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Molecular coordination stabilizes built-in electric
fields for efficient perovskite solar cells
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In brief

A molecular coordination strategy via
surface treating perovskite with 2,4,6-
tris[3-(diphenylphosphinyl)phenyl]-1,3,5-
triazine (PO-T2T) is proposed to
construct robust BIEFs and reduce
interface defects. The champion
perovskite solar cell achieves an
efficiency of up to 27.01% (certified
26.71%) with improved long-term
stability.
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CONTEXT & SCALE The built-in electric field (BIEF), vital for the operation of perovskite solar cells
(PSCs), is established by minority carrier accumulation near the interface. However, under illumination,
the density of the photoinjected electron-hole pairs far exceeds the intrinsic carrier density in perov-
skites. Therefore, the space charge is dynamically screened because of electrostatic shielding, thereby
weakening the built-in potential. This screening effect fundamentally contradicts the requirement for
stable BIEFs in high-efficiency PSCs. Herein, our approach concentrates 2,4,6-tris[3-(diphenylphosphi-
nyl)phenyl]-1,3,5-triazine (PO-T2T) molecules in the depletion region near the perovskite/electron trans-
port layer (ETL) interface. PO-T2T molecules coordinate with undercoordinated Pb?* in the perovskite,
forming high-density local molecular dipoles (~1 0'6 cm’s) that strengthen the BIEF against the illumi-
nation screening. Concomitantly, the coordination strategy enables effective defect passivation and
favorable interfacial energy band alignment for carrier extraction, thereby enabling high-performance
devices. This work provides crucial theoretical guidance for designing the next-generation photostable
photovoltaics.

SUMMARY

The efficiency of perovskite solar cells (PSCs) based on bulk heterojunctions fundamentally relies on their
built-in electric fields (BIEFs) to drive charge carrier separation and extraction. However, high-quality
perovskite films usually exhibit an intrinsically low carrier density (~10'* cm~3) compared with the photo-
injected electron-hole pair density (10'°-10'® cm2) under 1-sun illumination. This fundamental contradic-
tion makes BIEFs vulnerable to dynamical screening under operational conditions. Herein, we report a
molecular coordination strategy to stabilize the BIEF with 2,4,6-tris[3-(diphenylphosphinyl)phenyl]-1,3,5-
triazine (PO-T2T). By creating a concentration gradient near the perovskite surface, PO-T2T effectively co-
ordinates with undercoordinated Pb?* sites to form high-density local dipoles (~10'® cm~3), significantly
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stabilizing the BIEF under illumination. Consequently, the resulting PSC delivers a power conversion effi-
ciency (PCE) of 27.01% (certified 26.71%) with improved operational stability. These results underscore
the pivotal role of PO-T2T in suppressing field screening, providing critical insights for designing high-ef-

ficiency heterojunction solar cells.

INTRODUCTION

Perovskite solar cells (PSCs) have attracted intense attention in
recent years because of their rapidly increasing power conver-
sion efficiency (PCE),'™ approaching that of state-of-the-art sil-
icon solar cells. Among them, inverted (p-i-n) PSCs offer remark-
able advantages in terms of stability and compatibility in tandem
solar cells, positioning them as one of the most promising photo-
voltaic (PV) technologies.®® To further harness the potential of
inverted PSCs, recent studies have identified the interfaces be-
tween perovskite and charge transport layers (CTLs) as critical
bottlenecks for energy loss. These interfacial losses compromise
the quasi-Fermi-level splitting of photogenerated carriers,
thereby limiting further advancements in open-circuit voltage
(Voc) and PCE.%"° While substantial progress has been made
in optimizing the perovskite/hole transport layer (HTL) interface
through the development of self-assembled monolayers
(SAMs),>8 112 the other interface between the perovskite and
the electron transport layer (ETL) has seen limited break-
throughs. In particular, the built-in electric field (BIEF) at the
perovskite/ETL heterojunction can be subjected to dynamic
screening under illumination, which blunts carrier separation
and extraction; however, this critical issue remains rarely
explored.

