Published on 12 February 2025. Downloaded by Zhejiang University on 4/5/2025 1:29:33 PM.

Energy & o

Environmental S%Yé\..%éﬁ.%'?%
. L

Science

View Article Online

View Journal | View Issue

W) Cheok for updates Redox mediator-modified self-assembled
monolayer stabilizes a buried interface

Cite this: Energy Environ. Sci., - . = . .

2025, 18, 3186 in efficient inverted perovskite solar cells¥

Shujie Qu,® Fu Yang,? Hao Huang,*® Yiyi Li,° Changxu Sun,® Qiang Zhang,’
Shuxian Du,? Luyao Yan,? Zhineng Lan,® Zhiwei Wang,” Tongtong Jiang,® Peng Cui,®
Xicheng Ai 2 ® and Meicheng Lij ) *?

Utilizing a self-assembled monolayer (SAM) of [4-(3,6-dimethyl-9H-carbazol-9-yl)butyllphosphonic acid
as the interfacial layer on NiO, (Me-4PACz) has been proven to be a feasible approach to improve the
photovoltaic performance of inverted perovskite solar cells (PSCs). However, considering the chemical
reactivity of the NiO, surface and inhomogeneous SAM, interface stability is still an urgent issue that
needs to be addressed. Herein, methylene blue, a redox molecule, was co-absorbed with Me-4PACz to
serve as a functionalized interfacial layer, which effectively enhanced interface stability. Methylene blue
could serve as a redox mediator to selectively reduce the high-valence state of Ni species and oxidize
metallic Pb°, suppressing the undesirable interfacial reaction and reducing interfacial defects. Besides,
methylene blue could mitigate the uneven dispersion of Me-4PACz through n—m interaction, which

Received 12th November 2024, reduced the generation of voids and aggregates, providing a flattened and compact interfacial layer.
Accepted 10th February 2025 These effects enabled inverted 0.08 cm?-PSCs and 1 cm?-PSCs to achieve efficiencies of 26.39% and
DOI: 10.1039/d4ee05319b 24.89%, respectively. Encouragingly, the device possessed enhanced stability even under harsh damp-

heat conditions, retaining 91% of its initial efficiency after 1500 hours of UV irradiation and 90% of its
rsc.li/ees initial efficiency after 1500 hours of operation under 1-sun illumination.

Broader context

Inverted perovskite solar cells (PSCs) have garnered significant attention owing to their remarkable compatibility in tandem solar cells. As an inorganic p-type
semiconductor, NiO, is commonly employed as a hole transport material for advancing inverted PSCs towards commercialization owing to its scalability and
cost-effectiveness. However, the presence of surface defects and undesirable interface chemical reactivity hinder the enhancement of device stability. In this
work, methylene blue (MB) was co-absorbed with [4-(3,6-dimethyl-9H-carbazol-9-yl)butyl[phosphonic acid (Me-4PACz) as a functionalized interfacial layer. We
revealed that MB can mitigate the uneven dispersion of Me-4PACz on the surface of NiO,, which reduces the generation of voids and aggregates, providing a
flattened and compact interfacial layer. Moreover, MB can serve as a redox mediator to selectively reduce the high-valence state Ni species and oxidize metallic
Pb® while synergistically passivating interfacial defects by constructing a bridge-link structure, which stabilizes the buried interface. As a consequence, inverted
0.08 cm?>-PSCs and 1 cm?-PSCs achieved PCEs of 26.39% and 24.89%, respectively. Furthermore, the device showed enhanced stability, retaining 90% of its
initial PCE after 1500 hours of operation under 1-sun illumination. Our work presents a feasible route to enhance device stability by optimizing and
functionalizing the interfacial layer.

Introduction

Metal halide perovskite solar cells (PSCs), as transformative
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three years, the efficiency of inverted PSCs has witnessed rapid
progress, mainly resulting from the massive research on hole
transport layer (HTL) materials and the buried interface.
Among the HTL materials, NiO,, an inorganic p-type semicon-
ductor, is commonly utilized because of its cost-effectiveness
and scalability.>® However, the presence of surface defects,
mismatched energy levels with the perovskite, and undesirable
interface chemical reactivity hinder the fabrication of high-
efficiency inverted PSCs with excellent stability.

