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ABSTRACT: We have fabricated polymer/polymer blend solar cells consisting of poly-
(3-hexylthiophene) as the electron donor and poly{2,7-(9,9-didodecylfluorene)-alt-5,5-[4',7'-
bis(2-thienyl)-2,1’,3'-benzothiadiazole] } as the acceptor. The power conversion efficiency (PCE)
was strongly dependent on solvents employed for spin coating. The best PCE of 2.0% was obtained
for thermally annealed devices prepared from a chloroform solution, in contrast to devices
fabricated from chlorobenzene and o-dichlorobenzene solutions. On the basis of the morphology—
performance relationship in the polymer blends examined by atomic force microscopy and the
photoluminescence quenching measurements, we conclude that the highly efficient performance is
achieved by thermal purification of nanoscale-phase-separated domains formed by spin coating
from chloroform.
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poly(3-hexylthiophene), fluorene-based copolymer

Conjugated polymer-based solar cells are attracting attention
as a possible inexpensive renewable energy source, owing to
their advantages such as hi%h throughput and large-area produc-
tion by solution processes.” The photovoltaic layer of the most
studied polymer-based solar cells is based on a blend of a conju-
gated polymer acting as an electron donor and a low-molecular-
weight fullerene derivative, PCBM, as an acceptor.2 On the other
hand, polymer/polymer blend solar cells also have been a subject
of active research®* because they have potential advantages over
polymer/fullerene blends such as more efficient light absorption
due to acceptor polymers and relatively higher open-circuit
voltages.* However, the power conversion efficiency (PCE) of
polymer/polymer blend solar cells is still mostly lower than 2%,*
which is far below that of polymer/fullerene solar cells.” The
relatively poor efficiency has been considered to be due to the
undesired morphology of blends such as a large phase separa-
tion,’ inhomogeneous internal phase composition,é_lo and
reduced ordering of polymer chains.'' The phase separation in
polymer/polymer blends is probably different from that in
polymer/fullerene blends.">" It is therefore crucial to clarify
how the blend morphology affects the device performance and
how to obtain the optimal morphology that gives the best perfor-
mance. In this letter, we demonstrate that the PCE of polymer/
polymer blend solar cells consisting of poly(3-hexylthiophene)
(P3HT) and poly{2,7-(9,9-didodecylfluorene)-alt-5,5-[4',7"-bis-
(2-thienyl)-2/,1/,3'-benzothiadiazole]} (PF12TBT; Figure 1) is
successfully improved up to 2.0% by optimizing the phase
separation.

Figure 2 shows the J—V characteristics of P3HT/PF12TBT solar
cells fabricated from o-dichlorobenzene (DCB), chlorobenzene (CB),
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Figure 1. Chemical structure of PF12TBT.

and chloroform (CF) solutions with annealing at 140 °C for
10 min. The short-circuit current density (Jsc) was as low as
1 mA cm > for the devices from DCB and CB; these solvents are
widely employed for polymer/fullerene solar cells to give a large
Jsc and high PCE.” In contrast, a significant increase in Jsc up to 4
mA cm™ > was observed for the device from CF, and hence the
PCE reached as high as 2.0%."* This is one of the best PCE values
reported so far among polymer/polymer blend solar cells.">~"
As shown in Figure 3a, the external quantum efficiency (EQE) of
the device with a PCE of 2.0% was in good agreement in spectral
shape with the UV —visible reflection absorption. This agreement
suggests that both P3HT and PF12TBT equally contribute to the
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Figure 2. J—V characteristics of PSHT /PF12TBT solar cells under AM
1.5G 100 mW cm 2 illumination. The devices were fabricated by spin
coating from DCB (dotted line), CB (dashed line), and CF (solid line)
solutions and annealed at 140 °C for 10 min. Device performances are
summarized in Table 1.
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Figure 3. (a) EQE (solid line) and the UV—visible reflection absorp-
tion (dashed line) spectra of P3HT/PF12TBT solar cells with a PCE of
2.0%. (b) Absorption coefficients (@) of P3HT (dashed line) and
PF12TBT (solid line) films. The inset shows the energy level diagram
of P3HT and PF12TBT: the HOMO and LUMO levels were estimated
by the photoelectron yield spectroscopy and the optical energy gap.

