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ABSTRACT: Ternary hybrid solar cells based on zinc oxide with
wide bandgap poly(3-hexylthiophene) (P3HT) and narrow
bandgap poly[2,3-bis(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt-
thiophene-2,5-diyl] (PTQ1) exhibit improved photovoltaic
performance compared to that of individual binary hybrid solar
cells. The increase in the photocurrent is partly due to the
complementary absorption bands, which can extend the light-
harvesting range from visible to near-infrared regions, and partly
due to efficient energy transfer from P3HT to PTQ1, by which
P3HT excitons are more efficiently collected at the PTQ1/ZnO
interface and hence convert to charge carriers effectively.
Furthermore, the improvement in the fill factor may be due to efficient hole transfer from PTQ1 to P3HT with higher hole
mobility, and thereby, hole polarons are more efficiently collected on the electrode.
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■ INTRODUCTION

Hybrid solar cells based on blends of a conjugated polymer and
an inorganic material have attracted a great deal of attention
because they can integrate both advantages of organic and
inorganic materials.1,2 In particular, ZnO has several advantages
of high electron mobility and dielectric constant, being nontoxic
and inexpensive, and its easy synthesis via a variety of
techniques3,4 and therefore has been applied to hybrid solar
cells as an electron-transporting material. However, device
performance still remains at ∼2%,1−4 which is much lower than
that of organic solar cells. This is partly due to the incompatibility
of organic and inorganic materials and partly due to the low light-
harvesting efficiency of inorganic materials. To overcome these
limitations, we have recently reported dye sensitization of hybrid
solar cells fabricated from a blend solution of poly(3-
hexylthiophene) (P3HT), a diethyl zinc precursor to ZnO, and
a near-infrared (near-IR) dye.5 Interestingly, most dye molecules
are spontaneously segregated at the interface of P3HT and ZnO
and hence can enhance the light-harvesting efficiency.5 This is
probably because of the crystallization of P3HT and the
intermediate surface energy of dye molecules between P3HT
and ZnO. Furthermore, a recent spectroscopic study has shown
that such interfacial dye loading can accomplish both efficient
charge separation and reduced charge recombination at the
P3HT/ZnO interface.6 However, dye sensitization is still not
sufficient to harvest a wider range of solar light because of the
sharp and narrow absorption band of dye molecules. Ternary
blends based on two donor polymers and fullerene have been
reported to widen the light-harvesting region because of
complementary absorption bands ranging from the visible to

near-IR region.7−15 Interestingly, in some combinations of
materials, the open-circuit voltage (VOC) varies linearly with the
blend composition of mixed donor polymers, which is explained
by the parallel-linkage model7,8 or the donor alloy model.9,10

However, there have few reports of the successful creation of
ternary blend hybrid solar cells.
Herein, we report ternary hybrid solar cells based on blends of

ZnO, wide bandgap poly(3-hexylthiophene) [P3HT (Figure
1a)], and narrow bandgap poly[2,3-bis(3-octyloxyphenyl)-
quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] [PTQ1 (Figure
1a)]. As shown in Figure 1b, P3HT and PTQ1 have
complementary broad absorption bands in the visible and near-
IR region, respectively, and therefore are suitable materials for
the collection of many more photons from solar light.
Furthermore, as shown in Figure 1a, there are energy offsets in
the levels of both the highest occupied molecular orbitals
(HOMO) and the lowest unoccupied molecular orbitals
(LUMO) that are enough to cause efficient charge transfer at
the heterojunction of P3HT/ZnO and PTQ1/ZnO. Therefore,
both polymers can serve as donors to ZnO in ternary hybrid solar
cells. Figure 1c shows the schematic illustration of a layered
structure in hybrid solar cells (ITO|PEDOT:PSS|P3HT/PTQ1/
ZnO|Al).
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■ RESULTS AND DISCUSSION
Figure 2 shows the absorption spectra of P3HT/PTQ1/ZnO
ternary blend films. As shown in the figure, ternary blend films

exhibit wide absorption bands in the wavelength region from 400
to 750 nm because of a linear combination of the two absorption
bands of wide bandgap P3HT and narrow bandgap PTQ1.
Interestingly, vibronic bands were observed at 518, 558, and 608
nm, which are attributed to the 0−2, 0−1, and 0−0
transitions16,17 of P3HT crystalline films,18,19 respectively. This
finding suggests that the crystallization of P3HT is not hindered
even in the ternary blend films.
Figure 3 shows the atomic force microscopy (AFM) height

images of binary and ternary blend films. As shown in the figure,
all the blend films exhibited aggregated structures of small
spherical grains that were tens of nanometers in diameter, which
is consistent with previous reports.20−22 These spherical grains
may be already formed in solution prior to spin-coating, and the
remaining polymer chains in solution adhere to the surface of the
spherical structures during the spin-coating as reported
previously.21 Considering inefficient photoluminescence (PL)
quenching efficiency (∼50%) of individual binary blend films
(see the Supporting Information), we ascribe these grains to

Figure 1. (a) Energy diagrams of the materials employed in this study and chemical structures of P3HT and PTQ1. (b) Absorption () and
photoluminescence (---) spectra of P3HT (red) and PTQ1 (blue) neat films. (c) Schematic illustration of the device structure of P3HT/PTQ1/ZnO
ternary hybrid solar cells.

