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Chemical structure and processing solvent of cathode
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The team investigates the effect of chemical structure and
processing solvents of PDINO and F-PDIN-EH, perylene
diimide-based cathode interlayer materials, on the efficiency
and long-term stability of organic solar cells. By comparing
a new fluorinated material, F-PDIN-EH, in solvents with
different polarity to the widely used PDINQO, the chemical
structure and solvent-dependent degradation mechanisms
were highlighted. Their findings provide critical insights into
achieving sustainable and stable organic photovoltaics using
eco-friendly processing strategies.
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Interlayers in organic solar cells (OSCs) are crucial for efficient charge carrier transport and extraction.
Recent research has introduced cathode interlayer (CIL) materials, which are soluble in polar,
amphiphilic, and non-polar solvents. However, studies on how these solvents affect device performance,
particularly stability under various conditions, remain limited. In this work, we investigate the effects of
the chemical structure of a recently synthesized perylene diimide (PDI) CIL material, F-PDIN-EH, and its
eco-friendly polar (methanol), amphiphilic (1-butanol), and non-polar (heptane) processing solvents, on
device performance, compared to PDINO, a widely studied PDI-based CIL material. This is one of the
first investigations into the effect of non-polar CIL processing solvents on device stability. OSC devices
with F-PDIN-EH yield comparable efficiency to PDINO-based devices but are consistently less stable,
irrespective of the solvent. Notably, the heptane-processed F-PIN-EH-based devices exhibit the lowest
stability. We investigated the degradation mechanisms in the device and the interfaces through an in-
depth study using TPV, TPC, extracted charge carrier density, and light intensity dependence of J,. and
Voc. Further studies are conducted using absorption spectroscopy, FTIR, and mobility measurements to

Received 10th January 2025, ascertain the source of degradation. The loss in performance over time, especially in the heptane-

Accepted 20th May 2025 processed F-PIN-EH-based devices, is mainly due to increased surface recombination and imbalanced
DOI: 10.1039/d5tc00110b charge mobility. This study provides valuable insights into the dependency of device performance on the
chemical structure and processing solvents of CIL materials. It also highlights challenges for sustainable,

rsc.li/materials-c greener OSCs.

Introduction

Research in renewable energy has advanced significantly over the
last decades, with solar energy and its harvesting technologies
emerging as the most promising. Among these technologies,
organic solar cells (OSCs) have garnered considerable attention
due to their inherent advantages, including lightweight, flexibility,
solution processability, and tunable material properties." ™ These
unique properties position OSCs for a wide range of indoor and
outdoor applications, such as agrivoltaics,”” internet of things
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(IoT) nodes,® ™ and building-integrated photovoltaics (BIPV).''*?
Consequently, research on OSCs has surged, leading to remark-
able progress in power conversion efficiency (PCE), recently sur-
passing 20% for singlejunction' and tandem structures'>'®
under 1 sun.

In line with this progress, Heliatek achieved a milestone by
passing the IEC 61646 stability test, which evaluates the long-term
performance of thin-film solar modules under standardized
conditions."” This achievement underscores the growing commer-
cial feasibility of OSCs. However, several challenges remain,
including maintaining high efficiency and stability,'*>* particu-
larly when scaling up the production to large-area solar modules
and ensuring that product costs are kept at a minimum for OSCs
to be competitive in the current marketplace.

Unlike traditional PV and other next-generation PVs, one
critical factor influencing the efficiency and stability of OSCs is
interlayers, such as the anode interlayer and cathode interlayer
(CIL). These layers play a key role in aligning the energy levels
between the photoactive layer and the electrodes, reducing
the energetic barrier. Such alignment minimizes charge carrier
recombination and enhances charge extraction, improving
device efficiency.>>>> Many materials have been explored as
interlayers, including metal oxides, conjugated polymers, and
organic small molecules.”*>® However, metal oxide-based CILs
can chemically interact with bulk heterojunction (BHJ) materials,
leading to stability issues in OSC devices.>® Polymer-based CILs,
on the other hand, often suffer from challenges related to complex
synthesis, difficulties in purification, and inconsistencies in
batch-to-batch reproducibility, which hinder their practical appli-
cation in commercial OPV technologies.”**® In this context,
n-conjugated small molecules, particularly perylene diimides
(PDIs), have gained attention as promising CIL materials for OSC
devices.*'”** Their strong electron-withdrawing dicarboxylic imide
groups and highly planar structures facilitate efficient charge
transport by enabling tight intermolecular stacking, contributing
to their high electron affinity and charge carrier mobility.*
Additionally, PDIs exhibit remarkable photostability due to
their extensive m-conjugation, stabilizing radical anions.*
Their chemical structure is also highly tunable, allowing for fine
adjustments in cathode work function modification through
tailored molecular design. Accordingly, key CILs in recent high-
performance OSCs are self-doped PDINO, PDIN, PDINN, etc., from
the perylene diimide (PDI) family of small molecules, a class of
polycyclic aromatic hydrocarbon chromophores.*™”