photocurrent generation. The EQE reached up to 27% at 560 nm
and was still as high as 23% even at 600 nm, owing to the
contribution of PE12TBT, which has an absorption peak around
575 nm (Figure 3b). The high EQE over 600 nm can account for
the PCE being higher than that of another polymer/polymer
blend solar cell based on P3HT and poly{2,7-(9,9-dioctylfluorene)-
alt-5,5-[4',7'-bis(4-hexyl-2-thienyl)-2,1’,3'-benzothiadiazole] }
(F8TBT; see Figures S1 and S3 in the Supporting Information),
which is one of the most efficient polymer/polymer blend solar
cells with a PCE of 1.8—1.9%."“"” Furthermore, the internal
quantum efficiency (IQE) was higher than 30% (see Figure S4 in
the Supporting Information). Such efficient photocurrent gen-
eration is partly due to energy offsets in the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) levels (0.8 eV) enough for charge separation, as
shown in the inset in Figure 3b. We therefore conclude that the
smaller optical band gap and larger absorption coeflicient
of PF12TBT than F8TBT (see Figure SS in the Supporting
Information) successfully lead to the significant increase in the
PCE in the optimized device fabricated from CF. The efficient
light absorption of PF12TBT might be due to the absence of
hexyl chains at the 4 position of thiophene, which reduces the

Table 1. Device Performance and PL Quenching Efficiency

solvent  Jsc (mAem )  Voc (V) EE  PCE (%) @, (%)
DCB 0.86 1.09 0.57 0.54 45+ 4
CB 123 117 0.56 0.80 S0+4
CF 3.94 119 0.42 2.0 7144

“More than six devices were fabricated. The highest PCE and average
values were 0.58% and 0.54% for DCB, 0.82% and 0.78% for CB, and
2.12% and 1.97% for CF, respectively. " PL quenching efficiency of
PF12TBT.

Figure 4. Tapping-mode AFM phase images (S um X S um) of P3HT/
PF12TBT blend films spin-coated from (a and d) DCB, (b and e) CB,
and (c and f) CF solutions on glass substrates: (a—c) as-spun films;
(d—f) annealed films at 140 °C for 10 min. The scale bar corresponds to
a length of 1 um.

steric hindrance and increases the planarity of the polymer
backbone.'® The device parameters are summarized in Table 1.

To address the origin of the different device performances
depending on the spin-coating solvents, we measured atomic
force microscopy (AFM) phase images of P3HT/PF12TBT
blend films before and after thermal annealing. As shown in
Figure 4a—c, marked differences were observed for the three
blend films fabricated from different solutions before thermal
annealing. For the blend film spin-coated from DCB, phase-
separated structures were clearly observed: each domain was a
few micrometers in lateral dimension (Figure 4a). For the blend
film from CB, smaller but still distinct phase-separated structures
were observed: each domain was a few hundred nanometers in
lateral dimension (Figure 4b). In either case, the phase-separated
domains are much larger than the exciton diffusion length of
typical conjugated polymers (<10 nm)." In contrast, no distinct
phase-separated structures were observed for the blend film from
CF, suggesting a well-mixed blend morphology of P3HT and
PF12TBT (Figure 4c). More importantly, as shown in Figure 4d—f,
no distinct change in the phase-separated structures was ob-
served for all of the blend films before and after thermal anneal-
ing. Even at 200 °C for 10 min, thermal annealing caused
little change in the surface morphology (see Figure S6 in the Sup-
porting Information). We therefore conclude that large-scaled
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phase-separated structures are less sensitive to thermal annealing
but rather are primarily dependent on the spin-coating solvent.
The spontaneous large phase separation during spin coating
from DCB and CB solutions is one of the reasons that limits the
efficiency of the devices.

