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Abstract: As a class of predominantly used cathode
interlayers (CILs) in organic solar cells (OSCs), per-
ylene-diimide (PDI)-based polymers exhibit intriguing
characteristics of excellent charge transporting capacity
and suitable energy levels. Despite that, PDI-based
CILs with satisfied film-forming ability and adequate
solvent resistance are rather rare, which not only limits
the further advance of OSC performances but also
hinders the practical use of PDI CILs. Herein, we
designed and synthesized two non-conjugated PDI
polymers for achieving high power conversion efficiency
(PCE) in diverse types of OSCs. The utilization of oligo
(ethylene glycol) (OEG) linkage enhanced the n-doping
effect of PDI polymers, leading to an improved ability
of the CIL to reduce work function and improve
electron transporting capability. Moreover, the introduc-
tion of the non-ionic OEG chain effectively improve the
wetting property and solvent resistance of PDI poly-
mers, so the PPDINN CIL can withstand diverse
processing conditions in fabricating different OSCs,
including conventional, inverted and blade-coated devi-
ces. The binary OSC with conventional structure using
PPDINN CIL showed a PCE of 18.6 %, along with an
improved device stability. Besides, PPDINN is compat-
ible with the large-area blade-coating technique, and a
PCE of 16.6 % was achieved in the 1-cm* OSC where a

blade-coated PPDINN was used. }
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Introduction

Organic solar cells (OSCs) have demonstrated tremendous
potential as the next-generation photovoltaic technology,
with their attractive features such as low cost, portability,
solution processing and mechanical flexibility.'”! To date,
the power conversion efficiencies (PCEs) of state-of-the-art
OSCs have exceeded 19%, reaching the threshold of
practical use."® As a critical component in OSCs, the
cathode interlayer (CIL) between the active layer and the
cathode metal plays an important role in improving PCE
and stability of OSCs."™l Unfortunately, synchronously
optimizing the solution-processibility, film-forming ability
and solvent resistance of CILs has long been considered as a
contradiction, so hardly can any CIL withstand diverse
processing conditions in the fabrication of OSCs with
different structures.>"¥ This severely limit the application
range of CIL materials. For instance, as a predominantly
used CIL, inorganic compound ZnO has to be processed
through aqueous solution, which excludes its applications in
conventional OSCs due to the inability to deposit aqueous
solutions onto the organic active layer during device
fabrication.'*'%! Besides, although CILs based on organic
small molecules and conjugated polymers exhibited high
performance in conventional OSCs, they cannot survive
from the processing conditions of inverted OSCs because of
their poor solvent resistant."’”?"! Furthermore, many CILs
displayed significant capability to achieve high PCEs in
OSCs, but they only worked well in a thickness of several
nanometers owing to the inferior charge transport perform-
ance; this excludes their compatibility with high-throughput
printing techniques where certain thickness variation is
unavoidable.” ! From the aspects of industrial production
and commercial use, in addition to the capability of
achieving high photovoltaic performances, a standard CIL
that can be universally used in fabricating diverse OSCs is
strongly desired. However, the design of universal CIL
materials with excellent electron collection ability, ideal
solution-processibility and high solvent resistance is great
challenging.

