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The complex and varied relationship found in intermolecular interac-
tions within the photo-active layers plays a decisive role in determin-
ing the photovoltaic energy conversion and overall device
performance of organic solar cells (OSCs). Among different
approaches, the ternary blend strategy serves as an effective techni-
que to control the morphology within the active layer in OSCs. In this
work, PM6:L8-BO is used as the main host system (binary) while the
fullerene molecules PCg;:BM and PCBC6 are introduced to form
ternary OSCs. The results highlight the important role of fullerenes
in enhancing the performance of binary non-fullerene acceptor-based
cells by suppressing trap-assisted recombination and optimizing the
active layer morphology. The improved film phase microstructure,
enabled by fullerene derivatives with higher lowest unoccupied mole-
cular orbital (LUMO) energy levels in comparison to the host acceptor
(L8-BO), facilitates more efficient charge collection and reduced non-
radiative recombination. This results in an increase in the fill factor (FF)
and open circuit voltage (V) in the ternary OSCs. Consequently,
power conversion efficiencies (PCEs) of binary OSCs were increased
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Fullerene derivative integration controls
morphological behaviour and recombination losses
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New concepts

Fullerenes have traditionally been used as the main electron-accepting
materials in organic solar cells, achieving efficiencies of up to 10%. Here,
we introduce a new role for fullerenes—not as primary active compo-
nents, but as multifunctional additives in high-performance non-
fullerene acceptor (NFA) systems. Rather than extending absorption or
facilitating energy level alignment, fullerene additives reduce defects,
lower energy losses, and stabilize nanoscale packing without compromis-
ing current generation. This overlooked functionality allows them to
simultaneously enhance efficiency, extend device stability, and support
scalable processing. Through a combination of spectroscopy, device
studies, and molecular simulations, we show for the first time that
fullerenes smooth blend morphology and promote uniform mechanical
behaviour, helping devices resist accelerated degradation. More broadly,
this work reframes fullerenes as universal stabilizers for efficient, stable,
and industrially viable next-generation solar technologies.

from 17.28% to 18.10% and 18.38% for the PCg,BM- and PCBC6-based
ternary OSCs, respectively. Furthermore, the addition of the fullerene
molecules in the active layer provided the devices with enhanced
long-term photo and thermal stability. The ternary OSCs demon-
strated degradation pathways distinct from those of binary cells
(ISOS-L1-1 and ISOS-D2-I protocols), as identified through in situ
ultraviolet-visible (UV-Vis) absorption and Raman spectroscopy. Mole-
cular dynamics (MD) simulations, for the first time, reveal the signifi-
cant role of fullerene molecules as morphology regulators in non-
fullerene acceptor (NFA)-based systems. Their presence ensures
improved dispersion of blend components and promotes more uni-
form and isotropic thermal and mechanical behaviour. Finally, mini-
modules with active areas of 3.8 cm? were fabricated, achieving PCEs
of 12.90%, 13.32%, and 13.70% for the binary and ternary cells using
PCs:BM-and PCBC6-based ternary cells, respectively. Our results
demonstrate that regulation of the morphology of the photo-active
layer in OSCs through fullerene incorporation reduces the non-
radiative energy loss pathways, enabling high-efficiency, stable and
scalable OSCs.
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Introduction

Organic solar cells (OSCs) have attracted considerable atten-
tion, due to their unique features including low cost, mechan-
ical flexibility, high power-per-weight (PPW) and scalability.'™®
The use of optimized materials and sophisticated device engi-
neering has resulted in a certified power conversion efficiency
(PCE) of over 19% for single-junction bulk heterojunction (BHJ)
0S8Cs.">?® Although the advent of non-fullerene acceptors
(NFAs) has enabled performance improvements beyond the
limitations of fullerene-based OSCs, several critical challenges
must still be addressed to ensure continued progress and
commercial deployment.?’ Recent findings highlight that the
morphology of the photo-active layer is a critical parameter,
influencing both the performance and stability of 0SCs.*'™*
Despite advances in the chemical design and synthesis of the
donor and acceptor materials, non-geminate recombination
losses, particularly trap-assisted charge recombination, remain
a key limiting factor.”>?® The persistence and formation of
electronic trap states (either intrinsic or induced) present a
major obstacle towards high PCEs. Specifically, these traps
facilitate the recombination of free carriers, affecting key
photovoltaic parameters, mainly the open-circuit voltage (Vo)
and fill factor (FF).>”>° More critically, they can initiate degra-
dation pathways by generating localized heating and promoting
morphological or chemical instabilities.*® Minimizing non-
geminate recombination could therefore significantly improve
both the performance and stability of OSCs.>"*?

To date, various optimization strategies have been employed
to suppress non-geminate recombination processes, including
careful selection of solvents and additives, incorporation of a
third component into the photo-active blend, interface engi-
neering, and post-treatment methodologies.’**®* Among these,
the addition of a third component (either a second donor or
acceptor) into the BHJ photo-active layer has emerged as a
particular promising strategy. This approach can extend the
absorption spectra of the BH]J, regulate energy levels, enhance
crystallinity and phase separation, and thus, improve charge
transport and collection.***™** The ternary approach in which
a lower bandgap NFA is integrated into a fullerene-free binary
host BHJ system has attracted considerable interest as this
leads to an improved absorption profile of the photo-active
layer and, therefore, enhanced device short-circuit current
density (Jsc).>>**™" The use of two NFAs with similar chemical
structures can also promote beneficial material intermixing
leading to the formation of homogeneous acceptor phases,
while still preserving favourable film morphology, ensuring
that the FF of the respective OSCs remains intact.>>>* However,
a commonly observed drawback of adding a lower bandgap
NFA as a third component is the reduction in V,, that inevitably
reduces the PCE.>*° To overcome these challenges, recent
studies have proposed a novel strategy to increase the V.. This
approach utilizes a guest NFA with a higher lowest unoccupied
molecular orbital (LUMO) energy than that of the host NFA-
based acceptor in the binary host BHJ system, resulting in a
higher V,..*>*”*® The favourable interaction between the host
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and guest acceptors, combined with the guest’s ability to adapt
to the aggregation behaviour of the host NFA, facilitates
improvements in both FF and J,.*’ Although NFAs have
demonstrated clear advantages over fullerene derivatives, par-
ticularly as guest electron acceptors for enhancing photon
harvesting in the near-infrared region (NIR), the complex
morphology of NFA-based ternary OSCs remains an acute
challenge to fine tuning the active layer’s morphology and thus
minimising trap-assisted recombination.>® Optimization stra-
tegies must simultaneously address molecular miscibility and
electronic characteristics. Moreover, as NFAs are primarily
designed for operation in the NIR region, further chemical
engineering is required to enhance absorption capabilities in
the higher energy photon (300-700 nm) wavelength range.

On the other hand, fullerenes have historically served as
primary acceptors in fullerene-based systems.®® Generally,
fullerene molecules exhibit isotropic electron transport proper-
ties, high electron affinity and significant electron mobility
attributed to their distinctive spherical fully conjugated
structure.®"® In addition, fullerene-based compounds show
excellent miscibility with the majority of the highly efficient
donor materials, and thus facile incorporation of fullerene
derivatives into the binary host system has proven an effective
strategy to modify photo-active layer morphology and enhance
the device performance.®* Furthermore, adding a suitable full-
erene acceptor to form a ternary donor-acceptor-acceptor
(D:A:A) blend can tune the energetic alignment of the
HOMO-LUMO levels in the active layer, thereby improving
charge transfer properties.®>®® In particular, the fullerene
acceptor PC,;BM has been demonstrated to significantly
improve charge transport and energy transfer in binary systems
(full chemical names can be found in the SI section). The
addition of 20% of PC,;BM (by weight ratio relative to the
donor material PM6) has been reported to enhance the perfor-
mance of PM6:Y6 blends.®” Similarly, PC5,BM can influence the
morphology of binary (PM6:L8-BO) active layers, with energy
transfer identified as the main working mechanism for these
ternary systems.®® Several reports suggest that the incorpora-
tion of fullerene acceptors could enhance the performance of
binary NFA-based systems by tuning the energetic alignment or
improving the charge transfer characteristics of the
devices.®*®*%%% However, the interfacial and morphological
behaviour of the photo-active layer constitutions (fullerene
derivative-based/NFA-ternary OSCs) under illumination and
thermal stress remains poorly studied and understood.

