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All-polymer solar cells (all-PSCs) with mechanical and thermal stability have potential for applications in
flexible devices. Polymer acceptors based on naphthalene diimide (NDI) have been widely studied
because of their strong electron affinity, high electron mobility, and high mechanical reliability. However,
controlling the film morphology of the polymer—polymer blends of NDI-based all-PSCs is difficult.
Consequently, all-PSCs based on NDI building blocks exhibit a low fill factor (FF) and a lower power-
conversion efficiency (PCE) than state-of-the-art polymer solar cells. In this work, we added a small
amount of dicyanodistyrylbenzene (DCB) unit to the NDI-based polymer acceptor N2200 through
random copolymerization and synthesized a series of NDI-based terpolymer acceptors PNDIx, where x is
the molar concentration of DCB units relative to NDI units. PNDI5 and PNDI10, corresponding to 5% and
10% molar concentrations of DCB, respectively, showed lower crystallization and good miscibility with
PBDB-T, a widely used electron-donating copolymer, than the terpolymer based on DCB-free N2200.
Moreover, compared to the PBDB-T:N2200 device, the PNDI5-based device exhibited a much higher
PCE (8.01%), and an enhanced FF of 0.75 in all-PSCs. These results indicate that ternary random
copolymerization is a convenient and effective strategy for optimizing the film morphology of NDI-
based polymers, and that the resulting terpolymer acceptor is a promising n-type acceptor for
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Introduction

All-polymer solar cells (all-PSCs), composed of a polymeric
electron donor and a polymeric electron acceptor, display
morphological stability and flexibility.** Thus, they have gained
increasing attention and were being considered for commercial
applications.>” However, the entanglement of polymer chains
in polymer-polymer blends disfavors the formation of a phase-
separated morphology that can facilitate charge separation and
transportation.®**> Consequently, the overall photovoltaic
performances of current all-PSCs are less than those of devices
based on small-molecule acceptors. Much effort has been
devoted to developing highly efficient polymer acceptors, which
are mainly constructed from several electron deficient frag-
ments, such as naphthalene diimide (NDI),"**® perylene
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constructing high-performance all-PSCs.

diimide (PDI),"”** B «<— N bridged bipyridine (BNBP),*>** a fused-
ring electron acceptor (FREA),*>* bithiophene imide (BTI).***
Recently, a series of new polymer acceptors with high light-
absorption capacity had been constructed from Y6, a small-
molecule building block. These acceptors can increase the
power conversion efficiency (PCE) of all-PSCs to 15%.2°°
NDI-based acceptors, especially poly[[N,N'-bis(2-octyldo-
decyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl-ait]-5,5'-
(2,2'-bithiophene)] (N2200), were candidate polymer acceptors
for manufacturing commercial all-PSCs, owing to their ease of
synthesis, strong electron affinities, high electron mobilities,
and high mechanical reliabilities.** However, N2200 exhibited
strong crystalline and poor miscibility with polymer donors,
resulting in large crystalline domains between polymer donor
and polymer acceptor, which leads to suboptimal morphology
and retard the performance of all-PSCs.*"*> Consequently, only
several collocations could offer a PCE over 8%. Pre-aggregating
donor and acceptor polymers in 2-methyl tetrahydrofuran,
processing active layers with an environmentally friendly
solvent, and preparing active layers via slot-die coating could
help mitigate the problems associated with N2200."***3* More-
over, several research groups have modified the molecular
architecture of N2200 to control the crystallinity of NDI-based
polymer acceptors. These researchers incorporated another

© 2022 The Author(s). Published by the Royal Society of Chemistry
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donor or acceptor unit to construct N2200 derivatives with a D;-
A-D,-A or D-A;-D-A, structure. For example, Jenekhe et al.,**
Wang et al.,** Huang et al.,>* Chen et al.,*® and Kim et al.*” had
optimized the molecular structures of NDI-based polymers
through a terpolymerization strategy. Therefore, random
copolymerization is a potential technique for fine-tuning the
crystallinity of NDI-based polymer acceptors to effectively
control film morphology.

