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Abstract

Organic solar cells (OSCs) have attracted significant attention as a burgeoning
flexible technology, owing to their advanced power conversion efficiencies.
Moreover, interface materials play a crucial role in optimizing energy level
alignment between the active layer and electrodes, thereby enhancing carrier
extraction within the device and improving efficiency. However, current
methodologies for fabricating electron-transport materials with superior
mobility are still limited compared with those for hole-transport materials. In
this study, a benzodifurandione (BFDO)-derived building block with quinone
resonance property and strong electron-withdrawing capability was synthe-
sized. Two conjugated polymers, namely PBFDO-F6N and PBFDO-F6N-Br,
were prepared, both of which exhibited good electron mobility and exceptional
interface modification capabilities. A comprehensive investigation of the
interaction between the interface layer and the active layer revealed that
PBFDO-F6N induced doping at the acceptor interface. Additionally, the high
mobility of PBFDO-F6N facilitated efficient carrier extraction at the interface.
Consequently, the application of PBFDO-F6N as the cathode interface layer
for PM6:BTP-eC9-based OSC devices resulted in a remarkable efficiency of
18.11%. Moreover, the device efficiency remained at ~96% even at a PBFDO-
F6N interface thickness of 50 nm, demonstrating the great potential of this
material for large-scale device preparation.
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1 | INTRODUCTION

In recent years, organic solar cells (OSCs), an emerging
flexible energy technology, have made rapid progress and
have been successfully applied in wearable electronic
systems, such as e-textiles and synthetic skins."™® The
continuous research and development of active layer
material systems has propelled the power conversion ef-
ficiency (PCE) of single-junction solar cells beyond the
19% threshold.™*° Given the typical adoption of a
multilayer device structure in OSCs, ensuring effective
interfacial contact between distinct layers is crucial for
achieving high-performance devices.”’ > Compared with
hole transport, electron transport within organic material
systems tends to exhibit lower efficiency and increased
vulnerability to water and oxygen exposure.”*?’ To
ensure electron transport at the cathode, interfacial
modification materials with a low work function (WF)
are often employed to reduce the transport barrier.”**°
Water/alcohol-soluble conjugated polymers (WSCPs),
composed of conjugated main chains and polar side
chains, present a promising solution to interfacial prob-
lems. The water/alcohol solubility of WSCPs ensures
their suitability for multilayer orthogonal solvent pro-
cessing. Additionally, the conjugated backbone of these
polymers facilitates electron transport, while the polar
side chains enable dipole interaction with the electrodes,
thereby modulating the WF.>* WSCPs, represented by
poly[(9, 9-bis(3-(N, N-dimethylamino)propyl)-2, 7-fluo-
rene)-alt-2, 7-(9, 9-dioctylfluorene)] (PFN), have been
extensively utilized in various OSC applications.'"**"*
However, the conjugated chains of these polymers pri-
marily consist of electron-donating units with limited
electron mobility, resulting in device performance that is
highly dependent on film thickness. This characteristic
poses challenges for the fabrication of large-area devices.
To address this issue, the incorporation of electron-
deficient units into the conjugated backbone, which can
enhance electron mobility, has been proposed. Currently,
a variety of electron-deficient units have been adopted,
such as diketopyrrolopyrrole (DPP),*~*' naphthalene
diimide (NDI),**"* and isoindigo (IID).*> The thickness-
insensitivity of the interface materials can be greatly
improved. Additionally, one study reported that reducing
the lowest unoccupied molecular orbital (LUMO) energy
level facilitated the self-doping of side-chain polar groups
onto the main chain, thereby leading to improved elec-
tron transport.*?

Furthermore, the presence of quinone resonance fa-
vors the 7-conjugate extension of the molecular system
with minimal distortion, thereby improving stacking and
electron mobility.**>° Studies have revealed that the
quinone form of conjugated polymers exhibits higher

conductivity than the corresponding aromatic struc-
ture.”'~* The incorporation of blocks possessing quinone
resonance into the conjugated backbone can also pro-
mote the doping characteristics of polymers.>* However,
most existing quinone-based building blocks exhibit
limited electron-withdrawing capabilities, presenting
challenges in achieving highly efficient electron transport
at the cathode interface in OSCs.>>>® Therefore, the
development of novel quinone-type building blocks with
robust electron-deficient properties, along with the cor-
responding methods for constructing WSCPs, is signifi-
cant for high-performance electron-transport interfacial
materials.