The diverse high-oxidative-state Ni species on the surface of
NiO, make the surface chemistry of the NiO, layer complicated,
resulting in perovskite decomposition through diverse
chemical reactions between NiO, and the perovskite at the
hetero-interface.'®'* It has been reported that the detrimental
reaction between Ni~*" and the organic cation of the perovskite
induces A-site defects at the NiO,/perovskite interface, and the
reaction between Ni~>" and I” of the perovskite induces 1, and
157, limiting the efficiency improvement and stability enhance-
ment of NiO,-based PSCs.'*'* Considering the undesirable
interface chemical reactivity, mismatched energy levels with
the perovskite, and interfacial defects, various strategies have
been developed to modify the NiO,/perovskite interface,
such as the utilization of organic additives, buffer layers, and
inorganic salts."*™® Among these strategies, the use of self-
assembled monolayers (SAMs) has emerged into the spotlight
owing to its distinct advantage of promoting interfacial carrier
transport. At present, phosphonic acid SAMs with a carbazole
core are the star materials, enabling advances in the perfor-
mance of inverted PSCs by serving as interfacial materials at the
NiO,/perovskite interface.’”'® For example, [4-(3,6-dimethyl-
9H-carbazol-9-yl)butyl]phosphonic acid (Me-4PACz) was uti-
lized to construct a buffer layer at the NiO,/perovskite interface,
which can optimize the energy level between NiO, and FAPDbI;
(FA is formamidine)."” However, although these SAMs have
been employed to modify the NiO,/perovskite interface, achiev-
ing high-density, closely packed SAMs remains challenging,
resulting in an inhomogeneous distribution, and accordingly
undesirable aggregates.'®>> Moreover, although the utilization
of SAMs as the buffer layer at the NiO,/perovskite interface can
help mitigate the interfacial reactivity,”** NiO, still has a
potential impact on the perovskite stability, especially consid-
ering the inhomogeneous dispersion of SAM materials. Therefore,
it is highly desirable to develop strategies to collaboratively
optimize the deposition of SAMs and suppress the undesirable
interfacial reactions, further leading to high-efficiency inverted
PSCs with enhanced stability.

Herein, methylene blue (MB) was co-absorbed with Me-4PACz
to fabricate a functionalized interfacial layer, attempting to opti-
mize and stabilize the buried interface. Our research proved that
methylene blue could mitigate the uneven dispersion of Me-
4PACz on the surface of NiO,, which reduced the generation of
voids and aggregates, providing a flattened and compact buried
interface. After co-absorbing methylene blue, the conductivity of
the interfacial layer also increased, contributing to the accelerated
interfacial carrier transport. Moreover, methylene blue could serve
as a redox mediator to selectively reduce the high-valence state of
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Ni species and oxidize metallic Pb’, while synergistically passivat-
ing interfacial defects by constructing a bridge-link structure,
which effectively enhanced the stability of the buried interface.
These advantages translated into an improved efficiency and
enhanced stability in inverted PSCs, in which the inverted PSCs
with an aperture area of 0.08 cm? achieved a PCE of 26.39%, while
the inverted PSCs with an aperture area of 1 cm” achieved a PCE
of 24.89%. Furthermore, the device could retain 91% of its initial
PCE after 1500 h of UV irradiation in an N,-glovebox, and also
retained 90% of its initial PCE after 1500 h of operation under
1-sun illumination.

