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Abstract: All-polymer solar cells (all-PSCs) are organic solar cells in which both the electron donor
and the acceptor are polymers and are considered more promising in large-scale production. Thanks
to the polymerizing small molecule acceptor strategy, the power conversion efficiency of all-PSCs
has ushered in a leap in recent years. However, due to the electrical properties of polymerized small-
molecule acceptors (PSMAs), the FF of the devices is generally not high. The typical electron transport
material widely used in these devices is PNDIT-F3N, and it is a common strategy to improve the
device fill factor (FF) through interface engineering. This work improves the efficiency of all-polymer
solar cells through interfacial layer engineering. Using PDINN as the electron transport layer, we
boost the FF of the devices from 69.21% to 72.05% and the power conversion efficiency (PCE) from
15.47% to 16.41%. This is the highest efficiency for a PY-IT-based binary all-polymer solar cell. This
improvement is demonstrated in different all-polymer material systems.

Keywords: organic photovoltaics; all-polymer solar cells; power conversion efficiency; electron
transport layer

1. Introduction

Organic solar cells (OSCs) are advantageous for distributed photovoltaic applications
due to their flexibility, semitransparency, high indoor light matching, high power generation
per unit weight, patternable design, etc. [1–7]. While the classical OSCs active layer
consists of a polymer donor and a fullerene derivative acceptor [8], with the development
of non-fullerene acceptor materials, the mainstream of research has now shifted to a
material system based on a polymer donor and a non-fullerene acceptor [9–17]. Compared
with fullerene acceptors, non-fullerene acceptors have flexible chemical structure designs
and thus easily tunable optoelectronic properties, endowing them with more compatible
absorbance spectra and electrical properties with the donor. Additionally, the resulting
devices usually exhibit lower voltage losses [18], which improve device efficiency [19]. In
terms of materials, non-fullerene acceptors are divided into two main categories: small-
molecule acceptors and polymer acceptors. In contrast to the small molecule acceptor, when
the acceptor is polymer, all-polymer solar cells (All-PSCs) can be prepared by combining
with a polymer donor. In addition to similar advantages to small-molecule acceptor-based
OSCs, All-PSCs possess better mechanical properties [20,21], such as higher tensile and
flexural toughness, and potentially higher thermal stability, which provide them with better
prospects for large-scale production [22]. The all-PSCs field has evolved over 20 years,
starting with the earliest polymer donor materials based on poly(p-phenylene vinylidene)
(PPV) units. The widespread use of aromatic imide repeating units, e.g., Naphthalimide
(NDI) and Perylenediimide (PDI), has led to significant advances in the power conversion
efficiency (PCE) of all-PSC devices. Nevertheless, the fill factor (FF) of all-polymer solar cell
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devices is relatively low (Figure 1) compared to their fullerene or small molecule acceptor
counterparts, mainly due to complicated morphology control. Even the highly efficient
devices developed in the past two years have difficulty in surpassing 70% FF.
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The current molecular design strategy, namely, polymerizing the high-performance
small molecular acceptor, led to a surge of polymer acceptors with excellent photovoltaic per-
formance, which significantly improved device efficiency in this field. However, despite the
fact that the state-of-the-art devices based on the polymerized small molecule acceptors (PS-
MAs) exhibit high open-circuit voltages (VOCs) and short circuit currents (JSCs), the FFs for a
large fraction of them are relatively low due to the difference in the morphological and elec-
trical properties between the polymer donor (high degree of polymerization) and the PSMA
(low degree of polymerization). One of the solutions to this issue is optimizing the morphol-
ogy and charge transport property, but for a given set of donor and acceptor materials, this
can be difficult. From the experience of device engineering for organic photovoltaics in recent
decades, another angle to tackle this problem, other than modifying the active layer directly,
is interface engineering. So far, most high-performance all-PSCs utilize N,N′-Bis(N,N-
dimethylpropan-1-amine oxide)perylene-3,4,9,10-tetracarboxylic diimide (PDINO), MoOx,
or poly [(9,9-bis(3′-(N,N-dimethylamino)propyl)2,7-fluorene)-alt-5,5′-bis(2,2′-thiophene)-2,6-
naphthalene1,4,5,8-tetracaboxylic-N,N′-di(2-ethylhexyl)imide] (PNDIT-F3N) as the electron
transport material (ETM). Among them, PNDIT-F3N and its bromide version PNDIT-
F3N-Br, are the workhorse ETMs in small molecule-based OSCs. However, the FFs of
PNDIT-F3N-based all-PSCs are generally not high (hardly more than 70%, see Figure 1),
which limits the further improvement of device efficiency [23–36]. For instance, Ref. [37]
studied PM6:PYF-T devices with an efficiency of 14.10% and an FF of 67.73%. Ref. [38]
researched PM6:PY-IT-based all-PSCs and reported an efficiency of 15.15% and an FF of
67.70% [39]. In 2020, Li’s group reported a new PDI-derived electron transport material,
aliphatic amine-functionalized perylene-diimide (PDINN), which showed better contact
with non-fullerenes active layers and better conductivity. The enhanced interfacial stability
and higher conductivity, as well as the ability to reduce the work function of the metal
cathode, make it more suitable for use as an electron transport material. In addition, PDINN
is simple to synthesize and could be synthesized in large quantities by a one-step reaction.
Therefore, PDINN is a low-cost alternative ETM for OSCs and has great promise for future
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large-scale production. Since its first report, PDINN has been most utilized in polymer:small
molecule acceptor OSCs and proved effective in different cases, but it has not been adopted
in all-PSCs with PCEs >16%.