In this work, we demonstrate the effect on the performance
and stability of two fullerene-based derivative electron accep-
tors, PCs;BM and PCBC6, as the third component in the binary
host system consisting of PM6 and L8-BO. The choice of
PC¢;BM and PCBC6 as the third components was based on
their distinct advantages.®® In particular, PCBC6 offers higher
solubility in nonpolar solvents, due to its long alkyl chain
group, resulting in improved thin film uniformity and smooth-
ness. While PCBC6 has been successfully employed as an
electron transport layer in perovskite solar cells, it has not yet
been demonstrated as a guest acceptor in ternary OSCs.®® The

This journal is © The Royal Society of Chemistry 2025
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results underscore the crucial role of fullerenes in enhancing
the performance of binary NFA-based OSCs. By suppressing
trap-assisted recombination and optimizing film morphology,
fullerenes enable more efficient charge transfer/collection and
thus device operation. The optimized morphology, together
with the shallower LUMO levels of the fullerene derivatives
relative to the host acceptor, enables more efficient charge
collection, thereby enhancing both the FF and V,. in the ternary
OSCs. Consequently, the PCE of the binary reference system of
17.28% was increased to 18.10% and 18.38% upon incorpora-
tion of PC¢;BM and PCBC6, respectively, into the ternary
blends. Beyond efficiency improvements, the introduction of
fullerene molecules markedly prolonged the long-term photo-
and thermal stability of the devices. Distinct degradation path-
ways were observed in the ternary OSCs compared with their
binary counterparts, as evidenced by in situ UV-Vis absorption
and Raman spectroscopic analyses. Moreover, molecular
dynamics simulations, reported here for the first time in this
context, demonstrated the pivotal role of fullerenes as morpho-
logical regulators in NFA-based systems, promoting superior
dispersion of the active-layer constituents and yielding more
homogeneous and isotropic thermal and mechanical proper-
ties. Finally, the scalability of the ternary strategy was validated
through the fabrication of mini-modules with an active area of
3.8 cm?, achieving PCEs of 12.90% for the binary device and
13.32% and 13.70% for the ternary devices incorporating
PC¢,BM and PCBC6, respectively.

Experimental
Materials

All chemicals used in this paper were obtained commercially
and used without further purification. The traditional hole
conductive polymer poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS Al4083) was obtained from
(Ossila, UK). The polymer donor poly[(2,6-(4,8-bis(5-(2-ethyl-
hexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-b"]dithiophene))-
alt-(5,5-(1',3'-di-2-thienyl-5’,7'-bis(2-ethylhexyl)benzo[1’,2"-c:4" 5'-¢'}-
dithiophene-4,8-dione)] (PM6), the non-fullerene acceptor 2,2'-
(22,2’ 2)1(12,13-bis(2-ethylhexyl)-3,9-(2-butyloctyl)-12,13dihydro-
[1,2,5]thiadiazolo[3,4-e]thieno[2” ,3":4' 5’ Jthieno[2’,3":4,5]pyrrolo[3,2-g}
thieno[2',3":4,5]thieno[3,2-b]indole-2,10-diyl)bis(methanylylidene))-
bis(5,6-difluoro-3-0x02,3dihydro-1H-indene-2,1-diylidene)) dima-
lononitrile (L8-BO) were purchased from (Solarmer Inc). Both
fullerene molecules [6,6]-phenyl-C61-butyric acid methyl ester
(PC61BM) and [6,6]-phenyl-C61-butyric acid hexyl ester (PCBC6)
were kindly provided by Nano-C Inc. as part of a research collabora-
tion. Furthermore, (poly((2,7-bis(2-ethylhexyl)-1,2,3,6,7,8-hexahydro-
1,3,6,8-tetraoxobenzo[lmn][3,8]phenanthroline-4,9-diyl)-2,5-thiophen-
ediyl(9,9-bis(3(dimethylamino)propyl)-9H-fluorene-2,7-diyl)-2,5-
thiophenediyl)) (PNDIT-F3N) was purchased from Solarmer
Inc., China and 1,4 diiodobenzene (DIB) were obtained from
Sigma-Aldrich, UK and Merck, UK respectively. Chloroform (CF)
and methanol (MeOH) were purchased from Thermofisher, UK
and Sigma-Aldrich, UK respectively.

This journal is © The Royal Society of Chemistry 2025
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Device fabrication

Patterned indium tin oxide (ITO)-coated glass substrates pur-
chased from Huananxianhcheng Ltd (China) (20 mm x 20 mm
with a thickness of 1.1 mm and a sheet resistance < 15 Qsq ")
were first cleaned by sonicating in a 2% v/v Hellmanex in water
solution for 20 min. The substrates were then rinsed with
deionized water and sonicated in water for a further 15 min.
Thereafter, substrates were sequentially cleaned in acetone,
2-propanol, and methanol in an ultrasonic bath at ~40 °C
for 15 min each and blow-dried with nitrogen. Before coating
the substrates were subjected to an UV-Ozone process (Jetlight
Company In. MODEL 24) for 15 min before fabrication. On top
of the precleaned substrates an ~25-nm-thick PEDOT:PSS thin
film was deposited onto the indium tin oxide surface by spin-
coating and baked at 150 °C for 15 min. The solutions of
PM6:L8-BO (1:1.2 w/w, 16.5 mg mL ' in total), PM6:L8-
BO:PCBM (1:1.1:0.1 w/w, 16.5 mg mL™' in total) and
PM6:L8-BO:PCBC6 (1:1.0:0.2 w/w, 16.5mg ml ' in total) in
CF with 1,4-DIB as a solid additive (the content of 1,4-DIB is
50% of the total mass of donor and acceptor) were spin-coated
in a nitrogen filled glove box on top of the PEDOT:PSS layer.
The photo-active layer thickness of the devices was ~100 nm
for the three different blends. The prepared films were treated
with thermal annealing at 85 °C for 5 min. After cooling to
room temperature, a ~5-nm-thick PNDIT-F3N (0.5 mg mL " in
MeOH with 0.5% acetic acid, v/v) was spin-coated on the top of
the active layer. Then, the samples were transferred into the
evaporating chamber Angstrom EvoVac system inside the glove-
box, and a 100-nm-thick silver (Ag) layer was thermally evapo-
rated on the PNDIT-F3N layer.

For the fabrication of mini-modules, the glass-ITO sub-
strates were first P1 scribed (total laser power of 1.0 W cm™?)
using a HyperRapid NXT laser from Coherent generating pico-
second pulses at 532 nm. After cleaning and deposition of all
functional layers, the samples were subjected to a P2 scribe
(total laser power of 3.0 W cm %) to expose the ITO. To
accomplish a monolithic serial connection between the indivi-
dual subcells, the Ag electrode was evaporated thermally on top
of the complete device area and then P3 patterned (total laser
power of 3.5 W cm™?) in order to separate the top Ag contacts.
Finally, a P4 cut removing all layers including the ITO was
made. This resulted in the formation of a mini-module con-
sisting of 4 individual cells (0.95 cm® active area per cell,
3.8 ecm’ in total for the mini module), which was electrically
isolated from the surrounding area on the substrate.

Current (I)-voltage (V) characteristics

I-V characteristics of the fabricated solar cells were evaluated
using an Enlitech SS-F5-3A (Class 3A) solar simulator with a
Keysight 2901A source measure unit acting as the electrical
load. The calibration of the simulator was carried out using a
KG-5 filtered Si diode. A mask with 0.09 cm? aperture area was
used to define the active area of the device. The physical area of
the device (the overlap between the top and bottom electrodes)
was 0.25 cm?. For the measurement of mini-modules, an exact
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aperture area of 3.8 cm” (confirmed with a digital microscope)
was used. All devices were measured with a light intensity of
100 mW em™> (AM1.5G), calibrated using a reference cell
purchased from Fraunhofer ISE CalLab (ISE001/013-2018).

