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Abstract

The contradiction between high transmittance and favorable conductivity poses a great
challenge in developing effective cathode interlayer (CIL) materials with sufficient thickness
tolerance, which hinders further advancement of organic solar cells (OSCs). Herein, we propose
a completely new class of alcohol processable polyimide-ionene hybrids (PIIHs) by melding
pyromellitic diimide (PMD) subunits into imidazolium-based ionenes backbone covalently.
These PIIHs, named PMD-DI and PMD-PD, boast high transparency, suitable energy levels,
and decent conductivity. A higher PMD content endows PMD-PD with improved work function
tunability, electrical properties, and crystallinity, enabling PMD-PD as CIL material with
excellent thickness-insensitive characteristics, while simultaneously improving device stability
significantly. Furthermore, PMD-PD also exhibits good compatibility with various electrodes
and active layers, offering solar cell efficiencies up to 19.91% and 19.29% with Ag and Cu
cathodes, respectively. More importantly, the application of PMD-PD can improve the
performance of semi-transparent OSCs without losing transmittance, thereby drastically
enhancing the light utilization efficiency to 4.04% with an ultrathin, low-cost Cu cathode, that
competes with leading optical modulation-free semi-transparent OSCs with expensive Ag
cathodes. This work opens a pathway to realize transparent and conductive interlayers by
strategically molecular design, leading to highly efficient, stable, and cost-effective OSCs

suitable for diverse applications.



1. Introduction

Organic solar cells (OSCs) have attracted considerable attention due to their light weight,
flexibility, transparency, and compatibility with large-scale and low-cost solution processing.!'-
31 Significant efforts have been dedicated to improving the power conversion efficiencies
(PCEs) of the OSCs by advancing active layer materials and optimizing device fabrication
technology, signaling a favorable outlook towards the commercial viability.[*!4 A key factor
in achieving a high PCE is facilitating efficient charge transport between the active layer and
the electrode.!'”! Interface engineering, involving the design and integration of functional
interlayers into devices, is recognized as a crucial strategy for aligning energy levels and
eliminating interfacial energy barriers to enhance the charge transport and collection in
OSCs.[16-18]

It is known that ideal interlayers should have high optical transparency, a capability to tune
the electrode work function (WF), and excellent charge carrier mobility and conductivity.!*-?%
These traits are essential not only for large-scale industrial manufacturing, where precise
control over film thickness is challenging, but also for meeting the prerequisites for the market
deployment of OSCs, notable in semi-transparent solar cell devices (ST-OSCs), which have
distinct applications in multifunctional power-generating windows and photovoltaic-based
greenhouses.!>*2>] Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), a
widely used conductive polymers complex, exhibits these attributes and has been successfully
used as a thickness-insensitive anode interlayer (AIL) material with an optimal thickness of ~30
nm.!?8l However, the development of cathode interlayer (CIL) materials necessitates addressing
the delicate balance between optical transparency and electron transport. Amine-substituted
polyfluorene (PFN) and poly(ethyleneimine) (PEI) derivatives serve as exemplary CILs with
high transparency.?”-?] Yet, the p-type PFN backbone, and insulating nature of PEI severely
hinder electron transport. To address this, the conventional approach involves incorporating -
extended electron-withdrawing units like naphthalene diimides (NDIs), perylene diimides
(PDIs), and functional fullerenes, which can markedly enhance electrical conductivity.
Nevertheless, this strategy tends to reduce the bandgap and increase light absorption within the
interlayers simultaneously, potentially competing with the absorption of the active layers.[?-3!]
Consequently, most cutting-edge CILs still offer narrow processing windows with optimal
thicknesses less than 20 nm.

Pyromellitic diimide (PMD) represents the most condensed aromatic diimides
characterized by its low price, high electron affinity and transparency, making it an intriguing

building block for diverse functional materials.*?! For example, PMD derivatives have
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exhibited outstanding performance as n-channel organic semiconductors with electron
mobilities approaching 0.1 cm? V' sl in air.[*>**) More importantly, PMD is a key component
of traditional polyimides, which are classified as engineering plastics. These materials are
characterized by their outstanding mechanical, chemical, and thermal stability, as well as
remarkable resistance to radiation and solvents.[*>) Consequently, polyimides hold promise as
transparent CIL materials, providing the additional benefit of safeguarding the active layer
against external factors like heat, light, and oxygen to enhance the device stability. However,
limited focus has been placed on this aspect, potentially due to challenges of conductivity and
alcohol processability. lonenes are a class of polyelectrolytes in which the ionic moieties reside
within the polymer backbones rather than as pendant groups.*$! Stemming from their high ionic
density, ionenes always exhibit good solubility in polar solvents and they decrease the WF' of
metal electrodes by generating interfacial dipoles. Our recent advances in electroactive ionenes
have enhanced their film-forming ability and conductivity, establishing them as compelling CIL
materials for OSCs.** For instance, we have proposed a series of electroactive ionenes
containing diazabicyclic (DABC) cation linkage rather than the commonly used ammonium.*”]
The optimal electroactive ionene namely NDI-DABC (its chemical structure can be found in
Figure S1), containing NDI as the m-conjugation, exhibits excellent charge-transport and
decent crystallinity, leading to efficient and stable OSCs. However, as its thickness increases
to 70 nm, a significant decline in external quantum efficiency (EQE) from 350 to 450 nm can
be observed, which is ascribed to the intensive absorption of NDI-based interlayer within this
wavelength range, causing a reduction of short-circuit current density (Jsc) in solar cell devices.
Similar trends are also observed with other PDI and NDI-based CILs.%4%4!1 Besides, the strong
absorption of these CILs in 400—600 nm, the most sensitive region to human eyes,** will
reduce the average transmittance of ST-OSCs. Thus, developing CILs that integrate the
synergistic characteristics of polyimides and ionenes offers a compelling and feasible approach
to tackle the transparency-electron transport trade-off in current CIL design. However, it is still
a grand challenge to achieve the optimal molecular design, since the existing PMD-containing
CILs always show inferior thickness tolerance relative to NDI or PDI-based counterparts, due
to their undesirable electronic properties.

