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ABSTRACT: The molecular weight of a conjugated polymer is one of the key factors determining the electrical, morphological,
and mechanical properties as well as its solubility in organic solvents and miscibility with other polymers. In this study, a series of
semicrystalline poly[(2,5-bis(2-hexyldecyloxy)phenylene)-alt-(5,6-difluoro-4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole)]
(PPDT2FBT) polymers with different number-average molecular weights (Mn’s) (PPDT2FBTL, Mn = 12 kg/mol;
PPDT2FBTM, Mn= 24 kg/mol; PPDT2FBTH, Mn= 40 kg/mol) were synthesized, and their photovoltaic properties as electron
donors for all-polymer solar cells (all-PSCs) with 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)) acceptor were studied. The Mn effect of PPDT2FBT on the structural,
morphological, electrical, and photovoltaic properties was systematically investigated. In particular, tuning the Mn induced
dramatic effects on the aggregation behaviors of the polymers and their bulk heterojunction morphology of all-PSCs, which was
thoroughly examined by grazing incident X-ray scattering, resonant soft X-ray scattering, and other microscopy measurements.
High Mn PPDT2FBTH promoted a strong “face-on” geometry in the blend film, suppressed the formation of an excessively large
crystalline domain, and facilitated molecularly intermixed phases with P(NDI2OD-T2). Therefore, the optimized all-PSCs based
on PPDT2FBTH/P(NDI2OD-T2) showed substantially higher hole and electron mobilities than those of PPDT2FBTL/
P(NDI2OD-T2), leading to a power conversion efficiency exceeding 5%, which is one of the highest values for all-PSCs reported
thus far.

■ INTRODUCTION

All-polymer solar cells (all-PSCs), which are composed of
binary blends of conjugated polymer donor and acceptor, offer
several advantages over conventional polymer donor/fullerene-
based PSCs. These advantages include enhanced light
absorption, extensive tunability of their energetic and chemical
properties, and superior chemical and mechanical stability.1−13

Significant efforts have been devoted to the development of
new polymer acceptors with high electron mobility, such as
perylene diimide (PDI)7,14 and naphthalene diimide (NDI)6,9-

based copolymers to enhance the device performance of all-
PSCs. In addition, the choice of processing solvents and solvent
additives can control the bulk heterojunction (BHJ) morphol-
ogy of all-PSCs, and the crystalline behavior of the polymer
chains.4,6,9,11,15 Despite these efforts to optimize all-PSCs, less
success has been achieved for all-PSCs than for polymer/
fullerene PSC systems. Indeed, few papers have reported all-
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PSCs with power conversion efficiencies (PCEs) of more than
4%.3,7,9−11 Their relatively low PCEs are due mainly to the
undesirable features of the BHJ blend morphology, including
large-scale phase-separated domain, reduced ordering of
polymer chains, and inhomogeneous internal phase composi-
tion.15−17 In particular, optimizing the BHJ morphology of all-
PSCs is a great challenge because of the significantly reduced
entropic contribution to the Gibbs free energy, which favors the
demixing of the two different polymers.18 In addition, the
importance of the desired blend morphology for efficient
exciton dissociation and charge transport would be amplified
greatly because the electron mobility of the polymer acceptors
is typically much lower than that of fullerene derivatives.9,19

The molecular weight of conjugated polymers is a key factor
in determining their electrical, structural, and mechanical
properties. In addition, their solubility in processing solvents
and polymer blend phase behavior are strongly affected by
molecular weight. Considerable efforts have been made to
determine the relationship between the molecular weight of the
conjugated polymers and the performance of organic field effect
transistors and polymer/fullerene-based PSCs.20−26 For exam-
ple, the regioregular poly(3-hexylthiophene) with a high
molecular weight was beneficial in promoting their intermo-
lecular charge transport and enhancing the hole mobility due to
the high interconnectivity between the crystalline grains of the
polymers.21 In addition, for low bandgap polymer/fullerene-
based PSC systems,26−28 the use of higher molecular weight
polymers often induced better charge transport and device
performance. However, very limited studies have been reported
related to the molecular weight effect of the photovoltaic
polymers in all-PSCs.29 In addition, the influence of the
molecular weight on the microstructure of the polymers and
the BHJ morphology in the all-PSCs is poorly understood.
Herein, we report highly efficient all-PSCs showing greater

