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ABSTRACT: The formation of interconnected phase-separated
domains on sub-20 nm length scale is a key requirement for
all-polymer solar cells (all-PSCs) with high efficiency. Herein,
we report the application of crystalline poly(3-hexylthiophene)
(P3HT) nanowires via an O-dichlorobenzene/hexane mixed
solution blended with poly{(9,9-dioctylfluorenyl-2,7-diyl)-alt-
[4,7-bis(3-hexylthiophen-5-yl)-2,1,3-benzothiadiazole]-2′,2″-
diyl} (F8TBT) for the first time. The nanomorphology of
P3HT:F8TBT all-PSCs can be controlled by P3HT nanowires.
The improved film morphology leads to enhanced light
absorption, exciton dissociation, and charge transport in all-
PSCs, as confirmed by ultraviolet−visible absorption spectra, X-ray diffraction, transmission electron microscopy, atomic force
microscopy, and time-resolved photoluminescence spectra. The P3HT nanowire:F8TBT all-PSCs could achieve a power conversion
efficiency of 1.87% and a Voc of 1.35 V, both of which are the highest values for P3HT:F8TBT all-PSCs. This work demonstrates that
the semiconductor nanowires fabricated by the mixed solvents method is an efficient solution process approach to controlling the
nanomorphology of all-PSCs.
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■ INTRODUCTION

Polymer solar cells constitute a new promising approach to
low-cost solar cells, because of their cost efficient processes
through roll-to-roll technology.1 All-polymer solar cells (all-
PSCs) make up a class of polymer solar cells in which an n-type
semiconducting polymer is used as the electron acceptor instead
of a fullerene derivative. All-PSCs have some unique advantages
over polymer/fullerene BHJs, such as high absorption co-
efficients in the visible spectral region and a large potential for
fine tuning the energy levels because of the structural variety of
polymers.2−5 In addition, polymer/polymer blends offer superior
flexibility in controlling solution viscosity, an important factor for
film coating in large-scale roll-to-roll processes.6 Although much
less research has been devoted to all-PSCs, promising improve-
ments in efficiencies to 3.3 and 3.6% have been reported
recently.7−12

In all-PSCs, the efficiency is considered to be limited by the
undesirable blend morphology,2,13 such as the inhomogeneous
internal phase composition,14−18 the large phase separation,19

and the poor ordering of polymer chains,20 although researchers
have attempted to improve the morphology of polymer blends
with varied conditions, including the choice of solvents,9 varying
the molecular weight,11 using a mixture of solvents,12,21,22

processing aids,23 thermal annealing treatment,9,24 etc. However,
none of these approaches allows full control over the film
microstructure, in particular the interconnected pathways
constructed by donor and acceptor materials. Geminate pair
separation might be impeded by the intermixed morphology, and
charge might be trapped by the randomly interspersed electron
donor and acceptor phase. To further improve the efficiency,
the interface of polymer blends needs to be as large as possible,
while continuous pathways for dissociated charges to reach the
electrodes must be maintained. This means that polymer
domains should have a spacing size smaller than the exciton
diffusion length, and the phase separation needs to be controlled
at the nanometer scale.25 The use of marginal solvents of
p-xylene to construct P3HT [poly(3-hexylthiophene)] nanofibers
in P3HT:F8BT [poly(9,9-dioctylfluorene)cobenzothiadiazole]
films to control blend morphology has been reported. The
morphology controlled by P3HT nanofibers increases the power
conversion efficiency (PCE) of P3HT:F8BT PSCs to 0.055%
in comparison with a value of 0.045% for thermally annealed
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devices.26 Different from the P3HT:F8BT system, P3HT:F8TBT
(poly{(9,9-dioctylfluorenyl-2,7-diyl)-alt-[4,7-bis(3-hexylthio-
phen-5-yl)-2,1,3-benzothiadiazole]-2′,2″-diyl}) all-PSCs can
achieve a reasonable PCE of∼1%,20,27 and the PCE can be further
improved to 1.85% by nanoimprinting technology to construct a
nanostructured morphology with 25 nm features in P3HT:F8TBT
all-PSCs.28

Via the addition of a poor solvent to the P3HT:PCBM-ODCB
solution, polyalkylthiophene nanowires are constructed and
applied in PSCs to control the morphology of composite
films, which improves the device performance of P3HT:PCBM
PSCs.29,30 Herein, for the first time, we report the formation of
P3HT nanowires in a mixed solution to control the nano-
morphology of P3HT:F8TBT all-PSCs. The optimized phase-
separated networks with lengths of 3−5 μm and ∼20 nm widths
of P3HT nanowires are formed. Simultaneous improvements
in the short circuit current (Jsc), open circuit voltage (Voc), and
fill factor (FF) are realized in P3HT nanowire:F8TBT all-PSCs.
The average PCE of 1.87% and the Voc of 1.35 V are the highest
values for P3HT:F8TBT all-PSCs.