Benzodifurandione (BFDO) has been recognized as a
promising class of electron-deficient moieties utilized in
the construction of polymers with advantageous elec-
tron transport properties in organic thermoelectric ap-
plications® ™ and organic transistors.®®* BFDO
demonstrates superior carrier delocalization compared
with the commonly utilized NDI unit,*® thereby facili-
tating the development of highly conductive n-type
polymers.®* However, current research primarily focuses
on polymer synthesis via aldol condensation using the
BFDO unit, thereby limiting the diversity of polymer
species.®” %

In this study, a BFDO-derived building block with
quinone resonance properties and strong electron-
withdrawing capability was developed. Two conjugated
polymers, PBFDO-F6N and PBFDO-F6N-Br, were syn-
thesized using Pd-catalyzed couplings. The introduction
of the electron-deficient BFDO unit strongly reduced the
LUMO level of the polymers, thereby enabling the reali-
zation of n-type transport properties. Moreover, the
quinone structure introduced by the BFDO unit
improved electron mobility. The measured conductivities
of PBFDO-F6N and PBFDO-F6N-Br were 3.97 x 10~ and
2.08 x 107> S cm™, respectively. These two polymers
were employed as the electron transport layer (ETL) in
OSC devices with a PM6:BTP-eC9 active layer. The
highest efficiencies achieved with PBFDO-F6N and
PBFDO-F6N-Br were 18.11% and 17.67%, respectively,
representing some of the highest efficiencies obtained
with the PM6:BTP-eC9 active layer. Furthermore, even at
a thickness of 50 nm, the PCE of the devices with
PBFDO-F6N as the ETL remained above 95%. This
highlights the remarkable ability of the material to
withstand thick film deposition, making it a promising
candidate for the scalable production of OSC devices
through roll-to-roll techniques. These results indicate
that BFDO, an electron-deficient unit with quinone
resonance properties, can effectively improve the electron
transport of the polymer and is expected to achieve ap-
plications in other organic electronic devices.
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2 | RESULTS AND DISCUSSION

We synthesized the bromine-substituted quinone de-
rivatives of BFDO (BFDO-Br) using copper bromide and
N-bromosuccinimide. The synthetic route and single
crystal structure of BFDO-Br are depicted in Figure 1A,B
and Figure S1, respectively. Detailed data for BFDO-Br
single crystal are summarized in Table S1. After bromi-
nation, the C-C bond length of the furan ring was
1.347 A, which is typically the length of alkene bonds.*
Moreover, the bromine present on the prepared mono-
mer exhibited Pd-catalyzed reactivity, enabling successful
Stille coupling. This coupling expanded the conjugated
backbone and promoted a benzo-quinone transition of
the entire chain (Figure 1C). Both conjugated polymers,
namely PBFDO-F6N and PBFDO-F6N-Br, were synthe-
sized using this monomer. The polymers possessed both
strong electron-withdrawing properties and quinone
resonance properties compared with the previously re-
ported electron-transport materials PFN and PNDIT-F3N
(Figure 1D). This characteristic is instrumental for
achieving polymers with enhanced electron mobility. The
monomer characterizations involved are illustrated in
Figure S2-S6. The number-average molecular weight
(M,) and molar mass dispersity (PM = M,/M,) of
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PBFDO-F6N were 10.54 kDa and 1.338, respectively
(Figure S7), as determined via gel permeation chroma-
tography with chloroform as the mobile phase. The
thermal behavior of PBFDO-F6N and PBFDO-F6N-Br
was characterized through thermogravimetric analysis.
The thermal decomposition temperature (5 wt% loss) of
PBFDO-F6N was 273°C, while that of PBFDO-F6N-Br
was slightly lower: 216°C (Figure S8). The great ther-
mal stability of PBFDO-F6N and PBFDO-F6N-Br dem-
onstrates their suitability for OSC applications.