In this study, we incorporated a small amount of dicyanodis-
tyrylbenzene (DCB) unit into N2200 through random polymeri-
zation to control the molecular topology of N2200 and generate
a series of new terpolymer acceptors. The synthesized terpolymer
acceptors are denoted as PNDI5 and PNDI10, as they contained
5% and 10% molar concentrations of DCB, respectively (Scheme
1). Previous research had reported that introducing cyanoviny-
lene into photoactive materials can control polymer crystalliza-
tion and promote exciton dissociation and electron transport.***
We found that the terpolymer acceptor crystallization tempera-
ture (T.) gradually decreased with increasing DCB concentration,
as this led to a decrease in the rigidity of the molecular backbone
and in intermolecular stacking.** Compared with PNDI10-based
devices, devices based on the PNDI5 and a PBDB-T (poly[(2,6-
(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b: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|dithiophene-4,8-dione))]) donor exhibited more favorable
film morphologies, more balanced hole/electron mobilities, and
lower bimolecular recombination, leading to enhanced PCE of up
to 8.01% with a higher J,. of 12.9 mA cm™ 2 and fill factor (FF) of
0.75. These results demonstrate that random copolymerization,
which changes the molecular structures of NDI-based polymer
acceptors, is an effective strategy for manufacturing all-PSCs with
favorable morphologies and enhanced efficiencies.
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Results and discussion

A series of NDI-based terpolymer acceptors was synthesized via
Stille polymerization of bistannylated bithiophene (Th,-SnMej),
dibromo-NDI (NDI-Br,), and a (2E, 2'E)-3,3'-(2,5-bis(2-
ethylhexyloxy)-1,4-phenylene)bis(2-(5-(trimethylstannyl)
thiophen-2-yl)acrylonitrile) (DCB-SnMes) as the starting mate-
rials. The synthetic route and detailed procedures for the
preparation of the copolymers are described in the ESI
(Fig. S17). The synthesized terpolymer acceptors (PNDI5 and
PNDI10) were dissolved in common organic solvents, such as
toluene, chloroform, and chlorobenzene, or transformed into
uniform films by spin-casting. The average molecular weights of
the copolymers were determined via high-temperature gel
permeation chromatography in 1,2,4-trichlorobenzene, with
respect to a polystyrene standard (Table 1). The number-average
molecular weights of N2200, PNDI5, and PNDI10 were 75.7,
68.5, and 60.6 kDa, with polydispersity indices of 1.83, 1.85, and
1.93, respectively.

The thermal properties of the polymer acceptors were eval-
uated via differential scanning calorimetry (Fig. 1). The melting
temperatures (T,,) and crystallization temperatures (T.) of the
PNDI5 (321 °C and 298 °C) and PNDI10 (316 °C and 286 °C)
copolymers were less than those of N2200 (328 °C and 307 °C,
respectively). The reduction in Ty, and T, is attributable to the
reduced intermolecular stacking of the copolymers owing to the
increased backbone disorder.*” Thermogravimetric analysis
(TGA) (Fig. S6, ESIf) shows that the onset decomposition
temperatures of the copolymers with 5% weight loss (T4) were
380.6 °C, 454.8 °C, 435.4 °C and 420.7 °C for PBDB-T, N2200,
PNDI5 and PNDI10, respectively, indicating good thermal
stability of the copolymers.
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(a) Molecular structures of polymer donor and terpolymer acceptors; (b) energy levels of PBDB-T, PNDI5, PNDI10 and N2200.
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Table 1 Molecular weight, absorption, electrochemical properties, and thermal transition for copolymers

Copolymers M,* (kDa) PDI¢ Jmac® (nm) Amax ™ (nm) HOMO? (eV) LUMO” (eV) E,” (eV) Tm (°C) Tc (°C)
N2200 75.7 1.83 706 718 —5.90 —3.84 2.06 304 326
PNDI5 68.5 1.85 675 696 —5.92 —3.85 2.07 292 313
PNDI10 60.6 1.93 645 688 —5.93 —3.87 2.06 284 305

“ Determined by gel permeation chromatography (1,2,4-trichlorobenzene) against PS standards. ” Measured by cyclic voltammetry.
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Fig. 1 Differential scanning calorimetric characteristics of N2200,
PNDI5, and PNDI10. The measurement was performed at a heating/
cooling rate of 10 °C min~* under nitrogen.

