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The e�ect of a bu�er layer on organic bulk hetrojunction solar cells of poly(3-hexylthiophene)
(P3HT) and [6,6]-phenyl-C61 butyric acid methyl ester fullerene derivative (PCBM) has been
studied using impedance spectroscopy in the frequency range between 100 Hz and 1 MHz. The
bu�er layer interfaces with a metallic contact and with the organic bulk materials inuence the
e�ciency and the stability of devices. Thermal annealing of the devices improves the interface
with the bu�er layer, thereby lowering the majority and the minority carrier injection voltage.
The photocurrent density-voltage (J-V) characteristics show that the �ll factor of the device with
a molybdenum-oxide (MoO3) bu�er layer is higher than that of the device with a poly (3, 4-
ethylenedioxy-thiophene):polystyrenesulfonate (PEDOT:PSS) bu�er layer. The equivalent circuit
analysis for the PEDOT:PSS and the MoO3 bu�er-layer devices shows that the device's capacitance
and resistance for MoO3 is lower than that for PEDOT:PSS under illumination. The e�ciency of the
thermally-annealed PEDOT:PSS and MoO3 bu�er-layer devices are 2.95 and 3.44 %, respectively.
The lower e�ciency of the PEDOT:PSS bu�er-layer devices can be attributed to the formation of
a thin insulator layer at the PEDOT:PSS/P3HT:PCBM interface under illumination.
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Keywords: Organic solar cells, Bulk heterojunction, Bu�er layer, Impedance spectroscopy, Interface, Metal
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I. INTRODUCTION

The growing need for inexpensive renewable energy
sources has attracted extensive studies of organic solar
cells because of their advantages of large area, exible
shape, light weight, easy processing and low-cost pro-
duction [1]. The structures of organic solar cells consist
of donor-acceptor bilayer or bulk donor-acceptor hetro-
junction networks sandwiched between a anode and a
cathode [2{8]. In bulk hetrojunction (BHJ) solar cells
consisting of conjugated polymers and fullerene deriva-
tives, phase separation results in the formation of inter-
penetrating networks of polymers and fullerenes [2, 9].
Under illumination, excitons form at the optically active
materials and are dissociated at the interface of hetro-
junction networks. The spatially separated holes and
electrons move to the electrodes by hopping through in-
terpenetrating networks of donor and acceptor materials
[10]. Thus, the electrode and the morphology and the
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potential di�erence of the organic semiconductor inter-
face play an important role in determining the e�ciency
of a solar cell [11{14].
Bulk hetrojunction solar cells of P3HT and PCBM

form Schottky contacts at the cathode due to exposure
to air or moisture, leading to p-doping of P3HT [15].
The anode and the organic semiconductor contact are
equally important for e�cient devices. Recently, di�er-
ent types of bu�er layers have been introduced to organic
bulk hetrojunction solar cells [16]. The power conversion
e�ciency (PCE) of an ITOjP3HT:PCBMjCajAl solar cell
without any bu�er layer is 1.9 % [11]. Di�erent types of
bu�er layers for organic bulk hetrojunction solar cells,
such as PEDOT:PSS (PCE � 2.4 %), transition-metal
oxides (MoO3, V2O3-PCE � 3.33 %) and p-type semi-
conducting nickel oxide (PCE � 5.16 %), have increased
the power e�ciency [13]. In addition, thermal annealing
at high temperatures after device fabrication enhances
the power e�ciency [17{19]. However, despite the fre-
quent use of bu�er layers and thermal annealing for e�-
ciency improvement in organic solar cells, the interfacial
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Fig. 1. Frequency-dependent real part of the impedance
of annealed and non-annealed devices.

physical mechanisms of the bu�er layer and the e�ect of
thermal annealing are still not very clear.
Impedance spectroscopy is an important tool for

studying the charge carrier dynamics, the interfacial
characteristics, the dielectric properties of devices and
equivalent circuit models [20]. In this investigation,
we used electrical impedance spectroscopy to study the
interfacial characteristics of the two di�erent types of
bu�er layers used for improving the e�ciency of organic
bulk hetrojunction solar cell. The inuence of thermal
annealing on the bu�er layer and the contacts was stud-
ied extensively.