In recent years, organic semiconductors demonstrated
great advantages in serving as CILs. With rational molecular
design, the organic semiconductors can exhibit a break-
through conductivity of more than 2000 S-cm ™, displaying
promising perspective in serving as CILs.”?! Among
various organic semiconductors, perylene-diimide (PDI)-
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based materials have become the most predominantly used
CILs in OSCs due to their suitable energy level, excellent
charge transport properties and superior solution-
processibility.”?*! The PDI-based CIL materials are mainly
divided into three catalogues: small molecules, conjugated
polymers, and non-conjugated polymers. Many PDI-based
small molecules such as PDINO,!"” PDINN®! and PDINN-
F*' were designed and synthesized as CILs in OSCs.
Although the PDI small molecules exhibit exceptional
capabilities in electron extraction and transportation, the
high crystallinity gives rise to strong tendency of aggrega-
tion, making them difficult to be fabricated into uniform and
smooth CILs."! To improve the film-forming ability, the
PDI unit was integrated into conjugated polymer backbone.
Despite that the PDI conjugated polymers possess efficient
charge transport and good film formation, thereby broad-
ening the processing range of CIL thickness, it also causes
parasitic absorption which competes with the absorption of
the active layers, depressing the PCE of OSCs.**! As an
optimization Scheme, non-conjugated polymers of PDI can
combine the excellent electrical properties of small mole-
cules with the good film-forming ability of polymers, while
maintaining a high optical transmittance of CIL. To date,
many non-conjugated PDI polymers, such as PDI-DABC "
PPDI-Ac,” PDI-50°" and PDI-PZ,*" have been developed
as CILs that significantly improve the PCE and device
stability of OSCs. However, most non-conjugated PDI
polymers have to be modified with quaternary ammonium
cations in order to achieve adequate water/alcohol solubility.
This causes strong polarity, degrading the wetting property
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of the CIL solution on the active layer surface and leading
to poor physical contact at the interface.”*>**! Moreover, the
ionic linkages of most PDI-based polymers are only limited
to N, N-dimethyl-substituted ammonium cations, which are
subject to degradation through Hofmann eliminations,
thereby perturbing the charge distribution and
morphology.?*! These issues not only depress the perform-
ance of PDI-based CILs, but also restrict their applications.
It is promising to design new chemical structure of PDI-
based CIL materials, possessing excellent electron collection
ability, satisfied solution-processibility and high solvent
resistance, for being used in diverse kinds of OSCs including
conventional device, inverted device and large-area device.
In this work, we integrated PDI unit in non-conjugated
polymer by using a non-ionic oligo (ethylene glycol) (OEG)
side chain as linkage to develop two polymeric CILs
PPDINN and PPDIN enabling diverse applications in
efficient OSCs (Scheme 1). By replacing the ionic mobile
counterion-containing linkage with non-ionic OEG, both the
doping effect and the film-forming ability of the PDI-based
CIL were improved, endowing PPDINN with excellent
electron collection capability. Furthermore, the PPDINN
solution exhibits good wetting property on the hydrophobic
surface of active layer, and the PPDINN film demonstrates
high resistance to non-polar organic solvents, thereby
enabling it to withstand diverse processing conditions in the
fabrication of various OSCs including conventional devices,
inverted devices, and large-area devices. The conventional
OSC with PPDINN showed an elevated PCE of 18.6 %,
along with an improved device stability. The inverted OSC
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Scheme 1. (a) Advantages of PDI small molecules and PDI polymers as CIL materials; (b) Our strategy for the design of non-conjugated PDI

polymers.
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modified by PPDINN could exhibit superior PCE to the
reference device (16.0% vs. 11.7%), suggesting that
PPDINN can serve as a universal CIL for different OSCs.
Furthermore, the PPDINN was also compatible with the
large-area blade-coating technique, and a PCE of 16.6 %
was achieved in the 1-cm* OSC where a blade-coated
PPDINN was used. The results from this work demonstrate
that the constructing of non-ionic PDI-based polymers is an
effective strategy to develop CILs with good electron
collection capability, improved wetting property and ad-
equate solvent resistance, paving the way to explore
universal CIL materials for diverse OSCs.

Figure 1a shows the chemical structures of PPDINN,
PPDIN and the most well-known high-performing PDINN
CIL for comparison. The synthetic routes towards the non-
conjugated PDI polymers are outlined in Scheme S1, along
with the experimental details. The two ends of OEG chain
were firstly linked with benzoic acid groups, which were
subsequently modified by boron ester. To prepare the two
PDI monomers, perylene-3,4,9,10-tetracarboxylic dianhy-

