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Tin halide perovskite solar cells (Sn-PSCs) are a promising alternative to their lead-based analogues due to
their favorable optoelectronic properties. However, their performance is still limited by two main factors: on
one hand, the tendency of Sn?* to oxidize to Sn**, which leads to high non-radiative recombination; and on
the other hand, the offset between the perovskite conduction band and the LUMO level of the standard Cgg
fullerene, which hinders efficient charge transport and limits overall device performance. While the former
has received significant attention, the latter has been less explored, despite being a major bottleneck for Sn-
PSC development. In this work, we designed and synthesized two novel fullerene derivatives, namely JM10
and JM12, functionalized with different fluorine-rich moieties and incorporated them as interlayers
between the perovskite and the Cgq electron transport layer (ETL). These derivatives demonstrated
suitable LUMO levels and effectively alleviated the energy level misalignment at the perovskite/ETL
interface, minimizing the undesirable charge recombination and enhancing the charge extraction
processes. As a result, the best-performing Sn-PSCs incorporating JM12 showed a nearly 20% increase
in power conversion efficiency with respect to the reference devices. Moreover, the fluorinated groups
increased the hydrophobicity of the interlayers, significantly improving the operational stability of the
unencapsulated devices under harsh ambient conditions (60% RH and 25 °C). As a result, devices
containing JM10 and JM12 retained up to 80% of their initial performance after more than 15 and 18
hours, respectively. These results highlight the potential of fullerene chemistry's versatility to mitigate
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Since their emergence in 2009, lead-halide perovskite solar cells (PSCs)
have shown great promise for high-efficiency, low-cost photovoltaics.
However, concerns over lead toxicity have prompted efforts to develop
safer alternatives. Tin-based perovskites (Sn-PSCs) stand out due to their
favorable optoelectronic properties, but their efficiency and long-term
stability still lag behind, largely due to suboptimal energy level align-
ment with standard electron transport materials like Cgo. While alterna-
tives such as ICBA have improved photoconversion efficiency (PCE), they
often compromise device stability. This work targets a key limitation in Sn-
PSC performance by developing two novel fluorinated fullerene deriva-
tives, JM10 and JM12, designed to improve energy alignment at the
perovskite interface. Their incorporation as interlayers significantly
enhances charge extraction, leading to PCE improvements of nearly 20%,
and a sixfold increase in ambient stability for unencapsulated devices.
These results represent an important step forward for lead-free PSCs,
offering a promising route to safer and more stable solar energy
technologies.
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Introduction

Since the first reported hybrid lead-halide perovskite solar cell
(Pb-PSC) in 2009,' these materials have shown an unprece-
dented potential to outperform conventional silicon-based solar
cells and dominate the photovoltaic market.>* However, global
regulations on lead as a hazardous material could hinder their
commercialization.>” To overcome this issue, the scientific
community started to focus on alternative materials, with Sn
demonstrating to be the best candidate to replace Pb at the
divalent cation site due to its outstanding optoelectronic
properties.>® Nevertheless, the current record efficiencies ach-
ieved in Sn-PSCs still lag too far below the Shockley-Queisser
theoretical limit efficiency (~33%).'**

One of the main reasons behind this efficiency gap is related
to the poor band alignment between the conduction band (CB)
of the Sn-perovskite active layer and the lowest unoccupied
molecular orbital (LUMO) level of the commonly used Cg,
ETL.*** Initially, Ceo emerged as an effective ETL in Pb-PSCs
due to its high charge mobility,’*"” but the shallower CB of
Sn-PSCs leads to the aforementioned energy mismatch.
Accordingly, inefficient charge extraction at the interface and
serious open-circuit voltage (Voc) losses are usually observed.*
Nonetheless, the mixed sp> and sp® hybridization of the carbon
atoms within the Cg, cage not only confers high charge mobility
to the layer,"* but also offers the possibility of raising the
LUMO level of fullerene derivatives by disrupting their conju-
gated T systems through suitable cage functionalization.**-**
This tunability has enabled the successful incorporation of
alternative fullerene derivatives, such as phenyl-C4;-butyric acid
methyl ester (PCBM) or indene-Cg, bisadduct (ICBA), into Sn-
PSCs as ETLs, yielding impressive Vo values approaching the
Shockley-Queisser theoretical limit.***** However, reducing
the conjugation within the cage notably decreases the electron
mobility of the devices, thereby compromising the short circuit
current density (Jsc). For instance, Liang et al. studied different
ETLs, including Cso, PCBM and ICBA, in Pb-PSCs, and reported
a significant decrease in the electron mobility across the
fullerene layer, following the trend Cg, > PCBM > ICBA (1.6 cm®
v~ ! 57! for Cg, 6.1 x 1072 cm? V! 57! for PCBM, and 6.9 x
102 em® V! s~ for ICBA), which subsequently influenced the
Jsc of the devices.” Based on these observations, a promising
strategy to address the energy level mismatch in Sn-PSCs,
without leaving aside the excellent charge mobility offered by
the Cqo ETL, involves the incorporation of novel fullerene
derivatives with appropriate LUMO levels as interlayers between
the perovskite active layer and the advantageous Cg."*>***’