Optical and electrochemical properties

The normalized ultraviolet-visible absorption spectra of the
polymer acceptors (N2200, PNDI5, PNDI10), both in chloroform
solution and as thin films, are shown in Fig. 2, and the detailed
parameters are listed in Table 1. The spectra of all of the poly-
mer acceptors in solution showed two absorption bands char-
acteristic to donor-acceptor conjugated polymers: a short-
wavelength absorption band at approximately 370 nm,
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attributed to the t-7* transition of the main chain, and a low-
energy band (500-800 nm), attributed to the intra-molecular
charge-transfer effect. The low-energy band of the terpolymer
acceptor exhibited a hypsochromic shift, due to the backbone
planarity of the polymer being lower than that of N2200.*° The
spectra of the thin-film polymer acceptors showed red-shifted
absorption peaks, which indicated the effective stacking of
polymer chains in the solid state. Moreover, the PNDI5 and
PNDI10 polymer acceptors exhibited complementary absorp-
tion with the PBDB-T donor.

The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) levels of polymer accep-
tors were measured by cyclic voltammetry (CV) (Fig. S7, ESI{),
and the detailed parameters are listed in Table 1. The synthe-
sized terpolymer acceptors exhibited identical HOMO energy
levels (—5.9 eV). Owing to the effect of the DCB unit, the LUMO
of the acceptor polymers were slightly less than that of the
reference polymer (N2200), which may be related to electron
withdrawal from the polymer backbone.*

Photovoltaic properties

Bulk heterojunction all-PSCs were fabricated to evaluate the
photovoltaic properties of the synthesized terpolymer accep-
tors, which had the conventional configuration of ITO/
PEDOT:PSS/PBDB-T:acceptor/PFN-Br/Al. A thin layer (~5 nm)
of water-/alcohol-soluble poly[(9,9-bis(3-((N,N-dimethyl)-N-eth-
ylammonium)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)]
dibromide (PFN-Br) was used as the cathode interlayer because
it can facilitate electron collection through the formation of an
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Fig. 2 Normalized UV-vis absorption spectra of copolymers in chloroform solutions (a) and as thin films (b).
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interfacial dipole.** To obtain the optimal photovoltaic perfor-
mances, the device based on PBDB-T:PNDI5 was initially chose
to optimize processing condition from the donor-to-acceptor
weight ratios, thermal annealing temperatures, volume of
additive, and thickness of the active layer. The data are detailed
in ESI (Table S1-S41). The current density-voltage (J-V) curves
and external quantum efficiency (EQE) spectra of the optimized
devices are shown in Fig. 3, and the relevant photovoltaic
parameters are summarized in Table 2.

All of the devices showed the similar open-circuit voltage (V).
The device based on PBDB-T-N2200 (control device) showed
a PCE of 6.60% (Js. = 11.00 mA cm ™2, FF = 67.22%), consistent
with previous results reported for a similar active layer.*” The
PNDI5-based device considerably outperformed the control
device by achieving a PCE of 8.01% (Jsc = 12.32 mA cm™ % FF =
74.94%). The higher FF of the PNDI5-based device was due to its
balanced hole/electron mobilities and more homogeneous
morphology than the control device. Moreover, compared with
the PNDI5-based device, the PNDI10-based device, with a higher
DCB loading, exhibited a slightly lower PCE (6.81%; Js. = 10.93
mA cm™ % FF = 72.00%), because of its disordered molecular
packing and unfavorable blend morphology.*®

