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Abstract

We fabricated the flexible organic solar cells (OSCs) using the alternating co-polymer, poly[N-9”-hepta-decanyl-2,7-carbazole-alt-5,5-
(4',7'-di-2-thienyl-2’,1",3’-benzothiadiazole) (PCDTBT) in bulk hetero junction composites with the fullerene derivative [6,6]-phenyl Cg-
butyric acid methyl ester (PCBM) active layer for the electron donor and acceptor materials, respectively. The active layer was spin-
coated onto various substrates with different buffer layers of lithium fluoride (LiF) and poly(3,4-ethylenedioxythiophene):poly(styr-
enesulfonate) (PEDOT:PSS) on the indium tin oxide (ITO) coated polyethylene naphthalene (PEN) substrates, such as PEN/ITO/LiF,
PEN/ITO/PEDOT:PSS and PEN/ITO/PEDOT:PSS/LiF. The effects of the buffer layer position on the electrical and morphological
properties of the devices were investigated. The performance of OSCs coated on the PEN/ITO/PEDOT:PSS/LiF substrate exhibited the
best electrical property among the prepared samples, showing the maximum short circuit current, open circuit voltage, fill factor and
power conversion efficiency values were about 11.4 mA/cm?, 0.90 V, 39.3 % and 4.0 %, respectively.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Organic solar cells (OSCs) have attracted a great deal of
attention as one of the promising future energy saving devices
because of many advantages, such as a flexibility potential,
low cost, light weight and large area applications [1-6]. Until
now, OSCs have relatively low power conversion efficiency
(PCE) with 9.2 % [7] as compared with Si-based inorganic
solar cells. In order to improve the PCE value, it would be
desirable to optimize the introduced organic materials as well
as the device structure of OSCs. As the one way to improve
the efficiency of the device, a buffer layer is introduced
between electrode and active layer. The efficiency of OSC can
be improved when spin-coated with poly(3,4-ethylenedi-
oxythiophene):poly(styrenesulfonate) (PEDOT:PSS) as the
buffer layer between indium tin oxide (ITO) and active layer.
PEDOT:PSS layer may be not only very effective but also
useful to modify the interface between ITO and active layer.
However, the interface between PEDOT:PSS and active layer
is not stable and the chemical reaction between PEDOT:PSS
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and active layer can result in degraded device performance
[8,9]. In addition, lithium fluoride (LiF) and molybdenum
oxide (M0O;) are also considered as buffer layer materials to
improve the performance of device [10,11]. In this study, the
OSCs using a poly[N-9"-hepta-decanyl-2,7-carbazole-alt-5,
5-(4,7-di-2-thienyl-2’,1’,3’-benzothiadiazole) (PCDTBT) as
the electron donor and fullerene derivative [6,6]-phenyl Cg;-
butyric acid methyl ester (PCBM) as the electron acceptor
were prepared by spin coating method onto various flexible
polyethylene naphthalene (PEN) substrates with different
buffer layers, such as PEN/ITO/LiF, PEN/ITO/PEDOT:PSS
and PEN/ITO/PEDOT:PSS/LiF. The PEDOT:PSS and LiF
buffer layers were introduced between the ITO electrode
and PCDTBT:PCBM bulk hetero-junction active layer. The
effects of buffer layers on the electrical and morphological
properties of the devices were investigated, and their perfor-
mances compared for the optimization of the cell structure.

2. Material and methods

Fig. 1(a) shows the molecular structures of PCDTBT
and PCBM, which act as the electron donor and acceptor
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Fig. 1. Molecular structures (a) of PCDTBT and PCBM and (b) the
structures of OSCs with three different buffer layers (Devices A—C).

in the active layer. The structures of OSCs with three
different buffer layers are shown in Fig. 1(b). In order to
fabricate the flexible OSCs with different buffer layers,
ITO coated PEN substrates were cleaned with acetone,
methanol, and isopropyl alcohol for 5min in an ultra-
sonic bath. The ITO anode film with the sheet resistance of
15 Q/sq was patterned using a conventional photolitho-
graphy method. And then, a plasma treatment was carried
out in order to improve the adhesion between the ITO and
the buffer layer (LiF and PEDOT:PSS) as well as to
improve the electrical properties of the anode film. The
plasma treatment was performed at 150 W radio frequency
power for 90 s under an O,:Ar mixing gas ratio of 2:1 with
a pressure of 20 mTorr. The PEDOT:PSS (Baytron P
AI4083) precursor solution, used as the hole transport
buffer layer, was spin-coated at 5000 rpm for 60 s after
being filtered by passing it through a 0.45 um filter. Then,
the substrate was dried at 140 °C for 10 min on a hot plate.
The LiF layer was deposited onto the ITO and PED-
OT:PSS films by the thermal evaporation method. For
preparation of PCDTBT and PCBM precursor solutions,
PCDTBT and PCBM powders were combined with con-
centration ratio of 1:4wt% and dissolved using di-
chlorobenzene on a hot plate at 60 °C for 12h. The
prepared PCDTBT:PCDTBT solutions were spin-coated
at 700 rpm for 60 s. The film thicknesses of PEDOT:PSS
and the PCDTBT:PCBM active layers were found to be
about 30 nm and 80 nm, respectively. Finally, the Al
cathode layer with thicknesses of 150 nm was deposited
using a thermal evaporation method in a vacuum chamber
with a base pressure of 5 x 10~° Torr. The actual active
area was about 0.04 cm”.