than 5% PCE by utilizing poly[(2,5-bis(2-hexyldecyloxy)-
phenylene)-alt-(5,6-difluoro-4,7-di(thiophen-2-yl)benzo[c]-
[1,2,5]thiadiazole)] (PPDT2FBT) as the electron donor 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 an electron acceptor (Figure 1a). To
establish clear structure−property−performance correlations in
terms of the molecular weight of the conjugated polymer in all-
PSCs, we developed a series of PPDT2FBT polymers with
different number-average molecular weights (Mn’s) of 12, 24,
and 40 kg/mol and investigated their photovoltaic perform-
ances. In particular, tuning the Mn value induced dramatic
effects on the crystalline behaviors of the polymers and their
BHJ morphology blended with the semicrystalline polymer
acceptor, P(NDI2OD-T2). The use of the high Mn
PPDT2FBT polymers induced a strong “face-on” geometry in

the active layer, suppressed the formation of overly large
crystalline domains, and produced molecularly intermixed
phases with P(NDI2OD-T2) for efficient exciton dissociation
and charge generation.

■ RESULTS AND DISCUSSION

A series of PPDT2FBT polymers with differentMn values of 12,
24, and 40 kg/mol were synthesized by the Stille coupling of
4,7-bis(5-trimethylstannylthiophen-2-yl)-5,6-difluoro-2,1,3−
benzothiadiazole and 1,4-dibromo-2,5-bis(2-hexyldecyloxy)-
benzene with Pd2(dba)3 as a catalyst in chlorobenzene using
a microwave reactor (Figure 1a and Supporting Information
(SI) Table S1).30 The terms were defined according to Mn:
PPDT2FBTL, Mn = 12 kg/mol; PPDT2FBTM, Mn = 24 kg/
mol; PPDT2FBTH, Mn = 40 kg/mol. A photovoltaic polymer,
PPDT2FBT, was reported as an efficient polymer donor in
polymer/fullerene based PSC, showing prominent crystalline
organization via noncovalent intra- and interchain hydrogen
bonds and dipole−dipole interactions.30 Semicrystalline P-
(NDI2OD-T2) was synthesized using the method reported in
the literature and used as an n-type polymer because of its high
electron mobility and electron affinity.31,32 The PPDT2FBT
and P(NDI2OD-T2) polymers have the lowest unoccupied
molecular orbital/highest occupied molecular orbital (LUMO/
HOMO) levels of −3.7 eV/−5.5 eV30 and −4.3 eV/−5.9 eV,33
respectively, which produce well-matched energy level align-
ment with the energy offsets of LUMO−LUMO (0.6 eV for
electron transfer) and HOMO−HOMO (0.4 eV for hole
transfer). The optical properties of the PPDT2FBT polymers
with different Mn were characterized by thin-film UV−vis
spectroscopy, as shown in SI Table S1 and Figure 1b.
Increasing the Mn resulted in small enhancement of the
absorption coefficients in the film (from ∼7 × 104 /cm for
PPDT2FBTL to ∼8 × 104 /cm for PPDT2FBTH), but the
difference was not significant.27,28

Conventional-type all-PSCs with a device configuration of
ITO/PEDOT:PSS/PPDT2FBT:P(NDI2OD-T2)/LiF:Al were
fabricated to examine the Mn effects of PPDT2FBT on the
photovoltaic characteristics in all-PSCs. (Detailed procedures
for device fabrication are described in the SI.) Initially, to
elucidate the Mn effects on the device performance, the devices
were prepared under identical conditions without thermal- or
solvent-additive treatments. The optimized PPDT2FBT:P-
(NDI2OD-T2) blend ratio was 1.0:0.7 (w/w), and the
optimized film thickness of the active layer spun-cast from a
chloroform (CF) solution was approximately 90−100 nm,
irrespective of the Mn of the PPDT2FBT polymers. Figure 2
shows the J−V curves and the external quantum efficiency
(EQE) of the PPDT2FBT:P(NDI2OD-T2)-based all-PSCs.
Table 1 summarizes the photovoltaic parameters of all-PSC

