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Addressing the stability challenges induced by the chemical interactions
between metal electrodes and perovskite components is essential for high-
performance perovskite solar cells (PSCs). Herein, we design a bilayer multi-
functional polymer buffer composed of polyethyleneimine (PEI) and 2-((2-
methyl-3-(2-((2-methylbutanoyl)oxy)ethoxy)-3-oxopropyl)thio)-3-(methyl-
thio)succinic acid (PDMEA), inserting into the interface of metal electrode/
transporting layer. This buffer mitigates metal atom diffusion by forming
thioether-metal-carboxyl chelation rings between the metal layer and PDMEA.
Additionally, it facilitates efficient electron transport and suppresses inter-
facial recombination through an in-situ cross-linking between the carboxyl
groups of PDMEA and the amine groups of PEl based on Lewis acid-base
reaction. Consequently, this design effectively reduces undesirable metal/ion
interdiffusion during device fabrication and operation. The resulting PSCs
with the PEI/PDMEA buffer achieve certified power conversion efficiencies
(PCEs) of 26.46% (0.1 cm?) and 24.70% (1.01 cm?), demonstrating

enhanced thermal and operational stability. We anticipate that this buffer
design strategy, which forms bilayer polymer buffers via cross-linking of
polymers with distinct functionalities, will inspire the rational design of robust
buffers for highly efficient and stable PSCs and other electronic devices.

Halide perovskite solar cells (PSCs) have emerged as a highly promis-
ing next-generation photovoltaic technology, distinguished by their
optoelectronic  properties and cost-effective manufacturing
processes'™. Single-junction PSCs have achieved a certified power
conversion efficiency (PCE) exceeding 26%, representing a significant

milestone in the development of this technology’. However, to achieve
widespread commercial viability, ensuring long-term stability under
diverse environmental stressors remains critical®’. Recent research has
predominantly focused on optimizing perovskite materials and refin-
ing the interfaces between the perovskite layer and charge
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transporting layers (CTLs) to enhance operational stability® ™. Despite
substantial progress, PSCs continue to face a formidable challenge:
irreversible degradation caused by the chemical interaction between
metal electrodes and perovskite components”™. The intricate
dynamics manifest on two fronts. Firstly, metal atoms cause surface
damage to the perovskite active layer during electrode deposition
processes such as thermal or E-beam evaporation due to their high-
energy states at elevated temperatures”. These atoms can subse-
quently migrate within the PSCs under the influence of heat and/or
light activation'®. Secondly, volatile halide anions from the perovskite
material concurrently diffuse towards commonly employed metal
electrodes (Au, Ag, and Cu), leading to metal corrosion and inducing a
halide deficiency in the perovskite layer'”%., This diffusion may result in
the formation of insulating metal halide species or defect states at the
perovskite interface or within the bulk’*”. To address these chal-
lenges, introducing a buffer layer between the metal electrode and
charge transport layers (CTLs) is an effective strategy. An ideal buffer
should satisfy the following criteria: (1) intrinsic stability under realistic
operational conditions of PSCs, including high temperatures, pro-
longed light exposure, and humidity; (2) a dense film free of pinholes;
(3) strong adhesion with both the metal electrode and neighboring
layers; (4) ohmic contact and efficient charge transport through the
electrode/CTL interface; (5) mitigation of charge recombination at the
electrode/CTL interface. In p-i-n inverted PSCs, bathocuproine (BCP)
and SnO, are widely used buffers for achieving high-efficiency devices.
Nevertheless, BCP is a small molecule that exhibits instability at high
temperatures, allowing metal atoms and ions to readily penetrate it,
leading to the degradation of PSCs***. SnO, buffer layers are thermally
stable; however, their deposition via atomic layer deposition (ALD) is

time-consuming and not cost-effective, making them unsuitable for
large-scale fabrication. To date, various diffusion barriers have been
developed, including carbon quantum dots', bismuth interlayers?,
ytterbium oxide”, and organic corrosion inhibitors such as
benzotriazole®. While these barriers effectively prevent the undesired
diffusion of ions or metals during operation, they do not adequately
balance charge transport and interfacial recombination in PSCs. Con-
sequently, the search for a universally applicable chemical strategy to
enhance stability by mitigating surface damage during device fabri-
cation and preventing metal/ion interdiffusion during device opera-
tion, while maintaining high efficiency, remains an ongoing challenge
critical to the commercialization of PSCs.

In this study, we introduce a bilayer polymer consisting of poly-
ethyleneimine (PEI) and 2-((2-methyl-3-(2-((2-methylbutanoyl)oxy)
ethoxy)-3-oxopropyl)thio)-3-(methylthio)succinic acid (PDMEA),
which is inserted between the electron transport layer (ETL) and the
electrode. The synthesis of PDMEA involves thiol-ene polymerization,
utilizing dimercaptosuccinic acid (DMSA), which contains thioether
and carboxyl groups, as the thiol component”?’, and ethylene dime-
thacrylate (EGDMA), an economically viable ene agent, to complete
the polymerization process (Fig. 1a, and Supplementary Fig. 1)*°. The
thioether and carboxyl groups in PDMEA coordinate with metals,
forming chelated rings that effectively inhibit metal diffusion. The
abundance of carboxyl groups in PDMEA facilitates cross-linking with
the amine groups on the PEl interfacial layer through Lewis acid-base
interactions, enhancing charge transport efficiency and reducing
charge recombination at the interface. The in-situ cross-linking reac-
tion between PDMEA and PEl results in a network polymer that acts as a
robust buffer, protecting the perovskite layer from undesirable ion
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Fig. 1| Molecular structure of PDMEA and interaction mechanism of PDMEA
with PEI and Ag layers. a Schematic illustration of p-i-n PSC and molecular
mechanism. b Photographs of PEl, PDMEA and PEI + PDMEA solutions respectively.

