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This review highlights recent advances in elucidating the photocarrier dynamics of fullerenes in perovskite
solar cells (PSCs). Fullerenes and their derivatives serve a critical role in facilitating charge transport, sup-
pressing recombination losses, and enhancing device stability, with particular focus on their influence at
the photocarrier level. The interfacial interactions between fullerenes and perovskite photoabsorbers are
pivotal for efficient carrier extraction, where the distinctive electronic properties of fullerenes promote
effective charge separation and transport. Recent spectroscopic developments have significantly dee-
pened our understanding of charge generation, transport, and recombination mechanisms within PSC
architectures. Moreover, functionalized fullerene derivatives have been strategically engineered to opti-
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mize energy level alignment, mitigate interfacial losses, and improve overall photovoltaic performance.
These advancements collectively contribute to the development of more efficient and stable PSCs,
driving progress toward next-generation solar energy technologies with enhanced photocarrier dynamic
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1. Introduction

Organic-inorganic halide perovskite solar cells (PSCs) have
emerged as a leading photovoltaic (PV) technology, demon-
strating record-high power conversion efficiencies (PCEs),'”
along with the advantages of scalable processing” and low-cost
fabrication routes.”® Despite these advancements, the com-
mercialization of PSCs remains hindered by key challenges,
including inefficient charge transport,” significant recombina-
tion losses,® and long-term operational instability.” Among the
factors governing device performance, photocarrier dynamics-
encompassing charge generation, separation, transport, and
recombination-play a central role in determining overall
efficiency. In this context, fullerenes have attracted consider-
able attention due to their high electron affinity"®"" and excel-
lent charge mobility, positioning them as essential electron-
transport materials (ETMs) for improving photocarrier behav-
ior and device performance.

Fullerenes possess a unique cage-like structure'® composed
predominantly of hexagons,"® pentagons,* and occasionally
heptagons, with inherent molecular curvature'® that critically
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influences their optical, electronic, and chemical
properties.’®*® This structural versatility allows for precise
chemical functionalization, making fullerenes highly adapt-
able materials for optimizing PV performance in PSCs.
Notably, fullerenes have demonstrated the ability to effectively
passivate defect states (DSs) at both perovskite interfaces'® and
grain boundaries,”® where the formation of fullerene-halide
radicals plays a key role in suppressing deep-level trap states,”*
which are major contributors to charge-carrier trapping and
nonradiative recombination losses. Beyond defect passivation,
fullerenes significantly enhance electron transfer kinetics,
thereby reducing hysteresis and improving the dynamics of
photogenerated charge carriers.”>?* Their relatively large mole-
cular size enables them to physically occupy grain boundaries,
hindering halide ion diffusion and thus mitigating ion
migration pathways,*"** a critical factor in improving oper-
ational device stability.>>*® Furthermore, chemical modifi-
cation of fullerenes with polar functional groups such as
hydroxyl,>” carboxyl,>® or amino moieties*® has been shown to
enhance solubility, environmental stability, and interfacial
compatibility with perovskite layers-collectively contributing
to finely tuned charge dynamics and improved device
performance.

The incorporation of fullerene derivatives has played a
pivotal role in advancing the efficiency of PSCs, with fullerene-
based ETMs enabling PCEs of up to 22%.°° Nevertheless,
recent advancements employing non-fullerene ETMs have sur-
passed the 25% efficiency threshold,*' underscoring the rapid
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evolution and diversification of ETM materials in next-gene-
ration PSC architectures.®*

Functionalized fullerenes exhibit multifunctional properties
that extend beyond their conventional role as ETMs. In particu-
lar, they contribute to defect passivation at the perovskite/ETM
interface and within grain boundaries, thereby suppressing
non-radiative recombination pathways and promoting
improved perovskite crystallinity during film formation.**?*
The resulting enhancement in film uniformity not only facili-
tates more efficient light harvesting but also contributes to
prolonged device operational lifetimes.** Moreover, fullerenes
provide an effective barrier against moisture and oxygen
ingress, addressing key environmental degradation pathways
and significantly improving the long-term stability of PSCs
under ambient conditions.**?’

Despite these advantages, challenges such as molecular
aggregation®® and residual ion diffusion®* persist in fuller-
ene-based electron transport layers. To address these limit-
ations, cross-linkable fullerene derivatives have been devel-
oped, forming robust molecular networks that suppress
aggregation and act as effective barriers against ion
migration-thereby enhancing both the efficiency and oper-
ational stability of PSCs."" This review summarizes recent
progress in the application of fullerenes in PSCs, with a par-
ticular focus on the interplay between fullerene molecular
structures and device performance. By examining the latest
strategies in fullerene design and functionalization, we
provide insights into the optimization of charge-carrier
dynamics within perovskite architectures. Continued inno-
vation in fullerene chemistry and its integration into PSCs
holds substantial promise for advancing high-efficiency,
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stable, and commercially viable next-generation photovoltaic
technologies.

2. Carrier dynamics regulation

In high-performance PSCs, charge transport layers (CTLs) play
a pivotal role in device operation by: (1) facilitating efficient
charge carrier extraction, (2) promoting the formation of high-
quality perovskite films with reduced defect densities,**™® and
(3) enabling flexible device architectures. For instance, inter-
face-engineered CTLs have enabled PSCs to achieve PCEs
exceeding 23% on flexible polyethylene terephthalate (PET)
substrates.*

To achieve such performance, optimizing the interfaces
between the ETM and perovskite, as well as between the per-
ovskite and hole transport material (HTM), is essential for
enhancing charge generation, promoting efficient extraction,
and suppressing non-radiative recombination losses. These
interface improvements are commonly realized through per-
ovskite composition engineering, surface/interface passivation
strategies-such as fullerene-based interlayers-and CTL
bandgap tuning to ensure favorable energy-level alignment
(ELA).***! Furthermore, the internal electric field, generated
by the AE between the highest occupied molecular orbital
(HOMO) level of the HTM and the lowest unoccupied mole-
cular orbital (LUMO) level of the ETM,** plays a crucial role in
facilitating exciton dissociation at the respective interfaces. In
well-optimized devices, this built-in potential enables charge
separation efficiencies exceeding 90%, while also promoting
the diffusion and separation of photo-generated carriers
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throughout the active layer. Thus, careful bandgap alignment
at the ETM/perovskite/HTM interfaces is imperative to mini-
mize energetic barriers and ensure efficient and balanced
charge transport across the device.****

2.1 Device structure

PSCs leverage perovskite materials’ unique properties to
convert light into electrical energy.”® A typical device com-
prises an electrode supporting an n-type ETM, (compact or
mesoporous), a perovskite light-harvesting layer, and a p-type
HTM. Upon light absorption, the perovskite excites electrons
to its LUMO, forming excitons that dissociate at the ETM/per-
ovskite and perovskite/HTM interfaces (Fig. 1a).”® Free elec-
trons transfer to the ETM and holes to the HTM (Fig. 1b), with
selective transport reducing recombination. Electrons collect
at the anode, flow through an external circuit, and recombine
with holes at the cathode. The ETM selectively transports elec-
trons while blocking holes, and conversely, the HTM trans-
ports holes while blocking electrons. This selective transpor-
tation ensures efficient charge separation and minimizes
recombination losses. The free electrons are subsequently
gathered at the anode, where they traverse an external circuit,
thereby producing an electric current. Finally, at the cathode,
the electrons recombine with holes, completing the circuit.
The effectiveness of this process is significantly enhanced by
the perovskite material long diffusion lengths (L) and high
carrier mobilities (unp), enabling efficient charge separation
and transport. PSCs can be manufactured using two distinct
methods. These methods vary based on the order of depo-
sition for the materials involved, either the ETM is applied
first, or the HTL is applied first, (Fig. 1(c and d)). The choice of
method influences the overall performance and characteristics
of the device. In the standard architecture for conventional
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NIP-type configurations, an n-type ETM is placed beneath an
insulating light-harvesting layer, with a p-type HTL situated
above it (Fig. 1d).*® This arrangement forms an (ETM/perovs-
kite/HTL) stack. Conversely, the inverted PIN-type architecture
features a p-type HTL at the base, an insulating light-harvest-
ing layer in the middle, and an n-type ETM on top, resulting in
an (HTL/perovskite/ETM) configuration (Fig. 1e). These two
configurations will be conferred in the following section.

2.1.1 NIP configurations. The NIP diode, characterized by
its N-type (N), intrinsic (I), and P-type (P) layers, is a highly
adaptable semiconductor device extensively employed in elec-
tronic and optoelectronic technologies.”® Unlike conventional
diodes, which contain only N-P junctions, the NIP diode
includes a substantial intrinsic layer between the N-type and
P-type regions.”® This intrinsic layer is crucial for its unique
operational characteristics, such as low capacitance and high-
speed switching capabilities, making NIP diodes indispens-
able in high-frequency applications and photodetection.

