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Abstract. In this paper we report a numerical simulation study for P3HT: IC60BA based organic solar cell with
Analysis of Microelectronic and Photonic Structures the simulation one dimension software (AMPS-1D).
Indeed, the N-type doping concentration (ND) effect on the organic solar cell performance is done. Moreover, a
combination between the P-type doping concentration (NA) and N-type one (ND) is investigated. However,
due to the relationship between doping and carriers charge mobility, the effect of ND for different electron
mobilities (mn) is also studied. We showed a high efficiency of 5.88% that is achieved for particular values of
NA = 1017 cm 3, ND = 2  1016 cm 3, mp = 3  10 4 cm2 V 1 s 1 and mn = 7  10 4 cm2 V 1 s 1. Thus, we noticed
that the P-type doping remains more promising than N-type one for the device performance improvement.
Furthermore, the validation of the obtained results by those experimentally reported in literature is realized. In
addition, the doping of other BHJ OSC devices consisting of P3HT: IC70BA is studied; an optimum efficiency of
about 6.32% is reached.

1 Introduction
In these recent years, the organic solar cells (OSCs), and in
particular bulk-heterojunction (BHJ), have drawn considerable attention [1–4] due to their multiple advantages
such as: flexibility, low cost, diversity of materials, and
lightness [5–12]. Generally, the BHJ based OSCs consist of
two types of semiconductor; donor and acceptor [13]. Thus,
the most studied organic solar cells are based on P3HT:
PCBM where the poly (3-hexylthiophene) (P3HT) is
used as donor and the soluble C60 derivative, [6,6] phenylC61-butyric acid methyl ester (PCBM) as acceptor. Indeed,
it was reported that the efficiency of similar devices based
on P3HT:PCBM are in the range of 3.84% to 6.82% [14,15].
For their interesting properties, P3HT was selected as a
donor material and IC60BA (indene-C60 bisadduct) as
acceptor one [16–18]. This last (i.e. IC60BA) was synthesized for the first time in 2009 [19]; due to its high LUMO
energy level of 3.74 eV (Fig. 1) it will be more used as
acceptor instead of PCBM. Thus, it was reported that the
organic solar cells based on P3HT:IC60BA can show a high
open circuit voltage of 0.84 eV and a good efficiency
compared to those based on P3HT: PCBM [19–23].
However, until now their efficiency remain still very low
compared to inorganic ones [12]. Therefore, to improve the
efficiency of OSCs, different methods have been investigated like: annealing, optimization of donor: acceptor ratio,
* e-mail: m.erray@edu.umi.ac.ma

synthesizing of new organic semiconductors, device
structure modification [24–27], and doping [28–31]. This
last can be considered as good means for the performances
improvement of the OSCs [32,33]; this affect the carriers
charge mobility (i.e. transport mechanism). The doping
may be classified into P-type and N one. The P-type doping
of organic semiconductors is realized with inorganic
dopants like: (bromine, Alkali metal, Alkaline earth
metals, organometallic compounds) [34–36], or organic
ones such as: orthochloranil, 25 tetracyano-quinodimethane (TCNQ), teterafluoro-tetracyanon (F4-TCNQ) or
dicyano-dichloroquinone (DDQ) [29–31,37–39]. In addition, the N-type doping of organic semiconductors was
investigated for the first time by using inorganic dopants
(halogen, transition metal salts or alkalines: caesium)
[36,40]. However, these last years it was reported that the
N-type doping with an organic dopant (benzylviologen
(BV)) can improve the performances of OSCs [41]. In
addition, the doping remains one of the most concepts for
organic semiconductor devices design and engineering.
However, it requires more understanding because the
doping in organic materials differs from those in traditional
inorganic ones. Thus, the most organic devices are not
often doped; however unintentional doping can always take
place during the realization. This means that the doping
approach should be investigated for organic semiconductors. Moreover, the different doping methods, ranging from
chemical solution to physical diffusion doping are among
the major complications for an organic solar cell device
structure.
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Fig. 1. Organic solar cell based on ITO/PEDOT: PSS/P3HT:IC60BA/Ca/Al structure [39].

