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Abstract

All-polymer solar cells (All-PSCs) have attracted tremendous research interest in

the recent decade due to the great potentials in stretchable electronic applications

in terms of long-term stability and mechanical stretchability. Driven by the molec-

ular design of novel polymer acceptors and morphology optimization, the power

conversion efficiency (PCE) of All-PSCs has developed rapidly and now exceeded

17%. This review outlines the promising strategies for high-performance All-PSCs

from the aspect of morphology control with the motivation to rationally guide the

optimization. In this review, we briefly discuss the thermodynamic mixing princi-

ples of all-polymer blends and the effects of the molecular structure of conjugated

polymers on thin-film morphology in All-PSCs. The crucial role of molecular mis-

cibility in influencing morphological features and performance metrics was

highlighted. We also expound on the effective methods of controlling film mor-

phology through properly tuning the aggregation behavior of polymers. In particu-

lar, insightful studies on the commonly used naphthalene diimide-based acceptor

polymers and the newly emerging polymerized nonfullerene small molecule

acceptors (ITIC-series, Y6 -series, etc) are discussed in detail. Finally, we present

an outlook on the major challenges and the new opportunities of All-PSCs for effi-

ciency breakthroughs targeting 20%.
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1 | INTRODUCTION

With the exhaustion of fossil energy such as oil, coal, and
natural gas, there is an urgent need for humans to find
new substitutes to meet the development of our society. In
the past three decades, photovoltaic energy has developed
rapidly and has been recognized as a promising way to
deal with future energy crises.1 In particular, polymer solar
cells (PSCs) are receiving increasing attention for their

great potential for eco-friendly roll-to-roll processing. In
addition, lightweight, high transparency, and high stretch-
ability are the promising features of PSCs.2–5

Solar cells based on polymer donor: polymer acceptor
blends,6–8 also called all-polymer solar cells (All-PSCs),
have exhibited great potentials in stretchable electronic
applications in terms of morphological stability and
mechanical stretchability.9–11 Before 2014, the progress of
All-PSCs was very sluggish, which was mainly limited by
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the inferior electron transport performance of polymer
acceptors and the undesirable morphology and very few
choices of polymer donors: polymer acceptors blends.12

Afterwards, naphthalene diimide (NDI)13 and perylene
diimide (PDI)14-based polymers with high electron
mobility were widely used as polymer acceptors to
improve the powered conversion efficiency (PCE) of All-
PSCs. Recently, a breakthrough has been made in high-
efficiency All-PSCs by polymerizing small molecule
acceptors, being actively created and modified in the PSC
community. For example, by employing a Y6-based poly-
mer acceptor, Min et al.15 obtained the PCE of 17.2%,
which is the top value reported for All-PSCs to date.

It has been suggested that suitable phase separation
and good interpenetrating network structure between
polymer donors and polymer acceptors can reduce bimo-
lecular recombination and improve All-PSCs efficiency.16

Due to the entanglement of the polymer chain and the
low mixing entropy, the domain size of phase-separated

domain structures of the active layer with bulk hetero-
junction in All-PSCs is often much larger than that of
fullerenes-based PSC and small molecules-based PSC.17

In addition, the charge transfer efficiency of All-PSCs is
mainly determined by molecular stacking structure and
the orientation of the long polymer chains.18 Thus, aggre-
gation and crystallization behavior of conjugated poly-
mers play crucial roles in determining the performance
of All-PSCs.19 As illustrated in Figure 1A, molecular ori-
entation is a crucial factor that determines the free
charge carrier generation and transport. Generally, face-
on orientation with respect to the substrate and donor:
acceptor interface is a highly favorable type of orienta-
tional texture for efficient charge separation and trans-
port. The mixing behaviors of polymer donor and
polymer acceptor are widely described by Flory–Huggins
solution theory.21 Based on this theory, Figure 1B,C also
give the thermodynamic phase diagrams of all-polymer
blends with symmetric and asymmetric molecular

FIGURE 1 (A) Schematic Illustration of all-polymer solar cells with ideal and nonideal morphologies. Reproduced with permission.20

Copyright 2016, American Chemical Society. Phase diagrams of all-polymer blends with symmetric molecular weights (B) and asymmetric

molecular weights (C)
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weights. In the phase diagrams, one phase and two
phases regions are separated by the binodal curves. Sys-
tems that fall in the two phases region favor phase sepa-
ration while the regime below the binodal curve
corresponds to a homogeneous state without any phase
demixing. To rational control the morphology, the phase-
separated structures should be understood in the context
of thermodynamics and kinetics.21

In recent years, researchers have made extensive
efforts to control and optimize the morphology of poly-
mer blends for high-performance All-PSCs. For instance,
lots of studies have reported that the molecular weight of
polymer donors and polymer acceptors play important
roles in governing the photovoltaic properties of All-
PSCs.2 Exploring optimal D:A to form a suitable phase
separation structure is conducive to the generation and
diffusion of excitons. The molecular weight of polymer
has an important effect on the aggregation tendency,
phase separation, and main chain orientation.22 Active
layer processing and engineering are common and facile
means to improve blend film morphology.23 The spin-
coated films processed with a single solvent often show
poor morphology (such as increased phase separation,
decreased ordering of polymer chains, and phase purity)
and undesirable photovoltaic performance.24 Fortunately,
solvent engineering, additive engineering, thermal
annealing, and solvent vapor annealing can effectively
optimize the morphology of the blended film.25 In addi-
tion, one can adjust the side chains and regioregularity of
the polymers to effectively control their conformation,
orientation, and stacking.26

In this article, we are going to assess the pivotal stud-
ies on promoting All-PSCs performance via morphology
control over the past decade (2011–2021). In particular,
the understanding of commonly used NDI-based acceptor
polymers and the newly emerging polymerized non-
fullerene small molecule acceptors27 are discussed in
detail. Importantly, we describe some of the typical strat-
egies for controlling morphology in detail and summarize
the structure-performance relationships of All-PSCs
through reports in recent years. Finally, we discuss the
present challenges in manipulating the film morphology
of All-PSCs and provide an outlook on the future direc-
tions and opportunities in this exciting arena of All-PSCs.

2 | NDI-BASED POLYMER
ACCEPTORS

2.1 | NDI-based polymer acceptor-N2200

In the past decade, a variety of polymer acceptors based
on different building blocks have been developed.5,9,28–32

Conjugated polymers based on NDI are used as polymer
acceptors in All-PSCs. Among these, P(NDI2OD-T2),33

broadly known as N2200, is the most widely used poly-
mer acceptor to date due to the excellent electron affinity
and electron transport performance of the NDI unit. In
the recent decade, All-PSCs based on N2200 have devel-
oped rapidly and have achieved PCEs in excess of 11%
(Table 1).

