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Introduction

Recently polymer solar cells have been attractively stud-
ied due to their prospective advantage for low-cost conver-
sion of solar energy to electricity."” The low-cost advantage
is attributed mainly to employing wet processes, such as
slit-coating, screen-printing, gravure-printing, which can be
performed in atmospheric pressure condition though the
formation of electron-collecting electrode needs a simple
vacuum chamber at the moment.” Their additional figure of
merit is on the simple device structure, namely ‘single stack
structure’, which can extremely reduce the manufacturing
cost compared to conventional layered inorganic solar cells.
Realization of the single stack polymer solar cells is basi-
cally aseribed to the bulk heterojunction (BHJ) concept that
utilizes blends of electron-donating materials and electron-
accepting materials.**

Of various BHJ combinations, blends of regioregular poly
(3-hexylthiophene) (P3HT) and 1-(3-methoxycarbonyl)-pro-
pyl-1-phenyl-(6,6)C4, (PCBM) have been broadly used for
high power conversion efficiency (PCE) polymer solar cells.”°
Achieving the high PCE of P3HT:PCBM solar cells can be
primarily attributed to the optimized nanomorphology of
the BHJ films by thermal and/or solvent annealing which
exploit the self-organization feature of regioregular PZHT.>**
In terms of thermal annealing, most of previous studies
have been focused on the short time annealing at relatively
high temperatures.”” However, a long time (> 2 h) anneal-
ing has not yet been studied for P3HT:PCBM solar cells
with a thin calcium electrode of which thickness is typically
in the range of 5-30 nm.*"

In this study we have attempted to anneal P3HT:PCBM
blend films and corresponding devices for up to 5 h (the
longest time ever reported). To understand the long time
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annealing effect on the device performance, the blend film
morphology was measured with the annealing time. In
particular, the photoelectrons emitted from the surface
region of blend films by exposing an UV light were moni-
tored with the annealing time in order to know the compo-
sition change near the surface of blend films upon thermal
annealing.

Experimental

Regioregular P3HT and PCBM were used as received
from Merck Chemicals and Nano-C, respectively. 15 mg
of P3HT and 15 mg of PCBM (P3HT:PCBM=1:1 by
weight) were dissolved in chlorobenzene and then were
stirred to achieve a homogeneous solution. On to pre-
cleaned indium-tin oxide (ITQ) coated glass substrates,
70 nam thick poly(3,4-ethylenedioxythiophene):poly(sty-
renesulfonate) (PEDOT: PSS, Baytron P standard grade,
HC Stark) layer was deposited and then thermally annealed
at 230 °C for 15 min. On top of the PEDOT:PSS layer,
P3HT:PCBM blend films were coated by spin-coating at
1,000 rpm for 1 min, followed by soft-baking at 50 °C for
15 min. The thickness of resulting blend films was ~100
nm. One set of these film samples was subject to thermal
annealing at 140 °C for 0~5 h for the morphology and pho-
toelectron measurements, whilst another set was trans-
ferred into a vacuum chamber system to deposit Ca (30
nm thick) and Al (90 nm thick) electrode (see Figure 1).
The fabricated devices were also thermally annealed at the
same annealing condition as for the films.

The device performance was measured using a solar cell
measurement system equipped with an electrometer (Kei-
thley 2400) and a solar simulator (Newport-Oriel). The inci-
dent light intensity was 85 mW/cm? at air mass (AM) 1.5
condition. The surface morphology of blend films were
measured using an atomic force microscope (AFM, Nano-
scope Illa, Digital Instrument), whilst the photoelectron
measurement was performed using photoelectron spectro-
meter (AC-2, Riken Keiki).

Figure 1. Device structure of polymer solar cells and chemical
structure of organic materials for the BHIJ layer: Jp denotes the
photocurrent generated.
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Results and Discussion

The current density - voltage (J-V) characteristics of
devices under simulated solar light illumination are shown
in Figure 2. The photocurrent part (-1.1~0.5 V) of J-V
curves became more flat for the annealed devices than for
the unannealed device, which is in good agreement with
previous reports though the thickness of BHJ films is differ-
ent.>7*!% Here the enlarged J-V curves show that the trend
of short circuit current density (Jy) is not monotonic with
the annealing time (see Figure 2 right). This indicates that
the morphology of BHJ films is subject to continuous
change with annealing time at this annealing temperature
(140 °C): We note that this trend was confirmed reproduc-
ible by repeated experiments.