Understanding the operation of an n-i-p diode requires a
foundational knowledge of the photo-induced charge carriers
interface.>® The creation of the charge carrier junction in an
NIP diode requires the doping of semiconductor material to
establish regions with excess positive (P-type) and negative
(N-type) charge carriers. The intrinsic (I) layer, undoped and
positioned between these two regions, plays a pivotal role in
the diode functionality. When a potential difference is applied
across the NIP diode, the electric field spans the intrinsic
region, resulting in the formation of an extensive depletion
zone. This depletion region is essential for the diode high-
speed switching and low capacitance, as it allows the diode to
quickly respond to changes in the applied voltage without the
significant charge storage issues found in conventional
diodes. In photovoltaic applications, the width of the depletion
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Fig. 1 (a) Working principle of PSC,%” (b) PN-junction,*® (c) mesoporous configuration,*® (d) NIP configuration, (e) PIN configuration,®® and (f) HTL-

free PSC.5t
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region plays a key role in the PCE.>® A narrow depletion region,
often found in conventional diodes, poses several challenges.®
Firstly, it leads to higher capacitance, which hampers the
diode ability to operate effectively at high frequencies.
Secondly, and more critically for photovoltaics, narrow
depletion regions are less efficient in separating and collecting
excitons generated under incident illumination.?” This ineffi-
ciency in charge carrier separation results in lower responsivity
and conversion efficiency, ultimately limiting the effectiveness
of PSCs relying on these diodes.>® In contrast, the NIP diode’s
wide depletion region offers significant advantages for photo-
voltaic applications.’® An extensive intrinsic region may lead to
a slower response speed due to the increased distance for elec-
trons and holes to travel and recombine.®°

2.1.2 PIN configuration. The PIN structure, a variant of the
NIP configuration, comprises layers arranged sequentially as a
p-type layer, an insulating or intrinsic layer, and an n-type
layer.®® The intrinsic (I) layer plays a critical role in enabling
efficient photon absorption and generating charge carriers.®>
The absorber materials that are composed of perovskite can
effectively absorb a broad spectrum of photons that generate
electron-hole pairs (excitons), which contribute to a PCE of
24%, as reported in Table 1. The layer quality impacts charge
separation and transport, with advancements in perovskite
synthesis enhancing crystallinity, reducing defect density, and
enhancing stability, ultimately boosting the PCE and thermal
stability of NIP PSCs.%?

2.1.3 HTL free PSCs. PSCs primarily rely on multiple CTLs,
including ETMs and HTLs. The frequently utilized inorganic
HTLs are 2,2',7,7'-tetrakis(NV,N-p-dimethoxyphenylamino)-9,9’-
spirobifluorene (Spiro-OMeTAD), polytriarylamine (PTAA), and
nickel oxide (NiO,), etc. These materials significantly contrib-
ute to the effective collection and transfer of charge carriers.
However, the inclusion of HTLs introduces several challenges,
including material instability which is a significant concern,
as HTLs, particularly Spiro-OMeTAD, are susceptible to chemi-
cal and thermal degradation, which impacts device
stability,”®”" also NiO,, which is characterized by a high con-
centration of Ni**, can accept electrons from tin perovskites.
This interaction facilitates the oxidation of Sn** to Sn*", which
ultimately leads to diminished stability in Ni-based tin
PSCs.**7? Additionally, the hygroscopic nature of numerous
HTL materials leads to moisture absorption from the environ-
ment, hastening the degradation of the light-harvesting
layer.”>’* The low hole mobility of commonly used HTL
materials further hampers efficient charge transport, reducing
overall device performance.”> Moreover, perovskites possess
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long carrier diffusion lengths, often exceeding several hundred
nanometers.”® These characteristics enable efficient charge
separation and extraction within the light-harvesting layer,
theoretically reducing the need for separate ETMs and HTLs.””

Due to the bipolar nature and extended carrier diffusion
length of perovskites, the presence of an ETM and an HTL is
not essential for the mechanisms of charge separation and
extraction. In an optimal configuration, as described by Kim
and Liu et al. the light-harvesting layer alone would be
sufficient to gather and transport charge carriers to the
respective electrodes with minimal losses.”®”® This concept
has led to the exploration of HTL-free PSC configurations
(Fig. 1f), aiming to simplify device architecture and reduce
manufacturing costs.

In recent years, significant efforts have been directed
toward the development of PSCs without the HTL layer.*°
Etgar et al. were the first to propose the successful fabrication
of HTL-free PSCs, demonstrating that the CH;NH;PbI;
(MAPDL;) crystal could function both as a hole conductor and
a light absorber, (Fig. 2a). Zhang et al. improved the ELA by
creating a layered perovskite structure composed of MAPbI;/
MAPDL,Br;_,. The valence band maximum (VBM) of
MAPDL,Br;_, was 0.23 eV higher than that of MAPbI;, facilitat-
ing hole extraction by reducing the energy barrier (Fig. 2b). At
the same time, the conduction band (CB) of MAPbIxBr;_, was
found to be 0.25 eV higher than that of MAPbI; (Fig. 2c),
which hindered the electron transfer from the light-harvesting
layers to the carbon electrode.

2.2 Charge transport layer engineering

In PSC devices, the behavior of photoinduced excitons is pre-
dominantly governed by the attributes of the active layer.*”
Moreover, the performance of a PSC is contingent upon its
proficiency in capturing incident photons, as well as the effec-
tiveness of charge transport and collection at the corres-
ponding electrodes.®*®®” vVarious elements that influence light
propagation and charge transport within the device, such as
energetic barriers at interfaces, the existence of defect states in
the light-harvesting layer or adjacent functional layers, and
parasitic absorption, will impose limitations on the overall per-
formance of the device. Recently, the PCE of PSCs has wit-
nessed advancements driven by the strategic implementation
of interface engineering. This approach involves the incorpor-
ation of distinct interfacial materials between the ETM/HTL
and perovskite active layer.*”* The introduction of interfacial
materials serves two primary functions: ELA and chemical
modification.

Table 1 Device data of NIP,5*%5 PIN,%5¢” mesoporous®® and HTL-free configurations®®

Device configuration Perovskite ETM HTM PCE (%) Stability
NIP MAPbI, TiO, Spiro-OMeTAD 21-26.42 80%
PIN FAg 0oMA 10Pbls Sno, NiO 23.1-26.14 85%
Mesoporous (FAPDI3)0.97(MAPDbBI3).03 TiO, Spiro-OMeTAD 25.5 96.6%
HTL-free Pb perovskite TiO, 10-11 90%

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Device representation of HTL-free PSC.5! (b) A schematic representation depicting the influence of BDPSO dopants in HTL-free PSC.2 (c)
Energy states diagram of HTL-free PSC, (d) a schematic illustration of the separation at the buried interface of the PSC. The inset displays the use of
a KPFM or AFM probe for measuring the work functions (WFs) of surface A and surface B.%® (e) The WF distribution of surface A before and after
operation, compared with surface B, is presented the SnO, surface was modified with —Cs=N.%*

2.2.1 Optimization of energy levels. To enhance the photo-
induced charge carrier’s dynamics in PSCs, carrier transport
layers, such as the ETM and HTL, are typically incorporated on
either side of the perovskite active layer. However, an energy
level mismatch between the charge carrier transport layers and
the perovskite can lead to energy losses at the interfaces. Thus,
precise control of the interface ELA is essential for optimizing
the photovoltaic parameters. Probing the ELA between the per-
ovskite layer and the neighboring transport layers necessitates
a detailed assessment of the energy level offset and the relative
positions of their Fermi energy levels (FEL). The electronic
states offset at the interface play a critical role in affecting
interfacial recombination and dynamics of carrier infusion.
The positioning of the FEL determines the alignment and
extent of energy band bending at the interface, which in turn
influences the efficiency of charge carrier extraction. Moreover,
the FEL of the perovskite and adjacent layers significantly
affects the quasi-FEL splitting in PSCs, thereby influencing the
maximum achievable photovoltage. Therefore, to attain the
best possible performance from the device, it is essential to
carefully evaluate these factors.

In PSCs, defect-assisted recombination primarily arises
from Shockley-Read-Hall (SRH) recombination and interfacial
recombination mechanisms, (Fig. 3). These processes are criti-
cal in determining the overall efficiency of charge carriers.®®®°
SRH recombination in light-harvesting layers is primarily insti-
gated by the presence of uncoordinated ionic defects, which
give rise to deep-level defect states. These DSs are energetically
positioned within the bandgap and can capture free charge
carriers, effectively impeding the charge dynamics, and

15652 | Nanoscale, 2025, 17, 15648-15675

thereby increasing defect-assisted recombination (Fig. 3b).
This process results in significant energy losses, as the trapped
carriers recombine without contributing to photovoltaic
output.

Non-emissive recombination in PSC primarily occurs due to
mismatched energy levels or DSs leading to thermal potential
loss and significantly reducing the open-circuit voltage (Vo)
and fill factor (FF).°" This misalignment causes thermal poten-
tial loss and primarily reduces the V,. and FF of the devices.
Therefore, the suitable energy levels of the ETM as well as
HOMO/LUMO, are critical parameters for device perform-
ance.”” A high-quality ETM with appropriate energy levels
facilitates efficient electron transport and hole blocking,
enhancing overall efficiency.

The collection of charge carriers by HTLs or ETMs occurs
via the built-in electric field (E;). The energy offsets (AE)
between the LUMO level of ETM and the HUMO level of HTL
are critical for minimizing non-emissive recombination. Lower
values of AE,; of the valence band and AE, of the CB decrease
recombination rates, while higher values increase them.
Optimal band offsets, ideally below 0.2 eV, enhance charge
transport and reduce interface recombination. Therefore, the
selection of the conduction or valence band of the HTL/ETM,
or the LUMO/HOMO for molecular CTLs, is critical to ensure
selective charge extraction. This is achieved by establishing an
energetic barrier that effectively facilitates the specific extrac-
tion of electrons or holes, thereby boosting the efficiency and
performance of the device.

2.2.2 Tuning charge dynamics at the interface through
chemical engineering. Interface layers (ILs) extend their influ-

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) The mechanism of radiative recombination of photo-induced charge carriers,®® and (b) defect recombination mechanism at ETM/perovs-

kite interface.®°

ence beyond optimizing ELA. They possess the valuable capa-
bility to passivate defects and traps residing at the active layer
surface or interface.>” Passivation involves applying a protec-
tive layer, typically a material that chemically interacts with the
base substrate, to form a micro-coating that provides protec-
tion. The transition from an active to a passive state is
achieved through the creation of this passivation layer. In
PSCs, passivation typically arises through two mechanisms:
chemical passivation and physical passivation.’*** Chemical
passivation focuses on minimizing DSs to improve charge
transfer across interfaces, while physical passivation involves
shielding specific functional coatings from environmental
exposure to prevent cell degradation. These passivation tech-
niques are essential for optimizing PSCs, resulting in improved
PCE and overall performance.

