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Inductive effects in molecular contacts
enable wide-bandgap perovskite cells for
efficient perovskite/TOPCon tandems

Yixin Luo1,9, Yuan Tian1,2,9, Ke Zhao1,2, Weiping Mao3, Chen Liu4, Jiahui Shen2,4,
Zhendong Cheng2, Caner Değer 5, Xiaohe Miao6, Zhongwei Zhang7,
Xuechun Sun1,2, Libing Yao2, Xu Zhang1,2, Pengju Shi 1,2, Donger Jin1,
Jiaxiao Deng3, Mengyuan Tian3, Ilhan Yavuz 5, Na Dong7, Ruzhang Liu 4,
Rui Wang 2, Deren Yang 1 & Jingjing Xue 1,8

Organic molecules that serve as hole-selective contacts, known as self-
assembled monolayers (SAMs), play a pivotal role in ensuring high-
performance perovskite photovoltaics. Optimal energy alignment between
the SAM and the perovskite is essential for desired photovoltaic performance.
However,many SAMs are studied in optimal-bandgapperovskites, with limited
energy level modification specifically catering to wide-bandgap perovskites.
Herein, we demonstrate that the energy level of SAMs can be systematically
tuned in a stepwise manner via inductive effects in the conjugated moieties,
enabling rational design tailored for specific perovskite bandgaps. The
resulting WBG perovskite device based on our tuned SAM achieved a power
conversion efficiency (PCE) of 22.8%. Integration with crystalline silicon TOP-
Con subcells further enabled the constructionof aperovskite/TOPCon tandem
device with a PCE of 31.1% (certified 30.9%).

Perovskite-based tandem devices have held great promise in break-
ing the theoretical limit of power conversion efficiency due to their
high efficiency in utilizing solar energy. With their compatibility in
tandem structures, inverted wide-bandgap (WBG) perovskite semi-
devices are often used as the top cell due to their absorption spec-
trum and thus play a crucial part in achieving high-efficiency
tandems1–3. A favored interfacial energetics between the charge
transport layer, in particular the hole transport layer (HTL), and the
wide-bandgap perovskite active layer is vital for improving the device
performance. The mismatch of the interfacial energetics could
induce charge accumulation and accelerated recombination, which

leads to undesired open circuit voltage (VOC) loss and decreased fill
factors (FF)4–6.

To improve hole collection and band alignment in high-efficiency
photovoltaic devices, various types of self-assembled monolayers
(SAMs) have been developed7–10. These molecules, due to their high
structural tunability, can self-assemble into monolayer or multi-layers
between the perovskite active layer and the electrode, facilitating
efficient charge transport8,11. Intensive researches on SAM energy
levels modification primarily rely on molecular structure modifica-
tions. Based on the N-substituted π-conjugated structures and their
derivatives, strategies such as backbone12 and spacer engineering13,
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heteroatom insertion and core group modification14,15, anchoring
group16,17 and functional group optimization8,11,18, or mix SAM layers19

are employed to achieve better energy level alignment between the
hole selective contact and theperovskite layer.However, current SAMs
are mostly adapted from narrow-bandgap PSCs without targeted
energy level tuning for WBG applications. This leads to mismatched
interfacial energetics and can result in significant Voc-deficit and poor
hole extraction efficiency. The rational tuning of SAM energy levels to
align with those of the wide-bandgap perovskite layer has yet to be
fully explored.

Herein, we introduce a series of SAMs based on a fully conjugated
peri-fused polyaromatic pyrene core, which provides a more chemi-
cally inert and structurally rigid molecular contact compared to
N-substituted π-conjugated structures20. The fully conjugated core
group enhances the electron inductive effect within the SAMs, which
refers to the local redistribution of electron density due to electron-
withdrawing or electron-donating groups in the molecule21,22. Such
inductive effect enables precise energy level tuning of SAMs. By
incorporating electron-withdrawing or electron-donating sub-
stituents, the electron density within the SAMs can be modulated to
spanned over a certain range as needed, resulting in a shift of the
interfacial energetics between the SAM and perovskite layer. As the
SAMs self-assemble on the conductive indium tin oxide (ITO), the local
change in the electron density modifies the interfacial energetics
between the SAM and perovskite. The ability to adjust the inductive
effects of the functional groups allows for targeted tuning of the SAM
energy levels over a wide range, providing a more versatile and con-
trolled approach to optimizing energy alignment in PSCs. Among the
four molecules, the electron-donating methoxy group-modified SAM
achieved a champion PCE of 22.8%, with an open VOC of 1.24V and a
high FF of 84.3% for wide bandgap PSCs. The longevity of unencap-
sulated devices based on (E)−3-(6-methoxypyren-1-yl)acrylic acid
(PyAA-MeO) retainedmore than99%of the initial efficiency after 400 h
of maximum power point tracking at 60 oC. More than 96% of their
efficiencies were retained in different accelerated aging tests for
~2500 h, demonstrating their enhanced resistance to external stimuli.
Integrating the PyAA-MeO-based WBG perovskite subcells with crys-
talline silicon (c-Si) subcells with tunneling oxide passivating contact
(TOPCon) structure, we report 31.1% (certified 30.9%) perovskite/
TOPCon tandem solar cells with an active area of 1 cm2, which exhibit a
high FF of 82.6%, one of the highest reported efficiencies for such
tandem systems.