Figure 2. Absorption spectra of P3HT/PTQ1/ZnO ternary blends with
various weight fractions of two polymers (x:50 − x:50 [P3HT]:
[PTQ1]:[ZnO]).

Figure 3. AFM height images (4 μm × 4 μm) of binary and ternary blend films: (a) P3HT/ZnO [5:5 (w/w)] binary blend film (rms of 35 nm), (b)
PTQ1/ZnO [5:5 (w/w)] binary blend film (rms of 30 nm), and (c) P3HT/PTQ1/ZnO [3:2:5 (w/w)] ternary blend film (rms of 33 nm).
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ZnO nanoparticles containing small amounts of donor polymers.
In either case, the blend morphology was similar regardless of the
blend composition, which is in good agreement with that found
in the SEM images (see the Supporting Information). We
therefore conclude that there is no distinct difference in the
morphology on a scale of micrometers between binary and
ternary blend films.
Figure 4 shows the J−V characteristics of P3HT/PTQ1/ZnO

[3:2:5 (w/w)] ternary hybrid solar cells and P3HT/ZnO [5:5

(w/w)] and PTQ1/ZnO [5:5 (w/w)] binary hybrid solar cells
under AM1.5G illumination with an intensity of 100 mW cm−2.
The ternary hybrid cell exhibited a larger short-circuit current
density (JSC) and fill factor (FF) and an intermediate open-circuit
voltage (VOC) and hence improved power conversion efficiency
(PCE) compared to those of the individual binary hybrid cells. As
summarized in Figure 5, JSC and FF of these devices showed
maxima at 20 wt % PTQ1. On the other hand, VOC increased
from 0.70 V (P3HT/ZnO) to 1.04 V (PTQ1/ZnO) with an
increasing PTQ1 fraction. As a result, the overall PCE was
optimized at 20 wt % PTQ1: JSC = 3.53 mA cm−2, VOC = 0.84 V,
FF = 0.50, and PCE = 1.5%. This is larger by factors of 2.3 and 1.6
than those of P3HT/ZnO and PTQ1/ZnO binary hybrid solar
cells, respectively.
We next measured the external quantum efficiency (EQE)

spectra of the optimized ternary hybrid solar cell and the
individual binary solar cells to address the origin of the increase in
JSC. As shown in Figure 6, the ternary hybrid solar cell exhibited
an EQE over the broad wavelength region from 400 to 750 nm
higher than that of the binary control solar cells. This is due to the
complementary broad absorption bands of P3HT and PTQ1 as
mentioned above. More interestingly, the EQE of the optimized
ternary device is much higher than that predicted from the sum of
the EQE of P3HT/ZnO and PTQ1/ZnO binary devices
considering the weight fraction. As mentioned above, there is
no distinct difference in the morphology of the blends. Thus, this
improvement in the EQE suggests additional charge generation
mechanisms. First, the improved EQE at the P3HT band (400−
600 nm) is most probably due to the energy transfer from P3HT
to PTQ1. Second, the improved EQE at the PTQ1 band (600−
700 nm) can be ascribed to the hole transfer from PTQ1 to
P3HT with higher mobility in ternary blend films, which would
provide an additional charge transport channel and hence
improve photocurrent generation. Such hole transfer is

consistent with efficient PL quenching of PTQ1 in P3HT/
PTQ1/ZnO ternary blends compared to that in PTQ1/ZnO
binary blends (see the Supporting Information). This charge
transfer can be generally involved in ternary organic solar
cells7,8,11−13 and is supported by spectroscopic studies.11,13

To validate the transfer of energy from P3HT to PTQ1, we
have measured the PL quenching of P3HT/PTQ1 binary blends
upon the excitation of P3HT at 540 nm (see the Supporting
Information). As shown in Figure S2 of the Supporting
Information, the PL of PTQ1 was smaller than that from a
PTQ1 neat film with the same absorbance, which probably
contributed to the efficient charge transfer at the interface of
P3HT and PTQ1. In particular, as shown in Figure S3 of the
Supporting Information, the quenching efficiency of P3HT to
PTQ1 increased more rapidly than that of PTQ1 to P3HT with

Figure 4. J−V characteristics of P3HT/PTQ1/ZnO ternary hybrid solar
cells and binary control subcells: P3HT/ZnO [5:5 (w/w)] binary hybrid
solar cell (●), PTQ1/ZnO [5:5 (w/w)] binary hybrid solar cell (▲),
and P3HT/PTQ1/ZnO [3:2:5 (w/w)] ternary hybrid solar cell (□).