In this work, we report all-PSCs with PM6 as the donor, PYF-T-o or PY-IT as the
acceptor, and PNDIT-F3N or PDINN as the electron transport material. We systematically
compare the performance of the all-PSC devices with PDINN and PNDIT-F3N, and we
show that the device performance for PDINN-based devices is higher than those of PNDIT-
F3N-based ones. Particularly, we show that the FF of the devices increases from 69.21%
(PNDIT-F3N) to 72.05% (PDINN) for the PY-IT-based all-PSCs, with a corresponding effi-
ciency increase from 15.47% to 16.41%, which is the highest power conversion efficiency
(PCE) for PY-IT based binary all-PSCs. Through different characterizations, e.g., transient
photocurrent and transient photovoltage, we find that the difference in their optical proper-
ties does not contribute much to the device performance variation. Instead, we attribute the
main increase, i.e., the FF, of the PDINN-based devices, to the faster charge extraction and
enhanced charge carrier lifetime, which are observed in both all-PSC systems we studied.

2. Experiments
2.1. Materials

Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo [1,2b:4,5-b′]dithio-
phene))-alt-(5,5-(1′,3′-di-2-thienyl-5′,7′-bis(2-ethylhexyl)benzo [1′,2′c:4′,5′c′] dithio-phene-
4,8-dione)] (PM6) was purchased from Dongguan Volt Ampere Photo-electric Technol-
ogy Co., Ltd. (Dongguan, China). Poly[(2,2′-((2Z,2′Z)-((12,13-bis(2-octyldodecyl)-3,9-
diundecyl-12,13-dihydro [1,2,5]thiadiazolo [3,4e]thieno [2”,3”:4′,5′]thieno [2′,3′:4,5] pyrrolo
[3,2-g]thieno [2′,3′:4,5]thieno [3,2-b]-in-dole-2,10-diyl)bis(methanylylidene))bis(5-methyl-3-
oxo-2,3-dihydro-1Hindene-2,1-diyl-idene)) dimalononitrile-co-2,5-thiophene (PY-IT) and
N,N’-Bis{3-[3-(Dimethylamino)propylamino]propyl}perylene-3,4,9,10-tetracarboxylic di-
imide (PDINN) were purchased from Solarmer Materials Inc. (Beijing, China). Poly[(9,9-
bis(3′-(N,N-dimethylamino)pro-pyl)2,7-fluorene)-alt-5,5′-bis(2,2′-thiophene)-2,6-naphthalene1,
4,5,8-tetracabox-ylic-N,N′-di(2-ethylhexyl)imide] (PNDIT-F3N) and PYF-T-o were pur-
chased from eFlexPV Limited. Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) (Clevios P VP 4083) were purchased from Heraeus Inc. (Hanau, Germany).
All the other reagents and chemicals were purchased from Sigma Aldrich or Aladdin
(Burlington, MA, USA and Shanghai, China) and used as received. Purity of solvents:
chloroform (>99.8%), methanol (>99.5%), and acetic acid (>99.5%).

Solubility of PDINN and PNDIT-F3N:
PDINN: the solubility was 26.7 mg/mL in methanol without the assistance of any

acid [40].
PNDIT-F3N: the solubility was >30 mg/mL in common organic solvents [41].

2.2. Device Fabrication

Organic solar cells were fabricated in a conventional device configuration of ITO(50 nm)/
PEDOT:PSS(30 nm)/active layer(100~150 nm)/ETL(PNDIT-F3N or PDINN)(5~10 nm)/
Ag(100 nm), as shown in the SEM image in Figure S3. The patterned indium tin oxide(ITO)
glass was scrubbed with detergent and then sonicated with deionized water, acetone, and
isopropanol sequentially and baked overnight in an oven. The glass substrate was treated
whit UV-Ozone for 10 min before use. PEDOT:PSS solution was spin-casted onto them at
5200 rpm for 20 s, then dried at 150 ◦C for 10 min in air.

The different kinds of devices:

1. The PM6:PYF-T-o blend (1:1.2 weight ratio) was dissolved in chloroform (the concen-
tration of donor was 6 mg mL−1 for all blends) with 1-chloronaphthalene (1% vol) as
an additive and stirred overnight in a nitrogen-filled glove box. The blend solution
was spin-casted at 2500 rpm for 30 s onto the PEDOT:PSS films, followed by a thermal
annealing step at 95 ◦C for 5 min.



Polymers 2022, 14, 3835 4 of 11

2. The PM6:PY-IT blend (1:1.2 weight ratio) was dissolved in chloroform (the concentra-
tion of donor was 6 mg mL−1 for all blends) with 1-chloronaphthalene (1% vol) as
an additive and stirred overnight in a nitrogen-filled glove box. The blend solution
was spin-casted at 2700 rpm for 30 s onto the PEDOT:PSS films, followed by a thermal
annealing step at 95 ◦C for 5 min.

For both types of devices, either methanol with 0.5% vol acetic acid blend solution
of PNDIT-F3N at a concentration of 0.5 mg mL−1 or a pure methanol solution of PDINN
at a concentration of 1.0 mg mL−1 was spin-coated onto the active layer, respectively, at
2000 rpm for 30s and 3000 rpm for 30 s as the electron transport layer (ETL). Around 100 nm
of Ag were evaporated under 1 × 10−4 Pa through a shadow mask. Then, encapsulation
was carried out.

