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ABSTRACT 

Utilizing molecular bridges presents a promising means to enhance the performance of perovskite solar cells 
(PSCs). However, concurrently bridging the perovskite absorber and its two adjacent interfaces remains a 
significant challenge that is yet to be achieved. Here, we construct dual molecular bridges at perovskite 
heterointerfaces, enabled by a self-organizing additive of 4-fluoro-phenethylammonium formate 
(4-F-PEAFa) and a synthesized hole transporter of [2-(7H-dibenzo[c, g]carbazol-7-yl)ethyl]phosphonic 
acid (DBZ-2PACz). The molecular bridges spanning two interfaces lead to the formation of an ‘integral 
carrier transport pathway’, mitigating both non-radiative recombination and charge-transport losses in the 
fabricated PSC devices. We thus achieve a champion power conversion efficiency (PCE) of 26.0% (25.6% 

certified) in inverted PSCs, accompanied by an exceptionally high fil l factor of 0.87 (maximum 0.88 from 

the certified devices, 97% of its Shockley–Queisser limit) and a low ideality factor of 1.06. The 
unencapsulated devices retain 96% of their PCEs after aging at 85°C for 2200 h and 90% after maximum 

power point tracking at an elevated temperature of 50°C for 973 h. 

Keywords: perovskite solar cell, molecular bridge, heterointerface engineering, self-assemble material 
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fied PCEs > 25%) sti l l exhibit suboptimal fil l factors 
(FFs, more details can be found in Table S1), primar- 
ily due to the interplay between charge recombina- 
tion and extraction processes [7 –12 ]. 

The continued advancement of PCE relies on 
substantial improvement in FF whilst concurrently 
upholding high open-circuit voltage ( VOC ) and 
short-circuit current density ( JSC ). This requires 
collective efforts to address the imperfect perovskite 
crystallization and the non-ideal adjacent interfaces, 
namely the buried interface between the perovskite 
and hole transport layer and the top interface be- 
tween the perovskite and electron transport layer, 
both of which are closely linked with the notorious 
non-radiative recombination and charge-transport 
losses [13 ]. To tackle these challenges, perovskite 
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NTRODUCTION 

onsidering the rapid growth of power conversion
fficiencies (PCEs), e.g. from 3.9% in 2009 to 27.0%
n 2025 [1 ,2 ], metal halide perovskite solar cells
PSCs) have shown great potential amongst the
ext-generation thin-film photovoltaics, in which
he device normally consists of an n-i-p or p-i-n
tructure (also called inverted). Inverted PSCs (IP-
Cs) were first created in 2013 [3 ], standing out
s promising contenders recently due to their fasci-
ating attributes, such as simplified structure, low-
emperature fabrication, excellent operational sta-
ility, diverse choices of charge transport materials,
nd compatibility with flexible substrates, multijunc-
ion cells and large-scale production [4 –6 ]. How-

ver, most high-performance IPSCs (e.g. with certi- 
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rystallization engineering and interface modifica-
ions are commonly implemented [14 –18 ], includ-
ng precise control of reaction kinetics [16 ,17 ] and
he incorporation of multiple additives and treat-
ents [18 ]. Despite their effectiveness in passivat-

ng defects and reducing recombination losses to en-
ance the VOC , these techniques often fail to lever-
ge this passivation effect for improved charge ex-
raction. Additional ly, whi le such approaches could
rovide a modest improvement in FF, they are in-
ufficient to mitigate charge-transport losses due to
he inevitable increase in contact resistance. Recent
tudies indicate that constructing carrier viaducts
hrough molecular bridging is an efficient strategy
or charge extraction and transport [19 ,20 ]. How-
ver, this approach is largely confined to improving
n individual functional layer or specific interface in-
tead of the entire device. Thus, it is imperative to
evelop a holistic approach to enable the fabrica-
ion of high-performance IPSCs with excellent re-
roducibility and long-term stability. 
In this study, we construct dual molecular