In conventional heterojunction structures, the contact be-
tween a relative p-type layer and a relative n-type layer induces
a redistribution of charge carriers, whereby the electrons (as the
majority carriers) in the n-type region diffuse into the p-type side
(where electrons act as minority carriers) and vice versa.'® Such
carrier diffusions accumulate minority carriers in the depletion
region to establish a BIEF. A high-quality perovskite film with
few defects typically exhibits an intrinsically low carrier density
of ~10" cm~3. However, owing to the exceptional light absorp-
tion of perovskite films, '® the density of photoinjected electron-
hole pairs under standard solar illumination can reach 10'°-
10'® cm~—2, which far exceeds the intrinsic carrier concentration
and is comparable to that in the depletion region (10'°-10"7
cm~3; Note S1)."'" This drastic difference means that the
BIEF could be easily screened by photoinjected carriers,'®'°
weakening carrier separation and extraction, which leads to
non-negligible voltage deficits and compromises device perfor-
mance.”° Indeed, previous reports have shown that the PCE of
PSCs could be dramatically improved upon attenuated illumina-
tion,?"?? aligning with the screening effect of the BIEF. Several
attempted strategies might be conducive to strengthening the
BIEF, including capping two-dimensional (2D) perovskite
layers,?*~2° ferroelectric materials doping,”® and interface dipole
engineering.”’’*’ Nevertheless, these approaches primarily rely
on passivation to mitigate static BIEF screening by defects,
which essentially represents an equilibrium process intended
to restore the potential landscape in the dark. Yet, under opera-
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tional conditions, photoinjection is a nonequilibrium process,
generating competing processes between carrier generation
and carrier recombination. This induces a dynamic screening ef-
fect where accumulated carriers continuously weaken the BIEF.
Therefore, achieving a robust and photostable electric field re-
mains a substantial challenge.

Herein, we develop a molecular coordination strategy by using
a functionalized molecule, 2,4,6-tris[3-(diphenylphosphinyl)-
phenyl]-1,3,5-triazine (PO-T2T), to establish a stable BIEF near
the top perovskite surface in inverted PSCs. The coordination
between the electronegative units (P=0) within PO-T2T and
undercoordinated Pb2?* forms local molecular dipoles to
strengthen the BIEF against the illumination screening, as evi-
denced by depth-profiling ultraviolet photoelectron spectros-
copy (DP-UPS), capacitance-voltage (C-V) measurements, and
I-V characteristics of two-terminal devices. Consequently, the
modified device shows a significantly smaller efficiency drop un-
der intensified illumination, compared with the control device.
Furthermore, the molecular coordination also effectively passiv-
ates surface defects. The combined effects of BIEF stabilization
and defect passivation yield a high PCE of 27.01% (certified
26.71%) under AM 1.5 G sunlight conditions. The mitigated inter-
facial instability also enhances the operational stability, enabling
the optimized PSC to retain 87% of its initial PCE after continu-
ously operating for 1,200 h at 65°C (ISOS-L-2 protocol) and
maintain 89% of its original efficiency in long-term thermal stabil-
ity tests under 85°C for 1,100 h (ISOS-D-2I protocol). This strat-
egy offers a new perspective for exploring diverse high-effi-
ciency heterojunction solar cells.

RESULTS

Molecular coordination between PO-T2T and perovskite

As undercoordinated Pb?* is one of the primary origins of deep-
level defects in perovskite films,® effective defect neutralization
requires potent Lewis bases capable of robust coordination with
Pb2*. In this regard, the P=0O group offers significantly stronger
Lewis basicity, compared with commonly employed carboxyl or
amino groups.”®*° Furthermore, a specific steric structure is also
essential for modulating the interfacial electric field and enabling
effective charge extraction. Integrating these chemical and steric
design criteria, we selected PO-T2T (chemical structure of the
molecule shown in Figure S1), which features a bulky
n-conjugated backbone anchored with multiple P=0 groups, real-
izing both defect passivation and interfacial dipole regulation. We
started by incorporating PO-T2T molecules directly into the anti-
solvent that drives the crystallization of Csg osFAggsMAg.1Pbls
perovskite films. Noticeably, incorporating a small amount of
PO-T2T during anti-solvent processing does not form a continuous
thin layer on the perovskite surface, which can be verified by the
inferior performance of devices with a thermally evaporated
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Figure 1. Functionality of PO-T2T interactions with perovskites
(A) Structure and ESP of the PO-T2T molecule.

(B) The CDD of PO-T2T absorbed on the perovskite surface (CDD isosurface = 0.0005). Blue and yellow represent electron depletion and accumulation regions,

respectively.
(C) The calculated electron localization function for the region in (B).

(D and E) TOF-SIMS depth-profile results of pristine and PO-T2T-treated perovskite films. The purple line indicates the gradient distribution of PO-T2T within the

perovskite layer.
(F) Pb 4f XPS spectra of the control and treated perovskite films.

(G) O 1s XPS spectrum of pure PO-T2T powder, compared with that of perovskite treated with PO-T2T. The shifts of Pb 4f and O 1s characteristic peaks
demonstrate the molecular coordination between undercoordinated Pb®* and PO-T2T.

(H) FTIR spectra of pure PO-T2T powder and PO-T2T-treated perovskite films.

