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Improved Storage Stability of Conjugated Polymer Solutions with
a Versatile Non-Halogenated Solvent for Organic Solar Cells

Ying Chen,? Zhenhan Zhao,” Ke Zhou,*? Ncedo Jili,° Genene Tessema Mola,® Hong Zheng,*® and Wei
Ma*a

The progress towards the realization of organic solar cells (OSCs) as alternative energy source has made tremendous strides
in recent years. The solution processability of active layers endows OSCs with several advantages, while concomitantly brings
a bottleneck to their commercial application due to the instability of conjugated polymer solutions in ambient environment.
Here, the key factors dominating the solution stability of conjugated polymer processed with non-halogenated solvents,
Toluene and 1,2,4-Trimethylbenzene (TMB), were investigated using a prototypical polymer donor PM6. The analysis of
solvent parameters shows that the relatively bigger polarity and molar volume of TMB could weaken the aggregation
tendency of PM6 molecules by strengthening the solvation effect, resulting in the superior storage stability compared to the
Toluene-processed solution. It is found that the unstable Toluene-processed PM6 solution can lead to the inappropriate
phase separation and reduce the uniformity of the blend film, thus weakening the power conversion efficiency (PCE) of
devices with the sequentially deposited PM6/L8-BO active layers. While the TMB-processed PM6 solution exhibits an
excellent storage stability reaching 60 days, and the device performances based on those aged solutions are rather
comparable with the devices manufactured with fresh solution. This provides a guidance for the solvent selection in the
industrial production of OSCs, which will benefit the preparation, storage, and processing of active layer solutions,

resembling commercially used PEDOT:PSS inks.

Introduction

Organic solar cells (OSCs) have made significant breakthroughs
in device efficiency in recent years.2 Notably, the design and
synthesis of new conjugated polymers and small molecular
donor and acceptor, along with the optimization of processing
techniques, have enabled the power conversion efficiency (PCE)
of single-junction devices to increase from less than 1% to over
20%310, Such progress in PCE has led OSC to be an important
thin film solar cell technology. Conjugated polymer based solar
cells offer not only competitive performances but also possess
several other advantages, such as mechanical flexibility, tunable
energy bandgaps, and lightweight, which allow OSCs to be
fabricated on the flexible, stretchable, and semi-transparent
substrates.1-13 Consequently, numerous potential applications
are reported for OSCs in fields of wearable electronic, building-
integrated photovoltaics (BIPV), and drone energy supply
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systems.1416 More importantly, the solution processability of
conjugated polymer provides OSCs with advantages for large-
area production through rapid solution-based printing
methods, which effectively simplifies the preparation process
for active layers and lays a foundation for reducing costs.

Many researchers have found that the solution state of
active layer is important to determining the device performance
of OSCs. The degree of molecular entanglement of conjugated
polymer, the size of the aggregates and other parameters in the
solution can regulate the morphological structure of the active
layer film, such as the domain size, purity and crystallinity,
which will be closely related to the exciton dissociation and
charge transport efficiency of the device.72! Currently, the
active layer of OSCs is predominantly processed using freshly
prepared solution that allows high polymers miscibility and
optimized film morphology, however, the molecular
aggregation will undergo changes upon aging the solutions.
Interestingly, Wang et al found that the aggregation effect of
conjugated polymer can be employed to enhance the
crystallinity of the film, which appropriately contributes to the
improved charge transport and collection efficiency in the
devices.22 On the other hand, for most conjugated polymers,
prolonged solution aging time leads to an increase in viscosity.
When a green non-halogenated solvent is used to prepare the
active layer solution, the viscosity rapidly changes with aging,
resulting in a significant deterioration in the uniformity of the
printed films and thus the reduced device performance. This
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suggests that the conjugated polymer molecules have a strong
aggregation tendency in solution due to the m-m interactions,
which leads to the thermodynamic instability of the active layer
solution and seriously limits the window time for the storage,
transportation, and processing of the active layer solution in an
industrial large-scale production of OSCs.

Currently, both the active layer and interface layer of OSCs
need to be processed using solution methods. Most freshly
prepared active layer solutions remain stable not for more than
few hours in ambient environment.2324 Meanwhile, the hole
transport layer solutions (such as PEDOT:PSS) can typically be
stored stably for over three months, while electron transport
layer solutions (including PFN-Br and PDINO) can maintain
stable for more than a week. Recently, Liu et al. found that the
BBL:PCAT-K electron transport layer solutions can exhibit even
greater stability for up to six months, demonstrating the
excellent processing convenience.?> Therefore, compared to
the interface layer solutions, enhancing the storage stability of
active layer solutions has become a critical scientific challenge
in achieving the industrial scale production of OSCs. However,
the key solvent parameters and processing techniques to
improve the solution stability for OSCs still remain unclear.27:28
This uncertainty arises from the insufficient understanding of
the mechanisms on the aggregation behaviors of conjugated
polymers that leads to poor solution stability, particularly for
the Donor-Acceptor (D-A) type conjugated polymers with
relatively rigid backbones.

