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Efficient perovskite solar modules enabled by a 
UV-stable and high-conductivity hole 
transport material
Tianxiao Liu1†, Zhijun Ren1†, Yangyang Liu1†, Yaoyao Zhang1, Jing Liang1, Fangwen Cheng2,  
Yiran Li1, Xiaoyu Shi1, Yunjie Dou1, Xiaodong Hu1, Lingyuan Wang1, Siwei Luo1, Feifei Wang1, 
Xiaoxiao Peng1, Yu Zhao1, Wei Wang1, Yi Cao1, Feng Gao2*, Shangshang Chen1*

Ultraviolet (UV) radiation poses a substantial challenge to the stability of prevalent p-i-n (positive-intrinsic-
negative) perovskite solar cells (PSCs), demanding more robust hole-transport layers (HTLs) due to light incident 
from the HTL side. Here, we unveil that commonly used self-assembled monolayer (SAM)–type HTLs suffer from 
poor UV stability that causes irreversible damage to hole extraction and impairs device stability. To address this 
issue, we develop a polymeric and UV-stable HTL named Poly-2PACz, which exhibits strong binding to substrates 
and exceptional UV resistance over SAM-type HTLs. The PSCs blade-coated under ambient conditions using 
Poly-2PACz HTL achieved a remarkable efficiency of 26.0% and outstanding UV stability. Our cells retain 80% of 
the initial PCE even after about 500 hours of high-intensity UV illumination [7.7 times higher than that of air mass 
1.5 global (AM 1.5G) solar spectrum]. Furthermore, Poly-2PACz exhibits good wettability and high conductance, 
enabling the fabrication of blade-coated minimodules with an aperture efficiency of 22.2% and excellent uniformity.

INTRODUCTION
Metal halide perovskite solar cells (PSCs) have garnered extensive 
research interest due to their solution processibility, mechanical flex-
ibility, and excellent optoelectronic properties (1–3). Among others, 
inverted PSCs with a positive-intrinsic-negative (p-i-n) structure are 
promising for commercial applications due to their simple fabrica-
tion and low cost (4–7). However, the commercialization of p-i-n 
PSCs is limited by their unsatisfactory long-term stability, particu-
larly under real-world conditions where exposure to various envi-
ronmental stress like heat (8), moisture (9), and ultraviolet (UV) 
radiation (10, 11) can substantially impact device performance. Al-
though the thermal and light (mostly visible light) stability of PSCs 
has been extensively investigated (12–16), the intrinsic UV stability 
remains less explored (17). UV light occupies only 4 to 5% of the air 
mass 1.5 global (AM 1.5G) solar spectrum, but it can induce deep-
level defect states at interfaces (such as the transformation of Pb2+ to 
Pb0) that severely impair the operational stability of PSCs (11).

In single-junction p-i-n PSCs, solar light is incident from trans-
parent conductive oxide (TCO)/hole-transport layer (HTL) side, 
making HTLs more susceptible to light degradation (18). Therefore, 
commercialization of inverted PSCs requires HTLs with excellent 
light stability, particularly UV stability. In addition, an ideal HTL 
should also efficiently transport holes and promote the formation of 
a uniform and well-crystallized perovskite film for scalable produc-
tion (19–21). This is even more challenging when processing under 
ambient conditions, where environmental factors such as moisture, 
oxygen, and temperature can notably affect perovskite film mor-
phology and microstructure (22, 23).

Recent advances in self-assembled monolayers (SAMs), particu-
larly carbazole phosphonic acids (PACz), have revolutionized hole 
transport in p-i-n PSCs, enabling them to surpass the efficiency of 
n-i-p architectures (24–26). SAM HTLs, composed of anchoring, 
spacer, and terminal groups, represent a breakthrough for p-i-n 
PSCs (27, 28), with multiple cases of record-breaking PSCs achieved 
through their meticulous design and modification (1, 2, 29). Unlike 
conventional polymeric HTLs like PEDOT:PSS and PTAA, small-
molecule PACz HTLs rely on SAM formation for hole extraction 
due to their inherently low conductivity. Their performance is sensi-
tive to layer thickness and coverage, resulting in a narrow processing 
window and challenges in achieving uniformity over large areas. 
This makes a single SAM HTL difficult for mass production (30–
32). Furthermore, perovskite devices require robust and light-stable 
HTLs due to light exposure (including UV light) from the HTL side. 
The UV stability of SAMs and their degradation mechanism remain 
rarely studied yet. A recent report from Wu and colleagues revealed 
that conjugated molecular structures show more effective electron/
charge delocalization than nonconjugated MeO-2PACz (14). Their 
frontier energy level modulation strategy helps enhance SAM UV 
stability compared to nonconjugated PACz SAMs.