Research Article

Angewandte

intemationaldition’y) Chemie

dride was brominated with 1,3-dibromo-5,5-dimeth-
ylhydantoin in the presence of concentrated H,SO,. The
resulting product then reacted with N,N-dimeth-
yldipropylenetriamine and 3-dimethylamino-1-propylamine
to yield the two monomers. Suzuki polymerization employ-
ing the OEG compound and two bromine-substituted PDI
units as monomers yielded the non-conjugated PDI poly-
mers with high molecular weight (number-averaged molec-
ular weights >15 kDa). The NMR spectra, which confirms
the chemical structures of all the intermediates and both
PDI polymers, are collected in Supporting Information
(Figures S1-S10). The bay substituent of benzoate ester may
influence the energy level, molecular packing and solubility
of the PDI polymers, which provides great opportunity to
improve the electron collection capability of CILs. Both
PDI-polymers are soluble in alcohol-based solvents but
insoluble in commonly used chlorinated solvents (such as
chloroform and chlorobenzene). Such orthogonal solubility
with active layer materials is crucial for the multilayer
deposition in device fabrication.
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Figure 1. (a) Structure diagram of PPDINN, PPDIN and PDINN; (b) Ultraviolet-visible spectra of PPDINN, PPDIN, PDINN as solid films; (c) ESR
spectra of PPDINN, PPDIN, PDINN; (d) I-V characteristics of electrical conductivity measurements; (e) CV curves of PPDINN, PPDIN, PDINN; (f)
relative positions of the energy levels of different CiLs; (g) UPS spectra of PPDINN, PPDIN, PDINN.
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The absorption spectra of PPDINN, PPDIN and PDINN
in tetrahydrofuran, toluene and N,N-Dimethylformamide
solutions are provided in Figure S10-12 in the Supporting
Information. The absorption peaks at ~526 and ~490 nm
typically originate from 0-0 and 0-1 transitions of PDI unit.
A broad band with low resolved vibronic fine structure
ranging from 550 to 700 nm is found in the PPDINN
absorption, which is often observed in the bay-substituted
PDI molecules.**!! The broad band may arise from the
combined effect of changes in conjugation length, electron
density, and core-twist of the PDI backbone. As shown in
Figure 1b, the absorption spectra of the PDI-based CILs as
solid films displayed broader bands compared to their
solution spectra, owing to the strong solid-state packing of
the PDI core.'* Electron spin resonance (ESR) measure-
ments were carried out to probe free radical species in the
films. All the samples showed obvious ESR signals, confirm-
ing the existence of unpaired electrons (Figure 1c). Since
absorption bands related to radical anion were not observed
in the spectra, the ESR signals can reflect the electron
transfer from the amino pendant to the PDI core. Moreover,
the PPDINN displayed a more pronounced ESR signal than
PPDIN and PDINN, indicating an enhanced electron trans-
fer process. As is well-known, the free radicals in self-doping
semiconductors could effectively improve the electrical
conductivity of the materials. Therefore, the conductivities
of PPDINN and its small-molecule counterpart PDINN
were evaluated by measuring the current-voltage (I-V)
characteristics of the sandwiched devices. As shown in
Figure 1d, the conductivities of PPDINN and PDINN were
estimated to be 4.97x107° and 3.64x107° S/m, respectively.
The values of relative dielectric constant (e,) were deter-
mined to be 3.29, 3.0land 2.99 at 10°Hz for PDINN,
PPDINN and PPDIN, respectively. The results indicate that
the introduction of OEG have negligible influence on ¢,
value.

Cyclic voltammetry measurements were performed to
experimentally estimate the LUMO energy level (E\ymo)
and HOMO energy level (Eyomo) of the CILs. Figure le
shows the cyclic voltammograms of the PDI derivatives. The
E; umo values were calculated as —3.93, —4.17, and —3.71 eV
for PPDINN, PPDIN, and PDINN, respectively (Table 1).
The polymer PPDINN showed relatively lower LUMO
level, which should be attributed to the electron-withdraw-
ing effect of phenyl carboxylate ester group. Figure 1f
presents the energy level diagram of the PDI derivatives and
the representative active layer PM6:BTP-eC9. The LUMO
energy level of PPDINN is very close to that of the electron
acceptors, which can lead to better energy level alignment at
the cathode interface for electron transport. From cyclic

Table 1: Optoelectronic properties of PPDINN, PPDIN and PDINN.

Conductivity LUMO HOMO Work function

(Sm™) (eV) (eV) (eV)
PPDINN 4.97x107° —3.93 —5.93 3.86
PPDIN 1.53x107* —4.17 —5.78 3.96
PDINN 3.64x107° -3.71 —5.81 3.99

Angew. Chem. Int. Ed. 2024, 202410857 (4 of 10)
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voltammograms, the Eyoyo values are determined to be
—-5.93, —5.78, and —5.81eV for PPDINN, PPDIN, and
PDINN, respectively. The low-lying Eyomo levels mean that
the PDI-based CILs will sufficiently block holes from
electron donors. Ultraviolet photoelectron spectroscopy
(UPS) was used to probe the work function (WF) values of
ITO electrode and the three PDI-based CILs (Figure 1g).
The WF of ITO electrode was 4.4 ¢V, and was reduced to
3.86, 3.96 and 3.99 eV after being covered with PPDINN,
PPDIN, and PDINN, respectively. Such a WF reduction of
the cathode electrode is essential to achieve ohmic contact
at the CIL/active layer interface.