The interface between the CTL and the perovskite may
exhibit weak adhesion because of inhomogeneities in compo-
sition and the presence of strain within the light-harvesting
layer. Such inhomogeneities could potentially result in a
diminished homojunction of the perovskite next to the CTLs.
The potential for a WF discrepancy at the perovskite homo-
junction as, characterized by weak adhesion, suggests that the
interface may adversely affect stability. Thus, it is imperative to
regulate the WF to improve overall stability, (Fig. 2d).
Consequently, there is a need to explore strategies for asses-
sing the WF of the weak homojunction within the light-har-
vesting layer that is situated near the CTL. The n-i-p configur-
ation featuring a SnO, CTL detachment of the perovskite layer
from the SnO,-coated fluorine-doped tin oxide (FTO) substrate
may serve as an effective approach to assess the WF of the
weakly adhering homojunction. The light-harvesting layer was
partially removed from the SnO,-coated FTO substrate;
however, a residual thin layer of perovskite remained attached
to the SnO, surface. The bottom surface of the perovskite film

This journal is © The Royal Society of Chemistry 2025

and the top surface of the SnO, film were identified as
“surface A” and “surface B”, respectively. The WF values for
surface A and surface B were measured at 4.23 €V and 3.88 eV,
respectively, (Fig. 2e), as determined by a kelvin probe force
microscope (KPFM). This variation in WF indicates the for-
mation of a homojunction.

3 Recent progress in ETMs

In PSCs, the ETM is situated between the metal electrode and
the light-harvesting layer.”® This layer plays a crucial role in
modifying the interface by generating an interfacial dipole,
which subsequently alters the vacuum level. Such modifi-
cations facilitate electron extraction by reducing the energy
barrier at the interface. By establishing an efficient connection
between the metal electrode and the photovoltaic active layer,
the ETM effectively minimizes energy losses and recombina-
tion during charge extraction, thus enhancing the PCE of
PSC.*>> A promising ETM is characterized by well-aligned
energy levels with the light-harvesting layer. Specifically,
having its LUMO/HOMO positioned elevated than those of the
perovskite layer. Furthermore, the ETM should demonstrate
high transmittance in the UV-Vis spectrum to ensure that
photons can easily penetrate the perovskite absorbed by it.
The evaluation of transmittance, absorption spectra, mobility,
and conductivity are used to assess the optical and electronic
properties.

3.1 Metal oxides (MOs) based ETMs

In recent years, the development of metal oxides (MOs) has
been preferred as ETMs due to their facile fabrication
process,’® high intrinsic stability, tunable optical and elec-
tronic properties,” low-temperature or no post-treatment

Nanoscale, 2025, 17, 15648-15675 | 15653
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requirements,”® low cost, and additional passivation function.
These benefits enhance their application in high-performance
inverted PSCs.

3.1.1 Titanium oxide (TiO,). TiO, has garnered significant
attention as an ETM due to its advantageous positions
(HOMO/LUMO) that facilitate the extraction and injection of
charge carriers. Its high electron mobility, appropriate energy
levels, and robust chemical stability further contribute to its
suitability as an ETM.?®'°° Khan et al. achieved 22.10% PCE
using TiO, as ETM with CsSnI,Br based PSC using numerical
calculations.'®® However, TiO, faces several challenges, par-
ticularly its high processing temperatures and photocatalytic
activity, which can degrade device stability.'°>'*® Recent
studies have attempted to overcome these limitations through
doping and nanoengineering. Doping TiO, with elements
such as nitrogen and fluorine has enhanced its electrical con-
ductivity and light absorption properties, while nanoengineer-
ing approaches like creating nanorods and nanotubes have
improved electron transport and reduced recombination
losses.'® Despite these advancements, there are still some
issues with TiO, as an ETM material, such as UV degradation.
Upon exposure to light, TiO, undergoes bandgap excitation,
leading to the generation of electron-hole pairs.'®>'%® The
photoexcited electrons can migrate to the surface of the TiO,,
where they interact with the adsorbed oxygen molecules.'®”
This phenomenon can induce the desorption of oxygen
species from the surface, thereby destabilizing the charge
transfer complex. The consequent depletion of surface-
adsorbed oxygen species, crucial for passivating surface
defects on TiO,, results in the proliferation of recombination
centers.'®> Consequently, this leads to a degradation of photo-
current and overall device performance. Additionally, the high
processing temperatures required for TiO,, exceeding 450 °C,
pose a significant challenge, particularly for applications that
involve flexible PSC devices.”

3.1.2 Zinc oxide (ZnO). The requisite high processing
temperatures for TiO, constrain its utility as an ETM for PSCs.
Consequently, ZnO’s suitability for low-temperature processing
renders it an auspicious candidate for the ETM in flexible
PSCs, additionally providing a cost-effective alternative to the
high-temperature sintering demanded by TiO,.'°® ZnO has
demonstrated superiority over TiO, as an ETM, attributable to
its elevated electron mobility (Table 2) that enables rapid elec-
tron transport. Among the various deposition techniques for
ZnO ETLs in planar PSCs, solution-based methods such as the
sol-gel process have been extensively investigated. In 2014, Qiu

Table 2 Photovoltaic features of TiO,, SnO,, and ZnO*2-12t

TiO, ZnO SnO,
Energy band gap (eV) 3.0-3.2  3.2-3.3 3.50-4.0
Electron mobility (cm?>v™"'s™") 20 2.05 x 10> 107%-10?
Efficiency% (1)) 20-25  19-21.90 23-26
Surface work function (eV) 4.5-5.0 4.45-5.3 4.71-5.3

Electron diffusion coefficient ~ 0.5-107% 5.2-1.7 x 10™* 6.22 x 107°®

(em?s™)
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et al. reported the fabrication of planar PSCs employing sol-
gel-derived ZnO ETLs, achieving a PCE of 8.37%."%°"

Recently, there has been a significant surge in interest in
developing low-temperature processable PSCs, driven by the
escalating demand for this cutting-edge technology in the
photovoltaic industry. ZnO is one of the most promising candi-
dates and is extensively studied due to its superior opto-
electronic properties compared to TiO,, providing numerous
advantages, especially in the realm of charge dynamics. ZnO
can be processed at much lower temperatures compared to
TiO,, making it compatible with flexible and organic sub-
strates. ZnO demonstrates superior electron mobility, enhan-
cing charge transport efficiency and minimizing recombina-
tion losses. This higher mobility is partly due to ZnO intrinsic
properties and its ability to form various nanostructures, such
as nanorods, nanowires, and nanoparticles, which enhance
the surface area and improve electron extraction. Recent
advancements in ZnO ETMs include doping with elements
like aluminum and gallium to further increase conductivity
and reduce defects and developing composite materials that
combine ZnO with other oxides or organic molecules to
improve performance and stability. Surface passivation tech-
niques have also been employed to mitigate surface defects
and recombination sites, leading to improved device stability
and efficiency.

Despite the potential to resolve the high-temperature pro-
cessing limitations, ZnO-based PSCs remain vulnerable to
substantial long-term stability problems, primarily due to UV
degradation.’® The stronger UV catalytic activity of ZnO
leads to severe degradation issues, than TiO,. Surface
hydroxyl groups and residual chemicals on the solution-pro-
cessed ZnO surface induce photochemical reactions under
UV exposure, accelerating the decomposition of the light-har-
vesting layer. This degradation mechanism critically under-
mines the stability and efficiency of ZnO-based PSCs, high-
lighting the urgent need for strategies to enhance their UV re-
sistance. The interaction between ZnO and metal halide per-
ovskites results in the chemical instability of ZnO, which trig-
gers a swift deterioration of the perovskite layer.'*® This
instability hinders the potential use of ZnO as an n-type
charge extraction layer in high-performance PSCs, despite its
superior optoelectronic properties compared to other MOs
like SnO, and TiO,.