Another critical issue in Sn-PSCs lies in the fast oxidation of
Sn>* to the Sn** state in the presence of oxidizing agents, such
as water or oxygen molecules, leading to device instability and
posing serious issues for the reliable study and processing of
these materials.?®*?*® To mitigate these degradation pathways, an
interesting approach involves the development of new materials
capable of physically isolating the perovskite layer without
disrupting its electronic properties. In this context, fluorinated
compounds have proven to be excellent moisture barriers due to
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their high hydrophobicity, significantly enhancing the air
stability of different Pb-PSCs.**** Furthermore, the strong
electronegativity of fluorine atoms allows them to interact with
electron-deficient sites, such as I vacancies, compensating
charge deficiencies at the perovskite surface.**** However,
despite these promising characteristics, the potential of fluori-
nated compounds in Sn-PSCs remains largely unexplored, pre-
senting a significant opportunity for future research.’***

Herein, we decided to leverage the chemical versatility of
fullerenes, which can be tailored with different functional
groups to achieve desirable chemical and electronic properties.
Specifically, we designed and synthesized two novel fullerene
derivatives functionalized with different fluorine-rich moieties,
namely JM10 and JM12, and incorporated them as interlayers in
Sn-PSCs. These interlayers optimized the energy level alignment
between the CB of the perovskite and the LUMO level of Cq, as
we characterized experimental and theoretically, boosting the
Voc and raising the power conversion efficiency (PCE) of the
devices. In this way, JM10 with a pentafluorobenzene unit
showed an increased in the device efficiency to 10.5%, while
JM12 incorporated a 3,5-bis(trifluoromethyl)phenyl group and
further boosted the efficiency to 11.0%, compared to 9.4% for
the control devices, representing a 17% increase of perfor-
mance. Furthermore, unencapsulated devices incorporating the
interlayers presented an enhanced operational stability in air
(60% RH and 25 °C), retaining up to 80% of their initial PCE
after more than 15 and 18 hours of continuous operation for
JM10 and JM12 fullerenes, respectively, while the control
devices degraded after 3 hours of operation.

Results and discussion

In this study, we designed and synthesized two novel [60]full-
eropyrrolidines through a one-step 1,3-dipolar cycloaddition of
different azomethine ylides to the Cg, precursor, that have been
also theoretically simulated, see below. This reaction, also
known as Prato reaction,*”*® is widely used for the functionali-
zation of fullerenes, as it allows for the straightforward attach-
ment of different substituents to the fullerene cage. [60]
Fulleropyrrolidines usually exhibit lower electron affinity than
pristine Cg( fullerene or other derivatives, a property directly
correlated with higher LUMO values.****** As Sn-based perov-
skites present shallower CBs than their Pb-based counterparts,
[60]fulleropyrrolidines are perfect candidates for fixing the
inadequate band alignment at this interface.** Furthermore,
both fullerene derivatives were functionalized with different
fluorinated aromatic rings, and an n-butyl alkyl chain attached
to the N atom of the pyrrolidine moiety. We anticipated that the
fluorinated rings would enhance the hydrophobicity and the
dipolar moment of the layer, thereby ensuring a better electron
extraction, while the alkyl chain would increase the solubility of
the fullerenes in non-polar solvents such as chlorobenzene. In
this way, JM10 presented a pentafluorophenyl unit and JM12
incorporated a 3,5-bis(trifluoromethyl)phenyl group. The
synthetic route is depicted in Scheme S1,f and the molecular
structures are confirmed through nuclear magnetic resonance
(*H NMR, >C NMR and '°F NMR) and mass spectrometry (MS),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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see Fig. S1-S8.7 Further synthetic details are provided in the
ESLT

