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ABSTRACT: The highest power conversion efficiency (PCE) of
2.7% has been achieved for all-polymer solar cells made with a blend
of poly(3-hexylthiophene) (P3HT, electron donor) and poly[2,7-
(9,9-didodecylfluorene)-alt-5,5-(4',7"-bis(2-thienyl)-2',1',3"-benzo-
thiadiazole)] (PFI12TBT, electron acceptor). The PCE of the
P3HT/PF12TBT solar cells increases from 1.9% to 2.7% with an
increase in the molecular weight (M,,) of PF12TBT from 8500 to
78000 g mol™". In a device with high-molecular-weight PF12TBT,
efficient charge generation is maintained even at high annealing
temperatures because of the small phase separation on the length
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scale of exciton diffusion due to an increase in the glass transition temperature (Tg) and a reduced diffusional mobility of the
PFI2TBT chains above T, On the other hand, efficient charge transport is also achieved through the formation of
interconnected networks of PF12TBT-rich domains, which is facilitated by the high molecular weight of PF12TBT, and the
ordering of P3HT chains in P3HT-rich domains, which is a result of high-temperature annealing. Thus, when high-molecular-
weight PF12TBT is used, an optimal blend morphology that supports efficient charge generation as well as charge transport can
be obtained by thermal annealing, and consequently, the highest PCE reported so far for an all-polymer solar cell is achieved.
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T o develop all-polymer solar cells with a power conversion
efficiency (PCE) comparable to that of polymer/fullerene
solar cells,'™ it is necessary to understand and control the
blend nanomorphology, and considerable efforts have been
made to this end.’~"" However, the PCEs of most all-polymer
solar cells are still lower than 2.0%"'~"* because of the blend
having unde51rable morphological characteristics, such as large
phase s 9paratlon, 1nhom0gene0us internal phase composi-
tion,">™" and poor crystallinity.*® Although there are several
reports on the control of the phase-separated structures of
polymer/polymer blends through the use of cosolvents13 21,22
and through thermal annealing of the as-spun films, "% it is still
a challenge to obtain an optimal blend morphology that
supports both efficient charge generation and charge transport
at the same time.
In this research, we fabricate polymer/polymer solar cells by

blending poly(3-hexylthiophene) (P3HT, Figure 1), which is
an electron donor, with poly[2,7-(9,9-didodecylfluorene)-alt-
5,5-(4',7"-bis(2-thienyl)-2',1,3"-benzothiadiazole)] (PF12TBT,
Figure 1), which is as an electron acceptor. The rate of phase
separation during thermal annealing is strongly dependent on
the molecular weight of PF12TBT, and a maximum PCE of
2.7% is achieved for the device based on high-molecular-weight
PF12TBT, as shown in Figure 1. Therefore, we conclude that
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molecular weight is a key factor that should be considered for
improving the PCE of polymer/polymer solar cells.
P3HT/PF12TBT solar cells were fabricated by using
PF12TBT with three different molecular weights; the weight-
average molecular weights (M,,) are listed in Table 1. The best
performance of each device is shown in Table 2. With an
increase in M,, the PCE improved from 1.9% (M, = 8500 g
mol ™) to 2.0% (M,, = 20 000 g mol™") and 2.7% (M,, = 78 000
g mol™"), which is the highest value reported so far for an all-
polymer solar cell. Thus, it is clear that M, has a significant
impact on the solar cell efficiency. As evident from Table 2, the
improvement in the PCE can be mainly ascribed to an increase
in the fill factor (FF) since both short-circuit current density
(Jsc) and open-circuit voltage (Vo) were almost identical
irrespective of M,,. Furthermore, the optimal annealing
temperature increased from 100 °C to 140 °C with an increase
in M,, suggesting that the rate of evolution of the blend
morphology during annealing varied with M,,. The difference in
the blend morphology is confirmed by atomic force microscopy
(AFM) images of the blend films before and after thermal
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Figure 1. Chemical structures of P3HT and PFI2TBT and J-V
characteristics of a P3HT/PF12TBT solar cell with 2.7% PCE under
AM 1.5G illumination from a calibrated solar simulator with an
intensity of 100 mW cm™ (solid line) and the dark condition (open
circles). The molecular weight of PFE12TBT was M,, = 78 000 g mol ™.
The device was fabricated by spin-coating from a chloroform solution
of P3HT and PFI2TBT (1:1 weight ratio) and annealed at 140 °C for
10 min. The device parameters are listed in Table 2.