As is well-known, the wetting characteristic, film-form-
ing ability and morphology of CIL not only influence the
electron collection capability, but also have considerable
impact on physical contact at the interface, which is essential
to reduce the interfacial defects. Thus, we firstly investigated
the wetting property of the CIL solution on the hydrophobic
surface of active layer. As shown in Figure 2a, the methanol
solution drop was immediately spread with the contact angle
of 28.9° when it contacted the PM6:BTP-eC9 surface,
indicating the complete wetting of PPDINN solution on the
active layer. To gain insights into the difference of film
formation process between polymer PPDINN and its small
molecule counterpart PDINN, in situ UV-vis absorption
spectra were performed. The time-dependent contour maps
of in situ UV-vis absorption spectra were provided in
Figure 2b-c & S17. Figure2b and c showed the time
evolution of the UV-vis absorption spectra of PPDINN and
PDINN films. Both films exhibited obvious decline in peak
intensity, which is typically caused by the decrease in the
liquid film thickness. The decline in absorption intensity for
PDINN is larger than that for PPDINN, suggesting a greater
thickness variation in the PDINN liquid film due to the
stronger mobility of small molecule. In the later stage of film
formation, the absorption intensity for both PDINN and
PPDINN films was recovered, which is originated from
molecular aggregation. Throughout the entire film forma-
tion process, no shift in absorption peaks was observed for
both PDINN and PPDINN films, indicating that the
molecular packing arrangement remained unchanged during
the film formation. To elucidate the crystallinity and
molecular packing of the PDI-based CILs, we employed
grazing incidence wide-angle X-ray scattering (GIWAXS)
measurements. The 2D GIWAXS patterns for PDINN and
PPDINN are illustrated in Figure 2d and e. It can be clearly
observed that, in the out-of-plane (OOP) directions, the n—n
stacking diffraction peaks for the polymer PPDINN were
remarkably weakened, compared to its small-molecule
counterpart PDINN. This indicates a lower crystallinity of
the PDI-based polymer. Particularly, the PPDINN film
showed GIWAXS patterns with the lamellar (100) packing
in the in-plane (IP) directions and n—n stacking (010) peaks
in the OOP direction, indicating the preferential formation
of the face-on orientation, which is beneficial for charge
transport. The n—n stacking distance of 3.6 A remained
almost unchanged between PDINN and PPDINN (Figure 2f
and g). X-ray diffraction (XRD) measurements were used to
reveal the crystallinity of the PDI films (Figure S18). A
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Figure 2. (a) Contact angle of PPDINN dissolved in methanol on active layer surface; the time-dependent contour maps of in situ UV-vis
absorption spectra of (b) PPDINN and (c) PDINN; The 2D GIWAXS pattern of (d) PDINN and (e) PPDINN neat films; In-plane line-cut (f) and

out-of-plane line-cut (g) profiles of PPDINN, PDINN and PPDIN neat films;
(h) PDINN and (i) PPDINN.

pronounced diffraction peak at 20=25.7° was observed in
the PDINN film, corresponding to a n—n stacking distance of
3.5 A, which is in good agreement with the results from
GIWAXS. In contrast, owing to the low crystallinity of the
non-conjugated polymers, no clear peak could be observed
in the diffraction pattern of PPDINN and PPDIN films.
Only broad and uninformative signals in the 26 region of
10°-30° were found in the PPDINN and PPDIN samples.
Surface morphologies of the CILs were investigated by
tapping-mode atomic force microscopy (AFM), as shown in
Figure 2h-i & S820. The root-mean-square roughness (R,)
values of PDINN and PPDINN films were all around
1.9 nm. The smooth surface of the CILs can passivate the
interfacial defects, which is favorable for decreasing the
leakage current of the devices. Therefore, the face-on
molecular arrangement, the tight n—n stacking and the
smooth surface will improve the capability of PPDINN in
electron transport.