We performed cyclic voltammetry measurements in
acetonitrile to determine the LUMO levels and highest
occupied molecular orbital (HOMO) levels of PBFDO-
F6N and PBFDO-F6N-Br. The HOMO energy levels of
PBFDO-F6N and PBFDO-F6N-Br were determined as
—5.51 and -5.50 eV, respectively, according to the
oxidation onset of the cyclic voltammetry curves
(Figure S9). Similarly, the LUMO levels of PBFDO-F6N
and PBFDO-F6N-Br were —4.01 and —4.30 eV, respec-
tively, according to the reduction onset. The lower LUMO
level of PBFDO-F6N-Br than that of PBFDO-F6N is
attributable to the electrostatic and anion-induced po-
larization caused by anion-7mt interactions between the
bromine anion and the electron-deficient unit.*? Notably,
both polymers possessed LUMO energy levels below

CeHs
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FIGURE 1 (A) Synthesis route of PBFDO-F6N and PBFDO-F6N-Br; (B) schematic of the BFDO-Br single crystal; (C) schematic of
polymer quinone resonance facilitated by BFDO-Br; (D) comparison of PBFDP-F6N and previously reported PFN and PNDIT-F3N.
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—4.0 eV, which is favorable for electron transfer from the
non-fullerene acceptor to the cathode.

The ultraviolet-visible absorption spectra of the
PBFDO-F6N and PBFDO-F6N-Br polymers (Figure 2A)
exhibited similarity. The absorption peak at 350 nm
corresponded to the absorbance associated with the 7-7*
transition of the polymer backbone. Additionally, a sub-
sequent absorption peak emerged at 700 nm, indicating
intramolecular charge transfer (ICT) from the electron-
rich fluorene units to the electron-deficient BFDO
units.” PBFDO-F6N exhibited a more pronounced
redshift in absorption than the previously reported
PNDIT-F3N, indicating a stronger ICT within the mate-
rial's main chain. This is attributable to the superior
electron-absorbing capability of the BFDO unit to that of
the NDI unit, which aligns with the deeper LUMO energy
level observed in PBFDO-F6N.** Furthermore, the
reduction of the LUMO level can facilitate the transfer of
lone-pair electrons from the side chain's amino group to
the main chain, thereby realizing n-type self-doping.

To confirm this self-doping effect, both polymers were
analyzed via X-ray photoelectron spectroscopy (XPS). The
monomer exhibited two peaks, at 532.2 and 533.9 eV
(Figure 2B), attributable to the oxygen of the carbonyl
group and the furan ring, respectively. Both PBFDO-F6N
and PBFDO-F6N-Br exhibited a new oxygen peak at

530.8 eV and a reduction in the intensity of the carbonyl
O peak near 532 eV, indicating the presence of O~ within
the polymers. This phenomenon is attributable to the
self-doping process of the polymers.”’ The nitrogen
spectrum of PBFDO-F6N (Figure 2C) exhibited two
distinct peaks: one peak around 399 eV and another near
402 eV, confirming the formation of positively charged
N™. Therefore, electrons were transferred from N to the
electron-deficient conjugated backbone, generating posi-
tively charged N' and negatively charged O~. The
PBFDO-F6N-Br spectrum exhibited only one peak, near
402 eV, indicating the completion of the quaternization
reaction. The bromide ion, acting as a Lewis base, has
been reported to achieve n-doping by undergoing ground-
state charge transfer to the conjugated backbone,’*”?
consistent with the O~ observed in PBFDO-F6N-Br. The
newly generated O~ peak of PBFDO-F6N was higher
than that of PBFDO-F6N-Br, indicating that the presence
of the amino group resulted in a greater extent of n-
doping in the conjugated backbone. This is beneficial
for achieving higher electrical conductivity and electron
transport capacity.