Results
Functional groups in molecular design and influence on per-
ovskite properties
Based on a peri-fused polyaromatic conjugated structure with an
acrylic acid anchoring group, we designed and synthesized a series of
SAMs linked with the bromine, methyl, or methoxy group, which fea-
ture different electron-withdrawing or donating capability, respec-
tively. Apart from the conjugated pyrene core group, we further
incorporated a double bond in the alkyl chain spacer to achieve a fully
conjugated structure, which amplifies the inductive effect from the
functional group. We designed and synthesized a series of molecules,
namely (E)−3-(Pyren-1-yl)acrylic acid (PyAA), (E)−3-(6-bromopyren-1-
yl)acrylic acid (PyAA-Br), (E)−3-(6-methylpyren-1-yl)acrylic acid (PyAA-
Me), and (E)−3-(6-methoxypyren-1-yl)acrylic acid (PyAA-MeO). Figure
1a displays their molecular structures, see synthesis details in Supple-
mentary Note 1-4, with molecular structures confirmed by proton and
carbon nuclear magnetic resonance (1H and 13C NMR) spectroscopy
(Supplementary Figs. 1–20).

We deposited SAMs with different functional groups on the ITO
substrate. The successful anchoring of SAMs on ITO was confirmed
using X-ray photoelectron spectroscopy (XPS). The Sn 3 d peak in the
XPS pattern shifted from 495.23 eV and 486.75 eV to higher binding

energies of 495.61 eV and 487.15 eV after depositing SAMs on ITO
(Fig. 1b). The In 3 d XPS peak shifted from 444.75 eV and 452.31 eV of
the ITO sample, to 445.22 eV and 452.72 eV after depositing SAMs on
ITO substrate. The shifted binding energy verifies the assembled
molecules onto the ITO substrate. Notably, the XPS peaks of Sn and In
appeared at almost the same positions in all these SAM-modified ITO
samples, indicating the similarmolecular bonding on the ITO. This can
be also confirmed through the DFT calculation (see calculation details
in Supplementary Note 5). As shown in Supplementary Figs. 21 and 22,
the comparative interaction energies between different SAMs and ITO
indicate the similar anchoring behaviors of molecules with varied
functional groups. This suggests the introduction of the functional
groups shows negligible influence on the interaction of the carboxyl
group with the ITO substrates.

To assess the influence of functional groups onmolecular packing
and stability, we conducted polarized Fourier-transform infrared
(FTIR) spectroscopy before and after heating at 65 oC for 150min to
examine molecular stacking geometries and thermal stability. As
shown in Supplementary Fig. 23, all four freshly prepared SAM layers
exhibited a characteristic aromatic C–H stretching vibration mode
around 3040cm−1 with p-polarization, indicating that the conjugated
pyrene core has a perpendicular component relative to the substrate.
Additionally, vibration bands at around 2920 cm−1 and 2840 cm−1,
corresponding to C–H stretching in the tethering alkyl chain, were also
observed with p-polarization. The perpendicular orientation of these
probed bonds suggests that all four molecules adopt a vertical align-
ment, with their conjugated pyrene core group stacking in an in-plane
ordered arrangement and the carboxylic acid anchoring groupbinding
to the ITO surface11,23. During the thermal ageing test, the signals cor-
responding to both the aromatic and alkyl C-H stretching vibrations
remained largely unchanged, indicating that themolecular core group
retained its original orientation. This highlights the exceptional
structural rigidity conferred by the peri-fused polyaromatic core
structure and confirms that the incorporation of functional groups has
minimal impact on the stability of the SAM.