3.1.3 Tin oxide (Sn0O,). The predominant challenge associ-
ated with MOs, such as TiO, and ZnO, is their interaction with
ultraviolet (UV) light. Under UV irradiation, these materials
function as photocatalysts, thereby enhancing the degradation
process of perovskite materials. This degradation process is
initiated when UV light excites electrons within TiO,, leading
to the creation of deep-level defects and augmented interface
carrier recombination. These phenomena collectively result in
a substantial diminution of PSC performance. Typically, SnO,
is recognized for its excellent UV light absorbance due to its
wide band gap, which makes it an effective photocatalyst
under UV radiation.”**'*® Sn0, being chemically inert with
negligible catalytic performance, and its larger BG compared
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to TiO, makes it less susceptible to these issues. SnO, UV re-
sistance and lower photocatalytic activity contribute to its
ability to maintain device stability and lifespan under UV
exposure, providing a more stable alternative as an ETM in
PSCs. Additionally, SnO, boosts significantly higher electron
mobility, up to 240 x 10™* em?® V™' 57!, compared to TiO, (10™*
cm® V' s7') (Table 1)."*® This higher electron mobility facili-
tates more efficient electron collection and transport, directly
contributing to improved device performance. Furthermore,
the reduced hygroscopic nature and enhanced resistance to
acidic conditions of SnO, contribute to its longevity, resulting
in solar cells with extended operational lifespans. The fabrica-
tion process of SnO, also presents significant advantages.
SnO, can be synthesized at low temperatures (<180 °C), in con-
trast to the high-temperature processes often required for
TiO,. The nanocrystalline SnO,, processed through low-temp-
erature solution methods, can effectively function as a viable
substitute for TiO, as an ETM. A wide range of electron mobi-
lity values for SnO, (from 107 to 10> cm® V™' s7) has been
reported (Table 2), which can be primarily attributed to vari-
ations in synthesis methods, crystallinity, and defect concen-
trations. Factors such as oxygen vacancy density, grain bound-
ary scattering, and surface roughness critically influence
charge transport. Films prepared via low-temperature or solu-
tion-based processes often exhibit poor crystallinity and high
defect densities, leading to reduced mobility. In contrast, high-
temperature or vacuum-based techniques generally produce
well-ordered structures with significantly improved mobility.">”
Furthermore, SnO, offers excellent band alignment with light-
harvesting layers, which is crucial for efficient electron transfer
and minimizing energy losses."*® This favorable CB alignment
helps form high-quality p-n heterojunctions, reducing charge
recombination and thereby improving the V,. and FF of the
PSCs. The ability of SnO, to serve both as a compact layer and
a mesoporous layer adds to its versatility, allowing for more
flexible design and optimization of PSC architecture. This ver-
satility is instrumental in achieving higher efficiencies and
developing more robust and scalable solar cell designs.
However, SnO, as an ETM in PSCs faces challenges, including
the need for dense, pinhole-free films, as pinholes can reduce
efficiency. Low-temperature annealing can cause defects,
increasing charge carrier recombination and reducing device
performance. Additionally, SnO, films often require surface
treatments, like UV-ozone, to remove residues and improve
wettability, adding complexity to the manufacturing process.
The intricate surface characteristics inherent to TMOs, notably
including oxygen vacancies, ionic residues, and suspended
bonds, introduce supplementary non-emissive recombination
sites. Consequently, these phenomena exert adverse effects on
the crystallization and interfacial contact of the light-harvest-
ing layer, thereby impeding device performance and stability.
Moreover, the disparate carrier mobility and limited conduc-
tivity exhibited by ETMs and HTLs contribute to the accumu-
lation of carriers at interfaces and consequent resistance
losses. These challenges exacerbate hysteresis effects and
promote charge recombination within the device structure.'*’
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3.2 Organic ETMs

The limitations of metal oxide-based ETMs, particularly
their high processing temperatures and incompatibility with
flexible substrates, have driven significant interest in organic
alternatives. Organic ETMs offer distinct advantages, includ-
ing solution processability, tunable electronic properties,
and compatibility with roll-to-roll (R2R) fabrication, making
them indispensable for scalable and flexible perovskite
photovoltaics."*° Among these, fullerene derivatives (e.g.,
Ceo, PCBM) have emerged as leading candidates due to their
exceptional electron affinity and ability to passivate inter-
facial defects, enabling PCEs exceeding 22% in optimized
devices.B13?

Despite their advantages in processing versatility and inter-
facial engineering, organic ETMs face intrinsic limitations that
constrain their widespread adoption in PSCs,'** such as lower
electron mobility (<10™> em® V™' s7') compared to inorganic
ETMs (e.g., SnO,, TiO,), leading to resistive losses in thick-film
devices."* Furthermore, interfacial energy disorder at perovs-
kite/ETM junctions exacerbating non-radiative recombination
losses, while the thermodynamic instability of carbon-based
molecular frameworks under operational stressors ( photo-oxi-
dation, thermal degradation) poses fundamental challenges
for long-term device viability.>> These material-level con-
straints underscore the need for innovative molecular design
strategies that reconcile electronic performance with environ-
mental robustness to unlock the full potential of organic
ETMs in commercial PSC architectures.

4. Exploring the charge dynamics of
fullerenes and fullerene derivatives in
PSCs

Fullerenes and their derivatives are pivotal in PSCs due to their
high electron affinity, tunable energy levels, and defect passi-
vation capabilities. This section examines how pristine and
functionalized fullerenes optimize photocarrier dynamics,
charge generation, separation, transport, and recombination,
and highlights recent spectroscopic insights into their mole-
cular-level contributions.

4.1 Pristine fullerene

While n-type metal oxides have traditionally dominated as
ETMs in conventional PSCs, their practical implementation
faces significant limitations. These include suboptimal film
quality, oxygen vacancy-induced defect states, inherent chemi-
cal instability, and pronounced hysteresis effects, all of which
collectively constrain device performance metrics. In contrast,
pristine fullerenes (Cgo and C,), serve as effective ETMs due to
their LUMO levels (~3.7-4.0 eV), which align well with perovs-
kite conduction bands.*® Their icosahedral structure enables
efficient electron extraction, reducing recombination losses.
For example, Cgo-based PSCs achieve PCEs of 20-23%."°°
However, their hydrophobicity and tendency to aggregate limit
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film uniformity, increasing trap states and reducing carrier
diffusion lengths (<100 nm)."*®

4.2 Fullerene derivatives

The optimization of photocarrier dynamics in perovskite solar
cells necessitates the strategic functionalization of fullerene
derivatives (Fig. 4a),” as the implementation of pristine fuller-
enes as ETM presents significant limitations. Poor solubility in
common organic solvents (chlorobenzene, chloroform),
restricting processing window. Non-uniform films with incom-
plete surface coverage (<80%), leading to inconsistent charge
transport pathways. This morphological imperfection creates
inconsistent charge transport pathways and compromises
interfacial contact with the perovskite layer, ultimately mani-
festing as increased series resistance exceeding 10 Q cm” and
elevated trap-assisted recombination with carrier lifetimes
shorter than 20 ns.”'?° Functionalized fullerenes, such as
PCBM, are limited by issues including photochemical instabil-
ity, high cost, and restricted tunability.*" In contrast, non-full-
erene ETMs offer enhanced structural diversity, tunable elec-
tronic properties, and improved film morphology.” For
example, perylene diimides (PDIs) and naphthalene diimides
(NDIs) have demonstrated comparable or even superior device
performance with enhanced long-term stability, achieving
PCEs of up to ~20.5%. Moreover, polymer-based ETMs such as
P(NDI2DT-TTCN) and PFN-2TNDI exhibit excellent processa-
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bility, thermal stability, and competitive efficiencies ranging
from ~17% to 20.8%. Additionally, oxygen-doped graphitic
carbon nitride has been shown to enhance ETM performance
in PSCs by passivating interfacial trap states and improving
energy level alignment. This results in reduced charge recom-
bination, improved charge extraction, and PCEs exceeding
21%, along with enhanced device stability. Nonetheless, chal-
lenges persist in achieving consistently high charge mobility
and scalable fabrication.>

This review systematically examines key classes of fullerene
derivatives (Fig. 4b), focusing on their role in optimizing
charge dynamics in PSCs. Notably, functionalized fullerenes
such as PCBM and 5F-PCBP (Fig. 4c) effectively passivate
iodine vacancies at perovskite interfaces, thereby enhancing
charge extraction efficiency. Further modifications, including
hydrophilic variants (-OH, -COOH, -NH,), improve both solu-
tion processability and interfacial charge extraction, addres-
sing critical limitations of pristine fullerenes.” Lewis acidic
derivatives effectively modify cathode work functions for better
energy alignment. Halogenated fullerenes demonstrate
increased electron affinity, benefiting open-circuit voltage.'*®
Oligoethylene glycol and crown ether modifications signifi-
cantly broaden solvent compatibility. Pyridine/thiophene-func-
tionalized derivatives excel in defect passivation through Pb**
coordination (Fig. 4d). Cross-linked versions create robust,
thermally stable charge transport networks. Notably, ICBA and
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Fig. 4 (a) The structural design of fullerene derivatives and illustration of the planar PSC, (b) energy level diagram of various functionalized fuller-
enes in PSCs,*° (c) the interface between the perovskite/PCBM and perovskite/5F-PCBP layers reveals the presence of iodine vacancies on the per-

ovskite surface,**®
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its analogues with elevated LUMO levels have proven particu-
larly effective for achieving higher photovoltages.'*" Each deriva-
tive class offers distinct advantages for addressing specific chal-
lenges in charge carrier management, as will be explored in
subsequent sections. This strategic functionalization enables
precise tuning of electronic properties, interfacial interactions,
and morphological stability in PSC architectures.

4.3 Hydrophilic fullerene

The intrinsic hydrophobicity of pristine fullerenes poses sub-
stantial challenges for their effective integration into perovs-
kite solar cell architectures, particularly in solution-processed
fabrication methods."*® This limitation stems from strong n-n
stacking interactions that promote aggregation and poor inter-
facial compatibility with polar components in the device stack.
To address these constraints, researchers have developed three
principal strategies to enhance hydrophilicity and processabil-
ity. The first approach involves the formation of stable col-
loidal aggregates through carefully controlled solvent exchange
processes, where extended sonication aids in achieving
uniform dispersion. A second pathway utilizes non-covalent
modification techniques that leverage hydrogen bonding net-
works, n-n stacking interactions, or electrostatic stabilization
to improve aqueous compatibility without altering the core
fullerene structure. Notably, covalent functionalization with
hydrophilic moieties (-OH, -COOH, -NH, groups) has
emerged as the most versatile solution, (Fig. 5a). These chemi-
cal modifications not only dramatically improve solubility in
polar media but also introduce beneficial interfacial properties
that enhance charge extraction while maintaining the essential
electronic characteristics of the fullerene core.

The Cgo’s icosahedral symmetry limits functionalization to
specific carbon atoms, affecting the degree of modification.
Wang et al demonstrated this principle by developing

(S)n
a) . b) B
§ﬁ’ & /
.(OH).m ‘(oum N
(o]
> i ‘043 O N w
= S H 3 y 8 [ H3 H oﬁo
3
ceta-e  P3CT

-3.20

¢ (O oe .3.70
«© \— <
-4.42 |2,9%

3
(]

—
-4.45
P3HT

Eenergy (ev)
475 |

Moo, =)
— 460
.5.44 -5-20-530

View Article Online

Minireview

5F-PCBP, a fluorinated PCBM derivative, which achieved a
remarkable PCE of 21.27% in triple-cation PSCs, (Fig. 4).'**
The fluorinated ETM exhibited exceptional stability, with
encapsulated devices showing a projected Ty, lifetime exceed-
ing 92700 hours (~10 years) under operational conditions.
This performance enhancement stems from the synergistic
effects of fluorination: increased surface hydrophobicity, sup-
pression of iodine vacancies, and stabilization of organic
cations at the perovskite interface.