Thus, because of their instability few published
research works concerning the N-type doping have been
reported [41]. Moreover, the doping with an organic
element can be realized by thermal evaporation [42],
co-sublimation [31], electrochemical doping [43], ion
implantation doping [36,44] and solution-processing
through liquid phase [33,42]. This last method remains
the most used by researchers, and it consists of mixing the
material to be doped with the desired dopant in liquid
phase, then the deposition of the obtained blend solution by
using spin coating (Fig. 2).
In this present work, we report a simulation study of the
doping effect on the performances of the organic solar cell
based on P3HT: IC60BA. However, the P-type doping
effect on the performances of this similar structure has been
already investigated with AMPS-1D software by Erray
et al. [39]. Therefore, in this present research work, the
N-type doping effect is done, which is considered as an
original approach associated to that reported in our
previously work [39]. Moreover, a combination between
the effects of doping concentration and the electrons mobility
has been investigated. Thus, the optimization of doping
concentrations NA and ND for P3HT: IC60BA device has been
realized. In addition, the validation of the obtained results by
those experimentally reported in literature has been
reported. Finally, the doping was investigated for another
structure such as P3HT: IC70BA based BHJ OSC.

2 Simulation method
In order to investigate the N-type doping effect on the
performances of the OSC based on P3HT: IC60BA, several
experiment errors can be induced; this will be costly.
Therefore, the AMPS-1D (Analysis of Microelectronic and
Photonic Structures one dimension) simulator program
can be used to simulate the ITO/PEDOT:PSS/P3HT:
IC60BA/Ca/Al based organic solar cell structure, where
its electrical model is based on the Poisson’s equation
(Eq. (1)), the continuity equations for holes (Eq. (2)) and
for electrons (Eq. (3)), and the equations (4) and (5) for

drift-diffusion phenomena [45,46]. Moreover, to simulate
the active layer that consists of two non-homogeneous
materials P3HT as donor and IC60BA as acceptor, an
effective medium model (EMM) can be used [47]. This
EMM model is characterized by an average of the acceptor
and the donor material properties. Indeed, this active layer
has a conduction band corresponding to the lowest
unoccupied molecular orbital (LUMO) of the ICB60A,
and a valence band corresponding to the highest occupied
molecular orbital (HOMO) of the P3HT. Thus, the
effective gap Egeff of P3HT: IC60BA can be calculated by
(Eq. (6)); the value of Egeff is about 1.46 eV. In addition, as
reported in our previous work [39], the electrical and optical
used parameters in our simulation for the ITO/PEDOT:
PSS/P3HT: ICBA/Ca/Al structure are given in Table 1.
In contrast, some used parameters for the P3HT: IC70BA
structure have been taken from literature, and the
other ones were chosen in order to have the best fit of
the simulated J–V curve to the reported experimentally
ones [48].
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Fig. 2. Chemical method doping: solution-processing through liquid phase.

Table 1. The electrical and optical parameters used in the
simulation [39].

3 Results and discussion

Contacts

3.1 Effect of N-type and P-type doping concentration
on the performances of P3HT: IC60BA based OPV
solar cell

Fb0 [eV]
FbL [eV]
Sn0, Sp0, SnL, SpL [cm/s]
RF
RB
dPEDOT: PSS [nm]
Electrical parameters of P3HT: ICBA
d [nm]
er
mn [cm2/Vs]
mp [cm2/Vs]
ND [cm 3]
NA [cm 3]
Egeff [eV]
EHOMOA [eV]
ELUMOA [eV]
EHOMOD [eV]
ELUMOD [eV]
NC, NV [cm 3]
x [eV]
Defects
GD0, GA0 [cm 2 eV 1]
ED, EA [eV]
s e, s h [cm2]
AM1.5 solar spectrum

1.3
0.24
107
0.1
0.9
60
200
3.8
Variable
Variable
Variable
Variable
1.46
5.67
3.74
5.2
3.2
1.5  1020
3.74
3.7  1017
0.04
1.5  10 18
Reference [28]