ridges at perovskite adjacent heterointerfaces
hrough the combination of the additive (4-fluoro-
henethylammonium formate, 4-F-PEAFa) and
ole transporter ([2-(7H-dibenzo[c, g]carbazol-
-y l)ethy l]phosphonic acid, DBZ-2PACz). This
trategy enables the comprehensive regulation of
erovskite absorber and its adjacent interfaces,
esulting in both low non-radiative recombination
osses and carrier transport losses. Based on a series
f theoretical and experimental characterizations,
e demonstrate that 4-F-PEAFa can spontaneously
istribute throughout the as-crystalized perovskite
lm, increasing the grain size, charge carrier mobili-
ies, and quasi-Fermi level splitting when in contact
ith both charge transport layers. Thanks to the
elf-organizing characteristic, 4-F-PEAFa firmly
onds with the perovskite surface and bridge both
he bottom hole transporter and top electron trans-
orter, leading to the formation of ‘dual molecular
ridges’ throughout IPSC devices. This integral
arrier transport pathway enhances carrier extrac-
ion/transport and thus substantially increases the
evice FF. Coupled with our synthesized DBZ-
PACz hole transporter, we realize IPSCs with a
ertified champion PCE of 25.6% and FF of 0.87
with a certified maximum of 0.88 and a low ideality
actor of 1.06), approaching its Shockley–Queisser
imit at the corresponding bandgap. Encouragingly,
he long-term stability of devices has shown signif-
cant improvement under three different levels of
he international Summit on Organic Photovoltaic
tability (ISOS) protocols, including ISOS-D-1,
SOS-D-2I, and ISOS-L-2I testing. 
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RESULTS AND DISCUSSION 

Holistic construction of molecular 
bridges 
We proposed the construction of dual molecular 
bridges at perovskite heterointerfaces based on the 
following considerations: (1) The additive with an- 
choring groups could function as bridges, with tight 
bonding to perovskite film and stretching out to in- 
teract with the adjacent charge transporters [20 ,21 ]. 
(2) The tailored design of charge transport materi- 
als could enhance the interaction with the extended 
functional groups of the additive, thereby optimiz- 
ing interfacial properties [22 ]. (3) The constructed 
molecular bridges could offer additional benefits, 
such as improved perovskite crystallization, defect 
passivation, and energy level alignment [19 ,20 ]. 
These concepts are i l lustrated in Fig. 1 A. Therefore,
we first start screening perovskite additives from 12 
fluorinated organic salts ( n -F-PEAX, n = 2, 3 and 4;
X = I–, Br–, Cl–, and HCOO–, Fig. 1 B). These ad-
ditives were systematically assessed by density func- 
tional theory (DFT) calculations ( Note S1) [23 ]. 
The fluorinated cations (2-F-PEA+ , 3-F-PEA+ , and 
4-F-PEA+ ) possess a smaller size of NH3 

+ when 
compared to FA+ , leading to stronger adsorption 
with the PbI2 subsurface layer and more stable n -F- 
PEAI-terminated surfaces of the perovskite ( Fig. S1, 
Video S1). Figure 1 C shows higher formation en- 
ergies ( Ef ) of iodide vacancies ( VI ) on n -F-PEAI-
terminated surfaces (2.06–2. 35 eV vs 1.90 eV for a 
pristine FAI-terminated surface), in which the max- 
imum Ef suggests the fewest VI on the 4-F-PEAI- 
terminated surface. It is noteworthy that the dipole 
moment of n -F-PE A increases w ith n and exhibits a
strong linear relationship with its dimerization en- 
ergy and the VI formation energy on the n -F-PEAI- 
termination surface ( Table S2 and Fig. S2). This phe- 
nomenon can be explained by the fact that a greater 
dipole moment leads to a more polarizable electron 
cloud, thereby strengthening van der Waals inter- 
actions and contributing to a more stable surface. 
Because the FAI-terminated surface is expected to 
be the dominant one in experiments [24 ], we fur- 
ther examine the passivation of iodide vacancies in 
the FAI-terminated surface by HCOO– and differ- 
ent halide anions (Cl–, Br–, I–). The binding ener- 
gies ( Eb ) between the surface VI and I–, Br–, Cl–, 
HCOO– were determined to be –2.58, –2.84, –3.13, 
and –3.20 eV, respectively (Fig. 1 D). Amongst them, 
HCOO– exhibits the strongest binding with surface 
VI . Other defects in the minor PbI2 -terminated sur- 
face [25 ], such as PbI antisites and FA interstitials 
can also be efficiently passivated by HCOO– ( Fig.
S3). Therefore, the 4-F-PEACOOH (abbreviated as 
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Figure 1. Construction of molecular bridges at perovskite adjacent interfaces. (A) Schematic of the proposed approach in the entire device. The yellow 

