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Abstract: Performance and stability of inverted perovskite solar cells (PSCs) are severely constrained by non-radi-
ative recombination induced by defect accumulation and inferior interfacial contact at the perovskite/[ 6,6 ] -phenyl-
Cg;-butyric acid methyl ester (PCBM) heterojunction. Herein, a multifunctional interfacial modification strategy em-
ploying 4-sulfocalix[ 6 ] arene (SC6A) is developed to resolve the inherent interfacial drawbacks of the PVSK/PCBM
interface. As a calixarene derivative, SC6A features a cup-shaped macrocyclic aromatic skeletons functionalized
with abundant sulfonic (-SO;H) and hydroxyl (-OH) groups. It affords multi-site and omnidirectional coverage on
perovskite surface, synchronously passivating diverse defects and restraining carrier non-radiative recombination. Its
unique cavity can form @ - m interactions with PCBM, which helps regulate the distribution of PCBM molecules and
improve their dispersion. This ameliorates the uniformity of the PCBM film, optimizes the inferior interfacial con-
tact, and further facilitates charge carrier transport efficiency. Benefiting from these synergistic effects, the resultant
SC6A-modified device achieves a high-power conversion efficiency (PCE) of 24.56%. Furthermore, the SC6A-
based device exhibits excellent stability, retaining 93% of its initial PCE after 1500 h of storage in N, atmosphere

and 80% after 500 h of thermal aging at 65°C, outperforming the unmodified control device significantly.
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1 Introduction

Growing global demand for renewable energy
establishes solar photovoltaics as a key energy solu-

tion"?.

Organic-inorganic hybrid halide perovskites
offer great promise as solar-harvesting materials ap-
plied in photovoltaics due to their cost-effective fab-
rication process, long charge carrier lifetime, tunable
band gap, and high absorption coefficient™ Invert-
ed perovskite solar cells (PSCs) exhibit distinct ad-
vantages, including solution processability, negligi-
ble hysteresis, and easy integration with tandem de-
vices, making them promising for commercial appli-

. 5
CatlonsI '.

In inverted PSCs, the electron transporting
layer (ETL) plays a vital role in carrier extraction
and transmission, and defect passivation and stabili-
zation of the perovskite layer, significantly influenc-

7 Currently, fullerene

ing the device performance
derivative [6,6]-phenyl-C61-butyric acid methyl es-
ter (PCBM) has been established as an electron
transport material for highly efficient inverted devic-
es due to its high electron affinity and low tempera-

[8-9]
. HOWBVBI’, severe non-

ture solution processability
radiative recombination, defect accumulation and
poor interfacial contact persisting at the perovskite
(PVSK)/fullerene interface are widely reported"*'".
Especially, PCBM exhibits certain limitations, in-
cluding low electron mobility, a tendency to aggre-
gate during film formation, and intrinsic thermal in-
stability, which significantly restricts device perfor-
mance and long-term stability"*'”.

The effective strategies to address the PVSK/

PCBM interfacial issues involves inserting a func-

tional interlayer between the perovskite and PCBM
layers to address the inherent drawbacks arising
from the physicochemical properties of the original
interface and optimize interfacial contact quality.
Many types of materials are used for interfacial regu-

lation in PSCs, such as small organic molecules™,

[13] [11]

polymers"”, ammonium salts"", and so on"'". For in-
stance, Wei-Min Gu et al. develop a multifunctional
interfacial regulation strategy to enhance the perfor-
mance of perovskite solar cells by incorporating 2,2’
-bipyridine-4, 4’ -dicarbomethoxy (DMCBPy) be-
tween the perovskite and PCBM layers”. The 2,2’
-bipyridine-moiety in DMCBPy can strongly anchor
the undercoordinated ions on the perovskite surface
through coordination interactions, regulate the inter-
facial energy level alignment, and reduce non-radia-

™. Dongyang Li et al. innovative-

tive recombination
ly adopt a polymer (PY-IT) as an interfacial bridge
between the perovskite and ETL, which reinforces
PVSK/PCBM heterointerface bonding, reduces sur-
face as well as bulk defects of PVSK"". Yifang Qi et
al. employ ammonium salts to passivate perovskite
films as well as improve the PVSK/PCBM interface,
which reduces the surface roughness of perovskite
films, facilitates charge transport, and suppresses
PVSK/PCBM interfacial non-radiative recombina-

1

tion"”. Furthermore, they point out that the ammoni-

um salts can diffuse into gran boundaries and induce
secondary grain growth ultimately forming perovskite

films with larger grains and fewer defects?.