The self-doping process was further verified through
electron spin resonance (ESR) characterization. The
BFDO-Th produced a weak signal (Figure 2D), which
substantiates the presence of a quinone structure in the
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FIGURE 2 (A) UV-vis absorption spectra of PBFDO-F6N and PBFDO-F6N-Br in film; (B) Ols spectra of monomers BFDO-Th-Br,
PBFDO-F6N, and PBFDO-F6N-Br; (C) N1s spectra of PBFDO-F6N and PBFDO-F6N-Br; (D) ESR spectra of BFDO-Th-Br, PBFDO-F6N, and
PBFDO-F6N-Br in the solid state; (E) electrical conductivity measurements of PBFDO-F6N and PBFDO-F6N-Br; (F) UPS spectra of bare
Ag, PBFDO-F6N, and PBFDO-F6N-Br. UPS, ultraviolet photoelectron spectroscopy; UV-vis, ultraviolet-visible.
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monomer. The ESR signals of PBFDO-F6N and PBFDO-
F6N-Br were quantified, and both materials exhibited
robust ESR signals. Notably, the ESR signal intensity of
PBFDO-F6N exceeded that of PBFDO-F6N-Br, suggesting
that PBFDO-F6N possesses a higher degree of self-
doping. This observation aligns with the XPS results.
Subsequently, both polymers were subjected to conduc-
tivity measurements through the two-probe method.*® A
60 nm-thick polymer film was sandwiched between the
indium tin oxide (ITO) electrode and the Ag electrode.
The current density (J)-voltage (V) relationship is illus-
trated in Figure 2E. PBFDO-F6N exhibited a higher
conductivity (3.97 x 107> S cm™') than its quaternized
polymer PBFDO-F6N-Br (2.08 x 107> S cm™), which is
consistent with the higher doping level of the
PBFDO-F6N.

Assessing electron-transport materials also involves
suitable modifications to interface energy levels. The WF
values of silver electrodes modified with the two conju-
gated polymers were determined via ultraviolet photo-
electron spectroscopy. The WF values of PBFDO-F6N
and PBFDO-F6N-Br were determined as 4.20 and
4.15 eV, respectively (Figure 2F). In comparison, the WF
value of the unmodified Ag electrode was 4.72 eV. These
findings indicate that two polymers could significantly
reduce the WF values of the Ag electrodes through the
interface dipole,”* thereby facilitating efficient transfer
and collection of electrons from the active layer to the
cathode.”

To explore the electron transport performances of the
two polymers, they were applied as ETLs in OSC devices.
The device structure adopted was ITO/PEDOT:PSS/PM6:
BTP-eC9/ETL/Ag. For comparison, OSCs based on
PNDIT-F3N- and PFN-series ETLs were also prepared.
The device and chemical structures are illustrated in
Figure 3A. The resulting J-V characteristics and external
quantum efficiency (EQE) spectra are depicted in
Figure 3B-C. The device with PBFDO-F6N as the ETL
(5 nm) exhibited a maximum PCE of 18.11%, with an
open-circuit voltage (Voc) of 0.832 V, short-circuit cur-
rent density (Jsc) of 27.83 mA cm™2, and fill factor (FF) of
78.26%. The PCE was much higher than those of the
control devices based on PNDIT-F3N (17.69%) and PFN
(15.60%). The device based on PBFDO-F6N-Br exhibited
a slightly lower performance, with a maximum PCE of
17.67%. Additionally, the PNDIT-F3N-based device
exhibited a PCE of 17.69%, with a lower Jsc and FF than
the PBFDO-F6N-based device. The J-V characteristics of
the devices in the dark field are illustrated in Figure 3D.
Notably, the devices based on PBFDO-F6N and PBFDO-
F6N-Br exhibited low leakage currents, indicating a
highly effective modification of the metal-semiconductor
interface.