Regioregularity and molecular weight are crucial fac-
tors that determine the crystallinity and orientation tex-
tures of polymer acceptors.2–4 The regioregularity effect
of N2200 was discussed at length in Neher's report.2

Their GIWAXS characterization of the regioregular
N2200 films revealed that the casting solvents have a pro-
found impact on the molecular orientation of the poly-
mer chains with respect to the substrate. In terms of
molecular weight, Marks and colleagues49 proposed an
optimization matrix strategy in All-PSCs performance by
systematic molecular weight modulation of both polymer
donor and polymer acceptor. In the study, they systemati-
cally investigated the influence of the molecular weight
on the blend film morphology and photovoltaic perfor-
mance of All-PSCs composed of the polymer donor
PTPD3T and polymer acceptor N2200. Experimental and
coarse-grain modeling results revealed that systematic
variation of polymer molecular weight significantly
impacts both intrachain and interchain interactions,
which ultimately determines the degree of phase separa-
tion and morphology evolution. Importantly, the strategy
of the 2D molecular weight optimization matrix can iden-
tify a PCE “sweet spot” at intermediate molecular
weights of both polymer donor and polymer acceptor (see
Figure 2A–C). These results highlighted the crucial need
for a balanced aggregation strength between the polymer
donor and polymer acceptor to achieve high-performance
All-PSCs with optimal morphology. Proper and precise
tuning of the molecular weights of both donor and accep-
tor polymer should not be ignored.

One of the extensively studied All-PSCs systems is
P3HT:N2200. In 2012, Neher et al.50 compared All-PSCs
comprising two different low-bandgap NDI-based copoly-
mers, namely N2200 and P(NDI-TCPDTT), as acceptors
and regioregular P3HT as the donor. They found that
these naphthalene copolymers have a strong tendency to
pre-aggregate in certain solvents, and the preaggregation
of polymer acceptors can be completely suppressed by
using solvents with large and polarizable aromatic cores.
All-PSCs prepared from these nonaggregated polymer
solutions yielded dramatically increased PCEs of 1.4%.
The optical analysis revealed that the degree of polymer
aggregation in the solid P3HT:N2200 blends anti-
correlated with their photovoltaic performance. Scanning
near-field optical microscopy (SNOM) and AFM
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characterizations indicated that films with a high degree
of aggregation formed large-scale pure donor and accep-
tor domains. As such, the intermixing of the donor and
acceptor components can be improved by suppressing
the aggregation of N2200 at the early stage of film forma-
tion. Later on, they further correlated the morphology
with bimolecular recombination by investigating the role
of solvent additive.51 From the perspective of thermody-
namics, Loo et al.52 revealed that altering the polymer:
solvent interaction is able to tune the morphology of
P3HT:N2200 based All-PSCs. Han et al.53 employed in
situ temperature-resolved GIWAXS to study the molecu-
lar orientation and phase separation of the P3HT:N2200
blend in step-by-step heating and cooling processes. They
found the interpenetrating network of P3HT:N2200
forms during the crystallization process of the polymers.
It was found that P3HT crystallizes with edge-on orienta-
tion, while N2200 crystallizes with face-on orientation.
By fabricating P3HT/N2200 bilayers at various condi-
tions, Ma et al.54 were able to clarify the role of molecular
orientation in determining Voc of All-PSCs.

Polymer donors play an equally important role with
polymer acceptors in the morphology optimization of All-
PSCs. In comparison with P3HT, a benzodithiophene-based

low bandgap polymer PTB7 boosted the PCE of All-PSCs
up to 2.7%.1 This work inspired intensive research inter-
est in applying new polymer donors.34,36,38,47,55,56 For
instance, Kim et al.57 studied the phase separation
behaviors of PDFQx3T:N2200-based All-PSCs by varying
the film-processing solvents (chloroform, chlorobenzene,
o-dichlorobenzene, and p-xylene). The different volatility
and solubility of the casting solvents greatly impact the
aggregation of the polymers and their blend morphology.
The domain sizes were tuned in the range of 30–300 nm
and well correlated with the Jsc of the devices. Owing to
the large interfacial areas and efficient exciton separa-
tion, All-PSCs with the smallest domain size of �30 nm
in the active layer (using chloroform) produced the
highest Jsc and PCE of 5.1%. Woo and Kim et al.38 pre-
pared three batches of a polymer donor PPDT2FBT with
different number-average molecular weight values of
12 kg mol�1 (PPDT2FBTL), 24 kg mol�1 (PPDT2FBTM),
and 40 kg mol�1 (PPDT2FBTH) to demonstrate how the
molecular weight of polymer donor affects the degree of
phase separation and the PCE of All-PSCs (see Figure
2D). Combining RSoXS, GIWAXS, and AFM analysis,
they found that the phase separation behavior in the
PPDT2FBT:N2200 blend highly depends on molecular

TABLE 1 Photoactive blend compositions and operating metrics of recent N2200 based All-PSCs

Acceptor Donor Architecture
Voc

(V)
Jsc
(mA cm�2)

FF
(%)

Highest
PCE (%)

Year
(Refs.)

P(NDI2OD-T2) P3HT Binary 0.52 1.41 29 0.21 201129

P(NDI2OD-T2) PTB7 Binary 0.799 6.28 53 2.66 20141

P(NDI2OD-T2) PTQ1 Binary 0.84 8.85 55 4.1 201434

P(NDI2OD-T2) PTB7-Th Binary 0.821 10.61 53 4.60 201435

P(NDI2OD-T2) NT Binary 0.77 11.5 56 5.0 201436

P(NDI2OD-T2) PBDTTT-EF-T Binary 0.794 13.0 55.6 5.73 201437

P(NDI2OD-T2) PPDT2FBTH Binary 0.85 8.98 47 8.74 201538

P(NDI2OD-T2) J51 Binary 0.83 14.18 70.24 8.27 201639

P(NDI2OD-T2)-H TQ-F Binary 0.84 13.61 63.9 7.31 20163

P(NDI2OD-T2)HW PTzBI Binary 0.86 15.97 63.47 8.72 201712

P(NDI2OD-T2) PTzBI-Si Binary 0.865 15.76 73.76 10.1 201740

P(NDI2OD-T2)
+ PNTB

PBTA-BO Ternary 0.84 15.77 74.9 10.09 201841

P(NDI2OD-T2) PBTA-BO +

PTzBI-Si
Ternary 0.836 15.64 77.92 10.12 201842

P(NDI2OD-T2) PTzBI-Si Binary 0.85 16. 77.9 11.0 201943

P(NDI2OD-T2) PTzBI-SiH Binary 0.85 17.2 77.9 11.5 201944

P(NDI2OD-T2) J51 + PTB7-Th Ternary 0.81 17.37 63.7 9.29 201945

P(NDI2OD-T2) PTzBI-Si Binary 0.88 17.62 75.78 11.76 201946

P(NDI2OD-T2) P-EH Binary 0.94 12.37 64 7.47 202047

PNDI-2FT-0.1 PBDB-T Binary 0.85 16.62 67.1 9.46 202148
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weight, and the domain size of the PPDT2FBT:N2200
blend film was dramatically reduced from 225 to 115 nm
with increasing molecular weight. Thus, the high molec-
ular weight blend exhibited a much better degree of
intermixing, while excessively large domains were
formed in the low molecular weight blend. As a result,
the highest intermixing of high molecular weight
PPDT2FBT and N2200 with the smallest domain size
contributed to the best PCE of 5.1%.