To evaluate the influence of the functional groups on perovskite
crystallization, we performed X-ray diffraction (XRD)measurement on
perovskitefilmsbasedondifferent SAM layers (Fig. 2a).With almost no
PbI2 peak observed, themain diffraction peaks of each sample located
at 14.1o, corresponding to the (100) planes. The peak position and the
intensity of the XRD patterns of the perovskite films on different SAMs
remained almost the same. Furthermore, 2-dimensional grazing-inci-
dence wide-angle X-ray scattering (2D GIWAXS) was performed to
study the perovskite orientation after depositing on different sub-
strates. The GIWAXS patterns (Supplementary Fig. 24) along with
integrated azimuth angle profiles of the (100) plane (Supplementary
Fig. 25) demonstrate that the crystallographic orientation was also
similar in these four cases. This evidence that the introduction of dif-
ferent functional groups did not significantly affect the crystallization
and orientation of perovskite films. To study the surface morphology,
scanning electron microscopy (SEM) was done. Figure 2b shows the
SEM images of the surface of the as-deposited perovskite poly-
crystalline thin films, which showed similar morphology regardless of
the introduction of different functional groups to the conjugation
structure. The similar grain sizes and surface features confirm that the
modification on SAM functional group would have negligible impact
on the film quality of the perovskite layers deposited atop, which is
consistent with the XRD results. We further evaluate the optical
properties of the perovskite films using ultraviolet-visible (UV-vis)
spectroscopy. The UV-vis spectra in Fig. 2c show that all perovskite
films exhibited absorbance in the overall visible region with a thresh-
old at approximately 738 nm, which is in accordance with the reported
results24. The similar shape and intensity of the absorption spectra
indicate the light absorbance and optical bandgap of perovskite
materials were not changed by the alteration of functional groups. We
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further evaluated the impact of SAM functional groups on the stability
of wide-bandgap perovskites. To study the spectral photostability of
the perovskite on different SAMs, we performed time-dependent in-
situ photoluminescence (PL) emission spectroscopy on perovskite
films based on different SAMs under continuous 520 nm laser radia-
tion. The time-dependent PL spectra of the perovskites, collected over
approximately 20minutes of continuous irradiation, are shown in
Supplementary Fig. 26. The PL spectra show that the initial emission
peaks of the perovskite films with the four SAMs are all located at
around 738 nm, suggesting that the SAM functional group has aminor

effect on the perovskite bandgap. This finding is consistent with the
similar cutoff observed in the UV-vis spectra. After continuous illumi-
nation, all those PL peak positions shifted around 25 nm, and thewidth
of each spectrum became larger. The similar behavior in terms of peak
shift and peak broadening across the PL spectra for the four SAMs
suggests that the phase segregation behavior of perovskite film is not
significantly influence by the functional group in the SAM layer. To
further investigate themicroscopic electronic properties of perovskite
films on varied SAMs, we performed PL peak position mapping, as
shown in Supplementary Fig. 27. The PL maps were collected for
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before and after illumination under one-sun equivalent intensity for
24 h. The results reveal comparative red shift in PL emission across all
four samples. This confirms that the functional groups in the SAMs
have a negligible influence on the phase stability of wide-bandgap
perovskite films. The above results together serve as a control to
ensure the modification on functional groups showed negligible
influence on the quality of the as-deposited perovskite films.

Inductive effect allowed for favored interfacial energetics
To study the influence of tethered functional groups on the surface
electronic properties of the molecular-based contacts, we first per-
formedGaussian simulations to obtain the electrostatic potential (ESP,
φ) of the fourmolecules (Fig. 3a). TheminimumESP (φmin) within each
molecule, located on the functional group side, exhibits a decreasing
trend from PyAA-Br to PyAA-MeO. This indicates that electron redis-
tribution within molecules in influenced by the inductive effect
induced by the substituents. Such inductive effect in turnmodifies the
molecular dipole moment. As obtained from the Gaussian simulation,
themolecular dipoles for PyAA-Br, PyAA, PyAA-Me, and PyAA-MeO are
2.2, 3.6, 4.2, and 6.6 debyes, respectively. Consequently, the energy
levels ofmolecular-based contacts can be precisely tuned in a stepwise
manner over a defined range. After depositing the molecules as thin
films on an ITO substrate, UV-vis measurements were conducted to
determine the bandgap of each molecular thin film (Supplementary
Fig. 28). The UV-vis spectra indicate that the bandgap of PyAA, PyAA-
Br, PyAA-Me, and PyAA-MeO is 3.78, 3.77, 3.74, and 3.70 eV, respec-
tively. Subsequently, ultraviolet photoelectron spectroscopy (UPS)

was performed to obtain the surface energy levels of the ITOmodified
with the SAMs (Supplementary Fig. 29). The Fermi levels (EF) of the
SAM layers were determined to be −4.81, −4.36, −4.23, and −4.09 eV,
with valencebandmaximum (VBM)of−5.81,−5.78, −5.30, and −5.09 eV
for PyAA-Br, PyAA, PyAA-Me, and PyAA-MeO, respectively. The smal-
lest energy gap between the Fermi level and the VBM in PyAA-MeO
indicates its strongest p-type character among the four SAMs. This
finding can be corroborated by the Kelvin probe force microscope
(KPFM) images (Supplementary Fig. 30), which reveal that the surface
potential decreases with stronger electron-donating functional
groups, demonstrating an increasingly pronounced p-type behavior
from PyAA-Br to PyAA-MeO. Such p-type characteristic inherently
promotes efficient hole extraction in perovskite solar cells. To further
examine the energy alignment between SAM and perovskite, we uti-
lized a copper deposition-assisted technique to peel off the perovskite
layer from different SAMs25 and performed UPS measurements on the
exposed perovskite buried interface (Supplementary Fig. 31). The UPS
results show that the energy level at the perovskite buried interface are
similar across different substrates. Therefore, the observed improve-
ment in energy alignment primarily stems from the modification in
SAM energy levels. Figure 3b presents a schematic energy diagram of
the four SAMs and the perovskite deposited on the respective sub-
strates, referenced to the vacuum level. The offset between the Fermi
level of the SAMs and that of the perovskite creates a built-in potential
(Vbi), which provides the driving force for hole extraction. For PyAA-Br
and PyAA, the deeper Fermi level of the SAMs compared to the per-
ovskite results in an energy barrier for hole transfer. In contrast, the
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energy alignment at the SAM/perovskite interface for PyAA-Me and
PyAA-MeO exhibits upward band bending, generating a driving force
for hole extraction into the SAM layer. The energy offset is 0.08 eV for
PyAA-Me and 0.25 eV for PyAA-MeO, demonstrating that PyAA-MeO
provides the largest driving force for hole extraction among the four
SAMs. Therefore, the inherent p-type characteristic of PyAA-MeO,
combined with its largest driving force, significantly enhances hole
extraction from the perovskite active layer.