¢ FTIR spectra of the PEI, PDMEA and PEI + PDMEA solutions respectively. d FTIR
spectra of the PDMEA and Ag/PDMEA films respectively. e, fAg 3 d (e) and S 2p (f)
XPS spectra of the Ag and Ag/PDMEA films.
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diffusion. This collaborative effort leads to a significant improvement
in device stability under both thermal and continuous illumination
conditions. The devices incorporating PEI/PDMEA-based buffer layers
exhibit PCEs of 26.54% (certified at 26.46%) and 24.86% (certified at
24.70%) for aperture areas of 0.1cm? and 1.01 cm?, respectively. PSCs
equipped with PEI/PDMEA buffers retain over 90% of their initial effi-
ciency after 2000 h at 85 °C and maintain 95.5% of their original effi-
ciency after maximum power point tracking (MPPT) for 1010 h under 1
sun illumination at 65°C. Furthermore, the versatility of the PEI/
PDMEA buffer has been demonstrated in high-efficiency PSCs with
various bandgaps, achieving champion PCEs of 19.26%, 26.54%, and
22.08% for absorbers with bandgaps of 1.75eV, 1.53 eV, and 1.25eV,
respectively.

Results

Chemical design of bilayer polymer buffer PEI/PDMEA

We commence our design by initially selecting the PDMEA polymer to
inhibit metal electrode diffusion, owing to its ability to capture heavy
metals”’*%, Subsequently, we test the performance of PSCs based on
the PDMEA buffer and compare it to the efficiency of devices based on
the prevalently utilized BCP buffer. Here, we employ a Csg osFAg.9sPbls
perovskite as the light-absorbing material and construct PSCs in a p-i-n
inverted configuration: glass/ITO/SAMs/perovskite/PCBM/buffer/Ag.
The transparent conducting electrode utilizes tin-doped indium
oxide (ITO), while the self-assembled monolayer (SAM) is 4-(7H-
dibenzo[c,g]carbazol-7-yl)butyl)phosphonic acid (4PADCB). The [6,6]-
phenyl-C4;-butyric acid methyl ester (PCBM) serves as the electron
transporting layer (ETL). BCP or PDMEA is used as a buffer between the
ETL and the electrode. The results indicate that compared with the
devices based on the BCP buffer, the devices with the PDMEA buffer
exhibit a 40 mV loss in open circuit voltage (Vo) (averagely from
1161V to 1.123 V), suggesting an increased interfacial recombination at
the ETL/metal electrode interface (Supplementary Fig. 2 and Supple-
mentary Table 1). Similar short circuit current (/sc) is observed, indi-
cating benign carrier transport through the interface for both buffers.
Hence, it is necessary to search for an interfacial material to address
the severe interfacial recombination caused by the PDMEA buffer.
Previously, PEI was utilized as an effective interfacial layer at the ETL/
electrode interface to enhance the efficiency and stability of PSCs* ™,
We hypothesize that the abundant amine groups of PEI are prone to
cross-link with the carboxyl groups of PDMEA via Lewis acid-base
reaction, forming a network polymer that serves as a robust buffer.
Supplementary Fig. 2, 3 and Supplementary Table 1, 2 respectively
present the device performance based on BCP, PEl, PDMEA and bilayer
PEI/PDMEA buffer. Compared with BCP, PEI, and PDMEA buffer alone,
the bilayer PEI/PDMEA buffer attains significantly enhanced V¢ and a
slightly increased Js¢ and FF. The results suggest that the bilayer PEI/
PDMEA buffers alleviate the interfacial recombination problems of PEI
and PDMEA when used independently and facilitate better charge
transport through the interface. Given the efficiency achieved by the
bilayer PEI/PDMEA buffer, in the subsequent sections, we will con-
centrate on comparing BCP and PEI/PDMEA buffer in terms of device
efficiency and stability, as well as interfacial transport and recombi-
nation, with the aim of exploring the underlying mechanism of the
bilayer buffer.

The detailed PDMEA synthesis process is described in Supple-
mentary Fig. 1, with the reaction pathway and NMR results shown in
Fig. 1a and Supplementary Fig. 4. The smooth charge transfer
through the ETL/Ag interface is achieved by in-situ Lewis acid-base
reactions between PDMEA and PEl, forming a cross-linked polymer
(Fig. 1a). The validation of this reaction involves the analysis of a
liquid reactant mixture containing PDMEA and PEI using Fourier
Transform Infrared Spectroscopy (FTIR), characterizing the resulting
solid adduct PDMEA-PEI (Fig. 1b, ¢, Supplementary Fig. 5). The FTIR
spectra unveil noteworthy changes in the reactant structure. A higher

wavenumber at 1734 cm™ for the PDMEA-PEI adduct than the bare
PDMEA at 1704 cm™ which contributed to vibration band of the
carboxyl group (vc-o) is observed. The blue-shift of the C=0 fre-
quency is a result of the reaction between PDMEA and PEI through
carboxylic group and amine groups. Additionally, the pristine PEI
spectrum exhibits a characteristic absorption at 1624 cm™!, attrib-
uted to N-H bending vibrations in primary amine (-NH.) groups,
accompanied by a minor feature at 1592 cm™! that will be subse-
quently analyzed. Upon PDMEA incorporation, complete suppres-
sion of the 1624 cm™ signal occurs concurrently with significant
intensification of the 1592 cm™! band. This spectral evolution aligns
with the proposed Lewis acid-base interaction mechanism (Fig. 1a),
where nucleophilic amine (-NH2) groups from PEI react with carboxyl
(-COOH) groups in PDMEA to generate ammonium (-NH3") and car-
boxylate (-COO") species. The observed feature at 1592 cm™! falls
within the characteristic 1600-1575cm-! range for N-H bending
vibrations in ammonium groups, confirming successful protonation
of the amine groups. The weak 1592 cm™! signal in pure PEI samples
likely originates from ambient moisture-induced partial protonation
during atmospheric measurement, consistent with PEl's known
hygroscopic nature. Collectively, the FTIR spectral (Fig. 1c) provide
direct evidence of -NH, to -NH3* conversion, demonstrating effective
in situ Lewis acid-base coordination between PEI and PDMEA com-
ponents. This in-situ reaction not only strengthens the bottom-up
contact through chemical interaction but also functions as a barrier
that effectively suppresses the physical diffusion of metal.