In order to investigate the dependence of the buffer
layers on the properties of devices, we prepared the flexible
OSC samples with different buffer layers such as PEN/
ITO/LiF (Device A), PEN/ITO/PEDOT:PSS (Device B),
and PEN/ITO/PEDOT:PSS/LiF (Device C). The short

circuit current density (Jsc) versus the open circuit voltage
(Voc) characteristics of the devices were measured using a
solar simulation measurement system (Newport) under
an air mass 1.5G solar irradiation energy (100 mW/cm?).
The light absorption spectrum was measured with a
UV-visible spectrophotometer, and an atomic force micro-
scope (AFM, model XE-150) was used to investigate the
surface morphology of the film layers with calculated RMS
(root-mean-square) values. The contact angle measure-
ment system (model DAS 100) was used to determine the
contact angles and surface energy on the buffer layer films
using deionized (D.I) water droplets at the temperature of
20 °C with volume of 20 pL.

3. Results and discussion

Fig. 2 demonstrates the intensities of the light absorp-
tion spectra of the PCDTBT:PCBM active layers spin-
coated on the three kinds of devices (Devices A—C). It was
observed that the PCDTBT:PCBM active layer prepared
on Device C exhibited the highest light absorption inten-
sity at the wavelengths around 410 nm and 550nm,
compared to Device A (without the PEDOT:PSS buffer
layer). This result reflects that the optical properties of the
active layer are affected by the PEDOT:PSS hole transport
buffer layer, suggesting that a large number of photons can
be absorbed in the PEDOT:PSS film layer. The OSC
device without buffer layers on the ITO/PEN substrate
(PEN/ITO/PCDTBT:PCBM structure) showed a similar
light absorption pattern with Device A. The surface
roughness of the buffer layer may affect the optical and
electrical properties of the OSCs. Therefore, we investi-
gated the effects of the surface morphology for the
different buffer layers (Devices A—C) on the properties of
the OSCs by the AFM measurement.

Fig. 3 represents the AFM surface morphologies for
Devices A—C prepared using the different buffer layers.
The RMS values for Devices A—C was found to be 2.862
nm 1.867 nm and 1.831 nm, respectively. These results

PEN/ITO/PCDTBT:PCBM
PEN/ITO/LiF/PCDTBT:PCBM
PEN/ITO/PEDOT:PSS/PCDTBT:PCBM
PEN/ITO/PEDOT:PSS/LiF/PCDTBT:PCBM
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Fig. 2. Intensities of the light absorption spectra of the PCDTBT:PCBM
active layers coated on different buffer layers: PEN/ITO/LIF (Device A),
PEN/ITO/PEDOT:PSS (Device B), PEN/ITO/PEDOT:PSS/LiF (Device
C) and PEN/ITO (without buffer layer) substrates.
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Fig. 3. AFM surface morphologies of (a) Device A (b) Device B and (c) Device C prepared from the different buffer layers.
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Fig. 4. Wettability images represented by the contact angles (6) of the
D.I. water droplets for Devices A—C.

indicate that Device A had a coarser film surface morphol-
ogy compared to Devices B and C, since it shows higher
RMS value. This rough active layer film surface results in a
poor interfacial adhesion between the buffer layer film and
active layer, which leads to a low injection efficiency of the
holes into the anode electrode [12].

Fig. 4 shows the wettability images represented by the
contact angles (0) and surface energy (mN/m) for Devices
A-C samples. The contact angle had been measured by
liquid phase solutions spread on the surface of the buffer
film areas. Lower values of 6 indicate a better wettability
and higher surface energy, as implied by Young’s equation
[13]. The smallest 6 of 23.4° was shown for Device C,
which is thought to lead to a good interfacial morpho-
logy and adhesion with PCDTBT:PCBM active layer.
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Fig. 5. Current density versus voltage (J—V) characteristic curves of the
OSCs with PCDTBT:PCBM active layers prepared on the Devices A—C
substrates.