Interestingly, a common feature of high-efficiency
All-PSCs is the utilization of polymer donors with bulky

pendant groups (e.g., thiophene or phenyl) in the side
chains.58–60 Here, we will focus on the studies on the
aggregated structure of N2200 blended with these repre-
sentative donor polymers include PTB7-Th, PBDTTPD,
J71, PBDB-T, and PTzBI-Si. Simply replacing PTB7 with
PTB7-Th resulted in a doubling of solar cell effi-
ciency.37,61 Kim et al.35 found that the incorporation of
DIO can tune the degree of crystallinity and molecular
orientation of N2200, affording remarkable enhancement
of electron mobility and Jsc in the PTB7-Th:N2200
devices. Wang et al.13 studied the molecular weight

FIGURE 2 (A) Chemical structures of the PTPD3T and N2200. (B) Coarse-grain modeling of the phase separation process as a function

of the polymer molecular weights. (C) 2D plots of device power conversion efficiency as a function of the polymer molecular weights.

Reproduced with permission.49 Copyright 2016, American Chemical Society. (D) GIWAXS patterns, AFM height images, and J–V curves of

PPDT2FBT:N2200 blends as a function of molecular weight of PPDT2FBT. Reproduced with permission.38 Copyright 2015, American

Chemical Society
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dependence of morphology and performance of this
blend system. They pointed out that the computed aver-
age distance between PTB7-Th and N2200 correlates well
with Jsc. As a result, the distance can be used as an index

for predicting the intermixing trends of all-polymer
blends. Importantly, these results also emphasized that
blend morphology can be tuned via both donor and
acceptor polymer aggregation. Park and collaborators62

FIGURE 3 (A) Plot of power conversion efficiency and molecular orientation with casting solvent of the PTB7-Th:N2200 blends.

Reproduced with permission.63 Copyright 2015, American Chemical Society. (B) Schematic diagram representing the role of solution-state

ordered aggregation of both polymer donor and polymer acceptor in suppressing the liquid–liquid phase separation and improving phase

purity by inducing nucleation during the formation of J51:N2200 blend films. Reproduced with permission.17 Copyright 2019, Royal Society

of Chemistry. (C) Effect of molecular weight of PTzBI-Si on the performance and morphology of the PTzBI-Si:N2200 blend films.

Reproduced with permission.44 Copyright 2019, Elsevier
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proposed the use of a pentafluorobenzene-based additive
(PFE) to tune the morphology via quadrupolar electro-
static interactions between PTB7-Th and N2200. As
resolved from AFM, GIWAXS, and near-edge X-ray
absorption fine-structure spectroscopy, a favorable inter-
penetrating morphology with small scale phase separa-
tion and enhanced π-π stacking with face-on orientation
were achieved in the FPE processed films. These mor-
phology features resulted in an increase in the All-PSCs
performance. As depicted in Figure 3A, Han et al.63 stud-
ied the molecular orientation of PTB7-Th:N2200 by graz-
ing incidence X-ray diffraction. They found that CB
processed film possessed more favorable face-on orienta-
tion and significantly improved PCE, which is 7-fold of
that obtained by applying CN.

To further boost the efficiency of N2200 devices, Ye
and Hou et al.58 proposed the use of polymer donors with
conjugated side chains to optimize the molecular orienta-
tion in All-PSCs. Their polarized RSoXS results showed
that PBDB-T:N2200 blends formed a more favorable
molecular orientation with respect to the D/A interface,
while the polymer without conjugated side chains
(i.e., PBDB-O) exhibited edge-on dominated orientation
and much poor performance. They further increased the
device performance to �7.1% by incorporating a trace
amount (0.5% by volume) of DIO.64 PBDB-T:N2200, and
thus becoming a model all-polymer system of inter-
est.22,65–67 Liu et al.66 recently achieved a high PCE of
�7.8% by applying sequential crystallization of the poly-
mer donor and polymer acceptor to decrease the domain
size of PBDB-T:N2200. In the meanwhile, the crystallin-
ity and molecular orientation were also optimized. The
relationships among crystallization kinetics, morphology,
and device performance were also established. In addi-
tion, the PBDB-T:N2200 blend system exhibited excellent
PCE tolerance to blend-ratio changes and excellent long-
term stability against oxygen and moisture, as shown by
Ma and coauthors.22

Other polymer donors demonstrated good perfor-
mance with N2200. Particularly, poly(benzodithiophene-
alt-benzotriazole) derivatives are also widely used donor
polymers in high-performance All-PSCs.68 In 2016, the Li
group proposed the use of a fluorinated medium bandgap
benzodithiophene-alt-benzotriazole copolymer J51 with
N2200, which exhibited a high PCE of 8.27%, mostly
benefiting from the complementary absorption in the
vis–NIR region of 300–850 nm, matched energy levels,
and phase-separated interpenetrating network.39 Han
et al.17 selected chloroform (CF), mesitylene (Mes), and
cyclopentyl methyl ether (CPME) to manipulate the
domain size and phase purity of J51:N2200 blends by
promoting the solution ordered aggregation and the
confinement of acceptor N2200 to J51 during phase

separation (see Figure 3B). The blend film processed
with CPME exhibited a small domain size (�20 nm),
interpenetrating network structure, and a higher degree
of crystallinity. This optimized morphology enabled the
highest PCE. Following this work, they further paired a
miscible donor blend (J51 and PTB7-Th) with N2200.45

Owing to the reduced competitive effect of inter-
molecular interactions, the constructed ternary films
featured a morphology of uniform phase demixing. It
was found that PTB7-Th acts as a crystallization regula-
tor to enhance the face-on orientation in ternary blend
films. The ternary All-PSCs showed a high PCE of 9.6%
when CPME was used as the processing solvent, with
the PTB7-Th content holding a 30% weight ratio in poly-
mer donors. The results suggest that the photovoltaic
performance of many All-PSCs can be further improved
by fine-engineering the domain size, domain purity, and
polymer packing.