Herein, we present two innovative polyimide-ionene hybrids (PIIHs), PMD-DI and PMD-
PD as CIL materials for OSCs (Figure 1A). Through the cost-effective Menshukin
polycondensation, PMD motifs are covalently integrated into the ionenes matrix, rending both
PIIHs outstanding transparency and alcohol solubility. The design principles of the PIIHs are

as follow: (1) Imidazolium cations are incorporated instead of universally employed quaternary
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amine cations because imidazole-functionalized CILs are proved to have better film-forming
ability and conductivity with respect to amine-functionalized counterparts.*’! (2) By taking
advantage of the tailorable structure of electroactive ionenes,***”! the PMD content can be
easily controlled through judiciously choosing the monomers, providing the opportunity to
mediate their film morphology and electronic properties. Our results show that PMD-PD
containing higher PMD content shows enhanced conductivity, higher electron mobility, and
better organized crystalline structures as thin films than PMD-DI. These advantages support its
superiority in modulating the properties of the cathode/active layer interface, mitigating charge
recombination, and enhancing charge extraction. Consequently, efficient OSCs have been
realized across a broad range of PMD-PD CIL thicknesses (8—65 nm), with a record optimal
thickness of 30 nm. The OSCs also exhibit excellent operational stability with a Tgo (the time
required to reach 80% of initial PCE during ageing) lifetime of 1000 h. Notably, PMD-PD is
compatible with diverse active layer systems as well as both silver (Ag) and less expensive
copper (Cu) electrodes. Remarkable PCEs of 19.91% and 19.29% are achieved in PM6:L8-
BO:BTP-eC9 system when pairing with Ag and Cu electrodes, respectively. Furthermore,
PMD-PD is well-suited for ST-OSCs by improving PCEs without compromising their
transmittances, thus promoting the light utilization efficiency (LUE) of PM6:L8-BO:BTP-eC9-
based ST-OSCs up to 4.04% when combined with ultrathin Cu electrodes. These findings
position PMD-PD as one of the most promising CIL materials known to date, marking a

significant advancement in the organic photovoltaic community.

2. Results and discussion

The PIIHs were prepared by a two-step metal-free synthetic protocol shown in Scheme S1
with experimental details presented in the Supporting Information. First, the nucleophilic
substitution reaction of pyromellitic dianhydride with 1-(3-aminopropyl) imidazole or 3-
bromopropylamine afforded intermediates PMD-M or PMD-Br in moderate yields of ~60%.
PMD-M was then reacted with 1,3-dibromopropane or PMD-Br using a Menshukin
polycondensation to obtain PMD-DI or PMD-PD with yields of 85% and 82%, respectively
(Scheme S1). The number-average molecular weight (M,) and polydispersity index (D) were
measured to be 14.9 kDa and 1.01 for PMD-DI, and 16.5 kDa and 1.08 for PMD-PD. The cost
(Cq, cost-per-gram) for both PMD-DI and PMD-PD are no more than 1.36 $ g”! (Table S1),
one of the most cost-effective aromatic diimides-based interlayer materials reported so
far.31:394344] These PIIHs are soluble in alcohol-based solvents, offering orthogonal solubility

to common organic semiconductors to prevent disruption during sequential coating process.
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Figure 1. (A) Design motivation and the chemical structures of PIIHs in this work (Insertion:
schematic diagrams of the PIIH sample before and after stretching); (B) Left: transmission
spectra of PMD-DI and PMD-PD films (50 nm, the photograph of 0.1 mm PMD-PD film is
inserted) and Right: the photograph of the PIIHs in solution; (C) UV-vis-NIR absorption spectra
of the PIIHs. The absorption spectra of some typical CIL materials (PFN-Br, PNDIT-F3N, and
PDINO), three typical non-fullerene acceptor-based photoactive layer (PM6:Y6, PM6:BTP-
eC9, and PM6:L8-BO:BTP-eC9), and the AM 1.5G spectrum are also included for comparison.