To evaluate the influence of inductive effect on molecular hole
extraction capability, we measured the time-resolved photo-
luminescence (TRPL) of perovskite films deposited on the different
SAM layers under low laser fluence of 2.6 nJ/cm2. The derived differ-
ential lifetimes are shown in Fig. 3c. The first interval in the differential
lifetime profile of PyAA-MeO-based sample shortest among the four
SAMs. This process is dominated by the charge transfer process, ver-
ifying the superior interfacial charge extraction of PyAA-MeO26,27. Such
a rapid hole extraction is facilitated by the inductive effect from the
electron-donating methoxy group, leading to a more p-type mole-
cular-based contact that is energetically favored with respect to the
wide-bandgap perovskite. For SAM-incorporated devices, we further
conducted transient photocurrent decay (TPC) measurements under
the short-circuit condition to investigate the impact of the inductive
effect on hole extraction. As shown in Fig. 3d, the PyAA-MeO-based
device exhibited a fastest TPC decay compared to the other SAMs,
suggesting enhanced hole extraction at the interface28. Therefore, the
introduction of the inductive effect enables the tuning of the SAM
energy level over a specific range as needed. Among the four SAMs, the
interfacial energetics between PyAA-MeO and the wide-bandgap per-
ovskite is tuned to be the mostly favored, enabling the fastest hole
extraction in the device.

Perovskite-based solar cell performances
Building on the virtues of inverted organic-inorganic PSCs, the
1.68 eV “triple cation” perovskite with the composition of

Cs0.05MA0.15FA0.8PbI2.25Br0.75 was utilized in this study. Figure 4a
shows the J-V characteristics under simulated AM 1.5 G illumination
of the champion PSCs obtained on the respective SAMs in forward
scan (JSC to VOC) and reverse scan (VOC to JSC) direction, with con-
tinuous maximum power point tracks (MPPT) provided in Supple-
mentary Fig. 32. From the J-V curves, the hysteresis is overall
negligible with MPP-tracked efficiencies close to the respective J-V
scan values. Supplementary Fig. 33 summarized the statistical dis-
tribution of the PCE, fill factor (FF), JSC, and VOC of the devices based
on different SAMs. It shows the average efficiency of devices based
on different SAMs gradually enhanced from PyAA-Br (12.9%) to PyAA
(16.6%) to PyAA-Me (19.1%) to PyAA-MeO (22.1%), with the main
contribution stemming from the improved VOC, FF, and JSC. The
photovoltaic parameters are summarized in Table 1. The champion
device is based on PyAA-MeO, achieving a PCE of 22.8%, with a VOC of
1.24 V, an FF of 84.3%, and a JSC of 21.8mA cm−2. Considering the very
similar crystallinity and light absorption of the perovskite layer, the
performance gain should be mainly ascribed to the improved hole
extraction at the perovskite/SAM interface, which stems from the
favored interfacial energetics with the aid of inductive effect. The
high VOC and FF of PyAA-MeO-based devices reflect the low non-
radiative recombination raised from the fast carrier extraction. To
evaluate the VOC loss in perovskite photovoltaic devices, we have
performed photoluminescence quantum yield (PLQY) measurement
on perovskite films based on different SAMs29. As shown in Supple-
mentary Fig. 34, the PLQY values under one-sun illumination are
determined to be 0.70%, 3.96%, 4.17%, and 5.71% for PyAA-Br, PyAA,
PyAA-Me, and PyAA-MeO, respectively. We also quantified the energy
loss of perovskite films on different SAMs by analyzing quasi-Fermi
level splitting (QFLS) enhancement, derived from the PLQY results
(Supplementary Fig. 35)30. Compared with the PyAA-Br sample, the
QFLS enhancement increases from 17.2 to 48.1meV as the electron-
donating effect of the functional group becomes stronger. The lar-
gest QFLS enhancement in the PyAA-MeO-incorporated perovskite
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film which aligns well with the highest VOC observed in the photo-
voltaic devices. For further verification, we measured the external
quantum efficiency of electroluminescence (EQEEL) based on full
devices. As shown in Supplementary Fig. 36, the EQEEL value
increases as the electron-donating effect from the functional group
become stronger. This results in the minimal ΔV of 0.18mV in PyAA-
MeO. This is attributed to the favorable interfacial energy alignment,
which facilitates efficient hole extraction and reduces charge accu-
mulation and recombination at the interface. Figure 4b displays the
external quantum efficiencies (EQE) of the champion devices based
on PyAA (20.2mA cm−2) and PyAA-MeO (21.0mA cm−2), respectively.
The increased current density from EQE integration can be attrib-
uted to the more efficient hole extraction stemming from the
improved energy alignment. To further demonstrate the potential
application of the PyAA-MeO, we integrated the optimized WBG
PSCs with the commercialized TOPCon c-Si subcells. The NiOx layer
was used in the tandem devices to achieve better device perfor-
mance. Using Si wafer with a planar front and a textured back, a
schematic stack of the perovskite/TOPCon tandem solar cells is
shown in Fig. 4c, with a cross-sectional SEM image of a part of the
tandem solar cell displayed in Fig. 4d. As shown in Fig. 4e, a cham-
pion efficiency of 31.1% (certified 30.91%, see the certificate in Sup-
plementary Fig. 37) was achieved for the best-performing
centimeter-scale perovskite/TOPCon tandem solar cells, with a
high FF of 82.6%, a VOC of 1.88 V, and a JSC of 20.0mA cm−2, which
stands as one of the highest reported TOPCon tandems to date
(Supplementary Table. 1). Stabilized output efficiencies of 31.1% is
provided in Supplementary Fig. 38. The EQE-integrated JSC values for
WBG and silicon subcellsmeasured from a perovskite/silicon tandem
photovoltaic device are 19.8mA cm−2 and 19.7mA cm−2, respectively
(Fig. 4f). This demonstrated the reliability and potential application
of the inductive effect modification strategy for wide-bandgap per-
ovskite solar cells.

