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We report an analysis of the ac response of a bulk-heterojunction solar cell in a standard architecture
made of an anthracene containing poly(p-arylene-ethynylene)-alt-poly(p-arylene-vinylene)/1-(3
methoxy carbonyl) propyl-1-phenyl[6,6] and C60 (AnE-PVstat:PCBM) blend, these were made in detail
at room temperature. Impedance spectroscopy is showing “backwards” arcs in Cole–Cole ﬁgures at low
frequencies that are interpreted through equivalent circuit using negative resistances for electrical
contacts. This equivalent circuit model incorporated chemical capacitance (Cm), recombination resistance
(Rrec), transport resistance (Rt) and contact electrical resistance (Rco). We have taken Rco as negative
values in the bipolar regime to theoretically reproduce the small arc shown in the Nyquist plots. In
addition, negative capacitance (NC) was observed under positive dc biases in the bipolar regime. The
recombination time t rec decreases with increasing bias voltages. This result is in agreement with the
direct Langevin-type bimolecular recombination. We determined the diffusion time (t dif ) and the
diffusion length (Ln) and other parameters. Average mobility of global carriers for the device is around
4 103 cm2 V1 s1 which is in good agreement with that derived using PCBM electron-only devices.
ã 2015 Elsevier B.V. All rights reserved.
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1. Introduction
Organic solar cells are an attractive worldwide research subject
because they are cheap, thin, lightweight and ﬂexible. These
characteristics make the organic solar cells easy to implement and
usable for a variety of purposes [1–3]. One of the most promising
solar cells that are having a rapid progression of improvements
[4,5] are made from conjugated polymers and fullerenes in which a
large heterointerface is achieved using the so-called bulkheterojunction (BHJ) morphologies. Generally, both organic
components are mixed in a common solvent, and after the
deposition of this solution and subsequent annealing treatments,
an optimal structure may be achieved with an average domain size
on the order of the exciton diffusion length. The BHJ structure
consists of percolated domains of an electron donor (conjugated
polymers) and electron acceptor (fullerene or derivatives). This
characteristic domain facilitates the exciton dissociation, maximizes the carrier generation efﬁciency [6], and achieves power
conversion efﬁciency near 10% [7]. In order to design new materials
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for higher efﬁcient devices, deep understanding of charge carriers
diffusion processes in general is needed. Admittance spectroscopy
has proved to be a powerful and a non-destructive method to study
the internal electrical processes occurring in organic photovoltaics
(OPVs) devices. The transport properties and the frequency
dependent behavior yield give useful information about the
physicochemical properties of a wide variety of electronic devices
[8–9]. Impedance analysis has been applied to obtain the average
charge carrier lifetime, the electronic density of states, and the
charge carrier concentrations [10,11].
This work emphasizes the low frequency (v) regime (under
1 MHz) where a negative contribution to the capacitance has been
observed in some devices [12–14]. Different explanations for this
negative capacitance (NC) have been presented including the
minority carrier ﬂow [15], the interface states [16], the slow
transient time of injected carriers [17], the charge trapping [18] or
the space charge [19]. In components exhibiting NC, the reactance
is positive at low frequencies, and the resistance initially increases
with frequency. When present, this trend is apparent in the cole–
cole impedance plot as a region which extends into the fourth
quadrant and exhibits the aforementioned increase in resistance as
a function of frequency [20]. In literature, different equivalent
circuit models have been proposed to simulate the impedance of
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organic solar cells (OSCs): (i) the simple parallel RC model, which
results in perfect semicircular cole–cole diagrams, (ii) the parallel
R-CPE model used in [21], that results in depressed circular
diagrams. This circuit includes an extra ﬁtting parameter to model
non ideal non-homogeneities such as porosities, roughness and
surface states (iii) The Mani parallel model [22], which consists in a
parallel R1CPE1 in parallel with a series combination of R2 and a
second constant phase element CPE2, (iv) Belmonte transmission
line model, which includes distributed transport resistors, Rt,
standing for carrier transport, and a distributed chemical capacitance Cm, in parallel with a recombination resistance Rrec [23].
The active layer in the used device consists of an anthracene
containing poly(p-phenylene-ethynylene)- alt-poly(p-phenylenevinylene) (PPE-PPV) denoted AnE-PVstat [24], exhibits a very good
ambipolar behavior consistent with reversible electrochemical
oxidation and reduction peaks as well as a very good delocalization
of HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest
Unoccupied Molecular Orbital) levels [24]. AnE-PVstat is one of the
most promising ambipolar materials for its high performance in