(I) XRD spectra of control and treated perovskite films (* denotes Pbl,). Both the increased XRD intensity and reduced FWHM of 3D perovskites illustrate

significantly improved crystallinity of the perovskite films.

PO-T2T layer (Figure S2). To investigate the interaction between
perovskite and PO-T2T, we performed density functional theory
(DFT) calculations. The electrostatic potential (ESP) map of PO-
T2T is illustrated in Figure 1A. Theoretically, PO-T2T, with elec-
tron-rich units (P=0), is capable of establishing efficient chemical
interactions with electron-deficient Lewis acid defects. The charge
density difference (CDD) and calculated electron localization func-
tion results confirm that the PO-T2T molecules can bind with
undercoordinated Pb?* through Lewis acid-base interaction
(Figures 1B and 1C). To elucidate the spatial distribution of PO-

T2T in the perovskite film, we conducted time-of-flight second-
ary-ion mass spectrometry (TOF-SIMS) measurement (Figures
1D and 1E). The result reveals a gradual decline in the content of
PO-T2T from the top to bottom, establishing a gradual transition
in BIEF that benefits charge collection. This distribution is attrib-
uted to the rapid top-down crystallization kinetics and the steric
hindrance of the bulky PO-T2T molecules,®' which effectively
trap the PO-T2T molecules at the initiation interface, further stabi-
lized by the chemical coordination between the P=O and under-
coordinated Pb?*.
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Further, X-ray photoelectron spectroscopy (XPS) character-
ization was carried out to explore the interaction between the
molecule and perovskite. We noticed a significant shift of the
Pb 4f characteristic peaks to a lower binding energy in treated
films, compared with those in the control, indicative of the
increased surrounding electron density at Pb®* (Figure 1F).
Meanwhile, the shift in the P=0O peaks suggests the typical mo-
lecular coordination between undercoordinated Pb?* and PO-
T2T (Figure 1G).** Consistently, Fourier-transform infrared
(FTIR) spectra (Figure 1H) reveal the presence of intermolecular
interaction between PO-T2T molecules and perovskites, as evi-
denced by the downshift in the P=O stretching vibrational
modes.

We then conducted top-view scanning electron microscopy
(SEM) measurements to investigate the morphology of the resul-
tant perovskite films with (target) and without (control) PO-T2T
molecules (Figure S3). Compared with the control film
(~395 nm), the perovskite film with PO-T2T exhibits an enlarged
grain size (~681 nm), in agreement with the result derived from
the atomic force microscope (AFM) images (Figure S4). This
enlargement can be primarily attributed to the strong interaction
between the PO-T2T and undercoordinated Pb?* in the perov-
skite, which modulates the nucleation and growth kinetics, effec-
tively suppressing the nucleation density and promoting lateral
growth of grains. Figure 11 presents the X-ray diffraction (XRD)
patterns of the perovskite films. There are no new diffraction
peaks or peak shifts in the target film, which indicates that the
molecules do not enter the crystal lattice but rather remain at
the grain boundaries or surface during film crystallization. This
is supported by the identical absorption edges in the ultravio-
let-visible (UV-vis) absorption curves (Figure S5). Notably, the
PO-T2T-treated film contains negligible residual lead (Il) iodide
(Pbly) but shows stronger three-dimensional (3D) perovskite
diffraction peaks. Additionally, the target perovskite film exhibits
a reduced full width at half maximum (FWHM) of the (110) peak,
further suggesting significantly improved film quality. In sum-
mary, these results collectively indicate that PO-T2T effectively
regulates the crystal growth kinetics, leading to high-quality
perovskite films with large grain sizes and enhanced crystallinity.

BIEF stabilization via molecular coordination

Subsequently, we investigated in detail the impact of the molec-
ular coordination between PO-T2T and perovskite on surface
energetics. Notably, the conventional UPS measurement is
only capable of probing the top few nanometers of surface ener-
getics in perovskite films.*® Therefore, we carried out DP-UPS to
study the energetic landscape at the perovskite interface and
within the bulk in the dark (Figures 2B and 2C).**~*° As depicted
in Figure S6, the work functions (WFs) of the unetched control
and target perovskite surfaces are measured to be 4.92 and
4.50 eV, respectively. The reduction in WF indicates that the
PO-T2T-modified film offers a favorable n-type contact at the
perovskite/ETL interface. The enhanced n-type characteristic
of the perovskite film is conducive to suppressing trap-assisted
recombination and improving charge extraction.’”*® The
reduced surface contact potential difference (CPD) of the treated
film, measured by using Kelvin probe force microscopy (KPFM),
further corroborates this result (Figures 2D and S7).°%*° Impor-
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tantly, the WF of the control sample remains almost constant
with increasing etching time, which means the absence of ener-
getic change throughout the film. In contrast, the target sample
exhibits increased WF from surface to bulk, indicating the pres-
ence of band bending near the top surface, thus enhancing the
driving force for efficient carrier separation. This finding is further
confirmed by the higher built-in potential (Vy,;) of PO-T2T-treated
PSC compared with the control device (Figure S8).