External quantum efficiency (EQE)

EQE measurements of the fabricated devices were carried out
using a Bentham PVE300 system. All measurements were
carried out under ambient conditions. The monochromatic
light intensity was calibrated by a traceable silicon reference
detector (300-1100 nm) from the national metrology institute
(NMI). All devices were measured without any encapsulation
under ambient conditions at a temperature of ~25 °C and a
relative humidity of 30-35%. For each device, a 0.16 cm” mask
was used during the measurement to ensure that the probing
beam (size is 2.2 mm x 2.2 mm) was fully inside the
electrode area.

Electroluminescence (EL) quantum efficiency measurement

The EL quantum efficiency measurement was performed by
recording absolute EL spectra while simultaneously conducting
a J-Vscan in the dark. A home-built system was used, compris-
ing an integrating sphere (Labsphere), a spectrograph (HRS
500, Teledyne), and a CCD camera (PIXIS:1024BR_eXcelon,
Teledyne) for EL spectrum collection. A source measure unit
(Keithley 2400) applied voltage and recorded current. A custom
Python script synchronized the spectrometer control software
(LightField, Teledyne Princeton Instruments) with the Keithley
for system control and data acquisition. Spectrometer wave-
length calibration was performed using a mercury light source
(PI Mercury, Teledyne Princeton Instruments), and absolute
photon flux calibration was done using a halogen light source
(HL-3 plus-CAL-INT, Ocean Optics) with known irradiance. All
measurements were carried out at a scan rate of 10 mV s %,
from 0.8 V to 1.5 V, in 0.05 V steps.

Transient absorption spectroscopy

Solstice regenerative amplifier (Newport corporation) was used
for pump and probe light pulse generation. The Solstice output
was 1 KHz and 800 nm. A part of the output beam was used for
sample excitation, and ND filters controlled the pump inten-
sity. A transient absorption spectrometer (Helios, Ultrafast
systems) with two detection cameras was used for signal detec-
tion, where one of the cameras was used for signal detection
while the other was used for tracking probe light fluctuations.
The probe beam was generated in the spectrometer in a
sapphire plate. The time delay in the experiment was achieved
via a high precision delay stage, changing the pump beam
pathway length. Thin films of PM6:L8-BO:fullerene were pre-
pared on microscope glass slides according to the device
fabrication procedures and kept under a positive inert, N,
environment during experiments. No material degradation
was observed during experiments. Data was analysed using
Origin. For fitting of kinetics, the Origin embedded function
titled FitConvExp3P10 was used, convoluting the Gaussian
peak function with three exponential functions.
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Photo-CELIV

Photo-CELIV measurements were performed with the
commercial Paios system (Fluxim AG) employing a white
LED with varied intensity and employing a ramp rate of

100 Vms .

Thermal/light MMPT stability test

For the light stability tests, samples were illuminated in the
nitrogen chamber at room temperature, with a light intensity
equivalent to 1-Sun (100 mW c¢cm™?) using an LED 6500 K light
source and tracking the maximum power point condition. For
the thermal test, the samples were tested under dark conditions
at 85 °C inside a nitrogen glovebox.

Ultraviolet-visible (UV-Vis) absorption

The absorption spectra were obtained using a Varian Cary 5000
UV-Vis-NIR spectrophotometer.

Atomic force microscopy (AFM)

AFM images were obtained using Bruker Dimension Edge in
tapping mode with a scanning area size of 10 pm x 10 um for
each sample.

Raman spectroscopy

RAMAN experiments were conducted using a Wasatch WP532-
C-SR-S-50 spectrometer and 532 nm, 100 mW, CW laser. The
samples were illuminated by a Bentham IL1_150 quartz halo-
gen lamp (150 W), trained onto the sample at approximately
45 degrees (so that the Raman laser could be set up perpendi-
cularly), with the power supply at 6.3 A, producing light
intensity at the sample position of ~0.3 W, three times the
AM1.5 G solar spectrum of 0.1 W cm ™2, The absorption experi-
ments utilized a Shimadzu UV 3600 Plus UV-Vis-NIR spectro-
photometer. The samples were unencapsulated and the
experiment was conducted in ambient air.

Grazing-incidence wide-angle X-ray scattering (GIWAXS)

GIWAXS measurements were performed on a Rigaku SmartLab
X-ray diffractometer with a 3 kW Cu X-ray source (1.54060 A,
8.04 keV) in parallel beam configuration with 0.5° pinhole
optics, a 1° in-plane parallel slit collimator and 0.3° long
collimator attachments. Scattering was collected with a HyPix-
3000 2D hybrid pixel array detector, with a 65 mm sample-to-
detector-distance (SDD), with incidence angles between 0.12
and 0.16° in order to maximize the scattering intensity from the
samples. For each measurement, the detector goniometer arm
was rotated through 20 angles from 0° to 40° in 1° steps, with
6 min acquisition at each position, with detector images then
remapped into Q-space and combined together. All data
reduction was performed using scripts based on the PyFAI
and pygix libraries.”®”*

This journal is © The Royal Society of Chemistry 2025
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Results and discussion

Chemical structures, optoelectronic and morphological
characteristics

The chemical structures of the donor polymer PM6 and the
acceptors L8-BO, PCBC6, and PC4;BM are shown in the SI,
Fig. S1. The normalized ultraviolet-visible (UV-Vis) absorbance
spectra of thin films obtained with these materials are shown in
Fig. 1(a). L8-BO demonstrates a broad absorption from 400 to
880 nm, complementary to that of the donor material PM6,
which exhibits an absorption profile between 300 and 680 nm.
On the other hand, the absorption profiles of the fullerenes
span ~680 to 300 nm and could additionally contribute to an
extended light absorption. However, previous studies show that
the main function of fullerenes in binary D:A systems is to
facilitate efficient consequent
charge carrier transport. More specifically, the use of
different fullerene molecules can significantly influence mole-
cular packing within the BH], suppress recombination
and minimally contribute to carrier generation (<5% contribu-

exciton dissociation and
25,68,72-75

tion to photocurrent, while polymer/NFA dominate carrier
generation).

Atomic force microscopy (AFM) was used to determine the
surface topography of the binary and ternary blend films (all
characterization studies, including AFM, presented in the main
text correspond to the optimized ternary blends, for more
details see the photovoltaic performance section). Notably, all
blends presented well-distributed film topologies, indicating
good miscibility between the blend components. Fig. 1(b)
shows the AFM height images, while Fig. 1(c) presents the
corresponding surface height histograms as extracted from the
corresponding images. The AFM height images reveal root-
mean-square surface roughness (Ry) values of 1.34 £ 0.09 nm
for the binary and lower R, values of 1.09 + 0.06 nm and 1.12 +
0.07 nm after the incorporation of PCs;BM and PCBC6, respec-
tively. The slightly different R, values for the ternary cells
incorporating the two fullerene derivatives may arise from the
different chemical structures (unmodified fullerene PCgBM vs.
functionalized fullerene derivative PCBC6). Overall, the results
suggest that the optimal amount of fullerene incorporated in
the active layer could lead to a smoother film, indicating a more
uniform surface morphology.