The bi-functional groups in PDMEA, including thioether and
carboxyl groups, enable chemical coordination with the silver elec-
trode. FTIR spectra were utilized to discern the chemical states of the
active adsorbing sites on PDMEA before and after coordination with
silver. Figure 1d shows a red shift (1704 cm™ to 1684 cm™) in the
absorption peak assigned to the stretching vibration of -C=0 bonds
in the COO" groups of the pure PDMEA, indicating strong interactions
between metal ions and the carboxyl groups on PDMEA. From the Ag
3d XPS spectra in Fig. 1le, we observed that the Ag 3d5,, and Ag 3ds),
peaks in the bare Ag film appear at 368.4 and 374.4 eV, respectively,
while in the Ag-PDMEA film, the Ag 3d;, (368.8eV) and Ag 3ds/,
(374.8 eV) peaks shift toward higher binding energy, indicating the
chemical coordination between PDEMA and Ag. To comprehensively
understand the chemical state of thioether groups bonded, Fig. 1f
illustrates the XPS spectra of S 2p regions before and after coordi-
nation with Ag. In the PDMEA before coordination, peaks at a binding
energy of 163.4 eV (S 2p5,,) and 164.6 eV (S2p;,) are attributed to C-S-
C bonds. After post-coordination with Ag, these peaks partly shift to
163.8 eV (S 2ps/,) and 165.0 eV (S2p,/,), respectively. Such an appar-
ent binding energy shift indicates a pronounced interaction between
thioether groups and Ag. According to FTIR and XPS results, the
evidence of the obvious interactions between thioether, carboxyl
groups and Ag, indicates the formation of chelated rings as sche-
matically shown in Fig. 1a, agreeing well with previous reports®.
Further comparative analysis of binding energies of BCP and PDMEA
molecules was conducted on Pbl,-terminated FAPbI; perovskite and
metallic silver surfaces through density functional theory (DFT) cal-
culations (Supplementary Fig. 6). Both compounds demonstrate
binding affinities to the Pbl,-terminated FAPbI; surface, with com-
puted binding energies of -0.88 eV for BCP and -1.55 eV for PDMEA
(Supplementary Fig. 6a, b, e). This reveals that PDMEA exhibits
approximately twice the Pb2* binding strength compared to BCP.
Notably divergent behavior is observed on silver surfaces, where
PDMEA displays a significantly stronger interaction (-2.19 eV) with
Ag atoms compared to the BCP-Ag system, which shows a positive
binding energy of +0.21 eV (Supplementary Fig. 6¢, d, e), indicative of
thermodynamic instability. These computational findings corrobo-
rate previous FTIR and XPS analyses, confirming PDMEA’s chelation
capability with both Pb2* cations and silver atoms relative to BCP.
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The enhanced binding characteristics of PDMEA are attributed to its
optimized molecular structure for multidentate coordination with
metal centers.

Further discussion will follow on how the PEI/PDMEA buffer
effectively prevents metal diffusion in devices, elucidating its dual
functionality as a protective layer during evaporation and a barrier
against metal/ion diffusion during aging, contributing to the heigh-
tened performance and long-term reliability of the integrated system.

Mitigation of thermal damage during evaporation and metal/
ion interdiffusion during aging

Concerns arose with the use of physical vapor deposition (PVD)
methods directly depositing metal electrodes onto the semi-device.
This posed a hidden risk for subsequent metal electrode penetration
and thermal damage of perovskite surface. The PVD processes gen-
erated high-energy metal atoms, capable of penetrating many tens of
nanometers into the fullerene layer'®**3¢, The high energy release leads
to damage of the perovskite surface, including component escape and
the introduction of defects that adversely affect device efficiency and
stability (Fig. 2a)"*"3,

To investigate the effect of electrode thermal evaporation, we
conducted XPS, UV-vis and PL measurements on the perovskite. Prior
to experimental measurements, the Ag film was removed with tape,
and the buffer layers were rinsed with isopropanol (IPA, for BCP
removal) or ethyl alcohol (EA, for PEI/PDMEA removal), and the ETL
was removed by chlorobenzene (CB), exposing the bare perovskite
surface. The component escape or diffusion from the perovskite sur-
face was evident in XPS measurements, where the intensity of N 1sand |
3d peaks decreased in the BCP based device after thermal evaporation
(Fig. 2b). In contrast, devices with PEI/PDMEA buffer retain almost the
same intensity of N 1s and 1 3d peaks, indicating the effective role of the
buffer in mitigating the component escape during electrode eva-
poration (Fig. 2c). Note that the intensity of N 1s and I 3d was calibrated
by C 1s peak intensity to minimize the impact of instrument-dependent
signal intensity or other test conditions (Supplementary Fig. 7). To
further assess thermal damage, UV-vis and PL measurements were
employed (Fig. 2d, e). Results show that the BCP based device has a
slight decrease in the absorbance and an obvious loss of PL intensity,
indicating an increase of surface defects and recombination. Addi-
tional proofs on surface damage of perovskite in BCP based devices
during evaporation can be seen in Supplementary Figs. 8, 9 and 10,
which show the Ag penetration into PCBM layer (Supplementary Fig. 8)
and the high energy release causes the right shift of (100) peak in XRD
spectra (Supplementary Fig. 9) and TRPL lifetime decrease (Supple-
mentary Fig. 11). Such effects are likely due to crystal lattice shrinkage
and surface defects increase originated from the surface component
escape or diffusion confirmed by XPS (Fig. 2b), Grazing Incidence
X-Ray Diffraction (GIXRD) (Supplementary Fig. 12), and AFM-IR mea-
surements (Supplementary Fig. 10). Nevertheless, devices with PEI/
PDMEA buffer after thermal evaporation exhibit nearly unchanged
intensity in UV-vis curves and a minor difference in PL intensity as the
devices before thermal evaporation, effectively curtailing surface
damage of the perovskite layers, preventing the formation of defects
and associated defect-induced gap-states®. It should be noted that,
although high-vacuum conditions also lead to surface damage of the
perovskite layer, the damage brought by the high-vacuum thermal
evaporation process is much more severe (Supplementary Fig. 13).

