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ABSTRACT: Ternary organic solar cells are promising candidates for bulk
heterojunction solar cells; however, improving the power conversion efficiency
(PCE) is quite challenging because the ternary system is complicated on phase
separation behavior. In this study, a ternary organic solar cell (OSC) with two
donors, including one polymer (PTB7-Th), one small molecule (p-DTS-
(FBTTH2)2), and one acceptor (PC71BM), is fabricated. We propose the two
donors in the ternary blend forms an alloy. A notable averaged PCE of 10.5%
for ternary OSC is obtained due to the improvement of the fill factor (FF) and
the short-circuit current density (Jsc), and the open-circuit voltage (Voc) does
not pin to the smaller Voc of the corresponding binary blends. A highly ordered
face-on orientation of polymer molecules is obtained due to the formation of an
alloy structure, which facilitates the enhancement of charge separation and
transport and the reduction of charge recombination. This work indicates that a
high crystallinity and the face-on orientation of polymers could be obtained by forming alloy with two miscible donors, thus
paving a way to largely enhance the PCE of OSCs by using the ternary blend strategy.

■ INTRODUCTION

Organic solar cells (OSCs) have made substantial progress
recently and have shown their potential in low-cost, flexible,
and lightweight solar energy conversion devices.1 Although
OSCs have such advantages, a further increase of their power
conversion efficiency (PCE) and stability is needed for future
applications. Extensive research efforts aimed at increasing the
PCE of OSCs have been devoted to the design and synthesis of
new materials,2 morphology control and characterization,3 and
development of new device architectures.4 Thus, high
efficiencies have been obtained in the laboratory for single-
junction devices (∼10%)5 and tandem devices (∼11%).6 To
further increase the PCE of single-junction devices, ternary
blend systems that contain two donor materials and one
fullerene acceptor have been used.7 The ternary strategy can
increase the fill factor and short-circuit current (Jsc)
simultaneously by carefully selecting molecules.8 Koppe et al.
have pointed out that photogenerated positive polarons rapidly
transfer from low band gap polymer phase to wide band gap
phase,9 which explains the increase of short circuit current (Jsc)
of ternary OSCs. However, the current highest efficiency of
ternary solar cells is reported at 8.4%, which is still lower than
the highest record of single-junction devices.8b Moreover, most
ternary solar cells are based on a conventional device structure
instead of an inverted structure, the latter is more stable than
the former for real applications.10 Studies on the new ternary
system with inverted structure, as well as their working

mechanism, are of great importance to further increase the
efficiency and the stability of OSCs.
The PCE of OSCs is significantly associated with a

bicontinuous morphology, which is often classified according
to domain size, purity, and crystallinity.11 The crystallinity of
the conjugated molecules serves an important function for the
above-mentioned morphological characteristics. Conjugated
polymers normally have a good compatibility with fullerene
acceptors. However, the crystallinity of conjugated polymers is
usually low and insufficient to obtain optimal morphology.
Meanwhile, small molecules show better crystallinity than
polymers and easily causes crystalline domains that are too
large, which are not beneficial to charge separation.12

Therefore, a ternary strategy that adds small molecules into
polymers has a great potential to improve the crystallinity of the
polymer phase in OSCs. Moreover, the crystallite orientation
with respect to the electrodes have been shown to be important
in OSCs13 and in many other organic electronic devices.14

Face-on orientation is preferred for single-junction solar cells
because this orientation can reduce the recombination of
photoexcitons during charge separation.15 On the other hand, it
has been pointed out that the alloy model ternary solar cells
have the potential for higher solar cell efficiency than binary
blends.16 Therefore, ternary solar cells fabricated by using two
miscible donors, one is a high-performance polymer and
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another is a high-crystalline small molecule, may form alloy and
increased crystallinity simultaneously, which will potentially
yield high efficiency ternary OSC.
In this study, a ternary inverted OSC is designed and

fabricated by incorporating high crystallinity small molecules
into a host binary blend of polymer: [6,6]-phenyl C71 butyric
acid methyl ester (PC71BM) system. Poly[4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b′]dithiophene-co-3-
fluorothieno[3,4-b]thiophene-2-carboxylate] (PTB7-Th) is se-
lected as the polymer because of a high device efficiency.5a,17