GIWAXS analysis

To assess the influence of the guest acceptor on crystalline
morphology, 2D grazing-incidence wide-angle X-ray scattering
(GIWAXS) measurements were performed (Fig. 2). All
blends exhibit both lamellar (100) and n-n stacking (010)
features at Q ~ 0.3 A~ and 1.55 A~ respectively, in agreement
with previous reports (Fig. 2(a—c)).”® Alongside the primary
peaks (Q ~ 0.3 A™') from the PM6 donor, a very weak, diffuse
feature centred at Q,, ~ 0.38 A" is tentatively assigned to the
(111) peak of the L8-BO acceptor (Fig. 2(d)).”” The intensity ratio
of the out-of-plane n-n to in-plane lamellar peaks decreases
from 1.00 in the binary blend to 0.96 and 0.91 with the addition
of PC4;BM and PCBC6, respectively, indicating an increased

This journal is © The Royal Society of Chemistry 2025
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ordering of the lamellar stacking.”® Quantitative analysis of the
1D linecuts (Fig. 2(d)) reveals distinct acceptor-dependent
packing modifications. Whilst the n-n stacking peak at
1.566 A~ remains the same upon the addition of PCBCS6, this
increases slightly to 1.570 A~ with PCs,BM, consistent with a
modest increase n-n interaction strength.”® The tighter n-n
packing with PCs;BM enhances charge transport along the
conjugated backbone, consistent with known benefits of face-
on orientation for both hole and electron mobility.* On the
other hand, the in-plane (100) lamellar peak remains nearly
unchanged for the ternary containing PCg;BM (0.303 A~ and
0.304 A~" for the binary and ternary with PCg;BM), whereas a
pronounced reduction to 0.258 A" is observed upon PCBC6
incorporation, corresponding to a d-spacing expansion from
~20.7 A to ~24.3 A. The substantial lamellar dilation upon
PCBC6 addition contrasts with this fullerene’s modest effect
and highlights its longer alkyl chain-driven morphological
changes.®® To determine the quality of the crystallisation, the
crystalline coherence lengths (CCLs) were estimated by fitting
the peaks shown in Fig. 2(d) (Supplementary Note 1). The n-n
stacking CCL remains the same 13.03 A in the binary films and
the addition of PCs;BM-based ternary films, but increases to
13.59 A with PCBCs, indicating enhanced molecular ordering
along this direction for PCBC6-based ternary films only.®" The
lamellar CCLs exhibit more substantial changes, increasing
significantly from 52.8 A in the binary to 53.95 A and 66.50 A
for the PC4;BM and PCBCé6-based blends respectively, suggest-
ing that PCBC6 leads to longer range lamellar ordering.®?
PCs;BM and PCBC6 may therefore mediate distinct charge
transport pathways in the ternary blends. While PCsBM
enhances n-m coupling, expected to be beneficial for charge
transport, the increased lamellar stacking induced by PCBC6
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(a)—(c) 2D GIWAXS patterns for the different blends. The white asterisk indicates the ITO substrate peak. (d) Line cuts of the in-plane and out-of-

plane regions, corresponding to the lamellar and n—m stacking, respectively. Vertical dashed and solid orange lines indicate the relative peak shifts of the
lamellar and n—n peak, respectively, with respect to that of PM6:L8-BO. The regions used to produce the linecuts are shown in the SI, Note 1.

promotes long-range molecular ordering through its stronger
intermolecular interactions, expected to reduce energetic dis-
order (narrowing trap states) and suppress charge recombina-
tion in the resulting OSCs.5*81:8%

Photovoltaic performance

To correlate structural and morphological changes with photo-
voltaic device performance, we proceed with device fabrication.
For the fabrication of the ternary OSCs, the amount and the
ratio of the guest fullerene acceptor relative to the binary host
system are essential, as it impacts the optical and electrical
properties of the photo-active layer. Herein, optimized PM6:L8-
BO binary OSCs were used as the control samples following our
previous work.** Ternary-based blend devices were fabricated
in p-i-n (conventional structure), maintaining the overall
donor-to-acceptor D:A ratio as a constant of 1:1.2, while
the quantity of each fullerene derivative was optimized as
shown in the SI, Fig. S2 and S3. The optimal weight ratio
for each fullerene derivative was 1.0:1.0:0.2 for PM6:
L8-BO:PCBC6 and 1.0:1.1:0.1 for PM6:L8-BO:PCy;BM,
respectively. The representative current density versus voltage
(J-V) curves obtained from the champion individual device
for each fullerene derivative are shown in Fig. 3(a), with a
summary of the device photovoltaic parameters provided in
Table 1.

The PM6:L8-BO-based OSCs demonstrated a maximum PCE
of 17.28% on the 0.09 cm? active area with a J,. value of 26.44
mA cm 2, a V,. of 0.85 V, a FF of 76.91% and a series resistance
(Rs) of 2.40 Q@ ecm™?, which is among the highest published
output device performance for PM6:L8-BO-based OSCs. More-
over, PM6:L8-BO:PCs;BM-based cells exhibited a maximum

Mater. Horiz.

PCE of 18.10% with a J. of 26.55 mA cm ™2, a V,,. of 0.86 V, a
FF of 78% and an R of 2.27 Q cm ™. Remarkably, the PM6:L8-
BO:PCBC6-based devices showed a maximum PCE of 18.38%
with an increased J,. of 26.85 mA cm ™2, a FF of 78.7%, a V. of
0.87 V and R, of 2.28 Q cm ™2, As expected, the incorporation of
the different fullerene derivatives slightly increases the V,. of
the ternary devices compared to their binary counterpart. This
is ascribed to the energy offset of the BH] materials (Eponor
HOMO)~(Ecceptor LUMO) which is the main factor determining
the device V,..*”> This can be further supported by the higher
LUMO energy levels of the guest fullerene acceptors PCysBM
and PCBC6 compared to that of L8-B0O.°**¢"%8 Additionally, the
higher V,. of PCBC6 ternary-based devices is due to the
shallower LUMO energy level compared to those for PC4;BM.
The higher FF values obtained for both PC¢;BM and PCBC6
relative to the host binary may be attributed to an improved
blend morphology, which helps to suppress the recombination
losses and facilitates more efficient charge extraction pathways.
In addition, the smaller R values for the ternary PCsBM and
PCBC6-based blends suggest better interfacial contact with the
adjacent layer, consistent with the lower Ry surface roughness
values for both ternary blends as obtained by the AFM measure-
ments (Fig. 1(band c)).

To further support the experimental /. values obtained from
the J-V curves, external quantum efficiency (EQE) measure-
ments were performed to derive the integrated Js. values, as
shown in Fig. 3(b). The obtained J,. trend is consistent with that
observed in the j-V data. Moreover, the calculated EQE J;.
values presented an average deviation of 6%, which is in good
agreement with the values obtained from the j-V curves. The
incorporation of the fullerene component results in a marginal

This journal is © The Royal Society of Chemistry 2025
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(a) J-V curves for the champion cells for binary and ternary OSCs with an insert showing the OSC device stack, (b) EQE and integrated Js. of

binary and ternary OSCs, (c) photocurrent density (Jpn) versus effective voltage (Veg) curves of the device, (d) charge collection probabilities P(E, T) curves
of the binary and ternary cells, (e) Jsc and (f) Vo, versus light dependence measurements of the devices based on binary and ternary blends, (g)
electroluminescence quantum efficiency of the binary and ternary blends at different injected currents, and (h) voltage loss waterfall chart for each blend

system.
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Table 1 Summary of characteristic parameters for binary and ternary OSCs extracted from the J-V curves

]sc ]sc;EQE
Blend Voe (V) (mA cm™?) (mA cm™?) FF PCE (%) R (Q cm™?)
PM6:L8-BO (0.858 £ 0.007) (25.90 £ 0.57) 24.39 (76.63 £ 0.96) (17.02 £ 0.20) (2.52 + 0.08)
PM6:18-BO:PC¢;BM (0.866 + 0.005) (26.14 + 0.36) 24.48 (78.52 + 0.53) (17.76 + 0.21) (2.29 + 0.04)
PM6:18-BO:PCBC6 (0.871 £ 0.002) (26.43 + 0.31) 24.52 (78.66 + 0.60) (18.11 + 0.17) (2.32 £ 0.03)

enhancement in EQE (mainly in the wavelength range of 300-
550 nm) compared to the binary host system, as expected
considering the contribution of PCs;BM and PCBC6 in the
UV-Vis absorbance spectra. The effect of the almost unchanged
EQE spectra indicates similar charge generation profiles for the
binary and the ternary cells, which is further supported by the
transient absorption spectroscopy analysis and the charge
generation calculations as described later.