Alternative modification strategies have explored polar func-
tional groups to optimize interfacial properties. Wang and col-
leagues investigated CPTA-E (Fig. 5b), a fulleropyrrolidine
derivative featuring three carboxylic ester groups, as a PCBM
alternative in p-i-n PSCs (Fig. 5(c and d)).** While CPTA-E
shows reduced solubility in chlorobenzene compared to PCBM,
solvent blending with chloroform enabled effective processing.
More critically, the carbonyl groups in CPTA-E strongly coordi-
nate with undercoordinated Pb*" ions at the perovskite surface,
forming a uniform passivation layer that reduces interfacial
recombination. This molecular design yielded devices with
17.44% PCE and minimal hysteresis, outperforming PCBM-
based control devices (15.09% PCE with pronounced hysteresis).
Cross-sectional SEM analysis (Fig. 5¢) confirmed the improved
morphology and interfacial integrity achieved with CPTA-E.

These case studies illustrate how targeted functionalization
of fullerenes can simultaneously address multiple challenges
in PSCs, enhancing solubility, improving interfacial charge
extraction, and boosting device stability through -carefully
engineered molecular interactions at the perovskite/ETM inter-
face, (Fig. 5f).

4.4 PCBM-based fullerene derivatives

The ELA between MAPbDI; perovskites and fullerene derivatives
presents both opportunities and challenges for charge carrier
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Fig. 5 (a) Schematic diagram of hydrophilic fullerene,**? (b) the chemical configurations of CPTA-E and P3CT, (c) a schematic depiction of the p—i—
n structured PSC device employing CPTA-E as the ETM along with its corresponding (d) energy level diagram, (e) SEM image showing a cross-

section of the device, and (f) energy level diagram for each layer is shown correspondingly.
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management. While the 0.7 eV AE between the MAPbDI;
valence band and Cgy’'s HOMO level provides adequate hole-
blocking capability, this configuration is not optimal for maxi-
mizing device efficiency. This AE creates conditions where
photogenerated holes may transfer to adjacent C¢, molecules,
leading to interfacial recombination losses. PCBM exacerbates
this issue further, with a reduced 0.4 eV valence band offset
between the perovskite valence band and the HOMO level
(compared to Cgo) further compromises hole-blocking
efficiency. This limitation necessitates the implementation of
additional interfacial layers to optimize charge extraction
dynamics.'*®

A more fundamental challenge arises from defect states
(DSs) associated with perovskite crystallinity, particularly at
grain boundaries (GBs) and CTL interfaces. These structural
imperfections act as trapping centers for charge carriers before
they reach the electrodes. Fullerenes mitigate these defects
through two primary passivation mechanisms: (1) physical
passivation by filling GB voids via large molecular size, and (2)
chemical passivation through coordinating undercoordinated
Pb>*/I” ions, as well as electronic passivation by delocalized
n-electrons quench trap states. However, PCBM’s tendency to
form large aggregates during deposition reduces interfacial
contact area, and its photodimerization under illumination
significantly degrades charge transport properties.'*® Recent
advances in evaporable fullerene derivatives, such as the fuller-
ene indanones (FIDOs) developed by Shui et al, have
addressed these limitations. FIDO-based devices achieved a
remarkable 22.11% PCE compared to 18.2% for conventional
Ceo devices, though long-term stability remains a concern.™*”

Meng and colleagues systematically investigated the struc-
ture-property relationships of PCBEH (Fig. 6a), a PCBM ana-
logue functionalized with branched alkyl chains, demonstrat-
ing significant improvements in both device performance and
stability.” Their study, employing dynamic light scattering
(DLS) and solution-state NMR, confirmed PCBEH’s superior
chlorobenzene solubility (~52 mg mL™") vs. PCBM (~35 mg
mL™"), enabling the formation of exceptionally uniform thin
films with enhanced interfacial properties. This improved mor-
phology directly correlated with more effective defect passiva-
tion and optimized electron extraction dynamics, ultimately
yielding champion devices with power conversion efficiencies
reaching 16.26% - a notable improvement over standard
PCBM-based architectures.'**

The branched alkyl functionality of PCBEH contributed to
two key advantages: first, the enhanced hydrophobicity
(contact angle of 97° versus PCBM’s 81°) provided superior
moisture resistance, and second, the optimized molecular
packing reduced interfacial trap states.">°

Atomic force microscopy characterization (Fig. 6b) provided
quantitative insights into the morphological improvements,
showing that PCBEH deposition on perovskite substrates
reduced the root-mean-square surface roughness from 54 nm
(bare perovskite) to 13.7 nm, outperforming PCBM’s smooth-
ing effect to 19.3 nm (Fig. 6¢). This dramatic reduction in
surface roughness reflects PCBEH’s ability to more effectively
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template the perovskite interface, minimizing contact imper-
fections that typically promote non-radiative recombination.
The combination of enhanced solution processability,
improved interfacial morphology, and intrinsic hydrophobicity
positions alkyl-functionalized fullerene derivatives like PCBEH
as promising candidates for developing high-performance as
well as environmentally stable perovskite photovoltaics. These
findings underscore the critical importance of side-chain
engineering in tailoring fullerene derivatives for specific inter-
facial challenges in PSC architectures."*

4.5 [6,6]-Phenyl-C61-butyric acid benzyl ester (PCBB)

To overcome PCBM’s photoinduced aggregation, Wang et al.
developed PCBB, a structural analogue where the terminal
methyl group is replaced with a benzyl moiety.*® This strategic
modification significantly enhances molecular stability and
retain >80% initial PCE after 600 hours at maximum power
point, achieves 19.84% PCE (Table 3), a marked improvement
over conventional PCBM-based systems. This enhanced per-
formance stems from two key molecular interactions: (1)
strengthened n-n stacking between Cg, cages that maintains
electron delocalization, and (2) CH-r bonding between benzyl
groups that provides steric stabilization. Together, these inter-
actions effectively suppress fullerene aggregation - a critical
advancement over conventional PCBM systems. Recent studies
by Zhang et al. have further confirmed that such aromatic sub-
stitutions in fullerene derivatives reduce trap state formation
at perovskite interfaces (Fig. 7a), explaining the observed
enhancement in both efficiency and operational stability.">
This molecular design approach (Fig. 7b) offers a promising
pathway to overcome one of PCBM’s most persistent limit-
ations in PSC applications.

4.6 Lewis base functionalized fullerene derivatives

Functionalizing fullerenes with Lewis base groups (amines, oli-
goethers, crown ethers) improves their performance as ETMs
by simultaneously enhancing polarity (enabling better proces-
sing), defect passivation (via Pb** coordination), and ELA at
perovskite interfaces.'®” These modifications strengthen inter-
actions with ionic species in perovskites, reducing recombina-
tion while maintaining charge transport efficiency, a key
advancement beyond conventional ester/alkyl modifications.

4.6.1 Amino-functionalized fullerene derivatives. Amino
groups, including -NH, and -N'(CHj);I", serve as effective
Lewis bases for fullerene functionalization, creating dipole-
induced fields that enhance charge collection through dipole-
induced built-in electric fields."*® These modifications simul-
taneously passivate defects and modify interfacial energy
bands. Xiang et al. demonstrated the dual functionality of
CeoNH, by employing it as a modifier for the TiO, ETM in
planar n-i-p PSCs, achieving a PCE of 18.34%. The enhanced
performance was attributed to reduced hysteresis resulting
from improved electronic coupling at the perovskite/TiO, inter-
face and lattice stabilization.'®®

Further advancements emerged from Li et al.’s PCBB-S-N
(Fig. 10d), combining thiophene and amino groups into an
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Fig. 6 (a) An illustration of PCBEH-based PSC.}*® (b) AFM images for the perovskite/PCBM : Cgo configuration, highlighting various volume ratios of
PCBM : Cgo, (c) the PL and TRPL decay transient spectra of the FTO/perovskite/PCBM (or PCBEH),'*° (d) a schematic representation of the layer
configuration of fullerene-based PSCs, with and without the application of PCBB-3N-3l, (e) chemical structures of FDs, and (f) Charge transfer

mechanism on perovskite films.***

interlayer that reached 21.08% PCE. The thiophene moiety co-
ordinated with Pb>" ions while the amino group formed hydro-
gen bonds, producing dense PCBM films and optimized
energy band alignment. Zhang et al. extended this approach
with PCBB-3N-31, where coulombic interactions with charged
defects yielded 21.1% PCE and enhanced stability through
defect neutralization and dipole layer formation.'®® For
inverted architectures, PCBDMAM interlayer boosted PCE from
14.21% to 18.10% by reducing the Ag cathode work function
and minimizing interfacial barriers between PCBM and
electrodes.'”®

4.6.2 Oligoether and crown-ether functionalized fullerene.
The exploration of polar Lewis bases beyond amino groups has

This journal is © The Royal Society of Chemistry 2025

opened new avenues for fullerene-based ETMs, with crown
ether (CE) and oligoether (OE) functionalizations demonstrat-
ing particular promise. This development builds on earlier
work with amino groups, extending the toolkit for interfacial
engineering in PSCs. Chen et al. pioneered this approach by
developing bis-Cgo as a cathode buffer layer (CBL), where its
unique structure improved ELA between PCBM and Ag electro-
des, achieving 11.8% PCE."""