Furthermore, self-doping in such materials enabled by the
unpaired electrons in the aliphatic amine group of the PDI core
enhances charge conductivity and CIL functionality.**** How-
ever, the self-doping limits the processing solvent of such
materials to highly polar solvents such as methanol (MeOH).
The choice of solvents for solution-processed OSCs is crucial as
they significantly affect the film formation, morphology, and
interface properties, directly impacting the charge carrier trans-
port and collection.>® Nevertheless, research on the solvent
effect has been largely limited to active layer solvents.>® This
is mainly because the choice of CIL solvents has traditionally
been restricted to polar alcohol solvents, as they must be
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carefully selected to avoid dissolving and/or swelling the active
layer.>*! Despite these constraints, Song et al** conducted
a study to investigate the impact of alcohol-based solvents.
They compared devices without CILs, devices treated with alcohol
solvent only, and devices with CILs dissolved in alcohol solvent.*?
Their result indicated that while solvent treatment alone slightly
increased the efficiency, devices with CILs showed significantly
enhanced efficiency. However, beyond this study, the role of CIL
chemical structure and processing solvents in OSC performance
remains unexplored, especially regarding stability.

Recently, Atkinson et al. synthesized a novel small molecule,
F-PDIN-EH,*° from the PDI family. This molecule can be soluble
in various green solvents, exploring the range of solvent polarity:
polar, amphiphilic, and non-polar.>® While retaining relatively
good conductivity and electron transfer properties when pro-
cessed into thin films as its PDINO counterpart, this fluorinated
N-annulated PDI material exhibits improved solubility across a
range of solvents, including a 10-fold increase in the non-polar
solvent, heptane (Hep), compared to its non-fluorinated deriva-
tives, PDIN-EH and PDINO. This development is significant as it
broadens the scope of materials and solvents available for CIL
processing in OSCs. However, despite this important achieve-
ment, the direct impact of CIL solvents on OSC performance
(efficiency and stability) has not yet been thoroughly explored.

Therefore, we investigate the effects of F-PDIN-EH as a CIL
material, processed in various solvent nature, MeOH (polar),
But (amphiphilic), and Hep (non-polar), on device performance,
compared to commonly used PDINO processed in MeOH. We
employ techniques such as transient photovoltage (TPV), tran-
sient photocurrent (TPC), and light-intensity-dependent V. and
Jsc measurements to gain insights into charge carrier dynamics
and recombination mechanisms in fresh and aged devices.
We systematically evaluate shelf, thermal, and photo-induced
stability under inert and ambient conditions following the inter-
national summit on organic photovoltaic stability (ISOS) proto-
cols. These protocols, established to provide consistency and
repeatability in the stability assessment and reporting procedures
across laboratories, were introduced in 2011 for OSCs** and in
2020 for perovskite PVs.** Further technical details of the exact
ISOS protocols (ISOS-D-1, ISOS-T-1, and ISOS-L-1) from the
broader protocols are provided in the experimental section. These
evaluations offer a more comprehensive understanding of how
material properties and solvent choices influence the long-term
performance of OSCs.

Results and discussions

Bulk heterojunction bilayer conventional OSC structures are
fabricated, as depicted in Fig. 1(a). PM6 and Y6, commonly used
high-performance donor and acceptor materials, are chosen as
photoactive materials. Fig. 1(b) shows the differences in
chemical structures of the CIL materials and their solvents.
Replacing hydrogen with fluorine in F-PDIN-EH induces a dipole
moment and localizes electron density around the fluorine
atom.>* This delocalization facilitates C-H---F interactions

This journal is © The Royal Society of Chemistry 2025
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between regions of varying electron density, contributing to
the enhanced solubility of F-PDIN-EH in organic solvents, as
supported by the Hansen solubility parameters.®° Based on their
CIL materials and processing solvents, devices are referred to
as P-MeOH for PDINO in methanol, F-MeOH for F-PDIN-EH in
methanol, F-But for F-PDIN-EH in 1-butanol, and F-Hep for
F-PDIN-EH in heptane.

The J-V characteristics and PV parameters in Fig. S1 (ESI{),
Fig. 1(c), and Table 1 show that P-MeOH-based devices achieve
slightly higher PCE than F-PDIN-EH devices due mainly to their
higher fill factor (FF). F-But devices exhibit comparable current
density (Jsc) and FF with a slightly higher open-circuit voltage
(Voe) than P-MeOH devices. Similarly, F-Hep devices exhibit
comparable Js. and V., though their FF is lower than P-MeOH
and F-But devices. In contrast, F-MeOH devices show the lowest
Voe and FF. The reduced performance of F-MeOH is likely due
to the limited solubility of F-PDIN-EH in MeOH, leading to
aggregated particles with higher surface roughness, as seen in
the AFM images of their fresh film in Fig. 2. In brief, F-PDIN-
EH, without the self-doping capability, yields devices with
comparable efficiency to PDINO devices.

To study the effect of CIL materials and their solvents on
stability, we measured shelf (ISOS-D-1), thermal (ISOS-T-1), and
photostability (ISOS-L-1) under ambient and nitrogen environ-
ments. Interestingly, the stability behavior of the devices with
different CIL materials and solvents significantly varies, as
shown in Fig. 3. While there are differences in stability behavior
between PDINO and F-PDIN-EH due to their chemical structures,
the distinct effects of solvents in the same material are particu-
larly interesting. Fig. 3(a) shows the inert photostability at open
circuit. Device lifetimes (Tg,) are derived at 80% of the initial
device PCE value. The P-MeOH-based devices exhibit a long
lifetime beyond the 180 h measurement time, displaying super-
ior stability to all devices with F-PDIN-EH. The lifetime of devices
with F-MeOH, F-But, and F-Hep are 116 h, 153 h, and 78 h,
respectively. F-But is the most stable among the F-PDIN-EH
devices, followed by F-MeOH and F-Hep. With optimized condi-
tions for the photoactive and other layers, we also noticed that
optimizing the CILs’ deposition conditions significantly affects
the stability of the devices, irrespective of the CIL material or its
processing solvent, as shown in Fig. S2 (ESIt). In particular, the
devices with unoptimized F-series CILs degrade significantly
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faster under the same photostability test condition with lifetimes
between 10 to 20 hours. This is in contrast to their efficiency,
which varies insignificantly.