In our
previous work, the simple surface post-treatment

with  N-benzyloxycarbonyl-d-valine"”, ammonium
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salts!"*"”

, is also attempted to improve the perovskite/
PCBM interface. Although small-molecule, polymer
and ionic interlayers for PVSK/PCBM modification
have achieved substantial progress, most reported
modifiers merely focus on passivating surface de-
fects of perovskite, while little attention is paid to op-
timizing intimate contact between the two layers and
mitigating PCBM aggregation via interfacial interca-
lation. In addition, most passivators possess an inad-
equate number of active sites, which limits their abil-
ity to achieve extensive and uniform defect passiv-

-7
atlon[ ].

Specifically, intense  — 1 stacking triggers
PCBM agglomeration during film fabrication and de-
vice operation, which creates discontinuous electron
transport pathways, induces charge trapping, exacer-
bates interfacial recombination, and weakens
perovskite - fullerene intermolecular coupling. It re-
mains challenging to design novel interfacial materi-
als that simultaneously achieve tight interface con-
tact, inhibit PCBM aggregation and provide suffi-
cient active sites for uniform defect passivation.
Steric hindrance molecular engineering has
been verified to effectively suppress spontaneous
PCBM self-aggregation for uniform heterointerfac-
es'™". Cup-shaped macrocycles based on aromatic
skeletons possess great potential to provide suffi-
cient steric hindrance. Rational molecular design
based on such aromatic macrocycles can simultane-
ously improve the dispersion state of PCBM and
strengthen intermolecular coupling with fullerenes,
remedying interfacial defects and improving charge
transport performance. Calixarenes are a class of su-
pramolecular macrocycles composed of phenol units
linked by methylene bridges, featuring an aromatic
framework and a conformationally flexible cavity.
By virtue of their unique cavity structure, flexible de-
rivatization sites, and excellent host-guest recogni-
tion abilities, they have been widely applied in fields
such as ion-selective electrodes for catalysis, drug
delivery, gelation, organic electronics, and sen-

[20-21]
SOors .

Recently, calixarene also been gradually
introduced into PSCs field. Relying on host-guest in-
teractions, relevant studies have achieved remark-

able progress in ion immobilization and crystalliza-

. . 22-23
tion modulation™*"

Specifically, calixarenes can
capture migrating ions and passivate defects, and al-
so regulate the desolvation process to guide the ori-
ented crystallization of high-quality perovskite
films. Although calixarenes have proven effective in
suppressing ion migration and passivating defects,
their application in optimizing perovskite/PCBM het-
erointerfaces remains largely unexplored. Neverthe-
less, few existing interlayer materials with aromatic
macrocyclic skeletons can simultaneously disperse
PCBM molecules and enhance intermolecular inter-

[18.24]

actions with fullerene cages In this regard, the
exploration of calixarenes is expected to open up a
new avenue for interfacial modification of perovskite/
PCBM heterojunctions by utilizing macrocyclic host
structural materials.

Here, a multifunctional interfacial modification
strategy employing 4-sulfocalix[6]arene (SC6A) is
proposed to overcome the PVSK/PCBM interface
contact issues and inherent interfacial defects.
SC6A features a cup-shaped macrocyclic aromatic
scaffold , incorporating abundant sulfonic (-SO;H)
and hydroxyl groups (-OH). Such structural charac-
teristics enable SCOA to achieve multi-site and omni-
directional coverage on perovskite surface, which si-
multaneously passivates various interfacial defects
and suppresses undesirable carrier non-radiative re-
combination. Furthermore, the distinctive cavity of
SC6A can form 7 - m interactions with PCBM,
which helps regulate PCBM molecular distribution
and enhance its dispersion. Such modification im-
proves PCBM film uniformity, optimizes poor interfa-
cial contact and promotes charge carrier transport.
Benefiting from these synergistic functions, the opti-
mized PSCs deliver a prominent PCE of 24. 56%.
Meanwhile, SC6A-modified devices obtain greatly
enhanced long-term stability under nitrogen storage
and thermal aging conditions compared with pristine

devices.