OLEDs [25,26] and OPVs [24] devices.
In this letter, we probe the charge transport properties of bulk
heterojunction (BHJ) blend by admittance spectroscopy. Under
bipolar regime condition, the cole–cole impedance plots, in which
clearly arcs toward the origin with two semicircles, and possesses
positive reactance values. The observed cole–cole plots are
modeled using the transmission line model, and from the ﬁts to
experimental data several parameters such as recombination
resistance (Rrec), transport resistance (Rt), chemical capacitance
(Cm), the diffusion time (t dif), diffusion length (Ln) and many other
parameters. The negative capacitance dominates at low frequencies. We associate this NC with slow electron hole bimolecular
recombination at the heterojunction interface. Average mobility of
global carriers for the device is around 4 103 cm2 V1 s1 which is
in good agreement with that derived using PCBM electron-only
devices.
2. Experimental
The anthracene containing poly- (p-arylene ethynylene)-altpoly(p-arylene-vinylene) s, abbreviated AnE-PVstat, was synthesized according to the procedures described previously [24,27].
The hole transport layer material, poly (3, 4-ethylene dioxythiophene) (PEDOT) doped with poly (styrene sulfonic acid) (PSS)
(PEDOT:PSS Clevios P500), was purchased from Heraeus and ntype semiconductor phenyl C60 butyric acid methyl ester (PC60BM)
was from Sigma–Aldrich. PCBM were used in the structure of active
layer without further puriﬁcation. The AnE-PVstat and PCBM were
ﬁrstly mixed in chlorobenzene with 1:2 (wt/wt) ratios. In solar cell
fabrication process, ITO coated glasses were ﬁrstly subject to a
standard cleaning process in an ultrasonic bath with de-ionized
water, acetone, and isopropyl alcohol successively for 15 min and
dried with dry nitrogen. The pre-cleaned ITO substrates were ﬁrst
treated with UV-ozone for 5 min. After that, the hole transport
layer PEDOT: PSS was spin coated at 3000 rpm on the substrates
and then annealed at140  C on a hot plate for 10 min. Afterwards,
fullerene -polymer blend was spin-coated at 1000–1200 rpm and
immediately transferred inside nitrogen glove-box. The ﬁlm of the
fullerene–polymer blend was dried in vacuum (ca. 103 mbar) at
ambient temperature for 30–40 min. Afterwards, top electrodes
were deposited in vacuum 106 mbar. A combination of 1 nm of
lithium ﬂuoride (LiF) and 120 nm of Aluminum (Al) were used as
the top electrode in the solar cell. The obtained device (thickness
about 200 nm) was characterized directly inside the nitrogen glove
box. Current–voltage characteristics of the sample were analyzed
with Keithley 2400 source-measure and Solar Simulator under AM
1.5 G (80 mW/cm2) standard characterization regulations. Solar
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Simulator was calibrated with a reference photodiode. An HP
4284A LCR-meter operated in the frequency range 20–106 Hz
(vac = 20 mV ac voltage) was used to measure in the dark the
complex admittance Y(v), from which the capacitance C(v) = ImY
(v)/v and the conductance G(v) = ReY(v) were extracted. We have
carefully analyzed the low frequency regime in order to make sure
that the extracted C(v) and G(v) are not inﬂuenced by any parasitic
circuit reactance [28].
3. Results and discussions
Fig. 1 shows a semilog plot of the current versus applied voltage
characteristic of ITO/PEDOT:PSS/AnE-PVstat:PCBM/LiF/Al structure, for both polarities under dark and illuminated conditions. As
inferred from the plot, the structure possesses diode behavior in
dark ambience. Under light exposure, the device shows the solar
cell behavior. This solar cell exhibits a saturation current density
JSC = 6.5 mA/cm2, an open circuit voltage VOC = 0.8 V and ﬁll factor
FF = 60% resulting in a power conversion efﬁciency PCE = 3.6%. In
the inset, we present the schematic structure of our solar cell.
Fig. 2a and b shows a cole–cole impedance plots of the ITO/
PEDOT:PSS/AnE-PVstat:PCBM (1:2)/LiF/Al organic solar cell biased
at 0 V, 0.5 V, 1 V and 1.5 V. Impedance spectroscopy is showing
“backwards” arcs in cole–cole ﬁgure (Fig. 2b) at low frequencies.
This is interpreted through equivalent circuits using negative
resistances for electrical contacts.
The device structure is composed of three parts that can help us
to modulate the cole–cole impedance plots. The interface between
the transparent contact layer, which is indium tin oxide (ITO) and
the active layer, could rise to a series resistance Rs which reﬂects
passive resistors such as wires or ohmic contacts. The main cause
that can affect Rs is the charge carrier transport within the active
layer [29]. Like P3HT:PCBM, the investigation of charge transport
properties in AnE-PVstat:PCBM device has revealed that carriers
are collected into the electrodes through the competing mechanisms of diffusion-recombination [29], gives rise to equivalent
circuits comprising distributed elements that are usually drawn in
terms of transmission model given by Belmonte et al. [23].
Fig. 3 shows the equivalent circuit related to ITO/PEDOT:PSS/
AnE-PVstat: PCBM/LiF/Al device studied in this work, comprising
circuit distributed elements: transport resistance rt ¼ Rt =L(L is the
active layer thickness) related to electron transport, recombination
resistance rrec ¼ Rrec =L, chemical capacitance C m ¼ C m =L, a