This work investigated the key factors dominating the
solution stability of a prototypical polymer donor PM6
processed with non-halogenated solvents, Toluene and TMB,
and analyzed the effect of solution stability on the device
performance. Viscosity tests and cryo-electron microscopy
results indicate that the solution state of Toluene-processed
PM6 is rather unstable, with molecules tending to form self-
aggregation when solution aged for 48 hours. While the TMB-
processed PM6 solution exhibits an excellent stability under the
same conditions. Interaction energy analysis and solvent
parameter tests reveal that the solvent polarity and molar
volume are the critical parameters influencing the storage
stability of PM6 solution. The effect of solution stability on
device performance was studied by sequentially depositing the
non-fullerene acceptor L8-BO on the PM6 layers processed
from different aged solutions. It was found that the average
PCEs of Toluene-processed devices will decrease from 17.20%
to 13.99% with the storage time of PM6 solution extending to
48 hours, while the TMB-processed devices show the
comparable PCEs around 16.96%, which is independent of the
storage time of PM6 solution. When the solution concentration
decreases from 7 to 3 mg mL, the stable storage time of TMB-
processed PM6 solution can reach an excellent value of 60 days.
It was found that the inappropriate phase separation during
depositing L8-BO solutions on top of the Toluene-processed
PM6 layers can be observed when using the aged PM6
solutions, leading to the undesirable morphology with
inhomogeneous domain size in the blend films and thus the
inferior device performance. Interestingly, the similar PCE
variations can also be observed when using the mixed L8-BO
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and BTP-ec9 as acceptors, which exhibit the stable values of
18.02% for the TMB-processed devices and the discrepant
values ranging from 18.04% to 15.77% for the Toluene-
processed devices after aging for 48 hours. Furthermore, the
solvent-dependent solution stability for another two polymer
donors PTQ10 and PCE10 was also investigated, and the better
solution stability and device performance when using TMB can
be identified, confirming that TMB can universally improve the
solution stability of polymer donors. Therefore, this work
provides evidence on the aging process of active layer solutions
and proposes a guidance for the solvent selection in industrial
production of OSCs, which will benefit the preparation, storage,
and processing of active layer solutions.

Results and discussion

The prototypical D-A type donor PM6 was chosen as a reference
system to investigate the key factors influencing the storage
stability of conjugated polymer solutions. The chemical
structures of PM6 and non-halogenated processing solvents,
Toluene and TMB, are shown in Fig. 1a. The PM6 solutions were
prepared with two solvents at the concentrations of 3, 5, and 7
mg mL?, respectively, which are reported to be the suitable
solution concentrations for printable processing.26 Those
solutions were kept at room temperature and aged for different
time, namely freshly prepared (0 h), aged for 24 hours (24 h)
and 48 hours (48 h), and then followed by the measurements of
their solution viscosities to evaluate their storage stability. As
shown in Fig. 1b-c and Table S1, ESI, the viscosity of the PM6
solution at a concentration of 3 mg mL? remains relatively
unchanged over time when Toluene is used as the solvent. In
contrast, the viscosity of the solution at a concentration of 5 mg
mL shows a slight increase upon aging, and a significant rise in
viscosity from 36.89 to 98.57 mm? s can be observed in the
solution at a concentration of 7 mg mL. On the other hand,
with TMB as the solvent, the solutions of all tested
concentrations show negligible changes in viscosity over time.
This suggests that PM6 solutions prepared with Toluene exhibit
greater susceptibility to increase in viscosity during aging
compared to those prepared with TMB, suggesting poor storage
stability.

Subsequently, we characterized the microscopic state of
PM6 molecules within these solutions with the concentration of
7 mg mL1 by using freeze drying techniques.?’ The atomic force
microscope (AFM) and transmission electron microscope (TEM)
images are provided in Fig. 1d-g and Fig. 1h-k, respectively.
When Toluene is used as the solvent, PM6 molecules
predominantly form the lamellar aggregates with a globular
shape. In contrast, when TMB serves as the solvent, those PM6
molecules primarily develop into the branch-like aggregates
with smaller domain size.?8 This indicates that PM6 shows
enhanced solubility in TMB than in Toluene. Comparing Fig. 1d,
e with 1h, i the significantly increased aggregate size in the
Toluene-processed PM6 solutions was observed after aging for
48 hours. Nevertheless, Fig. 1f, g and 1j, k demonstrate the rare
change in aggregate size when using TMB as the solvent. These

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 (a) Chemical structures of PM6, Toluene, and TMB. (b and c) The viscosity of solutions with Toluene and TMB as solvents at different concentrations and for different
aging times. (d-g) Freeze drying TEM and (h-k) AFM images of PM6 solutions for the freshly prepared and aged for 48 hours at room temperature when using Toluene and
TMB as the solvents.

suggest that PM6 molecules tend to self-aggregation more
readily when dissolved in Toluene, while their aggregation state
remains largely unchanged in TMB solvent, suggesting a better
stability of TMB based solutions.