The ambient photostability in Fig. 3(b) shows a similar
trend, as in Fig. 3(a) and Fig. S2 (ESIt), but a faster degradation
rate with no significant differences in F-PDIN-EH-based devices
(with Tgo of 30 min for P-MeOH and between 6 to 9 min for F-
based devices). The overall stability trend is similar for photo-
stability and shelf stability under ambient and N, conditions, as
shown in Fig. 3, Fig. S3, and S4 (ESIt). Thus, PDINO remains more
stable than F-PIN-EH, and F-Hep records the worst stability under
these conditions. The AFM images of the fresh and degraded
films reveal increased surface roughness for all films from the
fresh state to the degraded state except for F-Hep, which shows a
reduced surface roughness with a difference of 0.03 nm. The bare
PM6:Y6 surface roughness increased by 0.06 nm, while PM6:Y6/
P-MeOH, PM6:Y6/F-MeOH, and PM6:Y6/F-But films increased by
0.34 nm, 0.01 nm, and 0.10 nm, respectively.

The thermal stability measurements of the devices in Fig. S5
and S6 (ESIt) reveal a much faster degradation rate than their
photostability and shelf stability. Under nitrogen, in Fig. S5
(ESIT), the Ty, values are less than 20 min for F-But and
F-MeOH and less than 75 min for P-MeOH and F-Hep. In
addition, the ambient thermal stability (Fig. S6, ESIt) high-
lights the effect of the differences in chemical structures of the
CIL materials on the device stability more clearly, showing a
much faster degradation of F-series devices compared to P-
MeOH mainly due to a loss in V.

We first probe the observed influence of CIL material and
their solvents on the charge carrier dynamics by studying charge
carrier recombination behavior via transient photovoltage
(TPV) and transient photocurrent (TPC) measurements.*>*®
The recombination mechanisms vary with light intensity. At a
higher light intensity, there are higher densities of charge
carriers; thus, bimolecular recombination generally dominates,
while trap-assisted recombination dominates at a lower light
intensity. Therefore, different light intensities are strategically
used for TPV and TPC. Photovoltage decay is a function of
excessive photocarrier density, which decreases faster with
higher charge carrier recombination.*”*® Fig. 4(a) and (b) show
the decay of normalized voltage with a biexponential decay
behavior of fresh and degraded devices. The carrier lifetime is
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Table 1 PV parameters of the J-V characteristics (Fig. 1(c)) of the ITO/PEDOT:PSS/PM6:Y6/ClLs/Ag devices, as shown in (Fig. 1(a)). The average of J-V
parameters is calculated from at least 10 to 15 devices

VOC (V)

FF (%)

PCE (%)

# CILs Jse (MA cm™?)

1 P-MeOH 25.32 (24.87 % 0.51)
2 F-MeOH 24.67 (24.21 + 0.42)
3 F-But 24.89 (24.24 + 0.44)
4 F-Hep 25.50 (24.12 + 1.20)

0.83 (0.84 + 0.01)
0.81 (0.81 + 0.01)
0.84 (0.84 + 0.01)
0.85 (0.83 + 0.02)

68.4 (67.9 + 1.0)
62.5 (62.1 + 0.8)
67.1 (67.3 + 0.7)
60.0 (59.9 + 1.1)

14.4 (14.1 + 0.2)
12.6 (12.2 + 0.2)
14.0 (13.6 + 0.3)
13.1 (12.1 + 0.9)
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Fig. 2 Atomic force microscope (AFM) images of fresh and degraded (stored for 550 h under N, environment) PM6:Y6/CILs films, showing the height
sensor, peak force, and adhesion images: top row (pristine PM6:Y6 film), second row (PM6:Y6/P-MeOH film), third row (PM6:Y6/F-MeOH film), fourth

row (PM6:Y6/F-But film), and last row (PM6:Y6/F-Hep film).

obtained by fitting the TPV curve to a bi-exponential function.
The detailed values and equations for TPV are provided in
Table S1 (ESIf). The carrier lifetimes for the fresh devices of
P-MeOH, F-MeOH, F-But, and F-Hep are 22.6, 24.9, 30.8, and
28.5 ps, respectively. F-But and F-Hep exhibit higher charge carrier
lifetime, although their PCEs are lower than that of P-MeOH,
which can be attributed to the smoother surfaces of F-But and
F-Hep, as observed in AFM images (Fig. 2). These smoother
surfaces can be ascribed to the higher boiling points of But
(117.7 °C) and Hep (98.4 °C), which leads to slow evaporation after
deposition compared to fast evaporation with volatile methanol
(64.7 °C). However, the charge carrier lifetime of P-MeOH exhibits
significantly higher values than the F-series devices after 55 hours
under illumination (with a slight increase for F-But and a notable
decrease for F-MeOH and F-Hep), indicating much lower non-
geminate recombination, particularly trap-assisted recombination.

