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ABSTRACT: We report highly efficient all-polymer solar cells
with power conversion efficiencies of over 4.5% by highly
intermixed blends of PTB7-Th donor and P(NDI2OD-T2)
acceptor polymers. The low interfacial tension and the face-on
π−π stackings of the all-polymer blends afforded desired
nanophase morphology, which facilitates efficient charge
transport from the active layer to each electrode. In addition,
the incorporation of 1,8-diiodooctane additives was able to tune
the degree of crystallinity and orientation of P(NDI2OD-T2)
acceptors, resulting in remarkable enhancement of electron mobility, external quantum efficiency, and JSC values.

Extensive research activities have been focused on bulk-
heterojunction (BHJ) type polymer solar cells (PSCs)

because of their ease of fabrication, flexibility, and potential for
cost-effective mass production.1,2 The power conversion
efficiency (PCE) of polymer/phenyl-C61-butyric-acid-methyl-
ester (PCBM)-based BHJ solar cells has increased dramatically
up to 9−10% over the past decade with the development of
low-bandgap materials3−8 and advance of device architec-
tures.9−12 In recent years, great effort has also been devoted to
replacing the conventional PCBM as an electron acceptor. For
example, to increase the open-circuit voltage (VOC) in polymer/
fullerene based PSCs, new fullerene bisadducts with higher
lowest unoccupied molecular orbital (LUMO) level than that
of PCBM have been developed.13−15 However, the fullerene
acceptors have disadvantages, such as relatively weak absorption
ability in the visible region due to their symmetrical structures;
the need for high purity, making their synthesis very expensive;
thermally unstable morphology of polymer/fullerene blend
films due to the rapid diffusion of fullerene molecules; and
restricted chemical and energetic tunability, which limits the
design of complementary polymer donors for maximum PSC
performance, in particular for enhancing the VOC and short-
circuit current (JSC) simultaneously.16−18

All-polymer solar cells (all-PSCs), which consist of polymer
donor/polymer acceptor blends, have potential advantages over
typical polymer/fullerene systems, including enhanced absorp-
tion coefficients, the extensive tunability of their energetic and
chemical properties, which result in simultaneously increased
Voc and JSC values, and superior chemical, thermal, and
mechanical stabilities.18−27 However, despite these attractive
features of all-PSCs, less success has been realized for all-PSCs
as compared to polymer/fullerene systems, with few systems
exhibiting PCEs over 2%.21,28−32 Only recently, two groups
reported PCEs of over 4%.20,22 These relatively low PCEs for
all-PSCs are mainly due to the undesirable features of the BHJ

blend morphology, including large-scale phase-separated
domain size, inhomogeneous internal phase composition, and
reduced ordering of polymer chains,19,28,33−37 which limit the
generation and transport of free charge carriers and,
subsequently, the device performance. Also, the electron
mobility of polymer acceptors is typically much lower than
that of fullerene derivatives.
To address the above-mentioned issues and realize the high-

performance all-PSCs, we need to identify well-matched
polymer donor−acceptor pairs while simultaneously tuning
the degree of phase separation and polymer crystallinity. More
specifically, critical requirements include (1) well-aligned
energy levels of polymer donors and acceptors for efficient
charge separation; (2) favorable molecular interactions between
two different polymers that lead to low interfacial tension at the
donor−acceptor interface, thus producing well-mixed, inter-
penetrating networks of all-polymer blends; (3) desirable
molecular ordering of two different polymers (i.e., face-on
orientation) for facilitating efficient charge transport between
the electrodes; and (4) highly crystalline polymer acceptors
with high electron mobilities.18,19,21 In this letter, we report on
highly efficient all-PSCs by utilizing the low-bandgap polymer
of poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-
b′]dithiophene-alt-3-fluorothieno[3,4-b]thiophene-2-carboxy-
late] (PTB7-Th) as the electron donor8,38 and poly[[N,N′-
bis(2-octyldodecyl)-napthalene-1,4,5,8-bis(dicarboximide)-2,6-
diyl]-alt-5,5′-(2,2′-bithiophene)] P(NDI2OD-T2) as the ac-
ceptor20,39,40 (Scheme 1). PTB7-Th (number-average molec-
ular weight (Mn) = 24 kg/mol, Table 1) exhibits higher
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absorption coefficient (∼105 cm−1) than the well-known PTB7
polymer (Figure S1, Supporting Information).

