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a b s t r a c t

Focused on phase separation and morphologies of poly(3-hexylthiophene):[6,6]-phenyl C61 butyric acid

methyl ester (P3HT:PCBM) active layers, we studied the effect of preparation conditions of the active

layer on photovoltaic performance by changing concentration of P3HT:PCBM in the solvent. The

performances of the cells varied depending on concentration of P3HT:PCBM (1:1 ratio by weight) in

solvent even with the same thickness. The P3HT:PCBM active layer is prepared in cell structure of ITO/

PEDOT/P3HT:PCBM/Al by changing spin-coating speed with different concentrations (1, 2 and 3 wt%) in

chlorobenzene. Here, it was found that both the P3HT:PCBM concentrations and spin-coating conditions

affected the crystalline structure formation, interchain interaction, morphology and phase separation

during drying process of solvent and subsequent annealing.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

The bulk heterojunction (BHJ) solar cells have been very
attractive research topic because of the advantages of the so-
called plastic solar cells, which include low fabrication cost,
lightness, simple fabrication process and flexibility. Because of
these practical device advantages, studies have focused on
stability [1–7], large area processing [8–12], indium tin oxide
(ITO) free transparent electrodes [13–16], etc. [17–22]. Although
their photovoltaic (PV) performances were very poor in the early
stage, recent studies have reported remarkably improved PV
performances of the BHJ solar cells up to 5% in single device
structure through studies of annealing time, temperature and
electrical treatment [23–26], molecular weight of electron donor
material poly(3-hexylthiophene) (P3HT) [27,28], ratio of electron
donor (P3HT), acceptor [6,6]-phenyl C61 butyric acid methyl ester
(PCBM) [29,30] and adhesive layer on or under anode or cathode
layer [31]. Especially, as annealing is indispensable for complete
drying of solvent, phase separation for the BHJ formation,
evolution of the film morphology and device efficiency have been
investigated at different temperatures. An optimal PV perfor-
ll rights reserved.
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mance could be obtained through de-mixing of P3HT and PCBM
constitution and self-organization of BHJ materials, though the
details of the annealing effects are not clearly elucidated yet. In
organic thin film transistor (OTFT), chloroform and toluene are
widely used solvents to dissolve P3HT [32,33]. Chlorobenzene is
the most favored one in BHJ solar cells due to better solubility for
PCBM and crystal packing structure [25,34]. In the several reports
concerning solvent, and authors of [34–36] reported that the
different morphology of active layer is determined by solubility
and phase segregation process. Recently, Yang and coworkers
[37–39] reported ‘solvent annealing effect’ related to the boiling
point of the solvent, solvent drying time after spin coating and
growth rate of active layer. With ‘slow growth’, for example, the
close-packed crystalline structure and strong interchain interac-
tions of P3HT could be obtained using high boiling point solvent
and large enough solvent evaporation time. In this study, we
investigated the effect of P3HT:PCBM concentration in the solvent
during the active solution preparation in chlorobenzene, which is
expected to alter the crystalline structure of P3HT:PCBM and its
PV performances.
2. Experimental

Regioregular P3HT (Rieke Metals, inc.) and PCBM (Sigma-
Aldrich) were used as active layers without any further purifica-
tion. The P3HT and PCBM (1:1 weight ratio) were dissolved in
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Fig. 1. Schematic diagram of the BHJ solar cell and its energy band structure.

Fig. 2. UV/visible absorption spectra of as-casted and annealed (at 150 1C for

10 min) films with different concentrations of P3HT:PCBM.

Fig. 3. Current density–voltage characteristics of BHJ solar cells with different

concentrations of P3HT:PCBM at an irradiation intensity of 100 mW/cm2.
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chlorobenzene to make 1, 2 and 3 weight percent (wt%) solutions
and stirred at 60 1C for 1 h. Poly(3,4-ethylenedioxythiophene:po-
ly(styrene sulfonate) (PEDOT:PSS; Baytron P HC V4), de-ionized
(DI) water and dimethyl sulphoxide (DMSO) were used as anodic
buffer layers and stirred for one day at room temperature. DI
water and DMSO were added to reduce the viscosity and enhance
conductivity, respectively. By adding DI water, series resistance of
the solar cell was reduced with decrease in buffer-layer thickness
although the conductivity of solution reduced. The ITO (15O/
square) coated glass substrate was cleaned in ultrasonic bath with
DI water, acetone and isopropyl alcohol for 15 min and then
cleaned with UV-ozone for 30 min. The stirred anodic buffer
solution PEDOT was spin coated at 5000 rpm for 60 s and baked at
150 1C for 10 min. Photoactive layer (P3HT:PCBM) solution was
spin coated at 300 rpm (1 wt%), 1000 rpm (2 wt%) and 3000 rpm
(3 wt%) for 60 s to form 100 (75)-nm-thick film. Its thickness was
measured using surface profiler (alpha-step 500). Al (100 nm)
cathode was thermally evaporated through shadow mask defining
active area of 0.1 cm2. Thermal annealing process was conducted
at 150 1C in thermal oven for 10 min under N2 ambient. The
annealing in oven provides accurate and isothermal annealing
condition within the sample than annealing on hot plate. The
entire fabrication process was conducted in air environment
except for thermal annealing. Fig. 1 shows schematic diagram of
the BHJ solar cell and its energy band structure. The current
density versus voltage characteristics were measured with J–V