Preserving the integrity of the electrode against corrosion in a
halogen-rich environment is imperative for the operational longevity
of PSCs. The heightened susceptibility to light or thermal stress
expedites the breakdown of lead-halide bonds, leading to the release
of mobile halides within the perovskite layer®. The diffusion of these
mobile halides outward poses a threat to the devices, particularly the
Ag electrode, ultimately resulting in irreversible decomposition of the
device.

The strong chemical or coordinated bond between PDMEA-PEI
and PDMEA-Ag serves as a protective layer that inhibits metal/ion
interdiffusion, significantly enhancing the corrosion resistance of the
Ag electrode and perovskite layer. Previous reports have shown that
the outward diffusion of iodide species migrate or diffuse through
perovskite films and ETLs, eventually react with the metal electrodes
and corroding them (forming Al,, A =metal) under thermal or illumi-
nated stress?. In our experiments, we prepared devices with the fol-
lowing structure: ITO/SAMs/perovskite/PCBM/buffer/Ag (15 nm),
where the buffer is BCP or PEI/PDMEA. The samples were aged at 85 °C
in the glove box for 500 h. The aging effect is checked by peeling off
the Ag film and removing the buffers from the devices by IPA (removal
of BCP) or by EA rinse (removal of PEI/PDMEA). SEM on the Ag film
bottom shows pinholes in BCP based samples and dense morphology
for PEI/PDMEA based samples (Fig. 2g), and EDS mapping of the
exposed PCBM surface indicates a large amount of Ag in BCP based
devices while negligible amount of Ag is observed in PEI/PDMEA
samples (Fig. 2h). It is worth noting that samples with PEI alone were
also examined by SEM and EDS mapping (Supplementary Figs. 14, 15),
which shows similar results as those of devices with BCP. These find-
ings suggest that the PEI/PDMEA buffer, formed through in-situ cross-
linking, is more effective than both BCP and PEI in mitigating Ag dif-
fusion. Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
was performed to further track the metal/ion diffusion within the
devices. From Fig. 2i, we can clearly observe that the Ag and I ions in
the aged BCP based device have migrated through the entire device,
while the diffusion of these ions is largely blocked by the PEI/PDMEA
buffer in the aged PEI/PDMEA device (Fig. 2j). Further removal of PCBM
layer exposed the perovskite surface. XPS spectra were conducted and
Pb° peak with a higher intensity in the BCP based one than that in the
aged PEI/PDMEA based device was detected. This implies reduced
deep defects in the latter (Supplementary Fig. 16)*°. The schematic
diagrams of metal/ion interdiffusion during aging with BCP or PEl/
PDMEA buffer are present in Fig. 2f %, The suppressed metal/ion
migration, combined with reduced chemical reaction at the electrode
surface and perovskite/ETL heterojunctions, contributes to the
improved stability of PEI/PDMEA based PSCs.

Carrier transport and recombination of devices with buffers

As mentioned in the introduction, buffers are essential for ensuring
benign carrier transport and mitigating carrier recombination at the
interfaces, which is critical for maintaining high efficiency of PSCs.
Figures 3a, b show that PEI/PDMEA buffer layer exhibits a higher
conductivity and mobility than those of BCP film, indicating better
carrier transport through ETL/Ag interface**>. This enhanced carrier
transport of PEI/PDMEA buffer is also confirmed by C-AFM measure-
ments (Supplementary Fig. 17). Moreover, TPC decay curves demon-
strate a shorter photocurrent decay time in PEI/PDMEA based device
compared with BCP based device (Fig. 3c and Supplementary Table 3),
agreeing well with the enhanced carrier transport in the device with
PEI/PDMEA buffer. Dark IV curves show the decreased reverse
saturation current of PEI/PDMEA based device compared with BCP
based PSCs, suggesting reduced carrier recombination in the interface
(Fig. 3d). Built-in voltage (V,,;) can be obtained from Mott-Schottky
curves, which shows that V;; of PEI/PDMEA based device is 1.135V,
larger than 1.102 V of BCP based one, implying PEI/PDMEA buffer is
beneficial for charge separation and collection (Fig. 3e), which is
consistent with the ultraviolet photoelectron spectroscopy (UPS)
results (Supplementary Fig. 18). Finally, TPV results show a longer
photovoltage decay time in PEI/PDMEA based device compared to the
device with BCP, indicating reduced carrier recombination (Fig. 3f and
Supplementary Table 4), consistent with the dark IV measurements.
The enhanced carrier transport and reduced carrier recombination of
PEI/PDMEA buffer contribute to the performance improvement of
PSCs, as will be discussed in the following section.
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Fig. 3 | Electrical characterization of devices with buffers. a Conductivity mea-
surement of BCP and PEI/PDMEA films. b Electron mobility for BCP and PEI/PDMEA
films applying space charge-limited current (SCLC) method. The electron-only
device structure is ITO/SnO,/BCP or PEI/PDMEA/PCBM/Au. ¢ Transient photo-
current (TPC) decay characteristics of the BCP and PEI/PDMEA based devices,
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respectively. d dark J-V curves of the BCP and PEI/PDMEA based PSCs, respectively.
e Mott-Schottky curves of the BCP and PEI/PDMEA based PSCs, respectively.

f Transient photovoltage (TPV) decay characteristics of the BCP and PEI/PDMEA
based devices, respectively.