7,7-(4,4-bis(2-Ethylhexyl)-4H-silolo[3,2-b:4,5-b′]dithiophene-
2,6-diyl)bis(6-fluoro-4-(5′-hexyl-[2,2′-bithiophen]-5-yl)benzo-
[c] [1,2,5]thiadiazole) (p-DTS(FBTTH2)2) is selected as the
small molecule because of a high crystallinity.18 The two donors
are miscible. The chemical structures of PTB7-Th, p-DTS-
(FBTTH2)2, and PC71BM, as well as the corresponding energy
levels, are given in Figure 1a and b. We demonstrate that both
the crystallinity and the face-on preferential orientation with
respect to the substrate are enhanced when the small molecule
is added, thus resulting in an average PCE of 10.5% in
optimized conditions. The binary system based on PTB7-
Th:PC71BM exhibits an average PCE of 9.2%, whereas the
ternary system increased to 10.5% by adding a 15% weight ratio
of p-DTS(FBTTH2)2. The hole mobilities and FFs of the

ternary devices are improved compared with that of binary
ones, thus resulting higher PCEs.

■ RESULTS AND DISCUSSION
Device Performance of OSCs. Binary and ternary OSCs

were fabricated with inverted architectures of indium tin oxide/
ZnO/active layer/MoOx/Ag (Figure1c). Figure 1b shows the
energy levels of the active layer materials that were determined
by using the electrochemical method (Supporting Information
Figure S1). The ZnO electron extraction layer was deposited by
using sol-gel techniques.19 After active layer spin coating, the
MoOx hole extraction layer was vacuum deposited, followed by
the Ag anode. The influences of the p-DTS(FBTTH2)2 to
PTB7-Th ratios were examined carefully. The overall donors to
PC71BM ratio were kept at 1:1.1 in this study. To obtain an
optimum bicontinuous morphology, diiodooctane (DIO) was
used as an additive. The PCE of the binary and ternary OSCs at
different contents of small molecules are summarized in Table
1. The results with a mask are given in Table S1 (Supporting
Information). All the masked and unmasked tests had
consistent results with relative errors within 5%. The PCE of
the ternary system is significantly enhanced compared with
binary system. The higher ratios (e.g., larger than 20%) of p-
DTS(FBTTH2)2 induce a macrophase separation of the active

Figure 1. (a) Chemical structures of p-DTS(FBTTH2)2, PTB7-Th, and PC71BM. (b) Energy level diagrams for p-DTS(FBTTH2)2, PTB7-Th, and
PC71BM. (c) Device structure of the OSC (glass/ITO/ZnO/active layer/MoOx/Ag). (d) Illustration of the active layer of ternary solar cells, in
which the small molecules induce the face-on π−π stacking.

Table 1. Summary of Photovoltaic Parameters of Solar Cells with Different Weight Ratios of p-DTS(FBTTH2) under AM1.5
Illumination at 100 mW/cm2

PTB7-Th:P-DTS(FBTTH2)2:PC71BM Voc(ave) (V) Jsc(ave) (mA/cm2) FF (ave) (%) PCE (ave) (%)

100:0:110 0.805 ± 0.002 17.53 ± 0.21 65.26 ± 0.91 9.20 ± 0.69
95:5:110 0.775 ± 0.003 18.24 ± 0.19 68.81 ± 0.84 9.70 ± 0.14
90:10:110 0.762 ± 0.005 18.26 ± 0.07 74.34 ± 0.64 10.3 ± 0.11
85:15:110 0.755 ± 0.004 18.44 ± 0.04 75.27 ± 0.88 10.5 ± 0.09
80:20:110 0.750 ± 0.013 17.49 ± 0.79 73.61 ± 1.06 9.66 ± 0.56
70:30:110 0.766 ± 0.008 16.67 ± 0.39 70.87 ± 2.29 9.05 ± 0.45
0:100:110 0.711 ± 0.002 12.63 ± 0.30 59.74 ± 2.58 5.40 ± 0.28
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layer (Supporting Information Figure S2). Although the PCE of
the ternary system at 20% is higher than that of polymer, the
domains formed by the small molecule due to macrophase
separation are much higher (around 1 μm) than the other parts
of the thin film. It means that the film thickness is not
homogeneous, which hinders the further analysis the results like
SCLC, which significantly depends on the film thickness.
Herein, the performance of the ternary system at 5%, 10%, and
15% weight ratio of p-DTS(FBTTH2)2 is studied carefully.
Figure 2a shows the typical current density versus the voltage