In this work, we investigate the UV stability of conventional 
PACz HTLs and identify the weak bonding between the phospho-
rous acid group and TCO together with the UV-caused decomposi-
tion as the primary factors leading to their poor irradiation stability. 
To overcome the limitations of PACz HTLs, we develop a polymer-
ic HTL called Poly-2PACz by polymerizing PACz small molecules. 
In addition to strong UV stability compared with conventional 
PACz SAMs, Poly-2PACz also has high electrical conductivity and 
insensitivity to thickness variations, making it possible to develop 
highly efficient and stable large-area devices. Our PSCs (processed 
from the ambient blade-coating method) achieve an impressive ef-
ficiency of 26.0% (independently certified as 25.2%), setting a re-
cord for air-processed PSCs irrespective of fabrication methods or 
device structures. Notably, the minimodule efficiency based on 
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Poly-2PACz reaches 22.2% with an aperture area of 12.25 cm2 (in-
dependently certified as 21.6%). Under a very harsh condition 
(continuous irradiation from a 365-nm UV lamp for approaching 
500 hours), the efficiency of our PSCs remains at 80% of the initial 
value, greatly outperforming the control PSCs based on 2PACz. 
Even after 1500 hours of maximum power point (MPP) testing un-
der AM 1.5G 1-sun full spectrum illumination, the initial efficiency 
is maintained at over 98%. Our polymeric HTL design strategy not 
only enables a major advance for the commercialization of PSCs but 
also opens up an avenue for HTL design toward more efficient and 
stable PSCs.

RESULTS
The chemical structures of 2PACz and Poly-2PACz are shown in Fig. 
1A, and the synthesis details of Poly-2PACz can be found in the Sup-
plementary Materials. In brief, brominated carbazole phosphonate 
was first obtained by the reaction between 3,6-dibromocarbazole 
and diethyl(2-bromoethyl)phosphonate, followed by Yamamoto po-
lymerization reaction to yield poly(carbazole phosphonate). Last, 
Poly-2PACz was obtained through the hydrolysis of phosphonate to 
phosphorus acid. Notably, all starting materials used in the synthesis 
are inexpensive, and the reactions were conducted under mild con-
ditions. Poly-2PACz thin film displays a bathochromically shifted 
absorption spectrum compared to 2PACz (fig. S1). This shift is caused 
by the extended conjugation formed along the polymer backbone 
after polymerization. To investigate the interaction between Poly-
2PACz and the indium tin oxide (ITO) glass substrate, x-ray photo-
electron spectroscopy (XPS) analysis was conducted on both bare 
ITO and ITO/Poly-2PACz substrates (33). A noticeable shift in In 3d 
peaks (fig. S2) was detected after depositing Poly-2PACz onto the 

ITO surface, providing evidence for the successful binding of Poly-
2PACz to ITO through the phosphoric acid groups.

To investigate the effects of the polymerization strategy on HTL 
energy levels, UV photoelectron spectroscopy (UPS) characteriza-
tion was used to determine the valence band (VB) of the HTLs on 
ITO. The VB levels of ITO/2PACz and ITO/Poly-2PACz were mea-
sured to be −5.82 and −5.41 eV, respectively (Fig. 1B and fig. S3), 
indicating that the polymerization strategy upshifts the VB level. 
Notably, the VB level of Poly-2PACz aligns better with those (−5.4 eV) 
of MAPbI3 or FAPbI3 perovskite compositions. Atomic force 
microscopy (AFM) was then used to analyze their surface topog-
raphy. As shown in fig. S4, AFM height images reveal a smooth 
surface for the ITO/Poly-2PACz substrate, with a root mean square 
(RMS) roughness of 2.9 nm, similar to that of the ITO/2PACz 
substrate (3.1-nm RMS roughness). The Poly-2PACz–coated ITO 
substrate shows a smaller contact angle than 2PACz (fig. S5), which 
is beneficial for the spreading of perovskite inks during scalable 
fabrication (29).