Table 1. Weight-Average Molecular Weight M, Number-
Average Molecular Weight M,, Polydispersity Index (PDI),
and Glass Transition Temperature (T,) of PFI2TBT
Acceptor Polymers Used in This Study

acceptor polymer M, (g mol™") M, (g mol™) PDI T, (°C)
L—-PF12TBT 8500 4900 1.7 60
M-PF12TBT 20 000 10200 2.0 76
H-PF12TBT 78 000 28 000 2.8 90

annealing at 140 °C for 10 min. For the P3HT/L-PF12TBT, as
shown in panels a and b in Figure 2, surface roughness was
increased from 4 nm to larger than 8 nm and coarsening of the
morphology was observed after annealing. For the P3HT/H-
PF12TBT, as shown in panels ¢ and d in Figure 2, no distinct
change in the surface morphology was observed before and
after annealing. The different morphological evolution is
expected to reflect the difference in the viscosity of the
polymer blends; it is low (high chain mobility) for the blend
with L-PF12TBT and high (low chain mobility) for H-
PF12TBT.

First, we focus on the temperature dependence of the
photoluminescence quenching efficiency of PF12TBT (®,)
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Table 2. Best PCE and Device Parameters of P3HT/
PF12TBT Solar Cells Measured under AM 1.5G Simulated
Solar Light Irradiation (intensity: 100 mW cm™?)

Jsc Voc PCE annealin,

acceptor  (mA cm™)  FF W) (%)* temperature %"C)b

L—- 3.80 041 1.22 1.90 100
PF12TBT

M- 3.30 0.50 1.24 2.04 120
PF12TBT

H- 3.88 0.55 1.26 2.70 140
PF12TBT

“At least five devices were fabricated. The average values were 1.85%
for L-PF12TBT, 1.93% for M-PF12TBT, and 2.61% for H-PF12TBT.
bThe annealing temperature corresponding to the highest PCE for
each device.

(a) P3HT/L-PF12TBT
as-spun
8 [nm]

0

0 1[um]

(b) P3HT/L-PF12TBT
140°C

8[nm]

1[um]

(c) P3HT/H-PF12TBT
as-spun

8 [nm]

0

0 1[pm]

(d) P3HT/H-PFI2TBT
140°C

1[um]

Figure 2. Tapping-mode AFM topographic images (1 g#m X 1 ym) of
(a, b) P3HT/L-PF12TBT and (c, d) P3BHT/H-PF12TBT blend films
spin-coated from chloroform solutions of P3HT and PF12TBT (1:1
weight ratio) on glass substrates: (a, c) as-spun films; (b, d) annealed
films at 140 °C for 10 min.
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and Jsc to discuss the nanoscale phase-separated morphology of
PF12TBT in the blends. Before thermal annealing, as shown in
Figure 3a, the @, values were in the range 80—90%, regardless
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Figure 3. Dependence of @  and device parameters of the P3HT/L-
PF12TBT (open triangles), P3HT/M-PF12TBT (open squares), and
P3HT/H-PF12TBT (open circles) devices on the annealing temper-
ature under AM 1.5G illumination from a calibrated solar simulator
with an intensity of 100 mW cm™ The closed symbols represent D,
and the device parameters for the as-spun devices. All devices were
fabricated by spin-coating from a chloroform solution of P3HT and
PF12TBT (1:1 weight ratio) and annealed for 10 min.

of M,, suggesting that all the as-spun blends had well-mixed
structures on a nanometer scale. After thermal annealing, @,
decreased above a certain annealing temperature that depended
on M,: 80 °C for P3HT/L-PF12TBT, 100 °C for P3HT/M-
PFI12TBT, and 120 °C for P3HT/H-PF12TBT. On the other
hand, as shown in Figure 3b, the maximun Jsc was obtained at
80 °C for P3BHT/L-PF12TBT, 100 °C for P3BHT/M-PF12TBT,
and 120 °C for P3HT/H-PFI2TBT. In other words, Jsc
increased at the annealing temperatures at which @, was
constant and it decreased over the temperature range where @,
decreased. As discussed in our previous report,"" the @, value
provides information about the purity and size of the
PF12TBT-rich domains. The high @ (close to 90%) in the
case of the P3HT/PF12TBT blends spin-coated from chloro-
form was related to nanometer-size PF12TBT domains with
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P3HT as the minor constituent."" Thermal annealing should
increase the domain purity or domain size. An increase in the
domain purity results in an increase in Jsc because of the
suppression of undesirable exciton quenching inside the
domain. On the other hand, an increase in the domain size
causes a decrease in the area of the domain interface necessary
for charge generation. Thus, the ®_ value, which remained
constant at 90% during the annealing, indicates that the domain
size had a length scale smaller than that of exciton diffusion
(about 10 nm), although purification proceeded in the
domains. The subsequent decrease in @, at higher annealing
temperatures suggests an increase in the domain size.
Therefore, @, in Figure 3a shows that domain bloating was
effectively suppressed in P3HT/H-PF12TBT until the blend
was annealed at 140 °C, but it was accelerated in P3HT/L-
PF12TBT even at low annealing temperatures. The slow
domain bloating in P3HT/H-PF12TBT can be explained in
terms of the high glass transition temperature of H-PF12TBT
(Tg = 90 °C, Table 1) and the reduced chain moblhty of high-
molecular-we1ght PFI2TBT chains above T. 23 We conclude
that the rate of phase separation can be controlled by varying
the M,, value of PF12TBT.