(J−V) characteristics of binary and ternary OSCs under AM 1.5
G illuminations at 100 mW/cm2. The black and blue curves
indicate the photovoltaic performance of polymer (PTB7-
T h : P C 7 1 BM ) a n d s m a l l m o l e c u l e ( p - D T S -
(FBTTH2)2:PC71BM), respectively. For the polymer system,
the devices exhibit an average PCE of 9.2% with Voc = 0.805 V,
Jsc = 17.53 mA cm−2, and FF = 65.26%; for small molecule, the
devices show an average PCE of 5.4%, with Voc = 0.711 V, Jsc =
12.63 mA cm−2, and FF = 59.74%. The red curve presents the
J−V characteristic of ternary OSC with a weight ratio of 15%,
which has the average PCE of 10.5% for ternary systems with
Voc = 0.755 V, Jsc = 18.44 mA cm−2, and FF = 75.27%. One of
our best cells was sent to an accredited solar cell calibration

laboratory (National Center of Supervision and Inspection on
Solar Photovoltaic Products Quality, China) for certification,
confirming an efficiency of 10.1%, with Voc = 0.752 V, Isc =
0.0007258 A, FF = 75.71%, area = 0.0409 cm2, (Supporting
Information Figure S3). Thus, the PCE of the ternary system
can be significantly enhanced by incorporating high-crystalline
small molecule into the host polymer. The Voc is slightly
decreased; however, the Jsc and FF are substantially improved
by 5.2% and 15.3% (Table 1), respectively, compared with the
reference device PTB7-Th:PC71BM. Therefore, the loss of the
Voc can be compensated by an increase in Jsc and FF, resulting
in an increase of PCE by 14.1%. This result indicates a
synergistic effect of the small molecule and polymer for the
charge separation and transport of the active layer. The external
quantum efficiency (EQE) of the ternary blend devices is
presented in Figure 2b. The EQE values are enhanced in the
region between 450 to 550 nm where PC71BM exhibits a high
absorption because p-DTS(FBTTH2)2 is incorporated. EQE
values show a little red shift which is consistent with the UV−
vis absorption spectra (Supporting Information Figure S4).

Morphology and Phase Separation. To study the
influence of the morphology by adding p-DTS(FBTTH2)2 to
PTB7-Th, transmission electron microscopy (TEM) and

Figure 2. (a) J−V curve of binary and ternary system under AM1.5G illumination from a calibrated solar simulator with an irradiation intensity of
100 mW/cm2. The weight ratio of p-DTS(FBTTH2)2 for each curve is 0% (black), 5% (green), 10% (violet), 15% (red), and 100% (blue),
respectively. (b) EQE curves of the OSCs corresponding to the devices in (a).