Conductivity is a critical figure of merit for an HTL. To compare 
their conductance, conductive AFM (c-AFM) characterization was 
performed and shows a marked difference in their conductivity 
(Fig. 1, C and D). Under a low bias voltage of only 5 mV, Poly-2PACz 
exhibits an average current (2.4 nA) that is three orders of magni-
tude higher than 2PACz (2.2 pA, measured at 5 V). This finding 
confirms the superior conductivity of Poly-2PACz compared to con-
ventional PACz-type SAMs. The inherent high conductivity of Poly-
2PACz enables efficient hole transportation even in thick layers, 
representing a notable advancement in large-scale fabrication com-
pared to conventional 2PACz-type SAMs.

We further investigate the UV stability of these two HTLs on ITO 
glass substrates using infrared photoinduced force microscopy 

Fig. 1. Characterizations of HTLs. (A) Chemical structures of 2PACz and Poly-2PACz. (B) Energy levels of 2PACz and Poly-2PACz thin films on ITO measured by UPS. (C and 
D) c-AFM current images of ITO glass substrates covered by 2PACz (C) and Poly-2PACz (D).
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(IR-PiFM; Fig. 2A), allowing us to probe interface binding changes 
before and after UV light exposure. 2PACz- and Poly-2PACz–coated 
ITO glass substrates were soaked under a 365-nm UV lamp with an 
intensity of 17.0 mW cm−2. Their pristine and aged IR-PiFM spectra 
are shown in Fig. 2 (B and C). For the 2PACz thin layer, the IR peaks 
at 1015 and 1275 cm−1, corresponding to vibration peaks of P─O─H 
and P═O groups, exhibited a decrease in absorbance after 24 hours of 
high-dose UV soaking (Fig. 2B). This suggests a substantial weaken-
ing of the bonds between 2PACz and ITO, leading to the desorption 
of 2PACz molecules from the ITO substrate under UV irradiation. In 
addition to 2PACz, we also characterized other benchmark SAM 
HTLs including Me-4PACz, MeO-2PACz, and Ph-4PACz (34). All 
these SAM HTLs exhibited a similar trend after UV soaking (fig. S6). 
It appears that most reported carbazole-based SAM HTLs suffer 
from degraded bonding to substrates under UV stimulation, thus 

limiting the light stability of the PSCs based on these SAM HTLs. In 
notable contrast, Poly-2PACz exhibited excellent UV stability, with 
no notable changes observed in IR absorbance (Fig. 2C). The high 
molecular weight of Poly-2PACz polymer chains likely enables it to 
adhere more stably to ITO substrates, making them less prone to 
migration or detachment upon UV exposure.

To investigate the adhesion force between 2PACz and Poly-2PACz 
with the underlying ITO substrate, AFM adhesion-force measure-
ments were used using a polystyrene (PS)–modified cantilever (Fig. 
2D; details in the Characterizations section) (35–37). Before UV ex-
posure, Poly-2PACz exhibited a slightly stronger average adhesion 
force (1.76 × 10−8 N) compared to 2PACz (1.58 × 10−8 N), indicating 
a more robust bonding interaction with the ITO. The improved ad-
hesion of Poly-2PACz results from a synergistic interaction between 
its functional binding motifs along the polymer backbone and the 

Fig. 2. UV stability of HTLs. (A) Schematic illustration of IR-PiFM measurement on Si/ITO wafer coated with HTLs. (B and C) IR-PiFM spectra of 2PACz (B) and Poly-2PACz 
(C) on Si/ITO substrates before and after 24-hour UV irradiation (365 nm, 17.0 mW cm−2). a.u., arbitrary units. (D) Schematic illustration of AFM adhesion-force measure-
ment on ITO glass substrates coated with HTLs. (E and F) Adhesion force distributions of 2PACz (E) and Poly-2PACz (F) on ITO glass substrates before and after 24-hour UV 
irradiation (365 nm, 17.0 mW cm−2) determined from AFM adhesion-force measurement. (G and H) 1H NMR spectra of 2PACz (G) and Poly-2PACz (H) before and after 
48-hour UV irradiation.
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presence of sites that remain attached. These attached sites effectively 
limit the diffusion of detached motifs, facilitating rebinding and en-
hancing the overall adhesive strength (38–40). This process enables 
greater energy dissipation prior to rupture, thereby contributing to 
the superior adhesive performance of Poly-2PACz. Notably, after 
24 hours of UV irradiation, an obvious difference emerged: The ad-
hesion force of the 2PACz HTL nearly halved, whereas Poly-2PACz 
displayed minimal degradation (Fig. 2F).

