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Hydrogen bond induced high-performance
quaternary organic solar cells with efficiency
up to 17.48% and superior thermal stability

Xinrui Li,% Lei Zhou,i Xi Lu, Luye Cao, Xiaoyang Du, “2* Hui Lin, 2 Caijun Zheng

and Silu Tao 2 *

Multicomponent systems have been widely investigated to expand absorption spectra, ameliorate
morphology and achieve high-performance organic solar cells (OSCs). Here, we reveal a novel
quaternary OSC based on a PM6:Y6:SR197:PC,1BM system with a power conversion efficiency (PCE) of
up to 17.48%, one of the highest efficiencies in organic photovoltaics. The N—H bonds of SR197 react
with the F atom of acceptor Y6 to form intermolecular hydrogen bonds that regulate the morphology of
the blended film and inhibit bimolecular recombination, so that a PCE of 16.83% is achieved for the
ternary OSC based on a PM6:Y6:SR197 system. However, the PCE of PM6:Y6:PC,BM-based devices is
16.72% due to the fullerene derivative PC;,BM exhibiting strong isotropic transport ability. The quaternary
OSC combines the advantages of the above two ternary devices, and it is noteworthy that SR197 can
also form hydrogen bonds with PC7BM, which allows targeted morphology control and improved
device stability while increasing photon utilization. Therefore, the efficiency of the quaternary device
rose by 12% in contrast to the binary device (15.56%). Our results detail the use of a hydrogen bonding
strategy to overcome the disadvantages of the difficult-to-control morphology of multiple component

rsc.li/frontiers-materials

1. Introduction

Organic solar cells (OSCs) have been extensively researched on
account of their transparency, low cost, and solution process-
ability, as well as their potential for use in future sustainable
development.'™ Through the design and synthesis of organic
molecules, some successful non-fullerene materials have been
synthesized, for instance ITIC, Y6, and their derivatives, which
have contributed to the development of the organic photovoltaic
field.®® Nowadays, the efficiency of binary OSCs exceeds 17%.°

To further improve device efficiency, researchers have
adopted different optimization methods, for example, the
addition of solution additives,"*" the design of tandem
devices,"* " and the use of multi-component strategies.'®™
However, it is known that residual additives are extremely
detrimental to OSC stability and the complex process of making
tandem devices is not conducive to their future commercial
production. In contrast, a multi-component strategy by
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devices, which is a valid way to achieve high-performance quaternary OSCs.

introducing one or more guest materials into a bulk hetero-
junction layer, is an uncomplicated and valid method that can
be used to boost device performance. An early ternary strategy
was to adopt a third component as a guest to supplement the
absorption of the host system, thereby increasing photon
22725 Based on this,
quaternary devices and devices containing more components
gradually emerged in order to continue enhancing the absorption
in pursuit of high-efficiency 0SCs.?*>*

Currently, most of the quaternary OSCs in the reported

articles are fabricated from two fullerene molecules and one
26,28,32,34

utilization and thus improving the current.

non-fullerene molecule as the acceptor materials.
Among them, Liu et al. proposed a quaternary strategy of
incorporating PC4BM as well as PC,;BM into a PTB7-Th:
IEICO-4F system. When fullerene materials are introduced as
guest materials into a non-fullerene system this significantly
improves the carrier mobility of the devices due to fullerene
having good solubility and isotropic transport capability. The
quaternary devices they prepared achieved a PCE of 12.52%,
better than the control devices (9.67%).>® However, fullerene
itself has some disadvantages, such as poor stability and weak
photon absorption capabilities. Therefore, the simultaneous
selection of fullerene derivatives as the third and fourth
components may not fully exploit the absorption spectrum
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because of their similar properties. Ma et al. chose non-
fullerene Br-ITIC and the fullerene derivative PC,;BM together
as guest materials to dope into an active layer composed of
PM6:Y6, and the PCE of the optimized quaternary devices was
as high as 16.8%, one of the best efficiencies reported for
organic photovoltaics.>® Although this broadens the absorption
spectrum, how to obtain an ideal active layer morphology is still
a major challenge in multi-component devices.