The EQE spectral of the devices are shown in Fig. 3b. All
blend films showed a broad photocurrent response from 300 to
850 nm, consistent with their absorption spectra. This indicates
that both the polymer acceptor and PBDB-T polymer donor in
the blend films exhibited a photocurrent. Devices based on
PBDB-T-PNDI5 showed better spectral responses at 350-750 nm
than the N2200-based device, which is consistent with the
higher J,. of the former devices. The enhanced J,. values of the
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(a) J-V characteristics and (b) EQE spectra of devices with photoactive layer of PBDB-T:acceptor (1: 0.5, wt : wt).

devices based on a random polymer acceptor correlated well
with the changes in their EQE spectral responses.

Charge generation, transport properties and recombination

To reveal the exciton dissociation and charge collection
processes of the all-PSCs based on a PBDB-T:acceptor, we
investigated the dependence of the photocurrent density (J,n,
Joh = Ju — Jp, where J;, and Jp are the light and dark current
densities, respectively) on the effective voltage (Ver, Vest = Vo —
Vbias; Where Vj is the voltage when J,p, is 0 and Vyi,s is the applied
bias voltage.) at an illumination of 100 mW cm ™ 2,*** and the
relevant characteristics are shown in Fig. 4a. We presume that
at a high Vg (>2 V), all photogenerated excitons were dissoci-
ated into free charges and collected by electrodes, and the J,j,
reaches saturation (Js,). Thus, the maximum exciton generation
rates (Gmax = Jsat/qL), where Jg, is the saturated photocurrent
density, g is the electronic charge, and L is the thickness of the
active layer of devices, are summarized in Table S5.1 The PNDI5-
based devices presented slightly higher G,.. values (7.93 X
10%’) than the N2200-based devices (7.43 x 10*’), which indi-
cates that the PNDI5-based device generated excitons faster
than N2200 counterparts, consistent with the Js. values. In
addition, the charge-dissociation probability P(E, T) was deter-
mined by normalizing J,;, with Js,. Under short-circuit condi-
tions, the P(E, T) values the N2200- and PNDI5-based devices
were 91.60% and 94.49%, respectively. These results indicate
that the PNDI5-based device exhibited better exciton dissocia-
tion rates and more efficient charge collection than the N2200-
based device.

Table 2 Photovoltaic parameters of the optimized PBDB-T:acceptor and mobility of blend films

Active layer” Voe (V) Jse (MA em™2) Jse, EQE® (MA em™?) FF (%) PCE? (max) (%)

PBDB-T:N2200 0.87 £ 0.01 11.00 + 0.13 10.78 67.22 + 0.53 6.45 & 0.10 (6.55)
PBDB-T: PNDI5 0.87 + 0.01 12.32 + 0.01 11.80 74.94 + 0.02 8.01 £ 0.01 (8.02)
PBDB-T: PNDI10 0.86 £ 0.01 10.93 £ 0.19 10.65 72.00 £ 0.49 6.70 & 0.12 (6.82)

“D:A=1:0.5; all blend films were processed by chlorobenzene with 0.5 vol% DIO. ? Best PCE values are obtained from 12 separate devices.

¢ Obtained from the integration of EQE spectra.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Jon—Verr and (b) Jsc as a function of light intensity.

Table 3 Carrier mobilities of PBDB-T:Acceptor devices

PBDB-T:Acceptor pn (em® vV s™Y te (em®> V1 s7Y) Uil te
N2200 1.52 x 102 4.01 x 107° 38