We next focus on the FF to discuss the molecular-weight
dependence of the morphological evolution necessary for
charge transport. As shown in Figure 3c, the FF increased from
0.25 for as-spun devices to 0.5—0.6 for the devices annealed at
160 °C, and it saturated at higher temperatures. The increase in
the FF with temperature can be explained in terms of the
purification of PF12TBT-rich domains and the formation of
interconnected networks of the domains, because these factors
contribute to efficient electron transport. For the P3HT/L-
PF12TBT device, the FF increased with temperature because of
the increase in the domain size. In contrast, for the P3HT/H-
PF12TBT device annealed at high temperatures, the FF was as
high as 0.5—-0.6, although the large @, is indicative of well-
mixed blend morphology. This finding suggests that the
annealing of blends with high-molecular-weight PF12TBT is
likely to result in the formation of interconnected networks
without increasing the domain size. In addition to the
PF12TBT morphology, the P3HT morphology should be
considered in order to account for the increase in the FF with
temperature. In blends consisting of P3HT and the fluorene-
based copolymer poly[2,7-(9,9-dioctylfluorene)-alt-S,5-(4',7'-
bis(4-hexyl-2-thienyl)-2',1',3"-benzothiadiazole)] (F8TBT), the
hole mobility increased by nearly two orders of magnitude
upon annealing at 180 °C, because of the ordering of the P3HT
chains.**** Indeed, the ordering of P3HT chains by annealing
was found in this P3HT/PF12TBT blend from transient
ground-state bleaching (GSB) that were analyzed by transient
absorption (TA) measurements. The TA measurements were
performed for the as-spun and annealed P3HT/H-PF12TBT
films at temperatures of 100, 120, and 140 °C. In Figure 4,
transient GSB (a negative change in the optical density AOD)
bands are observed at 3 ns, suggesting that holes and electrons
were generated on P3HT and PF12TBT, respectively, because
singlet excitons of both polymers had already decayed at 3 ns.
The charge-induced GSB spectrum of the film annealed at 140
°C showed the most pronounced bleaching peaks at 550 and
600 nm, which are ascribed to the 7-stacked P3HT chains.*>™’
The improved z-stacking in the P3HT rich phase should
contribute to efficient hole transport®® and thus to an increase
in the FF. We therefore conclude that both electron transport
and hole transport are improved in P3HT/H-PF12TBT as a
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Figure 4. TA spectra for as-spun and annealed P3HT/H-PF12TBT
blend films measured 3 ns after 400 nm photoexcitation with a 100 fs
pulsed laser. The excitation fluence was 45 ] ecm™ (9.1 x 10'
photons cm™2) for all measurements.

result of the excellent interconnectivity and thermal purification
of the PF12TBT-rich phase and the ordering of P3HT chains;
consequently, an increase in the FF is observed.

We finally explain the molecular-weight dependence of the
PCE in terms of the balance between Js- and the FF. When
P3HT/L-PF12TBT was annealed at 80 °C, the FF was still as
low as 0.36; in other words, charge transport was poor because
of the incomplete formation of interconnected networks of L-
PFI2TBT domains and the incomplete ordering of P3HT
chains, although the maximum value of Jsc was achieved as a
result of the purification of the L-PF12TBT domains. At
annealing temperatures above 80 °C, the FF increased but Jgc
decreased as a result of an increase in the domain size.
Consequently, the device performance was determined by the
balance between the decrease in Jg and the increase in the FF.
Thus, the P3HT/L-PF12TBT device showed the best PCE at
100 °C. This was also the case for the high-molecular-weight
P3HT/H-PF12TBT device. However, efficient charge transport
can be achieved through the purification of the interconnected
H-PF12TBT phase and the ordering of P3HT chains in P3HT-
rich domains at high annealing temperatures without drastically
increasing the domain size. Due to the slow domain bloating of
H-PF12TBT, Jsc reached the maximum value at 120 °C and
remained almost unchanged even at 140 °C. We therefore
conclude that the highest PCE of 2.7% can be achieved at 140
°C because the FF can be improved to up to 0.55 without
decreasing the maximum value of Jgc.

