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Introduction

Recent pronounced global warming has attracted keen
interest in solar cells due to their renewable feature exploit-
ing tremendous solar energy (89 PW) during sun’s lifetime
of ~3 billion years.! Of the solar cells invented so far, inor-
ganic solar cells are now in market but they have a demerit
such as high fabrication cost and hard characteristics of
inorganic materials which restrict the spreading of solar
cells.” In this regard organic solar cells have been studied as
a contingency because of their potential for cheaper manu-
facturing cost and variety of applications owing to flexible
and semitransparent features.™

To date, the most widely used polymer as a light-absorb-
ing material is regioregular poly(3-hexylthiophene) (P3HT)
which does also act as an electron-donating (i.e., hole-
accepting) component in a bulk heterojunction layer inside
corresponding solar cell geometry.”® Here we note that the
bulk heterojunction film is, broadly speaking, a mixture of
electron-donating and electron-accepting materials, whilst
in more specific terms it has integrated and randomly
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distributed p-n junctions in the bulk polymeric film.” As an
electron-accepting material, soluble fullerenes such as
1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)Cs;, (PCBM)
are widely used.

Considering the principle of electron flows in the bulk
heterojunction polymer solar cells, it is not necessary to
insert a low work function metal in between the bulk hetero-
junction layer and the electron-collecting electrode, which
has been proven in our previous report.” However, the direct
hole coliection from the bulk heterojunction layer to trans-
parent conducting oxide, mostly indium tin-oxide (1TO),
was not efficient owing to the insufficient interfacial contact
between the bulk heterojunction layer and the ITO surface.”
Hence most of efficient organic solar cells employ a buffer
layer, in most cases poly(3.4-ethylenedioxythiophene): poly
(styrenesulfonate) (PEDOT:PSS), between the bulk hetero-
junction layer and the ITO layer.>*’

However, the influence of thickness and thermal anneal-
ing conditions of PEDOT:PSS layer was not much studied.
In this work, we have briefly investigated the effect of ther-
mal annealing temperature on the performance of polymer
solar cells with the PEDOT:PSS nanolayer of which thick-
ness is 20 nm. The result showed that about 40% power
conversion efficiency was improved by thermal annealing
of the PEDOT:PSS layer at 120 °C.

Results and Discussion

The blend solution of P3HT and PCBM (P3HT:PCBM
=1:1 by weight) was prepared using chlorobenzene as a sol-
vent at a solid concentration of 30 mg/mL. This solution
was vigorously stirred for more than 2 days to dissolve all
of solid particles in the solvent. Prior to making the polymer
solar cells, the solution of PEDOT:PSS (Baytron AI 4083)
was subjected to sonication for 15 min and then filtered
using a Teflon membrane filter (pore size =0.45 gm). On
top of the precleaned ITO-coated glass, the filtered PEDOT:
PSS solution was poured and then spin-coated to make 20
nm thick film. Next, the PEDOT:PSS coated substrate was
thermally annealed for 15 min at 25, 120, and 200 °C.
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Figure 1. Device structure of polymer solar cells fabricated in
this study and chemical structure of corresponding materials used
for each layer.

On top of the three samples the P3HT:PCBM films were
spin-coated for 30 sec at 2,500 rpm, which resulted in the 90
nm active layer. These samples were put into a vacuum
chamber and then aluminum top electrode (80 nm thick)
was deposited on the P3BHT:PCBM layer. The structures of
materials and devices are shown in Figure 1. We note that
the P3HT:PCBM layer was not annealed in order to investi-
gate the intrinsic influence of PEDOT:PSS layer upon ther-
mal annealing, since the bestowing PEDOT:PSS layer
under the active layer could be changed if the devices are ther-
mally annealed at the well-known optimum temperature
(~140°C).>*

The performance of the fabricated devices was measured
in a nitrogen atmosphere. The current density-voltage (J-V)
characteristics were measured using a solar cell measure-
ment system equipped with an electrometer (Keithley 2400)
and a solar simulator (Oriel). The incident light intensity
was 85 mW/cm? at air mass (AM) 1.5 condition. The exter-
nal quantum efficiency (EQE) of the devices was measured
using a home-built system equipped with a Xe light source,
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Figure 2. Light (AM 1.5, 85 mW/cm?) J-V characteristics of
polymer solar cells with the PEDOT:PSS layer annealed at 25 °C
(a: black solid line), 120 °C (b: red dashed line), and 200 °C (c: blue
dash-dot line): Inset shows the same J-V curves in a linear scale.
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a monochromator (CVI 110), and an electrometer (Kei-
thley 2400). The incident light intensity was 6.15 mW/cm®
at 480 nm.

As shown in Figure 2, the short circuit current density
(Js¢) was markedly increased by annealing the PEDOT:PSS
layer at 120 °C (compared to the annealing at 25 °C). This
indicates that at around short circuit condition the charge
transport (hole collection) through the PEDOT:PSS layer
was improved by annealing at 120 °C because the electron
collection condition was same for all devices. The larger
photocurrent for the device with the PEDOT:PSS layer
annealed at 120 °C was maintained for whole voltage ranges
below the open circuit voltage. However, the J-V curve shape at
above the open circuit voltage reflects that the series resis-
tance became bigger for the device with the PEDOT:PSS
layer annealed at 120 °C than that annealed at 25 °C. This
trend is also proven from the dark J-V characteristics in
Figure 2.

