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We adopt the post-additional thermal annealing (PATA) process to optimize the performance of the polymer solar cells
(PSCs) with an active layer composed of a blend of regioregular poly (3-hexythiophene) (RR-P3HT) and fullerenes. It
is found that compared with general annealing process, the crystallinity of RR-P3HT by PATA is enhanced, and the
absorption peak is raised obviously at ~500 nm after PATA. With the optimized annealing conditions, the device shows
an enhancement of 31% in short circuit current density, 5% in open circuit voltage (V,.), and 11% in the power con-
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version efficiency (PCE) compared with that of the general annealing device.
Document code: A Article ID: 1673-1905(2013)04-0274-4

DOI 10.1007/s11801-013-3044-0

Polymer solar cells (PSCs) have attracted lots of atten-
tion due to their light weight, low manufacture cost, po-
tential of large-scale fabrication and fast progress in
power conversion efficiency (PCE) since the discovery
of efficient electron transfer between conjugated poly-
mers and fullerenes in bulk heterojunction (BHJ)
PSCs!'?!. At present, BHJ PSCs have exhibited the PCE
above 8% by using new donor-acceptor material and
designing novel device structure"*. Among many can-
didate materials, the BHJ system consisting of regio-
regular (RR) poly (3-hexythiophene) (P3HT) and [6, 6]-
phenyl Cg; butyric acid methyl ester (PCBM) has been
extensively researched™®, for its excellent features of
charge transportation and light-harvesting. Furthermore,
the performance of PSCs can be largely improved just by
simple annealing process with outstanding interpenetrat-
ing nanoscale networks!”,

Since 2002, systematic researches on the principle and
way of annealing treatment'®'*! have been made, such as
annealing temperature and time!>"'"! of post-production
thermal annealing (TA), organic solvent with different
solubilities!' and the ratio of donor-accepter blend” of
solvent annealing (SA) process. It is well known that the
improved morphology with nanoscale interpenetrating
network could enhance the efficiency of devices after the
TA treatment. However, Jang Jo et al'” found that the
fast diffusion and aggregation of PCBM would have bad
impact on the P3HT crystallization during high tempera-

ture TA. Also, there are various factors to be considered
in the annealing process, for instance air humidity, room
temperature!'® etc. Until now, the best annealing condi-
tion for P3HT:PCBM system is still controversial.
Moreover, the optimization in interpenetrating network
and surface morphology is significant for improving
PSCs’ performance. Thereby, in this paper, we conduct
the post-additional thermal annealing (PATA) treatment
in order to further investigate the ordered morphology
between the crystallization of P3HT and the growth of
PCBM. The results of experiment demonstrate that the
PATA process is more effective for enhancing the per-
formance of PSCs compared with other TA methods.

The indium tin oxide (ITO) glass substrates were
strictly cleaned with detergent, and then rinsed in an ul-
trasonic bath in acetone, ethanol, deionized water for 15
min each. These substrates were baked in an oven at 80
°C for 3 h. RR-P3HT:PCBM mixture with a weight ratio
of 1:0.8 containing 10 mg'mL™" P3HT and 8 mg':mL"
PCBM in chlorobenzene was stirred at 30 °C overnight.
A thin layer (~40 nm) of PEDOT:PSS (CLEVIOS P VP
Al 4083) was spin-coated onto the cleaned ITO sub-
strates with a speed of 2000 r/min for 40 s to form the
hole- transport layer. The films were then baked at 135
°C for 30 min. The RR-P3HT:PCBM blend was subse-
quently spin-coated on the PEDOT:PSS layer with a
speed of 400 r/min for 12 s. Finally, 1 nm-thick LiF and
100 nm-thick Al films were thermally deposited under
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10* Pa as the cathode. The schematic diagram of the
device structure is shown in Fig.1.

P3HT:PCBM

PEDOT:PSS

Fig.1 Schematic diagram of the proposed PSCs’ struc-
ture

SA was carried out by directly putting the substrates
with spin-coated active layer into covered petri dishes for
4 h at room temperature. In TA process, the production
devices were placed on a hot plate at 110 °C for 5 min.
Post-additional thermal annealing (PATA) treatment is as
follows: the samples coated with active layer were through
SA for 4 h firstly, cathode is thermally evaporated for the
preparation of the integrated devices, and then the ther-
mal process is conducted.

Surface roughness and morphology of thin films were
characterized by atomic force microscopy (AFM) on a
Seiko SPA-400. X-ray diffraction (XRD) patterns of the
P3HT:PCBM films were measured by a Rigaku X-ray
diffractometer (D/max-2500). Optical transmission spec-
tra were recorded using a Cary spectrophotometer. The
current density-voltage (J-V) characteristics were meas-
ured with a Keithley 4200 sourcemeter under AM 1.5G
(100 mW/cm?) solar simulator. The fabrication and charac-
terization of device were performed in ambient condition
in air.