Due to the simplest aromatic structure of a benzene ring in PMD, both PMD-PD and PMD-
DI are highly transparent with transmittance surpassing 99.9% from 350 to 1000 nm range
(Figure 1B). Illustrated in Figure 1C, the absorption bands of PMD-DI and PMD-PD are in
the ultraviolet region, with onset at 335 nm, corresponding to optical bandgaps (E£g°"'s) of 3.70
eV, which is notably higher than those of commonly used PDI and NDI-based interlayers (1.84
and 1.63 eV for PDINO™! and PNDIT-F3N,% respectively), even exceeding that of PEN-Br
(2.85 eV), a widely used light-colored CIL material.!*¢! This feature effectively prevents any
potential disruption to the photon absorption of the active layers spanning from the near-
ultraviolet to near-infrared regions when used as interlayers.

To verify the effectiveness of these PIIHs as CILs for OSCs, we initially fabricated
conventional OSCs with a configuration of ITO/PEDOT:PSS/active layers/PIIHs/Ag (Figure
S1). Taking the benchmark PM6:Y6 as the active layer, the control devices without CIL (bare
Ag) have a quite low PCE of 13.03%, while the efficiencies are boosted substantially to 16.50%
and 17.25% when PMD-DI and PMD-PD are inserted, respectively (Figure 2A and Table S2).



The increase in PCE arises from the concurrent enhancement of the open-circuit voltage (Voc)
from 0.793 to 0.849 and further to 0.855 V, the fill factor (FF) from 65.94% to 74.41% and
then to 76.68%, and Jsc from 24.90 to 26.10 and then to 26.31 mA cm 2. The integrated current
density values from the EQE spectra are in good agreement with the Jsc values obtained from
the current density—voltage (J— V) measurements within 4% error, verifying the accuracy of J—=V
measurements (Figure S2). The transparent nature of PIIHs is advantageous for thick-film
processing. As such, the dependence of PCEs on PIIHs thicknesses were also carefully
evaluated. Shown in Figure 2B and Table S3, the PCE of PMD-DI-based OSCs is highly
dependent on the FF, evidenced by the fact that the Voc and Jsc remain almost consistent
throughout entire PMD-DI thicknesses (8—62 nm), while the FF decreases from ~ 74% to ~
64%. In stark contrast, PMD-PD-based OSCs exhibit superior device performance under
similar CIL thickness compared to PMD-PD-based devices. Specifically, the PCEs show a
progressive enhancement as the PMD-PD thickness increases from 8 to 30 nm, attributed to
continuous improvements in Jsc and FF without effecting the Voc. With the increase of PMD-
PD thickness up to 65 nm and a respectable PCE exceeding 15.41% is maintained, representing
about 90% of the maximum value (Figure S3). As far as we know, the optimal thickness of
PMD-PD should be the best among the CIL materials reported to date (Figure 2C and Table
S4), which facilitates its practical application.*”] For comparison, a maximum PCE of 16.24%
was recorded with 5 nm of PFN-Br as the CIL, and it quickly dropped to less than 1% as the
PFN-Br thickness increased to 17 nm (Table S3). The performance of PFN-Br-based devices
relies heavily on the thickness of the PFN-Br layer due to its low electron mobility, stemming

from the p-type characteristics of the polyfluorene backbone.
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Figure 2. (A) J-V curves for PM6:Y6-based OSCs without CILs (bare Ag), and with PMD-DI
or PMD-PD CILs under optimized thicknesses (Inset: PCE histograms of PMD-PD-based
devices); (B) Variation of PCEs as a function of interlayers thicknesses; (C) Optical bandgap
against the optimal thicknesses of various CILs diagram; (D) Operational stability of the
devices with different CILs; (E) J—V curves for PM6:D18:L8-BO and PM6:L8-BO:BTP-eC9 -
based OSCs with PMD-PD CIL and TBT-L-Br AIL; (F) The summarized efficiency histograms
of bare Ag and PMD-PD-based devices with various active layer systems (I: PBDB-T:ITIC; II:
PM6:IDIC; III: PM6:Y6; IV: D18:Y6; V: PM6:BTP-eC9; VI: PM6:L8-BO; VII: D18-CI:N3;
VIII: PM6:D18:L8-BO@TBT-L-Br; IX: PM6: L8-BO:BTP-eCO@TBT-L-Br); (G) J-V curves
of PM6:D18:L8-BO and PM6:L8-BO:BTP-eC9 systems with PMD-PD/Cu cathode.

The operational and shelf stability of the OSCs based on PIIH interlayers were further
investigated. The operational stability of the devices was assessed by monitoring the
performances of encapsulated devices at the maximum power point (MPP) under continuous 1-
sun illumination in ambient conditions (Figure 2D and S4). After ageing for 1000 hours, PMD-
DI-based devices experience a 32% decrease in their initial PCE, and a 20% decrease is seen

with PMD-PD-based devices. To provide further context, the operational stability of PFN-Br-
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based devices was also assessed, showing that the corresponding devices show more significant
degradation, with a Tgo lifetime of merely 250 hours (Figure S5). The enhanced stability of the
PMD-PD-based OSCs may associate with the suppressed interfacial charge recombination
(vide infra) and the inherent mechanical properties and photothermal resistance of PIIHs
(Figure S6).1**! Moreover, in comparision with PMD-DI, the PMD-PD exhibits increased
hydrophobicity and enhanced interfacial compatibility with the PM6:Y6 active layer, which is
expected to enhance the stability of OSCs (Figure S7 and Table S5).24*1 Additionally,
unencapsulated devices underwent storage in an N»-filled glovebox for more than 160 days,
with the PMD-DI and PMD-PD-based devices maintain 90% and 96% of their initial PCEs,
respectively (Figure S8).