Integrating the findings from the above analyses, we posit that
the electron-rich units in PO-T2T interact with the perovskite
through Lewis acid-base interactions. These interactions facili-
tate the redistribution of electrons, ultimately establishing the
BIEF through molecular coordination. The charge behavior
observed in CDD offers evidence for this inference (Figure 1B).
Notably, electrons (yellow) accumulate at PO-T2T sites, while
holes (blue) gather at the perovskite side, further confirming
the existence of BIEF.*" We then measured the /-V characteris-
tics of two-terminal ITO/perovskite/Cu devices under illumina-
tion. Theoretically, the close WFs of ITO (~4.7 eV) and Cu
(~4.6 eV) should generate a symmetric energy landscape across
the device, so that the behavior of the /-V curves mainly reflects
the energy landscape within the perovskite films.*? The control
device exhibits an ohmic contact property (Figure 2E), which in-
dicates a flat energy landscape throughout the perovskite film.
Notably, the I-V characteristic does not arise from leakage cur-
rent, as we are able to detect Schottky junction behavior
(Figure S9) if we substitute the Cu electrode with Au (WF ~5.1
eV). In stark contrast, the PO-T2T-treated ITO/perovskite/Cu de-
vice presents a rectification characteristic (Figure 2F). This result
reveals the presence of a BIEF in the target film, in line with the
BIEF enhancement through molecular coordination. More
importantly, the rectification characteristic remains even under
continuous illumination (Figure S10), which means the intrinsic
BIEF is stable against the screening effect. The equivalent dipole
generated by the coordination is estimated to be 10'®-10" cm~2
(Note S2), which is comparable to the photoinjection electron-
hole pair density, therefore empowering the perovskite/ETL het-
erojunction with the anti-screening capability.

Defect passivation in perovskites

The coordination strategy also allows for effective passivation of
Pb%* with PO-T2T. To study the passivation effect, we then
investigated the influence of PO-T2T molecules on charge carrier
dynamics. The target film displays a significant increase in the
photoluminescence (PL) intensity, compared with the control
film (Figure 3A). Intriguingly, despite the band bending effect,
which facilitates carrier separation, the time-resolved photolumi-
nescence (TRPL) characterization (Figure 3B; Table S1) shows a
significantly prolonged carrier lifetime after PO-T2T treatment.
These results suggest significantly mitigated carrier recombina-
tion that even outstrips the charge separation effect with an
inverse impact. Besides, when Cgg, a widely used electron trans-
port material (ETM), covers the top surface, the PO-T2T-incorpo-
rated film exhibits relatively weaker PL intensity and reduced
carrier lifetime, indicating enhanced charge extraction at the
perovskite/ETM interface due to the strengthened BIEF.** The
Suns-Voc method was then applied to calculate the ideality fac-
tor of the devices. The deduced ideality factor decreases from
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Figure 2. Enhanced and stable BIEF via molecular coordination strategy

(A) Schematic diagram of the UPS depth-profiling technique.

(B and C) Depth-profiling UPS spectra of the control and PO-T2T-treated perovskite films with different etching times. The PO-T2T sample exhibits an increased
WEF with increasing etching time, indicating the formation of an extra electrical field aligned with BIEF at the interface.

(D) 3D KPFM mappings for the control and treated perovskite films. PO-T2T treatment successfully reduces the surface CPD, which means a decreased WF and

the formation of a favorable n-type contact at the perovskite/Cg interface.

(E and F) The corresponding /-V characteristics of the two-terminal control and PO-T2T-treated devices under illumination. The control device exhibits a clear
ohmic contact property, while the treated device presents a typical rectification characteristic under illumination, suggesting the formation of photostable internal

electric fields after PO-T2T treatment.

(G) Schematic diagram showing the enhanced photostability of the BIEF achieved through molecular coordination.