curve tracer (Eko MP-160) with solar simulator (Yamashita denso)
under AM 1.5 G (100 mW/cm2) irradiation intensity. UV/visible
spectrophotometer (Shimadzu UV-1601) was used to study
absorption spectra of the P3HT:PCBM films on PEDOT-coated
ITO glass substrates. The crystalline structure of the active layer
was analyzed using two-dimensional Grazing Incidence X-ray
Diffraction (2D GIXRD; Bruker AXS with an X-ray wavelength of
1.54056 Å). Surface morphology and phase separation of the active
layer were measured using atomic force microscope (AFM; XE-
100, Park Systems) in tapping mode and field-emission transmis-
sion electron microscope (FE-TEM; JEM-2100F, JEOL). For TEM
analysis, specimens are prepared by floating the active layers onto
the DI water, followed by picking them up with Cu grid.
3. Results and discussion

Fig. 2 shows UV/visible absorption spectra of as-casted and
annealed P3HT:PCBM at 150 1C for 10 min prepared from different
concentrations in the solvent. As concentrations of as-casted
P3HT:PCBM film decreases, absorption peak of P3HT (�500 nm)
gradually increases and broadens, besides showing red-shift.
This tendency depends on concentration and this is clear after
thermal annealing. It demonstrates that thermal annealing and
preparation of P3HT:PCBM film with lowered concentration, as
corresponding to slower evaporation of solvent, result in the
higher degree of crystallinity and longer conjugation length
[40–42] of P3HT. The shift of p–p* transition absorption peaks
to higher energy indicates an increasing density of conformational
defects, equivalent to non-plarnarity, and causes loss of conjuga-
tion [41,42]. Especially, the as-casted 1 wt% film with the lowest
coating speed shows similar absorption intensity with annealed
films of 2 and 3 wt% films. It is believed that a slow evaporation of
solvent which is beneficial for photo-absorption of P3HT:PCBM
layer leads to strong interchain interaction before solvent is
completely evaporated [39,43,44]. On the other side, PCBM peak
(�330 nm) shows almost the same intensity irrespective of the
concentrations of P3HT:PCBM, although intensity is slightly
increased by annealing. It indicates that interactions of PCBM
molecules are less dependent on evaporation time of solvent or
annealing, than P3HT.

Current density–voltage (J–V) characteristic results are in
accordance with the absorption spectra as shown in Fig. 3. The
performances of as-casted devices were very poor and did not
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show diode characteristics except for 1 wt% of P3HT:PCBM device
(not shown here). However, the performances of solar cells were
considerably improved after annealing. With 1 wt% of P3HT:PCBM
device, the highest short-circuit current density (Jsc) could be
obtained (7.25 mA/cm2). The Jsc was dramatically decreased by
increasing P3HT:PCBM concentration, i.e., 5.96 mA/cm2 for 2 wt%
and 4.97 mA/cm2 for 3 wt%. It is concluded that the decreased Jsc

was due to the reduced degree of P3HT crystallinity as shown in
the absorption intensity of the active layer and GIXRD data
(discussed in Fig. 6). The fill factor (FF) of 1 wt% device was
calculated to be 49%, whereas it was 44% for 2 and 3 wt% devices.
Though these values are lower than the previously reported ones
[25,31], this observation shows the clear tendency of PV
performances to depend on concentration. It is expected that FF
and efficiency can be improved by fabricating the solar cells under
inert gas condition [35]. Open circuit voltage (Voc) was slightly
decreased by the decrease in P3HT:PCBM concentration. Typically,
Voc is governed by the energetic relationship between the donor
and the acceptor. Specifically, the energy difference between the
highest occupied molecular orbital (HOMO) of the donor and the
lowest unoccupied molecular orbital (LUMO) of the acceptor is
closely correlated to the Voc value [21]. HOMO and LUMO splitting
of the polymer converge toward the analogous value which
corresponds to the reduction of effective bandgap as the
interchain interaction and the chain length are increased [45].
Fig. 4. Tapping mode AFM topography (top) and phase images (bottom) with dif

Fig. 5. FE-TEM images with different concentrations o
Therefore, it can be explained that results of the reduced Voc

originated from reduced effective bandgap compared to relative
difference between HOMO and LUMO of P3HT [39,45]. As shown
in Fig. 2 of UV/visible spectroscopy, the strong interchain
interaction was also observed by slow evaporation of the solvent
with low concentration of P3HT:PCBM. Therefore, Voc of the device
with 1 wt% of P3HT:PCBM was slightly decreased.