2  Experiment

2.1 Materials
Methylammonium iodide (MAI, 99. 5%), meth-

ylammonium bromide (MABrt), formamidinium io-
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dide (FAT), lead (IT) bromide (PbBr,), and bathocup-
roine (BCP, 99. 0%) were procured from Xi’an Yuri
Solar Co., Ltd.
(AL,O3, 20 wt% in IPA) were obtained from Aladdin.
Rubidium iodide (RbI, 99. 9%), cesium iodide (CslI,
99.999%), and [2-(3,6-dimethoxy-9H-carbazol-9-yl)
ethyl] phosphonic acid (MeO-2PACz, >98. 0%) were
supplied by TCI. Lead iodide (Pbl,, 99%) was pur-

Aluminum oxide nanoparticles

chased from Tianjin Damao Chemical Reagent Facto-
ry. [6, 6] -phenyl-C4-butyric acid methyl ester
(PCBM, 99.5%) was obtained from Nano-C. Sol-
including N, N-dimethylformamide (DMF,
99. 8%, super dry), dimethyl sulfoxide (DMSO,
99. 8%, super dry), isopropanol (IPA, 99. 8%, super
dry), and chlorobenzene (CB, 99. 8%, super dry),
ethyl alcohol (98%) were sourced from J&K Scientif-

vents

ic Ltd. Silver (Ag) was acquired from China New
Metal Materials Technology Co., Ltd. 4-Sulfocalix
[6]arene (SC6A, 95%) was obtained from Bide Phar-
matech Co., Ltd. All other solvents and materials
were procured from domestic suppliers without fur-
ther purification.
2.2 Device Fabrication

To fabricate the devices, indium tin oxide (ITO)/
glass were ultrasonically cleaned in sequence with
detergent, distilled water, and TPA, each for 25 min-
utes. They were then dried with nitrogen and treated
with UV-Ozone for 25 minutes. The substrates were
subsequently transferred to a nitrogen-filled glove
box filled with nitrogen, where a MeO-2PACz solu-
tion was deposited onto the ITO surface and dried at
100 °C for 10 minutes to form a thin hole transport
layer. Next, an Al,0; nanoplate dispersion was spin-
coated onto the MeO-2PACz film at 4000 rpm for 30
seconds, followed by annealing at 100 °C for 10 min-
utes. The perovskite precursor was prepared by dis-
solving MABr, Rbl, Csl, FAI, PbBr,, and Pbl, in a
DMF:DMSO (4:1, v/v) mixture in stoichiometric pro-
portions. This precursor was spin-coated at 4000
rpm for 30 seconds, with 100 L of CB dropped onto
the film 5 seconds before the end of the process. Af-
ter annealing at 100 ° C for 10 minutes, the active
(Rbo. 05Cs0.00M A, 0sFAg g, Pb

perovskite layer

(Ty. 95Brg. 05)3) was formed. Subsequently, SC6A solu-

tions (dissolved in IPA) with different concentrations
were spin-coated onto the perovskite film at 4000
rpm for 30 seconds. Next, a PCBM solution was
spin-coated onto the modified perovskite layer at
4000 rpm for 30 seconds, followed by annealing at
90 ° C for 30 minutes. Then, a BCP solution was
spin-coated at 4000 rpm for 30 seconds as a buffer
layer to enhance the interfacial contact between the
PCBM layer and the silver (Ag) electrode. Finally,
100 nm Ag was thermally evaporated as the back
electrode at a rate of 0. 5-1 A/s under a vacuum of 2-
3x10" Pa.
2.3 Characterizations

The microstructural morphology of the films
was examined by scanning electron microscopy
(SEM) (FEI, Helios Nanolab 600i, USA). The sur-
face potential of the films was measured by Kelvin
probe force microscopy (KPFM) in tapping mode
(Bruker, Multimode 8, Germany). Absorption spec-
tra were recorded using a UV-vis spectrophotometer
(PerkinElmer, Lambda 365, USA). X-ray diffraction
(XRD) patterns were acquired using an X-ray diffrac-
tometer (Bruker, D8 Advance, Germany) with a Cu
Ka radiation source operated at 40 kV and 44 mA.
The current density-voltage (J-V) curves of PSCs
were measured using a source meter (Keithley, 2400,
USA) under AM 1. 5G illumination at 100 mW c¢m”
with solar simulator (AAA, Enlitech, SS-F5-3A, Chi-
na). Light intensity was calibrated using astandard
silicon solar cell. The transient photocurrents (TPC)
and transient photovoltage (TPV) were measured by
photo-electrochemical workstation (Zahner, Zennium

pro, Germany).