2.3. Characterization

The current density–voltage (J-V) curves of the PSCs were measured using a Keithley
2400 Source Meter under AM 1.5 G (100 mW cm−2) using an Enlitech solar simulator. The
light intensity was calibrated using a standard Si diode with a KG5 filter to bring spectral
mismatch to unity. An optical microscope (Olympus BX51) was used to define the device
area (7.2 mm2) in a glove box filled with nitrogen (oxygen and water contents are smaller
than 0.1 ppm). EQEs were measured using an Enlitech QE-S EQE system equipped with a
standard single-crystal Si photovoltaic cell. Monochromatic light was generated from an
Enlitech 300 W lamp source.

Transient photovoltage (TPV) and transient photocurrent (TPC) measurements: In
TPV measurements, the devices were placed under background light bias enabled by a
focused Quartz Tungsten-Halogen Lamp with an intensity of similar to working devices,
i.e., the device voltage is close to the VOC under solar illumination conditions. Photo-
excitations were generated with 8 ns pulses from a laser system (Oriental Spectra, NLD520,
Hyderabad, India). The wavelength for the excitation was tuned to 518 nm with a spectral
width of 3 nm. A digital oscilloscope was used to acquire the TPV signal at the open-circuit
condition. TPC signals were measured under short-circuit conditions under the same
excitation wavelength without background light bias.

3. Results and Discussion

The chemical structural formulas of the donor PM6 and the acceptors PYF-T-o and
PY-IT are shown in Figure 2a. The chemical structural formulas of the electron transport
materials (PDINN and PNDIT-F3N) are shown in Figure 2b. Figure 2c shows the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)
energy levels of the active layer materials, as well as the energy level diagrams of the
electron transport materials of PDINN and PNDIT-F3N.

To study the optical property of the two different interfacial layers, we measured the
transmittance and absorption of PNDIT-F3N and PDINN. To mimic the thickness of PNDIT-
F3N and PDINN used in devices, we used identical spin-coating parameters to prepare the
PNDIT-F3N and PDINN films. From the absorption and transmittance curves (Figure 3a,b),
we found that PNDIT-F3N showed absorption in the UV and visible regions. For instance,
the absorption of the PNDIT-F3N film, despite being weak, peaked at ~390 nm. In addition,
PNDIT-F3N also showed absorption in the range of ~570–650 nm. These absorptions of
PNDIT-F3N can be reflected in the overall absorption spectra of active layer/PNDIT-F3N,
which is shown in Figure 3c,d.



Polymers 2022, 14, 3835 5 of 11Polymers 2022, 14, 3835 5 of 11 
 

 

 
Figure 2. (a) Chemical structures of PM6, PYF−T−o and PY−IT. (b) Chemical structures of PDINN 
and PNDIT-F3N. (c) Energy diagram of materials (literature data: the energy levels of ITO, PEDOT: 
PSS, PM6, PYF-T-o, PNDIT-F3N, and Ag are taken from ref. [41], PY−IT from ref. [42], and PDINN 
from ref. [39]). 

To study the optical property of the two different interfacial layers, we measured the 
transmittance and absorption of PNDIT-F3N and PDINN. To mimic the thickness of 
PNDIT-F3N and PDINN used in devices, we used identical spin-coating parameters to 
prepare the PNDIT-F3N and PDINN films. From the absorption and transmittance curves 
(Figure 3a,b), we found that PNDIT-F3N showed absorption in the UV and visible regions. 
For instance, the absorption of the PNDIT-F3N film, despite being weak, peaked at ~390 
nm. In addition, PNDIT-F3N also showed absorption in the range of ~570–650 nm. These 
absorptions of PNDIT-F3N can be reflected in the overall absorption spectra of active 
layer/PNDIT-F3N, which is shown in Figure 3c,d. 

For the PYF-T-o-based devices, the difference between VOC and JSC of PNDIT-F3N and 
PDINN devices was not significant. The main difference derived from the change in FF, 
where PDINN improved the filling factor of the device from 68.30% to 69.90% for PNDIT-
F3N. For the PY-IT-based devices, PNDIT-F3N and PDINN had little effect on the JSC of 
the device, and the main difference continued to come from the significant increase in the 
fill factor, for which PDINN increased from 69.21% of PNDIT-F3N to 72.05% of the device. 
As a result, these improvements significantly increased the efficiency of the PDINN-based 
devices by 16.41%. The corresponding specific device performance parameters are listed 
in Table 1 and Tables S2 and S3. We then conducted EQE, as shown in Figure 4b. From 
the EQE curves, we found that the current obtained from the EQE integration is consistent 
with the JSC obtained from the J-V test (Figure 4a). 

Figure 2. (a) Chemical structures of PM6, PYF-T-o and PY-IT. (b) Chemical structures of PDINN and
PNDIT-F3N. (c) Energy diagram of materials (literature data: the energy levels of ITO, PEDOT: PSS,
PM6, PYF-T-o, PNDIT-F3N, and Ag are taken from ref. [41], PY-IT from ref. [42], and PDINN from
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For the PYF-T-o-based devices, the difference between VOC and JSC of PNDIT-F3N
and PDINN devices was not significant. The main difference derived from the change in FF,
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where PDINN improved the filling factor of the device from 68.30% to 69.90% for PNDIT-
F3N. For the PY-IT-based devices, PNDIT-F3N and PDINN had little effect on the JSC of
the device, and the main difference continued to come from the significant increase in the
fill factor, for which PDINN increased from 69.21% of PNDIT-F3N to 72.05% of the device.
As a result, these improvements significantly increased the efficiency of the PDINN-based
devices by 16.41%. The corresponding specific device performance parameters are listed
in Table 1 and Tables S2 and S3. We then conducted EQE, as shown in Figure 4b. From
the EQE curves, we found that the current obtained from the EQE integration is consistent
with the JSC obtained from the J-V test (Figure 4a).