This advanced designs inspired subsequent innovations,
such as Voroshazi et al. bis-FIMG and bis-FITG CBLs, which
reached ~19% PCE by combining the conductivity advantages
of fullerene derivatives with improved work function
modulation."”
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Table 3 presents the photovoltaic characteristics of devices incorpor-

ating various functional additives based on
fuuerene5104,107,112,138,143,144,150,156—166

Compounds LUMO/eV u(em®>vs™) FF/% PCE%
PCBM -3.70 — 58.37 21-23
PCBB -3.90 3.09 x 107* 80.39 19.84
PCBA —-4.2 — 72 17.76
CPTA -39 5.4 %1072 75.61 18.39
Sol-gel Cgo —3.85 3.8x107* 73 17.9
PCBCB -3.8 5.9 %107 73 17.9
MPMICs, —4.1 — 64 13.8
PCBC — — 81 15.71
Cgo-MPy —3.80 1.97 x 1073 78.4 16.1
CPTA -3.9 5.4 %107 75.61 18.39
ICBA —-3.74 3%x107° 79 23.8
ICTA -3.36 — 74.2 18.04
ICMA -3.85 — 64.7 13.9
CPTA-E —-4.18 3.8x107* 80 17.44
Cgo-MPy —3.80 1.97 x 1072 78.4 16.1
Ceo-HPy —-3.83 1.04 x 1073 70.8 14.4
Ceo-BPy —3.81 3.51x107° 74.2 18.22
PCP -3.81 2.64x 1072 78 19.32
P,CEE —-3.94 5.76 75.83 18.27
PCBBz -3.80 3.70 x 107* 69 16.57
PCBH -3.90 — 79 13.75

The relationship between molecular structure and device
performance becomes particularly evident in Cao et al.’s sys-
tematic study of OE-functionalized fullerenes. Their optimized
C70-DPM-OE derivative, featuring electron-rich OE chains, not

PCBM
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only enhanced interfacial charge mobility but also effectively
passivated defects, yielding 16% PCE.'”® This success high-
lights how tailored functional groups can address multiple
device challenges simultaneously. Further insights into mole-
cular interactions emerged from comparative studies of
different Lewis base functionalities. MCM (OE-functionalized)
and PCP (pyridine-functionalized) derivatives (Fig. 7d) revealed
a crucial structure-property relationship: while the stronger N-
Pb*>* coordination in PCP improved interfacial contact, it also
introduced energetic misalignment that exacerbated hyster-
esis. The crown-ether approach developed by Liu et al. with
PCBC demonstrated how molecular engineering can improve
interfacial physics. By serving as an effective CBL between
PCBM and aluminum electrodes, PCBC enhanced ohmic
contact and electron extraction, achieving 15.08% PCE. The
subsequent development of PCBC/LiF bilayers further
improved performance (15.53% PCE), illustrating the cumulat-
ive benefits of layered interfacial engineering.

Parallel developments in PEG-functionalized fullerenes
addressed the critical challenge of device stability. Zhu et al.
showed that increasing PEG moieties enhanced moisture resis-
tance, while Xie et al. demonstrated how PEG-capped deriva-
tives could simultaneously improve crystallinity, reduce
defects, and enhance charge transfer, with PCEs consistently
around 17.7%."7*'7> These studies collectively established
PEG-functionalization as a versatile strategy for stability
enhancement.

[9]
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Fig. 7 (a) Suggested framework for the light-soaking effect,*>® (b) the architectural design of devices utilizing PSCs, encompasses the chemical
compositions and energy states of various fullerene derivatives, (c) device architecture and their corresponding energy states diagram of the
PSCs,>* (d) the physical adhesion between the SnO, surface and PC61BM. Panel (e) displays high-resolution XPS spectra of the Sn 3d core level for
SnO,, SNO,/PC61BM, and SnO,/CPTA films, and (f) the chemical bond formation between the SnO, surface and CPTA.1>®
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The critical role of chemical bonding mechanisms was con-
clusively demonstrated by Huang et al.’s comparison of CPTA
and PCBM on SnO, surfaces (Fig. 7(c and e)). The strong
chemical bonding of CPTA’s carboxyl groups created beneficial
interfacial dipoles (Fig. 7f), reducing recombination and
achieving 19% PCE - significantly outperforming PCBM’s phy-
sisorption approach (17.9% PCE) and unmodified SnO,
(16.4% PCE). This work provided fundamental insights into
passivation mechanisms while showcasing the performance
potential of properly designed fullerene derivatives."

4.6.3 Heterocyclic pyridine and thiophene functionalized
fullerene derivatives. The electronic properties of fullerene-
based ETMs can be precisely tuned through strategic incorpor-
ation of n-conjugated heterocycles like pyridine and thiophene
(Fig. 8a).>* These aromatic modifications serve dual rules: they
optimize n-n stacking interactions between fullerene cages
while introducing coordination sites for perovskite defect pas-
sivation. The curved geometry of Cg, provides an ideal plat-
form for these functionalizations, where conjugated systems
enhance charge transport and flexible side chains prevent

PCBB-OEG
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aggregation without compromising solubility, a critical
balance for high-performance ETMs.

Xing et al. established a design paradigm for these
materials through systematic development of pyrrolidine-
based derivatives (Ceo-HPy, Cgo-BPy, Coo-MPy) (Fig. 8b).'””
Their work revealed two key structure—function relationships:
(1) longer N-alkyl chains improve moisture resistance by encap-
sulating the perovskite layer, while (2) pyridine-Pb** coordi-
nation directly reduces interfacial defects (Fig. 8c). This under-
standing enabled Cates group to develop Ceo-3-Py, where meta-
positioned nitrogen sites achieved 17.57% PCE in MAPbDI;
devices through enhanced defect passivation.'”® The superior-
ity of pyridine-functionalized ETMs becomes evident in com-
parative studies with conventional materials. Vasilopoulou
et al. PCBBz demonstrated advantages over TiO, across mul-
tiple parameters, higher charge mobility, enhanced ELA, and
improved wetting properties, culminating in 18.27% PCE.'”®
These findings were extended to mixed-cation devices by Wang
Ye, where Cgo-3-BPy achieved 18.22% PCE in CsFAMA PSCs
versus 15.70% for PCBM controls, attributed to improved

1

Current density (mA/em®)

L " i " i

0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 8 (a) The molecular configurations of heterocyclic functionalized fullerene utilized in PSCs,*>” (b) J-V profiles of the control and Cgo-Py ETM-
based device, (c) the device structure indicates the diffusion of PCBM molecules through the grain boundaries of the perovskite layer,?? (d) sche-

matic demonstration of interaction between light-harvesting layer and fullerene ETMs,

ETM.
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energy level modulation and perovskite crystallization."®® Zhu
et al.’s work with Cgo-BPy, Sn-based PSCs highlighted the ver-
satility of this approach (Fig. 8d). The strong Sn-pyridine inter-
action reduced surface trap density while optimizing energy
alignment, yielding 14.14% PCE with exceptional light-soaking
stability (95% retention after 1000 hours)."®* This demon-
strates how molecular modifications address both efficiency
and stability challenges, a critical requirement for commercial
viability (Fig. 8e). As summarized in Table 3, these rationally
designed derivatives outperform conventional fullerenes
across multiple performance metrics while offering processing
advantages. Their development represents a significant step
toward tailored interfacial materials that can address the
complex requirements of high-efficiency, stable PSCs.

A functionalized fullerene derivative, Cgo-BPy, has shown
promise in enhancing Sn-based PSCs by improving electron
extraction, reducing interfacial recombination, and enhancing
ELA.'®* Its integration also improves film quality and device

o
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stability (Fig. 9a). In a subsequent development in 2024, Sun
and colleagues developed another novel pyridine-functiona-
lized fullerene derivative, PyCEE, which was employed as an
alternative to the conventional TiO, ETM in planar n-i-p PSCs
(Fig. 9(b and c)). Compared to TiO,, the PyCEE ETM exhibits a
less wettable surface, more favorable energy level alignment,
higher electron mobility, and enhanced trap passivation
through coordination interactions with Pb®" ions in the
CH;NH;PbI; film.'®® These properties facilitate the formation
of large-grained perovskite films, improve electron extraction
and transport, reduce hysteresis, and yield a champion PCE of
18.27%."”° Beyond their use as ETMs in PSCs, the integration
of heterocyclic pyridine- and thiophene-functionalized fuller-
ene derivatives as additives within the perovskite layer offers
an effective strategy for enhancing the performance of bulk
heterojunction (BH]J) PSCs. In 2020, Lingbo Jia and his group
developed a pyridine-functionalized fullerene derivative, Cgo-
PyP,"*” and incorporated it as an additive in the CH;NH;PblI;

eTA

M
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(“Seed crystal
06090
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@

Fig. 9 (a) The structure of Ceo-BPy and its schematic representation illustrate the interfacial interactions between the perovskite layer and Cgo-
BPy,'8! (b and c) device structure of PyCEE and energy level diagram, and (d) diagrammatic representation of perovskite nucleation with and without

Ceo-PyP.28%
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perovskite film of p-i-n PSCs. The addition of Ceo-PyP reduced
the nucleation Gibbs free energy and promoted controlled
crystalline orientation, leading to enhanced crystallinity and a
significant reduction in trap states (Fig. 9d)."®* This improve-
ment stemmed from the coordination interaction between the
nitrogen atom of the pyridine group and Pb*" ions in the per-
ovskite. Consequently, the optimized devices achieved a cham-
pion PCE of 19.82%, a substantial enhancement compared to
control devices without the additive.