Exciton generation rate and charge collection probabilities

To gain better insight into the exciton generation and dissocia-
tion processes, the dependence of the photocurrent densities
(Jpn) of the cells with the different photo-active blends was
plotted versus the effective voltage (Veg), from which the max-
imum exciton generation rate (Gmax) and charge collection
probabilities P(E, T) were calculated. J,, is determined as
Jpn =Ju — Jo, where Ji, and Jp, are the current densities under
illumination and dark conditions, respectively. Vg is deter-
mined as Ve = Vy — Va4, where V, is the voltage at the point of
Jpn = 0, and V, is the applied bias voltage. Assuming that the
saturated current density (Jsa) is defined by the total quantity of
the absorbed photons and all the photogenerated excitons are
dissociated to free charge carriers at higher voltage (>1 V),
then Gpax can be extracted with Joae = §GmayL.>>°° The values of
Grmax, as calculated from Fig. 3(c) were 1.631 x 10°®* s7' m™®
(261 A m~?) for the PCBC6-based cells, 1.625 x 10** s~' m™*
(260 A m™?) for the PCq;BM-based cells and 1.612 x 10**s™ ' m*
(258 A m™?) for the binary-based cells. Fundamentally, the
Gmax is correlated to the maximum absorption of incident
photons.”™** The almost unchanged values of G, suggest
that the overall exciton generation rates of all devices are very
similar. Moreover, the charge collection probability P(E, T) can
be calculated from the ratio of Jon/Jsar.”> Under short circuit
conditions for the binary cells, the control device P(E, T) was
calculated to be (97 £+ 1%), while the devices based on PCBC6
and PC¢BM exhibited values of (98 + 1%) and (98 + 1%),
respectively, see Fig. 3(d). The increased P(E, T) values of the
PCBC6 and PCs;,BM samples suggest a more efficient charge
collection compared to the reference binary cells, which can be
further corroborated by the higher FF values as obtained by the
J-V measurements.

Light dependent j-V measurements

To understand the charge recombination process, the depen-
dence of V,. and Js. versus the light intensity (Pjgn) was
measured.”* As depicted in Fig. 3(e), the relationship between
Jse and Pyigne can be expressed as Jo. oC Pyjign”, Where o is the
slope of the curve. The o values for the devices with PCBC6,
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PC¢:BM, and the reference binary blend were calculated at
0.997, 0.996 and 0.994, respectively. These results suggest that
the o values of all three BHJ blends are almost identical,
indicating that the presence of bimolecular recombination is
weak in all of them.” The charge carrier recombination
mechanism of the devices can be further clarified by determin-
ing the slope of V,. versus the Pjg, as shown in Fig. 3(f).
Typically, under open-circuit conditions, the presence of bimo-
lecular recombination leads to a slope of kT/q, with k represent-
ing the Boltzmann constant, T as the temperature in Kelvin,
and g as the elementary charge. In contrast, if monomolecular
or trap-assisted recombination is the dominant mechanism, a
more pronounced dependence of V,. on Py, is observed,
yielding a slope of 2kT/q.°> The devices with PCBC6, PCq;BM
and binary blends show slopes of 1.210, 1.275 and 1.324 kT/q,
respectively. The lower values for PCBC6 and PC¢BM com-
pared to the binary cells suggest that their incorporation
reduces trap-assisted recombination and therefore leads to an
increment on the V,. of the ternary-based cells as also evi-
denced by the J-V data.>”*°

Voltage-energy losses

Additionally, to elucidate the rise in V,. after the addition of
fullerenes as a third component, the total loss (AE = AV,) of the
different BHJ blends were calculated according to AE = E; —
qVoe, Where E; is the optical band gap estimated from the
EQE.””*® The E, values of PM6:L8-BO, PM6:L8-BO:PC¢BM
and PM6:L8-BO:PCBC6 are 1.388 eV, 1.397 eV and 1.400 eV,
respectively. Accordingly, AE reduces from 0.538 eV to 0.531 eV
and 0.520 eV for PM6:L8-BO, PM6:L8-BO:PC¢;BM and PM6:L8-
BO:PCBC6-based devices, respectively, as shown in Fig. 3(h). It
is essential to underscore that electroluminescence external
quantum efficiency (EQEg;) is intricately related to the non-
radiative V. loss, as represented by the equation: gAVE"™d =
—kgTIn(EQEg; ), where kg is the Boltzmann constant, T is the
temperature in Kelvin, and EQEg, denotes the electrolumines-
cence quantum efficiency of the device under dark
conditions.”®**® The EQEg; short-circuit current density is
adopted to evaluate the charge recombination characteristics,
as illustrated in Fig. 3(g). Thus, the binary-based devices
exhibited an EQEg, of 1.34 x 10> representing a voltage loss
of 0.288 V due to non-radiative recombination. On the other
hand, the ternary OSCs based on PC¢;BM and PCBC6 demon-
strated higher EQEg;, values of 1.16 x 10~ and 1.14 x 10,
representing voltage losses of 0.236 V and 0.229 V, respectively
(Table 2). Our findings suggest that the addition of the full-
erene components is crucial for the design of efficient ternary
OSC systems, indicating that the introduction of the optimum

This journal is © The Royal Society of Chemistry 2025
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Table 2 Eiss energy loss of OSCs based on binary and ternary BHJ blends
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BH]J Voe (V) Eg (eV) AE (eV) gAVE ™ (eV) EQEgL

PM6:L8-BO 0.850 1.388 0.538 0.288 1.34 x 107°
PM6:L8-BO:PCsBM 0.866 1.397 0.531 0.236 1.16 x 1074
PM6:L8-BO:PCBC6 0.880 1.400 0.520 0.229 1.14 x 10°*

amount of fullerene molecules serves as a mitigation strategy to
reduce non-radiative recombination losses. Notably, the smal-
ler gAVRS"™? originating from tuning the energy levels offsets
between PM6 and L8-BO by the addition of the fullerene
molecules, contributes to the reduced total AE and the
enhancement of V. of the ternary BH] OSCs. The results agree
with the Ji. and V,, light dependent measurements which are
consistent with the reduced trap-assisted recombination in the
ternary devices compared to the binary cells.

Transient absorption spectroscopy (TAS)

To further investigate exciton generation and validate previous
findings, TAS measurements were carried out to investigate the
effect of the fullerene derivative addition on the early timescale
exciton and charge dynamics in the blended films. For
this purpose, L8-BO was excited with 800 nm light pulses
(8.4 1 cm™?). Fig. 4(a) presents the transient absorption signal
at 630 nm probing the bleach of the PM6 component. It is
evident that all blends have similar excited state dynamics on
the sub-nanosecond timescale corresponding to charge transfer
from L8-BO to PM6. An exponential fit to the PM6:L8-BO data
estimates two-time constants: 0.4 £ 0.1 ps and 15.0 + 4.0 ps,
which are consistent with published data and correspond
to two types of charge transfer processes; interfacial charge
transfer and exciton diffusion limited charge transfer,
respectively.'®" Moreover, the decay of the PM6 bleach signal
up to 6 ns as shown in SI, Fig. S4, shows that charge recombi-
nation is not influenced by the fullerene derivatives. These
results reveal that charge transfer and recombination within
the first 6 ns after excitation are independent of the fullerene
component but dictated by optimal PM6:L8-BO blend structure
and packing on the nanometre length scale,®" corroborating
the observation of insignificant differences in Ji. of the devices
from the J-V curves/EQE and the exciton generation rate
calculations.

Charge carrier lifetimes

To obtain additional insight into the operation of the various
OSCs, we performed electrochemical impedance spectroscopy
(EIS) measurements which provide important insights related
to the charge extraction lifetime (t) and bulk resistances.'®> EIS
measurements were performed to examine the transient beha-
viour in the various OSCs fabricated in this work. Thus, the
measurements were obtained, under dark conditions from 1 Hz
to 1 MHz, with DC bias equal to the V, for each device.'®® The
Nyquist plots and the fitting model were fitted by using the
equivalent circuit model'®*'*> shown in Fig. 4(b), while the
relevant data for each active layer blend is summarized in
Table 3.