Results and discussion
Modified interfacial layer

It has been reported that the undesirable chemical reaction
between NiO, and the perovskite severely influence the inter-
face stability, which can also be influenced by the inhomoge-
neous dispersion of SAM and interfacial defects. Considering
suitable redox ability that may reduce Ni~** and oxidize Pb°,
and a molecular configuration that can form n-n interactions
with SAM and passivate interfacial defects, MB was chosen to
modify the interfacial layers, attempting to enhance the inter-
face stability. We attempted to utilize the MB (molecular
structure shown in Fig. S1, ESI{), a redox molecule with a
cation possessing variable valences, to modify the SAM (Me-
4PACz) interfacial layer at the buried interface in inverted p-i-n
PSCs (schematic diagram of the device structure shown in
Fig. S2, ESIt), and the anion of Cl” was reported to have a
positive effect on passivating the interface defects.>*” In the
following discussion, the sample with the Me-4PACz interfacial
layer was named normal, while the sample with Me-4PACz &
MB as the interfacial layer was named target, where the optimal
amounts of MB was preliminarily determined through experi-
mental exploration (Fig. S3 and Supplementary Note S1, ESIf).
Before exploring the influence of MB on the properties of
the interfacial layer, X-ray photoelectron spectroscopy (XPS)
characterization was performed to confirm the steady co-
absorbance of the MB molecule on the surface of NiO, together
with Me-4PACz. This was evidenced by the distinct S 2p signal
with a peak area ratio to P 2p of approximately 1: 3 (Fig. 1a and
Fig. S4, ESIT).”® Subsequently, we sought to explore the changes
in the surface energy levels of the SAM layer. Ultraviolet photo-
electron spectroscopy (UPS) revealed that the SAM showed
a negative shift in its Fermi level from —4.46 eV to —4.67 eV
(Fig. 1b) after incorporating MB.>**° This negative shift in the
Fermi level was also validated by results of Kelvin probe force
microscopy (KPFM), in which the surface potential of the target
layer was higher than that of the control layer (Fig. 1c).*" The
corresponding atomic force microscopy (AFM) images are
shown in Fig. S5 (ESIt). The decreased Fermi level induced by
MB is supposed to promote interfacial hole transport. In addition,
conductive atomic force microscopy (C-AFM) was employed to
assess the conductivity of SAM. As shown in Fig. 1d, the average
surface current of the target layer was 6.81 nA, which is
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Fig. 1 Modification and functionalization of MB in SAMs. (a) S 2p spectra of the normal and target SAM. (b) UPS spectra of the normal and target SAM.
(c) KPFM image of the normal and target SAM. (d) C-AFM image of the normal and target SAM. (e) and (f) Nano-FTIR images of the normal and target SAM.
(g) DFT calculation of MB in the interface. (h) Pb 4f spectra of the normal and target perovskite film (buried interface).

significantly higher than that of 3.53 nA for the normal layer,
indicating an improvement in surface conductivity.*> To char-
acterize the surface distribution of SAM on NiO,, we employed
the advanced nano-FTIR (Fourier transform infrared) techni-
que, with its schematic structure and mechanism depicted
in Fig. S6 (ESIf). The extracted data focused on tracking
the characteristic stretching vibration of the P—O bond at
1176 ecm “.**?* In Fig. 1e and f, the colors represent the
magnitude of the photo-induced surface potential. The normal
SAM exhibits a red-green alternating pattern, indicating a non-
uniform distribution of SAM with discrete regions. In contrast,
the target SAM predominantly displays a red color, indicating
its more homogeneous dispersion and optimized coverage
on the NiO, surface.>® The improved homogeneity of SAM dis-
persed on NiO, can be attributed to the formed n-rn interactions
between SAM and MB, which weakened the intermolecular forces
among the SAM molecules and increased the dipole moment of
the SAM molecule, further helping distribute the SAM and
suppressing its aggregation (Fig. S7-S10, ESI).>%?”

We hypothesize that the interfacial modification by MB mole-
cules also contributed to interface passivation, considering that

3188 | Energy Environ. Sci., 2025, 18, 3186-3195

the MB molecule possess two electronegative atoms, as validated
by the calculated surface electrostatic potential (Fig. S11, ESIf).
These electronegative atoms of N and S possess long-pair elec-
trons, which can potentially interact with the metal atoms in NiO,
and the perovskite, respectively. DFT calculation was employed to
reveal the interfacial interaction between MB and NiO, and MB
and the perovskite, respectively. The optimized structure model
showed that the electronegative N atom in MB preferentially
attaches to NiO,, and the S atoms in MB act as passivating agents
to interact with the Pb atom at the buried interface. The calculated
adsorption energy for MB at the interface between NiO, and the
perovskite is —12.04 eV, indicating the strong interaction of MB
at the buried interface (Fig. 1g). To experimentally explore the
interaction between MB and NiO,, Fourier-transform infrared
(FTIR) spectroscopy was performed, which revealed a shift
in the peak corresponding to the -C=N- group in MB from
1695 cm™ ' to 1686 cm ™ after it was spin-coated on the surface of
NiO, (Fig. S12, ESIt). Additionally, to experimentally characterize
the interactions between MB and the perovskite, we used a
previously reported method (Fig. S13, ESIT) to expose the bottom
surface of the perovskite film with a UV-curable adhesive, followed