As we mentioned above, this present work concerns the
effect of N-type doping on the performances of P3HT:
IC60BA based organic solar cell such as: (Jsc, Voc, FF and
Eff). The simulation studies were realized in the range of
0 cm 3 to 1  1019 cm 3 for different values of P-type
doping density: {0 cm 3, 4  1016 cm 3, 8  1016 cm 3,
1  1017 cm 3 and 1.2  1017 cm 3} by using AMPS-1D.
Where, the electrons mobility and holes one are fixed at
7  10 4 cm2 V 1 s 1 and 3  10 4 cm2 V 1 s 1,
respectively.
Figure 3 shows the evolution of short-circuit current
density (Jsc) as function of N-type doping for different
values of NA, where two main behaviors are noticed. On the
one hand, a saturation accompanied by low increasing of Jsc
is showed for ND less than NA. We noticed a peak of Jsc for
the different curves. This peak shifts to a particular value
ND = NA; this shift can be explained by the fact that the
active layer returns to its intrinsic state. On the other hand,
when ND increases and ND ≥ NA, a significant fall of Jsc is
noticed; this reduction in Jsc is due to the increase of the
concentrations of P-type and N-type dopants. Indeed, the
high concentration of dopants leads the defects increase in
active layer (P3HT: IC60BA), and consequently the
reduction of the carrier charges transport efficiency as
well as current density Jsc.
Figure 4 illustrates the evolution of the open circuit
voltage of the investigated device based on P3HT: IC60BA
as function of ND for different values of NA. We can see that
the curves show a similar behavior in particular for ND in
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Fig. 3. Variation of the short circuit current density of P3HT:
IC60BA based solar cell as function of ND for different values of NA.

Fig. 5. Variation of the fill factor of P3HT: IC60BA based solar
cell as function of ND for different values of NA.

Fig. 6. Evolution of the efficiency of the P3HT: IC60BA based
solar cell as function of ND for different values of NA.
Fig. 4. Evolution of the open circuit voltage for P3HT: IC60BA
based solar cell as function of ND for different values of NA.

the range of 0 cm 3 to 1  1019 cm 3. In addition, three
zones are noticed: the first one (I) where ND varies from
0 cm 3 to 1  1016 cm 3, where no significant effect of
N-type doping on the open circuit voltage was showed.
However, a relative negative effect of P-type doping on Voc
was reported, because in this zone ND remains lower
compared to NA. In the second zone where ND varied from
1  1016 cm 3 to 1  1017 cm 3, the both NA and ND affect
the open circuit voltage which it increases relatively with
ND, and on the other hand decreases with NA. In the last
zone (III) where ND > 1  1017 cm 3, the curves are similar
for the different values of NA where also no effect on the Voc
for the increase of ND was noticed; as mentioned above,
such behavior can be explained by the return of the active
layer to its intrinsic state.
Furthermore, Figure 5 presents the evolution of the fill
factor (FF) versus N-type doping concentration ND for
different values of NA. We reported that the FF shows two

different behaviors corresponding to the values of P-type
doping density (NA). The first one is noticed for
NA = 0 cm 3, where the FF remains practically
unchanged with the increase of ND; this is true only for
ND < 1  1015 cm 3. However, over this range the FF
increases with ND. Therefore, we can say that the fact of
N-type doping has a beneficial effect on the fill factor; which
indicates that series resistance decreases with N-type doping
concentration. In addition, we showed that these results are
in good agreement with that reported in other works [41]. The
second behavior concerns the case when NA is more than
4  1016 cm 3, where a saturation of the fill factor is noticed
for ND < 1  1015 cm 3, then it starts to decrease with the
increase of ND until ND = NA, after this, it increases quickly
and reaches the saturation.
Figure 6 shows the evolution of the efficiency of the
P3HT: IC60BA based solar cell versus ND for different
values of NA. We observed a saturation behavior for the
efficiency in the range of ND from 0 cm 3 to 1  1015 cm 3.
However, in this range, a positive effect of the P-type
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Table 2. Optimal performance of doped OSC based
on P3HT: IC60BA with NA = 1  1017 cm 3 and ND =
2  1016 cm 3.
Parameters
h (%)
FF
Jsc (mA/cm2)
Voc (V)