Figure 1. (a) Molecular structure of P(NDI2OD-T2) and PPDT2FBT. (b) UV−vis spectra of PPDT2FBT and P(NDI2OD-T2) polymers.
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devices. The PPDT2FBTL- and PPDT2FBTM-based devices
yielded PCEs of 1.54% and 2.39% with open-circuit voltage
(VOC) of 0.85 and 0.84 V, short-circuit current density (JSC) of
4.22 and 6.16 mA cm−2, and fill factor (FF) of 0.43 and 0.46,
respectively. Interestingly, among the three PPDT2FBT-based
all-PSCs, the PPDT2FBTH:P(NDI2OD-T2)-based all-PSC
showed the best PCE value of 3.59% (VOC, 0.85 V; JSC, 8.98
mA cm−2; and FF, 0.47). This dramatic enhancement in the
PCE values in the PPDT2FBTH-based device was due mainly
to the substantial increase in the JSC value. In addition, the
changes in the JSC values for the PPDT2FBT-devices with
different Mn values were well-reflected in the changes of their
spectral responses shown in the EQE curves. For example, as
the Mn of PPDT2FBT increased, the maximum EQE (EQEmax)
of the PPDT2FBT:P(NDI2OD-T2)-based all-PSCs increased
remarkably from 25.3% for PPDT2FBTL to 42.8% for
PPDT2FBTH.

Grazing incidence X-ray scattering (GIXS) and resonant soft
X-ray scattering (R-SoXS) measurements were performed to
examine the crystalline ordering and the blend morphology of
the PPDT2FBT:P(NDI2OD-T2) polymers as a function ofMn.
First, the GIXS results of the pristine PPDT2FBTL,
PPDT2FBTM, and PPDT2FBTH polymer films were com-
pared. The three polymers showed a similar (100) peak
position in the in-plane direction with a lamellar spacing of 2.1
nm (q = 0.30 Å−1), and the (010) peak was also measured using
a π−π stacking distance of 0.37 nm (q = 1.69 Å−1), as shown in
Figure 3 and SI Figure S1. However, the distinct differences in
the detailed microstructure and crystalline orientation of the
PPDT2FBT polymer films were observed depending on their
Mn values. First, PPDT2FBTL had the strongest (100), (200),
and (300) peaks with significantly more pronounced reflections
in both the in-plane and out-of-plane directions compared to
PPDT2FBTL and PPDT2FBTH. Indeed, the peak intensity

Figure 2. (a) J−V characteristics and (b) EQE spectra of PPDT2FBT:P(NDI2OD-T2)-based all-PSCs.

Table 1. Photovoltaic Parameters of PPDT2FBT:P(NDI2OD-T2)-Based All-PSCs

polymer Voc (V) Jsc (mA cm‑2) FF PCEmax (%) EQEmax (%) calcd Jsc (mA cm‑2)

PPDT2FBTL 0.85 4.22 0.43 1.54 (1.42)a 25.3 4.06
PPDT2FBTM 0.84 6.16 0.46 2.39 (2.28)a 35.6 6.23
PPDT2FBTH 0.85 8.98 0.47 3.59 (3.48)a 42.8 8.74

aThe average PCE values were obtained from more than 10 separate devices.