This journal is © The Royal Society of Chemistry 2025
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by XPS characterization.®® As shown in Fig. 1h, compared to the
normal film, the Pb 4f peaks in the target film shifted to lower
binding energies, indicating a decrease in the oxidation state of
Pb**, which is related to the formation of a complex between S
and the under-coordinated [Pblg]'~. A similar shift was also
observed in the I 3d peaks, validating the interaction between
MB with the perovskite at buried interface (Fig. S14, ESIf). This
interaction between MB and the perovskite is expected to passi-
vate the perovskite defects, which can be partially validated by the
slight improvement in the efficiency of the PSCs with the direct
incorporation of MB into the perovskite precursor (Fig. S15, ESIT).
These results suggest that MB can act as a passivator at the buried
interface, which is beneficial for reducing the interfacial carrier
loss and enhancing the interface stability.>***

Optimized perovskite crystallization and promoted interface
hole transport

The co-absorbed MB molecules effectively modified the disper-
sion of SAM on the surface of NiO,, yielding a flat and compact
interfacial layer, which is expected to positively influence the

View Article Online
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perovskite crystallization. Firstly, scanning electron microscopy
(SEM) was employed to evaluate the surface morphology of the
perovskite films on different substrates. As depicted in Fig. 2a
and b, compared to the perovskite film deposited on the
normal SAM, the perovskite film deposited on the target SAM
exhibited significantly optimized morphological characteris-
tics, manifested as a denser, smoother surface with a slight
increase in grain size.*>*® Additionally, the AFM images
(Fig. S16, ESIt) further confirm this result. Also, we character-
ized the bottom surface of the perovskite films by peeling them
off using a UV-curable adhesive method, which we previously
employed when analyzing the bottom surface using XPS.
As illustrated in Fig. 2d, the bottom surface of the perovskite
film deposited on target SAM exhibited a smooth, void-free
morphology, whereas the perovskite films deposited on the
normal SAM (Fig. 2c) displayed numerous voids on their
bottom surface. X-ray diffraction (XRD) was further conducted
to characterize the crystallinity of the perovskite films, and the
results are shown in Fig. 2e. Both films exhibited a (100)/(200)
preferred orientation, with the corresponding peak positions
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Fig. 2 Improvement in perovskite film deposition and interfacial transport properties. (a) and (b) SEM images of the perovskite film on the normal and

target SAM (top). (c) and (d) SEM images of the perovskite film on the normal and target SAM(Bottom). (e) XRD spectra of the normal and target perovskite
film. (f) Dark J—V curves of hole-only devices with various SAMs. (g) PL mapping images of the normal and target perovskite film. (h) and (i) TRPL spectra of
perovskite film on the normal and target SAM.
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located at 20 values of approximately 14° and 28°, respec-
tively.** In detail, the perovskite film deposited on the target
SAM displayed superior crystallinity, which was also validated
by the results of grazing-Incidence wide angle X-ray scattering
(GIWAXs) (Fig. S17, ESIt). The optimized perovskite crystal-
lization is beneficial for achieving high-quality perovskite films
with reduced defects. We fabricated hole-only devices to esti-
mate the defect density in the perovskite films using space-
charge-limited current (SCLC) measurements (Fig. 2f). The
trap-filled limit voltage (V) is a critical parameter for evalu-
ating the defect density in materials.*” The defect density (Nap)
in the films was calculated according to the formula N =
2e:60VrpL/eL?, where ¢ is the relative permittivity, ¢, is the
vacuum permittivity, e is the electronic charge, and L is the
thickness of the perovskite film (Fig. S18, ESIf). The Vig of
the target device is 0.61 V, giving an Niy,p, of 9.10 x 10" cm ™2,
while the Vg, of the normal device is 0.86 V, giving an N, of
1.28 x 10"® cm . The reduced defect density of perovskite film
may result from the passivated interfacial defects and opti-
mized perovskite crystallization.