In this study, we developed a successful design idea for
quaternary devices by utilizing a hydrogen bonding strategy to
directionally allocate the materials in the active layer and
acquire excellent morphology. Through analysis, we found that
the N-H groups of SR197 react with the F atoms of the acceptor
Y6 to form hydrogen bonds, which selectively adjusts the film
morphology and inhibits bimolecular recombination.
Consequently, the PM6:Y6:SR197-based devices realized a
PCE of 16.83%. In addition, due to the properties of the
fullerene PC,;BM, the ternary OSCs based on the
PM6:Y6:PC,,BM system also exhibited a high PCE of 16.72%.
On this basis, we chose SR197 and PC,;BM as guest materials
to incorporate into a PM6:Y6 system together. The introduction
of the guest materials can directionally modify the morphology
and improve the device stability while broadening the absorp-
tion spectrum, since hydrogen bonds can also be formed
between SR197 and PC,,BM. can be formed which directional
modify the film morphology and improve device stability while
broadening the absorption spectrum. Ultimately, the quatern-
ary OSCs achieved an efficiency of up to 17.48%, with a short-
circuit current density (Jsc) of 27.11 mA em™?, an open-circuit
voltage (Voc) of 0.84 V, and a fill factor (FF) of 76.62%, which is
much higher than that of the binary devices (15.56%). After
heat treatment at 80 °C for 300 min, 85% of the original
efficiency of the PM6:Y6:SR197:PC,;BM-based devices was
retained, while the reference devices decayed to 69%. Our
results show that combining a hydrogen bonding strategy with
a quaternary strategy is a feasible method by which to achieve
high-performance OSCs.

2. Results and discussion
2.1 Chemical and absorption properties of the materials

The molecular structures and energy levels of the components
applied in the active layer are shown in Fig. 1 and 2a. The
highest occupied molecular orbital (HOMO) levels of SR197 and
PC,,BM are —5.64 and —5.87 eV, respectively, while their lowest
unoccupied molecular orbital (LUMO) levels are —3.62 and
—3.91 eV, respectively. We note that the HOMOs and LUMOs
of the two guest acceptors SR197 and PC,;BM match with those
of the main system, indicating that they are suitable to be
added as the third and fourth components in a quaternary
system. Moreover, the LUMO energy levels of both guest
acceptors are higher than that of Y6, which is beneficial for
improving the Vo values of the devices.

Fig. 2b presents the absorption spectra of the active layer
materials. Among them, the absorptions of SR197 and PC,;BM
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Fig. 1 Molecular structures of the active layer materials.

are mostly in the short wavelength range, at 430-650 nm and
350-700 nm, respectively. It can be seen that the absorption
spectrum of the guest is supplementary with those of the hosts
PM6 and Y6, contributing to the improved utilization of photons
in the wider solar spectrum range of 300-1000 nm. The absorption
spectra of the blended films are shown in Fig. 2c. We found that
either the introduction of SR197 and PC,;BM alone or together
both enhanced the light absorption, especially in the 300-600 nm
range, with the latter having a more pronounced effect on the
absorption due to the absorption complementarity of the four
components. It is worth noting that the introduction of the guest
material slightly reduced the absorption of the blended film in
the long wavelength range. This can be ascribed to the ratio of
PMB6 to Y6 of the host system changing from 1:1.2 to 1:1.1 when
the third and fourth materials were doped.