5.88
0.71
9.22
0.92

doping concentration increases on the efficiency is noticed;
in particular when ND is less than NA. In the other hand, we
can see a significant reduction of the efficiency for ND
between 1  1015 cm– 3 and 1.2  1017 cm– 3, where a
minimum of efficiency is achieved at ND = NA; as we have
cited previously, such fall of efficiency can be due to the
return of the active to its intrinsic state. Moreover, for high
density of ND, the efficiency continues to decease; high
concentrations of P-type and N-type dopants may lead to
create many defects in P3HT: IC60BA, which cause the
carriers charge transport limitation, and consequently the
efficiency reduction.
From the above obtained results, and to improve the
performances of the investigated device based on P3HT:
IC60BA, it was shown that the P-type doping is more
promising than N-type one. Moreover, the doping with high
concentrations of ND and NA allows the active layer to return
to its electrical intrinsic state with high defects concentration. In addition, the optimum performances of the studied
organic solar cell, obtained with AMPS-1D software, were
achieved for particular values of NA = 1  1017 cm 3 and
ND = 2  1016 cm 3 (Tab. 2).
3.2 Combined effects of N-type doping concentration
and electrons mobility
As reported in several research works [33,41,49], the
electrons mobility remains more sensitive than holes one
with the variation of N-type doping concentration. Therefore, in this present study, the results for the effect of N-type
doping concentration on the performances of the P3HT:
IC60BA solar cell for different values of electrons mobility
(mn) was illustrated (Fig. 7). The effect of ND was
investigated, with AMPS-1D software, in the range of 0
cm 3 to 1  1019 cm 3 for different values of electrons
mobility mn = {1  10 4 cm2 V 1 s 1, 3  10 4 cm2 V 1 s 1,
7  10 4 cm2 V 1 s 1, 3  10 3 cm2 V 1 s 1 and 3  10 2 cm2
V 1 s 1} and for fixed values of P-type doping concentration
(NA = 1  1017 cm 3) and holes mobility (mp = 3  10 4 cm2
V 1 s 1).
Figure 7a shows two distinct behaviors concerning the
evolution of the short-circuit current density that are
governed by the values of electrons mobility. For mn 
3  10 4 cm2 V 1 s 1, the increase of NA exhibits a positive
effect on Jsc; a peak is observed at ND = 1  1017 cm 3,
which is achieved for a particular value of electrons
mobility as well as holes mobility of 3  10 4 cm2 V 1 s 1.
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However, for the electrons mobility mn ≥ 3  10 4 cm2 V 1
s 1, a similar behavior to that was observed in the case the
effect of N-type doping concentration for different values of
NA; where a saturation of Jsc is noticed in the range of
ND = 0 cm 3 to ND = 1  1015 cm 3. Over this range, a
significant reduction in Jsc is noticed.
Furthermore, Figure 7b illustrates the evolution of
open circuit voltage of the P3HT: IC60BA based solar cell
versus ND for different values of mn. As shown
previously in Figure 4, we noticed a similar behavior for
Voc evolution with ND for different values of NA. However,
the highest Voc value corresponds that of electrons
mobility mn = 3  10 2 cm2 V 1 s 1.
Figure 7c shows the variation of fill factor as function of
ND for different values of mn. This figure presents a similar
behavior for the different electron mobilities mn, where the
addition of low quantity of N-type dopants showed indirect
effect on FF. Indeed, in practice the increase of ND leads to
improve the electrons mobility and consequently causes the
enhancement of FF; thus the high value of fill factor was
achieved when the ratio mn/mp is shifted to 1, which
remains in good agreement with that reported in other
works [33,41]. Thus, for high electrons mobility, the fill
factor becomes independent of electrons mobility, but it
increases with ND; this suggests that the series resistance
may be also improved [30].
As it was previously observed for the Jsc, similar
behaviors were noticed concerning the efficiency evolution
versus ND for different values of mn (Fig. 7d); a peak of
efficiency is achieved in the case of low electrons mobility
and for ND of about 8  1016 cm 3. Thus, the value of this
peak is nearly equal to that obtained in the cases of high
electrons mobility and low N-type dopant concentration
(ND).
3.3 Application of P-type doping to another similar
organic solar cell based on P3HT: IC70BA
From the above obtained results and from those reported in
reference [39], we can clearly shown that, in order to
enhance the performances of an organic solar cell
heterojunction, the P-type doping remains more promising
than that of N-type doping one. In this present work the
P-type doping is investigated also for another organic
heterojunction solar cell based on P3HT: IC70BA. This
device is characterized by a good absorption spectrum
compared to P3HT: IC60BA, and a higher LUMO energy
level (–3.72 eV). Thus, after grouping some electrical and
optical parameters from literature while other had been
chosen based on the best fit of the simulated J–V curve to
the experimental J–V one reported in reference [48], we
have found that this device is not in its intrinsic state,
however it has been already uncontrollably (i.e. unintentionally) doped with NA = 4  1016 cm 3. Therefore, in
order to improve the efficiency of this structure, the active
layer of the (P3HT: IC70BA) based investigated device was
also doped with NA = 1  1017 cm 3.
Figure 8 presents J–V characteristics of P3HT: IC70BA
based solar cell which are obtained by AMPS-1D software
before doping (i.e. unintentionally doping) (blue color) and
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Fig. 7. The effect of N-type doping concentration ND on the performances of P3HT: IC60BA based solar cell for different electron
mobilities.