After characterizing the perovskite films on different SAM
substrates, we also explored the interfacial carrier transport
dynamics using the photoluminescence (PL) mapping and time-
resolved photoluminescence (TRPL) techniques.*®*” Firstly, the PL
mapping results (Fig. 2g) demonstrate that the PL intensity of the
perovskite films on the target SAM is significantly lower compared to
that on the normal SAM, suggesting more efficient hole extraction.
The TRPL data, as shown in Fig. 2h and i, revealed that the
perovskite film on the target SAM layers exhibits a smaller average
lifetime (tay) Of 57.71 ns compared to 86.51 ns for the perovskite
film on normal SAM layers. The t,, was calculated using the
formula Tog = (A1 X 77 + 4y X )(A1 X T4 + Ay X 1), where 4,
and A, are the amplitudes and 7, and 7, are the lifetimes obtained
from biexponential fitting. The reduced average carrier lifetime also
indicates the promoted interfacial hole extraction. To further explore
efficacy of MB in inverted PSCs, the TPV (transient photovoltage) and
TPC (transient photocurrent) techniques were employed to measure
the charge transport and recombination lifetime, respectively.*® As
shown in Fig. S19 (ESIt), the photovoltage decay time increased from
8.89 s in the control PSCs to 26.24 ps in the target PSCs, indicating
a longer charge recombination lifetime. This extended carrier life-
time in the target PSCs suggests the suppression of defect-assisted
charge recombination. The TPC decay curves revealed a shorter
charge extraction time of 0.89 ps in the target device, indicating
faster-photogenerated carrier extraction, which is consistent with the
TRPL results. Overall, the TPC and TPV measurements confirmed
that the SAM incorporating MB can effectively promote the inter-
facial charge carrier extraction, reducing hole accumulation and
recombination losses at the buried interface.

Suppressed interfacial redox reactions

Here, we discuss the suppressed detrimental interfacial reac-
tion. The variety of Ni species has been reported to induce the
redox reaction with the perovskite, decomposing the perovskite
at the NiO,/perovskite interface. In detail, the under-coordinated
metal cation sites (Ni~>") act as both a Lewis acid and oxidant,
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resulting in the deprotonation of cation and I" oxidation (Fig. 3a).
The MB molecule contains multiple nitrogen atoms and aromatic
rings, which can accept electrons and provide electrons to other
materials, making it redox active. MB also possesses a variety of
valances, presenting +1 and +2. We speculate that MB can serve as
an interfacial redox mediator, meaning that it can selectively
reduce high-valence-states Ni species (Ni~>"), and also oxidize
metallic Pb°, preventing the harmful interface reaction and
stabilizing the interface (Fig. 3a). To explore the redox reaction
between the high-valence states of Ni species (Ni”*") and MB
molecules, we carried out XPS measurements to characterize the
valence states of Ni species covered by SAM or SAM with MB. The
Ni 2pz, spectra were deconvoluted referring to a previous
article.”> As shown in Fig. 3b, the peaks located at 854.35,
856.12, and 858.75 eV correspond to Ni**, Ni**, and Ni'*, respec-
tively. After incorporating MB into the SAM, the captured Ni**
species was obviously reduced, indicating the redox reaction
between Ni*" and MB. The reduced Ni** species in the control
film can also be validated by the changes in the absorption
spectra, as shown in Fig. 3c. To amplify this redox reaction, we
performed UV-ozone (UVO) surface treatment, a method used to
oxidize the low-valence-state Ni species, and then increase the Ni**
species, to make the formerly transparent NiO, film a semitran-
sparent film with a light black color (Fig. S20, ESI{)." After
coating SAM with MB, a bleaching effect in the UVO-treated NiO,
film could be observed, confirming the reduction of Ni** species
through the redox reaction with MB. To confirm the oxidation of
MB on Pb°, we firstly performed cyclic voltammetry (CV) measure-
ment to characterize the redox potential of MB. As illustrated in
Fig. S21 (ESIT), the redox potential of MB, referenced to the
normal hydrogen electrode (NHE), lies between that of Pb
(—0.365 V vs. NHE) and I, (0.536 V vs. NHE), indicating that MB
can selectively oxidize Pb°. Subsequently, we carried out XPS
measurements on the perovskite films with and without MB.
Before spin-coating, both precursors were aged under UV irradia-
tion for 12 h to amplify the effect of MB on oxidizing Pb’. As
shown in Fig. 3d, in the Pb 4f spectra, there are two additional
peaks centered at 141.10 eV and 136.21 eV, which correspond to
Pb° resulting from the decomposition of Pbl, under UV irradia-
tion. In comparison, Pb° could not be detected on the film with
MB, indicating that Pb° can be eliminated by MB through redox
reaction.’®”" XPS measurements were also performed on the
films, Pbl,, Pbl, with MB, and Pbl, with Me-4PACZ, respectively,
validating that MB, not Me-4PACz can effectively suppress Pb°
(Fig. S22 and S23, ESIf). In addition, we also observed that the
peaks in the Pb 4f spectra show a shift after incorporating MB,
which confirms the interaction between the Pb atom and MB
molecule, validating the DFT results discussed above in Fig. 1g.
These results proved that MB can serve as a redox mediator to
suppress the detrimental interfacial reaction by reducing the
high-valence-state Ni species (Ni~**) and oxidizing Pb°, enhan-
cing the interface stability.