The most prominent combination among the poly-
mer:N2200 systems is PTzBI:N2200, pioneered by Huang
and Ying et al.44,69 The team did a series of studies to
understand the aggregated structure of PTzBI:N2200 and
its derivatives.12,41,42,44,70–72 In 2017, a high PCE of 9.16%
was achieved in PTzBI:N2200-based all-PSCs by selecting
an environmentally friendly solvent MeTHF to process
the all-polymer layer.12 MeTHF affords a preferable film
morphology than commonly used solvents such as
CB. By blending a sensitizer polymer PBTA-BO with
PTzBI:N2200, they achieved a record high FF over 0.78
and a remarkable PCE over 10%.42 The PCE of the
PTzBI:N2200 binary blend was improved to 10.1% by
incorporating an alkyl side chain terminated with a
1,1,1,3,5,5,5-heptamethyltrisiloxane into the triazole moi-
ety of PTzBI.40 The improved efficiency was induced by
favorable face-on orientation and high crystallinity, as
well as high and balanced charge mobilities. They also
investigated the effect of molecular weight of the resul-
tant polymer PTzBI-Si on the morphology and perfor-
mance of the PTzBI-Si:N2200 blend.44 As depicted in
Figure 3C, the high molecular weight batch exhibited
higher PCE (up to 11.5%) and stability than the low
molecular batch in All-PSCs devices. The team also
reported that the performance of All-PSCs based on the
PTzBI-Si:N2200 blend could be boosted to 11% by apply-
ing another green solvent system based on CPME.43 In
2019, Liu and collaborators46 employed PTzBI-Si:N2200
as the active layer and achieved a high PCE of 11.76%,
which is the highest ever reported for N2200-based All-
PSCs. The polymer blend films were processed with
MeTHF and prepared by slot die printing. In contrast,
All-PSCs devices processed by high-boiling point chloro-
benzene delivered a rather poor PCE of less than 2%. By
combining GIWAXS and RSoXS techniques, they
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revealed that low boiling point (volatile) solvent could
quickly freeze the morphology. Further, the solubility
limit of PTzBI-Si and N2200 in MeTHF facilitates the for-
mation of a multi-length scale morphology, which well
explains the excellent performance.

2.2 | Other NDI-based polymer acceptors

Beyond N2200, other NDI-based acceptors also showed
promising performances.73–84 To optimize the perfor-
mance of NDI and bithiophene-based copolymer

FIGURE 4 (A) Two-dimensional GWAXS patterns of the pristine P(NDI2HD-T2), P(NDI2OD-T2) (N2200), and P(NDI2DT-T2) films.

PCEs of all-polymer solar cells were obtained by blending the acceptors with PTB7-Th, PTB7, and PPDT2FBT, respectively. Reproduced with

permission.85 Copyright 2016, Wiley. (B) Schematic illustration of the phase separation behavior in the blend films of polymer donor and

acceptor (with or without PS attached to the side chains) and the hypothetical order of solubility parameter of each polymer. Reproduced

with permission.86 Copyright 2017, Wiley
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acceptors, Kim et al.85 varied the alkyl chain of
P(NDI2OD-T2) (N2200) as depicted in Figure 4A. The
comparative study shows that the crystallinity highly
depends on the alkyl chains. Among these three accep-
tors, P(NDI2HD-T2) exhibited more pronounced crystal-
linity than N2200 and P(NDI2DT-T2), thereby resulting
in superior 3D charge transport and the best PCE in All-
PSCs irrespective of the polymer donors. The molecular
weight effect of P(NDI2HD-T2)87,88 on the packing struc-
tures and orientations, charge transport properties, and
photovoltaic performances in All-PSCs were also stud-
ied.89 An interesting transition in the polymer orientation
from edge-on to face-on was realized by simply increas-
ing the molecular weight of P(NDI2HD-T2). Using a set
of NDI and thiophene copolymers named PNDIT-R with
three different side chains, that is, 2-hexyldecyl (HD),
2-octyldodecyl (OD), and 2-decyltetradecyl (DT), Kim
et al.90 also highlighted the significance of engineering
alkyl side chains of the polymer acceptor for producing
highly efficient All-PSCs. Among the three polymers,
PNDIT-HD was proven to be the best one for promoting
face-on orientation and finely phase-separated domains.
They further demonstrated the use of a highly crystalline
small-molecular additive, 6,60-dithiopheneisoindigo (DTI)
91 to blend the morphology and crystalline packing struc-
tures of polymers, which resulted in better performance
in All-PSCs. It was revealed that a small amount of DTI
improves the polymer crystallinity without causing phase
separation in the all-polymer blends. In addition, the
branching point of the side chains in NDI units of poly-
mer acceptors also has a profound impact on the polymer
crystallinity/orientation and domain size in all-polymer
blends.92

Gaining control over the self-assembly of polymer
acceptors via molecular design to manipulate blend mor-
phology is quite challenging in the field. Wang et al.93

reported a facile method to modulate the crystallinity
of N2200, by designing a series of random polymers
PNDI-Tx, where a certain amount of bithiophene in the
N2200 backbone was replaced with thiophene (x is the
percentage of thiophene). It was found that the acceptor
PNDI-T10 is properly miscible with PTB7-Th. With the
assistance of solvent annealing, the PTB7-Th:PNDI-T10
devices achieved a high FF of 0.71 and PCE of 7.6%,
which is significantly higher than that of the control
PTB7-Th:N2200 cells. Large-area devices based on
PTB7-Th:PNDI-T10 reached a PCE of 6.65%, which was
also the highest value for flexible ITO-free All-PSCs.94

Alternatively, Cao et al.95 developed a series of N2200
derived random copolymer acceptors NOEx, where x is
the percentage of linear oligoethylene oxide chain
substituted NDI units relative to total NDI units. Notably,
NOE10 afforded a much higher PCE of 8.1%, with a

record high FF of 0.75 in All-PSCs. Bao et al.86 proposed
the use of oligomeric polystyrene (PS) side chain to tune
the phase separation of All-PSCs. As shown in Figure 4B,
attaching the PS side chain to the polymer donor likely
yields a larger interaction parameter and a higher ten-
dency of demixing, thereby resulting in higher domain
purity. Attaching the PS side chain to the polymer accep-
tor likely yields a smaller interaction parameter and a
higher tendency of intermixing, which ultimately forms
smaller domains. Most recently, Bao group96 systemati-
cally replaced a certain amount of alkyl side-chains of
N2200 with compact bulky side-chains (CBS) and synthe-
sized a series of random copolymer (PNDI-CBSx) with
different molar fractions (x = 0–1) of the CBS units. They
found that both solution-phase aggregation and solid-
state crystallinity of these polymer acceptors are progres-
sively suppressed with increasing x, as probed by a set of
techniques, including UV–vis absorption and photo-
luminescence spectroscopies, DSC, GIWAXS, and RSoXS.
Compared to the highly self-aggregating N2200, more
amorphous polymer acceptor enabled All-PSCs with sig-
nificantly increased PCE up to 8.5%. As evidenced by PL
quenching and R-SoXS data, the higher Jsc is ascribed to
the smaller acceptor polymer phase-separation domain
sizes. On the other hand, the PCE will reduce if the
aggregation and crystallinity of the acceptor polymer are
weakened too much. In this case, and the highly amor-
phous polymer acceptors appear to induce the formation
of larger donor polymer crystallites and increase the
donor phase-separation domain sizes. These studies
together demonstrated that random polymerization is a
simple yet effective way to modulate the self-aggregation
of N2200, and crystallinity/aggregation of polymer
acceptors can be fine-tuned by applying random
polymerization.