To investigate the underlying mechanism, we exam-
ined the interaction between the acceptor and the inter-
face materials via ESR. The pure acceptor exhibited no
ESR signal, whereas the mixed samples of BTP-eC9/
PBFDO-F6N and BTP-eC9/PBFDO-F6N-Br exhibited
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FIGURE 3 (A) Device structure and chemical structures of PM6 and BTP-eC9; (B) J-V curves of devices with PBFDO-F6N, PBFDO-
F6N-Br, PNDIT-F3N, and PFN; (C) EQE curves of devices with PBFDO-F6N, PBFDO-F6N-Br, PNDIT-F3N, and PFN; (D) dark current
versus voltage curves; (E) ESR spectra of BTP-eC9, PBFDO-F6N:BTP-eC9, and PBFDO-F6N-Br:BTP-eC9 blends in the solid state. EQE,

external quantum efficiency.
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significant signals (Figure 3E). While the strong ESR
signals of the interface material may impact the mea-
surement, the notably stronger signal observed in BTP-
eC9/PBFDO-F6N indicates doping of the acceptor by
PBFDO-F6N. Studies have shown that the amino group
of PFN can effectively dope the non-fullerene acceptor.
However, the poor electron transport characteristics of
PFN resulted in charge accumulation at the interface,
thereby hindering electron collection and deteriorating
device performance.”® The introduction of the electron-
deficient BFDO unit into the conjugated backbone
resulted in a significant reduction in the LUMO level.
This modification prevented charge accumulation at the
interface, thereby effectively enhancing the device's
efficiency.

The electron mobility of a bilayer structure composed
of the two polymer materials and BTP-eC9 was deter-
mined. The electron mobility was quantified using a space-
charge-limited current (SCLC) model. Both materials
exhibited notable electron mobility (Figure 4A), with the
bilayer PBFDO-F6N-based device exhibiting an electron
mobility of 3.56 x 107> cm® V™' s7', which was slightly
higher than that of the PBFDO-F6N-Br-based device
(3.35 x 1072 cm? V™! s71). Nevertheless, both materials
exhibited excellent electron mobility at different thick-
nesses (Table S2). Furthermore, we performed light
intensity-dependent measurements (Figure 4B). The a-
values of the PBFDO-F6N- and PBFDO-F6N-Br-based
devices were determined as 0.997 and 0.996, respectively.
These high a-values suggest that both materials effectively
inhibited bimolecular recombination. Additionally, the
relationship between light intensity and Voc was exam-
ined. The slope of the PBFDO-F6N-based device was
1.10 kT/q, while that of the PBFDO-F6N-Br-based device
was 1.12 kT/q. The magnitude of the slope of Vo versus
light intensity serves as an indicator of the Shockley-
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—— PBFDO-F6N
2501 —— PBFDO-F6N-Br
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vappl'vbi'vs (V)

Read-Hall (SRH) recombination in devices.””””® This
suggests that the PBFDO-F6N-based device exhibited
weaker trap-assisted recombination, which was consistent
with its higher PCEs. The surface morphologies of the two
polymers deposited on the active layer were characterized
via atomic force microscopy. The root-mean-square
roughness values of the active layer PM6:BTP-eC9 and
the deposited polymers PBFDO-F6N and PBFDO-F6N-Br
were 1.29, 1.09, and 1.22 nm, respectively (Figure S10).
No significant difference was observed between PBFDO-
F6N and PBFDO-F6N-Br.