We next examined the compatibility of PMD-PD with various active layers. In addition to
PM6:Y6 discussed above, seven other prominent binary and ternary active layer systems,
namely PBDB-T:ITIC, PM6:IDIC, DI18:Y6, PM6:BTP-eC9, PM6:L8-BO, DI18-CI:N3,
PM6:D18:L8-BO, and PM6:L8-BO:BTP-eC9 were chosen for study (Figure 2E, F and Table
S6). The introduction of PMD-PD results in significant enhancements in performances for all
systems. Subsequent anode engineering by replacing PEDOT:PSS with TBT-L-Br,[*”! the PCE
of PM6:L8-BO:BTP-eC9-based devices was improved to 19.91%, with a Voc of 0.886 V, a Jsc
of 28.19 mA cm 2 and a FF of 79.64% (Figure S9 and S10). These are the best results for
PMD-based CILs and should be one of the most promising outcomes for single-junction OSCs
to date. Apart from performance and stability, cost should also be taken into serious
consideration for commercialization of organic photovoltaics.['* Cu, a more cost-effective
option compared to the prevalent Ag, can serve as an alternative material for cathode
preparation.?**!] The pairing of PMD-PD with Cu cathode result in high PCEs of 19.15% and
19.29% for the PM6:D18:L8-BO and PM6: L8-BO:BTP-eC9 systems, as shown in Figure 2G.
Achieving a PCE exceeding 19% is impressive for OSCs utilizing metal electrodes with
relatively low price, underscoring the promising application of PMD-PD for cost-effective
OSCs (Figure S11 and Table S7).

Given the exceptional transparency of PMD-PD that prevents interference with the human
eye response and its applicability to opaque devices, we posit its potential suitability for ST-
OSCs (Figure 3A).5%1 Corresponding devices were thus constructed with the configuration
of ITO/TBT-L-Br/PM6:BTP-eC9/PMD-PD/Ag (or Cu). It is well known that the formation of
smooth ultra-thin top metal electrode is very important to achieve high conductivity and
transparency as well as good Ohmic contact. The scanning electron microscopy (SEM) images,

as presented in Figure S12, convincingly demonstrated the beneficial role of PMD-PD in
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ensuring a uniform and continuous morphology of the ultra-thin top metal electrode. ST-OSCs
containing PMD-PD interlayers have a significantly enhanced PCE (from 9.32% to 14.57%)
with no compromise on the average visible light transmittance (AVT), resulting in a substantial
increase in light utilization efficiency (LUE, LUE = PCExAVT) from 1.60% to 2.49%
compared with the bare Ag controls (Table 1, Figure 3B and C). Considering the better
transmission to visible light of the Cu cathode and the superior compatibility between PMD-
PD and Cu, we advanced to fabricate ST-OSCs by changing Ag electrodes to Cu electrodes
with a thickness of 15 nm or 10 nm (Figure 3D, E and S13). This optimization improved LUE
values of the devices to 2.80% and 3.64%, respectively, as shown in Table 1. For comparison,
PFN-Br, one of the most used CILs in ST-OSCs, was also used as the reference.l>! When
combined with an ultrathin Cu electrode, inferior PCE (8.65%) and LUE (2.97%) are obtained
in the control devices. In contrast, the PMD-PD/Cu (10 nm)-based ST-OSCs containing
PM6:L8-BO:BTP-eC9 active layer boost the LUE to 4.04%, affirming the potential of PMD-
PD/Cu cathodes for efficient and cost-effective ST-OSCs (Table 1).°7 Being distinct from the
commonly employed strategies to enhance the LUE of ST-OSCs (such as the active layer
optimization, electrode optimization, and optical structure introduction, detailed in Table S8),
this study seeks to enhance the performance of ST-OSCs through cathode interlayer
manipulation by making full use of the merits of the transparent PIIHs, an area that has been
relatively overlooked in previous research. Again, the use of cost-effective Cu electrode is
anticipated to decrease the overall cost of ST-OSCs with respect to the widely used Ag and Au
electrode. Figure 3F and S13 provide the transmittance spectra of all the device components
and the transmittance spectra of PMD-PD-based ST-OSCs with various cathode. The reduced
Jsc and altered shape of the EQE curve in ST-OSCs, in contrast to opaque devices, should
originate from the inadequate absorption and diminished light utilization resulting from the
thinning of the top metal electrode, which is commonly seen in ST-OSCs. This observation
aligns with the transmittance spectra presented in Figure 3F. Moreover, its color coordinates
(X, y), a critical factor for human visual color perception, is (0.317,0.325), as illustrated on the
CIE 1931 chromaticity diagram in Figure 3G. This coordinate is very close to the white light