In 2015, Jen group18 first reported that proper fluori-
nation of N2200 was able to improve its electron-
accepting characteristics, crystallinity, and electron trans-
port (Figure 5A). As a result, the derived All-PSCs
exhibited a high PCE of 6.29%, which shows a 20%
enhancement in PCE compared to the reference cell
based on N2200. Further, the fluorinated derivative of
N2200 with a longer alkyl chain possessed increased crys-
tallinity and electron-transporting ability. Consequently,
a higher PCE of 6.71% was obtained. The study demon-
strated that proper fluorination and side-chain engineer-
ing of polymer acceptors are facile approaches to
optimize the performance of All-PSCs. A comparative
study of N2200 and its fluorinated polymer by Kim
et al.16 also demonstrated a similar trend. As shown in
Figure 5B, the blend film based on fluorinated N2200
possesses lower roughness and smaller phase size due to
the lower interfacial tension, which is beneficial to the
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formation of an interpenetrating network. The structural
differences caused by fluorination can also be confirmed
by the R-SoXS measurement. Recently, the chlorination
of N2200 was systematically carried out by Kim et al.,26

whose research highlighted the effectiveness of control-
ling the chlorination patterns of polymer acceptors to
modulate their aggregation structures and photovoltaic
performance. Due to the strong noncovalent interaction
of Cl atoms, P(NDIOD-ClT2) shows a stronger tendency
to aggregate, face-on ordering (Figure 5C), and higher
electron mobility. As a result, P(NDIOD-ClT2)-based All-
PSCs achieved a high PCE of 7.22%.

The selection of donor polymers is crucial to the per-
formance enhancement of All-PSCs. Zhou et al.97

achieved a PCE of 3.6% for All-PSCs by introducing a
conjugated side chain into a polymer donor to improve
the miscibility of the donor: acceptor blend and by
adding small amounts of DIO to increase the aggregation
of polymer acceptor PC-NDI. Chen and Zhou et al.98

reported high-performance ternary All-PSCs by adding
the second polymer donor J71 into the PBDB-T:PNDI-2T-
TR (5) reference system as a compatibilizer, resulting in a
high PCE of >9%. Based on their thermal analysis, J71
and PBDB-T are miscible, which strictly follows the gen-
eral description of the Fox equation. According to misci-
bility analysis, the incorporation of J71 not only
optimized the in-plane morphology but also induced
favorable donor: acceptor distribution in the vertical

FIGURE 5 (A) Chemical structure of polymer new receptor. Reproduced with permission.18 Copyright 2015, Wiley. (B) AFM height

images and R-SoXS profiles of PBDTTTPD:P(NDI2OD-T2) and PBDTTTPD:P(NDI2OD-T2F). Reproduced with permission.16 Copyright

2016, American Chemical Society. (C) Two-dimensional GWAXS patterns of P(NDIOD-Cl2T2), P(NDIOD-ClT2), and P(NDIOD-Cl2TVT).

Reproduced with permission.26 Copyright 2020, American Chemical Society
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direction. This study provided some informative rules to
select the appropriate third polymer from the viewpoint
of mixing thermodynamics. Staring from PTB7-Th, a
regioregular terpolymer99 was designed to study how its
packing structure affects its photovoltaic properties in
All-PSCs. The derived terpolymer showed enhanced
intermolecular π–π stacking interactions and larger crys-
tallite size, resulting in significantly higher hole mobility
and PCE of 6.13% in the All-PSCs devices based on NDI
P(NDI2HD–DTAN).

To date, research efforts on these polymer blends
have driven the PCEs of N2200-based All-PSCs up to
11.76%46 for small area devices and over 10%100 for a rela-
tively large area (1 cm2), which is on par with that of the
state-of-the-art fullerene-based PSCs.101

3 | PDI-BASED POLYMER
ACCEPTORS

In addition to NDI-based polymers, other types of poly-
mer acceptors have been used for aggregation research in
All-PSCs.102–107

Perylene diimides (PDI)-based conjugated polymers
with high absorptivities, high electron mobilities, and
electron affinities on par with those of fullerene acceptors
are promising acceptor materials in All-PSCs.108–110

Early in 2007, PCE of over 1% was first achieved for the
blend of PPDIDTT as the polymer acceptor and a
bis(thienylenevinylene)-substituted polythiophene (2TV-PT)
as the polymer donor. In 2011, Zhou et al.14 designed six
PDI-based polymers by combining PDIs with different
donor segments for All-PSC applications. By gradually
changing the electron-donating ability of the donor seg-
ments, they fine-tuned the physical properties and morphol-
ogy of PDI-based polymers. The best performance All-PSCs
based on PC-PDI reached a high PCE of 2.23%.

In 2014, Bao group25 proposed a side-chain engineer-
ing approach using PS to manipulate the domain size of
an all-polymer blend, where a PDI-based polymer P(TP)
with a swallowtail alkyl chain substitution was employed
as the polymer acceptor. The optimized All-PSCs based
on P(TP) as the polymer acceptor reached a high PCE of
4.4%. The length scale of phase separation correlates well
with the Jsc. In 2015, Jenekhe et al.111 designed a series of
random copolymers based on NDI-selenophene and PDI-
selenophene. Their crystallinity and electron mobilities
varied with the content of the PDI component (10%, 30%,
50%). In comparison with the reference crystalline NDI-
selenophene copolymer (PCE = 1.4%), the new 30PDI
with optimal crystallinity yields compatible blends and
All-PSCs with enhanced performance (PCE = 6.3%) by
blending with the same PBDTTT-CT donor. It is clear

that compatibility, blend morphology, and PCE of All-
PSCs can be manipulated by molecular design. In 2016,
Zhao and coworkers112 reported a PDI and vinylene alter-
nating copolymer PDI-V with a relatively planar polymer
backbone. All-PSCs based on PTB7-Th:PDI-V afforded a
high PCE of 7.57% without using any solvent additives or
post-treatments. The PCE was the best achieved for All-
PSCs based on PDI-based polymers.