Figure 3. TEM images of OSCs with different contents of p-DTS(FBTTH2)2. (a) 0%, (b) 5%, (c) 10%, (d) 15%, (e) 100%, and (f) 100% in a large
magnification. The scale bar was indicated in each image. (g) R-SoXS profiles in log scale for binary and ternary systems.
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resonant soft X-ray scattering (R-SoXS) were performed. As
shown in Figure 3, the bright and dark regions in the TEM
images correspond to the donors and PC71BM-rich domains,
respectively.20 These images reveal that all systems show
fibrous features with domain sizes of 10−15 nm, thus benefiting
exciton separation and charge transport.21 However, large
domains (approximately 600 nm) are found (Figure 3e) in p-
DTS(FBTTH2)2:PC71BM blend film. Blending p-DTS-
(FBTTH2)2 into PTB7-Th:PC71BM up to 15% does not
cause any significant changes in phase separation, which allows
for a meaningful discussion on the changes of Voc, Jsc, and FF
because of the molecular packing. Further R-SoXS studies
provide access to the spatial dimensions of phase-separated
domains with statistical significance (Figure 3g).13,22 The
photon energy of 284.2 eV is selected due to the highly
enhanced contrast. The PTB7-Th:PC71BM binary blend film
shows a scattering peak at q = 0.2 nm−1, which corresponds to
approximately 30 nm characteristics length scale phase
separation (domain size is the half of this value, that is, 15
nm), whereas that of the p-DTS(FBTTH2)2:PC71BM blend
film exhibits main scattering peaks at q = 0.01 and 0.08 nm−1,
which corresponds to ∼600 nm and ∼80 nm characteristics
length scale phase separation. The position of the scattering
peaks at q = 0.2 nm−1 do not change obviously after
incorporating p-DTS(FBTTH2)2 into the PTB7-Th:PC71BM
blend film, indicating that the p-DTS(FBTTH2)2 small
molecules have almost no influence on the bicontinuous
phase separation in ternary systems. This result is consistent
with the TEM results. The phase separation of two donor

materials (PTB7-Th and p-DTS(FBTTH2)2) was studied by
means of R-SoXS as well. The scattering profile of the binary
donor blend with 15% p-DTS(FBTTH2)2 by weight does not
show any peaks in detectable length scale (10−600 nm) nm,
thus indicating that these two materials are miscible. It is
reasonable to speculate that the small amount p-DTS-
(FBTTH2)2 will be mixed in PTB7-Th rich phase in the
ternary blend. In this overall two phases system, the total
scattering intensity TSI (obtained by integrating the scattering
profiles over the detectable q range) of the ternary systems was
enhanced compared with the PTB7-Th:PC71BM blend film.23

Thus, the presence of p-DTS(FBTTH2)2 helps with purifying
the PTB7-Th rich phase. The pure domains will facilitate the
charge transport and reduce bimolecular recombination in the
present system.24

Grazing incidence wide-angle X-ray scattering (GIWAXS) is
used to probe the molecular stacking and orientation of the
active layer.25 Figure 4a-f present the 2D GIWAXS patterns of
ternary blends. To quantify the scattering data, the correspond-
ing out-of-plane and in-plane cuts are given in Figure 4g and h,
respectively. In the 2D GIWAXS pattern of the pure PTB7-Th
thin film (Supporting Information Figure S5), a broad arc-like
scattering (q = 1.73 Å−1) arises from the Bragg diffraction of
periodic PTB7-Th in the out-of-plane direction and corre-
sponds to the π−π stacking peak. Meanwhile, the π−π stacking
peak (q = 1.73 Å−1) is absent in the in-plane direction. This
result indicates that the PTB7-Th molecules have a preferred
face-on orientation with respect to substrate. By contrast, the
2D GIWAXS pattern of p-DTS(FBTTH2)2 thin film