region, demonstrating the excellent light transmission of the ST-OSCs.
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Table 1. Photovoltaic parameters of ST-OSCs under the illumination of AM 1.5 G, 100 mW

cm2,
AVT Voc® Jsc® (Jsc?) FF* PCE“ LUE
Cathode
(%) % (mA/cm?) (%) (%) (%)
Ag 0.695 2221 (21.87) 60.34 9.32
17.15 1.60
15 nm 0.682:0.009 22.58+0.38 59.56+0.81 9.17+0.12
PMD-PD/ Ag® . 0.842 22.93 (22.64) 75.49 14.57 549
15nm ' 0.843+0.004 22.89+0.26 74.41+0.99 14.36+0.13 ’
PMD-PD/ Cu¢ 0.841 2231 (21.59) 7531 14.12
19.82 2.80
15 nm 0.840:£0.005 21.9940.61 75.38+0.92 13.910.26
PMD-PD/Cu¢ 0.844 16.65 (16.31) 72.42 10.19
35.74 3.64
10 nm 0.840+£0.003 16.53+0.17 72.49+0.42 10.07£0.11
PFN-Br/Cu¢ 0.819 16.25 (16.22) 64.97 8.65
3438 2.97
10 nm 0.815+0.008 15.92+0.20 74.43+0.47 8.36£0.47
PMD-PD/Cu¢ 0.869 18.90 (18.08) 74.64 12.26
32.94 4.04
10 nm 0.871£0.005 18.88+0.32 74.26+0.94 12.22+0.07

 Average values with standard deviations were obtained from at least ten devices;  Calculated Jsc from EQE

curve; ¢ Active layer: PM6:BTP-eC9; ¢ Active layer: PM6:L8-BO:BTP-eC9.

B, c
T []
g 0 20
] —o—15 nm Ag 60|
< gl |—— PMD-PD/15 nm Ag { &
£ —o— PMD-PD/15 nm C = B 15 €
2 £ (V41 ©
g =10} g 40 ey E
10
[
a-1s5f u 3
- 20 N
[ 20l —o— bare Ag 5
5 Y POUVP —o— PMD-PD/Ag
© sl 0 —o— PMD-PD/Cu
-02 00 02 04 06 08 300 400 500 600 700 800 900 1000
Voltage (V) Wavelength (nm)
D , E
‘:‘E . 60| 120
: With 10 nm Cu 50l - &
E s —o—PFN-Br = ( — 145 £
> —>— PMD-PD R0} o
£ —o—PMD-PD w -~ <
£ -10 g 30 ] 10 E
Q w
a a
t-15 200 =
TBT-L.B,. I —o—PFN-Br 15
ITO/G) 5 10} MD-PD
a 2o
: - i 920 PM6:L8-BO:BTP-eC9 o ~#0—PMD-PD (Ternary)
R Y -0.2 0.0 0.2 0.4 0.6 0.8 300 400 500 €00 700 800 900 1000
F Voltage (V) Wavelength (nm)
100 G = -
——15nm Ag ——PFN-Br10 nm Cu Yy £ ST-0SCwith PMD-PD
——PMD-PD/15 nm Ag —— PMD-PD/10 nm Cu .
% 751 —PMD-PD/5nmCu —— PMD-PD/10 nm Cu (PM6:L8-BO:BTP-eC9)
3
c
2
2 >
€
[}
c
o
=
000701 02 03 04 05 06 07 08
400 600 800 1000 - 5 Be B BA s B8 B0

Wavelength (nm) X

Figure 3. (A) Schematic diagram of the ST-OSCs, photographs were taken without (left) and
with (right) a ST-OSC device; (B) J—V and (C) EQE curves of 15 nm Ag, PMD-PD/ 15 nm Ag

and PMD-PD/ 15 nm Cu-based ST-OSCs (active layer: PM6:BTP-eC9); (D) J—V and (E) EQE
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curves for PFN-Br and PMD-PD-based ST-OSCs with 10 nm Cu cathodes, ternary denotes the
PM6:L8-BO:BTP-eC9 active layer; (F) Transmission spectra of PMD-PD-based ST-OSCs with
various cathodes; (G) The CIE (x,y) of the device based-PM6:L8-BO:BTP-eC9.