Except for variation of the chemical structure, tun-
ing the film formation process is also valuable for
obtaining improved performance. In 2014, Cheng and
Zhan et al.113 introduced binary additives, namely a sol-
vent additive DIO and a nonvolatile conjugated mole-
cule PDI-2DTT, to manipulate the morphology of blend
films of PPDIDTT and a two-dimensional BDT-based
polymer donor PBDTTT-C-T (see Figure 6A,B). In this
case, DIO was employed to facilitate aggregation and
crystallization of the polymer donor, as well as improve
phase separation. As PDI-DTT has a similar structure to
that of the polymer acceptor, PDI-2DTT can suppress
aggregation of polymer acceptor PPDIDTT. Resulting
from the synergistic effects of DIO and PDI-2DTT, suit-
able phase separation and efficiency enhancement were
realized. Later on, they reported a facile strategy of
diluting concentrated solution to tune pre-aggregation
in solution state and further boosted the performance to
>4%.24

In 2015, Bao et al.115 utilized different concentrations of
two nonhalogenated additives (1,2,3,4-tetrahydronaphthalene
and 1-methyl-naphthalene) to tune the phase separation
domain size in the all-polymer hulk heterojunction
blend films. By using a volume ratio of 2.0% of
1-methyl-naphthalene, they fabricated over 5% effi-
ciency in All-PSCs with a nonhalogenated solvent sys-
tem. With the solvent additive presented, the phase
separation size can be reduced dramatically. To control
the domain size of All-PSCs based on P(TP), They also
reported a new approach of flow-enhanced polymer
crystallization during solution printing.96 The patterned
coating blades greatly enhanced the nucleation of the
polymer donor and reduced the domain sizes. Bao and
Gu et al.116 found that polymers with bulky, irregular
PS side chains are more suitable for fine-tuning the size
scale of phase separation. Continuously R2R-printed
All-PSCs based on the poorly ordered polymer blends
reached an impressive PCE of up to 5%.

In 2016, Ye et al.117 first reported the single benign
solvent printing of All-PSCs in ambient air. In a subse-
quent study,114 they were able to precisely control the
morphological parameters at multiple length scales that
formed in printed All-PSCs based on the PBDT-TS1:
PPDIODT blend,118 where the polymeric layers were
blade-coated in ambient air. Using RSoXS and GIWAXS
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techniques complemented with in-situ spectroscopic
ellipsometry, they elucidated how diphenyl ether
(DPE), a halogen-free and eco-compatible solvent addi-
tive, can precisely control the photovoltaic properties
and multilength scale morphologies of the all-polymer
blend (see Figure 6C,D). The additive-free All-PSCs
printed in the air provided the best PCE of �5.6%,
while the devices with different DPE concentrations
are less efficient with some extent of decrease in both
Jsc and FF observed. The length scales of large
domains can be gradually reduced from �280 to
�140 nm, and the relative volume fractions (φs) of
small domains gradually increased by decreasing the
concentration of the green additive DPE. Both factors
well explained the highest photovoltaic parameters
observed. Also, the results highlighted that the device
performance of printed all-polymer films depends
strongly on the characteristics of the smallest domains
and demonstrated the benefits of using a single envi-
ronmentally benign solvent in these All-PSCs.

4 | B  N AND DPP-BASED
POLYMER ACCEPTORS

Most of the polymer acceptors used in All-PSCs are semi-
crystalline. Conjugated polymers containing the boron-
nitrogen coordination bond (B N) are amorphous and
have emerged as a new class of polymer acceptors in the
community119–121 (examples are shown in Figure 7). To
control the aggregation state, Liu et al.122 optimized the
solution preparation method of all-polymer blends (Fig-
ure 7A). Unlike the conventional method that polymer
donor and acceptor are dissolved together, they first dis-
solved the polymer donor and acceptor individually and
then mixed the two neat polymer solutions immediately
before spin-coating, as shown in Figure 7B. In this way,
both polymer donor and acceptor have formed aggregates
in their individual solutions. When mixed together, the
formed aggregates of polymer chains could be largely pre-
served in blend films after spin-coating. As a conse-
quence, the new method offered improved photovoltaic

FIGURE 6 (A) Chemical structures of the dual additives and photovoltaic polymers. (B) J–V curves of all-polymer solar cells (All-PSCs)

with and without additives. Reproduced with permission.113 Copyright 2014, Royal Society of Chemistry. (C) RSoXS profiles of All-PSCs with

different concentrations of DPE. (D) Dependence of Jsc and FF in All-PSCs on the DPE concentrations used in the blade coating processing

of All-PSCs. Reproduced with permission.114 Copyright 2017, Wiley
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performance due to the improved domain purity and
molecular ordering, as exemplified in the study of J61:
PBN-10 systems. As a complement to the dissolving
together approach, they proposed another method to con-
trol the aggregation of polymer donors and acceptors.123

They studied the aggregation behavior of efficient All-
PSCs based on a B N unit-based polymer PBN-12 as a
function of solution temperature (Figure 7C). They found
that promoting the solution temperature can optimize
the crystallization degree of polymers and decrease the
length scale of phase-separation. The device fabricated
with the solution temperature of 90�C exhibited a PCE of
over 10%, while the device based on the solution at room
temperature obtained a lower PCE of �7.8%. This study
offered a feasible approach to optimize the blend mor-
phology of All-PSCs.

To clarify the role of polymer donor, Liu et al.124

selected three polymer donors with an identical polymer
backbone but different side chains to blend with an amor-
phous polymer acceptor (rr-PBN). Among the three
donors, J91 resulted in the best All-PSCs device

performance with the optimal phase separation morphol-
ogy. This is largely ascribed to the strongest aggregation
tendency in solution and moderate crystallinity of J91 film.
In comparison, J51 shows the least aggregation tendency
in solution and the highest crystallinity in the thin film.
The All-PSCs device based on J51 exhibited undesired
photovoltaic performance. As a result, the aggregation ten-
dency in a solution of polymer donors plays a dominant
role in the phase separation of All-PSCs based on semi-
crystalline polymer donor and amorphous polymer accep-
tor blends. Benefitting from the improved understanding
of aggregated structures, the All-PSCs based on a polymer
acceptor containing B N unit (PBN-10) delivered a high
PCE of 27.4% under indoor artificial lighting sources.125

The diketopyrrolopyrrole (DPP)-based polymers that
possess good structural planarity and crystallinity, high
charge carrier mobility, and absorption coefficient have
important application potential as acceptor materials of
All-PSC.126–129 In order to obtain deep LUMO level poly-
mer receptors, Janssen et al.130 have developed conju-
gated polymers based on electron-deficient DPP units as

FIGURE 7 (A) Chemical structures of the polymer acceptors containing B N units, as discussed in this article. (B) Schematic

procedures of DT and DI methods to prepare the blend films for all-polymer solar cells. Reproduced with permission.122 Copyright 2019,

American Chemical Society. (C) Morphology/performance characteristics of all-polymer blend films by varying the solution temperature

from 30 �C to 120 �C. Reproduced with permission.123 Copyright 2020, American Chemical Society
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polymer acceptors. Combining these DPP acceptors with
a DPP polymer donor, they produced All-PSC with a PCE
of 0.4%. The low PCE was mainly due to the larger phase
separation between the polymers, which led to the
decrease of Jsc. In 2014, Janssen et al.131 designed and
synthesized a novel polymer acceptor PDPP2TzT based
on DPP, which has low-lying HOMO/LUMO levels and
high electron mobility. In order to regulate the phase sep-
aration, they added 7.5% CN to the solution, which gave
a much higher PCE of 2.9%. After that, Janssen128 and
colleagues further evaluated the aggregation structure
and photovoltaic properties of All-PSCs prepared by DPP
polymers with different thiophene side chains
(PDPP2TzT, PDPP2TzBDT, PDPP2Tz2T, and PDPP2TzDTP)
as electron acceptors. With the assistance of thermal
annealing, solvent engineering, and film thickness opti-
mization, PDPP2TzT exhibited good phase separation
and a higher PCE of 3% when the DPP-based polymer
acceptor was blended with P3HT.