ellipse and red dash lines represent the interaction and the carrier pathway, respectively. (B) Cation and anion engineering of n -F-PEAX. ‘ n ’ denotes the 
substitutional position of the fluorine, and ‘X’ represents anions, I–, Br–, Cl–, and HCOO–. (C) Formation energy ( Ef ) of iodide vacancy ( VI ) in different 
surfaces. (D) Binding energy ( Eb ) between the VI in the FAI-terminated surface of Cs0.05 FA0.85 MA0.1 PbI2.9 Br0.1 (Cs, cesium; FA, formamidinium; MA, 
methylammonium) and various anions. (E) Structure of 2PACz and DBZ-2PACz. (F) Band edge positions extracted from UPS measurements. EVac is vacuum 

level, EF is Fermi level, HOMO is the highest occupied molecular orbital, and VBM is the valence band maximum. (G) DFT-predicted π - π interaction 
between 4-F-PEAFa and 2PACz or DBZ-2PACz. The side view is shown here and the inset values denote the binding energy. 
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-F-PEAFa in the following sections) demonstrated
n optimal combination of cation and anion in these
uorinated organic salts (evidenced in Figs S4 and
5). To link the perovskite layer and the carrier
ransport layers, the incorporation of phenyl units
ithin the perovskite additive of 4-F-PEAFa and
he selection of compatible carrier transport materi-
ls are imperative. The 4-F-PEA+ cations absorbed
n perovskite surfaces have the capability to extend
nd establish a connection with the adjacent carrier
ransporters. Consequently, molecular bridges can
e constructed. Molecular bridge I significantly facil-
tates electron transport ( Fig. S6), due to the strong
nteraction between 4-F-PEA+ and C60 ( Fig. S7)
nd the firm adsorption of 4-F-PEA+ to perovskite. 
Then, we initiated the optimization pro-

ess for the hole transport materials. We syn-
hesized a derivative of the 2-(9H-carbazol-9-
 l)ethy l]phosphonic acid (2PACz), namely [2-
7H-dibenzo[c, g]carbazol-7-yl)ethyl]phosphonic
cid (DBZ-2PACz [26 ], Fig. 1 E, Fig. S8) as a more
dapted hole transporter for the construction of
olecular bridge II. It is noted that these two
olecules are considered due to the phenyl units
hat can form π - π interactions with the addition of
-F-PEAFa and the group of phosphonic acids that
an be fixed to the ITO surface. Herein, DBZ-2PACz
as a deeper band edge (0.91 eV) as compared to
PACz (0.78 eV) (Fig. 1 F, Fig. S9). This reduced
nergy offset when in contact with the perovskite
ontributes to the enhanced VOC and FF in our fab-
icated devices ( Fig. S10). Furthermore, DFT results
ndicate a stronger interaction between 4-F-PEAFa
Page 3 of 9
and DBZ-2PACz ( �Eπ - π = –0.74 eV) than 2PACz 
( �Eπ - π = –0.62 eV) (Fig. 1 G, Fig. S11). Enabled 
by such a stronger π - π interaction, 4-F-PEAFa can 
well bridge the hole transporter and perovskite at 
the buried interface, which could lead to a significant 
reduction in both non-radiative recombination 
losses and carrier transport losses at this interface, 
as verified by the time-resolved photoluminescence 
(TRPL) measurements [27 ] ( Fig. S12). These char- 
acteristics reaffirm the advantages and effectiveness 
of constructing molecular bridge II. 

The existence of molecular bridges at perovskite 
interfaces can be further investigated by X-ray pho- 
toelectron spectroscopy (XPS) and X-ray diffraction 
(XRD). As shown in Fig. S13, the mixed thin films 
of 4-F-PEAFa/DBZ-2PACz and 4-F-PEAFa/C60 
exhibit a stronger π→ π* shakeup satellite com- 
pared to individual components in C1s XPS spectra. 
Additionally, when mixed with DBZ-2PACz, certain 
peak intensities of 4-F-PEAFa show a significant 
decrease in XRD patterns ( Fig. S14), suggesting an 
interaction between 4-F-PEAFa and DBZ-2PACz. 
These findings confirmed the significant π - π inter- 
actions between 4-F-PEAFa and C60 or DBZ-2PACz 
transporters, leading to the formation of the molec- 
ular bridges. Furthermore, 4-F-PEAFa can affect the 
energy level of the perovskite ( Figs S15 and S16), 
leading to different band positions at both buried 
and top interface. At the buried interface contacting 
DBZ-2PACz, the higher valence band maximum 