3 Results and Discussion

3.1 SC6A-Perovskite Interaction Mechanism
SC6A features a cup-shaped macrocyclic aro-
matic scaffold, featuring dense arrays of sulfonic
groups (-SO;H) along its upper rim and hydroxyl
groups (-OH) situated on the lower rim. The surface
electrostatic potential map (ESP) (Figure 1(a)) re-
veals distinct positive and negative charge domains
across the SC6A molecular surface. This unique po-

larity distribution provides abundant active sites for
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(a) Molecular structure of the SC6A molecule and its surface potential map. (b) FT-IR spectra of the S=0 asymmetric

stretching vibration and (¢) -OH asymmetric stretching vibration for SC6A, PVSK-SC6A, and PVSK. XPS spectra of
the (d) Pb 4f and (e) I 3d orbital for the PVSK and PVSK/SC6A films.

passivating defects with different electrical charac-
teristics in perovskites, such as positively charged
Pb interstitials and negatively charged iodine vacan-
cies. ESP analysis indicates that the electron cloud
is primarily concentrated on the -SO;H and -OH
groups. Each sulfonic group_contains two S=0 dou-
ble bonds and exhibits strong electronegativity, sug-
gesting that the -SO;H groups can coordinate with
under-coordinated Pb*™ on the perovskite surface
Lewis acid-base interactions, thereby achieving de-

520 11y addition, the aromatic back-

fect passivation
bone and the introduction of multiple polar groups in
the molecule may promote the formation of intermo-
lecular - stacking and hydrogen bonds. Based on
the above results SCOA is expected to act as an effec-
tive interfacial modifier for PVSK/PCBM heterojunc-
tion.

To further verify the interaction between SC6A
and the perovskite, Fourier transform infrared (FT-
IR) spectroscopy was performed. As shown in Fig-
ure 1(b), the characteristic stretching vibration peak
of the S=0 group in the SC6A molecule is located at
1043.15 cm™? whereas this peak shifts to
1045.36 ¢cm™ in the SC6A-treated perovskite sam-
ple. This shift confirms the coordination between S=

O and Pbl,. As shown in Figure 1(c), the character-

istic stretching vibration peak of -OH groups in
SC6A appears at 3441.18 cm”, which shifts to
3391.93 cm™ after SC6A treatment. It was speculat-
ed that -OH on SC6A could passivate the undercoor-
dinated Pb** and iodide vacancy defects via coordina-
tion bond and electrostatic interaction according to
Jiangzhao Chen’ s work™. We speculate that the
-OH groups of calixarene can effectively passivate
uncoordinated Pb™ and iodide vacancy defects via
coordination interactions and electrostatic interac-
tions. The slight shift of the C=N stretching peak
from 1720. 72¢m™ to 1728.39 c¢m™ (Figure S1) may
relate with the formation hydrogen bonds between
-OH groups of SC6A and FA" and I of PVSK film"™*.
That hydrogen bonds have been confirmed that it
will hold back the volatilization of FA" under ther-
mal stress and inhibits the migration of FA™ and T,
benefiting for the stability of PVSK and devices™.

To get more information about the SC6A inter-
action with perovskite, X-ray photoelectron spectros-
copy (XPS) is carried out for PVSK film and PVSK/
SC6A films. As shown in Figure 1(d) and Figure 1
(e), the binding energies of Pb 4f shift from 138. 02
eV and 142. 88 eV for the pristine PVSK film to low-
er values of 137.90 eV and 142.76 eV for that of
PVSK/SC6A film, while the XPS T 3d binding ener-
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gies of the PVSK film (618. 89 eV and 630.37 eV)
exhibit a 0.19 eV downward shift in the PVSK/
SCOA film. This reduction implies the enhancement
of electron cloud density around Pb and I atoms up-
on SCO6A adsorption on the PVSK surface, which can
effectively inhibit the oxidation of I and the forma-

) Simultaneously, the

tion of interstitial 1 defect
electron cloud enrichment strengthens the interac-
tion between I' and the lattice cations, enhances its
binding stability at the lattice sites, and suppresses I'
desorption, thereby reducing the formation of VI de-
fects®™. From Figure S2, the shift of the N 1s peak
of the perovskite film toward higher binding energy
may be attributed to the hydrogen bond interaction
between -OH on SC6A and FA™.
3.2 Effect of SC6A Modification on Crystallin-
ity and Morphology of Perovskite Films

In this work, a facile post-treatment processing
is employed to introduce SC6A onto the perovskite
film surface via spin-coating, achieving interfacial
modification. For comparative analysis, the unmodi-
fied pristine perovskite film is designated as the con-
trol group, while the SC6A-modified film is referred
to as the target group. X-ray diffraction (XRD) was
performed to understand whether the surface passiv-
structure of the

ation affected on the crystal
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Figure 2

perovskite films. As shown in Figure 2(a), there are
no obviously peak shifts and no additional diffraction
peaks. Furthermore, the Ultraviolet-visible (UV-vis)
absorption spectra of the control perovskite and
SC6A-modified perovskite films show similar absorp-
tion properties (Figure 2(b)), all of which confirm
that the introduction of SC6A does not alter the crys-
tal phase of perovskite films and exerts no adverse
effects on the optoelectronic properties of bulk
perovskite films. Notably, the intensity of the (100)
diffraction peak increases in the experimental group,
and the intensity ratio of the (100) to (110) diffrac-
tion peaks rise from 1.04 to 1.69. This indicates
that SC6A modification promotes the preferred orien-
tation of the (100) lattice plane, which helps reduce
trap states and thereby facilitates charge carrier
transport across the perovskite lattice”".