To evaluate the suitability of the synthesized materials, and
their effectiveness to improve the charge extraction from the
perovskite to the ETL, cyclic voltammetry (CV) experiments were
conducted to determine their LUMO energy levels. The
comparison of CV spectra is presented in Fig. 1a, where both
JM10 and JM12 exhibited lower electron-accepting abilities
compared to Cg, as indicated by their more negative half-wave
potential values. The LUMO energy levels were estimated to be
—4.05 eV, —3.98 eV and —4.01 eV for Cgy, JM10 and JM12,
respectively. The higher LUMO levels observed in both fullerene
derivatives demonstrated their potential to enhance the charge
extraction from the perovskite's CB to the ETL selective contact
in Sn-PSCs. Additionally, the optical properties of the fullerene
derivatives were analyzed using UV-vis absorption spectroscopy,
see Fig. 1b. Fullerenes typically exhibit strong absorptions in the
UV region, below 350 nm, associated to the typical —m* tran-
sitions in aromatic systems.*” The sharp peak at 430 nm
observed for both JM10 and JM12 is attributed to the saturation
of a double bond in the fullerene cage, confirming the forma-
tion of a 58 7-electron system.** Moreover, both JM10 and JM12
presented a notorious redshift compared to pristine Cg, see
inset in Fig. 1b, which is ascribed to the extended overall -
conjugation along the pyrrolidine and fluorinated moieties.** As
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a result, a reduction in the energy gaps between the HOMO and
the LUMO levels was obtained. The bandgaps E, were estimated
from the onset of the absorption, and the HOMO levels were
calculated from Eyomo = Erumo — Eg. All the parameters are
summarized in Table S1f and the estimated energy levels are
represented in Fig. 1c.

To elucidate the differences in the molecular electronic
distribution between both derivatives, we analyzed their elec-
trostatic potential (ESP) distributions and calculated their
dipole moments using density functional theory (DFT). The
properties of the Cg, fullerene and two hypothetical interme-
diate derivatives, JM8 and JM9, which progressively resemble
the complexity of JM10 and JM12, were also investigated to
better understand the contributions of the different molecular
components within their structure, see Fig. 1d. Due to the high
icosahedral symmetry, I, of Cey, its net dipole moment, |ul, is
zero. However, the spatially extended electron cloud of Cg
fullerene enhances its molecular polarizability, owing to
degenerated, energetically accessible LUMO orbitals that
readily accept electrons. These characteristics enable strong
polarization upon the incorporation of electron-donating or
electron-withdrawing groups, leading to the formation of
intense permanent molecular dipoles. Thereby, as shown in
Fig. 1d and Table S2,} the addition of an N-methyl pyrrolidine
moiety to the Cgo unit leads to the hypothetical JM8 molecule,

) —c b) 1.2
K 8 —
0“ C 1.0 EOUZD —
5 — M2
-454 S §0ms
—~~ — <
< e 0 0.8 Booo
=3 n a
= 454 o) g
- < 50005
c 0 0.6 z
9 _45_ -c 550 600 650 700 750
S S 04 Wavelength (nm)
O — JM12 =V
45 o
g 0.2
0 o
zZ
2 0.0 r = 7 T
-2 -1 0 1 300 400 500 600 700 800
E (V vs Fc/Fc*) Wavelength (nm)
C) d) Hypothetical derivatives Synthesized derivatives
-3.82
/; —
o
Ll =
3| 2
> m 0.01
a -3.98 : I
- = 40
c) o — N 0.00
S S o s \ ‘
S e ; b
c 5 § 7 s ; - L.
w = 8 Ceo ms M9 m12 :
© |ul ~0.00 |l =0.98 |ul =1.03 o ul=122

lnl=132 .

Fig.1 (a) CV of Cgo, IM10, and JM12 in acetonitrile : o-dichlorobenzene (1: 4) (NBu,*PFs~ 0.1 M was employed as supporting electrode) vs. Fc/
Fc* couple, dotted line is an eye guide. (b) UV-vis absorption spectra of the fullerene derivatives in chlorobenzene (1 x 10> M). (c) Schematic
illustration of the LUMO levels for the different fullerene derivatives, extracted from (a) and conduction band of FASnls perovskite, extracted from
ref. 45. (d) Molecular electrostatic potential at p = 0.001 a.u. Range of values of the electrostatic potential: from —0.01 (red) to 0.01 (blue). Black