In addition, Yu et al.132 found that DPP-based polymer
acceptors with alternate structural blocks of different sizes,
such as thiophene, benzothiophene, and benzodithiophene,
exhibit different aggregation structures and photovoltaic
properties due to their different polymerization characteris-
tics. The results show that the large size of the DPP-based
polymer receptor has the potential to prepare high-
performance All-PSC due to the better miscibility of the
polymer system. Long et al.133 developed a novel polymer
receptor with a good absorption coefficient and high elec-
tron mobility by copolymerizing BNBP and DPP units.
Nanostructures with fibrous aggregates were observed in
TEM images of the blend film (PTB7:P-BNBP-DPP), indi-
cating the existence of partial crystallization in the blend
film, which is conducive to carrier transport. Recently,
Jiang et al.134 proposed three novel DPP-based polymer
acceptors with asymmetric thiophene/benzothiophene side-
chain structures (PBTTDPP-BT, PBTTDPP-TT, and
PBTTDPP-2FBT). Nanoparticles of several hundred nano-
meters were found in AFM images of PBTTDPP-2FBT and
P3HT blends, which confirmed its better phase separation
structure. The All-PSC with P3HT:PBTTDPP-TT and P3HT:
PBTTDPP-2FBT afforded PCE of 0.28% and 0.44%, respec-
tively. These results indicate that the modification and opti-
mization of phase separation in DPP-based All-PSC can
enhance the charge separation and transport in the active
layer and thereby improve the PCE of All-PSC.135–137

5 | POLYMERIZED SMALL
MOLECULE ACCEPTORS

Another representative and emerging class of polymer
acceptors are polymerized small molecule acceptors

pioneered by Li and Zhang et al.27 Starting from an A-D-
A-structured nonfullerene small molecule acceptor IDIC-
C16, they developed a new polymer acceptor PZ1 with a
high absorption coefficient (>105 cm�1). Matching with
star polymer donors such as PBDB-T or its fluorinated
version PM6 with large bandgaps, the resulting All-PSCs
exhibited high Jsc values of 16–17 mA cm�2 and PCEs in
the range of 9%–11%. In particular, Zhang et al.23 investi-
gated the effect of CN treatment on the PM6:PZ1 blend
film. With the addition of the CN, the optimized blend
film showed more ordered packing (higher coherence
lengths) of the polymer chains, preferable face-on orien-
tation with respect to the substrate, and more distinct
phase separation. These features gave rise to a high PCE
of 11.2%. Li et al.138 recently reported the impact of halo-
genation (fluorination and chlorination) on IDIC-
C16-based narrow bandgap polymer acceptors, namely,
PIDIC2T, PIDIC2T2F, and PIDIC2T2Cl (see Figure 8A).
Their results indicated that halogen significantly affects
the thin-film morphology of the polymer acceptors. By
blending with PM6, 5.46%, 4.96%, and 7.11% were
achieved for PIDIC2T, PIDIC2T2F, and PIDIC2T2Cl,
respectively. This study pointed out the need for back-
bone halogenation to further improve the performance of
All-PSCs. Ying et al.140 recently also reported a fluori-
nated polymer acceptor PFA1. The optimized blend films
based on PFA1 reached an impressive PCE of 15.11%.
Interestingly, this polymer acceptor also afforded high
PCEs of �12%, �13.8%, and �14.2% when matched with
PTzBI-Si, PM6, and PBDB-T, respectively.

Inspired by the great success of polymerized IDIC-
C16 acceptors, Yan group141 and Zhang group142 inde-
pendently reported polymer acceptors PFBDT-IDTIC and
PN1, which also enabled over 10% efficiency in All-PSCs.
In 2020, the Huang81 group further used the strategy in
developing polymer acceptors based on Y5 as building
blocks. By optimizing the molecular weight, the resultant
polymer acceptor PJ1 with the highest molecular weight
achieved an impressive PCE of 14.4% when matched with
PBDB-T. In an independent study, Min et al.139 demon-
strated that the molecular weight of PYT, a structurally
similar polymer acceptor of PJ1, is quite sensitive to the
photovoltaic performance of PM6:PYT blends. Three
batches of PYT were prepared to fine-tune the polymer
crystallinity and miscibility with an identical polymer
donor PM6. The PYT polymers were designated as PYTL,
PYTM, and PYTH from low to high molecular weight.
They noted that the PM6:PYTM device affords the highest
PCE of 13.44% for All-PSCs, resulting from the ideal
donor: acceptor miscibility (Figure 8B). In contrast, the
PM6:PYTH system exhibited a much poor PCE, which
mainly originated from the poor morphology with large
domains. In the meantime, Li et al.143 prepared a series
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of polymerized small molecule acceptors via random ter-
nary copolymerization of a Y6-like unit, thiophene
π-bridge unit, and one resultant copolymer achieved the
best PCE of over 12.5%.

Most recently, some groups have realized over 15%
efficiency in All-PSCs with more desired morphology by
further chemically engineering the Y6-based polymer
acceptors.140 For instance, Yan and Min et al.144 synthe-
sized two regio-regular polymer acceptors (PYF-T-o and
PYF-T-m). Strikingly, after the donor polymer PM6
blends, PM6:PYF-T-o forms ordered inter-chain packing
and proper phase separation (Figure 9A), which inhibits
charge recombination and improves charge transfer effi-
ciency. GISAXS test results show that the size of the
phase region of PM6: PYF-T-o is 13.9 nm (Figure 9B),
which is consistent with the exciton diffusion length (10–
20 nm), while PM6: PYF-T-m is outside this range (24.2
nm). Yang and collaborators145 successfully prepared two
well-regular polymer acceptors with distinct polymeriza-
tion sites and emphasized that the site of polymerization
on small molecule acceptors strongly influences blend
morphology and device performance. Due to the bal-
anced charge transfer, favorable morphology, and suit-
able phase region size (Figure 9C), PM6:PY-IT devices
have the highest FF and JSC. The most efficient one
achieved the highest PCE of 15.05%. To further improve
the performance, Jen et al.146 developed a regioregular
PZT (PZT-γ) to achieve higher regiospecificity for
avoiding forming isomers during polymerization. Com-
pared with PZT, the regioregular PZT-γ results in

superior backbone ordering and an optimal blend mor-
phology with the donor (Figure 10D), and the PCE of
PBDB-T: PZT-γ devices achieved 15.8%.