Figure 4. Two-dimensional GIWAXS patterns of the active layer. The weight ratio of p-DTS(FBTTH2)2 is indicated in each image. (a) PTB7-
Th:PC71BM (1:1.1), (b) PTB7-Th:p-DTS(FBTTH2)2:PC71BM (0.95:0.05:1.1), (c) PTB7-Th:p-DTS(FBTTH2)2:PC71BM (0.90:0.1:1.1), (d)
PTB7-Th:p-DTS(FBTTH2)2:PC71BM (0.85:0.15:1.1), (e) p-DTS(FBTTH2)2:PC71BM (1:1.1), and (f) PTB7-Th:p-DTS(FBTTH2)2 (0.85:0.15).
The out-of-plane (g) and in-plane (h) cuts of the corresponding 2D GIWAXS patterns. (010) diffraction peak is enlarged in the inset profile. (i)
fwhm of the (010) peak (black symbols) and the correlation length of the π−π stacking (red symbols).
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(Supporting Information Figure S5) exhibits a high degree of
molecular ordering in the out-of-plane direction, as evidenced
by the strong lamellar (100), (200), and even (300) diffraction
peaks. The weak (100) peak and strong (010) peak are present
in the in-plane direction. Thus, the p-DTS(FBTTH2)2 has a
preferential edge-on orientation. Compared with the pure film,
the intensity of the face-on π−π stacking peak of the PTB7-
Th:PC71BM blend film becomes weaker by addition of
PC71BM, (see Figure 5a), which means the PC71BM destroys
the crystallinity of PTB7-Th. For the ternary system (Figure 4b,
c, and d), the face-on π−π stacking peak (010) becomes more
remarkable in the 2D images and sharper in out-of-plane
direction through incorporating p-DTS(FBTTH2)2 to PTB7-
Th, thus indicating an increased ratio of face-on oriented
molecules. The strong lamellar (100), (200), and even (300)
diffraction peaks are observed at the weight ratio higher than
15% (20% and 30% as shown in Supporting Information Figure
S5) due to macrophase separation. However, (100) peak is
absent at the weight ratio of p-DTS(FBTTH2)2 lower than 15%
(Figure 4b−d), which indicates that p-DTS(FBTTH2)2 may be
mixed into the polymer matrix. We checked the blend of p-
DTS(FBTTH2)2:PC71BM (15:110) by GIWAXS as well.
Supporting Information Figure S6 shows that there are strong
(100), (200), and even (300) diffraction peaks of p-DTS-
(FBTTH2)2 in the out-of-plane profile. It means that if the p-
DTS(FBTTH2)2 is present as an individual phase in the ternary
blend at 15%, the diffraction peaks should be detectable by
GIWAXS; however, we did not find these peaks (Figure 4g and
h). Thus, p-DTS(FBTTH2)2 should mix with PTB7-Th.
Moreover, from the Differential scanning calorimetry (DSC)
results (Figure 5b), it clearly seen that there is no endothermic
peak of p-DTS(FBTTH2)2 during heating cycle of blend of
PTB7-Th and p-DTS(FBTTH2)2 with a weight ratio of 15% p-
DTS(FBTTH2)2 as the pure PTB7-Th. When the macrophase
separation takes place (i.e., the weight ratios of 20%), the
endothermic peak of the p-DTS(FBTTH2)2 appears. These
results mean that the p-DTS(FBTTH2)2 is not present as an
individual phase in the active layer when its weight ratios less
than 15%; otherwise, it will crystallize as an individual phase
that should be detected by GIWAXS and DSC. On the other
hand, compared with pure PTB7-Th, the position of (010)
peak is shifted to higher q value, which is located in between
that of pure PTB7-Th and that of p-DTS(FBTTH2)2 by
incorporating 15% p-DTS(FBTTH2)2 (Figure 5a), whereas its

position is not changed by adding PC71BM. Because p-
DTS(FBTTH2)2 does not crystallize below a 15% ratio as
indicated by GIWAXS and DSC, the (010) peak of the ternary
blends is not originated from the summation of two pure
materials. Thus, we propose that an alloy is formed in the
present ternary system as represent in Figure 1d. Furthermore,
we observed that the Voc does not pin to the donor with high
HOMO and the smaller Voc of the corresponding binary blends
(Figure 5c), which is consistent with the alloy model.16

Although small molecules existing as a disordered phase is
another possible mechanism,9 the shift of (010) peak position
and the increase of the crystallinity can only be explained by the
alloy model.
Because the incident angle (0.14°) of our measurements is in

between the critical angle of the thin film and the substrate, the
average information on the whole film is obtained.26 However,
we do not find the scattering signals of p-DTS(FBTTH2)2 from
the 2D GIWAXS patterns (see Figure 4b, c, and d), indicating
that the small molecules do not aggregate either on top surface
or the bottom of the cells. We changed the incident angle as
well. The results are given in Supporting Information Figure S7.
It found that the positions of the (010) peak do not change
with the incident angle and diffraction from (100), (200), and
(300) peaks of the crystallite of small molecules are absent.
This means there is no aggregation of small molecules on the
top surface, which is consistent with the result get at 0.14°.
The full-width at half-maximum (FWHMs) of the scattering