arrows indicate the net dipole moment direction.
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which exhibits enhanced molecular polarization and a net
dipole moment oriented along the direction of the substituent.
This behavior arises from the electron-donating nature of the
substituent, which increases the electronic density within the
fullerene core (negative pole), while generating a positive pole at
the substituent. Further functionalization with an aromatic ring
yields JM9 molecule, featuring a slightly intensified dipole
along the same direction, due to the additional group's
electron-donating effect. Interestingly, replacing all hydrogen
atoms on the aryl ring with fluorine atoms, JM10, reverses the
direction of the molecular dipole. The strong electron-
withdrawing nature of the fluorinated ring induces a dramatic
change in the direction of the dipolar moment, but some
components of the dipole moment are, however, canceled by
opposite contributions from the fluorine atoms aligned in the
same direction. In contrast, replacing the perfluorinated aryl
ring with two meta-positioned -CF; groups in the aryl ring, as in
JM12, diminishes this neutralization effect, increasing the
molecular polarization and resulting in the highest net dipole
moment among all the studied derivatives. Based on the esti-
mated dipole moments of the different fullerene derivatives, it
is expected that the synthesized fullerene derivatives exhibit
strong interactions with the surface of the ionic perovskite
structure. These electrostatic interactions are likely to facilitate
the surface passivation by occupying under-coordinated ions
and reducing the vacancy defects. Thus, an effective reduction
of the trap-state density at the perovskite/ETL interface is ex-
pected for JM10 and JM12, especially for the latest.***

To assess the impact of the interlayers deposition on the Sn
perovskite film quality, X-ray diffraction (XRD) measurements
and scanning electron microscopy (SEM) imaging were con-
ducted, see Fig. S9 and $10.f The XRD patterns revealed two
dominant peaks corresponding to the crystalline planes (100)
and (200), indicating a clear preferential oriented growth along
the (100) crystalline direction. The absence of any shift in the
peak positions or significant changes in the full width at half-
maximum (FWHM) values upon the interlayer deposition
indicates that they do not disrupt the perovskite crystalline
lattice. On the other hand, SEM images were taken at different
magnifications and demonstrated the formation of uniform,
pinhole-free layers with an average grain size exceeding 1 um in
diameter in all the cases. Low-magnification SEM images sug-
gested the presence of some organic material on the perovskite
layer, with a noticeable difference between the JM10 and JM12
layers. Specifically, the JM12 layer appeared more homoge-
neous, whereas the JM10 layer showed more isolated organic
domains. Apart from these differences in the interlayer homo-
geneity, minimal variations in the perovskite film morphology
were observed, thus confirming the interlayer's compatibility
with the FASnI; perovskite and the high quality of the resulting
films. To further study the interlayers homogeneity, atomic
force microscopy (AFM) images were conducted. As shown in
Fig. 2a-c, the JM10 layer presented a non-uniform distribution
with self-aggregate domains, whereas the JM12 layer displayed
a smooth and regular structure. This discrepancy between both
materials can be attributed to a higher packing degree in the
JM10 layer, likely due to greater - stacking interactions.***
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A key limitation of Sn-PSCs is their voltage losses, mainly
resulting from the non-radiative recombination and the mis-
aligned energy levels at the top interface. The use of proper
additives has significantly contributed to the reduction of bulk
non-radiative recombination.'******> However, energy level
misalignment has received less attention. To evaluate the
charge extraction ability of the fullerene derivatives, Kelvin
Probe Force Microscopy (KPFM) measurements were carried
out. Fig. 2d shows the KPFM map of the pristine perovskite film,
where higher values in the potential difference are observed at
the grain boundaries. These sites can easily trap charge carriers
due to the presence of structural defects, hindering their
mobility and complicating their extraction to the ETL.**** When
the JM10 layer is incorporated, as shown in Fig. 2e, a clear
increase in the overall surface potential difference is observed,
especially in the areas where the presence of the organic
material is more prominent. Conversely, upon the addition of
the JM12 interlayer, a more uniform and complete perovskite
coverage was obtained and the surface potential difference
increased up respect both pristine and with JM10 incorpora-
tion, as shown in Fig. 2f. These notable increases in the surface
potential difference can be ascribed to an electron transport
from the perovskite layer to the JM12 fullerene derivative
interlayer, demonstrating a huge potential to enhance the
device performance, and confirming the difference in homo-
geneity between the organic layers previously commented.

To further explore the carrier dynamics and the interfacial
recombination, steady-state photoluminescence (PL) and time-
resolved photoluminescence (TRPL) spectroscopy measure-
ments were performed for the FASnI;/Cgo, FASnI;/JM10/Cy, and
FASnI;/JM12/Cg, samples. The PL spectra are shown in Fig. 2g,
and a clear increase in PL intensity is observed upon the addi-
tion of both fullerene derivatives. A PL intensity enhancement is
typically related to lower non-radiative recombination.*® This
increase can be ascribed to an effective surface passivation,
reducing the non-radiative recombination centers at the top
perovskite interface. Note that, as these samples are measured
in open-circuit conditions, there is no net electron transfer from
the perovskite to the charge transport layers during the steady-
state PL measurements. Thereby, the effectiveness of charge
extraction at the contacts cannot be directly inferred from these
measurements, as sometimes assumed in literature.*® However,
in TRPL measurements, due to the transient nature of the
technique substantial currents can flow to equilibrate the quasi-
Fermi levels during the decay process. As a result, in addition to
interface and bulk recombination, charge extraction processes
must also be considered in TRPL experiments.®’