II. EXPERIMENT

The indium-tin-oxide (ITO)-coated substrates were
cleaned using isopropyl alcohol, de-ionized water, ace-
tone and methanol in an ultrasonic bath and were dried
in a vacuum oven prior to fabrication of the organic so-
lar cells. To form the bu�er layer between ITO and the
active layer, a PEDOT:PSS (Baytron P) �lm was spin-
coated after an ultraviolet ozone (UVO) treatment and a
MoO3 layer with a thickness of 5 nm was deposited by us-
ing thermal evaporation. These bu�er layers were used
in order to make ohmic contacts with the ITO anode.
The optimized thicknesses of PEDOT:PSS and MoO3
were about 50 nm and 5 nm, respectively [21]. A blend
of P3HT and PCBM was spin-coated on the bu�er layer;
then, lithium uoride (LiF)/Aluminum (Al) were evap-
orated for top electrodes. The solar-cell area, which is
the overlap area of the ITO and the LiF/Al electrodes,
is 0.16 cm2. The device structures are

Device A: ITO j PEDOT: PSS (�50 nm) j
P3HT:PCBM (�100 nm) jLiF j Al,

Fig. 2. Frequency-dependent imaginary part of the
impedance of annealed and non-annealed devices.

Device B: ITO j MoO3 (�5 nm) j P3HT:PCBM
(�100 nm) jLiF j Al.

After fabrication, the devices were thermally annealed
in a dry nitrogen (N2) glove box at 150 �C for 30
minutes. The photocurrent-voltage measurement was
done at room temperature under an illumination of 100
mW/cm2 (AM 1.5G) by using a solar simulator (New-
port 91160A). In order to prevent the perimeter e�ect
under illumination, we covered the device except for an
active cell area of 0.16 cm2, with a shadow mask. The
impedance measurements were carried out in the broad
frequency range by using an impedance analyzer (HP-
4192A). The oscillation amplitude of the AC voltage was
maintained at 50 mV for all measurements.

III. RESULT AND DISCUSSION

Figure 1 shows the real part of the complex impedance
for di�erent bu�er layer devices (A and B) as functions
of frequency without electrical biasing but under an illu-
mination of 100 mW/cm2. At low frequency, the value
of the impedance for device B is less than that of device
A. After thermal annealing, the impedance value of B at
low frequency is similarly lower than that of device A.
The thermal annealing of the devices decreases the value
of the impedance for both devices. This decrease in value
may be attributed to improvements in the interface mor-
phology between the bu�er layer and the P3HT:PCBM
blend �lm or anode and to an increase in the conductiv-
ity of the bulk P3HT:PCBM blend �lm.
Figure 2 shows the imaginary part of the impedance

for non-annealed and annealed devices at zero bias and
under illumination. The characteristic frequency !c
(the frequency at which ImZ is maximum) is related
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Table 1. Device operation parameters and values of the elements of the modeled circuits.

Devices E�ciency (%) Voc (V) Rs (
) Rp (k
) Cp (nF)
Non-annealed A 1.59 0.68 49.79 24.81 68.16
Non-annealed B 1.76 0.67 31.72 134.80 61.81
Annealed A 2.95 0.64 31.70 21.85 66.30
Annealed B 3.44 0.64 39.42 41.17 62.27

to the junction resistance of the devices in the complex
impedance plane. This is a rough estimate of the junc-
tion properties of type A and B devices with and without
annealing. The annealing of both devices shifts the char-
acteristic frequency to lower frequency. The !c of device
B for both the annealed and the non-annealed cases is
higher than that of the corresponding cases of device
A. These results indicate that the junction resistance is
lower for a MoO3 bu�er layer than for a PEDOT: PSS
layer under illumination.
The complex impedance plane for devices can be pre-

sented in terms of the real and the imaginary parts of the
impedance, Z = Z 0 + jZ 00, where Z 0 is the real part and
Z 00 is the imaginary part of the complex impedance. The
imaginary impedance is plotted against real impedance
for both annealed and non-annealed A and B devices
under illumination in Figure 3(a). This Cole-Cole plot
can be modeled as a combination of a resistance and ca-
pacitance network in series with a contact resistance [as
shown in the inset of Figure 3(a)]. The modeled circuits
can be used to determine the real and the imaginary
parts of the impedance as

Z = Rs +
RP

1 + !2R2
PC

2
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The estimated values of the capacitance and the resis-
tance for the devices under illumination are given in Ta-
ble 1. The series resistance (contact resistance) for device
B is lower than that for device A. The junction resistance
and capacitance of device B is also lower than that of de-
vice A, as explained in Figure 2.
Figure 3(b) shows the Cole-Cole plot of annealed de-

vices in the dark, along with that of the non-annealed
devices in the inset. The semicircle for the PEDOT:PSS
bu�er-layer device is smaller than that for the MoO3
bu�er-layer device in the dark whereas the situation is re-
versed for both the annealed and the non-annealed cases
under illumination. This is a clear indication of the inter-
face e�ect of the bu�er layer and the P3HT:PCBM blend
�lm. The result indicates that the contact resistance is
smaller in the dark, but becomes higher under illumi-
nation for the PEDOT:PSS bu�er-layer device. This be-
havior can be interpreted as being due to the formation of
a thin insulator layer at the PEDOT:PSS / P3HT:PCBM
interface under illumination. The PEDOT:PSS thin �lm