It is very important to control the morphology of the
bulk-heterojunction (BHJ) for improving the perform-
ance of PSCs, due to the separation of excitons is in-
creased at the interface between the donor and ac-
cepter'”. From the AFM images, it is clear to observe
that the active layer presents an obscure surface without
any annealing process as shown in Fig.2(a), so it is hard
to distinguish the two components as the interpenetrating
network is not well developed yet™. As shown in Fig.2(b),
the distinct phase-separation appears due to the enough
time for self-organization of RR-P3HT after SA for 4 h,
so the network is gradually formed. The morphologies of
active layer after TA and PATA treatments are shown in
Fig.2(c) and (d), respectively. After the TA process at 110
°C for 5 min, the interpenetrating networks become eas-
ily visible. The surface of active layer conducted by
PATA process shows a clearer donor-accepter domain,
and the root-mean-square (RMS) of active layer is in-
creased from 0.83 nm to 1.26 nm, simultaneously.
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Fig.2 AFM images of the surfaces of active layers (a)
before and after (b) SA, (c¢) TA and (d) PATA treatments,
respectively



* 0276 *

The annealing treatment has an important impact on
the crystallinity of P3HT. We can observe the increased
crystallinity of RR-P3HT in XRD results as shown in
Fig.3. Compared with TA treatment, the crystallinity is
increased in the peak at 20=5° after PATA process. Due
to in the PATA method based on SA procedure, the con-
jugated chain is fully self-assembled to be orderly struc-
ture, the length of conjugated bond is increased, and the
growth and diffusion of PCBM are accelerated in the TA
process, a developed interpenetrating network morphol-
ogy is formed, which improves the crystallinity of RR-
P3HT and facilitates the charge transport to the elec-

trodes™™.
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Fig.3 XRD patterns of P3HT:PCBM blend films based
on different annealing processes

Effects of the two annealing treatments on the ultra-
violet-visible (UV-vis) absorption spectra of RR-P3HT:
PCBM blend films with weight ratio of 1:0.8 are shown
in Fig.4. Compared with no annealing treatment, there is
an apparent red-shift of the absorption spectrum in the
wavelength from 498 nm to 600 nm of P3HT after TA
methods, which is attributed to an increased chain inter-
action among P3HT chains. However, UV-vis absorption
of P3HT film after TA is insufficient due to the film
grows too fast and the orientation of P3HT is forced
during the TA process'”, compared with the film after
PATA process. Because of the enough time for self-or-
ganization, the super-molecules of P3HT can achieve a
stable state of thermodynamics during SA!") and it re-
sults in the enhanced absorption from 450 nm to 550 nm
for the film after PATA process, which also represents a
higher crystallinity of RR-P3HT and is consistent with
the result of XRD studies.

The J-V characteristics of PSCs based on different an-
nealing processes are shown in Fig.5(a), and the short
current density (J), the open circuit voltage (V,.), the
fill factor (FF) and the PCE of the devices before and
after two annealing processes are listed in Tab.1. One
hand, the increased RMS of BHIJ increases the contact
area at the interface between active layer and cathode,
facilitates the Al diffusion or chemical reactions, and gets
a better interfacial adhesion®”. The other hand, the rough
electrode can trap light effectively®!), thus increasing
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Fig.4 UV-vis absorption spectra for P3HT:PCBM films
based on different annealing processes
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Fig.5 (a) J-V characteristics under AM 1.5G simulated
illumination and (b) EQE of devices

light absorption. TA treatment at 110 °C for 5 min im-
proves the interface between the cathode and active layer,
and the nanoscale phase separation results in the im-
provement of PCE from 1.26% to 2.34%. During SA
process, P3HT is fully self-assembled along with the
evaporation of organic solution, which increases the or-
der of structure and hole mobility!"'. However, there might
still be residual solvent in active layer because of the
high boiling point of chlorobenzene (132.2 °C) through
the long time slow growth at room temperature, so the
orientation of molecule can not reach the stable thermo-
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dynamic state. We conduct PATA process, during which
the solvent is able to evaporate entirely, and at the same
time PCBM is prevented from overgrowing effectively,
which can give rise to obstruct the crystallization of
P3HT and reduce the length of conjugated chain®*! dur-
ing the self-assembly of RR-P3HT. Therefore, J,. of the
device after PATA process is greatly enhanced from 7.1
mA/cm? to 9.27 mA/ecm?, the external quantum effi-
ciency (EQE) of the PATA device is also increased as
shown in Fig.5(b), and V. from 0.62 V to 0.65 V results
in much-improved device PCE of 2.59%.

Tab.1 Detailed performance parameters of the PSCs

Sample Ji (mA/cm?) V. (V) FF PCE (%) Annealing

1 4.72 0.59 045 1.26 No annealing

2 7.10 0.62 053 234 TA: 110 °C, 5 min
PATA: SA(4 h)+

3 9.27 0.65 042 2.59

TA(110 °C, 5 min)

We investigate the effect of the PATA treatment on the
performance of PSCs. The results indicate that the crys-
tallization and the surface roughness of RR-P3HT are
both improved after PATA compared with those after TA
treatment. The better interpenetrating network formed
between RR-P3HT and PCBM is convenient for charge
transfer and extraction, therefore the PCE of PATA de-
vice is improved by about 11%. Our results suggest that
PATA treatment is an easy and feasible way to conduct,
and will be of great importance in large-scale fabrication
of PSCs.
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