The surface morphology and structural charac-
teristics of the perovskite films were characterized
using scanning electron microscopy (SEM) and atom-
ic force microscopy (AFM). The SEM images are
presented in Figure 2(c) and 2(d), while the AFM
images are shown in Figure 2(e) and 2(f). The top-
view SEM image of the control film (Figure 2(c)) re-
veals numerous deep pinholes on the surface. These

defects not only lead to poor interfacial contact be-

PVSK/SCBA

RMS=13.84 nm

1 um

(a) UV-vis of the PVSK and PVSK/SC6A films. (b) XRD patterns of the PVSK and PVSK/SC6A films. (¢) and (d)

Top-view SEM images of PVSK film and PVSK/SC6A films. (e) and (f) AFM surface images (5 pmx5 wm) of PVSK

films and PVSK/SC6A films.
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tween the perovskite layer and the overlying PCBM
electron transport layer but also serve as pathways
for moisture and oxygen penetration, thereby exacer-
bating non-radiative recombination losses and accel-
erating film degradation®™. After SC6A modifica-
tion, the surface morphology of the target film is
markedly improved (Figure 2(d)), with a substantial
reduction in pinhole density and a more compact,
uniform film structure. AFM measurements indicate
that the root-mean-square (RMS) roughness decreas-
es from 20. 86 nm for the control film to 13. 84 nm
after SCOA treatment, demonstrating that SC6A mod-
ification effectively reduces surface roughness and
enhances film smoothness. A smoother surface facil-
itates improved interface contact and charge trans-
port".

Cross-sectional SEM images (Figure S3, Sup-
porting Information) further illustrate the structural
differences between the films. The control film ex-
hibits a highly undulating upper interface with abun-
dant fragmented grains distributed both laterally and
vertically, along with loose and pronounced grain
boundaries. In contrast, SC6A effectively fills the
grain boundary voids and repairs surface pinholes,
resulting in a uniform and dense film structure. This
treatment significantly reduces the number of lateral
grain boundaries and renders the upper interface of
the perovskite film considerably flatter and smooth-
er. Such an optimized interfacial structure facili-
tates the uniform deposition of the subsequent
PCBM layer, effectively suppresses interfacial carri-
er recombination, and lays a solid foundation for en-
hancing the overall photovoltaic performance and
stability of the device"*"".

3.3 PCBM Immobilization by SC6A: Improving
Film Uniformity and Interfacial Contact.

To investigate the impact of SC6A modification
on the film formation quality of the overlying PCBM
layer, atomic force microscopy (AFM) was performed
on PVSK/PCBM and PVSK/SC6A/PCBM composite
films. The AFM results (Figure 3(a) and 3(b)) re-
veal that following SC6A modification, the root-
mean-square (RMS) roughness of the PCBM film is

significantly reduced from 11.34 nm in the control

group to 9. 41 nm in the target group. This indicates
that SC6A modification effectively improves the uni-
formity of the PCBM film and reduces surface de-
fects™ .,

The scanning Kelvin probe force microscopy
(SKPFM) was used to measure the PVSK films be-
fore and after SC6A treatment (Figure S4). After
SC6A modification, the average surface potential of
the PVSK films was significantly increased. This en-
hancement may be attributed to surface passivation
primarily occurring through coordination between
the -SO3;H and -OH groups with positively charged
trap states, which reduces surface charge density

1831 Meanwhile,

and induces Fermi level shifting
the potential fluctuation amplitude decreases from
22.02 to 15.47 mV. This reduction of the potential
fluctuation amplitude indicates a more uniform po-
tential distribution. It is speculated that these im-
provements may be caused by the combined effects
of the following factors: The -SO3;H and -OH groups
coordination effectively repairs the relevant defects,
eliminates the defect states generated at the defect
sites due to surface charge imbalance, and the
-SO;H and -OH groups on the edge generate strong
interface dipoles"****.