13134 | J Mater. Chem. C, 2025, 13, 13131-13143

This is consistent with and can be explained by the trend observed
in the overall mobility change in fresh compared to degraded
devices, as shown in Fig. S7 (ESIt). That is an increase in mobility
for P-MeOH upon degradation, a slight decrease for F-But, fol-
lowed by notable decreases for -MeOH and F-Hep.

Next, we investigate the effect of CILs on charge extraction
using transient photocurrent (TPC) decay. The photocurrent
decay reflects photocarrier extraction dynamics and slows down
with increased charge carrier recombination.*>*° Fig. 4(c) and
(d) present the photocurrent decay of the fresh and degraded
devices with different CILs, respectively. The calculated decay
times are summarized in Table S2 (ESIt). Consistent with the
previous measurements, the fresh P-MeOH and F-But devices
exhibit shorter charge extraction times, indicating lower charge
carrier recombination. Interestingly, the F-MeOH fresh device
also shows relatively low charge extraction times, indicating its

This journal is © The Royal Society of Chemistry 2025
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relatively lower trap-assisted recombination, while the F-Hep
fresh device demonstrates significantly higher charge extrac-
tion time. The degraded P-MeOH and F-MeOH devices main-
tain almost the same charge extraction times as their fresh
devices, whereas F-But and F-Hep show increased values. This
finding highlights the solvent effect of CILs, independent of the
material. Although smooth films are formed with But and Hep,
as seen in the AFM images in Fig. 2, the charge extraction times
increased after degradation. Notably, the discrepancy between
slow (z4) and fast (7,) decay times in F-Hep suggests a much
higher recombination mechanism than the rest, explaining
their low FF at the fresh state and its rapid degradation upon
exposure due to an imbalance in charge mobility/transport as
suggested by their overall charge and electron mobility
measurements.>%>%7?

To validate the TPV and TPC measurements, we further
analyze the extracted charge carrier density as a function of

This journal is © The Royal Society of Chemistry 2025

light intensity, as shown in Fig. 4(e) and (f). P-MeOH and F-But
exhibit higher charge carrier density extraction in the fresh
samples, consistent with earlier results. F-MeOH demonstrates
similar charge extraction to F-But in the lower light intensity
region, indicating lower trap-assisted recombination; however,
it decreases in the higher light intensity region due to increased
bimolecular recombination. Conversely, F-Hep exhibits lower
charge extraction in the lower light intensity region, attributed
to higher trap-assisted recombination, while achieving higher
charge carrier density extraction in the higher light intensity
region, reflecting reduced bimolecular recombination. These
results align with the previous discussions in TPV and TPC.
In the degraded devices, as shown in Fig. 4(f), the extracted
charge carrier density significantly decreases across all the
samples, with a significant drop in the bimolecular region.
Notably, F-But retains higher charge extraction in the lower light
intensity region, indicating lower trap-assisted recombination.

J. Mater. Chem. C, 2025, 13, 13131-13143 | 13135


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc00110b

Open Access Article. Published on 20 May 2025. Downloaded on 3/13/2026 5:42:45 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Offset intensity=1.28%

(a)

-
o
©

_.
S

Fresh
1072 p—=— P-MeOH 1=22.6}5
—e— F-MeOH 1=24.9)/
—+—F-But t=30.8us
—v—F-Hep 1=28.5us

10 100
Time (us)

Normlaized Voltage (V)

1073
01

Offset intensity=100%

(c)

-
o

Fresh

——P-MeOH 1,=0.66us
——F-MeOH 1,=0.82ys
——F-But  1,=063us
1,=3.93us

o
e

——F-Hep

o
D

o
IS

o
N

Normalized photocurrent (mA)

Time (us)

[ Fresh

—e— P-MeOH
[ —e— F-MeOH
| —— F-But
—»— F-Hep

Trap-assisted

View Article Online

Journal of Materials Chemistry C

Offset intensity=1.28%

—
O
~—

Normlaized Voltage (V)
=

_.
S

Degraded
—a— P-MeOH 1=45.8us
—e—F-MeOH t=20.5us
—+—F-But t=31.2us
—»—F-Hep 1=23.5us

1 10 100
Time (us)
Offset intensity=100%

1072

107

1000

(d)

-
o

Degraded

~—— P-MeOH 1,=0.65us
—— F-MeOH 1,=0.83ps
1,=0.86us
1,=4.19s

o
©

—— F-But
—— F-Hep

o o
& [+>]
—

o
N

(=4
o

Normalized photocurrent (mA)

Time (us)

(f) Tas

| Degraded
—s— P-MeOH

[ ——F-MeOH

| ——F-But

| ——F-Hep

Trap-assisted Bimolecular

0.85

(h)

080}
075}
oo}
Zo065f
Sosof
055
0.50
0.45]

P-MeOH 1.47 k;T/q 1.43ksT/q 1.47k,Tiq
F-MeOH 1.49kT/lq 0.99ksT/q 0.92 kyT/q

« > o

F-But 140k.T/q 1.36ksT/lq 1.15kyT/q

ful
] 15
240
(]
g’os
£ 00 "
O o1 1 10 100
( ) Light intensity (%)
&
-
o
- 10} /
£ ~
5] /./
é 14 Fresh 70h 170h
Q — ---0 weeee O
2 = P-MeOH ¢=1.03 ¢=1.03 «=1.03
¢ F-MeOH ¢=1.03 =1.03 «=1.03
4 FBut a=1.03 «=1.03 a=1.03
v F-Hep =103 «=1.03 «=1.03
0.1 N :
10 100

Light intensity (mW cm™?)