Table 1. Photovoltaic parameters of the solar cell devices based on PM6:PYF-T-o and PM6:PY-IT
under AM 1.5 G illumination at 100 mW cm−2.

Devices VOC
(V)

JSC
(mA/cm2)

FF
(%)

PCEs
(%) S nid,l nid,d

PM6:PYF-T-o/
PNDIT-F3N

0.913 a

(0.910 ± 0.002)
24.91

(24.9 ± 0.53)
68.30

(66.7 ± 0.96)
15.47

(15.1 ± 0.27) 0.925 1.21 1.82

PM6:PYF-T-o/
PDINN

0.908
(0.907 ± 0.003)

24.83
(24.8 ± 0.31)

69.90
(69.1 ± 0.78)

15.78
(15.5 ± 0.17) 0.930 1.21 1.71

PM6:PY-IT/
PNDIT-F3N

0.938
(0.938 ± 0.005)

23.85
(23.6 ± 0.47)

69.21
(67.8 ± 0.83)

15.47
(15.1 ± 0.29) 0.936 1.13 1.62

PM6:PY-IT/
PDINN

0.950
(0.951 ± 0.002)

23.95
(24.0 ± 0.17)

72.05
(70.5 ± 0.89)

16.41
(16.1 ± 0.17) 0.961 1.05 1.58

a Parameters for devices with the highest PCEs. Values in brackets are average values and standard deviations
based on 10 independent devices.
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69.21 
(67.8 ± 0.83） 

15.47 
(15.1 ± 0.29) 0.936 1.13 1.62 

PM6:PY-
IT/PDINN  

0.950 
(0.951 ± 0.002) 

23.95 
(24.0 ± 0.17) 

72.05 
(70.5 ± 0.89） 

16.41 
(16.1 ± 0.17) 

0.961 1.05 1.58 

Figure 4. (a) J-V curves and (b) the corresponding EQE spectra of all-PSCs based on PM6 and PYF-T-o
or PY-IT.

To investigate recombination, we first measured the J-V characteristics of the four
devices under different light intensities (I). Figure 5a plots the relationship between JSC
and light intensity. By linearly fitting the JSC versus light intensity data, we obtained the
slope (S) for the four devices. The S values for the PM6:PYF-T-o/PNDIT-F3N, PM6:PYF-T-
o/PDINN, PM6:PY-IT/PNDIT-F3N, and PM6:PY-IT/PDINN devices are 0.925, 0.930, 0.936,
and 0.961, respectively. It is known that the closer S is to unity, the weaker the bimolecular
recombination. Therefore, the smallest S for PM6:PY-IT/PDINN suggests the weakest
bimolecular recombination in it, and among the four different devices, the trend of S is
consistent with the trend of the FF of the devices.
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To access trap-assisted recombination, we plot the VOC versus light intensity result
in Figure 5b. By fitting the VOC versus ln(I) curves, we obtained the ideality factor, nid,l,
from the equation nid,l =

q
kT

∂Voc
∂ ln(I) . The nid.ls of the PM6:PYF-T-o/PNDIT-F3N, PM6:PYF-T-

o/PDINN, PM6:PY-IT/PNDIT-F3N, and PM6:PY-IT/PDINN devices are 1.21, 1.21, 1.13, and
1.05, respectively. From diode theory, higher nid,l means that trap-assisted recombination
is stronger. Therefore, PM6:PY-IT/PDINN has the weakest trap-assisted recombination
(nid,l = 1.05) among the four devices, which agrees with its highest FF.

Another method to obtain the ideality factor is to fit the exponential region of the
dark J-V curve. We measured the dark J-V curves for the devices, and the results are
shown in Figure 5c. From the fitting, the nid,d of the PM6:PYF-T-o/PNDIT-F3N, PM6:PYF-T-
o/PDINN, PM6:PY-IT/PNDIT-F3N, and PM6:PY-IT/PDINN devices are 1.823, 1.719, 1.642
and 1.582, respectively. The difference between the magnitude of nid,l and nid,d is detailed
elsewhere [43], but the trend of the nid,d is overall consistent with that of nid,l.

To further study the charge recombination and charge extraction, we performed TPV
and TPC measurements. The details of the experimental setup for these measurements
can be found in the experimental section. As shown in Figure 6a, we fitted the decay
using a monoexponential function, which revealed that the decay constants have the
following relationship, τPDINN > τPNDIT-F3N, indicating that the charge carrier lifetime is
longer in devices based on PDINN than in PNDIT-F3N-based devices. This indicates that
the recombination in the PDINN-based devices is weaker than that in the PNDIT-F3N-
based devices. One hypothesis is that the PDINN has better/higher surface coverage than
PNDIT-F3N so the contact between the active layer and cathode is reduced in PDINN-
based devices, which reduces surface recombination and improves FF. In addition, from
the TPC measurements (Figure 6b) for both PYF-T-o and PY-IT-based devices, the charge
extraction in the PDINN-based devices is significantly faster than in the PNDIT-F3N-
based devices. This indicates that the charge collection efficiency of PDINN is higher than
that of PNDIT-F3N, which could be one of the determining factors of the high FF of the
PNDIT-F3N devices.