To understand the degradation mechanism of 2PACz-type SAMs 
under UV irradiation, we first conducted proton nuclear magnetic 
resonance (1H NMR) tests on both 2PACz and Poly-2PACz before 
and after 48 hours of UV irradiation, as shown in Fig. 2 (G and H). 
2PACz exhibited notable changes in the aromatic region. The de-
crease in intensity of the characteristic aromatic ring signals be-
tween 7 and 8 parts per million (ppm) indicates the cleavage of the 
carbazole ring, signifying the photoinstability of 2PACz. In contrast, 
Poly-2PACz showed negligible changes in its spectrum after UV 
soaking, confirming the preservation of its overall molecular struc-
ture. To further investigate the impact of UV irradiation on the 
bonding between the HTL and ITO, we performed XPS character-
ization on the HTL-coated ITO before and after UV irradiation. As 
shown in fig. S7, after UV irradiation, the peak of the P element in 
the 2PACz film shifted toward a lower binding energy, and its inten-
sity notably decreased. In contrast, the intensity of the P element in 
the Poly-2PACz film remained unchanged, consistent with the IR-
PiFM results. Overall, UV irradiation has two detrimental effects on 
the stability of small-molecule SAMs. First, high-energy UV irradi-
ation causes the decomposition of the aromatic rings of the SAMs. 

Second, UV light weakens the bonding between the phosphonic 
acid groups and ITO, leading to their desorption from the ITO sur-
face. In contrast, Poly-2PACz, a polymeric HTM, exhibits enhanced 
UV stability due to the delocalization of electron density along its 
conjugated polymer backbone. In addition, the stronger adsorption 
of Poly-2PACz to ITO minimizes desorption under UV soaking.

Perovskite films were blade coated onto the top of HTL-coated 
ITO substrates, and the effects of HTLs on perovskite quality were 
then investigated. The x-ray diffraction (XRD) patterns show a stron-
ger peak at 13.9° for the perovskite film on Poly-2PACz than on 
2PACz (fig. S8). The surface morphology of the perovskite films ex-
amined with AFM characterization (fig. S9) shows notable grain en-
largement and improved uniformity of Poly-2PACz–based perovskite 
film. These suggest that the better wettability of Poly-2PACz also fa-
cilitates the uniform nucleation and crystallization of perovskite 
films. Further photoluminescence (PL) (Fig. 3A) and time-resolved 
photoluminescence (TRPL) (Fig. 3B) characterizations show that the 
perovskite film coated on Poly-2PACz exhibited enhanced PL inten-
sity by two times and prolonged PL lifetime (2907 ns versus 1552 ns; 
table S1), confirming the better passivation effects of Poly-2PACz in 
suppressing the nonradiative recombination centers (41, 42).

Subsequently, p-i-n structured perovskite devices were fabricat-
ed with a planar architecture of glass/ITO/HTL/MA0.7FA0.3PbI3/
C60/bathocuproine (BCP)/copper (Cu). The current density-voltage 
(J-V) characteristic curves of PSCs are shown in Fig. 3C. The blade-
coated PSCs based on 2PACz achieved a decent power conversion 
efficiency (PCE) of 23.3%, along with an open-circuit voltage (VOC) 
of 1.17 V, a short-circuit current density (JSC) of 25.4 mA cm−2, and 

Fig. 3. Effects of HTLs on film PL properties and device PCEs. (A and B) Steady-state PL (A) and TRPL spectra (B) of perovskite films coated on 2PACz and Poly-2PACz. 
(C) Backward J-V characteristic curves of the champion PSCs based on 2PACz and Poly-2PACz. Inset shows the photovoltaic parameters of the champion PSCs. (D) EQE 
spectra of the champion PSCs based on 2PACz and Poly-2PACz. Inset shows the PCE distribution of 2PACz and Poly-2PACz–based PSCs.
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a fill factor (FF) of 0.784. In contrast, the champion efficiency 
reached 26.0% for the Poly-2PACz–based device, with a VOC of 1.21 V, 
a JSC of 25.7 mA cm−2, and an FF of 0.837. To the best of our knowl-
edge, this sets the record PCE of air-processed PSCs irrespective of 
fabrication methods or device structures. Our best-performing PSC 
based on Poly-2PACz was sent to an accredited certification center 
(Shanghai Institute of Microsystem and Information Technology), 
where a comparable efficiency of 25.2% (derived from backward J-V 
curve) and a stabilized PCE of 25.0% [300-s MPP tracking (MPPT)] 
were confirmed (fig. S10). Compared with 2PACz, all photovoltaic 
parameters of Poly-2PACz–based cells are substantially enhanced. 
The elevated VOC can be partially attributed to the reduced nonra-
diative recombination as confirmed by the PL and TRPL results, and 
the high conductivity contributed to the improved FF. The integrat-
ed current density of the Poly-2PACz–based device (25.2 mA cm−2) 
in the external quantum efficiency (EQE) characterization (Fig. 3D) 
is also higher than that of the 2PACz-based device (24.8 mA cm−2), 
indicating the overall high photo-to-current conversion efficiency 
from 400 to 800 nm. In addition, the PSC based on Poly-2PACz 
exhibited reduced hysteresis compared to that of 2PACz (figs. S10 
and S11). Table S2 and fig. S12 show the statistical analysis of 
device parameters, and the average PCEs of 2PACz- and Poly- 
2PACz–based PSCs are analyzed to be (22.6  ±  0.7) and (25.9  ± 
0.1)%, respectively, confirming the good reproducibility of Poly- 
2PACz–based cells.