F-Hep 1.37ksT/q 0.88k;T/q 0.63 k;T/q
0.40 g v

3 4 S

e e e

Light intensity (mW cm?)

Fig. 4 TPV, TPC, and extracted charge carrier density, respectively, of (a), (c) and (e) fresh and (b), (d) and (f) degraded (under illumination with
100 mW cm~2 for 55 hours) devices. Light intensity-dependent (g) Jsc and (h) V.

In contrast, F-Hep exhibits a critical reduction in charge extrac-
tion across all light-intensity regions, probably due to increased
trap-assisted bulk or surface recombination and bimolecular
recombination.

Jsc and V. light-intensity dependence measurements were
conducted on the fresh and photodegraded (70 and 170 hours)
devices to ascertain the recombination mechanisms. The Jg.
depends on the incident light intensity, with Js. oc I* and «
typically between 0.85 and 1. An « far below 1 is attributed to
nongeminate recombination. The o« for all fresh and degraded
devices is around 1, meaning all devices exhibit modest bimo-
lecular recombination losses. A plot V,. against the natural
logarithm of the light intensity yields the ideality factor, n,
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typically between 1 and 2, with 1 signaling the absence of trap-
assisted recombination. However, a deviation from 1 could mean
severe trap-assisted bulk'®**%* or surface recombination®*™>® in
the devices or at the BH]J layer/contact interface. All fresh devices
reveal the presence of traps with n between 1.4 and 1.5, indicat-
ing that all fresh devices exhibit trap-assisted recombination,
predominantly driven by possible bulk recombination. Consis-
tent with the stability trends, the degraded devices of P-MeOH
maintained their » value at 1.47 even after 170 h degradation,
partly explaining their relative stability compared to F-PDIN-EH.
However, n drastically dropped for F-PDIN-EH devices. The n of
F-But decreased slightly from 1.40 to 1.15. The n values of F-
MeOH and especially F-Hep have substantially reduced from

This journal is © The Royal Society of Chemistry 2025
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1.49 to 0.92 and 1.37 to 0.63, respectively, indicating an increase
in surface recombination®*°® when F-PDIN-EH is used as the
interlayer, with F-Hep experiencing the worst surface recombina-
tion effect. Although this does not translate directly into a
quantitative increase in the number of traps at the interface
during degradation, it is a qualitative measure of the severe
surface recombination upon degradation, with F-Hep devices
being the most impacted. This suggests trap states are predo-
minantly associated with interfacial defects or energetics influ-
enced by CIL processing conditions.

To better understand the effect of CILs on device perfor-
mance, particularly on V,., we conducted electrochemical impe-
dance spectroscopy (EIS) measurements and a Mott-Schottky
analysis, respectively. Fig. 5(a) and (b) show the Nyquist plot for
fresh degraded devices, which includes an R + (R + R|C)|C
equivalent circuit with the series resistance (Rg), the shunt
resistance (Rsp), and the capacitance C (values presented in
Table S3, ESIT). The arc at a low-frequency regime is associated
with Rgp, which relates to the charge carrier recombination. Rg,
of P-MeOH and F-MeOH decreases after degradation, which is
normal degradation behavior with a higher leakage current that
leads to charge carrier recombination. Interestingly, F-But and
F-Hep exhibit much higher Rgy,, implying much lower leakage
current in the fresh devices. These high Rg, values can be
attributed to the smoother surfaces observed in the AFM images.
However, while Rgj, of F-But slightly increases for the degraded
device, that of F-Hep is extremely reduced. This highlights the
abnormal instability of heptane as a solvent for CILs. Fig. 5(c)
and (d) show the capacitance-voltage plot measured at room
temperature and a fixed frequency of 1 kHz. The built-in
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potential (V;,;) of P-MeOH, F-MeOH, F-But, and F-Hep are
obtained at 0.76 V, 0.75 V, 0.73 V, and 0.75 V for fresh devices,
compared to 0.74 V, 0.61 V, 0.74 V, and 0.36 V for degraded
devices, respectively. These results validate the observed pro-
nounced decrease in the V,,. of F-MeOH and F-Hep, especially for
photo- and thermal-degraded devices (Fig. 2, Fig. S1 and S3,
ESIT), reaffirming interfacial degradation (leading to increased
surface recombination) as discussed earlier under the charge
carrier dynamics section. Overall, we observe a reduction in the
radius of the semicircles from fresh devices in Fig. 5(a) to
degraded devices in Fig. 5(b), with F-Hep recording the highest
reduction. This is due to the extreme decrease in Rgp, high-
lighting the abnormal instability of F-Hep devices. Fig. 5(c) and
(d) show a similar trend for F-Hep from fresh to degraded
devices for the Mott-Schottky analysis, with a drastic reduction
in built-in potential, V},;. Both measurements reaffirm interfacial
degradation with increased surface recombination as the culprit
for the instability of the F-series devices. Details of the analysis
can be found in the ESI, beneath Table S3.