Furthermore, the morphology of PM6 films prepared from
solutions of different aging time were investigated using AFM.
As shown in Fig. S1, ESI, it can be observed that the aggregation
size in the Toluene-processed film increased significantly after
aging for 48 hours, with the root mean square roughness (RMS)
values increased from 1.5 to 2.9 nm. On the other hand, no
evident change of aggregation was observed from TMB solvent
based films, and the RMS values kept constant around 1.5 nm.
This suggests that enhanced aggregation of PM6 molecules in
Toluene based solutions is persistent even in solid phase as
observed from corresponding films. The phenomenon of
enhanced aggregation after aging has also been reported in
previous study,?*> which shows PM6 solution in chloroform
exhibited pre-aggregation after cold-aging, leading to an
increased aggregation in the thin films. The crystallinity and
molecular orientation of the films were further investigated
using grazing incidence wide angle x-ray scattering (GIWAXS),
and the results are provided in Fig. S2, ESI. The interplanar
spacing (D-spacing) and crystalline coherent length (CCL) are
quantified based on the GIWAXS image employing the Bragg’s
Law and Scherrer equation,?°:30 the fitted data are summarized
in Table S2, ESI. When Toluene is used as the solvent, it shows

This journal is © The Royal Society of Chemistry 20xx

an increase of the CCL for the in-plane (010) and out-of-plane
(100) peaks while a decrease is observed for the in-plane (100)
and out-of-plane (010) peaks, suggesting a molecular packing
variation from face-on to edge-on. In contrast, no significant
changes are noted in either aggregation or molecular
orientation for the TMB-processed films. The paracrystallinity
(g) of those films was also analyzed based on the Equation 1,31
where Aq and dpi are the full width at half maximum (FWHM)
and the interplanar spacing of the diffraction peak of interest,

respectively.
g= %\/Aq*dhkl M
The results are summarized in Table S3, ESI. The TMB-
based PM6 films show the similar paracrystalline disorder after
aging. However, the Toluene-based PM6 films exhibit a
decreased paracrystalline disorder (from 13.46% to 11.83%) for
the in-plane (010) peak and an increased paracrystalline
disorder (from 14.09% to 16.85%) for the out-of-plane (010)
peak after aging 48 hours, suggesting the more disordered
packing in the face-on orientation. Obviously, the GIWAXS
results are consistent with the AFM images, both confirming
that the instability of Toluene-processed solution leads to an
increase in aggregation within the film, whereas TMB-processed
solution is relatively stable, resulting in minimal changes to the
morphology of the film.
Furthermore, the mechanism that influences the storage
stability of PM6 solutions prepared from different solvents was
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Fig.2 (a) The chemical structure of Reichardt’s dyes and UV-vis absorption spectra of Reichardt’s dyes in two solvents. (b) The main form of combination between PM6 and

solvent molecules in solution. (c) The UV-vis absorption spectra of the solutions in different aging time. (d) The schematic representation of PM6 molecules in Toluene and

TMB. Configuration of simplified PM6 in (e) Toluene and (f) TMB after 6 ps simulation.

also studied. According to Hansen solubility parameter theory,
the solubility of a solute in a solvent is primarily related to the
molar volume of the solvent and the interaction between the
solute and solvent molecules.32 First, we measured the polarity
parameter Er(30) of solvents, which is characterized by
electronic transition energies obtained from the UV-Vis
absorption spectra of Reichardt’s Dye in various solvents.33-
35This polarity parameter reflects the interactions within the
solvation shell surrounding the solute and embodies the overall
dissolving capability of the solvent. The UV-Vis spectra for
Reichardt’s Dye in two different solvents are illustrated in Fig.
2a. Based on calculations from their maximum wavelengths, we
find that E/(30) values for Toluene and TMB are 34.45 and 40.16
kcal mol™, respectively. Compared to Toluene, a higher E+(30)
value for TMB indicates its superior overall solubility.

In order to make the measured polarity parameter E+(30)
more convincing, the interactions between PM6 and
Toluene/TMB were also calculated theoretically so as to analyze
the key differences between these solvents. As illustrated in Fig.
S3, ESI, the interactions between PM6 and two solvent
molecules may involve four configurations: the m-it stacking of

4| J. Name., 2012, 00, 1-3

carbon-carbon double bonds between the PM6 molecule and
solvent molecule, the m-mt stacking of carbon-carbon double
bonds (PM6 molecule) and carbon-sulfur double bonds (solvent
molecule), the hydrogen bonds between H atoms (solvent
molecule) and O atoms (PM6 molecule), and the hydrogen
bonds between H atoms (solvent molecule) and F atoms (PM6
molecule). Among the four configurations, the binding energy
of the m-nt stacking between carbon-carbon double bonds is
comparatively lower, indicating that the interaction between
PM6 and solvent molecules in solution is mainly due to the m-nt
stacking of carbon-carbon double bonds (Fig. 2b). In this
configuration, the binding energies of PM6 with Toluene and
TMB are -16.7 and -20.7 kcal mol?, respectively. The higher
binding energy suggests the stronger interaction between PM6
and TMB molecules, which will strengthen the solvation effect
and promote the stability of PM6 molecules in TMB.
Additionally, the quantum chemical method is applied to
analyze the origin of binding energies, which can be broadly
categorized into four components: the classical electrostatic
interaction energy AE.s which reflects the electron-nucleus
interactions, the exchange-repulsion term AEy., which