Photovoltaic performance of PSCs

We fabricated PSCs with the structure shown in Fig. S2 (ESI}),
and then evaluated their photovoltaic performance. Firstly, we

This journal is © The Royal Society of Chemistry 2025
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performed dark current characterization, as illustrated in carrier recombination. The increased recombination resistance
Fig. 4a. The dark saturation current density (J,) was effectively calculated based on the electrochemical impedance spectro-
suppressed in the target PSCs, which mainly resulted from the scopy (EIS) data also validated the reduced carrier recombina-
promoted interfacial hole extraction and reduced non-radiative tion after interface modification (Fig. S24, ESIT). Besides, the
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relationship between Vo and light intensity was investigated
according to the equation V¢ = (nipksT/q) x In(l) (where kg is
the Boltzmann constant and ¢ is the elementary charge). The
ideality factors (n;p) were determined to be 2.32 and 1.46 for the
normal PSCs and target PSCs, respectively (Fig. 4b). The lower
np indicates reduced trap-assisted recombination within the
PSCs, which is consistent with the results from the dark current
characterization and EIS test. These results for inverted PSCs
confirm that MB can effectively reduce the non-radiative carrier
recombination, which is beneficial for improving the efficiency
of PSCs.

We prepared 20 target PSCs and 20 normal PSCs, respec-
tively, and then recorded their photovoltaic parameters. As
illustrated in Fig. 4c, the PCE distributions for these PSCs
reveal that the average PCE of the target PSCs is 25.50%,
surpassing that (22.43%) of the normal PSCs. Additionally,
statistical analysis of other photovoltaic parameters was also
carried out (Fig. S25, ESIt), showing that the improvement in
PCE after incorporating MB in the interfacial layer mainly
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resulted from the improved Voc and FF. Notably, as seen in
Fig. 4d, the target PSCs achieved the maximum PCE of 26.39%,
with a short-circuit current density (Jsc) of 25.81 mA cm ™2,
open-circuit voltage (Vo) of 1.192 V, and fill factor (FF) of
85.81%. In contrast, the normal PSCs achieved the maximum
PCE of 24.37%, with a Jsc of 25.46 mA cm ™2, Voc of 1.174 V, and
FF of 81.54%. The specific parameters under forward and
reverse scans for the champion PSCs are presented in Table
S1 (ESIt). The external quantum efficiency (EQE) spectra
(Fig. 4e) were also measured, where the integrated Jsc values
of both the normal and target PSCs show a small variation with
that obtained from the J-V measurements.

We also fabricated PSCs with an active area of 1 em’.
As illustrated in Fig. 4f, the target PSCs achieved the maximum
PCE of 24.89%, which is significantly higher than that of the
normal PSCs of 23.89%. The specific parameters under forward
and reverse scans for these PSCs are presented in Table S2
(ESIY). Additionally, we produced an additional set of 10 target
1 cm>-PSCs, with their performance parameters presented in
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i ® Target Oh @ Target 1000h
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Fig. 5 Accelerated stability tests. (a) and (b) SEM images of the normal and target films. Both films were stored under ambient conditions with an RH of
35% for 1000 h. (c) XRD spectra of the normal and target films. Both films were stored under ambient conditions with an RH of 35% for 1000 h. (d) Long-
term stability of unencapsulated devices stored under ambient conditions of 25% RH and 25 °C. (e) Long-term stability of unencapsulated devices stored
under continuous UV irradiation with an intensity of 50 mW cm™2 in an N glove box. (f) Long-term stability of unencapsulated devices at 25% RH, with
temperature cycles ranging from 25 °C to 85 °C and back to 25 °C. (g) Operational stability of the unencapsulated devices under continuous simulated
AML5 illumination at the maximum power point and approximately 15% RH at 45 °C in a glovebox.
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Table S3 (ESIt), showing an average PCE of 24.39%. These
results elucidate the advantageous role of MB molecules in the
functionalization of SAM and interface modification, thereby
substantiating the potential and efficacy of MB for fabricating
PSCs with a large aperture area.