Moreover, the 2PACz HTL relies on forming thin SAM layers 
and exhibits high sensitivity to layer thickness. When the 2PACz 
solution was blade coated at different concentrations, we found that 
even small changes in concentration resulted in a notable fluctua-
tion in overall photovoltaic parameters, with decent PCEs only ob-
tained at a low concentration of 0.5 mg ml−1 (fig. S13). On the 
contrary, there is minimal variation in device parameters when pro-
cessing Poly-2PACz with concentrations ranging from 0.3 to 3 mg 
ml−1. Its insensitivity to thickness and wide processing window 
make it highly desirable for the fabrication of large-area mod-
ules (18).

A battery of device characterizations was then performed to eluci-
date the performance enhancement mechanism of Poly-2PACz–based 
devices. Thermal admittance spectroscopy was used to characterize 
the cell trap density with different energy depths (43–45). As shown 
in trap density of state (tDOS) spectra (Fig. 4A), the Poly-2PACz–based 
device exhibited a lower overall trap density than the 2PACz counter-
part. To further investigate how Poly-2PACz reduced trap density 
spatially, drive-level capacitance profiling (DLCP) measurement was 
used to map the spatial distribution of trap states inside the PSCs in 
Fig. 4B. An obvious reduction in defects at the HTL/perovskite inter-
face was observed after replacing 2PACz with Poly-2PACz at 10 kHz 
(deep trap responding), indicating the effectiveness of Poly-2PACz in 
passivating the interface deep traps, which was studied to have critical 
effects on cell PCEs and stability (46). We further carried out electro-
luminescence (EL) mapping of the complete PSCs to investigate the 
microhomogeneity of blade-coated perovskite films on 2PACz and 
Poly-2PACz. Different from conventional PL mapping that only pro-
vides insight into the photoactive layers, EL mapping allows the char-
acterization of a solar cell in a state close to its operational condition 
(47, 48). In addition, PL mapping typically suffers from interference 
from lateral carrier diffusion in the proximity of the excitation spot. 
Complementing PL mapping, EL mapping is able to quantitatively 
measure the luminescence flux of completed cells and was found to be 

free from a variety of artifacts occurring from the analysis in a confo-
cal configuration (49, 50). A forward bias was applied to stimulate 
luminescence. The size of each EL detection zone is 50 μm by 50 μm, 
and the resolution of each pixel is 160 nm. As shown in EL maps (Fig. 
4, C and D), the PSC based on Poly-2PACz exhibited both higher EL 
intensity and better EL emission homogeneity (Fig. 4E), whereas 
2PACz-based cell suffered from much poorer EL emission character-
ized by a few dispersed dark centers. These results confirm the advan-
tages of Poly-2PACz over conventional 2PACz-type SAMs in terms of 
uniform deposition.