In addition, we probe (i) surface properties between these
green solvents and PM6:Y6 films and CILs, as shown in Fig. S8
(ESIY), and (ii) interface solvent residue or chemical interaction
by conducting Fourier transform infrared spectroscopy (FTIR)
on fresh and aged thin CIL films on the top of PM6:Y6 film.
Heptane shows the best wettability, which might contribute to
the instability of F-Hep, either due to solvent residue or
chemical interaction with PM6:Y6 underneath. However, it
was difficult to detect any solvent residue or chemical inter-
action between PM6:Y6, CILs, and solvents for CILs through
FTIR measurement. This finding reinforces the combined
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Fig. 5 Nyquist plots obtained from impedance spectroscopy (EIS) data measured across a frequency range of 10 Hz to 1 MHz for the devices with
different ClLs: (a) fresh devices with an inset showing the equivalent circuit for fitting, and (b) degraded devices (under illumination with 100 mW cm™2 for
55 hours) with an inset magnifying the lower impedance region. Mott—Schottky plots derived from capacitance-voltage (C—-V) measurements at a fixed
frequency of 1 kHz for (c) fresh devices and (d) degraded devices (under illumination with 100 mW cm~2 for 55 hours).
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effects of increased surface recombination and reduced charge
carrier mobility®” as the main reasons for the severe degrada-
tion observed for F-Hep-based devices.

We further monitored the CIL-only films using Fourier
transform infrared spectroscopy (FTIR) for up to 5 hours under
ambient conditions to clarify the potential chemical decom-
position or oxidation of the materials. First, ATR-FTIR measure-
ments were performed on PDINO and F-PDIN-EH powders as
references to easily differentiate the peaks originating from the
silicon wafer substrate and those from the materials in the thin
film. As illustrated in Fig. 6, the peaks at 1687 cm™ " correspond to
imide C=0O stretching in both materials. The fingerprint peaks
for PDINO include aromatic C—C stretching at 1594 cm™" and
C-N stretching at 1351 em™*, which are likely influenced by
electron-withdrawing ammonium moiety.”® In contrast, the peak
at 1300 cm ™' for F-PDIN-EH corresponds to C-F stretching.
The fingerprint peaks are intact after 5 hours under ambient
conditions. The peaks for C—O0 stretching slightly increased over
time, which could indicate potential oxidation. In addition, an
increase in O-H stretching is also observed for all the samples,
as shown in Fig. S9 (ESIt). However, no new or shifted carbonyl
(C=0) peaks are observed for any of the CILs, indicating no
severe oxidation of these materials. In fact, PDI-based materials
are generally known for their remarkable chemical, thermal, and
photostability.>*®° Note that the O-H peak in the PDINO reflects
increased hydrophilicity due to the ionic group in the structure,
whereas F-PDIN-EH is more hydrophobic, which is consistent
with the contact angle measurement (Fig. S8, ESIf) and
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indicative of the chemical structure effect of the CIL materials
on the devices.

The C-H peaks at around 2950 cm™ " in Fig. S9 (ESIf) are
inverted in F-Hep, likely due to anomalous dispersion. How-
ever, this anomalous dispersion is only observed for the F-Hep
film, which could be due to the solvent effect. Near vibrational
resonance (like C-H stretching modes), the refractive index of
the material can change rapidly, leading to a situation where
the film’s refractive index behaves abnormally. This can cause
an increase in reflectance instead of normal absorption, creat-
ing an inverted peak in the spectrum. This effect is often seen
when certain organic thin films are studied on glass or silicon
substrates using FT-IR techniques.®"*> Though we do not have a
complete understanding of the exact effect of Hep on the thin
film itself, compared to the rest of the films, it seems Hep
changes the refractive index of the F-PDIN-EH, subsequently
impacting device stability rapidly. More interestingly, we
observed clear peak variation over time near 675 cm " in F-But
and F-Hep, which correspond to out-of-plane C-H bending.®* In
contrast, this peak in P-MeOH and F-MeOH remains consistent.
Since the out-of-plane C-H bending peak variation can be
affected by molecular geometry, we hypothesize that this peak
could indirectly reflect intermolecular interaction, which, in
turn, influences the n-n stacking of PDI-based materials and
potentially affect their charge carrier mobility.

To clarify this, we monitored the CIL films only using UV-vis-
NIR spectroscopy under various conditions. Fig. 7 shows the
absorption spectra of CILs at different times, up to 44 hours

F-MeOH
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Fig. 6 Fourier transform infrared spectroscopy (FT-IR) data of CIL films measured at different times under vacuum conditions in transmission mode. The
samples were stored under ambient shelf conditions for up to 5 hours: (a) P-MeOH, (b) F-MeOH, (c) F-But, and (d) F-Hep. The references are measured

using ATR-FTIR on PDINO and F-PDIN-EH powders.
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Fig. 7 Absorption spectra of the CIL thin films on a bare-glass substrate at different times under ambient conditions: (a) P-MeOH, (b) F-MeOH, (c) F-But,

and (d) F-Hep.