Also, the range of the absorption band of PTB7-Th (500−
775 nm) is extended beyond that of PTB7 (500−750 nm) by
25 nm toward longer wavelengths. P(NDI2OD-T2) (Mn = 32
kg/mol, Table 1) was synthesized and used as the n-type
polymer because of its high electron mobility and electron
affinity and light absorption ability at near-IR wavelengths, as
shown in Scheme 1. It was also noted that the PTB7-Th and
P(NDI2OD-T2) polymers have the LUMO/HOMO levels of
−3.6 eV/−5.2 eV and −4.3 eV/−5.9 eV, respectively,20,38

which produce well-matched energy alignment with the energy
offsets of LUMO−LUMO (0.7 eV) and HOMO−HOMO (0.7
eV) that are sufficient to generate free charges at the PTB7-Th/
P(NDI2OD-T2) interfaces.41−43 More importantly, the PTB7-
Th and P(NDI2OD-T2) have very similar surface tensions of
26.1 and 25.5 mN/m, respectively, as measured by contact
angle experiments (Table 1 and Figure S2 and Table S1,
Supporting Information). Therefore, polymer blends could
have the potential for forming the well-intermixed morphology
with suppressed phase separation due to the extremely low
interfacial tension of 0.25 mN/m between the PTB7-Th and
P(NDI2OD-T2) domains, as summarized in Table S1
(Supporting Information). For reference, this value is only
4% of the interfacial tension of 7.9 mN/m between poly(3-
hexylthiophene) (P3HT) and P(NDI2OD-T2).24,44 Finally,
both the PTB7-Th and P(NDI2OD-T2) polymers have strong
face-on π−π stackings, which are favorable for hole and
electron transport, respectively, between the electrodes.
To explore the potential of the PTB7-Th/P(NDI2OD-T2)

blend system for all-PSCs, we fabricated both normal-type (n-
all-PSCs) and inverted-type all-PSCs (i-all-PSCs). (The
detailed procedure for device structure and fabrication is

described in the Supporting Information.) The optimized
donor:acceptor (D:A) blend ratio was 1.3:1 (w/w), and the
optimized film thickness of the BHJ type PTB7-Th:P-
(NDI2OD-T2) layer was about 110−120 nm. Figure 1 shows

the optimized J−V curves, the external quantum efficiency
(EQE) spectra, and the internal quantum efficiency (IQE)
spectra of i-all-PSCs with and without the solvent additives of
1,8-diiodooctane (DIO), and the optimized photovoltaic
parameters of i-all-PSCs are summarized in Table 2. The
characteristics of i-all-PSC and n-all-PSC devices with other
fabrication conditions (i.e., different volumetric ratios of DIO
additives) are listed in Tables S2 and S3 (Supporting
Information), respectively. In addition, the optimized J−V
curves and EQE spectra of n-all-PSCs are shown in Figure S3
(Supporting Information). The best PCE value of i-all-PSCs of

Scheme 1. Schematic Illustration of Our Highly Efficient All-PSC System Based on Well-Intermixed and Face-On Stacked
Polymer Blends. Chemical Structures and Absorption Coefficients (UV−vis Spectra) of the PTB7-Th Donor Polymer,
P(NDI2OD-T2) Acceptor Polymer, and Their Blends Used in Our Study

Table 1. Polymer Information Used in This Study

polymer
information

Mn/Mw
(kg/mol)a

PDI
(Mw/Mn)

a
Eg

opt

(eV)b
surface tensionc

(mN/m)

PTB7-Th 24/76 3.10 1.60 26.1
P(NDI2OD-T2) 32/79 2.40 1.50 25.5

aThe molecular weights and polydispersity index (PDI) of the
polymers were determined by GPC using o-DCB as the eluent at 80
°C calibrated by standard PS. bDetermined by UV−vis absorption
onsets in the polymer films. cDetermined by contact angle
measurements.