Furthermore, we evaluated the electron transport
capabilities of different materials by preparing OSC de-
vices with thick-film ETLs. The J-V curves of devices with
ETLs of different thicknesses are shown in Figure 5A-C,
and their corresponding EQEs are shown in Figure 5D-F.
The device parameters are summarized in Table 1. With
the increase in the ETL thickness to 20 nm, the effi-
ciencies of the PFN-based devices significantly declined
to 8.16%. Conversely, the PNDIT-F3N-based device
exhibited remarkable PCE retention. The device achieved
a PCE of 16.49% at a thickness of 50 nm. The device with
PBFDO-F6N as the ETL exhibited a notable PCE of
17.36% even at a thickness of 50 nm, retaining 95.9% of
the value achieved with a 5 nm ETL. To further investi-
gate the reasons for the thickness insensitivity of the
PBFDO-F6N-based OSC devices, the devices based on
PBFDO-F6N, PNDIT-F3N, and PFN were subjected to
photo-injected linearly pressurized carrier extraction
(photo-CELIV) measurements. The carrier mobility of
the device with thin-film PBFDO-F6N  was
3.57 x 10~* cm? V™! s (Figure 5G). In comparison, the
mobilities of the thin-film PNDIT-F3N- and PFN-based
devices were 3.25 x 10~* and 2.81 x 10™* cm? V' s7%,
respectively. These results indicate that the PBFDO-F6N-
based OSC devices exhibited faster carrier transport,
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FIGURE 4 (A) SCLC measurement for bilayer electron-only devices; (B) light intensity dependence of Jsc and Vo for OSCs devices
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FIGURE 5 J-Vcurves of devices with (A) PBFDO-F6N, (B) PNDIT-F3N, and (C) PFN; corresponding EQE curves of (D) PBFDO-F6N,
(E) PNDIT-F3N, and (F) PFN at various thicknesses; (G) photo-CELIV measurements of OSC devices with different ETLs; (H) light
intensity dependence of Jsc and Vo for devices with different 5-nm-thick ETLs; (I) light intensity dependence of Jsc and V¢ for devices
with different ETLs at higher thicknesses. EQE, external quantum efficiency.

leading to reduced carrier recombination and enhanced
Jsc and FF. Regarding the thick-film ETL-based devices,
the carrier mobilities of PBFDO-F6N, PNDIT-F3N, and
PFN were 287 x 107%, 285 x 107 and
2.55 x 107* cm® V' s7', respectively. The carrier
mobility of the devices based on PBFDO-F6N and
PNDIT-F3N remained significantly high, corresponding
to the thickness-insensitive transport of both materials.
Conversely, the PFN-based devices exhibited a substan-
tial decrease in carrier mobility, resulting in carrier
combination. Furthermore, light intensity-dependent
measurements of the devices were conducted at
different ETL thicknesses. Figure 5H-I display the light
intensity dependence characterization results. The o
value of the devices with PBFDO-F6N thick films was
0.996, indicating that the devices with thick-film ETLs

exhibited suppressed bimolecular recombination,
demonstrating the superiority of PBFDO-F6N as an
interface material. In contrast, the «a value of PFN
exhibited a more pronounced decline in thick-film de-
vices. Additionally, the slopes of the Voc-light intensity
curves of devices with thin and thick PBFDO-F6N films
were 1.10 and 1.16 kT/q, respectively. These values were
lower than those of the devices based on PNDIT-F3N and
PFN. This discrepancy suggests that SRH recombination
was reduced in the PBFDO-F6N-based devices, which
contributed to the higher PCE of the PBFDO-F6N-based
OSC devices. Devices based on the quaternized prod-
ucts of the polymers were also fabricated. Compared with
PNDIT-F3N-Br and PFN-Br, PBFDO-F6N-Br also
exhibited greater film thickness insensitivity, with a
higher PCE of up to 15.05% at a thickness of 50 nm
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TABLE 1 Device performance of PM6:BTP-eC9-based OSCs with different ETLs at various thicknesses.
Thickness (nm) Voc (V) Jsc (mA/cm?) FF (%) PCE (%)

PBFDO-F6N Average 5 0.834 4+ 0.003 27.73 £ 0.19 78.08 £ 0.35 18.05 £ 0.10
Highest 0.832 27.83 78.26 18.11
Average 10 0.830 + 0.001 27.56 + 0.31 77.56 £+ 1.02 17.74 £ 0.12
Highest 0.828 27.53 78.39 17.88
Average 25 0.833 + 0.001 27.29 £+ 0.24 77.38 + 1.37 17.57 £ 0.08
Highest 0.832 27.34 77.78 17.70
Average 50 0.833 + 0.001 27.21 £ 0.18 75.47 + 0.75 17.26 £ 0.09
Highest 0.831 27.24 76.68 17.36