Figure 3. 2D GIXS patterns of PPDT2FBT pristine films with different Mn: (a) PPDT2FBTL, (b) PPDT2FBTM, and (c) PPDT2FBTH. Linecuts of
GIXS patterns for (d) PPDT2FBTL:P(NDI2OD-T2) and (e) PPDT2FBTH:P(NDI2OD-T2) blend films.
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was gradually decreased with increasing Mn value, suggesting
that PPDT2FBTL had the strongest crystalline order. This was
also supported by calculations of the crystalline correlation
length (D100) of the polymers using the Scherrer equation (SI
Table S1).34−36 The D100 values provide a measurement of the
distance over which the crystalline order was preserved. As the
Mn decreased, the D100 value significantly increased from 7.66
(PPDT2FBTH), to 10.47 nm (PPDT2FBTM), to 11.02 nm
(PPDT2FBTL). On the other hand, PPDT2FBTL had more
randomly oriented crystallites compared to PPDT2FBTM and
PPDT2FBTH, showing that both the (100) and (010) peaks of
PPDT2FBTL were smeared into strong arc shapes with wide
angular distributions. In contrast, the trend to form an angular
distribution was reduced substantially for higher Mn
PPDT2FBTH. The relative peak intensities of in-plane and
out-of-plane (100) scattering ((100)in/(100)out) for the
PPDT2FBTL, PPDT2FBTM and PPDT2FBTH polymer films
were also compared,37 and PPDT2FBTH showed a significantly
higher value than PPDT2FBTM and PPDT2FBTL. Therefore,
the degree of crystalline ordering of PPDT2FBT was reduced
significantly with increasingMn, but PPDT2FBTH had a greater
preference for the “face-on” molecular orientation. Figure 3d,e
and SI Figures S2 and S3 compare the GIXS patterns of the
PPDT2FBT:P(NDI2OD-T2) blends with different Mn of
PPDT2FBT under the optimized device conditions. Interest-
ingly, similar trends in crystalline ordering as a function of Mn
were measured for the pristine PPDT2FBT polymers and the
PPDT2FBT:P(NDI2OD-T2) blend films. As shown in SI
Figure S2a−c, although all the blends had a preferential face-on
orientation, the PPDT2FBTL:P(NDI2OD-T2) blend film had
more randomly oriented crystallites relative to PPDT2FBTH:P-
(NDI2OD-T2).
The PPDT2FBTL:P(NDI2OD-T2) blend film showed two

distinct peaks of q = 0.25 Å−1 and q = 0.31 Å−1 for (100)in
scattering in the in-plane direction (Figure 3d). The first
diffraction peak at q = 0.25 Å−1 is characteristic of P(NDI2OD-
T2), whereas the second diffraction peak at q = 0.31 Å−1

originates from PPDT2FBTL. In contrast, the PPDT2FBTH:P-
(NDI2OD-T2) blend showed a single (100)in diffraction peak
at q = 0.28 Å−1, which resulted from the overlap of two different
(100)in peaks of pristine P(NDI2OD-T2) (at q = 0.25 Å−1) and
PPDT2FBTH (at q = 0.31 Å−1). The peak intensity of low Mn
PPDT2FBTL was much stronger than that of PPDT2FBTH
while its peak width was significantly narrower than that of
PPDT2FBTH. Therefore, the scattering peak of PPDT2FBTL
may become clearly distinguishable from the P(NDI2OD-T2)
peak in the PPDT2FBTL:P(NDI2OD-T2) blend film. This
phenomenon was also observed in the highly crystalline
P3HT:P(NDI2OD-T2) blends.15,38,39 This difference in the
tendency for the formation of pure PPDT2FBT crystalline

phase in PPDT2FBT:P(NDI2OD-T2) blend with changing Mn
was visualized by comparing the atomic force microscopy
(AFM) images (Figure 4). The formation of distinct
PPDT2FBT domains in the PPDT2FBT:P(NDI2OD-T2)
blends was observed when the Mn of PPDT2FBT was
decreased. Figure 4a shows large aggregates of PPDT2FBTL
with much reduced interfacial area, which is in stark contrast to
the significantly finer domains of PPDT2FBTH:P(NDI2OD-
T2) (Figure 4c). In addition, both the mean domain size and
the surface roughness of the PPDT2FBT:P(NDI2OD-T2)
blends decreased progressively as the Mn value of PPDT2FBT
increased, indicating that the macroscopic phase separation in
the PPDT2FBTH/P(NDI2OD-T2) blend was clearly sup-
pressed.
The degree of phase separation in the PPDT2FBT:P-