This journal is © The Royal Society of Chemistry 20xx
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Table 1. The results of binding energy analysis by quantum chemistry method

Binding AEess AExrep AEors AE.
Type energy/K /Kcal /Kcal /Kcal /Kcal
cal
PM6-
-16.7 -6.4 11.5 -5.5 -16.4
Toluene
PM6-TMB -20.7 -8.2 14.5 -6.3 -20.7

represents the electron-electron interactions, the orbital
interaction energy AE,» Which indicates a certain degree of
overlap between molecular orbitals, and the coulomb
correlation terms AEc which accounts for the weak
intermolecular forces, such as van der Waals force. The
magnitudes of each type of interaction are summarized in Table
1. The predominant force governing the interaction between
PM6 and Toluene/TMB can be attributed to the van der Waals
force, which nearly equates to their overall binding energies.
The higher polarity of TMB likely enhances the polarization
effects on PM6 and thus leads to the stronger van der Waals
interactions, which is primarily responsible for its greater
binding energy compared to Toluene.

The UV-vis absorption spectra of the solutions were
subsequently measured so as to analyze the effect of the molar
volume of solvent on the solution stability. As shown in Fig. 2c,
the ratio of the 0-1 to 0-0 peaks reflects the degree of H-type
aggregation.3® When Toluene is used as the solvent, the H-type
aggregation of PM6 in the solution increases after aging,
indicating an enhancement in the intermolecular n-mt stacking,
while there are no significant changes observed for the TMB-
processed solutions. This may be attributed to the larger molar
volume of TMB, which increases the steric hindrance and
weakens the m-mt interactions between the adjacent polymer
molecules. On the other hand, the first-principles molecular
dynamics (AIMD) was used to simulate the kinetic behavior of
the simplified PM6 solute molecule in two solvents, Toluene
and TMB. To explore the m-m stacking between solute and
simplified the
configuration of PM6, whose marginal side chains are replaced
with methyl groups and main chain is periodically extended
along the x-axis, as shown in Fig. S4a, ESI. Fluctuations of total
energy in Toluene and TMB during AIMD simulation are shown
in Fig. S4b, c, ESI. In Toluene solvents, the Toluene molecules
between the upper and lower PM6 chains tend to move to both
sides of the y-axis, and the lattice constant c shrinks from 12 to

solvent molecules, we have molecular

10.8 A. The vertical distance between two PM6 chains is
approximately 6.3 A. However, in TMB solvents, some of the
solvent molecules are still retained between the upper and
lower PM6 chains. Moreover, the lattice constant ¢ has a slightly
increasing, from 12 to 12.4 A. The vertical distance between two
PM6 chains is approximately 7.8 A. The final configuration
results are shown in Fig. 2e, f. The relatively bigger vertical
distance confirms that the TMB molecules can inhibit the

This journal is © The Royal Society of Chemistry 20xx
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aggregation of PM6 molecules due to their larger molar volume,
which is consist with the results of UV-vis absorption spectra.
According to the aforementioned analysis, which comprises
theoretical calculations and experimental methodologies, the
schematic representation of PM6 molecules in Toluene and
TMB is presented in Fig. 2d. The smaller solvent polarity
parameter and molar volume of Toluene facilitate the self-
aggregation of PM6 molecules, while the larger solvent polarity
parameter combined with a relatively greater molar volume of
TMB enhances the solubility of PM6 molecules, resulting in a
more stable solution.

Subsequently, we investigated the impact of solution
stability on the device performance of OSCs. L8-BO is a
commonly used high-efficiency acceptor with its chemical
structure shown in Fig. 3a. Using PM6 as the donor material, the
devices based on the sequentially blade-coated active layers
were prepared (as presented in schematic diagram Fig. 3b).
PM6 and L8-BO exhibit the compatible energy levels and
absorption spectra, as shown in Fig. S5c-d, ESI, ensuring minimal
energy loss and sufficient driving force for exciton dissociation.
First, the solution stability of L8-BO was investigated at a
concentration of 10 mg mL! by conducting the viscosity tests
and measuring the UV-vis absorption spectra at room
temperature. As shown in Fig. S5a-b, ESI, no significant changes
can be observed for those L8-BO solutions after aging. It
suggests that this solution possesses good stability, allowing us
to rule out any influence of the acceptor solution stability on
device performance in subsequent analysis. The current
density-voltage (J-V) curves and external quantum efficiency
(EQE) of OSCs prepared by Toluene-based PM6 solutions that
are not aged, aged for 24 hours and 48 hours are shown in Fig.
3c and S6a, ESI, respectively. The specific photovoltaic
parameters are summarized in Table 2. Compared to the
devices fabricated without solution aging, the PCEs of the
devices fabricated with the solutions aged for 24 and 48 hours
decreased from 17.06% to 15.28% and then to 13.89%,
respectively, with other photovoltaic performance parameters
also showing varying degrees of decline. It demonstrates that
the instability of the PM6 solution leads to a deterioration in the
optoelectronic performance of the resulting devices. This
conclusion aligns with previous study,?* where the PCE of
PM6:BTP-BO-4Cl OSCs device decreased from 15.69% to 12.59%
after the solution was aged for 120 minutes.