The energy transfer of ternary and quaternary OSCs can be
observed using the photoluminescence (PL) method. An important
condition for Forster resonance energy transfer (FRET) energy
transfer to occur is that the emission spectra of the guest
material overlap with the absorption spectra of the other
materials. Nonetheless, we do not provide PL for the pure Y6
film, the emission peak of which is mainly in the range of 900-
1200 nm, as the test range of our instrument is 300-900 nm.>***
By comparing the absorption and PL spectra of the materials
(Fig. 2b and Fig. S1a, ESIt), we found that the energy transfer
may occur from PC,;BM to Y6, SR197 to PM6 and SR197 to Y6.
It has been reported that the incorporation of PC,;BM in the
PM6:Y6 system mainly affects the hole transfer from Y6 to
PM6.”” The energy transfer from SR197 to PM6 is also negligible,
due to doped SR197 reducing the emission intensity of PM6
(Fig. S1b, ESIt). Furthermore, the PL spectra of pure SR197 as well
as blended SR197:Y6 are shown in Fig. Sic (ESIf). Since the Y6
emission peak is not within our test conditions, a change in the
Y6 emission peak was not observed. When excited at 560 nm,
the emission peak of SR197 was located at around 700 nm.
After excitation of the blended SR197:Y6 film using the same light,
the emission peak of SR197 disappeared. Therefore, we have reason
to believe that energy transfer between SR197 and Y6 occurred.
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Fig. 2 (a) Energy level diagrams and (b) absorption spectra of the PM6, Y6, SR197, and PC,;BM molecules. (c) The blended film absorption spectra for
binary PM6:Y6, ternary PM6:Y6:SR197, ternary PM6:Y6:PC;,BM, and quaternary PM6:Y6:SR197:PC;,BM system.

2.2 Photovoltaic properties

The current density-voltage (J-V) curves of the devices after
doping SR197 as well as PC,;BM into PM6:Y6 separately and
together into the main system are shown in Fig. 3a, and the
photovoltaic parameters of the homologous devices are listed
in Table 1. For the ternary OSC-based PM6:Y6:SR197 system,
after optimization, we obtained the best three-component ratio
of 1:1.1:0.1 (Table S1, ESIt) and a corresponding maximum
PCE of 16.83%. In addition, the optimal ratio of another ternary
PM6:Y6:PC,,BM-based OSC was also 1:1.1:0.1 (Table S2, ESIT),
exhibiting an optimal PCE of 16.72%. In order to further
improving device performance, the two guest acceptors,
SR197 and PC,;BM, were added into PM6:Y6 system together
to prepare quaternary OSCs. The weight ratio of the four
components in the active layer was optimized to
1:1.1:0.1:0.1 (Fig. S4 and Table S3, ESI{), and the quaternary
OSCs combined the advantages of the ternary OSCs mentioned
above. It can be visualized from Table 1 that the PCE of the
quaternary OSCs was superior to those of the binary and ternary
devices, respectively. Relative to the binary PM6:Y6-based
devices (15.56%), the Jsc of the quaternary devices increased
from 25.12 to 27.11 mA cm ™2, Vo from 0.830 to 0.841 V, and
FF from 74.53% to 76.62%, ultimately leading to a PCE of
17.48%, which is competitive to the values in the published
literature.

—
QO
~—

(b)

Table 1 Photovoltaic performance parameters of OSCs based on binary
PM6:Y6, ternary PM6:Y6:SR197, ternary PM6:Y6:PC7,BM and quaternary
PM6:Y6:SR197:PC,1BM systems under simulated AM 1.5G (100 mW cm™?)
light illumination

Voc  Jsc Jeal FF PCE
Active layer [Vl [mAcm™? [mAcm 2] [%] [%]
PM6:Y6 0.830 25.12 24.89 74.53 15.56 (15.38)
PM6:Y6:SR197 0.834 26.87 25.88 75.08 16.83 (16.64)
PM6:Y6:PC,1BM 0.837 26.12 25.22 76.50 16.72 (16.61)
PM6:Y6:SR197:  0.841 27.11 26.02 76.62 17.48 (17.38)
PC,,BM