Leveraging the excellent performance of Poly-2PACz in small-
area devices, we further used blade-coating to fabricate large-area 
modules under ambient conditions. As expected from the high uni-
formity of Poly-2PACz films on ITO, the individual cells within the 
module exhibited minimal performance variation. We achieved a 
remarkable aperture-area efficiency of 22.2% on a 12.25-cm2 mod-
ule, with a high VOC of 7.24 V (six subcells in series), a short-circuit 
current (ISC) of 47.8 mA, and an FF of 0.787 (Fig. 4F). Independent 
certification from an accredited measurement center confirmed a 
comparable aperture PCE of 21.6% (fig. S14). Notably, the geomet-
ric filling factor (GFF) of our perovskite module was measured to 
be 94.4% (fig. S15), and thus the active-area PCE of our module 
reached 23.5% correspondingly. Furthermore, the calculated VOC of 
each subcell (1.21 V) is identical to that of the small-area PSCs. This 
minimal efficiency difference between cells and modules, coupled 
with the maintained VOC, underscores the exceptional uniformity 
and scalability of Poly-2PACz for large-scale perovskite module 
fabrication.

To evaluate the light stability, a critical photovoltaic parameter 
for a solar cell, we first assessed the long-term UV tolerance of the 
encapsulated PSCs using an automatic MPP testing system. Under 
continuous UV irradiation (365 nm, 17.0 mW cm−2) at ambient 
conditions, the Poly-2PACz device displayed remarkably enhanced 
UV stability. It retained an impressive 80% of its initial efficiency 
after 480 hours of irradiation (Fig. 5A), which translates to a UV 
dose of 81.6 kilowatt-hour (kWh) m−2 and is 5.4 times greater than 
that of IEC61215 standard (51). We further investigated their opera-
tional stability under simulated sunlight (AM 1.5G 1-sun illumi-
nance, 100 mW cm−2) at 40°C. Impressively, the Poly-2PACz cell 
maintained 98% of its initial efficiency after 1500 hours of continu-
ous light exposure, whereas the 2PACz-based devices exhibited a 
continuous decline (Fig. 5B). We also tested their operational stabil-
ity at an elevated temperature of 85°C, and Poly-2PACz–based cell 
was still able to maintain 89% of PCE after 800-hour MPPT (Fig. 
5C), remarkably outperforming that based on 2PACz. These find-
ings strongly support the effectiveness of Poly-2PACz in improving 
the stability of PSCs under both UV stimulation and solar light 
soaking conditions.

DISCUSSION
In conclusion, we successfully developed a strategy to address the 
UV stability challenge of state-of-the-art SAMs. A conductive poly-
mer, Poly-2PACz, was developed with high electrical conductivity, 
good wettability, and excellent UV stability. Poly-2PACz effectively 
improves perovskite film uniformity and suppresses recombination, 
as evidenced by EL mapping and trap-related characterizations. 
Consequently, the resulting PSCs achieved an impressive efficiency 
of 26.0% and retained 80% of their initial efficiency after high-dose 
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UV irradiation for 480 hours. Furthermore, the hydrophilic and 
uniform Poly-2PACz surface facilitates scalable perovskite film coat-
ing, enabling the production of minimodules with a high aperture 
PCE of 22.2%. Overall, this work presents an approach to perovskite 
HTL design and holds promise for the practical manufacturing of 
perovskite solar modules.

MATERIALS AND METHODS
Materials
BCP, lead iodide (PbI2, 99.999% trace metals), dimethyl sulfoxide 
(DMSO), l-α-phosphatidylcholine (LP), benzylhydrazine hydro-
chloride (BHC), 2-methoxyethanol (2-ME), and toluene were pur-
chased from Merck and used without further purification. C60 was 
purchased from Shenzhen eFlex Inc. Methylammonium iodide 

(MAI), formamidinium iodide (FAI), 4-fluoro-phenethylammonium 
iodide (p-F-PEAI), and n-dodecylammonium iodide were pur-
chased from Great Cell Solar. 2PACz, Me-4PACz, MeO-4PACz, and 
Ph-4PACz were purchased from Derthon Optoelectronics Materials 
Science Technology Co Ltd.

Device fabrication
Patterned ITO glass substrates (1.5 cm by 1.5 cm) were first cleaned 
by ultrasonication with soap, deionized water, and isopropyl alcohol 
and then UV-ozone treated for 15 min before use. All PSCs were 
prepared by blade-coating at room temperature inside a fume hood 
with a relative humidity of 30 to 40%. The HTL solution (2PACz in 
methanol or Poly-2PACz in methanol:chloroform = 1:1) was blade 
coated onto ITO glass substrates at a speed of 20 mm s−1, followed 
by the thermal annealing at 100°C for 10 min in air. The gap 