under ambient conditions. P-MeOH exhibits a main absorption
peak near 480 nm (Fig. 7(a)). The absorption peaks and shape
of P-MeOH only slightly changed over 44 hours. The absorption
features of F-MeOH (Fig. 7(b)) and F-But (Fig. 7(c)) are also
largely maintained, although the absorption intensity of F-But
slightly increases over time. F-Hep (Fig. 7(d)) showed two peaks
corresponding to the 0-0 transition at 530 nm and 0-1 transition
at 495 nm in the fresh sample at 0 h, as observed in the previous
study.’® However, an additional peak emerged at around 512 nm,
positioned between the original peaks. This suggests the for-
mation of defect states in the F-Hep film due to energetic
disorder, which can be either due to morphological instability
with H-aggregation, chemical decomposition, or oxidation.®*®
The absorption spectra of CILs under continuous illumination
and heat treatment at 85 °C are also shown in Fig. S10 (ESIY).
Again, under continuous illumination, the absorption of F-Hep
rapidly decreases due to its photobleaching, which contributes to
the poor photostability of F-Hep-based devices with the decay in
charge carrier transport, as observed earlier, due to increased
recombination, especially surface recombination.

To further validate the effect of n-r stacking on device stability,
we measured the electron mobility of electron-only devices with
these CILs using the single-carrier space charge limited current
(SCLC) method, as m-n stacking in their morphology is directly
linked to crystallinity. The electron mobilities are determined by
analyzing the J-V characteristics of single carrier devices under dark
conditions, using the modified Mott-Gurney relation for SCLC:

9 & 0.898
JscL = gsrﬁoﬂﬁ eXp (T\/ Vm)

where Jsqp, is the current density, u is the carrier mobility, &.&, is
the dielectric permittivity, L is the thickness of the device, and
is the field activation factor.’*

This journal is © The Royal Society of Chemistry 2025

The mobilities of the CIL-based electron-only devices were
also monitored over time under illumination in N, to assess
photostability and under ambient conditions to evaluate shelf
stability. Fig. 8(a) shows the highest initial mobility in P-MeOH,
followed by F-But, F-MeOH, and F-Hep in their fresh samples.
This explains the relatively lower initial FF of F-MeOH and
F-Hep compared to P-MeOH and F-But. Fig. 8(b) shows that the
mobility of these devices increases under continuous illumina-
tion due to the light-soaking effect. After 25 hours, the mobi-
lities stabilize, with P-MeOH showing the highest mobility,
followed by F-But, F-MeOH, and F-Hep. This mobility trend is
consistent with the photostability of the devices under N,
environment, as observed earlier. The mobility values at differ-
ent times in Fig. 8(b) are summarized in Table S4 (ESIt). Under
ambient conditions, the mobilities reflect the solvent effect of
the CILs, as shown in Fig. 8(c) and (d). The mobilities of P-
MeOH and F-MeOH remain stable, whereas those of F-But and
F-Hep decrease over time. These results support our previous
observations from absorption and FTIR measurements that the
energetic disorder and defect states and the changes in n-n
stacking in these CILs with different solvents affect the charge
carrier mobility of these CILs-based devices. As a result, the
higher mobility of P-MeOH and F-But under continuous illu-
mination suggests that these solvents promote well-ordered
morphology and improved charge transport characteristics. In
contrast, the decline in mobility for F-But and F-Hep under
ambient conditions underscores the impact of morphological
and interfacial instability of these CILs. These changes in
mobility point to an imbalance in charge carrier transport
(directly linked to the FF) and increased surface recombination,
which are reflected in the severe degradation of the F-PDIN-EH-
based devices compared to the less degradation of PDINO-based
devices, highlighting the chemical structure effect on the device
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Fig. 8 Dark J-V characteristics of fresh and degraded electron-only devices and average mobilities of electron-only devices (n = 6) with different CILs
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stability. Finally, the continuous drastic decrease in mobility of
F-Hep-based devices compared to F-MeOH and F-But-based
devices, as shown in Fig. S11 (Fig. S11b, ESI}), cements the
processing solvent effect on the stability of the devices.

Conclusions

We have shown that the chemical structure of the CIL material
and its processing solvent affect the performance of OSCs,
especially their stability. This is one of the first investigations
into the effect of non-polar CIL solvents on device stability. We
showed that transitioning from traditionally well-established
CIL material, in this case, self-doped PDINO, to a chemically
designed “to be stable” material, F-PDIN-EH, may not readily
result in efficient and stable devices. Our results reveal that
devices with F-MeOH and F-Hep experience severe degradation
over time, whereas devices with F-But and P-MeOH exhibit
relatively better stability. The degradation mechanisms in
devices with these CILs are analyzed through in-depth TPV,
TPC, extracted charge carrier density, and light intensity depen-
dence of j, and V,. measurements. Further studies using
absorption spectroscopy, FTIR, and mobility measurements
confirmed that although the CIL films themselves are chemi-
cally stable to a certain extent, the degradation in these CILs is
most likely caused by energetic disorder and imbalanced
charge transport. These findings suggest that the degradation
of the devices with F-PDIN-EH is most likely due to surface
recombination. The degradation in F-Hep, especially, appears
to result from severe charge carrier imbalance due to morpho-
logical instability in n-m stacking, resulting in both trap-
assisted and surface recombination, thus, drastic loss in FF.

13140 | J Mater. Chem. C, 2025, 13, 13131-13143

In contrast, F-But shows higher electron mobility, contributing
to improved device stability.