Figure 1. (a) Optimized J−V characteristics of PTB7-Th:P(NDI2OD-
T2)-based i-all-PSCs and (b) EQE and IQE (EQE/device absorbance)
spectra of optimized devices with and without DIO.
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PTB7-Th:P(NDI2OD-T2) without any solvent additives was
3.41% (VOC: 0.81 V, JSC: 8.27 mA cm−2, and FF: 0.51).
When a small amount of DIO (1.25 vol %) was added into

all-polymer blends, the best PCE value increased dramatically
to 4.60% (VOC: 0.82 V, JSC: 10.61 mA cm−2, and FF: 0.53),
which represents one of the highest efficiencies of all-PSCs
reported to date. It is interesting to notice that both the devices
without and with DIO additives showed high FF value over 0.5,
suggesting the formation of a well-optimized, bicontinuous
network of the donor and acceptor domains as a result of their
low interfacial interaction. The PCE values changed with
different amounts of DIO additives (ranging from 0.5 to 1.5 vol
%), but the PCE values still were greater than that of the device
without DIO additives (Table S2, Supporting Information). A
similar trend in the performance of n-all-PSCs was also
observed when the DIO additives were used (Table S3,
Supporting Information). In addition, we have fabricated
PTB7:P(NDI2OD-T2) devices as the control, to validate the
high photovoltaic performance of our PTB7-Th:P(NDI2OD-
T2)-based all-PSC system (Table S4, Supporting Information).
The PCE values of the optimized PTB7:P(NDI2OD-T2)-based
all-PSCs that were made with 1 vol % of DIO additives were
obtained as 2.54% (VOC: 0.807 V, JSC: 7.12 mA cm−2, and FF:
0.44), which agreed well with the values reported previously.21

Thus, the PTB7-Th was beneficial in producing high
performance all-PSC devices.
The significant enhancement of the PCE values in PTB7-

Th:P(NDI2OD-T2)-based all-PSCs by using DIO additives
was mainly attributed to the improvement in the JSC value by
28% (from 8.27 to 10.61 mA cm−2). The EQE and IQE values
were measured to evaluate the spectral responses of the all-
PSCs. It is evident that the JSC enhancements were well
reflected in the changes of the EQE and IQE values, showing
25% and 24% increases, respectively (Figure 1b). For example,
the EQEmax values of the optimized PTB7-Th:P(NDI2OD-
T2)-based i-all-PSCs were improved by DIO additives from
42.7% to 53.6%. The IQE values were calculated by dividing the
EQE values by the fraction of photons absorbed in the active
layer,45 and these values also showed a significant enhancement
from 47.7% to 59.2%. To address the origin of IQE
enhancement in the all-PSCs by using DIO additives, the
electrical properties of the PTB7-Th:P(NDI2OD-T2) devices
without and with DIO were compared by measuring the
electric-field-dependent current densities of the devices at
optimized device conditions under reverse bias from 0 to −10
V (Figure S4, Supporting Information). The stronger field
dependence (large slope of the J−V curve) indicated that the
charge collection process in all-PSC devices (i.e., charge
transport) was less efficient.46 Interestingly, the average slopes
(S) of the J−V curves for both the n-all-PSCs and the i-all-PSCs
were reduced by addition of the DIO. For example, the S value
for n-all-PSC devices was significantly decreased from 1.6 to 1.1
by adding 0.5 vol % of the DIO additives, while the PCE value
of the devices was increased from 2.39 to 4.21%.
To gain a deeper insight into the changes in the electrical

properties of the all-PSCs caused by the DIO additives, we

measured the charge-carrier mobilities in the PTB7-Th:P-
(NDI2OD-T2) devices with and without DIO. The hole
mobility (μh) and electron mobility (μe) in both the polymer
only and the all-polymer blend films were measured and
compared using the space-charge-limited current (SCLC)
method as shown in Figure S5 (Supporting Information) and
Table 3. It was observed that the measured hole mobilities of

PTB7-Th only and all-polymer blends (with and without DIO
(w/and w/o DIO)) were approximately the same, i.e., on the
order of 10−4 cm2/V s. In contrast, there were remarkable
differences in the electron mobilities between the P(NDI2OD-
T2) only and the all-polymer blends. The electron mobility of
the PTB7-Th:P(NDI2OD-T2) (w/o DIO) devices (5.3 × 10−7

cm2/V s) was only about 5% of that of the P(NDI2OD-T2)
only film (1.1 × 10−5 cm2/V s). This suggested that the
morphological behavior of P(NDI2OD-T2) domains, including
their crystalline behavior, was largely disrupted by the presence
of PTB7-Th donors in the blends.47 Interestingly, when a small
amount of DIO was added into the all-polymer blends, the
electron mobility (6.7 × 10−6 cm2/V s) was dramatically
increased by a factor of more than 10, and consequently, the
ratio between hole and electron mobilities in the device with
DIO was more balanced. Thus, this significant improvement in
charge transport efficiency is a key parameter for improving the
transport of the electrons to the electrode and for reducing
charge recombination, resulting in the higher JSC and FF values
in the all-PSC devices.
To investigate the changes in the electrical properties of the