We conducted an analysis of the physical processes in the
device, beginning with the measurement of photogenerated
current density-effective voltage (Jyn-Veg) curve (Fig. S6b, ESI).
The exciton dissociation efficiency can be obtained by analyzing
the charge dissociation and extraction process,3’ as shown in
Fig. S6c, ESI. The exciton dissociation efficiency gradually
decreases with prolonged solution aging, dropping from 95.3%
to 93.4%, and then to 93.0%. This indicates that the instability
of the PM6 solution adversely affects the exciton dissociation
efficiency, leading to a reduction in short-circuit current density
(Usc) and fill factor (FF). Then, the curves of the Jsc and open-
circuit voltage (Voc) varying with light intensity were tested, as
shown in Fig. S6d, ESI, and Fig. 3e. There is a linear relationship
between Voc and the natural logarithm of light intensity. The

J. Name., 2013, 00, 1-3 | 5
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Table 2. Photovoltaic parameters of PM6/L8-BO OSCs with different aging time
under illumination of AM 1.5G at 100 mW cm~2

Jsc (mA

Condition Voc (V) m?) FF (%) PCE (%)?
Toluene, 0 h 0.867 25.52 77.01 17.06 £ 0.16 (17.20)°
Toluene, 24 h 0.858 23.49 73.34 15.28 £ 0.41 (16.23)
Toluene, 48 h 0.855 22.32 71.94 13.89 £ 0.73 (16.02)
TMB,0h 0.862 25.23 77.25 16.85 +0.17 (16.98)
TMB, 24 h 0.864 25.34 77.19 16.78 £ 0.23 (16.95)
TMVB, 48 h 0.865 25.32 77.32 16.72 £0.19 (16.91)

a The average PCEs are obtained from 10 devices.

b The maximum value of PCE is shown in the bracket.

slope of the curve obtained by fitting can further analyze the
defect state recombination (SRH) inside the device. The closer
the slope S to 1, the lower degree of the defect state
recombination in the device.3® In addition, there is a linear
relationship between Jsc and the natural logarithm of light

intensity Jsco<P%, and the closer the a value to 1, the weaker the
bimolecular recombination of the device.3® The slope fitting
results show that the defect state recombination of the device

(a)

—
(@]
——r

~
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(b)

rials'Chemistry A

Journal Name

increases after solution aging, but the bimolecular
recombination degree does not change significantly. The
increased defect state recombination degree is probably one
reason for the deterioration of PCE in the Toluene-processed
devices.

Similarly, the sequentially deposited devices based on the
TMB-processed PM6 solutions that are not aged, aged for 24
hours and 48hours were also manufactured, and the
corresponding J-V curves and EQE curves of the devices are
shown in Fig. 3d and S7a, respectively. The specific photovoltaic
performance parameters are summarized in Table 2. The PCEs
of the devices have no obvious change before and after the
aging of PM6 solution, which all exhibit a rather comparable
value of 16.78%. This confirms the good stability of the PM6
solution using TMB solvent. The physical process of the device
is also analyzed, as shown in Fig. 3f and S7b-d. The exciton
dissociation efficiency of the device is basically unchanged
before and after solution aging (around 92.8%), and the degree
of charge recombination does not change significantly, which is
consistent with the nearly same photoelectric performance of
the device.

The carrier mobility of the device was tested using the
Space Charge Limited Current (SCLC) model.4041 The Jv/2-v
characteristics of devices are shown in Fig. S8, ESI. The charge
transport parameters were derived from the curve fitting with
transport equations, which are given in Fig. 3g-f and

summarized in Table S4, ESI. According to the results obtained
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Fig.3 (a) Chemical structure of L8-BO. (b) Schematic diagram of blade coating. (c, d) J-V curves, (e, f) VOC-Light intensity curves, (g, h) carrier mobilities, and (i, j) efficiency

distribution diagram of PM6/L8-BO OSCs with Toluene/TMB being the solvent of PM6.
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from Toluene based PM6 devices, both hole and electron
mobilities gradually decrease (from 2.67 x 10 to 1.79 x 10 cm?
V1 sl and from 3.31 x 104 to 2.45 x 104 cm? V1 s,
respectively) with prolonged solution aging time. Conversely, in
TMB based devices, there are no significant changes observed
in either hole or electron mobilities over time (nearly 2.72 x 10-
4cm?2V-1sland 3.14 x 104 cm? V1 51, respectively). It indicates
that the instability of PM6 solution adversely affects the charge
transport properties of the devices. Furthermore, the
uniformity of device performance was statistically analyzed for
each processing condition. As shown in Fig. 3i, j, it is observed
that with prolonged solution aging time the overall efficiencies
of the devices gradually decrease and the distribution of PCE
becomes more dispersed for Toluene based OSC. In contrast, as
the solution solvent changed to TMB, no significant variation is
noted for the PCE distribution despite extending the aging time,
which means the instability of PM6 solutions will inhibit the
uniformity of device performance.