The EQE characteristics of devices with/without the third
and fourth components are visible in Fig. 3b. It can be found
that adding SR197 and PC,,BM separately and together to the
main system both increased the EQE. And, among the four
systems, the EQE curve of the quaternary OSCs was the highest.
In the 420-500 nm wavelength range, the reinforcement
was obvious. This apparent increase can be attributed to the
incorporation of SR197, as it is just within the absorption
spectrum of SR197. In addition to absorption complementarity,
we speculate that the introduction of SR197 and of it together
with PC,;BM into the PM6:Y6 system leading to the improved
device efficiency may be the cause of the intermolecular
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Fig. 3 (a) J-V and (b) EQE curves of the optimal OSCs based on binary PM6:Y6, ternary PM6:Y6:SR197, ternary PM6:Y6:PC7,BM and quaternary
PM6:Y6:SR197:PC+,BM systems. (c) J-V curves of binary OSCs with and without hydrogen bonding inhibitor methanol (inset) and J-V curves of SR197-
doped ternary as well as quaternary OSCs with and without hydrogen bonding inhibitor methanol.
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interactions that the N-H group on SR197 can form with the O
atom on PC,;BM and the F atom on Y6, also known as
hydrogen bonds. Therefore, the doping of guest materials as
well as the existence of intermolecular hydrogen bonds raise
the OSC charge transport and collection, optimizing the mor-
phology of the blended film, thus enhancing the EQE in the
range of 600-850 nm. The Jsc values calculated from the EQE
spectra (J.a) are within a reasonable error range from the
actual measured Jsc values obtained.

2.3 Hydrogen bonds

To demonstrate that the improved performance indeed concerns
the presence of hydrogen bonds, we added methanol to the
active layer solution as a hydrogen bonding inhibitor to observe
the change in device efficiency. As illustrated by Fig. 3c and Table
S4 (ESIT), methanol had little effect on the control devices that
do not contain hydrogen bonds. The PCEs of the binary OSCs
were around 15.5% both before and after the addition of the
inhibitor methanol. In contrast, when 0.5% methanol was doped
into the PM6:Y6:SR197-based ternary OSCs, the performance
changed significantly, from 16.83% to 15.84%. A similar
downward trend was observed for the quaternary OSCs, where
the device efficiency decreased from 17.48% to 16.69% after the
addition of methanol. The above results illustrate that hydrogen
bonds do exist between SR197 and the acceptors. Also, the
presence of hydrogen bonds promotes the devices performance.
It is believed that hydrogen bonding can improve the film
morphology and increase the charge transport rate, which are
mentioned in the later analysis.

2.4 Charge dynamics

So as to further study the influence of the multi-component
strategy on the carrier dynamics, such as promoting exciton
dissociation and charge extraction, we measured the photo-
current density (/) and effective voltage (Veg), and the curves
are shown in Fig. 4a. J,;, is defined by the formula j; — Jp, in
which J;, is the photocurrent density in a light environment,
and Jp, is that in the dark. Vg is calculated from Vy — Vyia, in
which the voltage value V, is obtained when the J,}, value is equal
to zero, and the voltage bias applied from the outside is regarded
as Vpiase When the Vg is large enough, the electrode can fully

(@)
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extract photogenerated carriers and the J,, approaches the
saturation value (Jsa). The JsclJsae value under short-circuit
conditions represents the probability of charge dissociation
(Maiss) 27 After calculation, the g values of the binary,
SR197-based ternary, PC,;BM-based ternary and quaternary
OSCs were obtained as 0.964, 0.973, 0.975 and 0.980, respec-
tively. In addition, the Jyower/Jsac value can be used to understand
the charge collection efficiency (#con), in which Jpower is the
current density value when the applied voltage is multiplied by
its corresponding current to take the maximum. The 7.y values
obtained for the binary, SR197-based ternary, PC,;BM-based
ternary and quaternary OSCs were 0.860, 0.861, 0.872 and
0.873, respectively. It can be seen that the quaternary OSCs
prepared by the simultaneous introduction of SR197 as well as
PC,;BM further improve the exciton dissociation and charge
collection compared to the binary and ternary devices, which is
closely related to the formation of intermolecular interactions.