In conclusion, the molecular-weight dependence of the PCE
is attributed to the difference in the rate of phase separation
during annealing. In the blend containing H-PF12TBT, the
domain size of phase separation has a length scale comparable
to that of exciton diffusion even at high annealing temperatures
owing to the reduced diffusional mobility of the H-PF12TBT
chains; such a domain size is necessary for efficient charge
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generation. Further, a blend morphology consisting of
interconnected networks of pure H-PF12TBT domains and
ordered P3HT chains, which is necessary for efficient charge
transport, can be achieved by annealing. This blend
morphology is responsible for the PCE of 2.7%, which is the
highest ever reported for an all-polymer solar cell.

B EXPERIMENTAL SECTION

Materials. PF12TBT samples with three different molecular
weights were synthesized and characterized at Sumitomo Chemical
Co., Ltd. The weight-average molecular weight M,, polydispersity
index (PDI, given by M,/M,, where M, is the number-average
molecular weight), and glass transition temperature T, of each
PF12TBT sample were as follows: L-PF12TBT, M,, = 8500 g mol ™",
PDI = 1.7, and T = 60 °C; M-PF12TBT, M,, = 20 000 g mol !, PDI =
2.0, and T, = 76 °C; H-PF12TBT, M,, = 78000 g mol ', PDI = 2.8,
and T, = 90 °C. P3HT was purchased from Aldrich Chemical Co. (Lot
MKBD3325). The head-to-tail regioregularity, M,, and PDI provided
on the Certificate of Analysis were 90.0%, 42 300 g mol™!, and 1.9,
respectively.”

Device Fabrication and Measurements. Indium-—tin-oxide
(ITO)-coated glass substrates (10 € per square) were washed by
ultrasonication in toluene, acetone, and ethanol for 15 min each in this
order and then dried with N, flow. The washed substrates were further
treated with a UV—0j; cleaner (Nippon Laser & Electronics Lab., NL-
UV253S) for 30 min. A thin layer (~40 nm) of poly(3,4-
ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS,
H.C. Stark PH-500) was spin-coated onto the ITO substrate at a
spin rate of 3000 rpm for 99 s and dried at 140 °C for 10 min in air. A
blend layer of P3HT/PF12TBT was spin-coated on the PEDOT:PSS
film at 3000 rpm for 60 s from chloroform (CF) solutions. All P3HT/
PF12TBT blend films used in this study were spin-coated from CF
solutions which were prepared by mixing P3HT and PF12TBT with a
weight ratio of 1:1 as follows: three blend solutions were prepared by
dissolving P3HT (6 mg) and L-PFI2TBT (6 mg) in 1 mL of CF,
P3HT (6 mg) and M-PF12TBT (6 mg) in 1 mL of CF, and P3HT
(5.5 mg) and H-PFI2TBT (5.5 mg) in 1 mL of CF, respectively.
Thickness of the P3HT/PF12TBT blend layers was typically 60 nm.
The photoactive layer was thermally annealed for 10 min in a N,-filled
glove box, and then, a calcium interlayer (Ca, 15 nm) and an
aluminum electrode (Al 70 nm) were vacuum-deposited. The J—V
characteristics of the devices were measured by using a direct-current
voltage and a current source/monitor (Advantest model R6243) under
illumination with AM1.5G simulated solar light with 100 mW cm™
The light intensity was corrected with a calibrated silicon photodiode
reference cell (Bunko-Keiki, BS-520). The active area of the device was
0.07 cm” Ilumination was carried out from the ITO side. All
measurements were performed in N, atmosphere at room temper-
ature. At least five devices were fabricated to ensure reproducibility of
the J—V characteristics.

AFM Measurements. AFM images were collected in tapping
mode (Shimadzu, SPM-9600) using silicon probes with a resonant
frequency of ~330 kHz and a force constant of ~42 N m™'
(Nanoworld, NCHR).

Photoluminescence Quenching Measurements. The photo-
luminescence (PL) spectra were measured for a neat PFI2TBT film
and P3HT/PF12TBT blend films spin-coated on a glass substrate by
using a calibrated fluorescence spectrophotometer (Hitachi, F-4500).
Excitation was performed at 392 nm to excite a PF12TBT component
mainly (excitation fraction of each component was 73% (PF12TBT)
and 27% (P3HT)) and at an incident angle of 30° normal to the
substrate. Emission was collected normal to the excitation light. The
PL quenching efficiency of PF12TBT in the blend film was evaluated
from the ratio of the PL intensity for the P3HT/PF12TBT blend films
to that for a neat PF12TBT film after each PL intensity was corrected
by variations for PF12TBT absorption at 392 nm.
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