Besides, doping is a feasible and cost-effective strategy
to optimize the performance of a given all-polymer blend
system without the sacrifice of aggregated structure. For
instance, Peng et al.150 recently applied a p-doping strat-
egy for two all-polymer blend systems based on a new
polymer donor named PNDT-T and a star polymer donor
PBDB-T. In both systems, the PCEs are improved sub-
stantially upon the p-doping of F4-TCNQ at a trace
amount. Moreover, the ternary blend devices based on
PNDI-T and PBDB-T reached a significantly improved
PCE of nearly 12%. Recently, Min et al.15 introduced PYT
into PM6:PY2F-T as the third component and obtained
the highest PCE (17.2%) recorded so far. The research
shows that the introduction of PYT polymer acceptor has
balanced the degree of phase separation and crystalliza-
tion, which promotes exciton separation and inhibits car-
rier recombination. These investigations show that
combining the benefits of two well-compatible polymer
acceptors with the ternary approach is a simple and reli-
able strategy to improve the morphology and thus PCE of
All-PSCs.

6 | CONCLUSION AND OUTLOOKS

In this article we critically assess the innovative studies
on morphology control of All-PSCs and summarize some

FIGURE 8 (A) Charge transport characteristics and crystallinity in all-polymer blend films based on a set of polymerized small

molecule acceptors with varied halogenation. Reproduced with permission.138 Copyright 2020, American Chemical Society. (B) Typical J–V
characteristics and aggregated structures in all-polymer blend films based on a representative polymerized small molecule acceptor PYT with

varied molecular weights. Reproduced with permission.139 Copyright 2020, Elsevier
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strategies for optimizing the photovoltaic performance of
All-PSCs by controlling the thin-film morphology of the
blend film. Focused on the NDI-based, PDI-based, DPP-
based, B N-containing polymer acceptors and poly-
merized small molecule acceptors, we discussed the key
methods for adjusting the aggregated structure of the
corresponding blends and optimizing the morphology of
films in detail. For all-polymer blends, efforts should be
made to fully optimize molecular weight for both poly-
mer donor and acceptor to reach the upper limit of All-
PSCs performance with optimal aggregated structure.
Furthermore, solvent engineering, thermal annealing,
solvent vapor annealing, and coating methods can also
effectively optimize the morphology of the blended films.

As illustrated in Figure 10, after a decade of rapid
development, the best PCEs of All-PSCs have realized
17%, suggesting that All-PSCs are on the way to catching
up with solar cells based on polymer:nonfullerene small
molecule blends. Although All-PSCs have made great

progress in the last decade, there are still some open
questions that have not been well addressed. Here, we
propose four possible optimization pathways to further
improve the performance and operational stability of
All-PSCs.

• Understanding the synergistic effects of key mor-
phology control methods

At present, solvent engineering, additive engineering,
thermal annealing, and solvent vapor annealing can
effectively optimize the morphology of the blend films.151

The method that works for one system is not necessarily
effective for another system. Thus, these optimization
methods often need to be carefully and even fully
explored.152–154 In addition, one can adjust the side
chains and regioregularity of the polymer to effectively
control the conformation, orientation, and stacking of
the molecule.155 However, how to use these strategies in

FIGURE 9 (A) The AFM height and phase images, and (B) the GISAXS intensity profiles and fittings along the in-plane direction of the

PM6:PYF-T, the PM6:PYF-T-o and the PM6:PYF-T-m blend film. Reproduced with permission.144 Copyright 2020, Wiley. (C) AFM height

images and phase images of PM6:PY-IT, PM6:PY-OT, and PM6:PY-IOT. Reproduced with permission.145 Copyright 2020, Wiley. (D) 2D

GIWAXS patterns of PZT, PBDBT:PZT, PZT-γ, and PBDBT:PZT-γ. Reproduced with permission.146 Copyright 2020, American Chemical

Society
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a synergistic and elegant way to achieve a win–win situa-
tion has not been addressed yet.

• Introducing advanced tools for the microstruc-
tural characterization

Due to the continued development of advanced tools
for precise characterization of soft matters, the aggrega-
tion structure and phase behaviors of conjugated poly-
mers have been better understood.156–158 For instance,
the domain size/spacing,159,160 orientational order,161,162

and domain purity (composition deviations)163 of conju-
gated polymer blends can be analyzed in detail by RSoXS
and its associated methods. In addition, cryo-TEM164 and
neutron scattering165 can greatly assist in monitoring the
morphology evolution of polymer blends from solution
state to thin-film state. The power of these advanced tools
has not been appreciated and accessed by the community
well. Undoubtedly, utilizing these advanced techniques
will broaden our knowledge of All-PSC morphology.

• Determining the interaction parameters and
molecular miscibility

As the intrinsic properties of a blended binary system at
a given temperature, molecular miscibility has been exten-
sively studied in polymer: small molecule and small

molecules-based PSCs by using various experimental tech-
niques.166–168 The quantitative description of molecular mis-
cibility has promoted the understanding and optimization
of these systems based on small molecules, while few stud-
ies have been conducted on the molecular miscibility of All-
PSCs. Motivated by these previous studies, interaction
parameter,169 a thermodynamic quantity, is expected to play
an important role in thermodynamic analysis of All-PSCs.

• Clarifying the polymer structure- morphology-
property relationships

The film morphology of polymer blends not only
affects the PCE of All-PSCs but also closely determines
their mechanical property and stability. Revealing the
fundamental connections between morphological param-
eters at different length scales and mechanical parame-
ters170,171 (elastic modulus, fracture energy, crack-onset
strain, cohesion energy, toughness, and so on) warrants
in-depth explorations. In future studies, a full set of poly-
mer structure-morphology-property correlations should
be further clarified to provide design rules for commer-
cially viable novel All-PSCs.

It is noteworthy that All-PSCs have superior elec-
tronic transport properties, mechanical robustness, and
stability compared to small molecules-based PSC. In the
near future, we anticipate that refining the present

FIGURE 10 The power conversion efficiency development of all-polymer solar cells in the recent decade. The notable active layers

include P3HT:N2200,147 PNDIS-HD:PSEHTT,73 PiI-2T-PS:P(TP),115 PBDB-T:PNDI-Si25,148 PTB7-Th:PEG:N2200,149 PTzBI-Si:N2200,46

PBDB-T:PJ1,81 and PM6:PY2F-T:PYT15
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polymer design and morphology control will promote the
PCE of the All-PSCs in excess of 20%, leading to rapid
commercialization of highly efficient solar cells with
large area, high stability, flexibility, and efficiency.
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