The TRPL spectra are presented in Fig. 2h. PL decays have
been fitted using a monoexponential decay function, obtaining
average lifetimes (7,y¢) of 3.25 ns, 3.67 ns and 2.50 ns for FASnI/
Ce0, FASNI;/JM10/Cey, and FASnIz/JM12/Ce,, respectively.
Interestingly, the trend observed in the steady-state PL between
the sample with JM12 and the reference is now reversed, with
the JM12 treated film showing a shorter .. Considering that
charge transport processes can occur in TRPL, the reduced 7,y
observed for the sample with JM12 can be attributed to an
improved charge extraction from the perovskite layer to JM12,

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5el00071h

Open Access Article. Published on 30 June 2025. Downloaded on 7/28/2025 8:44:13 PM.

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

(cc)

Paper

—— FASNI,/Cq,
—— FASNI,/JM10/Cy,
~ |——FAsnlum12/c,,
3
®
N
>
=
7
c
]
2
.=
—
o

850 900
Wavelength (nm)

800 950

View Article Online

EES Solar

FASAl,/IM12

9.00V
8.00V
7.00V

6.00V
5.00V
4.00v
3.00vV
2.00V
1.00v
0.00VvV

h .
> @ FASnI3/Cgo
= @ FASnI3lJM10/Cgo
c @ FASnI3/JM12/Cgo
[0
-
1=
-
0 g1
°
(0]
N
®©
£
=
o
z L

0.01 - 5 So 0 o

0 5 10 15 20 25 30

Time (ns)

Fig.2 AFM images of (a) FASnls, (b) FASnIs/IJM10 and (c) FASnIs/IM12 film surfaces. KPFM topography map of (d) FASnls, (e) FASnls/IM10 and (f)
FASnI3/IM12 film surfaces. (g) PL spectra and (h) time-resolved PL decays corresponding to FASnlz/Cgg films on glass substrate with and without

top interlayers.

while its higher steady-state PL emission indicates lower non-
radiative recombination.

On the other hand, the FASnI;/JM10/C,, sample exhibited
the longest 7, among all the samples. Here the trade of
between the decrease of non-radiative recombination observed
by steady PL, that causes an increase of 7,., and the increase of
charge extraction, producing a decrease of 7,., should be
considered. Thus, when comparing JM10 and JM12, both
showed similar enhanced PL intensities, but the longer 7,
displayed by JM10 suggests less efficient charge extraction than
for JM12.

To assess the ability of the interlayers to reduce the trap-state
density (N,) in the perovskite film, we characterized the space-
charge limited current (SCLC) of the devices.”®* As electrons
are minority carriers in p-doped Sn-based perovskites, we
fabricated electron-only devices with the structure of ITO/SnO,/
FASnI;/Ceo/BCP/Ag with and without the interlayers between

© 2025 The Author(s). Published by the Royal Society of Chemistry

perovskite and Cgo. The dark J-V curves are presented in
Fig. S10.f Commonly, three different regions can be distin-
guished, such as the ohmic region at low voltages, the trap-filled
limited (TFL) region at intermediate voltages, and the Child
region at high applied voltages. The intersection point between
the ohmic and the TFL regions represents the trap-filled limit
voltage (Virpr), where all the available trap states are completely
filled by the injected carriers. Accordingly, the N, can be calcu-
lated from the following equation:

N, = 2e.89 I;TFL
qL

where L is the thickness of the perovskite film, ¢, is the vacuum
permittivity, ¢, is the relative dielectric constant, and g is the
elementary charge. The Vrg’s of the control devices, as well as
those incorporating JM10 or JM12, were estimated to be 0.148 V,
0.141 V, and 0.132 V, respectively. Therefore, these values
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corresponded to the calculated N, of 9.17 x 10", 8.74 x 10"
and 8.18 x 10" em 3, respectively, confirming the ability of the
interlayers to effectively passivate the interface between Sn-
perovskite and Cgo.