In addition to the improved PCE, an enhanced stability was also
observed for PyAA-MeO-based PSCs. According to the International
Summit on Organic Photovoltaic Stability (ISOS) protocols, the time-
dependent PCEs of devices were tracked under accelerated-aging
conditions. The maximum power point tracking (MPPT) for unencap-
sulated devices under simulated 1 sunAM1.5 G illumination is shown in
Supplementary Fig. 39 (initial photovoltaic parameters for MPPT
devices are provided in Supplementary Table. 2). MPPT was done
without active sample cooling,where theoperating temperature of the
samples reaches 60 oC. We compared the stability of PyAA- and PyAA-
MeO-based devices with a conventional hole transporting material (2-
(9H-carbazol-9-yl)ethyl)phosphonic acid (2PACz, see the J-V curve of
the championdevice and the statistical distribution of the PCE,VOC, FF,
and JSC of the devices based on 2PACz in Supplementary Fig. 40 and
Fig. 41). While 2PACz-based devices retained only 84% of their initial
PCE, both PyAA and PyAA-MeO-based devices exhibit superior stabi-
lity. PyAA-MeO-based devices showedminimal changes, retaining over
99% of its initial PCE after 400h, with a linear extrapolation to a T80of
15334 h (T80 means the time for a PSC to degrade to 80% of its initial
PCE). To test the light stability, the devices were aged under

continuous 1-sun illuminationunder open-circuit conditions according
to the ISOS-L-1 protocol. The device with PyAA-MeO retained about
96% of its initial PCE after more than 2400h (Supplementary Fig. 42).
To evaluate the thermal stability, thedeviceswerecontinuously heated
at 65 oC following the ISOS-D-2 protocol. The PCE of 2PACz-based
devices decays swiftly over time, both PyAA and PyAA-MeO exhibited
outstanding device stability, with PyAA-MeO-based devices retaining
over 98% of its initial PCE after more than 2400 h (Supplementary
Fig. 43). These results indicate the modification on the molecule
functional group does not compromise the device stability.

Discussion
We have designed and synthesized SAMs to specifically cater to wide-
bandgap perovskite via precisely tuning their energy level with the aid
of inductive effect. By introducing electron-withdrawing or -donating
functional groups, the inductive effect from the substituents allows
the redistribution of electron clouds, which modifies the energy level
of molecules. The PyAA-MeO, a SAM based on electron-donating
methoxy group, constructs a p-typeHTL in contactwith the perovskite
on top. The favored interfacial energetics improve the hole extraction
on the HTL/perovskite interface and exhibit exceptional stability. The
results highlight the possibility of the rational design of SAMs by
making use of the inductive effect to achieve favored interfacial
energetics with wide-bandgap perovskite. We believe this strategy is
promising in contributing to the commercialization of perovskite and
perovskite/TOPCon tandem solar cells.