The corresponding dipole optimizes energy-lev-
el alignment at the PVSK/PCBM interface, promot-
ing efficient electron extraction and suppressing non-
radiative recombination®™”. To explore how SC6A
affects the energy level alignment and charge extrac-
tion at the PVSK/PCBM interface, SKPFM was also
performed on the corresponding heterostructures.
The SKPFM results for the PCBM films (Figure 3(d)
and 3(e)) show that after SC6A modification, the av-
erage surface potential of the PCBM film is signifi-
cantly enhanced™. These dipoles enable nearly per-
fect alignment between the conduction band mini-
mum (CBM) of perovskite and the lowest unoccupied
molecular orbital (LUMO) of PCBM, thereby achiev-
ing efficient and barrier-free electron extraction™*,

The potential fluctuation amplitude decreases
from 18.39 mV to 12. 63 mV (Figure 3(c)). The re-
duction in potential fluctuation amplitude indicates

a more uniform surface potential distribution. This
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Figure 3 (a) and (b) AFM surface images (5 pmx5 pm) of PCBM and SC6A/PCBM films. (¢) Surface potentials correspond-

ing to the two white lines in (d) and (e). (d) and (e) SKPFM results of PCBM and SC6A/PCBM films. (f) FT-IR
spectra of asymmetric stretching of S=0 for SC6A and SC6A/PCBM films. (g) FT-IR spectra of asymmetric stretching
of benzene ring for SC6Aand SC6A/PCBM films. (h) XPS spectra of the S 2p orbital of the SC6A and SC6A/PCBM
films. (i) XPS spectra of the O 1s orbital of the SC6A, PCBM and SC6A/PCBM films.

phenomenon can be attributed to the anchoring ef-
fect of the SC6A macrocyclic cavity on PCBM mole-
cules, which effectively improves the dispersion of
PCBM and thus provides a flat, uniform interfacial

. The high-quality

channel for charge transport"*'*”

PCBM film significantly promotes charge extraction
efficiency and minimizes carrier recombination loss-
es at the perovskite/PCBM interface, which is consid-
ered one of the key factors in enhancing the perfor-
mance of inverted perovskite solar cells"”.

To explore the enhancement mechanism of
SC6A on the film-forming properties of PCBM, we
systematically studied the intermolecular interac-
tions between these two materials. FTIR spectrosco-
py analysis (Figure 3(f)) reveals that the characteris-
tic stretching vibration peak corresponding to the S=

O in SC6A undergoes a shift from 1043.15 c¢cm™ to

1041. 50 cm™.
electronic interaction between the -SO;H groups of

SC6A and PCBM. The oxygen atoms of the -SO;H

This subtle shift implies a potential

groups in SCO6A contain lone electron pairs and
serve as Lewis bases to donate electrons. As a typi-
cal electron acceptor, PCBM tends to capture free

electrons. The sulfonic groups form positively

charged dipoles after losing electrons, whereas
PCBM becomes negatively charged upon accepting
electrons, which facilitates the formation of dipole-
interactions between the two substanc-

dipole

es™ . Meanwhile, the characteristic peak of hy-
droxyl groups for SC6A shifts from 3441. 18 ecm™ to
3428.18 cm™.
and the benzene ring characteristic peak moves from

1592.35 em™ to 1593. 56 cm” (Figure 3(g)). These

results indicate the possible existence of hydrogen

(Figure S5, Supporting Information),
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bonding and i - interactions between SC6A and
PCBM™,

XPS results provide further evidence of the in-
teraction between SC6A and PCBM. In the S 2p
XPS spectrum of SC6A (Figure 3(h)), the character-
istic peaks of the sulfur atoms in the sulfonic groups
(S 2ps, and S 2py,) shift slightly from 166.44 eV
and 167.69 eV to 166. 66 eV and 167.91 eV, re-
spectively. This indicates an alteration in the elec-
tronic environment of the sulfur atoms, confirming
their participation in the interaction with PCBM.
Furthermore, distinct shifts are observed in the O 1s
orbitals of both PCBM and SC6A (corresponding to
the oxygen atoms in the sulfonic and hydroxyl
groups) (Figure 3(i)), which further validates the ex-
istence of intermolecular interactions between the
two species.