BHJ PSCs induced by the DIO additives, first we examined the
blend morphologies of PTB7-Th:P(NDI2OD-T2) w/ and w/o
DIO by using tapping-mode atomic force microscopy (AFM)
images (Figure S6, Supporting Information). Although the
images of the both samples showed bicontinuous structures of
polymer blends with relatively small-length scale domain
favorable for exciton dissociation, the value of the RMS surface
roughness increased from 1.3 nm for the sample w/o DIO to
1.9 nm for the sample w/ DIO. This was attributed mainly to
the fact that the DIO additives, which have a high boiling point
(333 °C), allowed the film to dry for a longer time, resulting in
the development of more phase separation in the all-polymer
blends.17,48 Next, steady-state photoluminescence (PL) meas-
urements were performed.20,46 The intensities of PL spectra
from PTB7-Th to P(NDI2OD-2T) of the all-polymer blend
films w/ and w/o DIO additives were compared, both of which
were measured by excitation at a wavelength of 640 nm. Figure

Table 2. Photovoltaic Parameters of the PTB7-Th:P(NDI2OD-T2)-Based i-all-PSC Devices without and with DIO

inverted type Voc (V) Jsc (mA cm‑2) FF PCEmax (%) EQEmax (%) IQEmax (%) calcd Jsc (mA cm−2)

w/o DIO 0.810 8.27 0.51 3.41a 42.7 47.7 8.01
w/DIO 0.821 10.61 0.53 4.60b 53.6 59.2 10.30

aThe average PCE value of the devices was 3.32%. bThe average PCE value of the devices was 4.48%.

Table 3. Hole and Electron Mobility Values of the Polymer
Neat and the All-Polymer Blends Measured by the SCLC
Method

sample μh (cm
2/V s) μe (cm

2/V s)

PTB7-Th only 9.6 × 10−5 -
P(NDI2OD-T2) only - 1.1 × 10−5

PTB7-Th:P(NDI2OD-T2) (w/o DIO) 3.7 × 10−4 5.3 × 10−7

PTB7-Th:P(NDI2OD-T2) (w/DIO) 4.2 × 10−4 6.7 × 10−6
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S7 (Supporting Information) shows dramatic PL quenching in
both the blend films w/ and w/o DIO additives compared to
the pristine PTB7-Th film. Interestingly, the degree of the
emission quenchings for the blend film w/o DIO additives was
rather high (96%) compared to that for the film w/DIO (90%),
which supports the morphological trends of PTB7-Th:P-
(NDI2OD-T2) blend films by AFM measurements. Although
the DIO additives induced more phase separation between the
PTB7-Th:P(NDI2OD-T2) domains, the degree of phase
separation was still sufficient to produce efficient charge
separation and transport. From the combined results of the
PL quenching study and the AFM measurements, the difference
in the macroscopic aspect of the blend morphology (i.e., the
length scale of the phase-separated domains) was not the main
reason for the significant enhancements in JSC value by addition
of DIO in our all-PSC devices.
Direct evidence for the changes of the electrical properties

