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In this study, we investigate the influence of doping on the charge transfer and device characteristics parameters in the
bulk heterojunction solar cells based on poly(3-hexylthiophene) (P3HT) and a methanofullerene derivative (PCBM). Or-
ganic semiconductors are also known to be not pure and they have defects and impurities, some of them are being charged
and act as p-type or n-type dopants. Calculations of the solar cell characteristics parameters versus the p-doping level have
been done at three different n-dopings (Nd) that consist of 5× 1017 cm−3, 1018 cm−3, and 5× 1018 cm−3. We perform
the analysis of the doping concentration through the drift-diffusion model, and calculate the current and voltage doping
dependency. We find that at three different n-dopant levels, optimum p-type doping is about Np = 6× 1018 cm−3. Simu-
lation results have shown that by increasing doping level, Voc monotonically increases by doping. Cell efficiency reaches
its maximum at somewhat higher doping as FF has its peak at Np = 3× 1018 cm−3. Moreover, this paper demonstrates
that the optimum value for the p-doping is about Np = 6×1018 cm−3 and optimum value for n-dopant is Nd = 1018 cm−3,
respectively. The simulated results confirm that doping considerably affects the performance of organic solar cells.
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1. Introduction
In recent years, there have been interests in research in

the field of the organic bulk heterojunctions formed by an
interpenetrating blend of optically active polymers and elec-
tron accepting molecules.[1–3] The organic semiconductor is
the base of the modern electronic and optoelectronic devices
such as organic light emitting diodes (OLEDs), organic so-
lar cells (OSC), organic field effect transistors (OFET), and so
on.[4,5] Efficient and low cost production, physical flexibility
and non-toxic property of organic semiconductors make them
a good alternative to common inorganic semiconductors, es-
pecially for solar energy applications.[6,7] The currently most
efficient class of OSC has an absorber consisting of a blend of
donor and acceptor molecules together, which creates a het-
erojunction throughout the bulk of the device.

Schematic diagrams of the bulk heterojunction so-
lar cells based on poly(3-hexylthiophene) (P3HT) and a
methanofullerene derivative (PCBM) is shown in Fig. 1(a) and
the detailed transport of generated charge carriers in blend ma-
terials is shown in Fig. 1(b).

As it can be seen in Fig. 1(b), holes transport only in
donor material and electrons transport through acceptor ma-
terials which is completely different from inorganic solar cells
in which electrons and holes transport and recombine in the
same material. In the OSCs, there are two different pathways
in transport of electrons and holes, that leads to different trans-
port mechanisms for charge carrier, and due to the highly dis-
ordered properties, device physics of organic semiconductors

are very different from inorganic types.[8] It was found that
the structures and the properties of organic solar cells (OSCs)
highly depend upon both the fabrication methods and mate-
rials in use, thus many experiments, models and numerical
simulations have been developed to understand the physical
behavior and performance of organic devices.[9–11] In addition
to experimental studies, numerical device models for the elec-
tronic and optical processes allow researchers a good under-
standing and also efficient optimization of organic optoelec-
tronics devices.[12–15] To model BHJ solar cells, it was pro-
posed to start with the metal–insulator–metal (MIM) scheme,
where the active region of the cell, which consists of the bulk
heterojunction layer, is considered as one virtual semiconduc-
tor with the properties of both the donor and acceptor.[16–21]
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Fig. 1. (color online) (a) Schematic diagrams of the P3HT:PCBM bulk het-
erojunctions organic solar cell and (b) free charge transport toward the elec-
trodes.

Unlike inorganic semiconductor materials, organic semi-
conductors are usually prepared in a nominally undoped
form.[22] However, controlled and stable doping is a prereq-
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uisite for the realization and the efficiency of many organic-
based devices.[22] Organic semiconductors are also known to
be not pure and they have defects and impurities, of which
some of them are being charged.[23–25] The charged defects
can act as dopants and affect the exciton dissociation and
charge transport in the active layer of organic solar cells.[26]

The basic principle of p-type or n-type doping in organic semi-
conductors is similar to that in inorganic materials: one has to
add impurities which either transfer an electron to the electron-
conducting states (n-type doping) or remove an electron from
the hole-conducting states to generate a free hole.[22,27,28]

There is a general problem for n-doping in which the matrix
materials should be acceptors, however, a sufficient purifica-
tion of these materials was not reached until now.[22,29]