Based on these characterization results, it is hy-
pothesized that the interaction between SC6A and
PCBM is driven by a synergy of multiple non-cova-
lent bonds. On one hand, strong hydrogen bonding
is formed between the PCBM molecules and the hy-
droxyl groups (-OH) of SC6A. On the other hand,
the aromatic ring structures in both molecules facili-
tate -1 stacking interactions. These forces, assist-
ed by intermolecular dipole-dipole interactions, col-
lectively enhance the binding affinity between SC6A
and PCBM. This robust interaction significantly im-
proves the film-forming quality of PCBM, providing
substantial support for the construction of efficient
and stable interfacial electron transport channels.
3.4 Effects of SC6A on Device Photovoltaic
Performance

To directly demonstrate the positive impact of
SC6A on device performance, inverted PSCs are fab-
ricated both with and without the SC6A post-treat-
ment. The current density-voltage (J-V) characteris-
tics of these devices are measured under standard
one-sun illumination conditions (AM 1.5 G, 100
mW cm?). SC6A is introduced upon the perovskite
thin films using a solution method, with its thickness
adjusted by varying the concentration of SC6A solu-
tion. As detailed in Table S1, the device power con-

version efficiency (PCE) exhibits a clear increasing

trend with increasing SC6A concentration, reaching
an optimal value at 0. 05 mg/mL, where the champi-
on device achieves the highest PCE of 24.56%.
When the concentration is further increased beyond
0. 05 mg/mL, the device PCE slightly decreases, in-
dicating the existence of an optimal concentration.
At this optimal concentration, SCOA effectively pas-
sivates defects, suppresses non-radiative recombina-
tion, and optimizes interfacial contact. However, ex-
cessive SCOA layers may introduce additional inter-
facial resistance, thereby hindering charge trans-
port. Therefore, we fix that optimal concentration to
prepare the devices for further comparative studies.
The J-V characteristics for both the control and
The best

control device exhibits a maximum PCE of 22. 54 %,

SC6A devices are shown in Figure 4(a).

with V,, of 1. 126 V, short-circuit current density (J,,)
of 25.56 mA e¢m™ and fill factor (FF) of 78.30 %.
In contrast, the best SC6A device shows a notable
enhancement in device performance compared with
that of control one, resulting in a relatively higher
PCE of 24.56 %, with V,,of 1.148 V, J, of 26. 06
mA cm” and higher FF of 82. 10 %.

The EQE spectra of typical control and SC6A
devices are shown in Figure 4(b). The introduction
of SCOA has resulted in an improvement in the EQE
in the 600-800 nm band range, correspondingly lead-
ing to an increased J,. This enhancement is consis-
tent with the improving trend in J,. The increase in
J,. can be attributed to enhanced light absorption, im-
proved charge transfer, and more efficient charge ex-
traction. Additionally, SC6A acts as an efficient pas-
sivator and interface modifier, which may benefit the
reduction of the hysteresis of the devices. Figure 4
(c) presents the J—V characteristics of both control
and SC6A devices based on different voltage scan-
ning directions. The detailed devices performance
parameters are summarized in Table S2. Hysteresis
index (HI) is also calculated according to Equa-
tion (1),

PCE™ - PCE”
T PCE
Here, PCE™ and PCE™ are the PCE obtained in

HI (1)

the forward and reverse scanning directions, respec-
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Figure 4

(a) J-V characteristics of optimal control and SC6A devices. (b) EQE spectra with corresponding integrated current

densities for control and SC6A devices. (¢) Forward and reverse scan J-V curves of control and SC6A devices. (d)

TPV of control and SC6A devices. (e) TPC of control and SC6A devices. (f) Mott-Schottky plots of the control and

SC6A devices. (g) Nyquist plots of the control and SC6A devices. (h) Voc varies with light intensity. (i) Steady-state

power output for control and SC6A devices.

tively. The calculated HI of control and SC6A devic-
es is 7.24% and 3. 89%, respectively. Hysteresis is
primarily caused by defects in the devices as report-

1 Therefore, the HI reduction can be

ed previously
attributed to the elimination of defects by the SC6A
introduction.

To elucidate the impact of SC6A modification on
carrier dynamics, transient photovoltage (TPV) and
transient photocurrent (TPC) measurements were con-
ducted. The TPV and TPC curves of the control and
SCOA devices are shown in Figure 4(d) and Figure 4
(e). Both curves conformed to double exponential
characteristics, and the detailed fitting results are re-
ferred to Table S3 and Table S4 for TPV and TPC.
TPV reveals a significant extension of the carrier re-
ws for the control

combination lifetime from 48. 58

device to 100.12  ps for the SC6A-modified de-

vice. This result clearly indicates that SC6A effective-
ly passivate defect states at the perovskite surface and
the perovskite/PCBM interface, thereby substantially
suppressing non-radiative recombination. The superi-
or passivation achieved by SC6A is consistent with
the observed enhancement in V,,.. TPC shows acceler-
ated carrier extraction, with decreasing from 233. 95
ws (control) to 51.03 s (SC6A), indicating that
SC6A interlayer optimizes energy level alignment at
the interface and forms efficient extraction pathways
from the PVSK to PCBM"™**,