■ RESULTS AND DISCUSSION

Figure 1a presents the chemical structures of P3HT and F8TBT,
along with their energy levels taken from the literature.20 The
preparation processes of P3HT nanowire:F8TBT blend solution
via ODCB/hexane mixed solvents are shown in Figure 1b. The
P3HT:F8TBT all-PSCs fabricated via the spin-coating process
consist of the following structures: glass/ITO/PEDOT:PSS/
P3HT:F8TBT/Ca/Al (Figure 1c). Except for the pristine
P3HT:F8TBT films, the annealed P3HT:F8TBT and P3HT
nanowire:F8TBT films were baked at 140 °C for 15 min in a
glovebox before electrode deposition.
Figure 2a shows the current density−voltage (J−V) curves of

pristine P3HT:F8TBT, annealed P3HT:F8TBT, and P3HT
nanowire:F8TBT all-PSCs under simulated AM1.5G solar light
illumination with an intensity of 100 mW cm−2. For the P3HT
nanowire:F8TBT devices fabricated from an ODCB/hexane
mixed solution, Jsc increased from 1.62 to 3.20 mA cm−2, FF from
0.30 to 0.42, and Voc from 1.25 to 1.35 V in comparison with the
values of the pristine devices prepared from an ODCB solution.

As a result, the PCE is improved from 0.61% for the pristine
devices to 1.87% for P3HT nanowire:F8TBT devices. The PCE
of P3HT nanowire:F8TBT all-PSCs is among the highest
reported for a P3HT:F8TBT system, which is comparable to the

Figure 1. (a) Chemical structures and energy levels of P3HT and F8TBT. (b) Scheme illustrating the preparation of P3HT nanowire:F8TBT blend
solutions via ODCB/hexane mixed solvents. (c) Device structures of P3HT nanowire:F8TBT all-polymer solar cells: glass/ITO/PEDOT:PSS/
P3HT:F8TBT/Ca/Al.

Figure 2. (a) Current density−voltage (J−V) curves of P3HT:F8TBT
devices. (b) IPCE values of corresponding devices.

Table 1. Device Parameters of the Glass/ITO/PEDOT:PSS/
P3HT:F8TBT/Ca/Al Devices Presented in Figure 2a

Jsc (mA cm−2) Voc (V) FF η%

pristine 1.62 1.25 0.30 0.61
annealed 2.41 1.30 0.38 1.19
nanowires 3.29 1.35 0.42 1.87
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value of 1.85% of double-nanoimprinted P3HT:F8TBT all-
PSCs with a feature size of 25 nm.28 The thermally annealed

P3HT:F8TBT devices at 140 °C for 15 min give an average
PCE of 1.19% (Voc = 1.30 V, Jsc = 2.41 mA cm−2, and FF = 0.38),

Figure 3. (a) UV−vis absorption of P3HT:F8TBT films fabricated from ODCB and an ODCB/hexane mixed solution. The inset shows the absorption
of P3HT:F8TBT solutions in ODCB and ODCB/hexane solvents. (b) Atomic force microscopy (AFM) and transmission electron microscopy (TEM)
images of P3HT:F8TBT and P3HT nanowire:F8TBT films. Panels I and V are AFM images of P3HT:F8TBT pristine films. Panels II and VI are AFM
images of P3HT:F8TBT annealed films. Panels III and VII are AFM images of P3HT nanowire:F8TBT films. Panels IV and VIII are TEM images of
films from a P3HT:F8TBT-ODCB solution and a P3HT:F8TBT-ODCB/hexane mixed solution, respectively. (c) X-ray diffraction patterns of
P3HT:F8TBT films from ODCB and ODCB/hexane mixed solvents. All the films have a comparable thickness of ∼80 nm.
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which is also lower than that of P3HT nanowire:F8TBT all-
PSCs. A detailed comparison of these parameters is given in
Table 1. The statistical distribution of the device parameters is
given in Figure S1 of the Supporting Information.
In comparison with the values of thermally annealed

P3HT:F8TBT all-PSCs, the simultaneous improvements in
Jsc, Voc, and FF are seen for P3HT nanowire:F8TBT all-PSCs.
TheVoc shows a mild improvement, and the value of 1.35 V is the
highest for polymer solar cells in the single-junction config-
uration. The XPS spectra of N1s of the P3HT nanowire:F8TBT
and thermally annealed P3HT:F8TBT films are presented in
Figure S2 of the Supporting Information. P3HT has been found
to preferentially wet the free surface in P3HT:F8TBT blends
because of its low surface energy, which can serve as a blocking
layer for the transport of an electron to the cathode and decrease
the Voc.