To investigate the performance of PPDINN and
PPDINN as CILs, OSCs with the conventional structure
ITO/PEDOT:PSS/PM6:BTP-eC9/CIL/Ag were fabricated
(Figure 3a). The optimal thickness of the PDI CILs is
~10 nm, and the optimization process for CIL thickness is

Angew. Chem. Int. Ed. 2024, e202410857 (5 of 10)

atomic force microscopy height images of ITO electrodes covered by

summarized in Table S3. The blend of PM6:BTP-eC9 was
used as the active layer. The current density-voltage (J-V)
curves and corresponding photovoltaic parameters are
shown in Figure 3b and Table 2. Benefiting from the low
WF and excellent conductivity, the OSC with the PPDINN
CIL exhibited a PCE of 18.59 %, along with an open-circuit
voltage (V,) of 0.873V, a current density (J.) of
27.32 mA-cm?, and a fill factor (FF) of 77.9 %. The PCE of
the OSC device with PPDINN is higher than that of the
reference device modified by PDINN (PCE=18.1%).
Subsequently, a total of 20 independent devices from five
batches were fabricated to assess the performance reprodu-
cibility. Figure S30 displays the statistical distribution of the
photovoltaic efficiencies for OSCs with PPDINN and
PDINN. The PCE values of the PPDINN-modified OSCs
exhibited a narrower distribution compared to those of the

Table 2: Photovoltaic performances of the OSCs.

Voc (V) Jic (MAJcm?)  Jey (mAfcm?)  FF (%)  PCE (%)
PDINN 0870  27.33 26.72 7610 18.09
PPDINN 0873  27.32 26.81 77.93  18.59
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Figure 3. (a) Configuration of the OSCs fabricated in this study ; (b) J-V curves of the OSCs using PPDINN and PDINN; (c) PCE values for OSCs
with the active layers of PM6:ITIC, PM6:1T4F, PM6:BTP-eC9, PM6:L8BO, and PBQx-TCl: PM6:eC9-2Cl; (d) Mott-Schottky analyses for the OSCs;
(e) characteristics of exciton dissociation probabilities for the OSCs; (f) V,-light intensity relationship for the OSC devices; (g) photo-CELIV for the
OSCs with PPDINN and PDINN; (h) characterization of charge—carrier lifetime; (i) Nyquist plots of impedance spectra of the OSCs based on

PPDINN and PDINN.

PDINN devices. Compared to PDINN, the PPDINN-based
OSCs exhibit better performance reproducibility, which is
conducive to promoting the yield during large-scale produc-
tion. The superior repeatability of PPDINN-modified OSCs
may be derived from the lower HOMO level and the higher
conductivity of PPDINN. As reported in many previous
works, the low-lying HOMO level is favorable for hole-
blocking, and the high conductivity can effectively suppress
the charge recombination. Consequently, the PPDINN CIL
can deliver stable performance even with thickness varia-
tion. Table S3 shows the influence of CIL thicknesses on
OSC performances. A PCE of 17.6 % can be achieved even
when the PPDINN thickness was increased to 40 nm. The
excellent film thickness tolerance might be responsible for
the good repeatability of PPDINN-based OSCs. These
results suggest that PPDINN outperforms its small-molecule
counterpart PDINN in the fabrication of efficient OSCs.
The constructing of non-conjugated PDI polymer by using
non-ionic linkage can be an effective approach to develop
high-performance CIL materials. Furthermore, the univer-
sality of PPDINN is demonstrated by fabricating the OSCs
with other representative active layers, such as PM6:1T4F,
PM6:ITIC, PBQx-TCl:PM6:eC9-2Cl, and PM6:L8BO
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(Figure 3c). As shown in Table S4, all the PPDINN-based
OSCs exhibited higher PCEs compared to the reference
devices modified by PDINN. The results indicate that
PPDINN can be used in various OSCs with different active
layers.