The built-in potential (V,;) derived from the
Mott-Schottky capacitance analysis (Figure 4(f)) in-
creases from 0. 87 V to 0. 94 V after SC6A introduc-
tion. This elevated V), can be attributed to the effec-
tive defect passivation at the PVSK/PCBM interface

by SC6A, which suppresses non-radiative recombina-
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tion and reduces voltage loss, enhancing V,.. Elec-
trochemical impedance spectroscopy (EIS) measure-
ments were performed under dark conditions with a
bias voltage of 0. 85 V. The Nyquist plots of the de-
vices are shown in Figure 4(g) and fitted using the
equivalent circuit shown in the inset, with fitting re-
sults summarized in Table S5. The recombination
resistance (R,.) of SC6A devices increases from
8813 to 19255(), providing additional evidence for
suppressed carrier recombination™,
A key parameter for analyzing the voltage—light in-
tensity dependence is the ideal diode factor (n),
which can be calculated by the formula  (2)
n=K,Tlqgx AV, /An], (2)

Here, q is the elementary charge, and J; refers
to the photogenerated current density"”. When the
ideal diode factor n is close to 2, it indicates that
trap-mediated Shockley-Read-Hall recombination
dominates the recombination process. The lower ide-
al factor (n = 1. 32) of SC6A device compared to that
of the control device (n = 1. 82) (Figure 4(h)), sug-
gesting a significant reduction in energy loss in-
duced by trap-assisted Shockley - Read - Hall re-
combination. This further highlights the suppressed
defect-assisted recombination and improved interfa-
cial contact. In summary, SC6A effectively sup-
presses recombination through superior defect pas-
sivation and accelerates charge extraction by opti-
mizing interfacial contact, thereby enabling higher
device performance.

The stable output PCE (PCE,,,) and current
density (/J,,,) of the device running at the maximum
power point (MPP) under continuous illumination
(AM 1.5G, 100 mW cm™) are also measured. The
PCE,,, and J,,, of the SC6A device are 23.75 %
and 23.75 mA cm”, which is higher than those of
the control device (PCE,,,20.83 % and J,,,21.25
mA cm”) (Figure 4(i)). It indicates that the maxi-
mum power point output performance of the SC6A
device has greater power and better stability.

3.5 Impact of SC6A on Device Stability

Stability represents another critical criterion for
the practical application of perovskite photovoltaic

technology. Thus, we systematically tracked the sta-

bility of the SC6A-modified target devices and the
unmodified control devices to evaluate their long-
term storage stability and thermal stability, with all
tested devices being unencapsulated. For better
comparison, linear fitting was applied to the stability
curves. The unencapsulated devices stored in a ni-
trogen-filled glove box at room temperature were
monitored for over 1500 hours (Figure 5(a)). The
control devices retained 80% of their initial efficien-
cy, whereas the SC6A-modified devices exhibited
significantly improved storage stability, with a reten-
tion of 93% of their initial PCE. This enhancement
is attributed to the suppressed non-radiative recom-
bination and optimized interfacial contact, which

thus slow down device degradation.
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Figure 5 (a) Stability of the control and SC6A PSCs under

various conditions: (a) In Nyat room tempera-
ture; (b) In N, at 65 C.

Thermal stability is essential for the long-term
operational stability of the devices. Therefore, we
placed the devices on a hot plate in a N,-filled glove
box at 65 C to assess their thermal stability (Figure
5(b)). After 500 hours of thermal aging, the SC6A-
modified devices still retained 80% of their initial

PCE, which was superior to that of the control devic-

es (52%).

4  Conclusion

In summary, a multifunctional interfacial modi-
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fication strategy using 4-sulfocalix[6]arene (SC6A)
was proposed to solve severe non-radiative recombi-
nation and poor interfacial contact issues at PVSK/
PCBM heterojunction. With cup-shaped macrocy-
clic architecture and abundant functional groups,
SC6A achieves multi-site omnidirectional defect pas-
sivation to suppress non-radiative recombination. Its
cavity also immobilizes PCBM molecules to improve

their dispersion, which in turn enhances film unifor-

mity and interfacial contact. Benefiting from these
synergistic effects, the optimized PSCs obtain a high
PCE of 24.56%, and retain 93% efficiency after
1500 h N, storage and 80% efficiency after 500 h
thermal aging. This work demonstrates that calix-
arene molecules are promising interfacial modifiers
for high-performance and stable inverted PSCs, pro-
viding a feasible molecular design strategy for opti-

mizing perovskite/electron transport layer interfaces.
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