(NDI2OD-T2) blends with different Mn was further examined
by R-SoXS measurements. The R-SoXS technique can enhance
the contrast between two constituent polymers and provide
precise information on the degree of macroscopic phase
separation.7,15,38 Figure 5 shows the R-SoXS scattering profiles

of three different PPDT2FBT:P(NDI2OD-T2) blend films.
The R-SoXS data were taken using a series of photon
energies,40 and the data acquired at 284.4 eV were used for
the analysis, in which the maximum scattering contrast between
the two polymers was observed. The three different
PPDT2FBT:P(NDI2OD-T2) blend films showed the max-
imum scattering intensities at very different q values. The
PPDT2FBTH:P(NDI2OD-T2) blend had the maximum
scattering intensity at q = 0.0027 Å−1, whereas the
PPDT2FBTM :P(NDI2OD-T2) and PPDT2FBTL :P-
(NDI2OD-T2) blended films had the maximum peak intensity
at much lower q values of 0.0015 and 0.0014 Å−1, respectively.
This length scale represents approximately double the actual

Figure 4. AFM height images of (a) PPDT2FBTM:P(NDI2OD-T2) (rms roughness = 1.9 nm), (b) PPDT2FBTM:P(NDI2OD-T2) (rms roughness
= 1.2 nm), and (c) PPDT2FBTH:P(NDI2OD-T2) (rms roughness = 0.8 nm). Scale bars are 500 nm.

Figure 5. R-SoXS profiles of PPDT2FBTL:P(NDI2OD-T2),
PPDT2FBTM:P(NDI2OD-T2), and PPDT2FBTH:P(NDI2OD-T2)
films prepared at the optimized device conditions.
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domain size, assuming that there are approximately equal
volume fractions of the two respective polymer-rich domains in
the blend.10 Thus, the domain size of PPDT2FBT in
PPDT2FBTH:P(NDI2OD-T2) was calculated to be ∼115
nm. In contrast, the domain sizes in PPDT2FBTM:P-
(NDI2OD-T2) and PPDT2FBTL:P(NDI2OD-T2) were ap-
proximately 210 and 225 nm, respectively, which were ∼2 times
larger than that in PPDT2FBTH:P(NDI2OD-T2). Further-
more, the area under the scattering peak was the largest for the
PPDT2FBTL:P(NDI2OD-T2). This indicated that purer
aggregated domains were formed in the PPDT2FBTL:P-
(NDI2OD-T2), while the PPDT2FBTH:P(NDI2OD-T2) had
much better degree of intermixing.41 These trends were
supported by comparing the photoluminescence (PL) quench-
ing efficiency of the three different blends.42 As shown in SI
Figure S4, the PL intensities of the PPDT2FBT:P(NDI2OD-
T2) blends decreased significantly with increasing Mn,
indicating that PPDT2FBTH:P(NDI2OD-T2) had a larger
donor/acceptor interface (i.e., smaller domain size) for
facilitating photoinduced charge transfer between P-
(NDI2OD-T2) and PPDT2FBT at the interface.33,43