4.7 Fullerene derivatives with carboxyl and hydroxyl groups

4.7.1 Carboxyl functionalized fullerene derivatives/carboxy-
late (COOH) fullerene derivatives. The inherent limitations of
MO ETMs in planar PSCs, particularly oxygen vacancy-related

COOH PEBA
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defects that hinder charge transport, have spurred the develop-
ment of carboxyl-functionalized fullerene derivatives as inter-
facial modifiers, (Fig. 10a). These materials address two critical
challenges simultaneously: passivating surface defects while
optimizing ELA (Fig. 11a). Roy et al. pioneered this approach
with Cg-SAM, a carboxylated fullerene self-assembled monolayer
that reduced trap-assisted recombination at TiO, interfaces,
achieving 17.3% PCE in mixed-halide perovskites with minimal
hysteresis.'®> The success of this strategy stems from the dual
functionality of carboxyl groups anchoring firmly to metal oxide
surfaces while passivating perovskite defects through coordi-
nation with Pb®" ions. This concept has been expanded through
various molecular designs. Mora-Serd’s cyano-carboxyl fullerene
derivatives demonstrated how combining multiple functional
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Fig. 10 (a) The molecular architectures of functionalized fullerene featuring carboxyl and hydroxyl groups, which are applied in PSCs,**’ (b) the
illustration depicting the interaction between perovskite materials and fullerene derivatives,*® (c) schematic demonstration that details the coating
of fullerene derivatives on ZnO nanoparticles characterized by core—shell configurations, (d) an illustration of the functions of PCBB-S-N,%%¢ and (e)

analysis of the UV-visible absorption spectra of the pertinent films characterized by core—shell configurations.
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device architecture for planar n—i—p PSC featuring CPTA as ETM.12°

groups (COOH and -CN) could further reduce capacitive hyster-
esis, yielding 13.5% PCE. Dong et al. showed that even simple
carboxylation (PCBA) could boost TiO,-based devices to 17.76%
PCE with a remarkable 1.16 V V,, highlighting the universal
effectiveness of carboxyl anchoring.'®

The most significant advances emerged from CPTA-based
systems, where carboxyl groups were leveraged for electronic
and crystallographic control. Jia et al. established CPTA as a
high-performance ETM (18.39% PCE on glass),">” while Xu
demonstrated its stability-enhancing properties on SnO,.
Wang’s breakthrough CPTA:PbI, template system (20.20%
PCE) revealed the profound impact of carboxyl coordination
on perovskite nucleation, the octahedral Pb**-CPTA complexes
reduced nucleation barriers,"*® producing large-grained films
with exceptional uniformity (FF >80%). This epitaxial growth
mechanism represents a paradigm shift in perovskite crystalli-
zation control.

4.7.2 Hydroxyl (-OH) functionalized fullerene derivatives.
Hydroxyl groups have emerged as versatile polar anchors for tai-
loring fullerene-based interfacial layers in PSCs, complementing
the more established carboxyl-functionalized analogues. Chen
et al.’s pioneering 2016 work with fullerenol (Fig. 10a) demon-
strated how multiple -OH groups could simultaneously
enhance TiO, conductivity and perovskite wettability, establish-
ing a template for subsequent developments."®® The material’s
hydrophilic nature improved interfacial contact while its elec-
tron-rich structure facilitated charge transport, addressing two
critical limitations of oxide-based ETMs.

The functionality of hydroxyl groups was further expanded
through innovative molecular designs. Tong et al. developed a

15664 | Nanoscale, 2025, 17, 15648-15675

hydrophobic C9 derivative combined with a long alkyl chain
with strategic ~OH placement, achieving 21.3% PCE'®® in
mixed-cation devices through dual action: (1) covalent
bonding with undercoordinated Sn atoms passivated oxygen
vacancies, while (2) the hydrophobic backbone protected the
perovskite layer. This concept was refined in Wang 2023
NPCg0-OH, where phenolic-OH-OH-OH-OH groups optimized
the SnO,/perovskite interface, reducing the energy barrier
while enlarging perovskite grains (21.39% PCE)."*° The most
sophisticated implementation came from Jen’s catechol-func-
tionalized Fa, which formed Zn-O-C bridges with ZnO nano-
particles (Fig. 10c). This quasi-core-shell structure (Fa-ZnO
NPs) (Fig. 11c), uniquely enhanced electron density in ZnO’s
conduction band through interfacial charge redistribution,
demonstrating how hydroxyl chemistry can fundamentally
modify oxide electronic properties (Fig. 10e)."**

While carboxyl and hydroxyl groups share similar anchor-
ing capabilities, hydroxyl-functionalized derivatives offer dis-
tinct advantages in moisture-sensitive applications due to
their reduced acidity. The optimal spatial arrangement of
these polar groups, whether in densely functionalized fullere-
nols or strategically placed single -OH units, remains an
important area for future investigation, particularly for achiev-
ing both high efficiency (>22%) and long-term operational
stability in PSCs.

4.8 Fullerene derivatives with halogen

Halogen-functionalized fullerene derivatives (Fig. 10) have
emerged as vital components in enhancing the performance
and stability of PSCs. The incorporation of halogen atoms into

This journal is © The Royal Society of Chemistry 2025
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the fullerene structure effectively tunes the electronic charac-
teristics, particularly influencing the HOMO/LUMO energy
levels."®* This adjustment facilitates better ELA between the
ETM and adjacent layers, promoting more efficient photo-
induced charge transfer dynamics. Moreover, halogenation
enhances the interfacial interaction and surface properties of
the ETM and light-absorbing layers, which collectively contrib-
ute to improved film morphology, reinforced lattice integrity,
and a reduction in interfacial defect density. These improve-
ments are instrumental in suppressing non-radiative recombi-
nation pathways and elevating device efficiency.

Halogenated fullerene derivatives also act as effective passi-
vation agents, mitigating both surface and interface defects
that commonly lead to charge carrier recombination. Their
inherent chemical robustness provides additional protection
against environmental degradation, particularly from moisture
and oxygen. Furthermore, these derivatives enhance charge
carrier dynamics by extending carrier lifetime and improving
mobility, thereby facilitating more efficient charge extraction
and collection. For instance, Wang et al. investigated the influ-
ence of halogen substitutions, specifically hydrogen (H), chlor-
ine (Cl), and bromine (Br), on fullerene derivatives and
observed enhanced crystallinity in the perovskite layer,
increased grain size, and reduced grain boundary density.'?
Notably, the incorporation of NAMF-CI, which induces chlori-
nation of the TiO, layer, promoted stronger Ti-Cl bonding and
yielded a power conversion efficiency (PCE) of 19.2%.
Similarly, Rajagopal et al. utilized a difluorinated fullerene
derivative (DF-Cgo) in the fabrication of lead-tin (Pb-Sn)
binary PSCs with a narrow bandgap structure. By employing
an anti-solvent method, they achieved a graded heterojunction
within the perovskite film. This strategy effectively suppressed
deep-state defects and improved perovskite quality, culminat-
ing in a PCE of 15.61%."%*

4.9 Cross-linked fullerene derivatives

Fullerene derivatives are generally solubilized in organic sol-
vents and subsequently harnessed onto the light-harvesting
layer during device fabrication. However, this method can lead
to the partial dissolution of both the charge collection layer
and the perovskite layer, adversely affecting overall device per-
formance. To address this issue, cross-linkable fullerene
derivatives have been developed, significantly enhancing the
stability of ETMs. These derivatives typically incorporate highly
reactive functional groups such as styryl, vinyl, silyloxy,
oxetane, thiophene, and benzocyclobutene etc. The cross-
linking mechanisms for these groups rely on free radical or
ionic reactions, triggered by stimuli such as thermal energy,
UV light, or chemical initiators. Specifically, heating can
induce polymerization in fullerene derivatives with styryl,
vinyl, siloxyl, azide, and benzocyclobutane functionalities.
Oxetane groups are known to undergo ring-opening polymeriz-
ation when subjected to UV curing, creating robust cross-
linked networks.

Additionally, azide groups, characterized by their highly
reactive nitrogen atom, facilitate cross-linking reactions,

This journal is © The Royal Society of Chemistry 2025
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further enhancing the structural integrity and solvent resis-
tance of fullerene-based ETMs.

Zang et al. demonstrated the effectiveness of cross-linking
as a modification strategy for fullerene-based ETMs. They
developed a tailored fullerene derivative capable of forming an
insoluble, interconnected network in aprotic solvents. This
network not only preserves high electron mobility but also
enhances resistance to solvent-induced dissolution, thereby
significantly improving the long-term operational stability of
the device.'"

4.9.1 Thermal cross-linked (TCL) fullerene derivatives. To
enhance device performance, it is essential to address the
challenges encountered by other ETMs, including inadequate
surface morphology (Fig. 11a), misalignment of energy levels,
and insufficient adhesion to the light-harvesting layer. Xu et al.
conducted an early investigation into a cross-linkable fullerene
derivative known as 1-(p-phenoxy)-(p-methylvinylbenzene)-
indolino fullerene (MPMICs), capable of achieving complete
cross-linking upon heating to 250 °C."*' Their findings
demonstrated that cross-linked MPMICq, significantly
improves solvent resistance and raises the fracture energy of
the TiO, ETM compared to traditional PCBM and Cg, films,
(Fig. 11b), achieving a PCE of 13.8%. Snaith and co-workers, in
2016, incorporated two distinct cross-linked fullerene variants,
namely PCBCB and sol-gel Cg, into PSCs. Sol-gel Cgo under-
went cross-linking wvia hydrolysis-condensation reactions,
while PCBCB was cross-linked through thermal annealing at
200 °C.'> Both processes resulted in insoluble films with
improved electron-selective interfaces, reduced shunting path-
ways, enhanced hole-blocking properties, and optimized
charge carrier dynamics, leading to a significant PCE of
17.9%.