This journal is © The Royal Society of Chemistry 2025

The R, corresponds to electrode resistance (ITO and Ag); Rin¢
and Cj, in parallel correspond to the interface layer’s resis-
tance and capacitance, and Ry,; and Cyy,; in parallel correspond
to the resistance and capacitance of the bulk heterojunction,
respectively. The performance of the OSCs can be correlated by
analyzing the R;, of the interface layer in conjunction with the
average carrier transition lifetime ()."°>'°® Notably, the PCBC6
and PC¢BM ternary-based cells exhibited lower R, values
(18.7 Q and 18.9 Q) compared to the binary cells which
supports our findings regarding the higher FF values obtained
from the J-V analysis.>” Additionally, since the only variable is
the photo-active layer, the 7 values for each blend were calcu-
lated based on the equation t = Rypj-Cppj. The t values for
PCBC6, PC¢;BM and binary-based cells were calculated as
9.04 ps, 8.82 ps and 8.62 ps respectively. The longer t values
for the PCBC6, PCs;BM-based OSCs compared to the binary
cells indicate reduced trap-assisted recombination, consistent
with the light-dependence measurements and charge collection
probabilities."”” Overall, the EIS findings highlight the effect of
the PCBC6 and PCg;,BM, which contributes to reduced charge
recombination and improved charge extraction to the electro-
des compared with the binary, ultimately enhancing the FF and
PCE."*®

Built-in potential, Mott-Schottky analysis

To further confirm the V,. improvement of the ternary systems
by the incorporation of the fullerene derivatives, capacitance-
voltage (C-V) measurements were carried out to probe the built-
in potential (V},;) and explore the effective separation of photo-
generated carriers for each variation. Generally, it can be
presumed that no efficient organic solar cell can exist (exhibit-
ing reasonable FF) with a V},; that is considerably smaller than
its device Voo (Voi < Voo).'% In this case, the FF would suffer
drastically from the low V4, since the photogenerated charge
carriers must diffuse against the electric field to be collected at
the corresponding contacts."'® For this purpose, the Mott-
Schottky equation was used: 1/C* = 2 (V + Vy;)/eNpeseo, Where
V is the bias voltage, Ny, is the doping level of the semiconduc-
tor, and & and ¢, are the permittivity of the semiconductor and
vacuum, respectively.'*" In this model, the 1/C* scaled linearly
with V and the extrapolation to the abscissa yields the Vj,;. The
Mott-Schottky plots for the binary host, PCBC6 and PCgBM-
based ternary OSCs, as shown in Fig. 4(c). The obtained Vj;
values were 0.867, 0.893, and 0.882 for the binary host, PCBC6,
and PC4;BM-based ternary OSCs, respectively. The apparent
increase in the Vy,; for the ternary blends is consistent after the
addition of the third component and in agreement with the
trend of the V,. values obtained from the J-V characteristics.
These findings also confirm that V;,; extracted from the C-V
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(a) Transient absorption signal at 630 nm plotted as a function of time, probing the bleach signal of PM6 and excited with 800 nm at L8-BO.

The cyan broken line represents a fit to the experimental data using a convolution of Gaussian and three exponential functions, (b) Nyquist plots of
the EIS data with the equivalent fitting models for the various OSCs, (c) Mott—Schottky analysis curves under dark conditions for the binary and ternary
OSCs, (d) simulated 1/C>~V curves for binary and ternary cells, and (e) photo-CELIV transient for representative devices for binary and ternary photo-

active layers.

Table 3 Summary of the fitting parameter used to describe the Nyquist plots

BH] R. (Q) Rine (Q) Cint (DF) Ry (Q) Cppj (nF) T (us)
PM6:L8-BO 15.3 19.1 150 11.50 750 8.62
PM6:L8-BO:PCsBM 15.5 18.9 115 10.50 840 8.82
PM6:L8-BO:PCBC6 15.2 18.7 87 10.10 895 9.04
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characteristics is determined by the internal D:A heterojunc-
tion as suggested by the latest evidence in the literature."*?
Consequently, the presence of a stronger electric field in
devices with a larger V,,; results in an increased V,.'"® as further
supported by the voltage-losses measurements, which also
yields higher FF values.

We further explore the above findings by interpreting the
simulated C-V characteristics (see Fig. 4(d)) derived from
steady-state device simulations.’™* Specifically, steady-state
simulations yielded spatial charge distributions, which were
used to numerically construct the 1/C>-V plots under the quasi-
static approximation (see the “Device Simulations Part A (C-V)”
section in the SI).""* The results showed close agreement with
experimental Mott-Schottky diagrams (Fig. 4(c)), exhibiting
linear behaviour with applied voltage and similar V;,; trends.
Notably, the simulated diagrams accurately reproduce the
increased Vj,; values observed for the ternary OSCs compared
to the binary device. Our simulations indicate that this
enhancement may arise from the shallower effective LUMO
levels introduced by the additional fullerene components
(slightly shallower for PCBC6 than PCyBM; see Table S1,
S1),>*%° further supporting the interpretation that fullerene
energetics play a key role in tuning both Vy; (Fig. 4(c)) and V.
(Fig. $5(b), SI) in these systems.'>

Density of extracted charge carriers

Charge transport critically governs OSC performance, particu-
larly in photo-active layers incorporating multiple donors and
acceptors. Adverse interactions between the three different
materials can suppress charge transport and thus limit the
overall device PCE.'*® For this purpose, we also explored the
mobility of charge carriers within devices that feature the
different BHJ photo-active layers, employing photoinduced
charge carrier extraction through linearly increasing voltage
(photo-CELIV). The area under the photo-CELIV peak corre-
sponds to the density of extracted charge carriers and depends
on the number of carriers initially photogenerated by the light-
emitting-diode (LED) pulse. Typically, recombination occurring
during the CELIV voltage ramp reduces this integrated charge
density relative to the initially generated charges. Hence, a
reduced peak area serves as an indicator of increased recombi-
nation, either bimolecular or trap-assisted.'’” Fig. 4(e) shows
that the binary device exhibits the smallest photo-CELIV peak,
indicating higher recombination compared to the ternary sys-
tems. Charge carrier mobility values extracted from the
intensity-dependent photo-CELIV transients using the simplest
analytical formula, reveal no systematic difference in mobility
between the various active layer blends, given measurement
uncertainty and typical sample-to-sample variations as shown
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in the SI, Fig. $6."'® To further clarify the mechanism respon-
sible for the improved photovoltaic performance observed with
the incorporation of PC¢;BM and PCBC6 into the binary
system, we conducted device simulations utilizing Setfos (see
the “Device Simulations Part B (steady-state and transient)”
section in the SI). SI Fig. S8(a) illustrates that the experimental
J-V characteristics are qualitatively replicated by either redu-
cing or entirely disabling Shockley-Read-Hall (SRH) recombi-
nation lifetimes when moving from the binary (orange curve) to
the ternary PCBC6/PCs;BM systems (pink curve). Alternatively,
the variations in FF and V,,. can also be modelled by increasing
hole mobility by a factor of five compared to the binary
reference (dashed green line, SI Fig. S8(a)). To differentiate
between these two plausible explanations for the observed
enhancements in FF and V,, following the addition of a ternary
component, we analyzed simulated photo-CELIV transients (SI,
Fig. S8(b)). An increase in hole mobility is expected to result in a
narrower photo-CELIV peak occurring at an earlier peak time.
Conversely, a reduction in SRH recombination primarily leads
to an increased peak area, with minimal alterations to peak
shape or timing in relation to the binary case. The experimen-
tally measured photo-CELIV transients (Fig. 4(e)) indicate a
clear increase in peak area, without significant shifts in peak
shape or timing. Therefore, transient CELIV simulations pro-
vide strong support for the conclusion that the improvements
in FF and V,. observed with the addition of PCs;BM or PCBC6
are primarily due to reduced SRH recombination. This inter-
pretation is further corroborated by simulations and experi-
mental results of V. versus illumination intensity (SI, Fig. S8(c)
and Fig. 3(f)).

Long-term photo- and thermal stability

Besides the performance of the OSCs, long-term photo and
thermal stability of the devices are of paramount importance to
ensure their long lifetime operation under stress conditions. To
compare the intrinsic stability of the optimized ternary and
binary devices, we performed a comparative study by subjecting
cells for each variation to photo and thermal stress over a
relatively long period. The stability tests were carried out using
the following ISOS protocols (Table 4), which revealed the
inherent stability of the active layers.