In most OSCs numerical studies, doping of the active
region has been ignored and it has been assumed that or-
ganic semiconductors are intrinsic or undoped, however, in
a comprehensive and consistent device model, it cannot be
ignored.[20,26]

In this paper, we present a numerical simulation to in-
vestigate the influence of p-type doping on the performance
of OSCs. The main goal of our work is to understand the
effects of p-dopant in the active region on the characteristic
parameters of solar cell at low mobility. The electrical be-
havior of OSCs can be predicted by solving a self-consistent
drift-diffusion numerical model where, in this study, by solv-
ing self-consistent drift-diffusion and Poisson equations via
finite element method (FEM) and considering the boundary
condition, short circuit current (Jsc), open circuit voltage Voc,
fill factor (FF), η , and J–V characteristics have been cal-
culated in terms of p-doping concentration. In many of the
earlier reports, the basic type of charge carrier recombination
was set as the Langevin type or bimolecular, but this type
of recombination in some cases failed to exactly determine
charge carrier and recombination processes.[17,18,20,30] So, by
developing the physics of OSCs in detail, different recombi-
nation models have been suggested. In this study, different re-
combination models such as bimolecular or Langevin recom-
bination, Shockley–Read–Hall (SRH) recombination or trap-
assisted and geminate recombination, have been taken into ac-
count in numerical simulations.

2. Models and Methods
The device is described by using the metal–insulator–

metal picture.[31] This means that the device is thought of to
be built up by one semiconductor with the lowest unoccupied
molecular orbit (LUMO) of the acceptor and the highest oc-
cupied molecular orbit (HOMO) of the donor as valence and
conduction band, respectively; see Fig. 1 for the energy lev-
els of both organic materials and metal contacts. Bimolecular

or Langevin recombination, R0, with the recombination con-
stant (β ) and the intrinsic charge carrier density (ni), that is
governed by electron (n) and hole (p) density is given by the
following equation

Rlang = β (np−n2
i ), (1)

which Langevin theory gives a description of β as a function
of mobilities of electron and hole, µn and µp, respectively:

β = q
(µn +µp)

εε0
. (2)

In this equation, εε0 is the permittivity of the active layer mate-
rial and q is the elementary charge, µn and µp are electron and
hole mobility, respectively. For the pristine materials, charge
carriers both belong to the same material and could move in
all directions while the recombination occurs in a point near to
the charge carrier having low mobility.[15,32] In our simulation,
we assume the mobilities of electrons and holes are the same.
The photogeneration of free charge carriers has been explained
by the Onsager theory[33] and Braun[34] has made an impor-
tant refinement to this theory by pointing out that the bound
electron–hole pair with binding energy EB, which acts as a pre-
cursor for free charge carriers, has a finite lifetime. EB is con-
sidered as an intermediate state where the recombination and
dissociation of charge carriers are triggered through this inter-
mediate state. It is possible for the electron–hole pair to return
to the initial state or be dissociated to the free charge carriers.
This charge carrier dissociation is a competition between the
separation rate, kdiss, and the recombination of charge carri-
ers that is conducted through an intermediate phase or the CT
state. In this model the probability of electron–hole pair dis-
sociation, for a given electron–hole pair distance x, is given by

p(x,T,F) =
kdiss(x,T,F)

kdiss(x,T,F)+ k f (T )
, (3)

depending on both temperature T and field strength F . The
decay rate of the bound electron–hole pair to the ground
state, kf, is used as a fit parameter. Based on Onsager the-
ory for field-dependent dissociation rate constants for weak
electrolytes,[18,34] Braun derives the following expression for
kdiss:

kdiss(x,T,F) =
3R

4πa3 exp(−EB/KBT )J1(2
√
−2b)/

√
−2b,

(4)
where b = qF3/(8πεk2

BT 2) and J1 is the Bessel function of
order 1. The decay rate of the bound electron–hole pair to the
ground state, kf, is used as a fit parameter (Eq. (3)). As poly-
mer systems are subject to disorder, it is reasonable to assume
that the electron–hole pair distance is not constant throughout
the system.[18] As a result, it should be integrated over a dis-
tribution of separation distances

P(x,T,F) =
∫

∞

0
p(x,T,F) f (a,x)dx, (5)
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f (a,x) is a normalized distribution function given by the fol-
lowing equation[30]

f (a,x) =
4√
πa3 x2 exp(−x2/a2). (6)