(VBM) indicated a facilitated hole transfer thanks to 
the reduced energy offset, consistent with Fig. 1 F. At
the top surface, 4-F-PEAFa induced a deeper VBM, 
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Figure 2. Characterization of perovskite films with or without adding 4-F-PEAFa. (A) Cross-sectional SEM images. The scale bars are 500 nm. (B) Enlarged 
XRD patterns. All films were deposited on the DBZ-2PACz-coated ITO glass. (C) 2D GIWAXS patterns for control and target films, measured at incidence 
angles αi = 0.5° for ‘surface’ measurements and = 2° for ‘bulk’ measurements, corresponding to attenuation lengths of 73 nm and 345 nm, respectively. 
(D) Fluence-dependent TRPL decays incident from the quartz side excited at 398 nm. Note that the perovskite films were deposited on the quartz. 
(E) Sum of charge carrier mobility of perovskite films obtained from the TPC measurements. Twelve data points from 2 samples at 6 different laser 
fluences were collected for each condition. 
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hich can act as a hole blocking effect [3 ]. These
haracteristics enable improved charge transport
nd reduced recombination losses at both perovskite
eterointerfaces. 

haracterizations of perovskite films 
o confirm the functions of 4-F-PEAFa, we con-
ucted a range of characterizations based on the
s-prepared perovskite films (referred to as ‘control’)
nd those with the additive (referred to as ‘target’).
ompared to the control film, the target film with
 compact and uniform morphology has shown
arger grain sizes (see the top-view scanning electron
icroscopy (SEM) in Fig. S17, Note S2). Cross-
ectional SEM images (Fig. 2 A) show a monolithic
rain structure extending throughout the entire film
600–650 nm). XRD patterns of the target film ex-
ibit a higher intensity along the [100] direction or
100) plane and an enhanced ratio of (100)/(110)
1.38 vs 0.84, obtained from the integrated peak
ntensity) (Fig. 2 B, Fig. S18). Grazing-incidence
ide-angle X-ray scattering (GIWAXS) measure-
ents confirm that the target film has reduced
110) intensity and increased (100) intensity in
he out-of-plane direction (Fig. 2 C). Additionally,
Page 4 of 9
the target film exhibits a reduced monomolecular
recombination rate constant ( k1 , from 0.9 × 105 to
0.5 × 105 s−1 , Note S3) as determined by the TRPL
measurements (Fig. 2 D), and improved long-range
charge carrier mobilities (sum-of-mobility of elec- 
tron and hole, �μ, from 0.65 to 1.71 cm2 V−1 s−1 ,
Note S4) as confirmed by transient photoconductiv- 
ity (TPC) measurements (Fig. 2 E). These gains in
carrier dynamic characteristics could be attributed 
to the enhanced crystallinity of the target film as
revealed above [28 ,29 ]. 

Modification of 4-F-PEAFa on perovskite 

heterointerfaces 
We further performed time-of-flight secondary-ion 
mass spectrometry (ToF-SIMS) to detect the distri- 
bution of 4-F-PEAFa in the target film as shown in
Fig. 3 A. The positive ions of Pb2 + and In+ denote
the spatial location of perovskite and indium tin
oxide (ITO) glass, respectively, whereas the nega-
tive ions of F– and HCOO– can be used to trace the
4-F-PEAFa. Interestingly, the F– has a bimodal distri- 
bution, accumulating on both top (also confirmed in
Fig. S19) and buried interfaces, whilst the HCOO–

is mainly located at the buried interface. We assume

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf211#supplementary-data
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his phenomenon is caused by the species’ proper-
ies. A small amount residing near the top surface
ould be ascribed to the large size of 4-F-PEA+ [30 ],
hich cannot enter the perovskite structure and wi l l
hus stay at the surface during initial nucleation (see
etails in Fig. S20). The pseudohalide HCOO–

ould alter the Pb coordination environment and
hus the perovskite crystallization [21 ]. Hence, it
s more likely to aggregate near the bottom given
he top-down growth of the antisolvent-assisted
pin-coated perovskite film [31 ]. To gain insight
nto this phenomenon, we calculated the dissocia-
ion energy for each organic salt component in the
olution and found that 4-F-PEAFa is supposed
o retard the perovskite crystallization by forming
table 4-F-PE AI and Pb(HCOO)2 w ith respect to
AI and PbI2 ( Table S3). Therefore, 4-F-PEAFa
hows spontaneous distribution or ‘self-organizing’

t both interfaces. 
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To understand the effects of such a self- 
organizing additive, we studied the carrier dynamics 
of the perovskite films under different conditions. 
When the perovskite is in contact with charge trans- 
porters, a reduction of photoluminescence quantum 