peak, Δq, has a correlation with the nanocrystallite size through
the Scherrer equation.27 The FWHMs of the ternary systems
were extracted by fitting the out-of-plane cuts with Gaussian
equation (Supporting Information Figure S8). The (010)
coherence lengths of the reference cell and ternary system were
calculated by using Scherrer analysis. The correlation length is
increased from ∼8 Å to ∼23 Å(Figure 4i) when p-DTS-
(FBTTH2)2 increases from 0% to 15%, which indicates that
large nanocrystallite sizes are formed along the π−π stacking
direction in the ternary system (Figure 1d). As a result, charge
carrier mobilities and charge collection efficiencies might be
enhanced.
In the present case, the domain size of the ternary system

and the reference PTB7-Th:PC71BM are similar to each other
in terms of TEM and R-SoXS results, which makes the
discussion on working mechanism meaningful. Compared with
the reference PTB7-Th:PC71BM binary device, the ternary

Figure 5. (a) Upper: Out-of-plane scattering of pure PTB7-Th (black), PTB7-Th:PC71BM (100:110, red), PTB7-Th:p-DTS(FBTTH2)2 (85:15,
blue), PTB7-Th:p-DTS(FBTTH2)2 (80:20, violet), and p-DTS(FBTTH2)2:PC71BM (15:110, green), respectively. Bottom: In-plane scattering of
pure PTB7-Th (black), PTB7-Th:PC71BM (100:110, red), PTB7-Th:p-DTS(FBTTH2)2 (85:15, blue) and PTB7-Th:p-DTS(FBTTH2)2 (80:20,
violet), respectively. (b) DSC curves of PTB7-Th (black), p-DTS(FBTTH2)2 (red), PTB7-Th:p-DTS(FBTTH2)2 (85:15, blue), PTB7-Th:p-
DTS(FBTTH2)2 (80:20, violet), respectively. (c) Voc as a function of weight ratio of p-DTS(FBTTH2)2.
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system achieves a higher FF. The variation of FF as the function
of composition is presented in Figure 6a. The importance of
mobility for good FF has been recently illustrated.28 To
elucidate the reason, the hole mobility of the ternary system
was measured using the space-charge limited current (SCLC)
regime of a hole-only diode device configuration (Supporting
Information Figure S9). Figure 6b shows the hole mobility as a
function of the weight ratio of p-DTS(FBTTH2)2. The hole
mobility of the PTB7-Th is larger than p-DTS(FBTTH2)2. The
hole motilities of the ternary system are increased through the
incorporation of p-DTS(FBTTH2)2, which is attributed to a
high degree of ordering and face-on π−π stacking as
demonstrated in GIWAXS. In addition, the π−π stacking
distance shows an inverse relationship with hole mobility.29

The variation of π−π stacking distance with the weight ratio of
p-DTS(FBTTH2)2 is presented in Figure 6c. Compared with
the PTB7-Th:PC71BM binary device, the π−π stacking distance
of the ternary system shortens as the weight ratio of p-
DTS(FBTTH2)2 increases, thus possibly leading to a high FF as
demonstrated in previous works.29 Thus, we attribute the high
FF of the ternary system to high mobility, face-on π−π
stacking, short π−π stacking distance, and relatively pure
domains indicated by R-SoXS. However, p-DTS(FBTTH2)2
may have the shortest π−π stacking distance, but p-DTS-
(FBTTH2)2 does not the show highest FF because of low hole
mobility.

■ CONCLUSION

To summarize, high performance ternary solar cells with an
average PCE of 10.5% have been designed and fabricated, thus
showing a suitably designed ternary blend that has the potential
for higher cell efficiency than binary blends. In the present
system, two miscible donor molecules form an alloy, that is, a
small molecule with high crystallinity was incorporated with a
polymer that had a preferential face-on π−π stacking. The
crystallinity and the face-on orientation of the ternary system
are enhanced through the incorporation of a high-crystalline
small molecule, resulting in high hole mobility and less charge
recombination. Thus, the Jsc, FF, and PCE are enhanced. Our
approach provides a facile ternary strategy to increase the FF
and Jsc simultaneously and is proved to be an efficient strategy
for fabricating OSCs with high performance.