This leads to a modification of free charge carrier recombina-
tion terms by P, which describes the probability of the dissoci-
ation of a CT state, and consequently geminate recombination
determined as,[18,31]

Rg = Rlang(1−P). (7)

Another mechanism resulting in loss in organic solar cells is
the indirect recombination by traps. To calculate the type of re-
combination, we take into account the trap assisted Shockley–
Read–Hall (SRH) with the trap density Nt and the capture co-
efficient Ct

[37–39]

RSRH =CtNt
np−n2

i
n+ p+nd + p0

, (8)

which nd and p0 are characteristic charge carrier densities. For
the sake of simplicity we assume a temperature-independent
effective bandgap. The basic equations used in this simulation
are the Poisson equation:

d
dx

ψ(x) =
q
ε
(p(x)−n(x)), (9)

where ψ(x) is applied electric field and the current continuity
equations:

Jn(x) = µnn(x)ψ(x)+Dn
d
dx

n(x),

Jp(x) = µp p(x)ψ(x)−Dp
d
dx

p(x). (10)

In these equations, Jn, Jp are electron current density, hole cur-
rent density, and Dn and Dp are diffusion coefficients of elec-
trons and holes, respectively. The charge concentration conti-
nuity equations for electrons and holes are:

d
dt

n(x) =
1
q

d
dx

Jn(x)+G(x)−R(x),

d
dt

p(x) =
1
q

d
dx

Jp(x)+G(x)−R(x), (11)

where G is the generation rate of free charge carrier result in
the separation of exciton and R is recombination rate of charge
carriers, meaning the total produced charge carriers are recom-
bined inside the bulk and hence, we ignore the current gradi-
ent. In our study, we solve these equations via FDM by ap-
plying the boundary conditions and 100-nm active layer thick-
ness. The scheme used to solve the Poisson and continuity
equations is based on the work of Gummel.[40] In this scheme,
first a guess is made for the potential and the carrier densities.
With this guess, a correction δψ(x) to the guessed potential
is calculated from the Poisson equation. This new potential is
then used to update the carrier densities by solving the con-
tinuity equations.[40] Finally, by calculating the charge conti-
nuity equations, it is possible to calculate Jsc, Voc, FF , cell
efficiency and J–V characteristics in different doping concen-
trations. The calculation of the η , has been performed using
the equation:

η =
JscVocFF

Pin
, (12)

where Pin is the incident light power.

3. Results and discussion

We have considered a typical BHJ OSC structure as
shown in Fig. 1(a). In this paper, we assume that the absorbed
photon directly generates a free electron–hole pair, and conse-
quently, the charge drift-diffusion model has to be modified in
order to suppress the electron–hole recombination into an ex-
citon. The position 0 corresponds to the PEDOT/P3HT:PCBM
interface and the position 100 to the P3HT:PCBM/cathode in-
terface.

Table 1. The parameters that are used in numerical simulation.

Parameter Symbol Value References

Active layer thickness/nm x 100 [11], [13], [18], [30]
Temperature/K T 300 –
Band gap/eV Eg 1.7 [18]
Electron mobility/cm2/V · s µe 2×10−5 [14]
Hole mobility/cm2/V · s µh 2×10−4 [14]
Dielectric constant/(F/cm) ε(ε0) 3.36×10−11 [13]
Effective density of states/cm−3 Nc,Nv 1.4×1018 [30]
Incident sunlight power/W ·m−2 Pin 1000 –

When an electron–hole pair is formed by absorbing light,
there would be three possibilities for photogenerated elec-
trons; i) First, they might accumulate at the cathode, ii) second,
they could recombine with holes, and iii) third, they would

move to the anode and accumulate. Electrons could recom-
bine with the holes produced by light as well as with the holes
coming from the anode with higher work function. In our sim-
ulation, different recombination models such as bimolecular or
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Langevin recombination, SRH recombination or trap-assisted
and geminate recombination, have been taken into account in
numerical simulations. All parameters used in our numerical
simulation are presented in Table 1.

Figure 2 shows Jsc with respect to p-dopant that Jsc im-
proved by 12% by increasing the p-dopant from 1017 cm−3 to
5×1019 cm−3.
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Fig. 2. (color online) Jsc as a function of p-dopant.