The charge dynamics of the OSCs was studied to reveal
the superior electron transport capability of PPDINN. The
built-in voltage (V;) of devices was estimated by means of
Mott-Schottky analysis, and the V,; of PPDINN-based
OSCs is 0.67 V which is comparable to that of the PDINN
device (0.66 V), as shown in Figure 3d. The high Vy; value
indicates that the ideal internal electric field can be
achieved, thereby realizing an excellent electron collection
efficiency in the PPDINN-based OSC.*! The exciton
dissociation probabilities (Pg,) of OSC devices are calcu-
lated to be 97% for PPDINN and 96 % for PDINN,
respectively (Figure 3e). Also, we studied the dependence of
Vo on light intensity (Pyg), and the PPDINN-modified
OSC:s exhibit a slope of 1.02 Ky7/q, indicating that the trap-
assisted recombination is suppressed in the device (Figur-
es 3f). Moreover, the slope of the J,, versus Py, plot for the
PPDINN cell is close to unity (a=1), suggesting a negligible
bimolecular recombination (Figures S23). As shown in Fig-
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ure 3g, the charge carrier mobility of the OSCs was
investigated by using photo-induced charge-carrier extrac-
tion by a linearly increasing voltage (Photo-CELIV). The
mobilities of OSCs with PPDINN and PDINN are 2.83x10~*
and 2.67x10~*cm?V~'s™!, respectively. Moreover, as pre-
sented in Figure 3h, the results of transient photovoltage
measurements indicate that the charge carrier lifetime of the
PPDINN device is 0.96 ps, which is longer than that of the
PDINN device (0.86 us). The above results imply that the
non-conjugated polymer possess superior carrier extraction
and transport capabilities to its small-molecule counterpart
PDINN, contributing to the high FF of the OSC device. To
estimate the interfacial resistances of the OSCs, electro-
chemical impedance spectroscopy (EIS) was performed and
the measured Nyquist plots were fitted by using an
equivalent circuit model (Figure 3i).* The series resistance
(R,) values were 0.89 Q-cm’® for the PPDINN device and
0.86 Q-cm® for the PDINN device. The characterization
results of semiconductor devices demonstrated the good
electron transporting capability of PPDINN, which is
essential to diminish the charge recombination, so as to
achieve high FF and PCE in OSCs.

Transient absorption (TA) spectra of the bilayers with
different PDI-based CILs were measured to investigate the
charge transfer dynamics at the CIL/active layer interface.
Figure 4a and b displayed 2D color plots for the bilayers
PDINN/PM6:BTP-eC9 and PPDINN/PM6:BTP-eC9, while
the results for PPDIN/PM6: BTP-eC9 and blank/PM6:BTP-
eC9 bilayers were presented in Figure S29. Common bleach
peaks, representing ground-state bleaching (GSB) of PM6
and BTP-eC9, were observed at 560-660 nm and 800-
860 nm across all samples.*”) Figure 4c-d highlights the
temporal progression of exciton and charge dynamics, as
extracted from the TA spectra. The GSB signal of BTP-eC9
for the PPDINN-based bilayer exhibited a fast decay.
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Figure 4f illustrates the transient kinetics of GSB signals at
840 nm for the blank, PDINN, PPDIN and PPDINN
samples, revealing the processes of exciton and electronic
excitation population and depopulation associated with
electron transfer.***"! Compared to the PM6:BTP-eC9 layer
without CIL, both the PDINN- and PPDINN-based samples
exhibit rapid decay rates for the GSB signal of BTP-eC9,
suggesting the efficient electron transfer from active layer to
the CILs. The above results suggest that efficient utilization
of excitons and enhanced electron transfer can be realized
by incorporating the PPDINN CIL.

To demonstrate the universality of PPDINN in OSCs,
the application of PPDINN in inverted OSCs was explored
by fabricating OSC devices with an inverted configuration of
ITO/CIL/PM6: BTP-eC9/M00O5/Al. To evaluate the capacity
of PPDINN in fabricating inverted OSCs, we firstly inves-
tigate the solvent resistance of the PDI-based CILs. As
shown in Figure S24, the absorption intensity of the
PPDINN film remains almost unchanged after the PPDINN
film is washed by chloroform, implying that PPDINN can
resist the solvent corrosion in the fabrication of inverted
OSC device. In contrast, the absorption band of PDINN
disappears completely owing to its better solubility. As listed
in Table S5, the inverted OSC modified by PPDINN was
fabricated, showing a PCE of 16.0 %, which is remarkably
higher than that of the reference device with PDINN
(PCE=11.7%). The superior performance of PPDINN to
its small-molecule counterpart PDINN in fabricating in-
verted OSCs suggests that constructing non-conjugated
polymers can provide an effective way to broaden the
application range of PDI-based CILs. Afterwards, we
evaluated the compatibility of PPDINN with large-area
blade-coating techniques. As shown in Figure 5¢, the 1-cm’
PPDINN film prepared through blade-coating exhibits a low
Ry of 221 nm, which is similar to the spin-coated film.