We next measured the photoluminescence (PL) quenching
efficiency @, of PF12TBT in the P3HT/PF12TBT blend films
before and after thermal annealing. Before thermal annealing, ® 4
reached to 89% for CF and was as high as 60% even for DCB and
CB. The high @, for CF is consistent with well-mixed blend
structures observed in the AFM image (Figure 4c). In contrast,
the high @ observed for DCB and CB is apparently inconsistent
with large phase-separated structures on a scale of micro- or
submicrometers, as shown in Figure 4a,)b. Such a disagreement
has been reported for blends of conjugated polymers, suggesting
that large phase-separated domains are not pure but involve a
minor counterpart material.>>~® The minor counterpart isolated
in the large domains just serves as a quenching site for excitons
but cannot contribute to photocurrent generation because, even
if charge carriers can be generated from excitons, the minor
counterpart cannot transport a carrier to an electrode. This is
consistent with the small Jsc observed for DCB and CB. There-
fore, it can be said that spontaneous large phase separation and
undesired exciton quenching by the minor counterpart lead to
small Js¢c and thus low PCE of the devices fabricated from DCB
and CB. Interestingly, @ for all of the blend films decreased after
thermal annealing: 71% for CF, 50% for CB, and 45% for DCB.
This is again inconsistent with phase-separated structures ob-
served in the AFM images: no change was observed before and
after thermal annealing. We therefore conclude that thermal
annealing does not affect large-scaled phase-separated structures
but rather induces phase separation on a nanometer scale.

Finally, we focus on the efficient device fabricated from CF to
discuss the relationship between the device performance and the
blend morphology in detail on the basis of the dependence of the
device parameters and @ on the annealing temperature. As shown
in Figure Sa, with increasing annealing temperature, Jsc increased
from 1.1 mA cm ™ > for the as-spun device to 4.2 mA cm ™~ for the
device annealed at 120 °C and then decreased above it. The fill
factor (FF) increased from 0.23 for the as-spun device to 0.45 for
the device annealed at 160 °C and then decreased slightly. The
open-circuit voltage (Voc) was kept constant at around 1.1—
1.2 V independently of the temperature (Figure Sb). Such an
annealing temperature dependence of Js¢, FF, and V¢ indicates
that the maximum PCE at 140 °C results from the balance
between Jsc and FF (Figure Sc). On the other hand, D, was as
high as ~90% for the as-spun film and the annealed films at 80
and 100 °C, but with increasing annealing temperature, it mono-
tonically decreased and finally was 32% at 200 °C (Figure Sb). To
elucidate how the nanoscale phase separation impacts the perfor-
mance, Jsc was replotted against @ in Figure 5d. As shown in
Figure Sd, Jsc steeply increases from 1.1 mA cm 2 for the as-
spun device to 3.9 mA cm ™~ for the annealed device at 100 °C
even though @, remains as high as ~90%. In contrast, Jsc decreases
from 4.2 to 2.0 mA cm ™~ in proportion to D, for devices annealed
above 120 °C. Thermal annealing should increase the domain purity
or domain size. The improvement in the domain purity results in an
increase in Jgc because undesirable exciton quenching is reduced
and carrier transport would be improved. The growth in the domain
size causes a decrease in the domain interface and hence in Jsc.
Thus, an increase in Jsc below 100 °C is indicative of an increase in
the domain purity, and a decrease in Jsc above 120 °C is ascribable

- — 0.5
i 4f Ve
°o 3L 40.4
< a3
=] [ i
<2 {03
\8 1@
v
0 + + + 0.2
b) E
N Vane Joo
Zish 108
3 460 =
S 1A 7 1 e
>05 ]
' ! 1 l ! 1 l 1—30
2_0) ]
IS8
- D/D/D/D\C\j\m
O 1k ]
A