1.47 (control) to 1.26 (target), which is attributed to the suppres-
sion of trap-assisted nonradiative recombination (Figure 3C).
This finding is further corroborated by the improved electrolumi-
nescence quantum yield (ELQY) and reduced trap-filled limited
voltage (V1) of PO-T2T devices (Figures S11 and S12). Further-
more, analysis of the calculated local density of states (LDOSs)
projected onto surface Pb atoms (Figure 3D) reveals that the
defect-induced band-edge tail states are suppressed after intro-
ducing PO-T2T, confirming the effectiveness of our passivation
strategy.
To gain comprehensive insight into the carrier recombination
dynamics within the perovskite film, we conducted femtosecond
transient absorption (fs-TA) measurements. Compared with the

control film, treatment with PO-T2T exhibits a markedly slow
decay, underscoring its efficacy in suppressing defect-assisted
recombination (Figure 3E). Furthermore, since the BIEF can sup-
press surface recombination velocity (SRV) by reducing carrier
density at critical interfaces through band bending,®*** we
derived the SRV from TA data for films of varying thicknesses
(Figure S13), with detailed fitting parameters delineated in
Table S2. With the PO-T2T treatment, the effective SRV de-
creases by one order of magnitude, from approximately
1.4 x 10 cm s™' (control) to 6.7 x 102 cm s™' (target)
(Figure 3F). The sharp drop in SRV for PO-T2T is consistent
with the passivation effect by the molecular coordination strat-
egy. Consequently, the corresponding nonradiative

Joule 70, 102484, October 21, 2026 5
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Figure 3. Reduced recombination losses after PO-T2T treatment

(A and B) SSPL and TRPL lifetimes of control and treated perovskite films with different stacks.

(C) Dependence of V¢ on light intensity for the control and treated PSCs. The slopes of the control and treated devices are 1.47 KgT/q and 1.26 KgT/q,
respectively, indicating that the defect-assisted recombination is largely suppressed.

(D) Calculated LDOSs projected onto the surface Pb atoms of the control and PO-T2T-treated perovskites. With the PO-T2T molecule introduced, the surface Pb
defect states are effectively passivated. This specific surface defect model provides direct evidence of the passivation mechanism enabled by our molecular
coordination strategy.

(E) TA kinetics as a function of delay time for control and treated perovskite films following excitation at 400 nm (1 kHz, 100 fs, around 0.048 pJ cm~2). The
extended decay time of the treated film suggests that PO-T2T can significantly inhibit defect-assisted recombination.

(F) Calculated SRVs and nonradiative V¢ loss of control and treated perovskite films. The robust and stable BIEF successfully strengthens charge carrier

separation and reduces defect accumulation.

recombination-induced Vo loss (AVog, nonrad) declines from 111
(control) to 82 (target) mV, attributed to the suppressed
nonradiative recombination at the perovskite/ETL interface.*®
Collectively, these measurements consistently demonstrate
that PO-T2T effectively passivates defects through molecular
coordination, leading to a lower trap density and improved car-
rier dynamics, which successfully mitigate energy losses at the
interface.

PV performance

To demonstrate the effect of PO-T2T on PV performance, we
fabricated the p-i-n planar heterojunction PSCs with ITO/(4-
(7H-dibenzo[c,g]carbazol-7-yl)butyl)phosphonic acid (4PADCB)/
perovskite/lithium fluoride (LiF)/Cgo/bathocuproine (BCP)/Ag ar-
chitecture. The cross-sectional SEM image of the device is de-
picted in Figure 4A. Typical J-V scan curves of the devices
without and with treatments recorded at simulated AM 1.5 Giillu-
mination conditions are shown in Figure 4B, and the correspond-
ing PV parameters are summarized in Table S3. The best-per-
forming target device achieves a PCE of 27.01% under reverse
scan (Vog = 1.179V, Jsc = 26.26 mA cm ™2, and FF (fill factor) =
87.25%), which is higher than that of the control device (25.20%).
This significant enhancement in device efficiency is attributed to
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a synergistic effect triggered by the molecular coordination. On
the one hand, the formation of interfacial dipoles stabilizes the
BIEF, enabling efficient charge extraction. On the other hand,
the effective defect passivation reduces nonradiative recombi-
nation losses. Consequently, the simultaneous optimization
drives the observed improvements in Voc and FF, while main-
taining high Jsc. In addition, the treated PSC exhibits a stabilized
PCE of 26.45% under the maximum power point tracking
(MPPT) for 500 s. The statistics of PV parameters in Figure S14
illustrate excellent device performance and batch-to-batch
reproducibility. Moreover, we fabricated a large-area device
(1.0 cm?), which achieves a PCE of 24.44% with a Voc of
1.190 V under reverse scan (Figure S15). We then evaluated
the performance of the devices under multiple illumination inten-
sities (0.1-2.1 sun), using a solar simulator with neutral density
(ND) optical filters for attenuation and a condenser lens for light
intensity enhancement. The observed non-monotonic depen-
dence of efficiency on light intensity arises from the competition
between trap-assisted nonradiative recombination (at low-inten-
sity illumination) and illumination-induced electric field screening
(at high-intensity illumination) within the device. Remarkably, the
PO-T2T-incorporated device displays exceptional photostabil-
ity, with a minimal efficiency decline of 5.8% relative to its
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Figure 4. PV performance of PSCs
(A) Device structure and cross-sectional SEM image of the device.