The aforementioned results indicate that the instability of
the PM6 solution can lead to a decline in device performance.
To explain the underlying reasons, a detailed analysis of the film
morphology is necessary. The optical microscope images and
UV-vis absorption spectra of the sequentially deposited
PM6/L8-BO films were measured at four uniformly spaced
regions along the direction perpendicular to blade coating. As
shown in Fig. 4a, when Toluene is used as the solvent, there are
no significant differences in optical images for PM6/L8-BO films
made from the solutions that have not been aged and the

(a)

1.2 1.4

Journal of-Materials Chemistry A

absorption spectra across various regions overlap considerably
with minimal component fluctuations. However, after the
solution was aged for 48 hours, the variations in optical images
indicate the fluctuations in film thickness across different
regions. The normalized absorption spectra exhibit substantial
differences at the wavelength ranging from 400 to 700 nm,
which mainly resulted from the donor materials. This suggests
that the ratio of donor/acceptor (D/A) at certain regions
deviates from its average value, leading to the considerable
variability in component distribution in the whole PM6/L8-BO
film. This fluctuation may be attributed to a significant increase
in viscosity of PM6 solution upon aging using Toluene as
solvent. The increased viscosity likely leads to an uneven
distribution of solution between substrate and blade during
coating and thus results in non-uniform thickness in the solid
film. After depositing the L8-BO solution on top of the
heterogeneous PM6 layers, the D/A ratio will vary from the
average values. Such variability in component distribution can
obviously restrict the charge separation, transport, and
collection processes, totally contribute to the discrete PCE. On
the other hand, when TMB is used as the solvent, the optical
microscope images and UV-visible absorption spectra for the
films without and with solution aging show no notable changes,
suggesting a favorable uniformity regarding film thickness and
component distribution in the TMB-processed PM6/L8-BO
films.

The surface morphology of the films was characterized
using AFM, and the AFM height images are provided in Fig. S9,
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ESI. There is no significant difference in the surface morphology
of PM6/L8-BO films prepared from two different solvents after
aging the solution for 48 hours. Further testing of the
photoluminescence (PL) spectra of the films, as shown in Fig. 4b,
revealed that in Toluene based devices, an increase in solution
aging time leads to an enhancement in PL intensity and a
decrease in quenching efficiency of the photo-induced charges.
This is an indication of the presence of large aggregates in the
film that reduces D/A interfacial area, which inevitably reduce
the device performance. The quenching efficiency of the film
remains relatively unchanged (Fig. 4c) upon aging in the case of
TMB based solution, suggesting a relatively homogeneous
distribution of donor and acceptor domains in the PM6/L8-BO
films. Besides, the two-dimensional (2D) GIWAXS patterns and
line profiles of the PM6/L8-BO films obtained before and after
solution aging are presented in Fig. 4d-e. The film has the strong
(010) scattering peaks at g = 1.76 Al in the out-of-plane
direction (attributed to both PM6 and L8-BO), revealing a face-
on orientation. Meanwhile, there exist the (100) peaks at g =
0.29 At (highly attributed to PM6) and g = 0.36 A% (highly
attributed to L8-BO) in the in-plane direction. The D-spacing and

(a) (d)

rials'Chemistry A

Journal Name

CCL values extracted from the line profiles are summarized in
Table S5, ESI. The results of the fitting indicate that the CCL of
the (010) peaks in the out-of-plane direction improves
significantly after solution aging (from 21.36 to 24.15 nm) in the
Toluene based films. In contrast, no significant changes in the
D-spacing and CCL are observed in the case of TMB solvent. This
is consistent with the earlier hypothesis that the aggregation
within the PM6 solution can be retained in the film, reflected in
the peak location and FWHM in the GIWAXS images.

To investigate the impact of the stability of active layer
solutions on device performance, optical measurements were
conducted using in situ UV-vis and in situ PL, to understand the
behaviour of polymers aggregates from solution to solid thin
film (the illustration diagram is shown in Fig. 5a).4243 Fig. S10,
S11, ESI and Fig. 5b, c show the contour plots and spectra of in
situ UV-vis absorption and the time evolution of L8-BO peak
location under different aging time, respectively. The transition
from solution to thin film can be broadly divided into three
stages: solvent evaporation (blue region), aggregation
transformation (yellow region), and film formation (purple
region). The peak location of L8-BO remains constant over time
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Fig.5 (a) lllustration diagram of in situ UV—vis absorption and in situ PL measurements. Time evolution of L8-BO peak location extracted from in situ UV-vis absorption spectra
when (b) Toluene and (c) TMB are used as the solvents. Time evolution of L8-BO peak location and PL integral intensity extracted from the in situ PL spectra of the process from