Performance and Stability of PSCs with buffers

Integral devices were assembled to investigate the influence of PEI/
PDMEA buffer on device performance and stability. The device struc-
tures are ITO/HTL/perovskite/ETL/BCP/Ag and ITO/HTL/perovskite/
ETL/PEI/PDMEA/Ag, respectively. Given that PDMEA is deposited by
spin-coating, variations in PDMEA concentration (thickness) may
impact device performance. Therefore, our initial investigation focu-
ses on assessing the effect of PDMEA concentration on device per-
formance. Supplementary Fig. 19 presents the photovoltaic parameter
distribution of PSCs with different PDMEA concentrations (0.5, 1,
1.5 mgmL™). Detailed photovoltaic parameters can be found in Sup-
plementary Table 5. It is observed that the best parameters in the PEI/
PDMEA devices appear at the concentration of 0.5 mg mL™. However,
with further increases in concentration, the fill factor (FF) decreases
significantly, which correlates with a loss in Jsc. This is also consistent
with the IV results of 1cm? PSCs with various concentration of PDMEA
(Supplementary Fig. 20 and Supplementary Table 6). We propose that
at heavy concentration, the increased thickness of the insulating
polymer hinders charge transport from the ETL to the electrode due to
increased series resistance. We have further investigated the PEI con-
centration variations with PDMEA fixed to the optimized concentra-
tion of 0.5 mgmL™. Results show that the best concentration for the
PEI/PDMEA bilayer buffer is 0.5mgmL™ for both PEI and PDMEA
(Supplementary Fig. 21a). Additionally, the thickness of the PEI/PDMEA
buffer is estimated to be around 4.5 nm by atomic force microscopy
(AFM)(Supplementary Fig. 21b). Figure 4a, b presents the typical IV
curves and statistical photovoltaic parameters of PSCs with BCP and
PEI/PDMEA buffers, respectively. Detailed photovoltaic parameters
can be seen in Supplementary Table 2 and Supplementary Figs. 2, 3. It
clearly demonstrates that the PSCs with PEI/PDMEA buffer can achieve
higher Voc and FF and ultimately higher efficiency than the BCP based
device, agreeing well with the reduced carrier recombination con-
firmed by dark IV and TPV results. Notably, a slight increase in average
Jsc of PSCs with PEI/PDMEA buffer compared to device with BCP buffer
can be seen from Fig. 4b and Supplementary Table 1, consistent with

the enhanced carrier transport proved previously. PSCs with PEI layers
alone were also fabricated and IV measurements were performed, as is
shown in Supplementary Figs. 2, 3. Results indicate that PSCs with PEI
buffer have similar photovoltaic parameters with those of BCP based
devices and are inferior to PEI/PDMEA based PSCs, confirming the
enhanced performance of cross-linked PEI/PDMEA buffer.

Devices applying PEI/PDMEA buffer show a champion PCE up to
26.54 % (Jsc of 26.49 mA cm2, Vo of 1.186 V, and FF of 84.49%) and a
champion PCE of 24.86 % (Jsc of 25.74 mA cm?, Vo 0f 1182V, and FF of
81.7%) for an aperture area of 0.1 cm? and 1.01 cm?, respectively (Fig. 4a,
Supplementary Fig. 20, Supplementary Table 2, 6), which are among
the best performing PSCs in literature (Supplementary Fig. 22 and
Supplementary Table 10). To the best of our knowledge, these effi-
ciencies are the best for PSCs with various buffers, apart from those
with traditional BCP and SnO, buffers (Supplementary Table 11). The
Jsc of IV measurements (Fig. 4a) are consistent with the integrated Jsc
extracted from incident photon-to-electron conversion efficiency
(IPCE) spectra (Fig. 4c). The certification by an independently accre-
dited testing center, gives PCEs of 26.46% and 24.7% for PEI/PDMEA
based PSCs with an aperture area of 0.1 cm? and 1.01 cm?, respectively
(Fig. 4d, Supplementary Figs. 23, 24 and Supplementary Table 7). Our
experiments further validate the universality of the PEI/PDMEA buffer
in p-i-n PSCs with perovskite absorbers of various bandgaps, achieving
champion PCEs of 19.26%, 26.54% and 22.08% for absorbers with
bandgaps of 1.75eV, 1.53eV and 1.25eV, respectively (Fig. 4e and
Supplementary Fig. 25). Detailed parameters are present in Supple-
mentary Table 8 and Supplementary Table 9, which are among the
state-of-the art efficiencies for those bandgaps. In addition, the uni-
versal application of the PEI/PDMEA bilayer polymer buffer with dif-
ferent electrode materials, i.e.,, Au, Cu, and Ag is also performed
(Supplementary Fig. 26), demonstrating that the devices based on PEI/
PDMEA bilayer buffer achieve higher performance than those based on
BCP buffer when using the same electrode.

To verify the feasibility of using PEI/PDMEA buffer in enhancing
device stability, we conducted a comprehensive study on the PSCs
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Fig. 4 | Photovoltaic performance and stability of PSCs with buffers. a/-V curves
of the BCP and PEI/PDMEA-based device. b The PV parameters statistic of BCP and
PEI/PDMEA devices. The boxes show the 25th and 75th percentiles, and the whis-
kers display the 5th and 95th percentiles. The median and mean are indicated by
the dividing lines across the boxes and the open square symbols, respectively. The
maximum and minimum values are represented by the cross symbols. ¢ IPCE

spectra of BCP and PEI/PDMEA PSCs. d /-V curve of the certified PEI/PDMEA-based

device with an active area of 1.01c¢m? and the inset shows a photograph of the

device. e /- V characteristics of the p-i-n PSCs with absorbers of various bandgaps
applying PEI/PDMEA buffer. f Thermal stability during storage at 85 °C for 2000 h
following ISOS-D-2I protocol. Four samples were applied for BCP and PEI/PDMEA
groups, respectively, and the data is plotted with standard deviations (SD). g MPP
tracking of encapsulated BCP and PEI/PDMEA devices under simulated 1-sun illu-
mination at 50% relative humidity (RH) and 65 °C following ISOS-L-3 protocol.

under thermal and continuous illuminated stress conditions. We found
that after 2000 h of thermal aging at 85 °C in nitrogen (following ISOS-
D-2I protocol, where ISOS refers to the International Summit on
Organic PV Stability), the PEI/PDMEA based devices retained 90% of
the initial PCE, while the control device quickly reduced to 73.8% of its
initial efficiency (Fig. 4f). To further evaluate operational stability, we
conducted ISOS-L-3 testing. Encapsulated devices were subjected to
MPPT under continuous 1-sun equivalent illumination using an
ultraviolet-free white light-emitting diode (LED) light source, at 50 + 5%
relative humidity and a temperature of 60 + 5 °C (Fig. 4g). PEI/PDMEA
based PSCs maintained 95.5% of the initial value after aging for 1010 h,
whereas the control device kept only 60% of its initial PCE.