Fig. 3. Cole-Cole plot of annealed and non-annealed de-
vices (a) under illumination (inset is the equivalent circuit)
and (b) under dark (inset shows the non-annealed devices).

consists of p-doped PEDOT (PEDOT+) chain and PSS-
. The PEDOT+ networks provide the conduction paths
[22]. The electron injection into the PEDOT:PSS �lm
can reduce PEDOT+ to form neutral PEDOT0 (very low
conducting state) [22,23]. Since the electrons photogen-
erated at the PEDOT:PSS / P3HT:PCBM interface can
move into the PEDOT:PSS bu�er layer, a thin undoped
PEDOT layer (insulating PEDOT0) can be formed at
the PEDOT:PSS / P3HT:PCBM interface under illumi-
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Fig. 4. Normalized capacitance (C/Co) for the devices as
a function of the bias voltages at 100 Hz, where Co is the
zero-voltage capacitance.

nation. This insulator layer increases the device's resis-
tance, resulting in a change in the internal electric �eld
inside the bulk P3HT:PCBM blend �lm. Both the sta-
bility and the e�ciency are a�ected due to the insulator
formation in the PEDOT:PSS bu�er-layer devices.
Figure 4 shows the normalized capacitance (C/Co) for

both devices, A and B, at 100 Hz as functions of the bias
voltage, where Co is the capacitance of the devices at
zero bias. The capacitances for both devices �rst increase
with increasing bias voltage and after reaching maximum
values, they start to decrease for further increases in the
bias voltage. The increase in the value of the capacitance
may be due to the charging of traps near the metallic
contacts or the slow injection/extraction at the contact
[24,25]. The decrease in capacitance may simply be at-
tributed to signi�cant electron and hole injections lead-
ing to neutralization of traps. Thermal annealing of the
devices increases the capacitance to become around eigh-
teen times the geometrical capacitance. The increase in
the normalized capacitance after annealing suggests an
increase in the number of metallic traps for both devices.
The metallic traps that come from the di�usion of metal
atoms to the organic materials have been the main cause
for device degradation [26{28]. In the annealed devices,
majority charge (hole) injection starts at lower voltages
than it does for the non-annealed device and there is a
small e�ect on the dual charge injection voltage. The an-
nealing of devices enhances the conductivity of the bulk
organic materials and improves the interfaces of the an-
ode/cathode with the organic materials. There is small
e�ect of annealing on the cathode side become the minor-
ity injection voltage decreases approximately from 1.2 V
to 0.9 V.
Figure 5 shows the current density-voltage plot for

non-annealed devices [Figure 5(a)] and annealed devices
[Figure 5(b)] in dark and under an illumination of 100

Fig. 5. Current density-voltage characteristics under dark
and illumination for (a) non-annealed and (b) annealed de-
vices (insets of both �gures are the photovoltaic responses).

mW/cm2. The insets of both �gures show the photo-
voltaic e�ects of the devices. For both the PEDOT:PSS
and the MoO3 bu�er layers, the short-circuit current
(Isc), the �ll factor (FF) and the e�ciency are increased
after thermal annealing while the open-circuit voltage
(Voc) is slightly decreases, as reported previously [17].
The recti�cation is inuenced by both the bu�er layer
and the annealing process. The device performance
with the MoO3 bu�er layer is better than that with
PEDOT:PSS. In particular, compared with the MoO3
bu�er-layer devices, the PEDOT:PSS bu�er-layer de-
vices show smaller FF while Voc is the same [see Fig-
ure 5(b)]. Since a large serial resistance and a small
parallel resistance (shunt) tend to decrease the �ll factor
[29], this result again corroborates that the PEDOT:PSS
bu�er layer has a higher serial resistance under illumina-
tion than the MoO3 bu�er layer. In addition, the larger
FF and Isc of the MoO3 bu�er layer devices imply that
the MoO3 bu�er layer can act as an exciton blocking
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layer so that excitons can be dissociated more e�ciently
in the bulk P3HT:PCBM blend �lm.

IV. CONCLUSION

We have concluded that the interface of bu�er layer
plays an important role in organic bulk hetrojunction so-
lar cells. The bulk resistance of device A (PEDOT:PSS
bu�er layer) increases under illumination in comparison
to device B (MoO3 bu�er layer). This may be due to the
formation of a thin insulator layer at the PEDOT:PSS in-
terface due to reactions with electrons. The e�ciency of
the solar cell is limited by the interface insulator. Ther-
mal annealing of the devices increases the conductivity
of the bulk organic materials and improves the cath-
ode interface. After both devices had been annealed,
the minority carrier injection voltages decreased and the
number of metallic interface traps increased. The MoO3
bu�er-layer solar cell (E�ciency � 3.44 %) gives better
performance than the PEDOT: PSS bu�er-layer device
(E�ciency � 2.95 %).
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