A space-charge-limited current (SCLC) investigation was
carried out to further research the effect that the intermolecular
hydrogen bonds formed by adding SR197 and PC,;BM into the
host system have on the charge transfer properties (Table S5,
ESIf and Fig. 4b and c).*® After adding SR197 or PC,,BM into
the PM6:Y6 system, the hole mobility of the obtained blended
membranes was slightly improved, increasing from 2.90 X
10" em®* V' s t03.65 x 10" em® V' 57" and to 3.49 x
10~* em® V7' 57, respectively. However, compared with the
control device, the electron mobility of the PM6:Y6:SR197 film
also rose from 6.67 x 107> to 1.02 x 10 * em? V ' s, while
that of PM6:Y6:PC,,BM film increased to 9.07 x 10> em?>V ' s~
Moreover, introducing both SR197 and PC,;BM, the hole and
electron mobility were further enhanced, which were measured
to be 4.01 x 10 * and 1.18 x 10 * em® V"' s, respectively. And,
the corresponding up and p. ratio was more balanced. These
consequences show that the addition of double guest acceptors
can effectively raise the mobility of the reference system, achieving
greater matched charge transport, thus enhancing the jsc and FF
values.

2.5 Film morphology

In order to better determine the reasons for the change in
device performance, we employed AFM and TEM to observe the
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Fig. 4

(@ Jpn versus Ve curves of OSCs based on the binary PM6:Y6, ternary PM6:Y6:SR197, ternary PM6:Y6:PC,BM and quaternary

PM6:Y6:SR197:PC1BM systems. (b) Hole and (c) electron mobilities of the binary, ternary and quaternary blended films.
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morphology of the active layer, as indicated in Fig. 5. Phase and
height images recorded using AFM are used to observe film
surface morphology and roughness. As shown in Fig. 5a and b,
the relatively large phase separation of the pure binary film can
be observed, with a corresponding roughness of 3.54 nm. When
SR197 was doped into the host PM6:Y6 system, the phenomenon
of excessive phase separation was somewhat alleviated and the
roughness of the ternary film was 2.18 nm. In addition, the
phase of the ternary film based on PM6:Y6:PC,;BM was similar
to that of PM6:Y6:SR197. In comparison with the control device,
the film morphology was improved to some extent, with a
roughness of 2.26 nm. It is clear from the previous photovoltaic
parameters that both OSCs based on these two ternary systems
showed increased current values compared to the binary devices.
These results reveal that the charge transport is mainly reliant on
the Y6 transport channel, but that the doping of either SR197 or
PC,;BM provides an auxiliary channel to help the charge
transmission. When SR197 and PC,;BM were mixed into
PM6:Y6 system together, the quaternary co-blended film had
the best morphology, with the smoothest surface relative to a
roughness of 1.55 nm, which is conducive to exciton dissociation
and charge transport. The above changes for the four film
morphology based on different systems conform to the device
performance trend, therefore showing that the quaternary OSCs
with the optimal morphology exhibited the highest current value
and fill factor.

The TEM characteristics of the blended films based on
various systems are presented in Fig. 5c. For the binary blended
films based on PM6:Y6, some obvious aggregation phenomena

PMg:Y.G:SR197° Rq=2.18
126 nm [ .y

Height Sensor 600.0 nm

(b) PM6:YB.