To comprehensively grasp the pivotal role played by the PIIHs in advancing such exciting
performances of the OSCs, a series of device characterizations were carried out. It can be seen
from the photovoltaic parameters that the Jsc of PM6:Y 6-based devices only decreased by 0.5
and 0.76 mA cm? as the thicknesses of PMD-PD and PMD-DI increase to over 60 nm,
respectively. Considering the transparent nature of the PIIHs and such minimally reduced Jsc
of the OSCs with thick PIIHs layers, their potential optical spacer effect was studied. According
to the simulated electric field intensity |E]* of OSCs, introduction of PIIHs interlayers leads to
a spatial redistribution of light intensity (Figure S14 and S15).°% Specifically, as the thickness
of PIIHs increases from 0 to 65 nm, the spatial distribution of light intensity aligns more closely
with the active layer, which enhances absorption in the active layer to generate more charge
carriers. The unique optical spacer effect of PIIHs layers helps offset photocurrent losses when
utilized as thick CILs. Moreover, OSCs treated with PMD-PD consistently exhibit higher Jsc
compared to those with a similar thickness of PMD-DI interlayer. To elucidate the underlying
reason, J—V characteristics of the OSCs in dark conditions were first recorded with the curves
shown in Figure 4A. The incorporation of PIIHs leads to increased rectification ratios and
reduced leakage currents of the OSCs. This outcome indicates a mitigation of charge
recombination, particularly evident in PMD-PD-modified devices, aligning with the
enhancement of Jsc.

Then the function of photocurrent density (Jyn) was plotted as effective voltage (Vefr) to
investigate the impact of PIIHs on exciton dissociation and charge collection.>®! The results,
depicted in Figure 4B, show that exciton dissociation probability (Puiss) values exceeding 97%
are observed in all devices. However, the charge collection probability (Pcon) value increases
from 77.7% in bare Ag-based devices to 86.4% in PMD-DI-based devices and then to 88.9%
in PMD-PD-based devices. This suggests that the insertion of PIIHs can enhance charge
collection significantly, which is beneficial to boost the F'F. The charge recombination behavior
was investigated through the analysis of J-V curves at varied illumination intensities (PrigntS) as
depicted in Figure 4C.1°1 The relationship between Jsc and Piight can be described by Jsc o
Piignt”, where the power-law component a signifies the extent of bimolecular recombination.
The a values 0f 0.977, 0.985, and 0.992 are obtained for bare Ag, PMD-DI and PMD-PD-based
devices, respectively, suggesting a gradually reduced bimolecular recombination. Trap-assisted
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recombination (of the Shockley-Read-Hall type) was assessed using the formula of Voc o
nkT/qln(Piignt), where k, T, and g denote the Boltzmann’s constant, the Kelvin temperature, and
the elementary charge, respectively. The slopes decline drastically from 1.42k7/q to 1.15kT/q
and 1.07kT/q for bare Ag, PMD-DI and PMD-PD-based devices, respectively. The results
demonstrate effective suppression of trap-assisted recombination with the inclusion of PIIH
interlayers, particular in the case of PMD-PD. The charge extraction and recombination
processes were also tracked by transient photocurrent (TPC) and transient photovoltage
(TPV).[®!I At short-circuit conditions, TPC decay traces exhibit decreasing lifetimes in the
sequence of bare Ag (0.64 ps), PMD-DI (0.55 ps), and PMD-PD-based devices (0.48 us),
indicating a progressive enhancement in charge extraction efficiency (Figure 4D). When
operating under open-circuit conditions, the charge carrier lifetime extracted from the TPV
decay trace of the PMD-PD-based device (1.97 us) is notably longer compared to that of the
bare Ag and PMD-DI-based devices at 1.00 ps and 1.56 ps, respectively (Figure 4E),
demonstrating the effectiveness of PMD-PD in mitigating recombination losses. Notably, the
PFN-Br-based control presents more severe recombination with respect to PIIH-based devices,
thus deteriorating the device performance and stability (Figure S16 and S17). Furthermore, the
impedance spectroscopy analysis was conducted to probe the recombination dynamics within
the devices with the data listed in Table S9. The Nyquist plots and equivalent circuit model in
Figure S18 show a significant decrease in series resistance (Rs) from bare Ag-based devices
(96 Q) to PMD-DI-based devices (85 Q) and then to PMD-PD-based devices (61 Q).
Additionally, the introduction of PMD-PD results in a more pronounced increase in
recombination resistance (R;) compared to PMD-DI.

Furthermore, capacitance—voltage (C—V) measurements and the corresponding Mott-
Schottky analysis were conducted. The built-in voltage (V»i) of devices, as determined by Mott-
Schottky analysis, shows a significant rise from 0.48 V (bare Ag-based devices) to 0.71 V and
0.77 V upon the integration of PMD-DI and PMD-PD CILs, respectively (Figure 4F). This
escalation indicates the establishment of an optimized internal electric field conducive to
efficient charge transport and the achievement of higher Voc.[®*) Subsequently, thermal
admittance spectroscopy (TAS) was performed to examine the trap density at various energy
depths.[®! Figure 4G illustrates the energetic profile of trap density of states (tDOS) for devices
containing PMD-DI and PMD-PD CILs. Within the energy range from 0.28 to 0.48 eV, the
tDOS of PMD-PD-based device is approximately one order of magnitude lower and more

structured with respect to that with PMD-DI interlayer, indicating a lower defect density by
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incorporating PMD-PD interlayer that is advantageous for mitigating charge recombination and

improving charge collection efficiency.
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Figure 4. (A) Dark J—V curves; (B) Photocurrent density (Jpn) plotted against effective bias
(Vetr); (C) Light intensity dependence of Jsc and Voc; (D) TPC curves; (E) TPV curves; (F)
Mott—Schottky characteristics; (G) tDOS spectra; (H) EQEgL spectra; and (I) FTPS-EQE
spectra of OSCs based on PM6:Y6 blend containing different CILs.