(d-f) Toluene- and (g-i) TMB-based solutions to films.
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at the beginning of solvent evaporation. During the aggregation
transformation stage, a redshift in peak position is observed,
indicating that molecular aggregation begins as it transforms
from a liquid phase to a solid phase. When the redshift of L8-BO
absorption peak stops, it means the solid film has formed and
the peak location of L8-BO remains constant over time. In the
case of Toluene based solution, an increase in aging time leads
to an elongation of L8-BO’s aggregation transition time (from
0.72 to 0.86 and 1.04 s) along with a slight redshift of the
absorption peak, suggesting a gradual decrease in molecular
aggregation rate and a subtle improvement in degree of
molecular aggregation during the transition from solution to
thin film. For TMB based solution, L8-BO’s aggregation time
remains relatively constant (~0.85 s) regardless of the increased
aging time. Thus, no significant changes are observed during its
transition from solution to thin film. The results obtained
through in situ UV-vis spectroscopy further confirm that in
Toluene based solution, enhanced intermolecular aggregation
within PM6 solutions is retained upon forming films. This
probably inhibits the penetration of L8-BO solution into the
PM6 layers and thus contributes to the extended aggregation
transition time of L8-BO. Therefore, the relatively increased
duration time of the phase separation between PM6 and L8-BO
molecules largely results in the uneven component distribution
and inferior morphology in the PM6/L8-BO films processed with
aged Toluene solutions.

The quenching dynamics during the transition from
solution to solid film at different aging time was investigated
using in situ PL spectroscopy measurement. The in situ PL
contour maps and spectra of the active layer cast from the PM6
solutions with various aging time are shown in Fig. S12, S13,
respectively. Fig. 5d-f and 5g-i illustrate the time evolution of
the L8-BO peak location and PL integral intensity of the samples
based on the Toluene- and TMB-processed PM6 layers. The film
deposition process can be categorized into three stages that
correspond to those observed in the in situ UV-vis spectra. In
Toluene based solution, an increase in solution aging time leads
to a gradual extension of the film formation time (from 0.7 to
0.9 and 1.0 s). This indicates that the enhanced molecular
aggregation in PM6 layer inhibits the mixing of PM6 and L8-BO,
thereby promoting the molecular aggregation of L8-BO.
Consequently, an increased degree of phase separation would
take place in the photoactive layer, which is supported by the
phenomena observed in in situ UV-vis spectra tests. Excessive
phase separation in the active layer may lead to a decline in
device performance, as confirmed by the PCE variations list in
Table 2. For TMB based solution, the aggregation formation
time in solid film remains relatively constant throughout the
process (~0.8 s), which means the process of transition from
solution to film remains unchanged. Therefore, the TMB-
processed PM6/L8-BO morphology remains consistent after
solution aging, which promotes the uniformity of PCEs.

Next, we analyzed the universality of TMB-induced stable
solution in manufacturing efficient devices in terms of solution
concentration and the variation of donor and acceptor
materials. The efficiency comparisons in the devices based on
the Toluene/TMB-based PM6 solutions at a concentration of 7

This journal is © The Royal Society of Chemistry 20xx
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mg mL have been previously conducted, in which aging for 48
hours will lead to the PCE decline in the Toluene-processed
devices. In order to clarify whether the storage stability can be
further prolonged by reducing solution concentration, several
devices were fabricated with 3 mg mL-1 PM6 solutions that aged
at different times. The J-V curves and specific photovoltaic
parameters of PM6/L8-BO devices are shown in Fig. S14a-b and
Table S6-7, ESI, respectively. The distribution of the measured
PCE as depicted in Fig. 6b provides clear evidence of the
performance of the devices. In the case of TMB based solutions,
there are no significant changes in PCEs and the values are
distributed around ~16.49%, which is consistent up to two
months aging time. This is a clear demonstration of the
exceptional stability of PM6 solutions. However, when Toluene
is used as the solvent, the PCEs dramatically decrease with the
aging time beyond 48 hours (from 16.52% to 13.91%), and the
efficiency distribution becomes more dispersed, which
indicates that the Toluene-processed PM6 solution, even at low
concentration of 3 mg mL?, is still unstable when further
prolongs the storage time.

Independent investigations were also conducted to
confirm whether changing acceptor materials will affect the
stability of TMB-processed devices. Here, the mixed acceptors
L8-BO: BTP-ec9 were used to prepare the active layers and their
chemical structures are shown in Fig. 6¢c. The J-V curves and the
measured photovoltaic parameters of PM6/L8-BO: BTP-ec9
OSCs that are aged for different times are shown in Fig. S14c, d
and Table S8, ESI. From the profiles of PCE distribution (Fig. 6d),
the Toluene-processed devices exhibit a continuous decline in
efficiency over aging time (from 17.95% to 16.82% and 15.77%),
whereas the devices based on TMB solutions maintain the
relatively stable PCE after aging (~17.92%). This demonstrates
the potential application of TMB-induced stable solutions in the
industrial production of OSCs regardless of the kind of acceptor
materials. Among all these devices, the PCE of the champion cell
is 18.04%, with J-V curve and EQE curve shown in Fig. S14c (0 h)
and S16, ESI. Finally, we explored whether the storage stability
of TMB-processed solutions can also be improved when using
other polymer donors, such as PTQ10 and PCE10 (their chemical
structures are shown in Fig. 6e and 6g). The J-V curves and PCE
distributions for the devices based the donor solutions aged for
different times are shown in Fig. S15, ESI and 6f, h respectively.
The specific photovoltaic parameters of OSCs are summarized
in Tables S9, S10, ESI. Regardless of whether PTQ10 or PCE10
serves as donor in Toluene based solutions, an increase in aging
time leads to the continuous decrease in PCEs along with
greater dispersion in their distributions (from 16.31% to 14.96
and 14.04% for PTQ10, and from 10.86% to 10.54% and 10.22%
for PCE10). Conversely, by extending the aging time for the
TMB-processed solutions, the fabricated devices show
negligible changes in either PCEs or its distributions (about
16.32% and 10.88% for PTQ10 and PCE10, respectively). This
indicates that both PTQ10 and PCE10 solutions exhibit
instability when dissolved
favorable stability in TMB. This further confirms the solvent
polarity and molar volume are the key factors to generally