Methods
Materials
All materials used in this work were obtained commercially and used
without further purification unless otherwise specified. The transpar-
ent indium tin oxide glass (ITO, 10 Ω per square, transmittance 88%)
was purchased fromShenzhenHuayuUnited Technology Co., Ltd. The
TOPCon silicon substrate was provided by Jietai New Energy Tech-
nology Co., Ltd. The perovskite raw materials including lead iodide
(PbI2, purity 99.999%, perovskite grade), formamidinium iodide (FAI,
purity 99.99%), methylammonium bromide (MABr, purity 99.9%), lead
bromine (PbBr2, purity 99.9%), lithiumfluoride (LiF, purity 99.99%) and
C60 (purity 99.9%) were all purchased from Advanced Election Tech-
nology Co., Ltd. Bathocuproine (BCP, purity 99%), cesium iodide (CsI,
purity 99.999%) and oleylammonium iodide (OAmI, purity 99.5%)were
purchased from Xi’an Yuri Solar Co., Ltd. [2-(9H-carbazol-9-yl) ethyl]
phosphonic acid (2PACz, purity 98%) was obtained from Tokyo Che-
mical Industry Co., Ltd. The required solvent including N,
N-Dimethylformamide (DMF, extra dry, purity 99.8%), isopropanol
(IPA, extra dry, purity 99.8%), ethanol (extra dry, purity 99.8%), and
chlorobenzene (CB, extra dry, purity 99.5%) were purchased from J&K
Scientific. Dimethyl sulfoxide (DMSO, anhydrous, ≥99.9%) and silver
(Ag, purity 99.99%) were purchased from Sigma-Aldrich Inc. All che-
mical reagents were used as received without further purification
unless otherwise specified.

Preparation of molecule precursors and films
For the preparation of molecule solutions, the 2PACz and the home-
synthesized PyAA, PyAA-Br, PyAA-Me, and PyAA-MeO molecule pow-
ders were fully dissolved at a concentration of 2mM into a mixed
solvent of ethanol and DMF at volume ratio 3:1 at room temperature.
The molecule solutions were stirred overnight in nitrogen glove box.
To prepare the films, the filtered molecule solutions were spin-coated
at 1000 rpm for 10 s and 3000 rpm for 40 s in the nitrogen glovebox.
Afterwards, the films were annealed at 115 °C for 20min.

Preparation of perovskite precursors and films
For the preparation of perovskite films with a composition
Cs0.05MA0.15FA0.8PbI2.25Br0.75, 1.65M perovskite precursor solution

Table 1 | Photovoltaic parameters from J-V scans under illu-
mination in forward scan direction of base PSCs based on
different investigated SAMs

SAM JSC (mAcm−2) VOC (V) FF (%) PCE (%)

PyAA 21.5 1.16 69.1 17.2

PyAA-Br 20.3 1.13 60.1 13.8

PyAA-Me 21.9 1.18 76.4 19.7

PyAA-MeO 21.8 1.24 84.3 22.8
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was prepared by dissolving CsI, FAI, MABr, PbBr2 and PbI2 in 1mL
mixed solvent ofDMFandDMSOatvolume ratio 4:1. Additional 5mol%
PbI2 was added to the precursor solution and the solution was stirred
overnight. The filtered perovskite precursor was then spin-coated on
substrate at 1000 rpm for 10 s and 5000 rpm for 40 s in nitrogen
glovebox. 250 µL of CB anti-solvent was dropped quickly at 25 s during
the second spinning step. Afterwards, the film was annealed at 110 °C
for 30min.

Fabrication of inverted perovskite solar cell devices
The pre-patterned ITO glasses (15mm× 15mm) were washed with
detergent solution, deionized water, acetone, and isopropanol (IPA),
each under 30minutes of sonication, followed by drying with a pure
nitrogen flow. The cleaned and dried ITO substrates were then treated
with ultraviolet-ozone for 30min before transferred into glovebox
filled with nitrogen. The molecule solution was spin-coated onto the
ITO substrates following the abovementioned method. After cooling
down to room temperature, perovskite films were coated on these
layers following the abovementioned method. For the surface passi-
vation layer, OAmI was dissolved in IPA with a concentration of
0.5mgmL−1 and stirred at room temperature for 2 h. The OAmI solu-
tionwas spin-coated on top of the as-prepared perovskite at 5000 rpm
for 30 s, and then transferred to the hotplate and annealed at 100 °C
for 5min.

After cooling down to room-temperature, the whole device was
transferred to a vacuum chamber under a base pressure of <5.0×10−6

Pa. 1.0 nm LiF at a rate of 0.1 Å s−1, 30 nm C60 at a rate of 0.3 Å s−1 and
8 nm BCP at a rate of 0.2 Å s−1 were thermally evaporated on the per-
ovskite thin film sequentially (Angstrom Engineering Inc) respectively,
without breaking vacuum. Finally, 100 nm thick Ag electrode at a rate
of 1.5 Å s−1 was deposited to complete the devices for current density-
voltage (J-V) measurements or stability tests.