31 The formation of P3HT nanowires reduces the level
of P3HT enrichment at the top cathode and then improves the
Voc.

32 To fully understand the origin of the higher Voc in P3HT
nanowire:F8TBT devices, more experiments will be needed,
including determination of the inner structure of active layers by
the XRR technique.33,34

The spectral dependence of the incident photon-to-current
conversion efficiency, shown in Figure 2b, confirms that the
enhanced PCE of P3HT nanowire:F8TBT all-PSCs is
dominated by Jsc. In PSCs, Jsc is affected by light absorption,
exciton dissociation, charge transport, and charge extraction
processes. Figure 3a shows the UV−vis absorption spectra of the
P3HT:F8TBT solution and films. The optical absorption spectra
of the P3HT:F8TBT solution and films are a superposition of
those of P3HT (Figure S3a of the Supporting Information) and
F8TBT (Figure S3b of the Supporting Information). For the
P3HT:F8TBT-ODCB solution in the inset figure of Figure 3a,
only two bands at 372 nm (typical absorption band for F8TBT)
and 484 nm (superposition of P3HT at 465 nm and F8TBT at
520 nm) can be resolved. Upon the addition of hexane into the
well-dissolved P3HT-ODCB solution, two additional absorp-
tion bands at 558 and 607 nm appear in the P3HT:F8TBT-
ODCB/hexane solution, and their intensity becomes stronger
with an increase in the hexane concentration (Figure S4 of
the Supporting Information). The amount of P3HT nanowires
increases with an increase in the hexane concentration (Figure S5
of the Supporting Information). For the composite films
(Figure 3a), the absorption associated with the F8TBT com-
ponent is almost the same; however, as a result of preformed
P3HT nanowires in a mixed solution, a slightly red shift of the
absorptionmaximum from∼553 to∼557 nm and a large increase
in the intensity of a shoulder band at ∼607 nm are observed for
P3HT nanowire:F8TBT films. The red shift indicates an increase
in the conjugation length in the P3HTnanowire:F8TBT filmwith
a higher P3HT crystallinity.
Figure 3b shows the topography images and phase images

of pristine P3HT:F8TBT, annealed P3HT:F8TBT, and P3HT
nanowire:F8TBT films. The transmission electron microscopy
(TEM) images of P3HT:F8TBT and P3HT nanowire:F8TBT
films from a P3HT:F8TBT-ODCB solution and a P3HT:F8TBT-
ODCB/hexane mixed solution are also shown in Figure 3b.
Numerous homogeneously distributed P3HT nanowires with
lengths of∼5 μm and widths of∼20 nm are observed in the TEM
image of the P3HT nanowire:F8TBT film (Figure 3b, panel VIII),
while no nanowire-like aggregations are observed in the TEM
image of the P3HT:F8TBT film (Figure 3b, panel IV). The
preformed nanowires can also be observed in the atomic force
microscopy (AFM) images of the P3HT nanowire:F8TBT films

(Figure 3b, panels III and VII), which are different from the AFM
images of the P3HT:F8TBT films (Figure 3b, panels I and V and
panels II and VI). The enhancement of the crystallinity of P3HT
nanowire:F8TBT films is further proven by X-ray diffraction, as
shown in Figure 3c. One main peak at a 2θ of ∼5.4° could be
resolved for all the P3HT:F8TBT films and P3HT-only films
(Figure S6 of the Supporting Information). This peak is assigned
to the diffraction of the (100) plane of P3HT crystals. The
P3HT:F8TBT pristine film has the lowest crystallinity. After the
films are thermally annealed, the intensity of this main peak is
increased and the peak width at half-height is decreased for the
increased crystallinity of annealed P3HT.35 For the P3HT
nanowire:F8TBT films, the intensity of this peak is significantly
enhanced, giving a slightly decreased d spacing (1.64 nm) of the
(100) plane (vs 1.67 nm). These features are associated with an
increased level of P3HTmolecular order in films and show that the
crystallinity of P3HT in the composite films has been substantially
increased. The AFM images, TEM images, and X-ray diffraction
(XRD) spectra indicate higher crystallinity and optimized
nanomorphology in P3HT nanowire:F8TBT films that could
improve Jsc and FF.

20

Figure 4 shows the time-resolved photoluminescence spectra
of P3HT:F8TBT films. The average lifetime of the pristine

P3HT:F8TBT film is 0.84 ns and that of the annealed
P3HT:F8TBT film 0.78 ns, while the P3HT nanowire:F8TBT
film photoluminescence decay is accelerated (0.70 ns). The
shorter lifetime of the P3HT nanowire:F8TBT film indicates
more efficient charge dissociation in the P3HT nanowire:F8TBT
film.20,36 It is well known that desirable phase-separated
networks and the crystallization of P3HT after thermal annealing
play a crucial role in the high efficiency of charge dissociation and
collection.37 Therefore, the charge dissociation of the P3HT
nanowire:F8TBT film is improved by the optimized phase-
separated networks.