Fig. 4. Device characterizations. (A to E) tDOS spectra (A), DLCP trap profiling (10.0 kHz, B), EL mapping [(C) and (D)], and EL intensity distributions (E) of the PSCs based 
on 2PACz and Poly-2PACz. (F) I-V curve of champion perovskite minimodule (12.25-cm2 aperture area) based on Poly-2PACz. Inset shows a photograph of the champion 
perovskite minimodule based on Poly-2PACz.
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between the blade-coater and ITO substrates was 150 μm. A 1.35 M 
MA0.7FA0.3PbI3 precursor solution was prepared by dissolving cor-
responding organic halide salts and lead iodide into 2-ME in an 
N2-filled glovebox with an O2 level of <10 ppm. A solution of 
n-dodecylammonium iodide (0.83 mg ml−1), LP (0.27 mg ml−1), 
0.14% (v/v) MAH2PO2, p-F-PEAI (1.4 mg ml−1), BHC (0.15 mg 
ml−1), and 2.8% (v/v) DMSO was added as additives before blade-
coating. Subsequently, the precursor solution was blade coated onto 
the HTL-covered ITO glass substrates with a gap of 230 μm at a 
movement speed of 20 mm s−1. The air knife worked at 20 psi (138 kPa) 
during blade-coating. After that, the perovskite films were annealed 
at 120°C for 10 min in air to remove the residual solvents. The solar 
cells were completed by thermally evaporating C60 (30 nm 0.3 Å s−1), 
BCP (6 nm, 0.1 Å s−1), and copper (100 nm, 1 Å s−1). The PSCs were 
then encapsulated with cover glass sealed by a two-part epoxy en-
capsulant. The active area of solar cells is 8.0 mm2. For perovskite 
minimodules, the laser scribing was performed twice with a UV 
laser marker (355 nm). The laser power for P2 and P3 scribing is 
~0.375 W. The champion module based on Poly-2PACz has six sub-
cells, and each subcell has a width of 6 mm. The total scribing linewidth 
was ~0.336 mm, giving a GFF of 94.4%. A polydimethylsiloxane 
layer prepared by a soft lithography method was applied to the front 
surface of glass substrate as antireflection coating during the mea-
surement of the perovskite solar modules.

Characterizations
UV-vis absorption spectra were obtained with a Shanghai Metash 
UV-8000 spectrometer. UPS spectra were acquired with a UV pho-
toelectron spectrometer (Surface analysis Kratos Axis Ultra DLD) 
under a vacuum of 2 × 10−8 mbar. The incident photon energy (He I) 

was 21.22 eV, and a −10-V bias was applied on the samples to en-
hance the signals of with kinetic energy near zero. XPS was per-
formed using a Thermo SCIENTIFIC ESCALAB Xi+ with Al Kα 
anode source (1486.6 eV) operated at 15 kV and 10−9 mbar chamber 
pressure. AFM and c-AFM images were obtained with a Bruker Icon 
atomic force microscope. IR-PiFM spectra were recorded on a 
VistaScope system (Molecular Vista, USA). The VistaScope micro-
scope is coupled to a quantum cascade laser (QCL) system from 
Block Engineering with a wave number resolution of 1 cm−1 and a 
tuning range from 770 to 1885 cm−1. The p-polarized pulsed QCL 
was focused at the tip end of a Au-coated cantilever through an in-
tegrated off-axis parabolic mirror. The set point was set as 85% with 
an oscillation amplitude of ∼1 nm. The cantilever was excited at its 
second resonance around 1.6 MHz. The time per image was about 
4.5 min at 256 × 256 resolution. The spectrum was normalized with 
the background laser power profile spectrum. Multifrequency tap-
ping mode AFM operation was implemented. The PiFM heterodyne 
mode was modulated to detect the surface, and the modulated rep-
etition frequency of QCL is defined as the difference (fm = f2 − f1) 
between the first (f1) and second (f2) eigenmodes of the cantilever; f1 
was used to detect the PiFM signal, whereas f2 was used to detect the 
topography. PiFM homodyne mode was modulated to detect the 
volume, which defined fm as fm = f1. For the bias-controlled experi-
ments, the scanning direction was consistent with the electric field 
direction. As for AFM adhesion-force measurement, excess solvents 
were used to rinse the surface of HTL-coated ITO glass substrates to 
make sure the hole transporters formed a single layer. After that, the 
HTL-coated ITO glass substrate was glued onto a glass slide, and an 
SNL-10 cantilever (Type A, from Bruker, Camarillo, CA, USA) was 
used for the adhesion-force measurements. A PS sphere (20 μm in 
diameter) was attached to the cantilever using epoxy. The adhesion-
force measurements were conducted on a commercial AFM 
(NanoWizard IV from JPK, Germany). We randomly selected three 
areas on sample surface for AFM adhesion-force measurements, 
and in each area, a 20 × 20 data point matrix was set up, with force 
measurements performed at each data point. During a typical AFM 
measurement, the PS sphere-modified cantilever was approached to 
the sample surface at a constant speed of 2 μm s−1 until the target set 
point of 0.5 nN was reached. The cantilever was held at 0.5 nN on 
the sample surface for 2 s before being retracted at the same speed. 
The force-extension curves were recorded and analyzed using com-
mercial software (JPK Data Processing, from JPK, Germany). Both 
steady-state PL and TRPL spectra were acquired on a HORIBA FL-3 
fluorescence spectrophotometer at room temperature. The excita-
tion wavelength was 405 nm for both PL and TRPL measure-
ments. The imaging system of EL mapping was conducted using 
an inverted microscope (Eclipse Ti-U, Nikon) with an Autolab po-
tentiostat (PGSTAT302N). A forward voltage was applied to stimu-
late luminescence. The EL light from the cell was captured by a 
charge-coupled device camera (Stingray, Allied Vision Technologies) 
through a 40X objective (numerical aperture = 0.6). A data acquisi-
tion card (USB-6281, National Instruments) was used to synchro-
nize the voltage output from the potentiostat and transistor-transistor 
logic signals from the camera. The J-V characteristics of solar de-
vices were performed using an LED 3A solar simulator (BG-LED3A-
100S, Class AAA Solar Simulator) in air, and the power of the 
simulated light was calibrated to 100 mW cm−2 by a silicon refer-
ence cell (Newport 91150 V). All devices were measured using a 
Keithley 2400 source meter with a backward scan rate of 0.1 V s−1 