Hong et al. developed another fullerene derivative,
C-PCBSD (Fig. 12a), functionalized for use as a TCL, employing
an anti-solvent deposition technique for integration into perovs-
kite films. This approach improved perovskite crystallization,
electron extraction efficiency, and resulted in a PCE of
17.21%."°® Building on this approach, the authors further devel-
oped a composite film composed of C-PCBSD and graphdiyne
(GD), formed via m-m stacking interactions. This composite
exhibited enhanced electron mobility, improved energy-level
alignment, and facilitated the growth of high-quality perovskite
layers with increased resistance to solvent exposure. As a result,
the device achieved a significantly improved PCE of 20% along
with enhanced operational stability. Additionally, Kang et al
introduced a UV-curable cross-linked fullerene derivative,
C-PCBOD, which was employed to modify the TiO, electron
transport layer.'®” The resulting cross-linked PCBOD film
(Fig. 12b) demonstrated excellent surface coverage on TiO, and
formed a robust hydrophilic protective layer (Fig. 12c), effec-
tively preventing solvent-induced damage during the deposition
of the CH;NH;PbI; perovskite absorber (Fig. 12d).

Furthermore, a styrene functionalized cross-linkable fuller-
ene derivative, MPMICqo, was developed as an alternative to
conventional ETMs like PCBM and Cg (Fig. 11c). Upon anneal-
ing at 250 °C, MPMICg, formed a solvent-resistant film with
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enhanced rupture toughness, resulting in substantial improve-
ments in V.. and J.
derivatives by incorporating PCL silane molecules through

Giacalone et al. enhanced fullerene

substituting benzoic acid groups (Fig. 12e).'°® Silane features
three -OH groups in their structure. One interacts through
hydrogen bonding with the ~-COOH group present in the Cg,
self-assembled monolayer (C¢p-SAM), while the remaining two
-OH groups partake in coupling reactions forming Si-O-Si
bonds (Fig. 12f). Furthermore, introducing hydrophobic tri-
fluoromethyl groups significantly
enhances the water resistance of the fullerene layer."*®

4.9.2 Photo cross-linked (PCL) fullerene
Fullerene derivatives are widely employed as organic ETMs in

into silane molecules

derivatives.

PSCs. However, their porous molecular structure raises con-
cerns due to their susceptibility to moisture-induced degra-
dation. Researchers developed TCL of functionalized fullerene
with styrene moieties is widely utilized for generating active
sites, while epoxy groups can undergo light-induced cross-
linking.

In 2024, Cabrera-Espinoza introduced a novel functiona-
lized fullerene designed as a cross-linkable agent for TiO,
surface modification.””® The UV-cured cross-linked PCBOD

15666 | Nanoscale, 2025, 17,15648-15675

film notably improved surface coverage on the TiO, ETM,
forming a moisture-resistant protective The cross-linked
PCBOD interlayer effectively passivated DSs within the TiO,,
enhancing electron separation and reducing charge recombi-
nation rates, thereby achieving impressive PCEs of 18.3% and
15.9%, respectively.

Cross-linkable fullerene derivatives, specifically the [6,6]-
phenyl-C61-butyric styryl dendron (PCBSD) and the [6,6]
phenyl-Cé61-butyric oxetane dendron (PCBOD).*°" These deriva-
tives feature multiple cross-linking groups, allowing the for-
mation of robust, highly cross-linked films on TiO, surfaces
with exceptional
improved electron mobility, and effective passivation of
surface defects. Devices using PCBOD-modified planar and
mesoporous TiO, ETM achieved outstanding PCE of 15.9%
and 18.3%, respectively. Cross-linking strategy utilizing 1,6-dia-
zidohexane (DAZH) to link PCBM molecules, forming cross-
linked PCBM through nitrene and C-H activation reactions."”*
This cross-linked PCBM interlayer, applied on top of the TiO,
ETM, exhibited outstanding electron extraction properties and
robust solvent resistance, thereby preventing the perovskite
precursor from being displaced during spin-coating.

coverage, superior solvent resistance,
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Consequently, PSCs  with the composition (HC
(NH,)2)0.66(CH3NH3)g 34-PbI, 5Brg 15 achieved PCEs of 18.4%
for smaller devices and 14.9% for 4 cm® modules.

4.10 ICBA and ICBA-like fullerene derivatives

While PCBM remains a widely used ETM in PSCs, its limit-
ations in ELA and interfacial recombination have spurred the
exploration of alternative fullerene derivatives, notably indene-
Ceo bisadduct (ICBA) and its analogues, (Fig. 13a). These
materials offer tunable lowest unoccupied molecular orbital
(LUMO) levels, enhanced solubility, and improved defect passi-
vation capabilities, addressing key challenges in PSC perform-
ance.”®®> Recent studies highlight the superiority of ICBA-like
derivatives over conventional PCBM. V,. was optimized by

introducing 4-fluoro phenethylamine hydrobromide (FPEABr)
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as a dipole layer, (Fig. 13b), aligning energy levels at the per-
ovskite/ICBA interface, and achieving a PCE of 15.7%.2%

Xing et al. incorporated ICBA into perovskite precursors,
passivating grain boundary defects and enhancing charge
extraction, achieving a PCE of 18.14% (Fig. 13c)."** The intro-
duction of ICBA into the perovskite grain boundaries facili-
tated the photocarrier dynamics of charge carriers from the
perovskite layer to the ETMs, leading to an increased PCE of
18.14%. This approach allowed for a more effective alignment
of the energy levels between the absorber and ICBA layers,
resulting in a unilateral increase in the device’s V,. by one-
tenth, ultimately leading to an impressive PCE record of
15.7%.%%*

T. Ji et al.®® reported a modest PCE of 3.4% with ICBA,
later improved to 8.06% by Liu et al. via bis-Ce, doping.™
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Fig. 13 (a) Molecular structure of ICBA derivatives,2®* (b) schematic depiction of the mechanism involving crystalline fullerene derivatives for
enhancement in device performance,’® (c and d) structure and energy levels of the inverted PSC, and (e) the multilayer configurations energy levels

diagram, and their corresponding J-V curve.
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ICBA-trans in wide-bandgap PSCs, achieving a PCE of 18.5%
and V,. of 1.21 V due to reduced energy disorder.?®> The
P3HT/ICBA-based cell has demonstrated notable performance
metrics, achieving a PCE of 6.22%, a V,. of 0.84 V, and a J,. of
12.4 mA cm™? (Fig. 13d). Additionally, Ali et al. demonstrated
that indene-Cgo-tris adduct (ICTA) has higher LUMO level
(—3.36 eV vs. PCBM’s —3.9 eV) reduces energy loss, enhancing
Voey though reduce charge extraction efficiency.”%¢
Marin-Beloqui et al. developed Ceo(CH,)(Ind), which enhanced
defect passivation and electron extraction (PCE: 18.1%, Vot
1.13 v).>”

Yang et al. synthesized C5-NCMA, achieving a PCE of 17.6%
via high LUMO alignment.””® Xie et al. compared derivatives
EBNC (7.36%) and EDNC (12.64%), noting lower efficiencies
than PCBM due to suboptimal functional groups.**® To improve
the structural stability, Li et al observed that TiO,/PCBM
bilayers (PCE: 18.0%) outperform ICMA (13.9%) due to superior
ELA in wide-bandgap PSCs (E, ~ 1.8 eV), achieved a V. of 1.35
V and PCE of 18.9% using CMC:ICBA blends (Fig. 13e), with
minimal non-radiative losses (AV,. = 70 mV).*'° Although sig-
nificant advancements have been achieved with ICBA, its effec-
tiveness is hindered by its low electron mobility (~10™* cm?® V"
s7') is significantly lower than PCBM’s (~10> cm® V™' s7%), lim-
iting charge extraction in thick films. These factors significantly
impede the effective transport of charge carriers from the light-
harvesting layer to the ETM.

5. Conclusions and outlook

Functionalized fullerenes have played a transformative role in
advancing the efficiency and stability of PSCs, particularly
through the modulation of photocarrier dynamics. Derivatives
such as PCBM, and ICBA have demonstrated multifunctional-
ity-acting not only as efficient ETMs but also as interfacial pas-
sivators that mitigate defect states and enhance charge separ-
ation. These attributes have enabled PSCs to achieve power
conversion efficiencies exceeding 24%, while simultaneously
improving operational stability. Spectroscopic investigations
have confirmed their capability to coordinate with perovskite
lattices, reduce non-radiative recombination, and facilitate
robust charge transport.

Despite these achievements, several challenges remain
unresolved. The impact of specific functional groups on long-
range charge diffusion and electronic coupling remains poorly
understood, limiting further optimization of device perform-
ance. Interfacial issues such as aggregation and energy-level
mismatch continue to hinder charge extraction and promote
recombination, particularly in large-area or flexible architec-
tures. Moreover, the absence of systematic design principles
for fullerene functionalization restricts the rational develop-
ment of derivatives tailored to diverse PSC configurations.

In light of these limitations, non-fullerene ETMs, such as
cyano-functionalized bithiophene imide dimer (CNI2)-based
polymers (e.g., PCNI2-BTI), offer several advantages, including
excellent photothermal stability, high electron mobility, good
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solubility, and strong interfacial interactions with perovskite
layers. These attributes have enabled the realization of PCEs
exceeding 26% along with outstanding device stability, posi-
tioning non-fullerene ETMs as highly competitive alternatives
to their fullerene-based counterparts. To address current limit-
ations and drive further progress in ETM development, future
research should focus on the molecular engineering of
materials with tailored energy levels, enhanced passivation
properties, and improved morphological compatibility.
Moreover, the exploration of hybrid systems that integrate the
interfacial stability of fullerene derivatives with the tunability
and multifunctionality of non-fullerene materials holds signifi-
cant promise. The application of advanced spectroscopic and
computational techniques will also be crucial for elucidating
charge transport and recombination mechanisms, thereby
facilitating predictive design strategies optimized for specific
device architectures.
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