(B) J-V curves and performance distributions of the control and PO-T2T-treated devices. The inset shows the stabilized PCE at the MPP for 500 s of the treated

device.

(C) Evolution of the PV parameters for control and treated PSCs under multiple illumination intensities (0.1-2.1 sun). Light intensity is precisely attenuated using
ND optical filters (Daheng Optics, T = 10%, 32%, 50%, and 79%) to simulate low-light conditions, while a condenser lens (Thorlabs) is employed to achieve high-
light conditions. PCEs are averaged from three independent measurements, calculated as: PCE = (Voc xJsc XFF /Pjs) x 100%. Compared with the control
device, the minimal efficiency decline of the PO-T2T-treated device demonstrates that PO-T2T can effectively suppress the electric field screening effect under

high-light conditions and thus stabilize the BIEF.

(D) Comparison of the V¢ with varied band gaps of high-performance PSCs reported so far.

(E) Efficiency evolution of state-of-the-art inverted PSCs reported in recent years.

(F) Thermal stability of unencapsulated control and treated devices aged at 85°C in a nitrogen atmosphere.
(G) Operational stability of encapsulated devices under continuous 1-sun illumination at 65°C in ambient air.

peak PCE under high-intensity illumination, in stark contrast to
the control PSC, which shows a 14.3% efficiency reduction un-
der identical conditions (Figure 4C). This significant difference
provides direct experimental evidence that the PO-T2T treat-
ment effectively suppresses electric field screening effects un-
der illumination. More importantly, the outstanding light stability
of PO-T2T-treated BIEF under high-intensity illumination makes
it pivotal for designing efficient and stable PVs under concen-
trated sunlight.

We also performed FF loss analysis, as shown in Figure S16,
which demonstrates a significant suppression of nonradiative
loss and transport loss in the treated devices. Thus, in combina-
tion with the results of the V¢ loss analysis, we infer that the
improved device performance can be ascribed to the improved

stability of BIEF, which reduces the nonradiative recombination
loss at the top perovskite surface. As shown in Figure 4D, the
Voc of our 1.55-eV devices reaches 90% of the theoretical limit,
which is comparable to that of state-of-the-art inverted PSCs
(Figure S17; Table S4). Furthermore, external quantum efficiency
(EQE) spectra were collected for both devices and are plotted in
Figure S18. The integrated current values are in accordance with
the Jsc values extracted from the J-V curves. One of our best de-
vices was sent to an accredited PV calibration center (National
PV Industry Measurement and Testing Center), achieving a certi-
fied PCE of 26.71%, with Vog of 1.174 V, Jgc of 26.25 mA cm ™2,
FF of 86.69%, and a certified stabilized PCE of 26.38%
(Figures S19-S21). Our developed molecular coordination strat-
egy is equally effective for other perovskite compositions, such
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as 1.58-eV and 1.64-eV wide-band-gap (WBG) PSCs. Notably,
the PO-T2T-treated device exhibits an increased PCE from
23.30% to 25.30% for the 1.58-eV PSCs (Figure S22). Moreover,
the PCE is improved by 8.9% when PO-T2T is applied to 1.64-eV
WBG PSCs (Figure S23).

Next, we sought to investigate the impact of the PO-T2T on
the stability of both films and devices. We exposed the unen-
capsulated films to ambient air and conducted XRD measure-
ments to track their degradation. After 400 h, the control film
shows a pronounced Pbl, peak at 12.8°, whereas the Pbl,
content in the modified film remains negligible, indicating
enhanced stability and suppressed phase transition, which
aligns with the coordination effect of PO-T2T (Figure S24).
We further monitored the thermal stability of the PSCs at
85°C following the 1ISOS-D-2I protocol. The target device de-
grades to 89% of its initial PCE after 1,100 h, whereas the
control device exhibits ~25% PCE loss (Figures 4F and
S25). Moreover, the stabilized BIEF by the molecular coordi-
nation strategy is also conducive to the operational stability
of PSCs since it promotes interfacial carrier extraction. We
then tested the operating stability of the encapsulated devices
under MPPT at 65°C (ISOS-L-2 protocol). The PO-T2T-based
PSC maintains 87% of its initial PCE after continuously oper-
ating for 1,200 h, surpassing the retention of 77% for the con-
trol device (Figure 4G).