in Toluene while demonstrate
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Fig.6 (a)The chemical structures of donor and acceptor and the PCE distributions for the (b) PM6/L8-BO devices with PM6 solutions at a concentration of 3 mg mL™, (c) PM6/L8-BO:

BTP-ec9 devices, (d) PTQ10/L8-BO devices, and (e) PCEQ10/L8-BO devices.

determine the excellent storage stability in conjugated polymer
solutions.

To make our research conclusion generalized, two other
green solvents, o-Xylene and m-Xylene, were also used to
investigate the stability of PM6 solution. First, we measured the
polarity parameter Er(30) of two solvents, the chemical
structures and the UV-Vis spectra for Reichardt’s Dye in o-
Xylene and m-Xylene are shown in Fig. S17. E«{30) values for o-
Xylene and m-Xylene are 38.93 and 34.87 kcal mol™,
respectively. The polarity parameters of the four solvents we
studied, ranked from highest to lowest, are as follows: TMB
(40.16 kcal mol™), o-Xylene, m-Xylene, Toluene (34.45 kcal
mol™). The molar volumes of o-Xylene and m-Xylene are both
121.9 cm3/mol, which lie between those of Toluene and TMB.
The UV-vis absorption spectra of the PM6 solutions using o-
Xylene and m-Xylene with different aging time were
subsequently measured so as to analyze the aggregation degree.
As shown in Fig. S18, when o-xylene is used as the solvent, there
are no significant changes observed in the UV-vis absorption
spectra, indicating the aggregation state in the solution is
basically unchanged after aging. However, the H-type
aggregation of PM6 in the m-xylene solution increases after
aging according to the ratio of the 0-1 to 0-0 peaks and the slight
redshift of the absorption peak, indicating an enhancement of
the aggregation of PM6 molecule. Similarly, PM6/L8-BO OSCs
using o-Xylene and m-Xylene as the solvents of PM6 solutions
with different aging time were fabricated. The J-V curves and
specific photovoltaic parameters of PM6/L8-BO devices are

10 | J. Name., 2012, 00, 1-3

shown in Fig. S19a, b and Table S11, ESI. It can be observed that
when o-Xylene is used as the solvent, the device efficiency
remains essentially unchanged with prolonged solution aging
time (~16.8%). However, when m-Xylene is used as the solvent,
the device efficiency gradually decreases as the aging time
increases (from 16.94% to 15.57% and then to 14.98%). This
aligns with our conclusion that the larger polarity parameter of
o-Xylene contributes to better stability of the solution, which is
also reflected in the device efficiency. Furthermore, PTQ10/L8-
BO OSCs using o-Xylene and m-Xylene were also fabricated to
investigate whether the same trend can be observed. The J-V
curves and specific photovoltaic parameters of PTQ10/L8-BO
devices are shown in Fig. S19c¢, d and Table S12, ESI. The device
performances indicate that as the solution aging time increases,
PCE remains unchanged when o-Xylene is used as the solvent
(~16.2%), whereas it decreases when m-Xylene is used as the
solvent (from 16.28% to 15.78% and then to 13.73%). This
observation is consistent with the phenomenon we observed in
PM6/L8-BO OSCs, demonstrating that the influence of solvent
polarity on solution stability and device performance exhibits a
certain degree of universality in the field of OSCs.

Conclusion

In conclusion, we observed that the utilization of TMB as the
solvent can generally enhance the solution stability of
conjugated polymers. Due to the relatively bigger solvent
polarity and molar volume, the TMB-based PM6 solutions could

This journal is © The Royal Society of Chemistry 20xx
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maintain the stable storage state for up to 60 days. In Toluene
based solution, the self-aggregation of PM6 molecules
increases during aging, resulting in poor solution stability. We
observed a declined PCE in the Toluene-processed devices after
solution aging, accompanied by the deterioration of charge
transport and a more dispersed PCE distribution. While all the
device parameters remain stable after solution aging when
using TMB solvent, demonstrating that the improvement of
solution stability plays a significant role in maintaining the PCE
of devices. The primary reason for the decreased device
performance was found to be the reduced film uniformity
coupled with the inappropriate phase separation within the film
when using Toluene as the solvent. This work provides the
scientific guidance on addressing the solution stability issues in
terms of solvent selection pertinent to the commercial
applications of OSCs, which facilitates the preparation, storage,
and processing of the active layer solutions.
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