The results from GIXS, R-SoXS, AFM, and PL measure-
ments suggested that tuning the Mn value of the PPDT2FBT
polymers affected significantly their aggregation behavior and
their blend morphology with P(NDI2OD-T2). Because both
PPDT2FBT and P(NDI2OD-T2) polymers exhibit strong
semicrystalline behavior, their BHJ morphology is expected to
consist of three different phases, i.e., (1) PPDT2FBT domains,
(2) P(NDI2OD-T2) domains, and (3) molecularly intermixed
amorphous PPDT2FBT and P(NDI2OD-T2) domains, which
are similar to the three phase BHJ morphologies of polymer−
fullerene based systems.44−48 In this case, the polymer
acceptors or fullerenes mix in the amorphous portions of the
semicrystalline polymer donors, where intimately mixed regions
of donors and acceptors allow for both highly efficient exciton
separation and charge-carrier extraction.41,44,45,48−50 In addi-
tion, the aggregated pure PPDT2FBT and P(NDI2OD-T2)
domains may act as hole and electron transporting pathways in
the BHJ blend, respectively. Although the presence of all of
these three different phases in the BHJ blend of PPDT2FBT:P-
(NDI2OD-T2) is an important requirement for producing
efficient charge generation and transport, the strong trend of
PPDT2FBTL to form PPDT2FBT aggregates can conversely
suppress the formation of the intermixed regions in
PPDT2FBT:P(NDI2OD-T2) blends, resulting in reduced
exciton dissociation and charge generation. In contrast,
PPDT2FBTH:P(NDI2OD-T2) may have a larger portion of
PPDT2FBTH polymers that can be intermixed molecularly
with the P(NDI2OD-T2) polymers because of its lower
tendency of self-aggregation.39,44,49 In addition, the difference
in the crystalline behaviors of PPDT2FBT as a function of Mn
should influence the macroscopic phase separation of the
PPDT2FBT:P(NDI2OD-T2) blend films. For example, the
strong self-aggregating behavior of PPDT2FBTL will induce
strong polymer rod−rod interactions, i.e., the Maier−Saupe
interactions,51−54 which will drive their separation from other
P(NDI2OD-T2) domains in the PPDT2FBTL:P(NDI2OD-
T2) blend. This feature has been well-documented in blends of
semicrystalline polymers as well as in the assembly of
semicrystalline copolymers.51−54 In addition, the faster
diffusion of the lower Mn PPDT2FBTL could be another
reason for inducing the larger phase-separated domain in the
solution-processed, kinetically trapped BHJ active layer.55

To elucidate the relationship between the morphological
changes and the performance of all-PSCs, the hole (μh) and
electron (μe) mobilities of both the pristine polymer films and
all-polymer blend films were measured using the space-charge-
limited current (SCLC) method. SI Figure S5 and Table 2

present the measured μh and μe values. First, in the PPDT2FBT
pristine films, a significant increase was observed in the μh
values depending on the Mn value, leading to a 5-fold increase
of μh from 4.1 × 10−5 to 1.9 × 10−4 cm2/V s. Similar trends
were also observed in the μh values for the PPDT2FBT:P-
(NDI2OD-T2) blends depending on the Mn of PPDT2FBT
(Table 2). The higher μh value of the PPDT2FBTH based films
might be due to the stronger preference to form a “face-on”
orientation, as evidenced by GIXS, which promotes efficient
interchain charge transport in the vertical direction between the
electrodes. Interestingly, electron transport in PPDT2FBT:P-
(NDI2OD-T2) was also affected by the Mn values of
PPDT2FBT. In the PPDT2FBTL:P(NDI2OD-T2) blend, the
measured electron mobility (μe= 5.2 × 10−6 cm2/Vs) was less
than half of that of the pristine P(NDI2OD-T2) film (μe= 1.1 ×
10−5 cm2/V s). In contrast, the μe value of PPDT2FBTH:P-
(NDI2OD-T2) exhibited the highest value of 1.5 × 10−5 cm2/V
s among the three different polymer blends. The combined
features of the preferential face-on crystalline orientation with
well-intermixed and finely separated BHJ morphology in
PPDT2FBTH:P(NDI2OD-T2) are believed to have improved
the μh and μe values, thereby increasing its JSC and PCE values.
On the other hand, in the PPDT2FBT:P(NDI2OD-T2)-based
all-PSCs, the μe values were still significantly lower (at least 1
order of magnitude lower) than the μh values, resulting in a
poor μh/μe balance, which is a crucial parameter for influencing
the charge recombination and the charge extraction.
In this regard, an attempt was made to further optimize the

photovoltaic properties of PPDT2FBT:P(NDI2OD-T2) all-
PSCs by improving the μe value and the μh/μe balance.
Diphenylether (DPE) has been used as a high-boiling point
solvent additive for optimizing the thin-film morphology and
improving the interchain crystalline ordering in each polymer
domain.9,30 As shown in Figure 6 and Table 3, when a small
amount of DPE (1.0 vol %) was added to PPDT2FBTH:P-
(NDI2OD-T2), the PCE was improved remarkably to 5.10%
(VOC, 0.85 V; JSC, 11.90 mA cm−2; and FF, 0.51), which
represents one of the highest efficiencies for all-PSCs reported
to date. SI Table S2 summarizes the photovoltaic parameters
with different amounts of DPE. This significant enhancement
of the PCE values in PPDT2FBTH:P(NDI2OD-T2) was
attributed mainly to the 33% improvement in the JSC value
(from 8.98 to 11.90 mA cm−2). The FF value was also
enhanced from 0.47 to 0.51 when the DPE additives were used.