DISCUSSION

We implemented this study with the understanding that the BIEF
is easily screened by photoinjected carriers, leading to insuffi-
cient charge extraction and severe nonradiative recombination
at the perovskite/Cgg interface. This issue can be addressed by
treating perovskite surface with PO-T2T to establish a BIEF
through molecular coordination. The interactions between
gradient-distributed PO-T2T and undercoordinated Pb2* facili-
tate the redistribution of electrons, establishing a stable BIEF
against the illumination screening. Our work shows that the
reduction of recombination caused by stable BIEF leads to highly
efficient and stable inverted PSCs. The findings of this research
further underscore the significance of developing stable BIEF in
advancing high-performance heterojunction solar cells and
concentrator PVs.

METHODS

Materials

All the materials and reagents were used as received without any
purification. Formamidinium iodide (FAI, 99.99%), methylammo-
nium chloride (MACI, 99.99%), methylammonium bromide
(MABr, 99.99%), and methylammonium iodide (MAI, 99.99%)
were purchased from GreatCell Solar Materials. Pbl, (99.99%)
and lead () bromide (PbBr,, 98%) were purchased from Tokyo
Chemical Industry (TCI). Cesium iodide (Csl, 99.999%) was pur-
chased from Sigma-Aldrich. 4PADCB (99%) was purchased
from Suzhou LiWei Tech. PO-T2T (99.5%) and piperazinium io-
dide (Pl, 99.5%) were purchased from Xi’an Yuri Solar. Cgg
(99.9%), BCP (99.5%), and LiF (99.99%) were purchased from
Lumtec. N, N-dimethylformamide (DMF, anhydrous, 99.8%),
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dimethyl sulfoxide (DMSO, anhydrous, 99.9%), chlorobenzene
(CB, anhydrous, 99.8%), isopropanol (IPA, anhydrous, 99.5%),
and ethanol (anhydrous, 99.5%) were supplied by Sigma-
Aldrich.

Perovskite precursor solutions

1.55 eV-Csq gsFA0.85MAg 1Pbls: 1.66 M perovskite precursor so-
lution composed of FAI, Csl, Pbl, (10% of excess), and MAI was
dissolved in 0.9 mL mixed solvent (DMF/DMSO = 4/1). Addition-
ally, 10% MACI was added to the precursor. The solution was
stirred for at least 2 h and subsequently filtered through a 0.22-
pum polytetrafluoroethylene (PTFE) filter before use.

1.58 eV-Csp 05(FA0.95MA0.05)0.95Pb(l0.95Bro.05)3: 1.5 M perov-
skite precursor solution was prepared by dissolving 19.5 mg
Csl, 7.97 mg MABr, 28.2 mg PbBr,, 15.2 mg MACI, 232.5 mg
FAI, and 718.3 mg Pbl, in 1 mL mixed solvent (DMF/DMSO =
4/1). The solution was stirred for at least 2 h and subsequently
filtered through a 0.22-um PTFE filter before use.

1.64 eV-Csp 05(FA0.83MA0.17)0.05Pb(lo.83Bro.17)3: 18.7 mg Csl,
24.8 mg MABr, 81.6 mg PbBr,, 191.1 mg FAI, and 563.5 mg
Pbl, were dissolved in 1 mL mixed solvent (DMF/DMSO = 4/1)
to form 1.4 M stoichiometric solution. The solution was stirred
for at least 2 h and then filtered through a 0.22-um PTFE filter
before use.

Device fabrication

The ITO glass substrates were ultrasonically cleaned with deter-
gent solution, deionized water, acetone, and ethanol each for
10-15 min. The substrates were then treated with UV ozone for
15 min and transferred into an N, glove box. The HTL was fabri-
cated by spin-coating 4PADCB (0.5 mg/mL in ethanol) on ITO
glass at 3,000 rpm for 30 s, followed by annealing at 100°C for
10 min. The Al,O3 nanoparticle dispersion was spin-coated at
5,000 rpm for 30 s and annealed at 100°C for 10 min to enhance
the wettability of the buried interface. After that, the perovskite
solution was spin-coated at 4,000 rpm for 40 s (acceleration
rate 800 rpm/s). CB (150 plL) was dropped onto the
substrate during the 30 s of the step. For the treated samples,
0.15 mg/mL PO-T2T was dissolved in the CB solvent. The wet
films were then annealed at 100°C for 30 min. A 0.3-mg/mL PI
solution (in IPA) was spin-coated on the perovskite film surface
at 5,000 rpm for 30 s, followed by annealing at 100°C for
5 min. Subsequently, LiF (1 nm), Cgo (25 nm), and BCP (5 nm)
were thermally evaporated on the perovskite films in high vac-
uum below 5 x 10~ Pa. Finally, 110-nm Ag electrode was ther-

mally evaporated at a rate of 1.5 As.