Fig. 1. J–V characteristic of the ITO/PEDOT:PSS/AnE-PVstat:PCBM/LiF/Al solar cell
under simulated AM1.5G (80 mW/cm2) irradiance.

354

M. Radaoui et al. / Synthetic Metals 210 (2015) 352–356

Fig. 2. Open symbols showing the cole–cole plots of ITO/PEDOT:PSS/AnE-PVstat:PCBM/LiF/Al based solar cell at various forward bias voltages: (a) Unipolar regime at 0 V and
0.5 V and (b) bipolar regime at 1 V and 1.5 V. Solid lines show the ﬁt using the transmission line model proposed by Belmonte et al. [23].

Fig. 3. Equivalent circuit related to ITO/PEDOT:PSS/AnE-PVstat:PCBM/LiF/Al based solar cell.

geometrical capacitance Cg and series resistance RS that are
connected to the last circuit (transmission line model). Contact
electrical response is modeled by means of Rco in parallel with Co.
The impedance (Z) can be solved analytically, and it is expressed
by [29]:
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
!
u
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u Rt Rrec
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v
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1þi
coth
ð1Þ
þ
Z ¼ RS þ t
1 þ ivvrec
vd
1 þ ivRco C o
vrec
Here, vd ¼ 1=Rt C m ¼ Dn =L2 (Dn being the electron diffusion
coefﬁcient) is the effective diffusion rate in a ﬁnite layer and vrec ¼
1=Rrec C m is the recombination.
The ﬁts of the experimental cole–cole impedance plots are
given in Fig. 2. In this ﬁgure, we have shown a good agreement
between experiments and theoretical results given by Eq. (1).
The impedance model described above contains two characteristic times related to electron diffusion (transit time),

t diff ¼ Rt Cm and the recombination time (effective lifetime),
t rec ¼ Rrec C m respectively [23]. In addition, the diffusion constant,
which describes the electron diffusivity (chemical diffusion
coefﬁcient), can be calculated through the relationship [23]:
Dn ¼ L2 =t diff . With the latter expression, we can deduce the
diffusion length, which is deﬁned as an average distance in which
mobile carriers can diffuse before recombination, and is related to
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
the diffusion coefﬁcient byLn ¼ Dn t rec. In addition, an estimation
for the electron mobility is calculated using the Nernst–Einstein
relationship as mn ¼ qDn =kB T(kB Tis the thermal energy, where q is
the elementary charge of electron, kB is the Boltzman constant and
T is the temperature) [29].
From the ﬁts to experimental data, we have extracted the
parameters cited above and that are summarized in Table 1 .
Fig. 4 shows the measured frequency dependent capacitance of
the ITO/PEDOT:PSS/AnE-PVstat:PCBM (1:2)/LiF/Al device in the
dark and at various applied forward bias voltages. For V > 0.5 V, we

Table 1
Summarized parameters extracted from the ﬁts to experimental data of cole-cole impedance and capacitance plots shown on Figs. 2 and 4 respectively.
Voltages

0V
0.5 V
1V
1.5 V

Parameters
Cm(nF)

Cco(mF)

Rco(V)

RS(V)

Rt (V)

Rrec (V)

tdif(ms)

t rec (ms)

Dn (106 cm2 s1)

Ln(nm)

mn(cm2 V1 s1)

15
20
30
40

10
20
40
80

4
2
50
30

2
2
2
2

4500
3000
530
220

42230
26700
640
300

67.5
60
16
9

633.5
534
19.2
12

5.9
6.6
25
44

–
–
219
230

–
–
3.9 103
4 103
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Fig. 4. Open symbols showing the measured capacitance versus frequency for ITO/
PEDOT:PSS/AnE-PVstat:PCBM (1:2)/LiF/Al based solar cell at various forward bias
voltages. Solid lines show the ﬁt using Eqs. (2) and (3) .