Fabrication of tandem solar cell devices
The Si bottom wafers with a 20 nm ITO recombination layer were
subjected to UV-Ozone treatment for 20min. Then the substrate was
spin-coatedwith a thin layer ofNiOx nanoparticlefilm (10mgml−1 NiOx

water solution) at 3000 rpm for 30 s, and annealed in ambient air at
120 °C for 20min, and then transferred into glovebox filled with
nitrogen. The molecule solution was spin-coated onto the ITO/Si
substrates following the abovementionedmethod. After cooling down
to room temperature, perovskite films and the surface passivation
layer were coated on these layers following the abovementioned
method. After that, ~1 nm LiF and 20 nm C60 were deposited by
thermal evaporation. And then 20nm SnO2 was then deposited by
atomic layer deposition (ALD) using a Veeco system. The substrate
temperature was maintained at 85 °C during ALD deposition with
TDMASn precursor source at 60 °C. The pulse and purge time for
Tetrakis(dimethylamino)tin(IV) (TDMASn) is 1 and 10 s with a 90 sccm
carrier gas of nitrogen, for H2O is 0.15 and 10 s with 90 sccm N2. 180
cycles were used. 80 nm IZO was sputtered from a 3-inch IZO ceramic
target on top of the SnO2 through a shadow mask. Ag finger with a
thickness of 250 nm was thermally evaporated using a high precision
shadowmask. Finally, 100 nm LiF was thermally evaporated as an anti-
reflection layer.

Exfoliation of perovskite films
A metal encapsulation method, previously reported in our work, was
employed for perovskite exfoliation. Initially, a Ti (50nm)/Cu (3 μm)
bilayer structure is deposited onto the perovskite using magnetron
sputtering. The Ti layer serves to enhance adhesion between the Cu
and perovskite, while the Cu layer acts as a stressor, facilitating the
initiation of fracture at the interface between the perovskite and the
substrate. After Cu deposition, the sample is adhered to a rigid sub-
strate, such as Si, using double-sided tape. The role of this substrate is

to maintain the perovskite’s flatness and to support the exfoliation
process. Following this, the perovskite layer can be peeled off.

Device characterization
J-V characteristics of photovoltaic cells were taken using a Keithley
2400 source measure unit under a simulated AM 1.5 G spectrum, with
an Oriel 9600 solar simulator. The illumination light was calibrated to
100mWcm−2 AM 1.5G using a silicon reference cell. Typically, the
devices were measured in reverse scan (1.25 V⟶0V, step 0.02 V). All
the devices were measured without pre-conditioning such as light-
soaking, and applied a bias voltage. Steady-state power conversion
efficiencywas calculatedbymeasuring stabilizedphotocurrent density
under a constant bias voltage. External quantum efficiencies (EQEs)
were measured using an integrated system (Enlitech) and a lock-in
amplifier with a current preamplifier under short-circuits’ conditions.
Transient photocurrent (TPC) decay under the short-circuit condition
was conducted by Photo- Electrochemical measurement system of
Zahner CIMPS-abs. The transient photo intensity applied was
500mWcm-2. The applied voltage of 0.5 V was used.

Device stability test
The devices for stability test were fabricated using the method men-
tioned above with a structure of ITO/SAM/perovskite/C60/BCP/Ag.
The thickness of C60 layer was 100 nm. To measure the light stability
of the unencapsulated devices, we stored devices under AM1.5 illu-
mination (100mWcm-2) in N2 environment. The thermal stability of
unencapsulated inverted PSCs was performed under 65 oC heating in
N2 environment. The operational stability tests were carried out at the
maximumpower point (MPP) under AM1.5 illumination (100mWcm−2)
in ambient air at ~60 °C. The voltage at the MPP was automatically
applied, and the power output of the devices was tracked.