In AFM topographic images of P3HT:PCBM layers, as shown in
Fig. 4 (a; 1 wt%, b; 2 wt%, c; 3 wt%), peak to valley height and rms
roughness gradually increased as concentration of P3HT:PCBM
increased. Peak to valley heights were 4.6, 6.6 and 7.4 nm and rms
roughnesses were 0.58, 0.69 and 1.02 nm for 1, 2 and 3 wt% of
P3HT:PCBM, films, respectively. In the previously reported studies
about morphology [38], rough surface was mentioned as the self-
organization signature of polymer. In our case, however, surface
roughness is not correlated to phase separation because phase
images show very fine feature of phase separation than the
roughened image of the film. The phase images shown in Fig. 4 (d;
1 wt%, e; 2 wt%, f; 3 wt%) reveal that the interpenetrating
networks and uniform distributions of P3HT:PCBM profitable for
charge generation and transportation are clear in Fig. 4(d) for
1 wt% device than for 2 and 3 wt% devices.

To study the details of phase separation and ordering of
active layer, FE-TEM analysis was investigated as shown in Fig. 5.
With all specimens, nanoscale interpenetrating networks of
ferent concentrations (a,d) 1 wt%, (b,e) 2 wt% and (c,f) 3 wt% of P3HT:PCBM.

f P3HT:PCBM; (a) 1 wt%, (b) 2 wt% and (c) 3 wt%.
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Fig. 6. 2D GIXRD patterns with different concentrations of P3HT:PCBM: (a) 1 wt%, (b) 2 wt% and (c) 3 wt%. 1D out-of-plane (d) X-ray and (e) azimuthal angle scan profiles at

(10 0).
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donor–acceptor domains with feature size of�10 nm were observed,
while fibrillar structure was only observed with 1 wt% device. It
indicates that slow evaporation of solvent with low concentration of
P3HT:PCBM leads to higher degree of polymer ordering which is
efficient for carrier generation and transportation.

2D GIXRD patterns in Fig. 6 strongly support the results
mentioned above. The peak intensity of P3HT (10 0) is highest for
1 wt% P3HT:PCBM device (Fig. 6(a)), and it gradually decreases for
(b) 2 wt% and (c) 3 wt% devices as concentration of P3HT:PCBM is
increased. Out-of-plane X-ray Fig. 6(d) and azimuthal angle scan
profiles Fig. 6(e) were extracted from 2D GIXRD data (2D GIXRD
data of the as-casted device not shown here). It again verifies that
the crystallinity of P3HT improved by decrease in concentration of
P3HT:PCBM due to slow evaporation of the solvent. Moreover,
intensity of 1 wt% devices was higher than those of 2 wt% or 3 wt%
device even in the as-casted devices for UV/vis spectra (Fig. 2) and
XRD pattern (Fig. 6) and then indicates that even though thermal
annealing is dominant factor for crystalline formation, initial
drying condition of solvent during spin coating also affects the
crystalline structure of polymer. As we observed certainly ordered
structure of polymer by slow evaporation of solvent before
thermal annealing, highly crystallized polymer was also obtained
after annealing. In azimuthal scan profile, diffraction intensity
with similar width is found which means that the amount of
polymer molecules ordered in the same direction increased by
slow evaporation of solvent with low concentration of
P3HT:PCBM. Through the XRD analysis, we demonstrated crystal-
line polymer structure and well-ordered polymer chains by slow
evaporation of the solvent with low concentration of P3HT:PCBM
in the solvent.
4. Conclusion

In this paper, we report on how crystallization, interchain
interaction and phase separation properties of active layer depend
on concentration of P3HT:PCBM in chlorobenzene solvent. Slower
evaporation of solvent with lower concentration of P3HT:PCBM
leads to better crystallization, stronger interchain interaction and
more ordered phase separation of P3HT not only after thermal
annealing but also in the as-casted condition. With 1 wt% of
P3HT:PCBM, we obtained 7.25 mA/cm2 of Jsc, 0.6 V of Voc, 49% of FF
and 2.11% of power conversion efficiency.
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