To further understand the chemical interactions behind the
passivation mechanism of the perovskite surface by the inter-
layers, X-ray photoelectron spectroscopy (XPS) was performed.
Changes in the local chemical environments of the different
atoms present at the perovskite surface can be reflected through
shifts in the binding energy peak positions. Fig. 3a shows the
high-resolution Sn 3d XPS spectra, where the characteristic
spin-orbit splitting of Sn 3ds/, and Sn 3d;/, is observed in the
pristine FASnI; perovskite, both with and without JM10 and
JM12 interlayers. No significant shift in the binding energy of
the Sn*" components was detected in the presence of JM10,
reflecting a weak interaction with the perovskite. In contrast,
JM12 induced a small but still noticeable change in the
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electronic density distribution around the Sn nuclei, showing
a higher downshift of 0.13 eV. A downshift in the binding energy
implies an increased electron density around the Sn nucleus,
suggesting that uncoordinated Sn>" sites can be electronically
compensated by the adsorption of JM12 molecules, thereby
improving the charge distribution at the surface. Furthermore,
the high-resolution N 1s XPS spectra were also analyzed and
presented in Fig. 3b. In the pristine perovskite, a single
component corresponding to FA" cations (C=NH,') was
detected at 400.12 eV. Interestingly, this peak remained
unchanged upon the addition of JM10, whereas it shifted to
400.00 eV after adding JM12 interlayer. Additionally, a new
signal associated with C-NH, was also detected at 398.96 eV and
398.86 eV for JM10 and JM12, respectively. The observed
downshift suggests an effective charge compensation from the
fullerenes to the formamidinium cations, while the detection of
the new signals may be ascribed to a structural rearrangement
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——FASnl;/JM12 |—— C-NH, FASnI;/JM12
——FASnlJM10 SN 3d3), — c=nmy* f
——FASnl; Experimental / :

i &il
3 7 = S
< | s
1
= : 2
7] ! (7]
= ! c
e ! Qo
) JL ]
500 495 490 485 480 405 402 399 396

Binding Energy (eV)

FAl-terminated
CGO

E,o= -1.44 eV

Snl-terminated

E,4=-1.58 eV

ads

Binding Energy (eV)

E,4=-1.91eV

ads’

Fig. 3 High-resolution XPS spectra of (a) Sn 3d and (b) N 1s for the perovskite films with and without IM10 and JM12 interlayers. Isosurface of Ap
= 0.002 a.u. for (c and f) FASnIz/Cgo, (d and g) FASnIz/IJM10, and (e and h) FASnIz/IM12 systems with Snl,-terminated and FAI-terminated
structures, respectively. Green and blue regions represent positive and negative values of Ap, respectively.

EES Sol.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5el00071h

Open Access Article. Published on 30 June 2025. Downloaded on 7/28/2025 8:44:13 PM.

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

(cc)

Paper

or reorientation of the FA" cations induced by the interaction
with the fullerene derivatives.*

To validate this hypothesis, we performed DFT calculations
to model the adsorption of the fullerene derivatives on different
FASnI; surfaces. We considered three distinct molecular
orientations and two surface terminations, named Snl,-termi-
nated and FAl-terminated, see Fig. S12.f Since Sn-based
perovskite surfaces are prone to irregularities and defect
states which lead to heterogeneous atomic structures along the
whole surface, considering all these scenarios can provide
a more comprehensive and insightful analysis. All the calcu-
lated adsorption energies are summarized in Table S3.f
Regarding the molecular orientation of the [60]full-
eropyrrolidines, the adsorption energy was notably higher when
both the fluorinated moiety and the fullerene cage interacted
simultaneously with the surface, suggesting a preferred
molecular orientation with multiple anchoring points, as
shown in Fig. S13 and S14.f This dual interaction notably
enhanced the adsorption, especially on FAl-terminated
surfaces. Moreover, JM12 exhibited higher adsorption ener-
gies than JM10 in all cases, indicating that increasing the
polarity of the electron-withdrawing substituent may enhance
the adsorption stability, see Fig. 1d and Table S3.}

A more detailed analysis of the electron density changes for
the cases with higher adsorption energies (i.e., FAI-terminated
surfaces and “middle” molecular orientations) showed an
increase in electron density in the fullerene core for both in
JM10 and JM12, as shown in Fig. 3c-e, where green and blue
regions represent areas of electron accumulation and depletion,
respectively. This change is accompanied by a depletion of
electron density at the interface, mainly due to electron dona-
tion from the external iodide atoms to the fullerene cage.
Meanwhile, the regions where the fluorinated substituents
directly interact with the perovskite surface exhibit an increase
in electron density, particularly in the case of JM12. Thus, the
formamidinium cation in the surface layer attracts electron
density from the -CF; groups in the aryl ring, reflecting the
formation of strong interactions as previously observed in the
XPS analysis, see Fig. 3b. Interestingly, Snl,-terminated
surfaces, where the external I atoms are missing, exhibited
a different electron density redistribution upon molecular
adsorption. As shown in Fig. 3f-h, an overall electron accumu-
lation can be observed at the interface, compensating for the
electron-deficient Sn sites and supporting the XPS results pre-
sented in Fig. 3a. Furthermore, although adsorption energies
were stronger for FAI-terminated surfaces, the energy difference
between JM10 and JM12 with Cg, was significantly higher for
Snl,-terminated surfaces, highlighting the role of the fluori-
nated moieties in compensating charge-deficient sites. These
findings not only corroborate the experimental results, but also
provide useful information about the role of different molecular
moieties in the electronic redistribution at the perovskite
surface in different scenarios.