Beyond its critical role in enhancing the efficiency and stability of
PSCs, the PEI/PDMEA buffer also demonstrates a significant capacity to
coordinate with heavy metals, such as lead, effectively inhibiting lead
leakage from damaged PSCs. Experiments confirmed that most of the
Pb* ions from degraded devices could effectively be trapped by the
chelation between Pb and PDMEA polymer (Supplementary Fig. 27).
While there is room for further optimization of the Pb®* trapping
process, our findings present a promising strategy to simultaneously
enhance the long-term operational stability of PSCs and mitigate Pb%*
leakage into the environment, supporting clean energy applications.
Additionally, we also tried to prepare the mixture PEI@PDMEA buffer
by mixing PEI and PDMEA. Results show that the mixture buffer can
increase the efficiency and stability of PSCs (Supplementary Fig. 28),
but bilayer PEI/PDMEA buffer is more effective, most probably due to

the distinct function that PDMEA forms chelation with Ag and PEI acts
as a suitable interfacial layer.

As outlined in the manuscript introduction, optimal bilayer buf-
fers interposed between electrodes and charge transport layers must
fulfill five critical requirements. Based on these criteria, we propose the
following design principles for bilayer buffer systems in PSCs:

(1). Electrode/upper layer: the upper buffer layer must demonstrate
strong interfacial coupling with metallic electrodes, preferably
through covalent bond formation, to ensure low contact resis-
tance and interfacial stability.

ETL/lower layer: the lower buffer layer should serve as an
effective defect-passivation interface between the upper buffer
and ETL, simultaneously suppressing non-radiative recombina-
tion losses while maintaining energy level alignment.

Upper layer/lower layer coupling: the lower layer must establish
robust chemical/electronic interactions with the upper buffer
layer to facilitate favorable charge carrier transport across the
bilayer interface.

Operational stability: the composite bilayer architecture
requires thermal/photo-stability under device operational
conditions.

).

(3).

).

These synergistic design principles emphasize the necessity of
tailored chemical interactions, defect management, and thermal/
photo-stability in developing high-performance buffer systems for
next-generation PSCs. The hierarchical structure addresses both
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interfacial recombination and carrier transport challenges inherent to
perovskite photovoltaic devices.

Discussion

In summary, we have successfully developed a multifunctional PEI/
PDMEA buffer layer for inverted PSCs. The thioether and carboxyl
groups of PDMEA cooperatively coordinate with metal atom to form
chelated rings, effectively immobilizing them. The cross-linking net-
work of bilayer PEI/PDMEA buffer significantly inhibits the interdiffu-
sion of metal/ions (Ag, 1) and prevents the leakage of toxic heavy
metals (Pb). PSCs incorporating the PEI/PDMEA buffer achieve certi-
fied PCEs of 26.46% and 24.7% for aperture areas of 0.lcm? and
1.01 cm?, respectively. These devices maintain over 90% of their initial
efficiency after 2000 h at 85 °C and retain 95.5% of their original effi-
ciency after MPPT for 1010 h under one-sun illumination at 65°C.
Furthermore, the PEI/PDMEA polymer is versatile and applicable to
PSCs with various bandgaps, achieving champion PCEs of 19.26%,
26.54%, and 22.08% for 1.75eV, 1.53 eV, and 1.25 eV perovskite absor-
bers, respectively. This demonstrates the universal applicability of the
bilayer polymer buffer in enhancing the efficiency of PSCs. The buffer
strategy, which involves in-situ cross-linking of polymers with distinct
functionalities via Lewis acid-base reactions, may inspire the chemical
design of robust buffers for interfacial stability and benign electronic
properties in PSCs and other electronic devices.

Methods

Materials

Dimethyl formamide (DMF, 99.8%), dimethyl sulfoxide (DMSO, 99.8%),
chlorobenzene (CB, 99.8%), and tetrahydrofuran (THF, 99.8%) were
purchased from Acros. Lead iodide (Pbl,, 99.99%), cesium iodide (Csl,
99.99%), bathocuproine (BCP) and [2-(9H-Carbazol-9-yl) ethyl] (4-(7H-
dibenzo[c,g]carbazol-7-yl)butyl)phosphonic acid (4PADCB) were pur-
chased from TCI. Poly ethylenimine (PEl, Mw 25000) was purchased
from Sigma-Aldrich. Formamidinium iodide (FAI) was purchased from
Greatcell Solar Materials. PC;BM was purchased from Xi’an Yuri Solar
Co., Ltd. Indium tin oxide (ITO) (transmission>95%) substrates were
purchased from Yingkou OPV Tech Co., Ltd. Dimercaptosuccinic acid
(DMSA, 98%) was purchased from Energy Chemical Co., Ltd (China). 2,
2-dimethoxy-2-phenylacetophenone (DMPA, 99%) and ethylene
dimethacrylate (EGDMA) were bought from Aladdin Chemical Co., Ltd.
(China). Ag (99.999%) was purchased from ZhongNuo Advanced
Material (Beijing) Technology Co. Ltd. All the materials were used as
received unless specified.