Simulation results for three n-dopant concentrations show
that Jsc is not affected by three different n-dopant concentra-
tions (n-type doping at 5× 1017 cm−3, 1018 cm−3, and 5×
1018 cm−3). Results for different n-dopings are the same and
in our simulation results, n-type doping variation did not affect
the short circuit current. As it was shown, by increasing the p-
dopant, Jsc reaches its maximum value (11.25 mA/cm−2) at
higher p-doping concentration (> 6× 1018 cm−3). If doping
is introduced, p-type dopants can partly compensate the space
charge in the active layer, thus suppressing the recombination
of free charges. Therefore, Jsc and the efficiency can be in-
creased by doping.
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Fig. 3. (color online) Voc as a function of p-dopant.

Figure 3 shows variation of Voc as a function of p-dopant.
As a result, Voc increases twice (about from 0.35 V to 0.7 V) at

p-doping and at Nd = 5×1018 cm−3 n-dopant, Voc increases by
10% in comparison with Nd = 5×1017 cm−3, but Jsc still has
the same shape. If the recombination mechanism is bimolec-
ular only (or Langevin type) the recombination rate under il-
lumination and open circuit conditions equals the generation
rate and is given by Eq. (1), but in this paper we calculate all
recombination mechanisms which can occur in OSCs, thus our
results have differences from previous published reports.[20,26]

As it can be seen from Fig. 2 and Fig. 3, both Jsc and Voc di-
rectly depend on active layer doping level, and this result con-
cluded that dopants affected electron and hole concentration
densities and Poisson’s equation.
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Fig. 4. (color online) (a) FF and (b) η as a function of p-dopant concentra-
tion, n-type doping are 5×1017 cm−3, 1018 cm−3, and 5×1018 cm−3.

Figure 4(a) shows FF and figure 4(b) shows the η with
respect to p-dopant in three n-dopant concentrations. FF
increases by p-dopant concentration but in all three cases,
it drops after it reaches a maximum point at about Np =

4× 1018 cm−3. FF in the case of Nd = 5× 1018 cm−3, rel-
atively lower in comparison with the other two n-dopants.
In fact, FF falls down due to decreasing the ratio between
charge generation and recombination rates in the active layer.
On the other hand, this ratio increases from lower dopant to
its peak at about Np = 4× 1018 cm−3. As it was shown in
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Fig. 4(b), η reaches its maximum value, 6.2%, at somewhat
higher doping (Np = 6×1018 cm−3) and after that, drops about
10%. As it was seen, optimum value for p-doping is about
Np = 6×1018 cm−3 and, according to the Figs. 4(a) and 4(b),
the optimum value for n-dopant is Nd = 1018 cm−3, respec-
tively. These results imply that doping considerably affects
the performance of organic solar cells. To understand the de-
creasing in the observed trends in η we investigate the char-
acteristic solar cell parameters. As it was seen from Figs. 2
and 3, at the high p-dopant, Jsc is constant and Voc increases
linearly, so in this case Jmax and Vmax or J–V curves determine
η drops down.

For instance, in the case of the highest p and n-dopants,
Voc is higher in comparison with the optimum value (Fig. 3),
but as it was shown in Fig. 5, the J–V characteristics curves
have different forms. The J–V curves become flatter with in-
creasing dopants, which means the FF decreases with increas-
ing dopants, as confirmed in Fig. 4(a) and therefore, efficiency
decreases.
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Fig. 5. (color online) The J–V characteristics for optimum and maximum
dopants value.

4. Conclusion
We illustrate the influence of the doping level on the so-

lar cell characteristics considering a P3HT:PCBM bulk hetero-
junction structure. We perform numerical simulation by drift-
diffusion model where FEM has been taken into account in
simulations. Results showed that by increasing the p-dopant
from 1017 cm−3 to 1019 cm−3, Jsc improved by 12% and
Voc increases linearly. The cell efficiency reaches its maxi-
mum value at somewhat higher doping (Np = 6×1018 cm−3)
and after that, drops about 10%. We showed the optimum
value for n- and p-doping concentrations derived from sim-
ulations, that the optimum value for the p-doping is about
Np = 6× 1018 cm−3, and for the n-dopant it is about Nd =

1018 cm−3. The J–V curves become flatter with increasing
or decreasing dopants from optimum values, which means the

FF decreases with increasing dopants, and therefore, the effi-
ciency decreases. These results imply that the doping is very
important since it enters through efficiency and it considerably
affects the performance of organic solar cells.
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