Enhanced device stability

The MB molecules can effectively reduce the interfacial defects
and suppress interfacial redox reactions, thus enhancing the
device stability. Accordingly, to systematically evaluate the
stability of the perovskite films and the corresponding PSCs,
we conducted a series of measurements. Firstly, we assessed
the humidity stability of the perovskite films by exposing them
to ambient conditions with a relative humidity (RH) of 35% and
a temperature of 25 °C for 1000 h. We investigated the film
morphology using SEM measurement. As shown in Fig. 5a and
b, for the perovskite film deposited on the normal SAM, its
decomposition was validated by the visible structural changes
observed after storage for 1000 h. In contrast, the perovskite
film deposited on the target SAM showed negligible changes in
its surface morphology, indicating enhanced stability under the
same conditions. We further analyzed the perovskite film in the
initial and final stages, respectively, using XRD measurements.
In the case of the perovskite film deposited on the normal
SAM, the (100) peak intensity significantly decreased, while the
intensity of the Pbl, peak increased after 1000 h of aging
(Fig. 5c and Fig. S26, ESIt). This suggests that the perovskite
film underwent decomposition under humid conditions.
In comparison, the XRD pattern of the perovskite film depos-
ited on the target SAM showed a slight change, indicating that
the perovskite film can remain stable after aging in humid air
conditions for 1000 h. Following the evaluation of the improved
stability of perovskite film, we proceeded to assess the stability
of the device. We placed the devices in an environment with
approximately 25% RH and 25 °C, and then monitored their
efficiency evolution. After aging for 2016 h, the target device
retained 92% of its initial PCE, whereas the normal device
retained only 79% of its initial PCE (Fig. 5d). Then, harsher
conditions were applied to accelerate the aging of the devices
for assessing their stability. Firstly, we placed the devices in a
nitrogen glovebox at approximately 50 °C under continuous UV
irradiation. It was found that the target device retained 91% of
its initial PCE after 1500 h, whereas the PCE of the normal
device rapidly declined to 64% of its initial value (Fig. 5e).
Additionally, we aged the devices under different temperature
cycles from 25 °C to 85 °C to 25 °C, in which a cycle lasted for
35 min.”> The panel parameters during this process are shown
in Fig. S27 (ESIt). After 100 cycles, the target device maintained
90% of its initial PCE, while the normal device retained only
79% of its original PCE (Fig. 5f). Finally, we conducted long-
term operational stability tests on unencapsulated devices
under continuous 1-sun illumination in a glovebox, with con-
trolled conditions of 15% RH and a temperature of 45 °C
(Fig. 5g). Remarkably, the target device retained 90% of its
initial PCE after 1500 h of operation, while the PCE of the
normal device significantly dropped after just 425 h. Based on
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the above-mentioned stability analysis, it was evident that
utilizing the redox MB to functionalize the SAM interfacial
layer could enhance the device stability, which is mainly
attributed to the stabilized buried interface from the reduced
interface defects and suppressed interfacial redox reaction.

Conclusions

In summary, our work demonstrated a redox mediator-func-
tionalized interfacial layer for improving the efficiency and
enhancing the stability of inverted PSCs. The in-depth analysis
combining both experimental measurements and theoretical
calculations revealed that methylene blue could optimize the
morphology and electrical properties of Me-4PACz. Moreover,
methylene blue could also serve as a redox mediator to selec-
tively reduce the high-valence state of Ni species and oxidize
metallic Pb°, while simultaneously passivating interfacial
defects. Owing to the promoted interfacial carrier transport
and suppressed interfacial detrimental reaction, the PSCs
showed an impressive efficiency of 26.39% with an aperture
area of 0.08 cm”® and 24.89% with an aperture area of 1 cm>.
Furthermore, the device could retain 90% of its initial efficiency
after 1500 h of operation under 1-sun illumination and 91% of
its initial efficiency after exposure to UV irradiation for 1500 h.
Our work presents a valuable reference regarding interface
stability enhancement by optimizing and functionalizing the
interfacial layer, which provides more opportunities for facile
access to commercially available inverted p-i-n PSCs.
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