observe a negative contribution to the capacitance below 10 KHz.
This phenomenon is related to current relaxation that is due to
electron-hole (e–h) recombination in the space charge limited
current (SCLC) regime when the bipolar injection is predominant
[30]. As shown in this ﬁgure, at sufﬁciently low frequencies and for
V > 0.5 V, both capacitances curves converge to a constant negative
value; while at sufﬁciently high frequencies the geometrical
capacitance is obtained, Cg = 2 nF.
In admittance spectroscopy (AS), the material under investigation is sandwiched between an anode and a cathode. During the
measurement, the sample admittance is measured under the
superposition of an applied dc voltage Vdc and a small ac excitation
vac at various frequencies. The frequency dependent admittance
can be generally expressed [31] by:
YðvÞ ¼

1
iac
¼
¼ G þ ivC;
ZðvÞ vac

ð2Þ

where iac is the ac current response, v is the angular frequency, G
and C are the conductance and the capacitance respectively.
According to many approaches which treated NC in organic
semiconductor devices [30,32,33], the recombination time determined in the ﬁrst section plays an important role to describe the
NC in our device. Consequently, the effect of recombination on the
capacitance can be summarized as follows [30]:
CðvÞ ¼

xt r
ð1 þ v2 t r 2 Þ

ð3Þ

where xis a ﬁtting parameter and t r is the recombination time
determined in the ﬁrst section. We have used the latter expression
to ﬁt the measured dynamic capacitance shown in Fig. 4.
Since the capacitance reﬂects the stored charge per applied
voltages, the presence of space charge in the device (dielectric)
gives rise to deviation from the geometrical capacitance. In the
bipolar regime (bipolar current), the increase of stored space
charge can be much larger as compared to a unipolar condition
because of the compensation of positive and negative charge
carriers [34,35]. Furthermore, under the conditions of bipolar
injection, the active layer contains both electrons and holes. As a
result, the rate of e-h recombination is ﬁnite as a consequence.
There exists a ﬁnite volume in which electrons and holes overlap,
resulting in recombination current which is proportional to the
probability of recombination [36].
In Fig. 4, we show (Black solid lines) the ﬁts to experimental
data for the measured capacitance in the unipolar (0 V and 0.5 V)
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and bipolar (1 V and 1.5 V) injection regimes. The derived
parameters for all bias voltages are summarized in Table 1.
From this table, we see that the recombination time
t rec decreases with increasing bias voltages. This result is in
agreement with the direct Langevin-type bimolecular recombination; when the bias voltage increases, the carrier density and
mobility increase as a result t rec should decrease [32]. On the other
hand, when the voltage increases, Rt and Rrec decrease. In fact, in
the unipolar regime, this decrease is remarkable if compared to the
bipolar regime in which both resistances are in the same order of
magnitude. Our ﬁndings entail that the latter two resistances are
affected by the voltage, this is in accordance with other works
using P3HT and C60 combination [29]. Furthermore, from the ﬁts to
experimental data of Fig. 2, the Cm increases with the increase of
the applied forward bias voltages (see Table 1). This increase is
expected as the density of states (DOS) occupancy progresses [23].
To reproduce theoretically the second semicircle shown in the
cole–cole impedance plots shown in Fig. 2, we have taken Rco as
negative values. The latter originality is due to the properties of
metal/ﬁlm interface. So, the origin of the negative values of Rco can
be accounted for theoretically in terms of increasing coverage of
the interface between AnE-PVstat: PCBM and LiF/Al when the
applied forward bias voltages increase [37–39]. Moreover, the
mobility of global carriers extracted from ﬁts, both electrons and
holes, exhibits a value approximately equal to 2 103 cm2V1s1.
This value is in good agreement with that derived using PCBM
electron-only devices from J-V measurements, for which current is
considered SCL, and, hence, electrical ﬁeld driven rather than
diffusion-determined [29].
4. Conclusion
To sum up, we have studied the impedance spectra (cole–cole
plot) in an organic solar cell based on an ambipolar polymer AnEPVstat. We found that in the bipolar regime, there are two arcs back
toward the origin. To reproduce theoretically the cole–cole
impedance plots, we have used an equivalent circuit which
describes the realistic elements existing in the device. This
equivalent circuit has been developed to provide insight into the
physical mechanisms of frequency dependent charge transport
and it suggests strategies for optimizing this behavior in many
applications based on organic solar cell. Also, we have shown that
NC at low frequencies occurs under bipolar injection and we have
explained it by the e-h recombination. The time dependent
recombination current leads to a negative contribution to the low
frequency capacitance. We found that the recombination time
decreases with the increase of the bias. This is consistent with a
bimolecular recombination process.
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