To elucidate the origin of the higher Voc in PMD-PD-based OSCs than that in PMD-DI-
based devices, energy losses (Eloss) of the devices containing different PIIH interlayers were
analyzed quantitatively based on established methods.[**%] The PMD-PD-based devices exhibit
slightly smaller Eioss of 0.562 €V compared to the PMD-DI-based devices with an Ejoss of 0.573
eV (Table S10). Specifically, both types of OSCs deliver the same values of radiative loss
above the bandgap (AE1) and radiative loss below bandgap (AE>), while the PMD-PD-based
devices exhibit a lower non-radiative loss (AE3) of 0.238 eV in contrast to the PMD-DI-based
devices (0.249 eV). This suggests that it is the nonradiative recombination loss that should be
responsible for the discrepancy in Voc of the devices. The results were further supported by

electroluminescent quantum efficiency (EQEEgL) measurements. As shown in Figure 4H, the
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PMD-PD-based devices have a higher EQEgr of 4.0x107, resulting in a gAVar of 0.260 eV
(AVar represents non-radiative voltage loss), while the PMD-DI-based devices show a lower
EQEEL of 2.8x107°, corresponding to a higher gAVar of 0.269 eV. Furthermore, the Urbach
energies (Eus) of the devices can be derived by fitting the Fourier transform photocurrent
spectroscopy EQE (FTPS-EQE) curves.[® The E, values of PMD-DI and PMD-PD-based
devices are determined to be 25.52 and 23.54 meV, respectively, indicating that devices
integrating PMD-PD have lower energetic disorder (Figure 4I). The observations are in line
with the decreased nonradiative energy loss of the devices, which should be conductive to
affording higher performance.

The superior performances of PMD-PD and PMD-DI-based devices can be associated with
the optimized overall properties of these PIIHs, encompassing interfacial modification
capability, optoelectronic characteristics, and film morphology, particularly for PMD-PD.
Based on the ultraviolet photoelectron spectroscopy (UPS) presented in Figure 5A, it is evident
that the deposition of PMD-DI and PMD-PD leads to a notable decrease in the WF of Ag from
4.51 eV to 3.67 eV and 3.64 eV, respectively, corresponding to the interfacial dipole values of
—0.84 eV and —-0.87 eV. The scanning Kelvin probe (SKP) measurements confirm the
substantial and uniform reduction in the WF of the Ag electrode surface on a millimeter scale
following the modification with PMD-DI and PMD-PD (Figure 5B). Additionally, PMD-PD
effectively reduces the WF of the Cu electrode from 4.98 eV to 4.34 eV (Figure S19). This
reduction in the WF of metal cathode facilitates the elimination of the Schottky barrier between
the active layer and the cathode, a critical factor in enhancing the V%; and establishing Ohmic
contact, resulting in enhanced charge transport and collection to enhance the performance and
stability of the OSCs (Figure S20). The ability of the PIIHs to diminish Schottky barriers was
directly assessed by fabricating electron-only devices with a configuration of ITO/Y 6/PIIHs/Ag.
Figure 5C shows that incorporating PMD-DI and PMD-PD substantially boosts electron
mobility from 6.13x107° to 3.94x10™* and 4.63x10* cm? V! s7!, respectively. The two orders
of magnitudes of electron mobility improvement hints of the reduced Schottky barrier between
Y6 and the PIIHs-modified cathodes.

By analyzing the low binding energy regions of their UPS spectra, the highest occupied
molecular orbital (Enomo) values are determined to be ~—6.50 eV for both PMD-DI and PMD-
PD, significantly lower than those of widely used non-fullerene acceptors (Figure S21).
Furthermore, the energy levels of the PIIHs were also obtained by electrochemical
measurements. The onset of the reduction peaks of the PIIHs were deduced to be —0.71 and

—0.67 eV, for PMD-DI and PMD-PD, respectively, leading to the lowest unoccupied molecular
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orbital (LUMO) energy levels of —3.64 and —3.68 eV, according to the cyclic voltametric curves
(Figure S22). Unfortunately, the oxidation peaks related to the PIIHs cannot be observed as the
oxidation potential increases to 3.0 V. Therefore, the Enomo values were calculated according
to the formula of Enomo = Erumo — EoP, resulting Ernomo values lower than —7.0 eV. The

collaborate results from UPS and CV confirm the low-lying Enomo of the PIIHs, which is

advantageous to block reverse hole transport.
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Figure 5. (A) UPS spectra of PMD-DI and PMD-PD-modified Ag and bare Ag substrates; (B)
SKP diagrams of Ag substrates with/without modification with PMD-DI and PMD-PD; (C)
J—V curves of electron-only devices based on Y6; 2D-GIXD patterns of (D) PMD-DI and (E)
PMD-PD; (F) Current—voltage (/—V) measurements of PMD-DI and PMD-PD films; AFM
height images of PM6:Y6 modified by (G) PMD-DI and (H) PMD-PD; (I) Spider chart for
deciphering relationship between the properties of the PMD-DABC, PMD-DI, and PMD-PD

and the devices performances based on them.