Preparation of precursors

For the normal bandgap perovskite (Eg=1.53 €V): L5 M FAq05Cs.0sPbl;
normal-bandgap perovskite solution was prepared by dissolving
245.06 mg FAI, 19.50 mg Csl and 691.50 mg Pbl, as additive in DMF/
DMSO solvent (v/v =4:1). The precursor solution was stirred at 60 °C for
1h and then filtered by a 0.22 pm Polytetrafluoroethylene (PTFE)
membrane before use.

For the wide bandgap perovskite (Eg=175eV): 12M
FA0.8Cs02Pb(lp¢Bro4)s wide-bandgap perovskite solution was pre-
pared by dissolving 0.96 mmol FAI, 0.24 mmol Csl, 0.48 mmol Pbl,,
0.72 mmol PbBr, and 0.015 mmol Pb(SCN), in 1 ml DMF: DMSO (3:1/
v:v). The precursor solution was stirred at 60 °C for 1h and then fil-
tered by a 0.22 pm Polytetrafluoroethylene (PTFE) membrane
before use.

For the narrow bandgap perovskite (E;=1.25¢€V): 1.8 M narrow-
bandgap perovskite precursor solution was prepared by dissolving
FA0.6MAg3Cso1Sng sPbg sls was prepared by dissolving 0.18 mmol Csl,
1.08 mmol FAI, 0.54 mmol methylamine iodide, 0.90 mmol Snl,,
0.90 mmol Pbl,, 0.09 mmol SnF, 0.036 mmol NH4SCN and
0.036 mmol of glycine hydrochloride in mixed solvents of 750 pl DMF
and 250 pl DMSO. The precursor solution was then stirred at 60 °C

overnight. The precursor solution was filtered by a 0.22 pym PTFE
membrane before use.

Device fabrication

For the normal bandgap PSCs (Eg=1.53 eV): ITO glass (Universal Laser
Systems, VLS2.30) were patterned by etching with a femtosecond
laser. Then the glass substrates were cleaned by sequential ultra-
sonication in a detergent solution, deionized water, and anhydrous
ethanol. The substrates are dried using N, flow and treated with UV-
Ozone for 30 min in air. SAMs (4PADCB, 0.5 mg mL™ in ethyl alcohol) is
spin-coated on ITO substrate at 3000 r.p.m for 30 s and then annealed
at 100 °C for 10 min. After that, perovskite precursor solution was spin-
coated on SAMs at 2000 rpm for 10 s and 4000 rpm for 40s. The
samples were immediately put on a preheated hot plate and annealed
at 100 °C for 30 min in a nitrogen-filled glove box.

For the wide bandgap PSCs (E;=1.75eV): 4PADCB dissolved in
ethanol (0.5 mg ml™) was filtered before the deposition and then 50 pl
of the solution was dropped onto ITO substrate and spin-coated at
3000 rpm for 30 s, followed by annealing at 100 °C for 10 min. Then,
60 pl of the precursor was dropped on HTLs and quickly spin-coated
through a two-step process—that is, 500 rpm for 2 s and 4000 rpm for
60 s and the antisolvent of 200 pl CB was dripped at 25 s of the second
step. Then the as-prepared perovskite film was annealed at 100 °C for
10 min. For post-treatment passivation, 2-thiopheneethylammonium
chloride dissolved in IPA (2 mg ml™) was spin-coated on the perovskite
surface at 3000 rpm for 30s after the as-prepared perovskite films
were cooled down to room temperature, followed by annealing at
100 °C for 5 min.

For the narrow bandgap PSCs (Eg=1.25eV): PEDOT:PSS films
were coated on the cleaned ITO substrate at 4000 rpm for 50 s
and then dried at 150 °C for 30 min. The NBG perovskite pre-
cursor was spin-coated on ITO/PEDOT:PSS at 1000 rpm for 10 s
with an acceleration of 200rpms™ in the first step and at
4000 rpm for 40s with an acceleration of 1000 rpms™. Then,
400 pl chlorobenzene was dripped onto the surface of the
spinning substrate during the second spin coating step. All per-
ovskite films were annealed at on a 100 °C hotplate for 10 min,
followed by annealing at 65°C for over 10 min. For post-
treatment passivation, 1.0 mg of EDAI, was added to 1mL of
IPA and 1 mL of toluene. The mixed solvent solution was stirred
at 70°C for 3 h and then filtered through a 0.22 pm PTFE filter
before spin coating. 120 puL of the EDAI, solution was applied to
the annealed and cooled perovskite films by spin coating at
4000 rpm for 20 s with an acceleration of 1333 rpms™. Following
spin coating, the films were immediately annealed again at
100 °C for about 5 min.

In the subsequent technological steps, PSCs with three kinds of
bandgaps follow the same processes. PC4;BM solution (20 mg in 1 mL
CB) was spin-coated on top of the perovskite films at a speed of 2000
rpm for 40s. Then we dynamically spin-coated BCP (0.5 mg:mL™ in
IPA) or PEI (0.5 mg:mL™ in IPA) solution onto the surface of PCs;BM
film at a speed of 5,000 rpm for 40s. Afterwards the substrate was
transferred to a vacuum chamber for Ag deposition (100 nm). For the
PSCs with PDMEA, PDMEA solution (0,0.5,1,1.5mg mL™ in ethyl acet-
ate) was spin coated onto PEI film surface at 5000 rpm for 30 s and
then annealed at 75 °C for 10 min.