Figure 5. Device parameters of these solar cells plotted against PTQ1
weight fraction: a) JSC, b) VOC, c) FF (left axis) and hole mobility (right
axis), and d) PCE. All the photovoltaic parameters were averaged for at
least 10 devices.

Figure 6. EQE spectra of P3HT/PTQ1/ZnO ternary hybrid solar cells
and binary control subcells: P3HT/ZnO [5:5 (w/w)] binary hybrid
solar cell (●), PTQ1/ZnO [5:5 (w/w)] binary hybrid solar cell (▲),
P3HT/PTQ1/ZnO [3:2:5 (w/w)] ternary hybrid solar cell (□), and a
theoretically predicted one from the sum of the EQE of each binary
subcell considering the weight fraction of two donor polymers (gray
diamonds).
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an increasing fraction of the other donor polymer in ternary
blends. This finding implies that there is another quenching
mechanism for P3HT excitons. Most probably, P3HT excitons
are more efficiently quenched by the transfer of energy to PTQ1
because of the large spectral overlap between the P3HT emission
and PTQ1 absorption bands. On the basis of these spectra, the
Förster radius for the energy transfer is estimated to be 3.0 nm
(see the Supporting Information), suggesting that more P3HT
excitons generated even far from the interface can be transferred
to PTQ1 domains intermixed with ZnO and thus effectively
contribute to photocurrent generation. Such efficient exciton
harvesting from P3HT to the third component (dye or polymer)
in ternary blend solar cells has been reported by several groups,
including ours.5,15,23−25

Next, we focus on the variation in VOC of ternary hybrid solar
cells. As shown in Figure 5b, VOC of P3HT/PTQ1/ZnO ternary
cells gradually increased from 0.70 V at 0 wt % PTQ1 to 0.89 V at
40 wt % PTQ1 and then jumped to 1.04 V at 50 wt %. This
stepwise increase inVOC suggests that the recombination sites are
attributed mainly to P3HT/ZnO and partly to PTQ1/ZnO in
this ternary blend. This is probably because of hole transfer from
PTQ1 to P3HT as mentioned above. In other words, as shown in
Figure 7, hole polarons are transported mainly in P3HT domains

and partly in PTQ1 domains in ternary hybrid solar cells. This
would be beneficial for efficient hole transport in ternary hybrid
solar cells because of the higher hole mobility of P3HT.
Finally, we discuss the dependence of FF as shown in Figure 5c

on the basis of the hole carrier mobility (μh) in P3HT/PTQ1/
ZnO ternary blend films with various blend ratios measured by
the space-charge-limited current (SCLC) technique26,27 (see the
Supporting Information). As shown in Figure 5c, the hole
mobility (μh) of P3HT/PTQ1/ZnO ternary devices increased
from 4.4 × 10−4 cm2 V−1 s−1 at 0 wt % PTQ1 (P3HT/ZnO),
reached a maximum of 1.0 × 10−3 cm2 V−1 s−1 at 20 wt % PTQ1,
and then decreased to 1.8 × 10−4 cm2 V−1 s−1 at 50 wt % PTQ1
(PTQ1/ZnO). This tendency is in good agreement with the
dependence of FF. The improved FF in P3HT/PTQ1/ZnO
ternary solar cells may be explained by the increased hole carrier
mobility in the optimized ternary blends. The improvement in
hole carrier mobility (μh) may be due to more appropriate phase
separation than in the binary blends as reported previously.28

Further studies are required for an in-depth understanding of the
role of morphology in ternary hybrid solar cells.