572

-5.0°
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can be observed. However, when SR197 or PC,,BM was doped,
it was found that the aggregation phenomenon was improved
and that a nanofiber structure was formed in the films. For the
PM6:Y6:SR197 ternary blend film, this may be due to the
intermolecular interaction between the N-H group on SR197
and the F atom on Y6, which promotes an improvement in the
morphology. When it comes to the PM6:Y6:PC,;BM ternary
blended film, the optimization of the morphology is mainly due
to the existence of fullerene PC,;BM, which is isotropic and
has excellent electron acceptance and electron transmission
characteristics. Furthermore, when SR197 and PC,;BM were
incorporated together, a more uniform nanofiber network
structure as well as proper phase separation can be observed.
This is owing to the fact that the N-H group on SR197 can form
intermolecular interactions with both Y6 and PC,,BM, which
not only promotes better miscibility of the acceptors in the
quaternary blended films, but also modulates the film mor-
phology, forming continuous charge transport channels, and
ultimately increasing the transport capacity of the holes and
electrons.

To further examine the effect of molecular interaction on the
morphology of the films, grazing-incidence wide-angle X-ray
scattering (GIWAXS) measurements were carried out to observe
molecular crystallization and stacking. Fig. 6a-d illustrate the
2D GIWAXS images for the PM6:Y6-based, PM6:Y6:SR197-
based, PM6:Y6:PC,;BM-based, and PM6:Y6:SR197:PC,,
BM-based films, respectively. Fig. 6e and f are the out-of-
plane (OOP) and in-plane (IP) direction linear cut sections of
the blended films, respectively. In films based on different

"RC. BM #Rq=2"26
s LW

PMBY6:PC; B

Fig. 5 (a) AFM height images, (b) AFM phase images and (c) TEM images of the blended films based on the binary PM6:Y6, ternary PM6:Y6:SR197, ternary
PM6:Y6:PC5,BM and quaternary PM6:Y6:SR197:PC,,BM systems, respectively.
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Fig. 6 (a—d) 2D GIWAXS of the blended films of the binary PM6:Y6, ternary PM6:Y6:SR197, ternary PM6:Y6:PC,BM and quaternary
PM6:Y6:SR197:PCBM systems. (e) 1D GIWAXS out-of-plane and (f) in-plane data of the different blended films.

systems, we both observed the OOP (010) diffraction summit at
17.57 nm ™' and IP (100) diffraction summit at 3.1 nm ™', which
is consistent with the diffraction peak of the pure PM6 film,>**°
indicating that the doping of small molecular acceptors does
not disturb the arrangement and crystallization of the PM6
molecules. The intensity of the OOP (010) diffraction peaks as
well as the IP (100) diffraction peaks are relatively stronger for
the ternary and quaternary films compared to the binary films,
and that of the quaternary film is particularly obvious. Using
the Scherrer equation,’®*" the n-r stacking crystal correlation

(a) S5

=
%'g = PM6
Z TI2% Y6
= ~— SR197
® PC,BM

length (CCL) in the OOP direction for the blended films
based using the binary, SR197-based ternary, PC,;BM-based
ternary, quaternary systems were calculated to be 1.08, 1.56,
1.22 and 1.69 nm, respectively. It is evident that the
introduction of the guest acceptors, especially SR197, which
can form intermolecular hydrogen bonds with the host system,
enhances the crystal domain size and makes the molecular
arrangement more orderly to provide a neat path for charge
transport, which is why the FF values of the quaternary OSCs
increased.

Fig. 7 Schematic diagrams of the morphological characteristics of the blended films for (a) the binary PM6:Y6-based OSCs and (b) the quaternary

PM6:Y6:SR197:PC;,BM-based OSCs.
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Fig. 8 (a) Light stability and (b) thermal stability of devices based on different systems.