To study the potential of the interlayers to improve the
performance of Sn-PSCs, we fabricated devices with an inverted
p-i-n configuration following the architecture: ITO/
PEDOT:PSS/FASnI;/Cgo/BCP/Ag, where PEDOT:PSS is poly(3,4-
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ethylenedioxythiophene):polystyrene sulfonate and BCP is
bathocuproine, see Fig. 4a. For the interlayer deposition,
a 0.5 mM solution of JM10 or JM12 in chlorobenzene was
dropped onto the perovskite film, see Fig. S15.7 All the devices
were exposed to a light-soaking treatment as part of a purifica-
tion process, as previously reported by our group.”® The
photovoltaic parameters, including Jsc, Voc, fill factor (FF) and
PCE are summarized in Fig. 4b, and the J-V curves of the
champion devices are also presented in Fig. 4c. The control
devices exhibited a maximum PCE value of 9.4%, composed by
a Jsc of 22.4 mA cm 2, a Vo of 0.63 V, and a FF of 68%. In
contrast, the treated devices demonstrated enhanced maximum
PCE values of 10.5% and 11.0%, with Jsc values of 22.8 mA cm >
and 22.6 mA cm ™2, Voc of 0.68 V and 0.71 V, and FF of 67% and
68% for the JM10 and JM12 treated devices, respectively.

While the Jsc remained almost unchanged compared to the
control devices, and the FF showed a slight improvement, the
maximum increase was observed in the V¢ for the treated
devices. V¢ is governed by the quasi-Fermi level splitting,
influenced by recombination and transport layers' band align-
ment. Accordingly, impedance spectroscopy analysis was per-
formed.** As shown in Fig. S16, upon adding JM10 and JM12
a clear decrease in the recombination rate (higher recombina-
tion resistance) was observed, suggesting that the presence of
the fullerenes reduces the global electronic recombination of
the devices. The shallower LUMO levels of JM10 and JM12 also
contributed to the higher Vo observed. Interestingly, JM10
presented a higher LUMO level, but its device performance did
not match that of JM12, suggesting a better energy level tran-
sition for the latter. The superior performance of the JM12
interlayer can also be attributed to lower non-radiative recom-
bination of JM12, see Fig. 2¢g, and reduced trap state density, as
determined by the SCLC measurements shown in Fig. S11.t
This lower trap state density may indicate a more effective
defect passivation with less non-radiative recombination sites.
The smoother and more homogeneous morphology of JM12
further supports this, as it provides a more uniform interface
and may prevent the formation of deep trap states. In contrast,
this effect seems to be less pronounced for the JM10 interlayer,
likely due to its more heterogeneous film. These findings also
highlight the importance of material processability, which can
allow for an efficient charge extraction while simultaneously
enabling defect passivation at the interface. Eventually, the
average FF of PSCs incorporating JM12 showed an improvement
(Fig. 4b) motivated by the enhanced charge extraction, see
Fig. 2h.

Another major challenge that still needs to be addressed in
Sn-PSCs involves their low stability specially under ambient
conditions due to the deleterious effect of both oxygen and
moisture.®” In a previous report, we demonstrated that through
adequate additive engineering, Sn-PSCs can show operational
stabilities in N, comparable to Pb-PSCs.>* However, while it is
not possible to completely prevent the degradation reactions
triggered by oxygen and water molecules exposure, an adequate
material design can significantly slow down these undesirable
reactions. On this basis, we evaluated the operational stability
of the wunencapsulated devices in demanding ambient
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from J-V curves under 100 mW cm~2 AM 1.5G illumination. (c) Best performing devices' J-V curves. (d) MPP measurements for the control
devices and for devices incorporating JM10 and JM12 in air without any encapsulation.