and the PCE values of all-PSCs can be gleaned by examination
of the microstructure of all-polymer blends via grazing
incidence X-ray scattering (GIXS) (Figure 2). While Figures
2a and b present the GIXS patterns of the pristine P(NDI2OD-
T2) and PTB7-Th polymer films, Figures 2c and d show the
GIXS patterns of the PTB7-Th/P(NDI2OD-T2) blend films
w/o and w/DIO additives, respectively. The PTB7-Th/
P(NDI2OD-T2) blend films were prepared identically to the
best device conditions. First, Figure 2a,b and Figure S8
(Supporting Information) show that PTB7-Th and P-
(NDI2OD-T2) polymer thin films have distinct peaks of
reflections from the (100) crystal plane that represent similar
lamellar spacings of 2.3 nm (qin = 0.27 Å−1) and 2.5 nm (qin =
0.25 Å−1), respectively. In particular, as shown in Figures 2a, b,
and e, both the PTB7-Th and P(NDI2OD-T2) polymer thin
films have strong (010) peaks of π−π stackings with very
similar spacing of ∼0.40 nm in the out-of-plane X-ray profile,
which indicates that both polymer backbones adopt a
preferential face-on orientation relative to the substrate.
These combinations of face-on stacked polymer donor and
acceptor should be beneficial for charge transport from the
active layer to the corresponding electrodes, which could be
one of the reasons for the high PCE value of the all-PSCs.24 It
is worthwhile to note that whereas the P(NDI2OD-T2) film
showed strong (100), (200), and (300) peaks with much more
pronounced reflections in both the in-plane and out-of-plane
directions, the PTB7-Th film exhibited the only first-order
scattering of a (100) peak; this result indicates that the
P(NDI2OD-T2) stacks in the film exhibited a highly ordered
structural organization due to their strong crystalline behavior.
However, the crystalline feature of P(NDI2OD-T2) was
suppressed and disrupted significantly by the blending of
PTB7-Th polymers, as evidenced in the disappearance of high-
order peaks (i.e., (200) and (300)) in the PTB7-Th/
P(NDI2OD-T2) blend w/o DIO (Figures 2c and e). In
contrast, when small amounts of DIO additives were added into
the all-PSCs, the crystalline nature of P(NDI2OD-T2)
polymers was recovered completely with the appearance of
highly ordered structures up to the fourth-order (400) peaks
(Figures 2d and e). In addition, the PTB7-Th/P(NDI2OD-T2)
w/DIO showed a much more prominent π−π stacking peak
with face-on geometry compared to those in the blend w/o
DIO. These trends were supported further by the GIXS
patterns of the P(NDI2OD-T2) only film and the PTB7-Th
only film w/ and w/o DIO (Figure S9, Supporting
Information). The addition of DIO induced a significant

enhancement in the crystallinity of P(NDI2OD-T2), whereas
the effect on the structure of PTB7-Th film was almost
negligible.17 Thus, a dramatic change in the microstructures of
P(NDI2OD-T2), including the recovery of the strong
crystalline feature of P(NDI2OD-T2) and its strong face-on
π−π stacking in the PTB7-Th/P(NDI2OD-T2) blends,
induced remarkable improvement of the electron mobilities
of more than 1 order of magnitude in the all-PSCs, as shown in
Table 3, and this produced a balanced hole/electron mobility,
resulting in higher JSC and FF values. Very recently, Mori et al.
reported PTB7-Th and P(NDI2OD-T2) polymer-based all-
PSCs with PCE value of 5.7%.49 However, it is worthwhile to
note that the optimal condition for our device was very
different from that of the reported work. For example, in our
work, the solvent additive was to be very important in
optimizing the device performance by enhancing the crystalline
order of the P(NDI2OD-T2) acceptors and their electron
mobilities.

Figure 2. 2D GIXS images for (a) P(NDI2OD-T2) only film, (b)
PTB7-Th only film, (c) PTB7-Th:P(NDI2OD-T2) blend film without
DIO, and (d) the blend with DIO. (e) Linecut of GIXS images in the
out-of-plane of the indicated polymer-only films and PTB7-Th:P-
(NDI2OD-T2) blend films w/o and w/DIO.
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In conclusion, we demonstrated highly efficient all-PSCs with
PCEs of over 4.5% by using highly intermixed blends of PTB7-
Th and P(NDI2OD-T2) with low interfacial tension. A desired
nanophase morphology with face-on π−π stackings of the
PTB7-Th and P(NDI2OD-T2) blends was well realized in the
optimized devices. This optimal morphology is one of the keys
to facilitate efficient charge transport to each electrode and
produces high JSC values (>10 mA cm−2) and FF values (>0.5)
in i-all-PSCs (PCE = 4.60%), which are among the highest
values reported for all-PSCs. The role of DIO additives on the
enhancement of the PSC performance was identified. In
particular, the crystalline characteristics of P(NDI2OD-T2)
electron acceptors were dramatically enhanced with the
appearance of highly ordered polymer organizations with
face-on geometry, as evidenced by GIXS measurements.
Engineering the degree of crystallinity and orientation of
P(NDI2OD-T2) enhanced the electron mobility remarkably,
producing 25% improvements in the EQE and JSC values. Our
findings from this model system provide guidelines for the
choice of polymer blends for highly efficient all-PSCs,
particularly in both macro- and microscopic aspects of blend
morphology.
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