By analyzing the results of AFM (Figure 7), the RMS of the PDINN film is 1.37 nm,
and that of PNDIT-F3N is 1.87 nm. Leaving energetics alone, just from a morphological
point of view, the smoother surface of PDINN is beneficial for obtaining better coverage
on the active layer, which could then reduce the direct contact between the active layer
material and the metal electrode. This could reduce surface recombination, protect the
active layer from hot metal penetration or reaction during evaporation, increase device
shunt resistance, and enhance the FF of the device.
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4. Conclusions

In conclusion, we addressed the relatively low FF in PY-IT and PYF-T-o-based all-
polymer solar cells through active layer-cathode interface engineering. Specifically, we
used PDINN as an electron transport layer material in PM6:PYF-T-o and PM6:PY-IT-based
devices, compared it with the widely employed, high-performance ETM, PNDIT-F3N,
compared its photovoltaic performance, and investigated the charge extraction and re-
combination. It was found that the PDINN-based devices demonstrated faster charge
extraction and longer charge carrier lifetime compared to PNDIT-F3N devices. Conse-
quently, we demonstrated that PDINN could effectively promote the FF of the all-PSC
devices studied in this work and thus improve the PCE of the devices. Particularly in the
PM6:PY-IT-based device, the FF increased from 67.99% (PNDIT-F3N) to 72.05% (PDINN),
and the PCEs increased from 15.47% to 16.41%, which is the highest efficiency reported to
date for PY-IT-based binary all-polymer solar cells.
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www.mdpi.com/article/10.3390/polym14183835/s1.

Author Contributions: Data curation, G.Z. (Guoping Zhang), L.W. and C.Z.; Formal analysis, G.Z.
(Guoping Zhang), L.W. and C.Z.; Funding acquisition, M.Q., S.L. and G.Z. (Guangye Zhang); Inves-
tigation, G.Z. (Guoping Zhang), C.Z., Y.W., R.H., J.C., S.H. and M.Q.; Methodology, L.W., L.C. and
Z.L.; Project administration, W.C. and G.Z. (Guangye Zhang); Supervision, W.C., L.C., Z.L., S.L. and
G.Z. (Guangye Zhang); Writing—original draft, W.C. and M.Q.; Writing—review & editing, L.C.,
Z.L., S.L. and G.Z. (Guangye Zhang). All authors have read and agreed to the published version of
the manuscript.

https://www.mdpi.com/article/10.3390/polym14183835/s1
https://www.mdpi.com/article/10.3390/polym14183835/s1


Polymers 2022, 14, 3835 9 of 11

Funding: The work was supported by the Guangdong Basic and Applied Basic Research Foundation
(2022A1515010875), the Guangdong Basic and Applied Basic Research Foundation (2021A1515110017),
the Natural Science Foundation of Top Talent of SZTU (grant no. 20200205), and the Project of
Education Commission of Guangdong Province of China (2021KQNCX080). L.C. acknowledges
support from the Natural Science Foundation of Top Talent of SZTU (grant no. 20200206). S.L.
acknowledges support from the Education Department of Guangdong Province (2021KCXTD045).

Acknowledgments: Guoping Zhang, Lihong Wang, and Chaoyue Zhao contributed equally to this
work. The work was supported by the Guangdong Basic and Applied Basic Research Foundation
(2022A1515010875), the Guangdong Basic and Applied Basic Research Foundation (2021A1515110017),
the Natural Science Foundation of Top Talent of SZTU (grant no. 20200205), and the Project of
Education Commission of Guangdong Province of China (2021KQNCX080). L.C. acknowledges
support from the Natural Science Foundation of Top Talent of SZTU (grant no. 20200206). S.L.
acknowledges support from the Education Department of Guangdong Province (2021KCXTD045).
We thank the Analysis and Testing Center of Shenzhen Technology University for their support on
AFM and SEM measurements.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Xu, X.; Li, Y.; Peng, Q. Ternary Blend Organic Solar Cells: Understanding the Morphology from Recent Progress. Adv. Mater.

2021, e2107476. [CrossRef] [PubMed]
2. Kan, B.; Ershad, F.; Rao, Z.; Yu, C. Flexible organic solar cells for biomedical devices. Nano Res. 2021, 14, 2891–2903. [CrossRef]
3. Liu, Y.; Liu, B.; Ma, C.-Q.; Huang, F.; Feng, G.; Chen, H.; Hou, J.; Yan, L.; Wei, Q.; Luo, Q.; et al. Recent progress in organic solar

cells (Part I material science). Sci. China Chem. 2021, 65, 224–268. [CrossRef]
4. Song, Y.; Zhang, K.; Dong, S.; Xia, R.; Huang, F.; Cao, Y. Semitransparent Organic Solar Cells Enabled by a Sequentially Deposited

Bilayer Structure. ACS Appl. Mater. Interfaces 2020, 12, 18473–18481. [CrossRef]
5. Yang, Y.; Feng, E.; Li, H.; Shen, Z.; Liu, W.; Guo, J.; Luo, Q.; Zhang, J.; Lu, G.; Ma, C.; et al. Layer-by-layer slot-die coated high-efficiency

organic solar cells processed using twin boiling point solvents under ambient condition. Nano Res. 2021, 14, 4236–4242. [CrossRef]
6. Heydari Gharahcheshmeh, M.; Tavakoli, M.M.; Gleason, E.F.; Robinson, M.T.; Kong, J.; Gleason, K.K. Tuning, optimization, and

perovskite solar cell device integration of ultrathin poly(3,4-ethylene dioxythiophene) films via a single-step all-dry process. Sci.
Adv. 2019, 5, eaay0414. [CrossRef]