The film morphology of the PIIHs was studied via the combination of grazing-incident X-
ray diffraction (GIXD) and atomic force microscopy (AFM). Shown in Figure SD and E, the
PIIHs exhibit distinct crystallinity and stacking as thin films. Specifically, PMD-DI exhibits
amorphous nature, evidenced by the diffraction ring at ¢ = 1.61 A~' (d = 3.90 A). In contrast,
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PMD-PD shows greater crystallinity with a noticeable n—n stacking diffraction peak along the
out-of-plane direction at ¢, of 1.65 A™!, corresponding to a d spacing of 3.81 A (Figure S23).
This characteristic is expected to result not only in an enhanced conductivity and charge
mobility of PMD-PD over PMD-DI (Figure SF, S24 and Table S11) but also a reduced £y, and
trap density of PMD-PD-based devices with respect to PMD-DI-based devices.[*”] Atomic force
microscopy (AFM) was then used to study the effect of the PIIH interlayers on the surficial
texture of the active layer. As shown in Figure 5G, SH and S25, a notable decrease in roughness
(Rq) of the PM6:Y6 photoactive layer, from 1.50 to 0.57 and 0.51 nm can be observed upon
coating a thin layer of PMD-DI and PMD-PD, respectively. The results provide compelling
evidence for the ability of PIIH interlayers to flatten the surface of active layers, thereby
facilitating efficient electron transport at the cathode/active layer interface.

Finally, by leveraging the comprehensive analyses mentioned above, we used a spider
chart to visually decipher the interconnection among structural features, optoelectronic
properties, morphological characteristics, and device performance of the PIIH interlayer
materials (Figure 5I). To yield pertinent data to advance rational design methodologies towards
more efficient interlayers for practical application, PMD-DABC, a previous reported PMD-
based CIL (The chemical structure is shown in Figure S1), was also included for comparative
analysis. The PMD mass fractions are estimated to be 33.7% and 36.6% for PMD-DI and PMD-
DABC, respectively, based on the chemical structures of their repeat units, indicating similar
PMD contents. In contrast, PMD-PD has a considerably higher PMD mass fraction of 58.5%,
which is beneficial to strengthen the interchain n—m interactions and facilitate the creation of
more conductive channels. Therefore, PMD-PD film demonstrates improved crystallinity and
superior electrical properties compared to the other two variants, which are vital for improving
charge transport efficiency and reducing recombination. This is in line with their distinct
performances, especially the substantial performance differences observed in thick interlayers.
Furthermore, the higher PMD content in PMD-PD enhances its hydrophobicity and promotes
better interfacial compatibility with the active layer, thereby extending the stability of resulting
devices. Our findings highlight the significance of augmenting the content of PMD subunits in
elevating device performance and stability, and interlayer thickness tolerance without

scarifying the transparency.
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3. Conclusion

In summary, a range of cost-effective and structurally adjustable PIIHs was developed by
covalently integrating PMD subunits into ionene polymers. The resultant PIIHs inherit the
advantages of both polyimide and ionenes, showing extremely high transparency and good
alcohol processability. PMD-PD, enriched with higher PMD subunit content, exhibits improved
crystallinity, greater WF tunability, increased electron mobility, thus making it a potential
cathode interfacial modifier to enhance electronic communication between the cathode and
active layer, contributing to an elevation in V4, reduction in charge recombination, optimization
of light field distribution, and enhancement of charge extraction within the OSCs. Consequently,
PMD-PD CIL showcases excellent thickness tolerance with an unprecedent optimal thickness
of 30 nm, and ~90% of the optimal device efficiency retained as 65 nm of PMD-PD CILs is
incorporated. The PMD-PD-based devices also exhibit excellent stability with operational
lifetime extending to 1000 h. Furthermore, PMD-PD matches well with various active layer
systems and electrodes, resulting in outstanding PCEs of 19.91% and 19.29% when pairing
with Ag and inexpensive Cu cathodes, respectively. Additionally, PMD-PD is well-suited for
integration into ST-OSCs without compromising the transparency and color perception, thus
yielding an impressive LUE of 4.04% with ultrathin Cu electrodes. This work marks a new
phase in developing colorless CIL materials that solves the critical molecular design conundrum
of reconciling cost, performance, and stability, a milestone that is necessary for economical,

large-scale production of OSCs for various applications.

4. Experimental Section

Please refer to "Supporting Information" for experimental details.
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Supporting Information is available from the Wiley Online Library or from the author.
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Novel polyimide-ionene hybrids that exhibit desirable alcohol processability, conductivity,
transparency, and metal/semiconductor interface modification ability are furnished by melding
pyromellitic diimides into ionene backbones. These merits render them universal cathode
interlayer materials with outstanding thickness tolerance, leading to not only highly efficient
and stable opaque devices but also high-performance semi-transparent devices even when

pairing with low-cost Cu electrodes.
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