Measurement and Characterization

J-V measurements were conducted using a Keithley 2400 source
meter. Simulated AM 1.5 G irradiation (100 mW cm™) was produced by
a xenon-lamp-based solar simulator (Oriel 94023 A, Newport). The
light intensity was calibrated by a standard silicon reference cell from
Newport. A voltage scan was measured from 1.2V to O V with a scan-
ning rate of 0.05Vs™, and a voltage step of 10 mV was used. Thermal
stability is recorded by storing the non-encapsulated devices on a hot
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plate setting at 85 °C in the glovebox. The J-V curves are measured after
cooling the PSCs down to room temperature. The operational stability
test was carried out at the MPP for the encapsulated cells under AM 1.5
illumination (100 mW cm™). The cells were tested in a light soaking
chamber, and the surface temperature of cells was controlled to be
60 + 5 °C. The morphologies of PSCs were characterized using an SEM
(Hitachi S-4300) at an accelerating voltage of 3-5kV. The FTIR spectra
were recorded with a VERTEX 70 Infrared Fourier transform micro-
scope (Bruker Co., Germany). XPS spectra were measured by a
Thermo-Fisher ESCALAB 250Xi system with a monochromatized Al Ka
(for XPS mode) under a pressure of 5.0 x 107 Pa. The X-ray diffraction
(XRD) patterns were collected from X-ray diffractometer (D8
Advance). Compositional depth profiling of perovskite solar cells was
carried out using a ToF-SIMS 5 system from IONTOF, operated in the
spectral mode and using a 30-keV Bi** primary ion beam with an ion
current of 0.8 pA. For depth profiling, a 1-keV Cs* sputter beam with a
current of 28 nA was used to remove material layer by layer in inter-
laced mode. The UV-vis spectra were measured by using a SolidSpec-
3700 Ultraviolet-visible near-infrared spectrophotometer. Photo-
luminescence measurements (PL) were conducted using a mercury
lamp (U-LHIOOHG, Olympus) as excitation after passing through a 460
to 490 nm band-pass filter. The excitation intensity under 100x
objective was estimated to be 1.3~13.0 W cm? The signals passed
through a 520 nm long-pass filter before collected by a CCD camera
(Tucsen, TCH-1.4CICE) and a spectrometer (Renishaw inVia). Time-
resolved photoluminescence (TRPL) measurements employed a 70 ps
pulsed laser (20 MHz) through the same 100x objective (NA =0.90)
and 520 nm long-pass filter as PL. Signals were time-resolved via single-
photon counting system (<200ps response), complementing
mercury-lamp-excited PL (1.3 -13.0 W cm™) on the integrated system.
C-AFM was operated combined with a Cypher S AFM (Asylum
Research, Oxford Instruments) and a HF2LI Lock-in amplifier (Zurich
Instruments) in a N,-filled glove box. The resonance frequency wg and
spring constant of AFM conducting tips are around 140 kHz and
5.0 N m™, respectively. Measurements of transient photocurrent (TPC)
and transient photovoltage (TPV) were performed using a ZAHNER
Zennium electrochemical analysis system coupled with an LED illu-
mination module. 'H NMR spectra were recorded on Bruker Avance IlI-
400 MHz NMR spectrometer. Chemical shifts are reported in parts per
million (ppm, 6).

First principles calculations

All calculations in this study were performed with the Vienna ab initio
Simulation Package (VASP)** within the frame of density functional
theory (DFT). The exchange-correlation interactions of electron were
described via the generalized gradient approximation (GGA) with PBE
functional*, and the projector augmented wave (PAW) method* was
used to describe the interactions of electron and ion. Additionally, the
DFT-D3 method was used to account for the long-range van der Waals
forces present within the system. The Monkhorst-Pack scheme*® was
used for the integration in the irreducible Brillouin zone. The kinetic
energy cut-off of 450 eV was chosen for the plane wave expansion. The
total energy was converged within 10° eV per formula unit and the final
forces on all ions are less than 0.02/A.

Pb?* sorption Kinetics of PDMEA

An activated sample of PDMEA (20 mg) and a freshly prepared
aqueous solution of lead (II) nitrate (10.0 ppm, 50.0 mL) were
mixed in a 100-mL round-bottom flask and stirred at room tem-
perature. During the adsorption, the mixture was withdrawn and
filtered at intervals through a 0.22um membrane filter for all
samples (each sample of 0.5mL), then each of the filtrates was
diluted using DI water into 10 mL and quantified by ICP-OES to
determine the remaining Pb* content. The amount of lead
adsorbed per unit mass of PDMEA at time t, q, was determined by

the equation:
q:= V(CO - Ct)/m @

wherein Cy and C, (mmol L™) represent the initial concentration and
after time t (min), respectively, m is the adsorbent mass (0.020 g) and
V corresponds to the volume of the solution (0.005). The adsorption
kinetics were analyzed by pseudo-second-order models. The curves
drawn on top of the data are guides to the eye. The inset shows
pseudo-second-order fitting results. The fitting is based on the pseudo-
second-order equation:

t/q.=1/(kq.)* +t/q. 2)

wherein k is the pseudo-second order rate constant and q. and q, are
the amounts of Pb* adsorbed at equilibrium and after time ¢,
respectively.

Pb*" sorption isotherm measurement of PDMEA

Lead (lI) acetate solutions of various Pb*" concentrations (10, 25, 50,
100, 250, 500, 750 and 1000 mg L?) were prepared using D.l. water,
and used in the following adsorption procedure. An activated sample
of PDMEA (5.0 mg) was added to each centrifuge tube containing Pb*
solution (5.0 mL) with different concentrations. The mixtures were
stirred at room temperature for 18 h. The polymer was separated by
centrifugation and the supernatant was filtered through a 0.22um
membrane and analyzed using ICP-OES to determine the remaining
Pb* content. The saturated Pb adsorption capacity (Qmay) is calculated
by the following mathematical expression:

qe = quLCe/(1 + KLCe) (3)

where q. (mg g™) is the sorption capacity at equilibrium state, C. (mg
L™ is the Pb concentration remaining in the solution at equilibrium
state and K, (L mg™) is a constant related to binding site affinity. Values
for qmax (355mgg™) and K, can be obtained from the slope and y-
intercept, respectively, by plotting C./q. versus Ce.

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

Data availability

The data that support the findings of this study are available in the
Supplementary Information/Source Data file (Figshare: https://doi.
org/10.6084/m9.figshare.28930643). All other data of this study are
available from the corresponding authors upon request. Source data
are provided with this paper.
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