Additionally, we have observed that optimizing the device
stack could improve the performance, as revealed by the
comparative photostability under a nitrogen environment of
optimized and unoptimized CIL layers. Thus, transitioning
traditional processing solvents to eco-friendly solvents for high
performance must align with efforts for good solubility, layer
formation, acceptable energetics, balanced charge transport,
and reduced charge carrier recombination. With the CILs case
study, it is evident that the OSC community must improve the
fabrication process and device optimization, targeting recently
designed or existing materials for greener solution-processed
OSC technology and sustainability.

Experimental methods
Materials

Unless otherwise specified, most materials and solvents were
sourced from Sigma-Aldrich. In addition, PM6, Y6, and PDINO
were purchased from 1-material, while PEDOT:PSS (AI4083) was
supplied by Heraeus. F-PDIN-EH was synthesized and provided
by our collaborators from the Advanced Functional Materials
and Coatings Laboratory at the University of Calgary, as recently
detailed in their work.>® Chloroform was purchased from VWR.

Device fabrication

Solar cells were fabricated following a multilayer stack struc-
ture: glass/ITO/PEDOT:PSS (~ 40 nm)/PM6:Y6 (~ 100 nm)/CILs/
Ag (~100 nm). The ITO-coated glass substrates (12-20 Q sq™ ",
sourced from Colorado Concept Coating LLC) were sequentially

This journal is © The Royal Society of Chemistry 2025
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cleaned, with ultrasonication for 15 minutes each, in a deionized
soap, acetone, and isopropanol. They were dried at 120 °C for
10 minutes and UV-ozone treated for 20 minutes. PEDOT:PSS
was spin-coated onto the substrates as HTL at 2000 rpm for 40 s,
followed by annealing at 120 °C for 10 minutes in air. The
PM6:Y6 active layer (1:1.2 ratio, 16 mg mL™ " in chloroform) was
deposited under a nitrogen environment without additives or
thermal annealing. CIL solutions were then prepared as follows:
1.0 mg mL~" PDINO in methanol, 0.5 mg mL~' F-PDIN-EH
in methanol, 1.0 mg mL™' F-PDIN-EH in 1-butanol, and
1.0 mg mL~" F-PDIN-EH in heptane and spin-coated onto the
active layer at 2500 rpm for 40 s. Finally, a 100 nm layer of Ag was
thermally evaporated atop the CILs. Electron-only devices were
fabricated with the following structure: glass/ITO/SnO,/PM6:Y6
(~100 nm)/CILs/Ag (~100 nm). The devices were measured in
the dark while being stored under different environmental
conditions.

Characterizations

Bruker Icon II was used for AFM measurement using a ScanAsyst
AIR probe with peak force tapping mode. Contact angle measure-
ment was performed using an Ossila contact angle goniometer.
The J-V characteristics were measured with a Keithley 4200 source
meter for the OSCs under simulated 100 mW cm > AM 1.5 G solar
radiation and Fluxim Litos-Lite setup. This radiation was gener-
ated by a 450 W xenon lamp (Oriel Sol 2A Class ABA), calibrated
with a reference silicon cell covered by KG5-filtered glass. For each
device type, the J-V characteristics were taken for 10 to 15 devices,
and their PV parameters were obtained with their best and
average values shown in Table 1. The stability and light intensity
dependent J,. and V,. measurement of the OSCs were evaluated
using the Litos Lite setup equipped with a Wavelabs Sinus LS2
solar simulator with AM 1.5 spectrum. The stability measure-
ments were conducted according to ISOS protocols: ISOS-D-1 for
shelf stability (dark, open circuit, and at room temperature), ISOS-
L-1 for photostability (illumination at 1 sun, open circuit, and
room temperature), and ISOS-T-1 for thermal stability (dark, open
circuit, and at 85 °C). Fluxim AG Paios system with white LED
light was used to carry out the TPC, TPV, capacitance-voltage
(Mott-Schottky analysis), and EIS measurements. The dark j-V
measurement of the electron-only devices was carried out using a
Fluxim AG Litos-Lite setup.

For absorption measurements, the CILs were spin-coated at
800 rpm for 40 seconds onto bare glass substrates and mea-
sured using a LAMBDA 1050+ UV/vis/NIR spectroscopy with
2 nm increments. FTIR measurements were performed on CIL
films spin-coated at 800 rpm for 40 seconds onto silicon wafers
in transmission mode using a Bruker VERTEX 80 V spectro-
meter equipped with a mid-band liquid nitrogen-cooled mer-
cury cadmium telluride (MCT) detector. Measurements were
taken at normal incidence as an average of 16570 scans
(15-minute acquisitions) at 4 cm ™" resolution, and absorbance
was calculated by referencing a clean bare silicon wafer (300 pm
thick, double-side polished, undoped). All measurements were
conducted under vacuum to mitigate water vapor and CO,
intrusion. Powder spectra were collected on a Bruker VERTEX

This journal is © The Royal Society of Chemistry 2025
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70 spectrometer equipped with a mid-band MCT detector, and
a Harrick VariGATR attenuated total reflection (ATR) germa-
nium accessory at an incident angle of 60 degrees. A total of 500
scans were averaged at 4 cm ™' resolution, and absorbance was
calculated by referencing a clean bare Ge crystal. The CIL-only
films for absorption and FTIR were dried under vacuum for 10—
15 minutes before measurement.
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