The photo stability tests were conducted following the ISOS-
L1-I degradation protocol, while the J-V characteristics of
the cells were tracked under maximum-power-point-tracking
(MPPT) conditions. Fig. 5 depicts the evolution of the photo-
voltaic figure of merits in normalized scale for each BHJ
blend. In particular, binary devices experienced more pro-
nounced reduction in performance with faster decay times
compared to the ternary cells. More specifically, the binary

Table 4 Summary of conditions of the thermal/photo ISOS protocols applied in this study

Stability Light source Intensity Atmosphere Temperature Encapsulation MPPT
Photo (ISOS-L1-I) LED Equivalent 1 Sun Nitrogen RT No Yes
Thermal (ISOS-D2-I) Dark — Nitrogen 85 °C No .

This journal is © The Royal Society of Chemistry 2025
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cells demonstrated a Ty, lifetime of ~400 hours while after
525 hours of continuous operation at MPPT, they retained
~ 78% of the initial PCE, suffering from V,. and FF losses,
attributed to the degradation of both BHJ and hence the
interface."**'?° In contrast, ternary PCBC6 and PCq;BM-based
devices displayed enhanced operational stability, characterized
by notably lower degradation rates, sustaining up to ~ 82%
and 85% of the initial PCE throughout the same exposure
interval. It can be concluded that the slower degradation rate
in FF and V,. of the ternary cells is attributed to the incorpora-
tion of fullerene molecules which leads to a more stable D/A
morphology of the photo-active layers compared to their binary
counterparts. Our photo-stability results, considering unencap-
sulated devices, are among the most photo-stable ternary OSCs
in the literature (see Table S3, SI section) and together with the
simplicity of accessing or modifying fullerene derivatives this
makes our work very attractive as a universal solution for
efficient and stable OSCs.

To clarify and to elucidate the underlying factors contribut-
ing to the enhanced stability of the ternary-based BH]J cells, we
conducted in situ Raman spectroscopy and Ultraviolet-Visible
(UV-vis) absorbance measurements. Raman spectroscopy was
employed to investigate the photodegradation behaviour of
PM6:L8-BO and a representative fullerene ternary blend
fullerene-doped blend film. The corresponding Raman spectra

Mater. Horiz.

Time Elapsed (hours)

ISOS-L1I photo stability, normalized (a) PCE, (b) FF, (c) Vo and (d) /sc of the binary and ternary OSCs.

of pristine L8-BO, PM6:L8-BO, and PM6:L8-BO:PCBC6 films are
shown in the SI, Fig. S9(a). All samples exhibited similar
spectral features, dominated by vibrational modes in the
1400-1575 cm ' region. The spectra are primarily governed
by PM6-related modes, which are more Raman-active than
those of L8-BO. The peak at 1427 cm ™" corresponds to collec-
tive C-C and C—C stretching vibrations along the thiophene
backbone. The band at 1472 ecm ' is due to the collective
stretching vibrations of C-C and C—C across the backbone
thiophenes; 1472 c¢cm ' is predominantly symmetric C=C
stretches of thiophenes in benzodithiophene (BDT), neighbour-
ing thiophene to BDT and sidechain thiophenes; 1539 cm ™ is
stretching in BDT and thienyl benzodithiophene (BDD).'*!"'??
An example of the photo-induced structural degradation is
provided in the SI Fig. S9(b), which shows the evolution of
the Raman spectra of a neat PM6:L8-BO film under continuous
white light illumination. A progressive decrease in peak inten-
sity is observed, particularly for modes below 1500 cm ™', which
decay more rapidly than the 1539 cm™" band and the L8-BO-
associated peak at 1556 cm™*. This selective attenuation
indicates that PM6 undergoes faster photodegradation than
L8-BO under these conditions. These observations align with
the recent findings, attributing Raman spectral changes in
illuminated PM6:Y6 blends to torsional disorder between the
BDT and BDD units in the donor backbone.’?® This previous

This journal is © The Royal Society of Chemistry 2025
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work identified PM6 as the primary source of degradation in
ambient environments, supporting the broader view that donor
polymers constitute a major limitation to blend photostability.
Sidechain thiophenes attached to the BDT unit were further
implicated in the observed Raman signal reduction, attributed
to twisting."*""®* Recent computational studies of stability
concluded that sidechain lesions force the backbone and side-
chain twisting observed here, and noted that in ambient
environments, oxygen and moisture accelerate this process.'*"
To compare the degradation between the blends, kinetics of the
main PM6 Raman peaks are presented: 1472 cm™ " (greatest
decay region at the BDT), and 1427 cm™ " and 1539 cm ™' as
shown in the SI, Fig. S9(c)-(e). Adding PCBC6 to the blend
clearly slowed the main degradation pathway in the donor PM6
stabilising the films, consistent with the device stability tests.
Simultaneously, the absorbance profiles of the various blend
samples were obtained, pre-and post-light irradiation during
our Raman experiments, SI Fig. S10. Among the systems
studied, the binary blend exhibits the most rapid degradation,
whereas the incorporation of fullerenes leads to a marked
suppression of photobleaching, indicating enhanced photo-
stability in the ternary blends. Interestingly, while the absor-
bance measurements clearly captured the degradation of L8-
BO, this is not apparent in the Raman spectra. This discrepancy
likely arises from the distinct nature of the two techniques. UV-
Vis absorbance spectroscopy probes changes in the electronic
transitions, while Raman scattering is sensitive to molecular
vibrations. Also, prior works have noted that structural pertur-
bations such as polymer backbone twisting do not necessarily
impact the materials’ electronic absorption.’?* However, pre-
vious works noted significant photoinduced absorbance losses
in both PM6 and Y6, consistent with the degradation observed
in our study.' Furthermore, the impact of fullerenes on the
degradation of individual components is notable. In the binary
BHJ blend, L8-BO undergoes more rapid photodegradation
than PM6. However, this trend is reversed in the ternary blends,
where L8-BO demonstrated a slower decay relative to PM6. This
inversion suggests that the fullerene derivatives could substan-
tially influence the stability of the NFA, potentially by altering
the charge recombination pathways. The observed stabilization
of PM6 may arise from a combination of morphological effects
and modified photophysical dynamics in the ternary blends.
Furthermore, to evaluate the influence of heat as an accel-
erating factor on the operational stability of the different cells,
thermal stability measurements were performed at 85 °C (ISOS-
D2-I). Thermal degradation in the dark occurs in OSCs at
elevated temperatures due to structural and morphological
instabilities of the absorber materials. In particular, the ISOS-
D2-1 tests (Fig. 6) for the binary cells demonstrated severe
degradation with a T, lifetime of ~4 hours, while retaining
33% of their initial PCE after being under continuous thermal
stress for ~100 hours (average value from N = 5 individual
cells). On the other hand, the ternary cells showed superior
thermal stability compared to the binary counterparts with a
Tgo lifetime between ~12 to 16 hours, retaining ~58% and
~60% of their initial PCE after 100 hours for PCBC6 and

This journal is © The Royal Society of Chemistry 2025
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PCq,BM, respectively (average value from N = 6 individual cells).
The enhanced thermal stability of the ternary BHJ systems
signifies an increased resilience to morphology-related degra-
dation of the ternary photo-active layers in the presence of
extreme heat stress conditions. It is worth noting that the
increased thermal stability of the ternary devices was mainly
attributed to the resilient FF and V,,. of the degraded devices. In
general, the beneficial role of morphological modification,
including n-n stacking and lamellar stacking, and its correla-
tion with stability (photo and thermal stability) has been
recently reported in the literature of OSCs with ternary compo-
nents, other than fullerenes.'®'*® This further supports the
validity of our findings and the relevant discussion.