The improved device performance by thermal annealing
can be explained with the trend of dark J-V curves. As
shown in Figure 3(left), all the annealed devices exhibited
lower base current density in the ohmic current regime'? (<
0.15 V) compared to the unannealed device [Note that this
trend is the same for the reverse bias case in Figure 3
(right)]. However, the current density after the trap-limited

71 10
10" S——— 9
~
NA E ‘“’\ 8 !
E 10°{Time (min §
< -0 <7
E 5 E
- 10-1 o 10 - 6 ”;
creee 120 .
.l I B
10100500 05 1.0 °05 00 05
Voltage (V) Voltage (V)

Figure 2. (Left) Light (AM 1.5, 85 mW/cm?) J-V characteristics
of polymer solar cells with annealing time at 140°C. (Right)
Enlarged J-V characteristics of the left graph marked with a rect-
angle for better comparison of each curve.
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Figure 3. Dark J-V characteristics of polymer solar cells with

annealing time at 140 °C in the direction of forward (left) and
reverse (right) bias.
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current regime'> (> 0.4 V) was considerably higher for the
annealed devices than the unannealed device. This indicates
that the thermal annealing resulted in the greatly improved
rectification of devices, indicative of forming better vertical
p-n junction morphology in the PSHT:PCBM layer.

Here a particular attention is paid to the device annealed
for 5 h which exhibited still good J-V curve shape (PCE =
2.9 %) though its Jy- was reduced from that of the best
device (annealed for 2 h, PCE = 3.3 %). This result speaks
that the thin Ca electrode is quite stable under the long time
annealing at 140 °C and the BHJ film morphology might be
not much changed though on-going microscopic change is

(b)

(c)
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Figure 4. AFM images of P3HT:PCBM blend films annealed for
0 (a), 5 (b), 10 (¢), 120 (d), and 300 min (e) at 140 °C.
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expected with the annealing time as mentioned. This is con-
firmed with the AFM images in Figure 4. The surface
roughness was pronouncedly changed by annealing for up
to 2 h, but further annealing for 5 h led to a small change in
the surface roughness within the limited scanning area
{Here we note that many microcrystals were observed on
the blend film annealed for 5 h," whilst only surface rough-
ness was changed by 5 min annealing'?).

However, the AFM images provide us with only the sur-
face nanomorphology but no information on the composi-
tion change in the surface region. Hence we conducted a
photoelectron spectroscopy measurement which enables us
to monitor any fluctuation of compositions in the surface
region in atmospheric pressure condition. As shown in Fig-
ure 5, two distinct zones of photoelectron response were
measured for the P3HT:PCBM blend films, which can be
attributed to the influence of two constituents, P3HT and
PCBM. Here the zone 1 is assigned to the P3HT response,
whilst the zone 2 is considered as the mixed response of
P3HT and PCBM. We note that only single linear curve is
measured for single pristine material (see the pristine P3HT
signal in Figure 5)."" In the case of zone 1 the photoelectron
response seems to be almost same for all samples. However,
the zone 2 response shows large deviations with the anneal-
ing time, from which we can get an information on the com-
position change in the surface region of PAHT:PCBM blend
films with the annealing time. As seen from the zone 2
responses, the photoelectron yield of the blend film annealed
for 5 min became steeper than the unannealed film, but
more annealing for 10 min made the yield decreased below
the response of the unannealed film. This result delivers that
the PCBM content in the surface region'® became abundant
by the 5 min annealing and then it was reduced by the 10
min annealing, which is in accordance with the light J-V
characteristics in Figure 2. Then the yield was increased
again by further annealing for 2 h. In particular, the yield
was further increased by annealing for 5 h, which can be
attributed to the formation of large PCBM microcrystals in
the blend films, which was not measured with AFM.
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Figure 5. Photoelectron (PE) spectra of P3HT:PCBM blend films
with annealing time at 140 °C and pristine P3HT film as a reference.
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Conclusions

We found that the performance of P3HT:PCBM solar
cells with a thin Ca electrode was improved by thermal
annealing, but its trend was not monotonic with the anneal-
ing time. This result could not be explained with the surface
morphology measurement, but it was reasonably correlated
with the composition changes in the surface region of blend
films by the photoelectron spectra measurement. In particu-
lar, it is noteworthy that the device performance was not
much degraded by the longest time annealing (5 h here}, in
spite of the formation of PCBM microcrystals, which dis-
closed the durability of the thin (30 nm) Ca electrode on top
of the P3HT:PCBM blend film upon thermal annealing for
such long time at 140 °C.
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