7. Wang, X.; Ishwara, T.; Gong, W.; Campoy-Quiles, M.; Nelson, J.; Bradley, D.D.C. High-Performance Metal-Free Solar Cells Using
Stamp Transfer Printed Vapor Phase Polymerized Poly(3,4-Ethylenedioxythiophene) Top Anodes. Adv. Funct. Mater. 2012,
22, 1454–1460. [CrossRef]

8. Ma, R.; Li, G.; Li, D.; Liu, T.; Luo, Z.; Zhang, G.; Zhang, M.; Wang, Z.; Luo, S.; Yang, T.; et al. Understanding the Effect of End
Group Halogenation in Tuning Miscibility and Morphology of High-Performance Small Molecular Acceptors. Sol. RRL 2020,
4, 2000250. [CrossRef]

9. Lin, Y.; Li, Y.; Zhan, X. Small molecule semiconductors for high-efficiency organic photovoltaics. Chem. Soc. Rev. 2012, 41, 4245–4272.
[CrossRef]

10. Wu, J.; Li, G.; Fang, J.; Guo, X.; Zhu, L.; Guo, B.; Wang, Y.; Zhang, G.; Arunagiri, L.; Liu, F.; et al. Random terpolymer based on
thiophene-thiazolothiazole unit enabling efficient non-fullerene organic solar cells. Nat. Commun. 2020, 11, 4612. [CrossRef]

11. Zhang, G.; Zhao, J.; Chow, P.C.Y.; Jiang, K.; Zhang, J.; Zhu, Z.; Zhang, J.; Huang, F.; Yan, H. Nonfullerene Acceptor Molecules for
Bulk Heterojunction Organic Solar Cells. Chem. Rev. 2018, 118, 3447–3507. [CrossRef] [PubMed]

12. Ma, R.; Yu, J.; Liu, T.; Zhang, G.; Xiao, Y.; Luo, Z.; Chai, G.; Chen, Y.; Fan, Q.; Su, W.; et al. All-polymer solar cells with over 16%
efficiency and enhanced stability enabled by compatible solvent and polymer additives. Aggregate 2021, 3, e58. [CrossRef]

13. Ma, R.; Yang, T.; Xiao, Y.; Liu, T.; Zhang, G.; Luo, Z.; Li, G.; Lu, X.; Yan, H.; Tang, B. Air-Processed Efficient Organic Solar Cells
from Aromatic Hydrocarbon Solvent without Solvent Additive or Post-Treatment: Insights into Solvent Effect on Morphology.
Energy Environ. Mater. 2021, 5, 977–985. [CrossRef]

14. Luo, Z.; Liu, T.; Ma, R.; Xiao, Y.; Zhan, L.; Zhang, G.; Sun, H.; Ni, F.; Chai, G.; Wang, J.; et al. Precisely Controlling the Position of
Bromine on the End Group Enables Well-Regular Polymer Acceptors for All-Polymer Solar Cells with Efficiencies over 15. Adv.
Mater. 2020, 32, e2005942. [CrossRef]

15. Li, D.; Song, L.; Fang, H.; Teng, Y.; Cui, H.; Li, Y.-Y.; Liu, R.; Niu, Q. Optimization of Biomethane Production in Mono-
Cardboard Digestion: Key Parameters Influence, Batch Test Kinetic Evaluation, and DOM Indicators Variation. Energy Fuels
2019, 33, 4340–4351. [CrossRef]

16. Lee, W.H.; Liu, B.T.; Lee, R.H. Difluorobenzothiadiazole based two-dimensional conjugated polymers with triphenylamine
substituted moieties as pendants for bulk heterojunction solar cells. Express Polym. Lett. 2017, 11, 910–923. [CrossRef]

17. Shiau, S.-Y.; Chang, C.-H.; Chen, W.-J.; Wang, H.-J.; Jeng, R.-J.; Lee, R.-H. Star-shaped organic semiconductors with planar triazine
core and diketopyrrolopyrrole branches for solution-processed small-molecule organic solar cells. Dye. Pigment. 2015, 115, 35–49.
[CrossRef]

http://doi.org/10.1002/adma.202107476
http://www.ncbi.nlm.nih.gov/pubmed/34796991
http://doi.org/10.1007/s12274-021-3386-z
http://doi.org/10.1007/s11426-021-1180-6
http://doi.org/10.1021/acsami.0c00396
http://doi.org/10.1007/s12274-021-3576-8
http://doi.org/10.1126/sciadv.aay0414
http://doi.org/10.1002/adfm.201101787
http://doi.org/10.1002/solr.202000250
http://doi.org/10.1039/c2cs15313k
http://doi.org/10.1038/s41467-020-18378-9
http://doi.org/10.1021/acs.chemrev.7b00535
http://www.ncbi.nlm.nih.gov/pubmed/29557657
http://doi.org/10.1002/agt2.58
http://doi.org/10.1002/eem2.12226
http://doi.org/10.1002/adma.202005942
http://doi.org/10.1021/acs.energyfuels.9b00423
http://doi.org/10.3144/expresspolymlett.2017.87
http://doi.org/10.1016/j.dyepig.2014.12.007


Polymers 2022, 14, 3835 10 of 11

18. Luo, Z.; Ma, R.; Yu, J.; Liu, H.; Liu, T.; Ni, F.; Hu, J.; Zou, Y.; Zeng, A.; Su, C.J.; et al. Heteroheptacene-based acceptors with
thieno[3,2-b]pyrrole yield high-performance polymer solar cells. Natl. Sci. Rev. 2022, 9, nwac076. [CrossRef]

19. Ans, M.; Ayub, K.; Bhatti, I.A.; Iqbal, J. Designing indacenodithiophene based non-fullerene acceptors with a donor-acceptor
combined bridge for organic solar cells. RSC Adv. 2019, 9, 3605–3617. [CrossRef]