Based on the conclusions obtained from the above-
mentioned morphology tests, we can simulate the material
distribution in the active layer of the binary and quaternary
devices, as illustrated in Fig. 7a and b. Since the end group of
the Y6 molecule contains F atoms with strong electron-
absorbing ability, the molecules are prone to aggregation.
Therefore, in the binary blended films based on the PM6:Y6
system, defects and traps unfavorable to exciton dissociation
and charge transport are formed. When SR197 and PC,;BM
were introduced, the morphology of the quaternary films was
significantly improved. Firstly, the solubility of the two guest
materials is outstanding, and due to the presence of hydrogen
bonding, SR197 “hold hands” with PC,,BM and Y6, driving the
Y6 molecules to be uniformly distributed in the active layer,
increasing the contact surface between the donor and the
acceptor, furthermore accelerating exciton dissociation. At the
same time, the doping of the guests does not destroy the donor
crystallization, so it has no adverse effect on the charge transport,
which is consistent with the previous charge dynamics analysis.

2.6 Stability

In order to understand the influence that intermolecular inter-
actions formed after the doping of SR197 and PC,;BM have on
device stability, we evaluated the light and thermal stability of
the unencapsulated devices in an atmospheric environment.
Light stability was gauged under one sunlight illumination and
the thermal stability was gauged under 80 °C substrate heating.
As listed in Fig. 8a, after 300 min of continuous irradiation,
OSCs based on different systems showed varying degrees of
degradation. Among them, the degradation rate of the PMé6:
Y6-based devices is the fastest, with an efficiency of only 54% of
the initial efficiency after 300 mins. The unfavorable stability
limits the practical application of the devices. In addition to
this, the efficiency of both the PM6:Y6:SR197-based and the
PM6:Y6:PC,,BM-based OSCs decayed to around 65% of the
initial efficiency. By contrast, the photostability of the quaternary
OSCs was best. After 300 minutes of light exposure, the efficiency
of the device was still 73% of its initial value.

A graph of the thermal stability change is given in Fig. 8b.
For the control OSCs and PM6:Y6:PC,;BM-based OSCs, the

device efficiency decayed rapidly in the first 30 minutes. After
300 minutes of heat treating at 80 °C, the PCEs of the control
devices had decayed to 69% of their original efficiency, while
the ternary and quaternary OSCs containing SR197 exhibited
better thermal stability. Notably, the quaternary OSCs retained
85% of their initial performance after heating at 80 °C for
300 min. The above results show that intermolecular interac-
tions can improve photostability and thermal stability to some
extent, especially thermal stability. This may be due to the
presence of hydrogen bonds, which optimizes the distribution
of molecules in the active layer, resulting in the film
morphology remaining unchanged when the external environment
is changed, thus optimizing the stability.*>

3. Conclusions

We prepared a novel quaternary OSC via adding SR197 and
PC,;,BM into the host system (PM6:Y6) and achieved a PCE of
up to 17.48%, one of the highest efficiencies in the organic
photovoltaics field. The quaternary system combines the
advantages of the two ternary PM6:Y6:SR197 and PM6:Y6:
PC,;BM systems. Among them, the N-H group of SR197 and the
F atom of Y6 form intermolecular hydrogen bonds (N-H---F),
which modulate the blended film morphology and inhibit
bimolecular recombination, resulting in a PCE of 16.83% for
ternary PM6:Y6:SR197-based OSCs. Moreover, the PCE of the
ternary OSC based on the PM6:Y6:PC,,BM system is 16.72%
due to the fullerene derivative PC,;BM having good solubility
and strong isotropic transport capacity, as well as other
advantages. Therefore, the efficiency of the quaternary devices
prepared by doping PC,,BM together with SR197 into PM6:Y6 is
much better than that of binary devices (15.56%) with the Jsc
value increasing from 25.12 to 27.11 mA cm~ > and the FF value
from 74.53% to 76.62%. It is noteworthy that PC,;BM can also
form hydrogen bonds with SR197, which directionally regulates
the active layer morphology and the interaction of the guest
materials with the host system enhances donor crystallization,
facilitates charge transport and collection. Consequently, our
work details an effective method by which to select suitable
quaternary components to prepare high-performance OSCs.
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4. Experimental section

Details about the materials, device preparation, and experi-
mental methods covered in this paper are in the ESL¥
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