Solar cells characterization

The J-V characteristics of the PSCs were measured using a
Keithley 2400 source meter under simulated AM 1.5 G irradia-
tion from an Xe lamp (Newport), and the light intensity was cali-
brated with a reference solar cell provided by NREL. The J-V
curves were performed in a N, atmosphere by reverse scan
(from 1.25 to —0.1 V) and forward scan (from —0.1 to 1.25 V).
The active area of the aperture shade mask was certified by
an accredited PV calibration center as 0.0517 cm?. The EQE
spectra were performed in ambient air, using a QE-R system
(EnliTech).
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Certification of PSCs

The PSCs were sent to the National PV Industry Measurement
and Testing Center in Fujian, China, for independent certifica-
tion. The PSCs were stored in a nitrogen-filled environment
and kept in a dark container to prevent ambient light exposure.
A mask with an aperture area of 0.0517 cm? was used during
measurement.

Stability testing

For the ISOS-L-2 operating stability tests, the Bi/Cu electrodes
(20/150 nm) used in the devices for stability testing were depos-
ited via thermal evaporation at controlled rates of 0.1 As ' forBi
and 0.1-0.5 A s~ for Cu. The operational stability of the encap-
sulated devices was evaluated using a commercial multichannel
stability testing system (Wuhan 91PVKSolar), operating in MPPT
mode at a temperature of 65°C. The encapsulation of the devices
was performed following the methodology described in a previ-
ous report.**° For ISOS-D-2I thermal stability tests, the unen-
capsulated devices were heated at 85°C in nitrogen.

Other characterization

The top-view SEM images were measured by Zeiss mini500
field-emission SEM. XRD was obtained by a Rigaku SmartLab
diffractometer (Cu Ka radiation, A = 1.5406 A) at 40 kV and
200 mA. AFM and KPFM were conducted using Bruker equip-
ment. The CPD was calculated by the following formula:
CPD = 'M"%Me/”"’ The UV-vis absorption spectra were taken
with a Shimadzu UV-1750 spectrophotometer. XPS and UPS
data were collected by using Thermo Fisher Scientific
ESCALAB Xi*. The steady-state photoluminescence (SSPL)
spectra were performed using a fluorescence spectrophotom-
eter (SP-2300, Princeton Instruments) with an excitation wave-
length of 600 nm. TRPL spectra were conducted on a streak
camera system (C10910, HAMAMATSU). For both measure-
ments, the films were deposited on quartz substrates. fs-TA
spectra were measured with a Helios Ultrafast Systems LLC
TA spectrometer. The pump pulse was generated with a collinear
optical parametric amplifier (OPerA Solo, Coherent), which was
pumped by 800 nm fundamental pulses (150 fs, 1 kHz). The laser
pulses at 400 nm were generated by using BBO (3-BaB,O,) crys-
tals. TOF-SIMS was measured with the TOF-SIMS 5-100 instru-
ment. Mott-Schottky plots measurements were carried out using
an electrochemical workstation in impedance-potential mode.
The space charge limited current (SCLC) measurements were
conducted with a structure of ITO/SAM/perovskite/spiro-
OMeTAD/Ag in the dark. The FTIR spectra of powders and
perovskite films were obtained using Bruker (TENSOR Il) equip-
ment. External electroluminescence quantum efficiency (EQEg,)
measurement was recorded with a spectrometer (Ocean Optics
USB2000+) with a step of 0.05 V.

Theoretical calculation

DFT calculations are performed using the Vienna Ab Initio Simula-
tion Packages (VASP) with the generalized gradient approximation
(GGA) proposed by Perdew-Burke-Ernzerhof (PBE).*” The struc-
ture relaxations are carried out with 450 eV plane-wave cutoff,
and the van der Waals force correction is considered with the

¢? CellPress

DFT-D3 method of Grimme.*® The Brillouin zone integration
was sampled following a gamma-centered Monkhorst-Pack
scheme,” using 1 x 1 x 1 k-point grids for ionic optimization
and 3 x 3 x 3 k-point grids for the density of state. The self-consis-
tent total-energy difference and the convergence criterion for
forces on atoms are setto 10~* eV and 0.01 eV A", respectively.
We used a vacuum over 15 A to adequately separate images along
the surface normal direction. Electrostatic surface potential (ESP)
and electric dipole moment (EDM) analyses were performed. Geo-
metric optimization was carried out by utilizing the Gaussian 09
package using the PBEO density functional along with the
B3LYP/6-31G(d) basis set.
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