yield (PLQY) is observed ( Fig. S21). This is con- 
sistent with interfacial recombination as previously 
reported [32 ]. Encouragingly, with the incorpora- 
tion of 4-F-PEAFa in perovskite film, the PLQY at 
both interfaces are substantially recovered. The cal- 
culated quasi-Fermi level splitting (QFLS, Figs S22
and S23, Note S5) and non-radiative losses (Fig. 3 B, 
Note S6) confirm a reduction of non-radiative 
recombination at both heterointerfaces. Hence, the 
4-F-PEAFa not only modifies the perovskite bulk 
but also plays a significant function at perovskite het- 
erointerfaces. These effects are closely related to the 
spatial regulation of 4-F-PEAFa. Specifically, at the 
buried interface, the accumulation of 4-F-PEA+ and 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf211#supplementary-data
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COO– enable the suppression of perovskite de-
ects as we discussed earlier in the DFT calculations,
hereby effectively reducing interfacial losses. At
he top interface, the large organic 4-F-PEA+ does
ot form a 2D phase, with no detectable scattering
ing in 2D GIWAXS patterns (Fig. 2 C) or peaks
n the 1D integrated data ( Fig. S24). Nonetheless,
he π -conjugation structure of 4-F-PEA+ leads to
ood stacking with the C60 ( Fig. S7), facilitating
lectron transport between the perovskite layer and
he top electrodes ( Fig. S6). Therefore, the terminal
roups of 4-F-PE A+ prov ide favourable connection
ith both the C60 and DBZ-2PACz to achieve dual
olecular bridges. This wi l l lead to the development
f an efficient integral carrier transport pathway
hroughout the entire device. Further calculated
harge density difference indicated the charge trans-
er at both perovskite heterointerfaces (Fig. 3 C),
hich could be beneficial for the performance of the
evice. 

hotovoltaic performance 

o verify the effects of molecular bridges,
e fabricated > 700 devices with a struc-
ure of glass/ITO/DBZ-2PACz/perovskite/
60 /bathocuproine (BCP)/Cu (Fig. 4 A, Fig. S25).
he presence of DBZ-2PACz in IPSCs as the hole
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transporter was detected in the depth profile ( Fig.
S26). Statistical data ( Fig. S27) confirmed a remark- 
able performance improvement between the control 
(without 4-F-PEAFa) and target dev ices (w ith 
4-F-PEAFa) and excellent repeatability, in which 
the champion efficiency increased from 21.8% to 
26.0% and the champion FF increased from 0.83 to 
0.87 (Fig. 4 B). Compared to the control devices, our 
target devices exhibit improved homogeneity, as ob- 
served in the statistical data. Such high uniformity is 
crucial for the industrialization of perovskite photo- 
voltaics, directly impacting large-scale reproducibil- 
ity and commercial viability. The significant en- 
hancement in homogeneity can be attributed to the 
incorporation of dual molecular bridges. Our modi- 
fications to perovskite adjacent interfaces resulted in 
more uniform carrier extraction and reduced local 
defects, leading to lower device-to-device variability, 
which is critical for large-area scalability ( Fig. S28). 

To verify the photovoltaic parameters measured 
in our lab, we sent five high-performing devices 
to an accredited laboratory for certification. The 
champion performance yields a VOC of 1.17 V, a 
JSC of 25.1 mA cm−2 , an FF of 0.87 and a PCE of
25.6% in the reverse scan; a VOC of 1.17 V, a JSC of
25.1 mA cm−2 , an FF of 0.86 and a PCE of 25.2% in
the forward scan ( Fig. S29). These devices reached 
an average PCE of 25.1% (25.1% ± 0.35%, obtained 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf211#supplementary-data
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rom both forward and reverse scans in Table S4). To
he best of our knowledge, the certified PCE of 25.6%
nd FF of 0.87 (96% of its Shockley–Queisser limit
or a PSC with a 1.57 eV bandgap) achieved in this
tudy are amongst the highest photovoltaic param-
ters reported to date (see more details in Table S1
nd Fig. 4 B). Additionally, such certified high FF
the maximum is 0.88, with an average of 0.87 ± 0.01
n Table S4) and the product of VOC × FF (88% of
he Shockley–Queisser limit) indicate an extremely
fficient collection of photo-generated carriers from
he perovskite into the charge transport layers [14 ]. 
We calculated the integrated JSC from exter-

al quantum efficiency (EQE) spectra where the
ontrol and target device show 24.3 mA cm−2 