0
as spun 80 100 120 140 160 180 200
Annealing temperature / °C

5 T T T T 0
o d) e S 1oe
‘s 4r 00 O
: 3L 180°C - v
= w00c O 80°C Q
\‘u{ 2 O [
Sk as spund -

" 1 L 1 1 "
20 40 60 80 100
@,/ %

Figure S. Dependence of the device parameters and ®, on the
annealing temperature: (a) Jsc (open circles) and FF (open inverted
triangles), (b) Voc (open triangles) and ® (open diamonds), and (c)
PCE (open squares). The closed symbols represent the device para-
meters and @ before thermal annealing. (d) Plots of Jsc against their
respective ® . These parameters were measured for P3HT/PF12TBT
solar cells fabricated by spin coating from CF.

to an increase in the domain size. A recent Monte Carlo simulation
has demonstrated that, under the condition of each domain size
being less than 80 nm, the domain purity should be more than 95%
to account for ®y & 90% and almost 100% for @, ~ 30%.>° We
therefore conclude that thermal annealing below 100 °C mainly
improves the purity of small domains, and above 120 °C, it
further induces the growth of the highly pure domain in size on
a nanometer scale.

In summary, we find that phase-separated structures on a scale
of micro- or submicrometers are less sensitive to thermal
annealing but rather are primarily dependent on the spin-coating
solvent and that thermal annealing rather induces phase separa-
tion on a nanometer scale. On the basis of these findings, we
fabricate highly efficient polymer/polymer blend solar cells by
spin coating from CF with thermal annealing. The low-boiling
solvent of CF gives a well-mixed blend morphology consisting of
nanoscale-phase-separated domains. Thermal annealing im-
proves the domain purity at low temperatures and promotes
the growth of the domain size on a nanometer scale at high tem-
peratures. The best PCE of 2.0% is achieved with an optimum
phase-separated structure, which cannot be obtained from DCB
and CB solutions because of the micrometer-scaled phase-
separated structures with a minority counterpart.

B EXPERIMENTAL SECTION

Photovoltaic devices were fabricated by spin coating from a blend
solution of P3HT (Aldrich; M,, = 87000, regioregularity >90%)
and PF12TBT (Sumitomo Chemical Co., Ltd; M, = 20,000,
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M,,/M, = 2.0, T, = 76 °C) onto an indium—tin oxide (ITO)
substrate with a 40-nm-thick topcoat layer of poly(3,4-ethyl-
enedioxythiophene):poly(4-stylenesulfonate) (PEDOT:PSS; H.C.
Stark PH-500). The blend solution was prepared by mixing P3HT
and PF12TBT with a weight ratio of 1:1 in DCB, CB, and CF. The
thickness of the P3HT/PF12TBT blend layer was approximately
70 nm. The photoactive layer was thermally annealed for 10 min in a
N,-filled glovebox after vacuum deposition of a lithium fluoride
(LiF, 1 nm) and aluminum electrode (Al 70 nm). The J—V
characteristics of the devices were measured in a N, atmosphere
under AM1.5G simulated solar light at 100 mW cm > The absolute
reflectivity was measured for the device samples at an incident angle
of 5° normal to the substrate (Hitachi U-4100). The light was
irradiated from the ITO side. The AFM images were collected in
tapping mode (Shimadzu SPM-9600) using silicon probes with a tip
radius typically smaller than 8 nm. The PL quenching efficiency of
PF12TBT was evaluated from the ratio of the PL intensity excited at
392 nm for P3HT/PF12TBT blend films to that for a PF12TBT
neat film, spin-coated on glass substrates. The HOMO level of a
P3HT and PF12TBT neat film was estimated by photoelectron
yield spectroscopy (AC-3, Riken Keiki).
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