■ CONCLUSIONS
In summary, we have shown that P3HT nanowire:F8TBT all-
PSCs achieved a PCE of 1.87% with a Voc of 1.35 V, the best
performance yet reported for P3HT:F8TBT all-PSCs. The
combined factors of broader absorption, improved surface
properties, higher crystallinity, and optimized nanomorphology
contributed to the improved performances. The crystalline

Figure 4. Profiles of the photoluminescence decay kinetics of pure
P3HT, F8TBT films, and P3HT:F8TBT blended films.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am404483g | ACS Appl. Mater. Interfaces 2014, 6, 2350−23552353



P3HT nanowires in a ODCB/hexanemixture solution allows pure,
ordered, and interpenetrating domains at a 20 nm length scale to be
formed through the active layers. The nanometer-scale phase
separation in P3HT nanowire:F8TBT films is desirable for all-
PSCs because of the avoidance of locally trapped photogenerated
charges in the annealed polymer blends. Themixed solventmethod
could be extended to other crystalline polymers and provides an
efficient way to assemble all-PSCs with high efficiency.

■ EXPERIMENTAL METHODS
Preparation of a P3HT Nanowire:F8TBT Solution. P3HT

(synthesized in the laboratory) was dissolved in o-dichlorobenzene
(ODCB, anhydrous, purchased from Sigma-Aldrich Co. Ltd.) at a
concentration of 8.0 mg mL−1 to form a well-dissolved P3HT-ODCB
solution. The P3HT nanowire solution was prepared by slowly and
gradually adding a poor solvent of n-hexane to the P3HT-ODCB
solution while it was being gently stirred.27 The optimized ODCB/
hexane ratio was 1/0.55 (v/v). Then the P3HT-ODCB/hexane solution
was continuously gently stirred for 24 h. After that, F8TBT (Mw =
51000, polydispersity of 2.3, purchased from 1-Material) with a P3HT/
F8TBT ratio of 1/1 (w/w) was added to the P3HT nanowire solution to
form the P3HT nanowire:F8TBT solution. The P3HT:F8TBT-ODCB
solution was prepared with a 1/1 (w/w) ratio at a total concentration of
16 mg mL−1 while being stirred at 60 °C for overnight.
Device Fabrication. All the devices were fabricated through a spin-

coating process with a glass/ITO/PEDOT:PSS/P3HT:F8TBT/Ca/Al
architecture (Figure 1c). First, an ∼50 nm thick PEDOT:PSS (Clevios
4083, purchased from H. C. Starck) layer was spin-coated onto the well-
cleaned, O2 plasma-treated ITO substrates. After being annealed on a hot
plate at 150 °C for 15 min in air, the photoactive layers deposited from the
prepared P3HT:F8TBT composite solution were spin-coated. No filtration
was conducted for nanowire solutions, while the ODCB-only solutions
were filtered with a 0.22 μm filter. The thickness of the photoactive layer
was ∼80 nm, as determined by a Bruker 150 surface profiler for all the
devices. Except for the pristine P3HT:F8TBT film, annealed P3HT:F8TBT
and P3HT nanowire:F8TBT films were baked at 140 °C for 15 min in a
glovebox before being transferred to the vacuum chamber for the
evaporation of 10 nm Ca and 100 nm Al. The metal electrodes were
thermally evaporated at <5× 10−4 Pa with an area of 0.066 cm2 defined by a
metal mask. At least 100 devices were fabricated for each type of solar cell,
and the performance given in the article is the average efficiency.
Characterization. A computer-controlled Keithley 2400 source

measure unit was used to characterize the J−V performance of devices
with an AM 1.5G Oriel solar simulator at an illumination intensity of
100 mW cm−2. The corresponding external quantum efficiency was
characterized on a QTest Station 2000ADI system (Crowntech Inc.).
The films thickness of ∼80 nm was determined by a Bruker 150 surface
profiler. The UV−vis absorption spectra were recorded on a Cary 5000
UV-Vis-NIR spectrophotometer. The XRD analysis conducted with an
X-ray diffractometer (Rigaku) using Cu Kα radiation provided applied
current and voltage values of 200mA and 40 kV, respectively. TEM images
were recorded with an HT7700-Hitachi instrument with an acceleration
voltage of 100 kV. Tapping-mode AFM with height and phase images was
conducted using a Bruker Metrology Nanoscope III-D atomic force
microscope. Time-resolved photoluminescence spectra were recorded
on an FLS920 fluorescence spectrometer (Edinburgh Instruments) in air
at room temperature. A picosecond pulsed diode laser (406.8 nm) with a
pulse width of 64.2 ps was used as the excitation source.
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