Materials characterizations
NMR spectra was recorded on an Agilent DD2 400MHz spectro-
meter or Bruker Advance 600MHz in deuterated solvents (400 or
600MHz for 1H and 101 or 151MHz for 13C). Chemical shifts in 1H NMR
spectra are reported in ppm on the δ scale from an internal
standard of TMS. Data are reported as follows: chemical
shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet,
m =multiplet, br = broad peak), coupling constant in hertz (Hz), and
integration. Chemical shifts of 13C{1H} NMR spectra are reported in
ppm from the central peak of deuterated solvents on the δ scale.
High resolution mass spectrometry (HRMS) was performed on Bru-
ker UHR-TOF maXis and is reported as m/z. Infrared spectrometry
(IR) was performed on Bruker Tensor 27 and is reported as cm−1. UV-
vis absorption spectra of the perovskite films and ITO glass were
obtained using a Shimadzu UV-VIS-NIR (UV3600Plus + UV2700)
equipped with integrating sphere, in whichmonochromatic light was
incident to the substrate side. UPSmeasurements were carried out to
determine the work function and the position of valence band
maximum of materials. A He discharge lamp, emitting ultraviolet
energy at 21.2 eV, was used for excitation. All UPS measurements
were performed using standard procedures with a −10 V bias applied
between the samples and detectors. Clean gold was used as a refer-
ence. High-resolution X-ray photoelectron spectroscopy (XPS) mea-
surements were carried out on an XPS (ThermoFisher ESCALAB Xi + ).
An Al Kα (1486.6 eV) X-ray was used as the excitation source. X-ray
diffraction (XRD) characterization was carried out on a D2 Phaser
instrument with a Cu Kα (λ = 0.154 Å) radiation, equipped with 1D
LynxEye detector. SEM was carried out on the Field Emission Envir-
onment Scanning Electron Microscope of QuattroS. The time-
resolved photoluminescence spectra were obtained by Edinburgh
FLS980 applied with an excitation wavelength of 485 nm. The Jupiter
XROxford Instruments were used for the KPFMmeasurements of the
molecular films. TGA curves were measured on a Mettler-Toledo
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TGA/DSC 3 + /1600 HT. The Temperature range was set to be
30–800 oC, with a step of 5 oC/min. PLQY values of perovskite films
were collected by a fibre-coupled spectrometer, paired with a
405 nm power-tunable CW laser to photoexcite the films within an
integrating sphere. The power of the excitation light is precisely
measured utilizing a calibrated power meter. The Quasi-Fermi level
splitting (QFLS) values of 1.68 eV bandgap perovskite films on dif-
ferent HSLs on the ITO substrate were obtained by using PLQY
measurements using the following equation6:

QFLS=QFLSrad + kBT � ln PLQYð Þ=kBT � ln PLQY
JG

J0, rad

� �
ð1Þ

Where kB is the Boltzmann constant, and T is the temperature. JG is the
generation current density under illumination, in this case, approxi-
mated to the short-circuit current density JSC of devices. J0,rad is the
dark radiative recombination saturation current density. According to
the detailed balance under open-circuit conditions, J0,rad can be
obtained by the following equations:

J0, rad = e
Z 1

0
EQEPV Eð ÞΦBB Eð ÞdE ð2Þ

ΦBB Eð Þ= 2πE2

h3c2
� 1

exp E
kBT

� �
� 1

ð3Þ

EQEEL values of perovskite films were collected by a commercia-
lized system (LQE-50X-EL, Enlitech) that was equipped with an inte-
grated sphere and a photomultiplier tube. For the polarized FTIR
measurements, 30-nm ITO was first deposited on 2-mm-thick Al2O3

substrates with d.c. magnetron sputter deposition at room tempera-
ture. To deposit the SAM layers on the Al2O3/ITO substrates, the SAM
solutions with 2mM in mixed solvent of ethanol and DMF at volume
ratio 3:1 was spin-coated 1000 rpm for 10 s and 3000 rpm for 40 s in
the nitrogen glovebox. Afterwards, the films were annealed at 115 oC
for 20min as fresh films. For the assessment of the aged samples, the
fresh films were further heated at 65 oC for 150min before measure-
ments. The polarized FTIR spectrawere captured at room temperature
with anFTIR spectrometer (ThermoFisherNicolet IS50) equippedwith
a MCT detector. The polarizer is made of ZnSe, which limits the low-
end spectral range to around 650cm−1. The spectral resolution was set
to 4 cm−1, the aperture was set to 4mm, and spectra were acquired by
averaging 64 scans. Grazing-incidence wide-angle X-ray scattering
(GIWAXS) measurement for perovskite films was conducted at 298K,
performed on a Bruker D8 Venture diffractometer, equipped with a
metal-jet microfocus source (Ga Kα radiation, λ = 1.34138 Å), PHOTON
III detector in shutterlessmode, andOxford 1000Plus cryosystem.The
integration of frames was processed by APEX 4 software package. For
the time-resolved photoluminescence (TRPL) spectroscopy measure-
ments, the sample was excited with a picosecond pulsed diode laser
(Pico-quant LDH 450), with a 70-ps pulse width and 20MHz repetition
rate, focused on sample with a ×100 objective (numerical aperture
0.90). The photoluminescence signal was acquired through the TCSPC
strobelock system. The energy density of laser for TRPLmeasurements
was set to be 2.6 nJ cm−2. The total instrument response function for
the photoluminescence decay was less than 200ps, and the temporal
resolution was less than 30ps. Contact angle measurements were
donewith high precision (±0.1° accuracy) using a CA200 contact angle
analyzer. The in-situ photoluminescence emission spectroscopy and
PLmappingwere collected on Alpha300RAS (WITec GMBH, Germany)
Raman system. A diode-pumped solid-state laser (532 nm, cobalt
Laser) was focused on sample with a diffraction-limited beam size of
900 nm by a long working distance 50X Zeiss LD EC Epiplan-Neofluar

Dic objective (NA =0.55). A G2 grating (600gmm−1, BLZ = 500 nm)
was used.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All the data needed to evaluate the conclusions in the paper are pre-
sent in the paper or Supplementary Information. The atomic coordi-
nate of the optimized computational models are provided in
Supplementary Data 1–4. Source data are provided with this paper.
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