Here we need to discuss about the direction of hole trans-
port. Below the open circuit condition (voltage) the hole
charges flow from the bulk heterojunction layer to the ITO
electrode via the PEDOT:PSS layer. In this case, if we sim-
ply consider the flat energy band diagram (see Figure 3
inset), even though the detailed band bending after Fermi
level alignment should be taken into account, the hole
injection from the bulk heterojunction layer (mainly from
P3HT) has negative offset energy (-0.3 eV) that is corre-
sponded to no energy barrier for the hole injection. Above
the open circuit condition, in contrast, the hole injection
direction is inversed so that the hole injection barrier
becomes positive (band offset energy = 0.3 eV). However,
this offset energy is too small to have influence on the
large change in the series resistance. So it is reasonable to
consider another major factor that resulted in the large dif-
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Figure 3. Dark J-V characteristics of polymer solar cells with the
PEDOT:PSS layer annealed at 25 °C (a: black solid line), 120 °C
(b: red dashed line), and 200 °C (c: blue dash-dot line): Inset
shows the ideal flat energy band diagram in which ‘F” and ‘R’
denote the direction of hole transport in the PEDOT:PSS layer at
forward and reverse bias, respectively.
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ference in the J-V curve shape (series resistance) by ther-
mal annealing.

Another noticeable change in the device performance by
annealing the PEDOT:PSS layer at 120 °C is the increased
open circuit voltage (V,,c). Interestingly, further annealing at
200 °C delivered further increase in the open circuit voltage
in the presence of much worse series resistance (see the J-V
curve shape in Figure 2(c)) [We note that the present
devices showed lower V. than the optimized devices since
the active layer was unannealed]. This increased open cir-
cuit voltage by thermal annealing could not be attributed to
the enhanced photovoltage due to harvested photoelectrons,
since the short current density of the device with the PEDOT:
PSS layer annealed at 200 °C was rather reduced from that
annealed at 120 °C. Hence we suggest the generation of new
interfacial layer on top of the PEDOT:PSS layer by thermal
annealing, and this layer might be getting thicker if the
PEDOT:PSS layer is annealed at higher temperatures. Here,
considering the increased open circuit voltage, this newly
generated layer should have higher level of highest occu-
pied molecular orbital (HOMO) energy than that of the
unannealed PEDOT:PSS surface. Based on the related pre-
vious report, we consider that the main part of this new
layer would be PSS.'°

In terms of physical shunt resistance, the device with the
PEDOT:PSS layer annealed at 120 °C was better than other
two devices (see the negative voltage part of the J-V curves
in Figure 3). The worse shunt resistance for the device with
the PEDOT:PSS layer annealed at 200 °C can be attributed
to the possible formation of pin-holes or defects made upon
thermal annealing at the high temperature. Theses defects
would affect the series resistance as well.

As summarized in Table 1, in spite of the improved shunt
resistance (see Figure 3), the fill factor (FF) of the device
with the PEDOT:PSS layer annealed at 120 °C was slightly
lower than that of the device with the PEDOT:PSS layer
annealed at 25 °C. This slightly reduced fill factor might
be related to the complex phenomenon combined with the
new layer (PSS) formed upon thermal annealing, because
the fill factor was much worsened for the device with the
PEDOT:PSS layer annealed at 200 °C. Despite the slightly
reduced fill factor, the highest power conversion efficiency
(PCE) was achieved for the device with the PEDOT:PSS
layer annealed at 120 °C owing to the dual increasing effect

Table I. Summary of Polymer Solar Cell Characteristics: ‘7
Denote the Annealing Temperature of PEDOT:PSS Layer

T, Jse Voo FF PCE
(0 (mA/em’) (mV) (%) (7o)
25 432 481 478 1.17
120 550 560 45.0 1.63
200 441 574 33.1 0.99
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Figure 4. EQE spectra of polymer solar cells with the
PEDOT:PSS layer annealed at 25 °C (a: black solid line), 120 °C
(b: red dashed line), and 200 °C (c: blue dash-dot line).

of short circuit current density and open circuit voltage.

As shown in Figure 4, the external quantum efficiency
spectra exhibit typical shape of PSHT:PCBM (1:1) devices.’
The spectral shape is almost identical for the present three
devices irrespective of the annealing temperature of the
PEDOT:PSS layer. This indicates that no special interaction
or reaction was made between the bulk heterojunction layer
and the newly formed layer (supposed to be PSS') by ther-
mal annealing of PEDOT:PSS layer in the present wave-
length range. We note that the order of intensity 1s also in
good agreement with the trend of power conversion effi-
ciency measured under the simulated solar light illumina-
tion (AM 1.5).

In summary, we find that the performance of polymer
solar cells was influenced by the annealing temperature of
thin (20 nm thick) PEDOT:PSS layer. The device with the
PEDOT:PSS layer annealed at 120 °C exhibited the highest
power conversion efficiency. In particular, the open circuit
voltage was increased as the annealing temperature increased,
indicating the formation of new layer on top of the annealed
PEDOT:PSS layer. However, based on the external quan-
tum efficiency spectra, no evidence was found for the gen-
eration of extra excitons by special interaction between this
newly formed layer and the bulk heterojunction layer.
Finally we suggest that an improved Vo could be achieved
if applying a hole-conducting polymer nanolayer."
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