PNDIT-F3N Average 5 0.833 4+ 0.003 27.01 + 0.30 77.75 £ 0.75 17.51 £ 0.19
Highest 0.835 27.00 78.85 17.69
Average 10 0.832 + 0.002 26.53 + 0.20 77.90 £+ 0.44 17.19 £ 0.24
Highest 0.834 26.69 78.40 17.45
Average 25 0.833 + 0.004 25.93 + 0.30 77.51 + 0.25 16.75 £ 0.29
Highest 0.838 26.35 77.46 17.12
Average 50 0.831 + 0.003 25.67 + 0.23 75.32 + 3.64 16.06 £ 0.62
Highest 0.830 25.75 77.18 16.49

PFN Average 5 0.840 + 0.001 26.33 + 0.17 68.65 + 1.53 15.19 £+ 0.45
Highest 0.840 26.49 70.07 15.60
Average 20 0.620 + 0.232 24.58 + 0.40 34.77 £+ 8.38 5.59 + 3.00
Highest 0.781 24.59 42.45 8.16

(Figure S11 and Table S3). In comparison, the PNDIT-
F3N-Br- and PFN-Br-based devices exhibited PCEs of
only 13.84% and 10.08% at 50 nm, respectively, which
indicates that the introduction of quinone-type BFDO
units effectively enhanced the electron transport capa-
bility of the conjugated materials.

To further elucidate the effect of different ETLs on the
device performance, the electrochemical impedance test
was performed. Figure S12 displays the impedance
spectra of the devices based on PM6:BTP-eC9 with
different ETLs and the equivalent circuit diagrams.
Fitting the impedance spectra and equivalent circuits
allowed for determining the series resistance (R;), charge-
transport resistance (Rcr), and geometrical capacitance
(C) of corresponding devices. The obtained parameters
were presented in Table S4. All devices exhibited similar
R, values. Notably, the devices utilizing PBFDO-F6N as
ETLs exhibited lower Rcr values than those based on
PFN, in both thin-film and thick-film conditions, sug-
gesting superior charge transport capability for PBFDO-
F6N.79—81

The working mechanism is illustrated in Figure 6A,B.
PBFDO-F6N exhibited a lower LUMO energy level and

enhanced electron mobility compared to PFN, thereby
promoting electron transport at the interface, and satis-
fying the requirements of thick-film ETLs. To verify the
versatility of the material, OSC devices with D18:L8-BO
active layer and PBFDO-F6N as the ETL were also pre-
pared (Figure S13). The J-V curves are shown in
Figure 6C and Figure S14, and the detailed data are
summarized in Table S5. The device with a 5 nm PBFDO-
F6N as the ETL achieved a PCE of 18.69%. Remarkably,
even with a thickness of 50 nm, the device maintained a
PCE of 17.83%. This material, facilitating consistent per-
formance across varying thicknesses, holds promise for
the production of large-area flexible OSCs through the
roll-to-roll technique.

3 | CONCLUSION

We synthesized a halogen-containing BFDO-based
quinone resonance building block that retains strong
electron-withdrawing capability and can be further
expanded through Pd-catalyzed coupling reactions. This
advancement significantly enhances the diversity of n-
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FIGURE 6 Charge transport modeling diagrams for cathode interface materials: (A) charge tunneling transport in PFN-based devices;
(B) charge transport in PBFDO-F6N-based devices; (C) J-V curves of devices with PBFDO-F6N.

type conjugated polymers. Two conjugated polymers
derived from this building block, namely PBFDO-F6N
and PBFDO-F6N-Br, exhibited exceptional efficiency
exceeding 18% when used as ETLs in OSCs. Moreover,
the amino group in the side chain of PBFDO-F6N facil-
itated the n-doping of the non-fullerene acceptor while
enabling self-n-doping. Along with the enhanced electron
mobility facilitated by the quinone structure, PBFDO-
F6N demonstrated remarkable efficiency retention of
over 95%, even at a thickness of up to 50 nm, out-
performing previously reported NDI-based thickness-
insensitive ETL materials. Overall, this study provides
alternative solutions for the advancement of large-scale
flexible OSCs and contributes to the progress of
electron-transport conjugated materials.
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