3HT:C60/Al 3:2 0.867 0.37 [15] | 0.6204
ITO/PEDOT/ Si-PCPDTBT: C7,-PCBM /LiF/Al 1:2 0.483 0.57 [11] | 1.436
ITO/PEDOT/ P3HT:PCBM /Al 1:1.08 0.835 0.59 [16] | 0.6892
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The calculated dependence of the built-in voltage on
the cathode workfunction is shown in Figure 3. As the
Fermi level of the cathode increase form -4.3eV, the
built-in voltage increases and reaches a plateau of -1.12V
at a cathode Fermi level of -4.0eV. The built-in voltage
increases again at a cathode Fermi level of -3.6eV, and
reaches the second plateau with a buil-in voltage of 1.37V.
The origin of the two plateaus is the double Gaussian
distribution of the density of states of the bulk
heterojunction. The beginning of first plateau means the
full occupation of the LUMOs of the acceptor, and the
beginning of the second plateau indicates a full occupation
of the LUMOs of the donor material.
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Fig. 2 The calculated dependence of the built-in voltage

in P3HT:PCBM bulk heterojunction solar cells for

different anode workfunctions. The parameters used are
Wc=-4.3eV, T=300K, d=100nm.
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Fig. 3 Calculated dependence of the built-in voltage on
the cathode workfunction. The parameters used are
{=0.5, W,=-4.8eV and T=300K.

The built-in voltage of an OSC sets the upper limit of
its open-circuit voltage, that is, the Uoc tends to reach the

value of Ubi, if the light intensity illuminating the OSC is
sufficiently large. As experimental data of Ubi for bulk
heterojunction solar cells are scars, we made a comparison
between calculated Ubi and UOC from experiments. The
calculated Ubi for several bulk heterojunction solar cells
are listed in Table 2, together with the values of
open-circuit voltage from experiment. By the calculation,
workfunctions of ITO/PEDOT:PSS, LiF/Al, Al and Ag
electrode are taken to be 5.2eV, 3.68eV, 4.28eV and
4.35eV, respectively. It is seen that all the calculated Ubi
values are above the corresponding values of open-circuit
voltages as expected.

4, Conclusions

A numerical model for the built-in voltage of bulk
heterojunction solar cells is developed. The result show
that the built-in voltage of a bulk heterojunction solar cells
is dependent on the mixing ratio. Compared with the
built-in voltage of the pure devices, the built-in voltage of
bulk heterojunction solar cells is larger than the smaller
but smaller than the larger of the built-in voltages of the
two pure devices. The result also show that the built-in
voltage increases with the increase of the cathode Fermi
level, which is characterized with two plateaus.
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