conditions (60% RH and 25 °C), tracking their performance at
maximum power point (MPP) under continuous illumination
(100 mW ecm 2, AM 1.5G) at constantly applied voltages of
0.39V, 0.40 V and 0.41 V for the control devices, and with JM10
and JM12 interlayers, respectively (Fig. 4d). The control device
experienced a fast degradation, with a T, lifetime of 3.1 hours.
Conversely, devices presenting JM10 and JM12 interlayers
demonstrated significantly enhanced stabilities, achieving
impressive Ty, lifetimes of 15.5 and 18.4 hours, respectively,
which are, as far as we know, among the highest reported
operational stabilities for Sn-PSCs under ambient conditions so
far. To put this achievement in context, in one of our previous
works® we achieved Sn-PSCs that retained up to 6 hours of
ambient stability and over 1300 hours at 1 sun illumination at
MPP and under ambient and N, atmosphere, respectively.
Herein, we demonstrated a threefold improvement in the
ambient Ty, lifetime, anticipating an outstanding stability with
proper encapsulation. This achievement is particularly signifi-
cant because, although ETLs such as PCBM or ICBA have
demonstrated to effectively enhance V¢ and even shelf stability
under N,, they rarely improve the operational stability at MPP.
In contrast, most published MPP data involve devices

EES Sol.

employing Ceo as the ETL, making our approach a useful
guideline to achieve highly stable Sn-PSCs.>*?31:63-6¢

To study the hydrophobicity of the passivated layers, we
performed water contact angle measurements. The contact
angles were measured immediately after the deposition of
a water droplet onto the perovskite film surface, with and
without the different interlayers, and results are presented in
Fig. S17.7 A clear tendency was revealed in the order: FASnI; <
FASnI;/JM10 < FASnI;/JM12, with angle values of 48.9°, 53.0°,
and 57.8°, respectively. This trend confirms the effect of the
fullerene derivatives as efficient hydrophobic barriers against
moisture, and is in perfect agreement with the trend observed
in the operational stability measurements conducted in air.
These findings demonstrate that appropriate surface modifi-
cation strategies with specific hydrophobic groups can effec-
tively retard Sn-PSCs degradation, thereby contributing to their
long-term operational stability. Furthermore, the higher
hydrophobicity of the JM12 layer compared to JM10, can be
attributed to the formation of a more uniform and homoge-
neous layer, as corroborated by KPFM images. We attributed the
enhanced air stabilities to a protective effect offered by the
fluorinated interlayers, owing to the hydrophobic character
conferred by their high fluorine content.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

One of the main challenges currently limiting the development
of Sn-PSCs is the offset between the perovskite CB and the
LUMO levels of the most employed charge transport layers. In
this work, we designed and synthesized two novel fullerene
derivatives, JM10 and JM12, functionalized with different fluo-
rinated moieties, and incorporated them as interlayers in Sn-
PSCs to enhance device performance. These interlayers
successfully alleviated the energy level misalignment at the
perovskite/Cg, interface, resulting in a significant increase in
Voc and boosting the PCE of the devices. Experimental results
showed that JM10 achieved a maximum efficiency of 10.5%,
while JM12 demonstrated a higher boost in the efficiency up to
11.0%, corresponding to an enhancement of approximately
20% with respect to the reference devices. Through both theo-
retical and experimental evidence, the enhanced efficiency is
attributed to the distinct structural and electronic characteris-
tics of each derivative, which decrease non-radiative recombi-
nation and optimize charge transfer at the FASnI;/ETL
interface.

Furthermore, devices incorporating the interlayers exhibited
impressive operational stability, retaining up to 80% of their
initial PCE after 15 and 18 hours of operation in air (25 °C, 60%
RH) under 1 sun illumination at MPP without any encapsula-
tion for JM10 and JM12, respectively. As far as we know this is
one of the highest reported stabilities for Sn-PSCs for these
harsh ambient conditions considering Sn-PSCs. These
improvements in the operational stability are attributed to the
enhanced hydrophobicity conferred by the fluorine-rich inter-
layers, which retard the degradation at the interface. It is
important to highlight that, although other fullerene derivatives
such as ICBA often result in remarkably Vo enhancements,
they fail to increase, and even reduce, Sn-PSCs stability at MPP.
In contrast, the derivatives studied here simultaneously
increased both efficiency and operational stability.

Consequently, our findings beyond the results here reported,
reveal that suitable molecular engineering of fullerene deriva-
tives plays a crucial role in enhancing both the performance and
stability of Sn-PSCs, highlighting the potential of fluorine-rich
functionalized materials for the development of more efficient
and stable devices, giving molecular design guidelines and
consequently paving the way to highly stable Sn-PSCs.
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