20. Fan, Q.; Su, W.; Chen, S.; Kim, W.; Chen, X.; Lee, B.; Liu, T.; Méndez-Romero, U.A.; Ma, R.; Yang, T.; et al. Mechanically Robust
All-Polymer Solar Cells from Narrow Band Gap Acceptors with Hetero-Bridging Atoms. Joule 2020, 4, 658–672. [CrossRef]

21. Sun, H.; Guo, X.; Facchetti, A. High-Performance n-Type Polymer Semiconductors: Applications, Recent Development, and
Challenges. Chem 2020, 6, 1310–1326. [CrossRef]

22. Halls, J.J.M.; Walsh, C.A.; Greenham, N.C.; Marseglia, E.A.; Friend, R.H.; Moratti, S.C.; Holmes, A.B. Efficient photodiodes from
interpenetrating polymer networks. Nature 1995, 376, 498–500. [CrossRef]

23. Wang, W.; Wu, Q.; Sun, R.; Guo, J.; Wu, Y.; Shi, M.; Yang, W.; Li, H.; Min, J. Controlling Molecular Mass of Low-Band-Gap
Polymer Acceptors for High-Performance All-Polymer Solar Cells. Joule 2020, 4, 1070–1086. [CrossRef]

24. Du, J.; Hu, K.; Meng, L.; Angunawela, I.; Zhang, J.; Qin, S.; Liebman-Pelaez, A.; Zhu, C.; Zhang, Z.; Ade, H.; et al. High-
Performance All-Polymer Solar Cells: Synthesis of Polymer Acceptor by a Random Ternary Copolymerization Strategy. Angew.
Chem. Int. Ed. Engl. 2020, 59, 15181–15185. [CrossRef] [PubMed]

25. Shi, S.; Chen, P.; Chen, Y.; Feng, K.; Liu, B.; Chen, J.; Liao, Q.; Tu, B.; Luo, J.; Su, M.; et al. A Narrow-Bandgap n-Type Polymer
Semiconductor Enabling Efficient All-Polymer Solar Cells. Adv. Mater. 2019, 31, e1905161. [CrossRef]

26. Zhao, R.; Wang, N.; Yu, Y.; Liu, J. Organoboron Polymer for 10% Efficiency All-Polymer Solar Cells. Chem. Mater. 2020, 32, 1308–1314.
[CrossRef]

27. Sun, H.; Tang, Y.; Koh, C.W.; Ling, S.; Wang, R.; Yang, K.; Yu, J.; Shi, Y.; Wang, Y.; Woo, H.Y.; et al. High-Performance All-Polymer
Solar Cells Enabled by an n-Type Polymer Based on a Fluorinated Imide-Functionalized Arene. Adv. Mater. 2019, 31, e1807220.
[CrossRef]

28. Shi, Y.; Guo, H.; Huang, J.; Zhang, X.; Wu, Z.; Yang, K.; Zhang, Y.; Feng, K.; Woo, H.Y.; Ortiz, R.P.; et al. Distannylated Bithiophene
Imide: Enabling High-Performance n-Type Polymer Semiconductors with an Acceptor-Acceptor Backbone. Angew. Chem. Int. Ed.
Engl. 2020, 59, 14449–14457. [CrossRef]

29. Wang, Y.; Yan, Z.; Uddin, M.A.; Zhou, X.; Yang, K.; Tang, Y.; Liu, B.; Shi, Y.; Sun, H.; Deng, A.; et al. Triimide-Functionalized
n-Type Polymer Semiconductors Enabling All-Polymer Solar Cells with Power Conversion Efficiencies Approaching 9%. Sol.
RRL 2019, 3, 1900107. [CrossRef]

30. Kolhe, N.B.; Tran, D.K.; Lee, H.; Kuzuhara, D.; Yoshimoto, N.; Koganezawa, T.; Jenekhe, S.A. New Random Copolymer Acceptors
Enable Additive-Free Processing of 10.1% Efficient All-Polymer Solar Cells with Near-Unity Internal Quantum Efficiency. ACS
Energy Lett. 2019, 4, 1162–1170. [CrossRef]

31. Kolhe, N.B.; Lee, H.; Kuzuhara, D.; Yoshimoto, N.; Koganezawa, T.; Jenekhe, S.A. All-Polymer Solar Cells with 9.4% Efficiency
from Naphthalene Diimide-Biselenophene Copolymer Acceptor. Chem. Mater. 2018, 30, 6540–6548. [CrossRef]

32. Fan, Q.; Ma, R.; Liu, T.; Yu, J.; Xiao, Y.; Su, W.; Cai, G.; Li, Y.; Peng, W.; Guo, T.; et al. High-performance all-polymer solar cells
enabled by a novel low bandgap non-fully conjugated polymer acceptor. Sci. China Chem. 2021, 64, 1380–1388. [CrossRef]

33. Tang, A.; Li, J.; Zhang, B.; Peng, J.; Zhou, E. Low-Bandgap n-Type Polymer Based on a Fused-DAD-Type Heptacyclic Ring for
All-Polymer Solar Cell Application with a Power Conversion Efficiency of 10.7. ACS Macro Lett. 2020, 9, 706–712. [CrossRef]
[PubMed]

34. Lee, J.-W.; Choi, N.; Kim, D.; Phan, T.N.-L.; Kang, H.; Kim, T.-S.; Kim, B.J. Side Chain Engineered Naphthalene Diimide-Based
Terpolymer for Efficient and Mechanically Robust All-Polymer Solar Cells. Chem. Mater. 2021, 33, 1070–1081. [CrossRef]