AA
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Figure 4. 2D TA color plots of the bilayer (a) PDINN/PM6:BTP-eC9 and (b) PPDINN/PM6:BTP-eC9 films, excited at 640 nm; TA spectra of the
bilayer films of (c) PDINN/PM6:BTP-eC9 and (d) PPDINN/PM6:BTP-eC9; and Normalized kinetic traces of the bilayers with PPDINN, PDINN,

PPDIN layers probed at (e) 600 and (f) 840 nm.
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Figure 5. (a) J-V curves of the inverted OSCs using PPDINN and PDINN; (b) Schematic diagram of blade-coating processing; (c) AFM height
images of spin-coated and blade-coated PPDINN on ITO glass; (d) Transmittance spectra; (e) Photovoltaic characteristic of 1 cm? OSC device; (f)
Nyquist plots of impedance spectrum of the 1 cm? OSC based on PPDINN; (g) Normalized PCE values as a function of storage time under

simulated sunlight (AM 1.5 G) for PPDINN- and PDINN-based devices.

Meanwhile, the absorption spectrum of the blade-coated
PPDINN film exhibits a high transmittance (Figure 5d),
which can ensure the sufficient light-harvesting of the active
layer. The 1-cm?> OSC was fabricated by using a blade-
coated PPDINN film as CIL, showing a PCE of 16.65%
(Figure 5¢). The decline in PCE for the 1cm® OSC, as
compared to the small-area device, should be ascribed to the
increased R, (6.21 Q-cm?), as shown in Figure 5f. The above
results imply that PPDINN is compatible with large-area
processing techniques, making it a promising CIL for
practical application. The operational stability of the OSCs
is highly concerned in their practical use because they are
supposed to work under sunlight illumination. Thus, the
stability of the devices under simulated sunlight (AM 1.5 G)
was investigated. As shown in Figure 5g, the PCE of
PPDINN-based OSC maintained 89 % of its initial value
after continuous illumination for 200 h. Meanwhile, the
devices with PDINN and PPDIN retained 85 % and 73 % of
their performances, respectively. These results demonstrate
the good intrinsic and operational stabilities of the
PPDINN-modified OSCs. Besides the photovoltaic effi-
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ciency, the intrinsic stability and operational stability of the
OSCs are also evaluated. The OSCs are encapsulated and
stored in air at room temperature. As shown in Figure S26,
the device modified by PPDINN maintained 89 % of the
initial PCE value after a storage of 30 days while the
PDINN-based device only preserved 85% of its original
efficiency. Additionally, the OEG chain does not contain
any mobile counterion, which is favorable to the improve-
ment of device stability.

In conclusion, we designed and synthesized a non-ionic
PDI polymer PPDINN that can be used as CILs in diverse
types of OSCs. The introduction of OEG enhance the n-
doping effect of the PDI polymer, leading to an enhanced
ability of the CIL to reduce WF and improve electron
transporting capability; this effectively upgrades the electron
collection ability of PDI-based CIL. Moreover, the utilizing
of non-ionic OEG chain to replace the commonly used
ammonium-containing polar groups endows the non-con-
jugated PDI polymer with improved wetting property and
adequate solvent resistance, so the PPDINN CIL can with-
stand diverse processing conditions in the fabrication of
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OSCs with different structures, including conventional,
inverted and blade-coated devices. By using PPDINN as
CIL, OSC with conventional structure showed an elevated
PCE of 18.6 %, along with an improve device stability.
Moreover, PPDINN also demonstrated superior perform-
ance in cathode modification to its small-molecule counter-
part PDINN in inverted OSCs (16.0 % vs. 11.7 %). Besides,
PPDINN is compatible with the large-area blade-coating
technique, and a PCE of 16.6 % was achieved in the 1-cm?
OSC where a blade-coated PPDINN was used.
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A non-conjugated PDI polymer PPDINN
was designed and synthesized by utiliz-
ing oligo (ethylene glycol) (OEG) as
linkage, exhibiting pronounced n-doping
effect, improved film-forming ability and
good solvent resistance of the polymer
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film. By using PPDINN as cathode
interlayer, excellent photovoltaic per-
formances were achieved in convention-
al, inverted and blade-coated organic
solar cells.
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