after doping ( red color) where the variation of carriers charge
mobility of electrons and holes has been taken into account
by reference to the findings in previous sections for P3HT:
IC60BA. As clearly shown in Figure 8, the addition of a
concentration of P-type dopant (NA = 1  1017 cm 3)
exhibited a positive effect on J–V characteristics, as well
as on the shunt and series resistances, and consequently on
the performances of the organic solar cell based on P3HT:
IC70BA. Indeed, the performances are noticeably improved,
which
pass
from
Jsc = 9.04 mA/cm2, Voc = 0.89 V,
FF = 0.69 and h = 5.57% to Jsc = 9.42 mA/cm2, Voc = 0.91
V, FF = 0.73 and h = 6.32%, respectively, representing an
enhancement rate in the efficiency of about 13.4% (Tab. 3).
Moreover, this efficiency value of the OPV based on
P3HT: IC70BA doped by P-type dopant remains more
interested compared to that of P3HT: IC60BA.

4 Conclusion
Fig. 8. J–V characteristics of the OPV solar cell based on
P3HT: IC70BA; without doping (blue color) and with doping
(red color).

In summary, the effect of doping concentrations (P-type
and N-type) of the active layer on the performances of an
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Table 3. Optimal performance of the OPV solar cell based on P-doped P3HT: IC70BA.
Without doping
Experiment [48]
3

NA (cm )
h (%)
FF
Jsc (mA/cm2)
Voc (V)

Nomenclature
er
e
mn
mp
ND
NA
Egeff
NC
NV
x
C
n
Jn
Jp
nt
pt

Simulation
16

–
5.46
0.70
9.70
0.84

organic solar cell based on P3HT: IC60BA has been
investigated through the application of an effective medium
model (EMM) by using AMPS-1D software. Moreover, the
combination of N-type doping concentration and electrons
mobility effects was proposed as an original approach. As
result, we have discovered that the doping does not always
improve the performance of the device but, this depends on the
type of dopant as well as its value. In addition, we noticed that
the P-type doping has more potential effect than N-type one
for the performances improvement of the P3HT: IC60BA
based OSC, and especially when the values of carriers mobility
are enough low. Thus, this improvement was noticed when the
ratio of electrons and holes mobility mn/mp is shifted to 1.
Furthermore, a high efficiency of 5.88% was achieved for
particular values of NA = 1  1017cm 3, ND = 2  1016 cm 3,
mp = 3  10 4 cm2 V 1 s 1 and mn = 7  10 4 cm2 V 1 s 1.
These simulation results for P3HT: IC60BA device, were
validated by those experimentally ones reported in literature.
In addition, the application of P-type doping has been done
also for the first time on another BHJ OSCs based on P3HT:
IC70BA. Indeed, these results remain enough encouraged to
dope and realize this type of device for use in low power
applications [50].

Relative permittivity
Permittivity
Electron mobility
Hole mobility
Concentration of donor-dopant
Concentration of acceptor-dopant
Effective band gap
Effective density of states in the conduction band at
temperature T
Effective density of states in the valence band at
temperature T
Electron affinity
Electrostatic potential
Free electron density
p Free hole density
Current density of electron
Current density of hole
Trapped electron density
Trapped hole density

With doping

4  10
5.57
0.69
9.04
0.89

ND+
NA–
T
q
R(x)
G(x)

Simulation
1  1017
6.32
0.73
9.42
0.91

Ionized donor-like doping
Ionized acceptor-like doping
Temperature
Magnitude of the charge of an electron
Net recombination rate
Electron-hole pair generation rate
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