35. Su, N.; Ma, R.; Li, G.; Liu, T.; Feng, L.-W.; Lin, C.; Chen, J.; Song, J.; Xiao, Y.; Qu, J.; et al. High-Efficiency All-Polymer Solar Cells
with Poly-Small-Molecule Acceptors Having π-Extended Units with Broad Near-IR Absorption. ACS Energy Lett. 2021, 6, 728–738.
[CrossRef]

36. Fu, H.; Li, Y.; Yu, J.; Wu, Z.; Fan, Q.; Lin, F.; Woo, H.Y.; Gao, F.; Zhu, Z.; Jen, A.K. High Efficiency (15.8%) All-Polymer Solar Cells
Enabled by a Regioregular Narrow Bandgap Polymer Acceptor. J. Am. Chem. Soc. 2021, 143, 2665–2670. [CrossRef]

37. Yu, H.; Qi, Z.; Yu, J.; Xiao, Y.; Sun, R.; Luo, Z.; Cheung, A.M.H.; Zhang, J.; Sun, H.; Zhou, W.; et al. Fluorinated End Group
Enables High-Performance All-Polymer Solar Cells with Near-Infrared Absorption and Enhanced Device Efficiency over 14%.
Adv. Energy Mater. 2020, 11, 2003171. [CrossRef]

38. Zhao, C.; Huang, H.; Wang, L.; Zhang, G.; Lu, G.; Yu, H.; Lu, G.; Han, Y.; Qiu, M.; Li, S.; et al. Efficient All-Polymer Solar Cells
with Sequentially Processed Active Layers. Polymer 2022, 14, 2058. [CrossRef]

39. Yao, J.; Qiu, B.; Zhang, Z.G.; Xue, L.; Wang, R.; Zhang, C.; Chen, S.; Zhou, Q.; Sun, C.; Yang, C.; et al. Cathode engineering
with perylene-diimide interlayer enabling over 17% efficiency single-junction organic solar cells. Nat. Commun. 2020, 11, 2726.
[CrossRef]

40. Wu, Z.; Sun, C.; Dong, S.; Jiang, X.F.; Wu, S.; Wu, H.; Yip, H.L.; Huang, F.; Cao, Y. n-Type Water/Alcohol-Soluble Naphthalene
Diimide-Based Conjugated Polymers for High-Performance Polymer Solar Cells. J. Am. Chem. Soc. 2016, 138, 2004–2013.
[CrossRef]

41. Zhang, W.; Sun, C.; Angunawela, I.; Meng, L.; Qin, S.; Zhou, L.; Li, S.; Zhuo, H.; Yang, G.; Zhang, Z.G.; et al. 16.52% Efficiency
All-Polymer Solar Cells with High Tolerance of the Photoactive Layer Thickness. Adv. Mater. 2022, 34, e2108749. [CrossRef]
[PubMed]

http://doi.org/10.1093/nsr/nwac076
http://doi.org/10.1039/C8RA09292C
http://doi.org/10.1016/j.joule.2020.01.014
http://doi.org/10.1016/j.chempr.2020.05.012
http://doi.org/10.1038/376498a0
http://doi.org/10.1016/j.joule.2020.03.019
http://doi.org/10.1002/anie.202005357
http://www.ncbi.nlm.nih.gov/pubmed/32427404
http://doi.org/10.1002/adma.201905161
http://doi.org/10.1021/acs.chemmater.9b04997
http://doi.org/10.1002/adma.201807220
http://doi.org/10.1002/anie.202002292
http://doi.org/10.1002/solr.201900107
http://doi.org/10.1021/acsenergylett.9b00460
http://doi.org/10.1021/acs.chemmater.8b03229
http://doi.org/10.1007/s11426-021-1020-7
http://doi.org/10.1021/acsmacrolett.0c00234
http://www.ncbi.nlm.nih.gov/pubmed/35648558
http://doi.org/10.1021/acs.chemmater.0c04721
http://doi.org/10.1021/acsenergylett.1c00009
http://doi.org/10.1021/jacs.0c12527
http://doi.org/10.1002/aenm.202003171
http://doi.org/10.3390/polym14102058
http://doi.org/10.1038/s41467-020-16509-w
http://doi.org/10.1021/jacs.5b12664
http://doi.org/10.1002/adma.202108749
http://www.ncbi.nlm.nih.gov/pubmed/35290692


Polymers 2022, 14, 3835 11 of 11

42. Yu, H.; Pan, M.; Sun, R.; Agunawela, I.; Zhang, J.; Li, Y.; Qi, Z.; Han, H.; Zou, X.; Zhou, W.; et al. Regio-Regular Polymer Acceptors
Enabled by Determined Fluorination on End Groups for All-Polymer Solar Cells with 15.2% Efficiency. Angew. Chem. Int. Ed.
Engl. 2021, 60, 10137–10146. [CrossRef] [PubMed]

43. Kirchartz, T.; Deledalle, F.; Tuladhar, P.S.; Durrant, J.R.; Nelson, J. On the Differences between Dark and Light Ideality Factor in
Polymer:Fullerene Solar Cells. J. Phys. Chem. Lett. 2013, 4, 2371–2376. [CrossRef]

http://doi.org/10.1002/anie.202016284
http://www.ncbi.nlm.nih.gov/pubmed/33501698
http://doi.org/10.1021/jz4012146

	Introduction 
	Experiments 
	Materials 
	Device Fabrication 
	Characterization 

	Results and Discussion 
	Conclusions 
	References