PNDI5 1.00 x 1073 2.85 x 107* 3.5
PNDI10 1.80 x 10 3.08 x 107* 5.8

In addition, the charge transport properties of blended films
were evaluated via the space-charge-limited current method.
The corresponding J-V characteristics are shown in Fig. S3
(ESIY), and the carrier mobility is summarized in Table 3. The
hole/electron mobility balances (un/te), which depended on the
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DCB molar concentration, exhibited nonmonotonic behaviors.
A balanced carrier mobility is a crucial factor affecting the FF of
all-PSCs. Among all of the blends, the PNDI5-based blend film
showed the most balanced uy/ue value (3.5), while the N2200-
and PNDI10-based blends showed unbalanced u/u. values (38
and 5.8, respectively). These results suggest that the incorpo-
ration of a small amount of DCB into the N2200 main chains
resulted in a balanced mobility of charge carriers in blend films,
which is beneficial for charge extraction and collection. Thus,
the PNDI5-based devices achieved the best FF values in all-PSCs.
Moreover, a photoluminescence quenching experiment
quenching experiments were performed to investigate exciton
diffusion and dissociation in blend films (Fig. S9, ESIt). The

s -
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Fig. 5 AFM height images (5 x 5 pm?) and TEM images for all-PSCs based on PBDB-T:N2200 (a and d), PBDB-T:PNDI5 (b and e), PBDB-T:

PNDI10 (c and f) under optimized conditions.
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quenching of the photoluminescence intensity of the PNDI5
blend films was more pronounced than the blend films of
N2200 or PNDI10, indicating more efficient exciton dissociation
and charge generation in the blend film with PBDB-T:PNDI5.
This result is consistent with the significantly enhanced PCE
of the PNDI5-based devices.

We further investigated the charge recombination behavior of
all-PSCs by measuring the dependence of their J;. on illumination
intensity. The correlation between J;. and illumination intensity (P)
is quantitatively as J. & (Pjighe)’, Where Pjigp, is the light intensity
and S is the exponential factor.*” When the bimolecular recombi-
nation of the charge carriers is weak, /. shows a linear dependence
on Pjgne with the S value almost equal to 1. The S values from the
fitted line for the N2200-, PNDI5-, and PNDI10-based all-PSCs were
0.934, 0.946, 0.915, respectively (Fig. 4b), indicating that there was
very weak bimolecular recombination in the device based on
PBDB-T-PNDI5. The weak bimolecular recombination is associ-
ated with balanced hole and electron transport.

Film morphology

The morphological properties of optimized blend films were
investigated via atomic force microscopy (Fig. 5a-c) and trans-
mission electron microscopy (Fig. 5d-f). The PBDB-T:N2200
blend film exhibited granular aggregates across its surface
and a root-mean-square (RMS) roughness of 2.33 nm. The
PBDB-T:PNDI5 blend film formed smoother percolated fibrous
structures with a slightly lower RMS roughness of 2.10 nm,
suggesting that the DCB concentration of the polymer acceptor
can be controlled to optimize the film morphology for charge
transport (i.e., enhanced hole/electron mobility) in the bulk-
heterojunction films. Moreover, the transmission electron
microscopy images revealed that the blend film based on PBDB-
T:PNDI5 showed blurred whiskers, which are beneficial for
efficient charge transport in blend films and thus contributed to
the excellent FF and higher J,. of the all-PSCs devices.*

Conclusion

We developed two terpolymer acceptors, PNDI5 and PNDI10, by
introducing different numbers of DCB units into bithiophene
and 2,6-dibromonaphthalene-1,4,5,8-tetracarboxylic-N,N'-bis(2-
octyldodecyl)diimide. The crystallinity and nanostructures of
the resulting donor-acceptor blends could be fine-tuned by
adjusting the DCB concentration in the acceptor. All-PSCs
based on PBDB-T:PNDI5 blend exhibited a high PCE of 8.01%,
which was considerably greater than that of the device based on
PBDB-T-N2200 (6.60%). The enhanced photovoltaic perfor-
mances of the PBDB-T:PNDI5-based devices was due to their
balanced bulk charge mobility, reduced recombination, and
optimized microstructure morphology. These results indicate
that the construction of terpolymer acceptors based on N2200 is
a promising approach for manufacturing all-PSCs.
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