In contrast, the hydrophobic droplet image with a larger
contact angle of 0=79.9° was found for Device A (PEN/
ITO/LIF substrate).

The surface energy values of the Device A—C were found
to be 35.09 mN/m, 54.13 mN/m and 67.09 mN/m, respec-
tively. The Device C exhibited the largest surface energy,
which contributes to a good quality buffer layer film. In
addition, the improvement of wettability of PCDTBT:PCBM
active layer solution was caused mainly by a large surface
energy. Therefore, it is important to optimize the surface
conditions between the surface energy and morphology of the
buffer layers for the improvement of electrical properties.

Fig. 5 shows the current density versus voltage (J-V)
characteristics and device parameters of the Jsc, Voc, fill
factor (FF), and the PCE values of the OSCs prepared on
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Table 1
Jsc, Voc, FF, PCE, Rg and Rp of the flexible OSCs with the PCDTBT:PCBM active layers prepared from the various buffer layers
(Devices A—C).

Samples Jsc (mA/cm?) Voc (V) FF (%) PCE (%) Rs (KQ) Rp (KQ)
Device A 3.4 0.92 30.0 1.0 3.64 9.0
Device B 10.5 0.88 37.8 35 0.76 3.94
Device C 11.4 0.90 393 4.0 0.73 4.18

the Device A—C flexible substrates. The maximum Jgc,
Voc., and FF values were found to be 11.4 mA/cm?, 0.90 V
and 39.3 %, respectively for Device C, indicating that the
PCE was calculated to be 4.0%. It has been known that the
properties of organic materials are easily degraded by
ambient conditions. In this work, the relative low PCE
of the flexible OSCs may be caused by the fact that the
prepared devices were not subjected to any passivation
treatment to protect them against air and moisture. From
our experiments, it may be concluded that the observed
improvement in the electrical properties of the OSCs
coated on the Device C substrate is caused by the enhanced
light absorption intensity and smooth film surface mor-
phology as well as the low contact angle and high surface
energy of the buffer layer. For Device C, PEDOT:PSS is
considered to be a conductive polymer (metal), while LiF
and PCDTBT:PCBM are a typical insulator and organic
semiconductor, respectively. Therefore, we can discuss the
hole injection and transport behaviors for Device C
(PEDOT:PSS/LiF/PCDTBT:PCBM system) by using a
energy band theory of metal-insulator—semiconductor
(MIS) structure. The generated holes in the active layer
should have a greater energy than a certain energy level to
inject anode electrode side through the insulation potential
wall (LiF) by means of the quantum tunneling mechanism
[14]. Therefore, Device C with the ITO/PEDOT:PSS/LiF
substrate exhibits a high Jsc, which is ascribed to
improved exporting efficiency of the holes. For an ideal
photovoltaic device, a high parallel resistance (Rp) and a
low series resistance (Rs) are required [15]. The Rg
originates from the ohmic loss in the flexible OSC device,
whereas the Rp reflects the degree of leakage current of the
device, which relates with the overall quality of the inter
layer films. The values of Rg and Rp for Device C are
about 0.73 kQ and 4.18kQ, respectively. Device C has a
lower Rg than other prepared samples, which is responsible
for the increase of Jgc due to the formation of a better
ohmic contact.

The Jsc, Voc, FF, PCE, Rg and Rp values of the flexible
OSCs with the PCDTBT:PCBM active layers prepared
from the various buffer layers (Devices A—C) are summar-
ized in Table 1.

4. Conclusions
We fabricated the flexible organic solar cells (OSCs) using

a PCDTBT and PCBM active layer as the electron donor
and acceptor materials, respectively. The active layer was

spin-coated onto three different buffer layers such as PEN /
ITO/LiF (Device A), PEN/ITO/PEDOT:PSS (Device B),
and PEN/ITO/PEDOT:PSS/LiF (Device C). The effects of
buffer layers on the properties of devices were investigated.
The performance of the flexible OSC coated on the Device C
substrate was superior to the other prepared samples
(Devices A and B), showing the maximum Jsc, Voc, FF,
and PCE values were about 11.4 mA/cmZ, 0.90V, 39.3% and
4.0%, respectively. From the AFM measurement and contact
angle images, the improved electrical properties may be attri-
buted to a smooth film surface as well as a good wettability
with a lower contact angle and higher surface energy of the
buffer film layer.
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