■ CONCLUSIONS
In summary, we have demonstrated ternary hybrid solar cells
based on ZnO, wide bandgap P3HT, and narrow bandgap PTQ1
that have complementary broad absorption bands in the visible

and near-IR region. Device performance was optimized at a
P3HT:PTQ1 polymer blend ratio of 30:20. In P3HT/PTQ1/
ZnO ternary blends, P3HT excitons are efficiently transferred to
PTQ1 domains by energy transfer and subsequently followed by
efficient electron transfer to ZnO. On the other hand, PTQ1
excitons are efficiently quenched not only by electron transfer to
ZnO but also by hole transfer to P3HT. Both additional
quenching pathways result in photocurrent generation that is
improved compared to that of binary control cells. Because of the
hole transfer from PTQ1 to P3HT, hole polarons are mainly
transported in P3HT domains with a higher hole mobility and
partly in PTQ1 domains in P3HT/PTQ1/ZnO ternary hybrid
solar cells. This is consistent with the stepwise increase in VOC
with increasing PTQ1 fractions in P3HT/PTQ1/ZnO ternary
hybrid solar cells. The optimized ternary device exhibits the
maximal FF, which probably originates from a hole mobility
higher than that in each polymer film. As such, we conclude that
ternary hybrid solar cells provide a simple and attractive strategy
for extending the light-harvesting range not only in the visible
region but also in the near-IR region.

■ EXPERIMENTAL SECTION
Materials. Poly(3-hexylthiophene) (P3HT; Mw = 87000 g mol−1;

regioregularity of >90%) and poly[2,3-bis(3-octyloxyphenyl)-
quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] (PTQ1; Mw = 113000 g
mol−1; Mw/Mn = 2.4) were purchased from Aldrich and Solarmer
Materials, Inc., respectively, and used without further purification. A
diethylzinc solution (1.1M solution in toluene) was also purchased from
Aldrich and used after being diluted with tetrahydrofuran (THF) to
reduce its reactivity.

Device Fabrication. A hole-transporting buffer layer (40 nm) of
poly(3,4-ethylenedioxythiophene) with poly(4-styrenesulfonate) (PE-
DOT:PSS, H. C. Starck Clevios PH500) was prepared atop a UV−
ozone-cleaned ITO-coated glass substrate (sheet resistance of 10 Ω per
square) by spin-coating at 3000 rpm for 99 s and then heated on a hot
plate at 140 °C for 10 min. The photoactive layer was prepared on the
ITO/PEDOT:PSS substrate by spin-coating from a blend solution at
1200 rpm for 60 s in the nitrogen atmosphere under a relative humidity
of 40%. The blend solutions, varying from weight fraction of two
polymers, were obtained by mixing 0.70 mL of P3HT (xmg) and PTQ1
(5 − x mg) in chlorobenzene with 0.30 mL of a 0.4 M diethylzinc
solution, which was prepared by mixing 1.8 mL of a 1.1 M diethylzinc
solution in toluene with 3.2 mL of tetrahydrofuran (THF). The mixed
solution was stirred at 40 °C overnight. The active layers were aged for
15 min and then annealed on a hot plate at 140 °C for 15 min under the
same condition described above. Assuming complete conversion of the
diethylzinc to ZnO, the weight ratio of blend films is estimated to be x:50
− x:50 for a P3HT/PTQ1/ZnO ternary blend. The thickness of active
layers varied from 80 to 95 nm according to the weight fraction of two
polymers. After being heated, the samples were transferred to a glovebox
under an inert nitrogen atmosphere. The Al electrode (100 nm) was
thermally deposited on top of the active layer under high vacuum (<2.5
× 10−4 Pa). At least 10 devices were fabricated to ensure the
reproducibility of the J−V characteristics.

Measurements. UV−visible absorption and PL spectra were
measured with a UV−visible−near-IR spectrophotometer (Hitachi, U-
3500) and a fluorescence spectrophotometer (Horiba Jobin Yvon,
FluoroLog-3) equipped with an iHR320 imaging detector, respectively.
The J−V characteristics were measured with a DC voltage and current
source/monitor (Advantest, R6243) in the dark and under the
illumination filtered by a UV filter with AM1.5G-simulated solar light
with 100 mW cm−2. The light intensity was corrected with a calibrated
silicon photodiode reference cell (Peccell, PECSI01). The EQE spectra
were measured with a digital electrometer (Advantest, R8252) under
monochromatic light illumination from a 500 W xenon lamp (Thermo
Oriel, 66921) with optical cutoff filters and a monochromator (Thermo
Oriel, UV−visible Cornerstone). The active area of the device was 0.07

Figure 7. Schematic illustration of P3HT/PTQ1/ZnO ternary hybrid
solar cells: (a) ternary blend structure and (b) energetic diagram of these
devices.
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cm2, and illumination was conducted from the ITO side. All these
measurements were performed under a nitrogen atmosphere at room
temperature. The film surface morphology and the film thickness were
measured with an atomic force microscope (Shimadzu, SPM-9600) with
a silicon probe (Olympus, a force constant of ∼0.15 N m−1) in contact
mode. The SEM images were measured with a scanning electron
microscope (Keyence, VE-9800) at an accelerating voltage of 2 kV.
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