Table 2. Hole and Electron Mobilities for Pristine and
Blended Polymer Films by a SCLC Methoda

sample μh (cm
2/V s) μe (cm

2/V s)

PPDT2FBTL 4.1 × 10−5

PPDT2FBTM 6.5 × 10−5

PPDT2FBTH 1.9 × 10−4

P(NDI2OD-T2) 1.1 × 10−5

PPDT2FBTL:P(NDI2OD-T2) 7.2 × 10−5 5.2 × 10−6

PPDT2FBTM:P(NDI2OD-T2) 1.1 × 10−4 8.1 × 10−6

PPDT2FBTH:P(NDI2OD-T2) 2.1 × 10−4 1.5 × 10−5

aAll samples were prepared at the optimized device conditions.
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In addition, similar enhancement of the PCE value was
measured for the other PPDT2FBTL:P(NDI2OD-T2) and
PPDT2FBTM:P(NDI2OD-T2) blends after the addition of
DPE (Table 3 and SI Table S3). SI Figure S6 compares the
GIXS line-cut profiles for PPDT2FBTH:P(NDI2OD-T2)
without and with DPE. When DPE was added to the blend
film, the degree of crystalline ordering in both the P(NDI2OD-
T2) and PPDT2FBTH polymers was improved significantly
with the appearance of well-resolved diffraction peaks of (200)
and (300). In addition, the face-on π−π stacking distance in
PPDT2FBTH:P(NDI2OD-T2) was decreased from 3.80 to
3.72 Å by the addition of DPE, which indicates the formation of
tighter interchain packing that should increase charge
mobility.19,56 Indeed, in the case of PPDT2FBTH:P-
(NDI2OD-T2), DPE addition induced a remarkable increase
in the μe values from 1.5 × 10−5 to 4.7 × 10−5 cm2/V s, while
maintaining a high hole mobility of ∼2 × 10−4 cm2/V s.
Therefore, the μh/μe ratio becomes balanced from 14 to 3.
Similar trends in the μe value and the μh/μe balance were also
observed for the PPDT2FBTM and PPDT2FBTL-based blends
(SI Figure S7 and Table S4). These results show that the
incorporation of DPE could promote interchain crystalline
ordering with tighter π−π stacking and enhance electron
transport, thereby improving the JSC, FF, and PCE values of the
devices.4,9

■ CONCLUSION

In conclusion, highly efficient all-PSCs showing greater than 5%
PCE were demonstrated by blending PPDT2FBTH as a donor
with P(NDI2OD-T2) as an acceptor. The use of high-Mn
PPDT2FBTH was beneficial in optimizing the blend morphol-
ogy for the following two reasons: (1) The preferential face-on
crystalline orientation contributed to higher charge mobility in
the blend film. (2) The higher tendency of intermixing between
PPDT2FBTH and P(NDI2OD-T2) with a smaller domain size
contributed to the improvement in both the charge separation
efficiency and the charge transport in the blend film. Therefore,
the Mn of the polymers is interpreted as a principal factor that
finely controls the BHJ morphology, i.e., self-organization and
intermixing of polymer donor and acceptor, which influenced
the photovoltaic characteristics significantly in the

PPDT2FBT:P(NDI2OD-T2) based all-PSC devices. In
addition, the incorporation of DPE additive provides an
efficient means of further enhancing the charge carrier mobility
by improving the crystalline ordering with tighter π−π stacking
in each polymer domain. Therefore, the use of a high-Mn
PPDT2FBTH donor produced high JSC (∼12 mA cm−2) and
FF values (>0.5) in all-PSCs (PCE = 5.10%). The findings from
this model system provide the guidelines for choosing the
optimal polymer donor and acceptor pairs as well as their
molecular weight for highly efficient all-PSCs.
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