To elucidate the role of fullerene molecules in modulating
the thermal stability of organic blends, detailed atomistic
simulations were conducted using full atomic resolution clas-
sical molecular dynamics (MD) simulations. Three systems,
reflecting experimental compositions, were modelled, respec-
tively. Comprehensive simulation protocols and model para-
meters are provided in the “Model system’s setup’” SI section.
MD simulations revealed the tendency of PM6 and L8-BO to
cluster thereby forming agglomerates of similar and dissimilar
molecules held together via weak non-covalent interactions
including delocalized m-n stacking among PM6 monomers
(Movie S1), between PM6 and L8-BO molecules (Movie S3),
and dispersion forces between carbon backbone and side
chains of L8-BO molecules (Movie S2) as visually validated with
the help of NCIPLOT (see the SI for details). These interactions,
albeit weak, are apparently strong enough to induce micro-
phase segregation manifested by the formation of local PM6-
and L8-BO-rich domains. This association in domains, and the
associated imparted inhomogeneity and anisotropy were cap-
tured clearly by the large discrepancy in the mass and number
density profiles for the binary blend shown in Fig. 6(e) and (f). It
is evident that the PCq;BM-ternary blend, was the most uni-
formly distributed and most homogeneous of the three, directly
followed by the PCBCé6-ternary blend. Last, the binary system
appeared to be the most inhomogeneous due to the profound
clustering of its components. The findings evinced by the heat
maps of Fig. 6(e) and (f) were further corroborated by comput-
ing each system’s gyration tensor S, with the help of which
shape descriptors such as the asphericity » and the relative
shape anisotropy k could be computed. The reader is referred to
the SI for a detailed description of these quantities. Briefly, the
smaller b and k are, the more symmetric and thus more uni-
form and homogeneous a system is. It appears that the
PCs;BM-ternary blend exhibits the smallest values of b and &,
followed by the PCBCé6-ternary blend, with the binary system
yielding substantially larger b and k values (see Table S6). Taken
together, these findings indicate that the presence of fullerenes
within the system suppresses the formation of local agglomer-
ates of PM6, L8-BO and combinations thereof leading to a more
homogeneous distribution of components. Nonetheless, it was
not clear why PCy;BM performs better in that regard than
PCBC6. One possible reason could be associated with the
shorter side chain of PC¢;BM which would potentially allow
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ISOS-D2-1 thermal stability (85 °C inert atmosphere), normalized (a) PCE, (b) Vo, (c) Jsc and (d) FF graphs. Solid lines correspond to the average

values of N = 5 individual cells for each blend, and the coloured area shows the deviation in each variation. (e) Heat maps of the mass and (f) number
density of all system: left column (system 1), middle column (system 2) and right column (system 3).

for higher molecular mobility and diffusivity. The lengthier
side chain of PCBC6 could have been responsible for the
formation of local entanglement with neighbouring molecules
hampering its mobility and thus its ability to prevent agglom-
eration of PM6 and L8-BO molecules. To validate this

Mater. Horiz.

hypothesis, the self-diffusion coefficient D of the centre of mass
of PCs;BM and PCBC6 molecules was computed in their
corresponding systems (SI, Fig. S11). As originally hypothe-
sized, the diffusivity D of PCe;BM was 1.47 x 10~ "' m”> s,
about 27% larger than its PCBC6 counterpart. Increased

This journal is © The Royal Society of Chemistry 2025
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diffusivity explains, at least partially, why PCs;BM homogenizes
the mixture faster and more efficiently than PCBC6. At this
point, a clarification is required. Improved component disper-
sion within a system is of paramount importance as it ensures
homogeneity and isotropic behaviour. It is worth noting that
because of the large discrepancy in the thermal expansion
coefficients a, of pure PM6 and pure L8-BO, computed to be
5.32 x 107" K" and 2.99 x 107> K" (almost 20x smaller),
respectively (SI, Fig. S12), the formation of PM6- and L8-BO-rich
domains is detrimental as it leads to a largely anisotropic and
non-uniform thermal response of the system. This substantial
disparity in the thermal response can, in turn, generate enor-
mous interfacial stresses which can exceed 150 MPa, enough to
deform copper or induce material delamination.*?® Therefore,
it is crucial for improved stability and material longevity to
ensure good component dispersion within the system. The
addition of PCBC6 or PCq;BM into the binary system ensures
better component dispersion, which, in turn, translates into
smaller thermal expansion mismatch resulting in values of
2.87 x 107* K ' and 3.37 x 10~* K * for PCs,BM and PCBC6
systems, respectively (SI, Fig. $12). Taken all together, PCs;BM
functions as a morphology regulator ensuring better dispersion
of components, more uniform and isotropic thermal and
mechanical behaviour across the system and thus improved
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thermal stability, in line with the experimental results pre-
sented in Fig. 6.

Upscaling potential

In addition to efficiency and stability, another important metric
that needs to be discussed and optimized towards the indus-
trialization of OSCs is their upscaling potential. For the purpose
of investigating the scaling potential of the ternary cells, we
expanded the active device area from the 0.09 cm* (small cells)
to 3.8 cm” (mini-modules size). The mini modules consisted of
4 individual sub-cells (active area of 0.95 cm® each) connected
monolithically in series as illustrated in Fig. 7(c). In particular,
the champion PM6:L8-BO-based mini modules demonstrated a
maximum PCE of 12.90% with a J,. value of 6.46 mA cm ™2, a Vo,
of 3.34 V, and a FF of 59% (Fig. 7(a)). The PM6:L8-BO:PCs;BM
and PM6:L8-BO:PCBC6-based mini modules on the other hand
showed a maximum PCE of 13.32% with a J. of 6.53 mA cm ™2,
a V. of 3.40 V, and a FF of 60% and PCE of 13.70% with a J. of
6.47 mA cm ™2, a FF of 62% and a V,. of 3.41 V, respectively
(Fig. 7(a)). Notably, the mini-modules demonstrated consistent
performance trends similar to the small-area cells, with main
improvements in FF and V,. and marginal differences in J,
respectively. As a result, the ternary-based mini modules
demonstrated enhanced power output values compared to the

by 4

Power output (mW)

Current density (mA/cm?)

1
=)

Voltage (V)

P2

P1

(a) J-V characteristics of mini modules (4 cells layout) and small area cells for binary ternary BHJ systems, (b) power output and current density—

voltage curves for binary and ternary-based BHJ mini modules, and (c) schematic illustration of the solar mini modules (cross-sectional view).
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binary mini modules exhibiting 50 mW and 51 mW for PCy;BM
and PCBC6-based ternary compared to 48 mW, respectively.
The aforementioned results highlighted the upscaling potential
of this strategy highlighting the beneficial role of the fullerene
derivatives not only for improving the morphology of small area
cells but also in homogenizing the active layer morphology even
on larger area mini-modules.

Conclusions

In summary, our findings demonstrate an effective ternary
strategy for enhancing the efficiency, stability and up-
scalability of PM6:L8-BO BH]J-based OSCs via the incorporation
of fullerene derivatives such as PCs;BM and PCBC6. Notably,
fullerene derivatives lead to enhanced OSC FF and V,, values by
suppressing the trap-assistant recombination, as evidenced by
the reduced non-radiative voltage losses, and improving charge
transport and collection within the device, relevant to favour-
able energy level alignment. The small addition of fullerene
derivatives has a minor effect on the energy level alignment;
however, the drastic modification of the blend morphology
provides the necessary conditions for reduced non-radiative
recombination processes. This implies that the dominant
mechanism for the increased V,. is related to the suppressed
non-radiative recombination for the ternary blends. In particu-
lar, ternary cells demonstrated efficient charge collection,
attributed to the improved blend morphology and molecular
packing as corroborated by AFM and GIWAXS measurements.
Moreover, electrochemical and transient analysis further con-
firm increased built-in potential and prolonged carrier lifetime
in the ternary devices. Stability protocols in conjunction with
in situ spectroscopies and molecular dynamics simulations
revealed that the fullerene molecules affect the degradation
pathway of the photo-active layers, while simultaneously acting
as morphology regulators promoting uniform dispersion and
mitigating thermal expansion mismatches. As a result, ternary
PCs:BM and PCBCé-based cells demonstrate enhanced long-
term photo- and thermal stability. Scalable devices (mini-
modules) with an active area of 3.8 cm® demonstrated similar
composition-dependent performance trends compared to
small-area cells, underscoring the suitability of this approach
for scalable production of OSCs. Overall, this study highlights
fullerene derivatives as significant multifunctional additives for
next-generation NFA-ternary OSCs, suggesting a promising
strategy to achieve high performance, stable and large area
photovoltaics.
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