■ EXPERIMENTAL SECTION

Device Fabrication and Characterization. PTB7-Th and
p-DTS(FBTTH2)2 were purchased from 1-Material Chem-
scitech Inc. (Canada) and used as received. The ZnO precursor
solution was prepared by dissolving 0.14 g of zinc acetate
dihydrate (Zn(CH3COO)2·2H2O, 99.9%, Aldrich, U.S.A.) and

0.5 g of ethanolamine (NH2CH2CH2OH, 99.5%, Aldrich,
U.S.A.) in 5 mL of 2-methoxyethanol (CH3OCH2CH2OH,
99.8%, J&K Scientific, Canada). Patterned ITO glass with a
sheet resistance of 15 Ω sq−1 was purchased from CSG
HOLDING Co., Ltd. (China). The ITO glass was cleaned by
sequential sonications in soap DI water, DI water, acetone, and
isopropanol for 15 min at each step. After ultraviolet/ozone
(Ultraviolet Ozone Cleaner, Jelight Company, U.S.A.) treat-
ment for 4 min, a ZnO electron transport layer was prepared
through spin coating at 3000 rpm from a ZnO precursor
solution. Then the ZnO substrates were immediately baked in
air at 200 °C for 30 min. Active layer solutions (D/A ratio
1:1.1) with polymer concentrations of 10 mg mL−1 were
prepared in chlorobenzene (CB) with 3% (volume fraction) of
DIO. Active layers were spin coated from the polymer solution
on the substrate in a N2 glovebox at 1500 rpm to obtain
thicknesses of approximately 100 nm. At a vacuum level of
approximately 1.0 × 10−6 mbar, a thin layer (5 nm) of MoOx
was deposited as the anode interlayer, and 100 nm of Ag was
deposited as the top electrode. Device J−V characteristics was
measured under AM1.5G (100 mW/cm2) using a Newport
Thermal Oriel 91159A solar simulator. Light intensity is
calibrated with a Newport Oriel PN 91150 V Si-based solar cell.
J−V characteristics were recorded using a Keithley 2400 source
meter unit. Typical cells have device areas of approximately 4
mm2. A mask with well-defined area was used to measure the
J−V characteristics as well. All the masked and unmasked tests
had consistent results with relative errors within 5%. EQEs
were performed in air with an Oriel Newport system (Model
66902) equipped with a standard Si diode. Monochromatic
light was generated from a Newport 300W lamp source.

Other Characterizations. UV−vis absorption spectra were
acquired on a Lambda 950 spectrophotometer (PerkinElmer,
U.S.A.). The hole mobility was measured via the SCLC method
by using a device architecture of ITO/PEDOT:PSS/active
layer/MoOx/Ag by acquiring the current−voltage curves and
fitting the results to a space-charge limited form. The
thicknesses of the active layer were measured by using an
Alpha-atepD-120 stylus profilometer, Kla-Tencor. The DSC
data were obtained from DSC Q100 TA Instruments, U.S.A.
The heating rate was 10 K/min. GIWAXS measurements were
performed at beamline 7.3.3 at the Advanced Light Source,30

Berkeley, U.S.A. GIWAXS samples were prepared on Si
substrates coated with ZnO layer using identical blend solutions
as those used in devices. The incident angle was 0.14°, which
maximized the scattering intensity from the samples. The
scattered X-rays were detected by using a Dectris Pilatus 2 M
photon counting detector. R-SoXS transmission measurements
were performed at beamline 11.0.1.2 at the ALS.31 Samples for
R-SoXS measurements were prepared on a PEDOT:PSS

Figure 6. (a) FF, (b) hole mobility, and (c) distance of the π−π stacking at different weight ratios of p-DTS(FBTTH2)2.
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modified glass/ITO substrate under the same conditions as
those used for device fabrication and then transferred by
floating in water to a 1.5 mm × 1.5 mm, 100 nm thick Si3N4
membrane (Norcada Inc.). Two-dimensional scattering pat-
terns were collected on an in-vacuum CCD camera (Princeton
Instrument PI-MTE). The beam size at the sample is 100 mm
by 200 mm.
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