nd 25.0 mA cm−2 , respectively (Fig. 4 C), with a
egligible mismatch between the J-V and EQE mea-
urements. Figure 4 D shows the steady-state power
utput (SPO) at the maximum power point voltage
 VMPP ). The steady-state PCEs (21.6% ± 0.05% for
he control and 25.5% ±0.08% for the target) closely
atch the J-V scan-determined PCEs. Compared
o the control, the target device shows a reduced
oltage deficit (defined by Eg /q—VOC , where Eg is
he bandgap, 1.57 eV from Fig. S30) from 0.43 to
.38 V. More significantly, light-intensity dependent
OC measurements exhibit a suppressed ideality
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factor ( nid = 1.06 for the target device, Fig. 4 E and
Fig. S31), which is the lowest value among the high- 
performance PSCs ( Table S1). Both characteristics 
demonstrate high perovskite quality and minimal 
interfacial losses [33 ]. 

It is known that the FF can be affected by the
sweep direction due to hysteresis in J-V curves. 
Here, both statistical lab-measured ( Fig. S27) and 
certified ( Fig. S29, Table S4) data show the stable 
variation of the FF either from forward or reverse 
scans, making them ideal candidates for quantitative 
analyses. To understand the FF improvement, nid 
values and the corresponding J-V data were further 
exploited. The maximum FFs (without considering 
resistance) of the control and target devices are 
0.86 and 0.89 (Fig. 4 F, Note S7), approaching the 
Shockley–Queisser limit value of 0.903 at a 1.57 eV 

band gap. After introducing the equivalent series 
(control vs target, 3.57 vs 1.41 Ohm·cm2 ) and shunt 
resistances (6840 vs 10 602 Ohm·cm2 ), the cal- 
culated FFs (0.79 vs 0.86) are in good agreement 
with the measured FFs (0.77 vs 0.87) for the control
and target devices. In comparison with the reduced 
non-radiative losses of 0.03, the charge-transport 
losses are significantly inhibited by 0.07 in the target 
device. This phenomenon could be attributed to the 
properties of the top-down carrier viaduct, which 
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elies on two molecular bridges positioned on both
ides of the perovskite layer. The total FF loss signif-
cantly decreased from 0.13 to 0.03, demonstrating
he effectiveness of the approach in this study. 

ong-term stability 
e further investigated the long-term performance
tability of our dev ices w ithout any encapsulation
nder three conditions based on the International
ummit on Organic Photovoltaic Stability (ISOS)
rotocols [34 ]. In ISOS-D-1 testing ( Fig. S32),
he T85 (lifetime at 85% of the initial efficiency)
f devices is enhanced from 271 to 1128 h with
-F-PEAFa modification. This may be related to
mproved robustness to moisture, with contact angle
easurements confirming a more hydrophobic
urface of the 4-F-PEAFa–containing perovskite
 Fig. S33). Furthermore, over 2200-h ISOS-D-2I
esting (Fig. 5 A), the target devices show better
hermal resistance with a T96 (lifetime at 96% of
he initial efficiency) of 2200 h. In contrast, the
ontrol devices only retain a T80 (lifetime at 80%
f the initial efficiency) of 1650 h. Determined at
aximum power point (Fig. 5 B), the ISOS-L-2I
racking shows a T80 of 458 h for the control de-
ice and a T90 of 973 h for the target device. This
nhanced operational stability could be ascribed
o the passivation effect of the molecular bridges at
djacent interfaces, which are beneficial for inhibit-
ng ion migration under heat or light stressors [5 ].
aken together, the results demonstrate that our
ationally designed molecular bridges at perovskite
djacent heterointerfaces simultaneously improved
he photovoltaic performance and stability of IPSCs.

ONCLUSIONS 

n this work, we successfully construct dual bridges
t perovskite heterointerfaces through the addition
f 4-F-PEAFa, which can be firmly absorbed on the
erovskite surface and interacts with the electron
ransporter (C60 ) at the top interface and synergisti-
ally links with a customized hole transporter (DBZ-
PACz) at the bottom interface. Such a molecular
esign approach contributes to reduction of non-
adiative recombination and charge-transport losses
t perovskite heterointerfaces through the formation
f an efficient carrier transport pathway in the com-
lete devices, resulting in inverted perovskite solar
ells with a certified efficiency of 25.6% and an ex-
eptional fill factor of 0.87, along with excellent ther-
al and operational stability. Our study highlights
he significance of the integral design of molecular
ridges and provides useful guidance in the commer-

ialization of these promising photovoltaic devices. 
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