Fig. 5. Stability study. (A to C) MPP stability test results of the encapsulated PSCs 
soaked under a 365-nm UV lamp (17.0 mW cm−2) at ~50°C (A), 1-sun illumination 
(100 mW cm−2) at 40°C (B), and 1-sun illumination (100 mW cm−2) at 85°C (C). RH, 
relative humidity.
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from 1.25 to −0.2 V in air at room temperature, and the delay time 
was 10 ms. The aperture area is 7.5 mm2. There was no precondi-
tioning before measurement. The Zolix DSR-600 EQE system was 
used to measure EQE spectra, which was calibrated by a standard Si 
diode. Monochromatic light was generated from a GLORIA-X150A 
xenon lamp. tDOS spectra and DLCP profiles were obtained with an 
Agilent E4980A precision LC meter. Photostability of the devices 
was performed using an automatic MPP tracker (91 PVKSOLAR). 
The encapsulated devices were measured under continuous illumi-
nation by a solar simulator (100 mW cm−2) under air conditions 
(the relative humidity was ~30 to 40%). The UV stability testing was 
conducted using a 365-nm UV lamp with an intensity of 17.0 mW 
cm−2 measured by a PM100A-Thorlabs photodetector. The encap-
sulated devices were connected to the automatic MPP tracker and 
soaked under continuous UV illumination at the same ambient con-
ditions. In terms of UV intensity analysis, the AM 1.5G 1-sun stan-
dard illuminance (100 mW cm−2) contains a UV intensity (<365 nm) 
of 4.6 mW cm−2. Our UV light intensity (17.0 mW cm−2) is over three 
times higher than that in AM 1.5G 1-sun spectrum. Our UV soaking 
test involved a total UV dose of 81.6 kWh/m2 for about 500 hours. 
To estimate the real-world equivalent of this dose, we consulted the 
Global Solar Atlas (https://globalsolaratlas.info/map) for annual so-
lar irradiance data. Solar irradiance varies by region due to factors 
like geography and climate. We focused on the 30° to 40° latitude 
band in China, which is close to the 37° latitude used in the AM 
1.5G spectrum. In this region, the average annual global horizontal 
irradiance is around 1350 kWh/m2 (e.g., 1306 kWh/m2 in Nanjing 
and 1401 kWh/m2 in Beijing). Given that UV light typically repre-
sents ~4.6% of total solar irradiance, the annual UV dose in this re-
gion is roughly 62 kWh/m2. Therefore, our accelerated UV soaking 
test simulates the amount of UV exposure a device would receive in 
~1.3 years under real-world conditions.

Supplementary Materials
This PDF file includes:
Synthesis of Poly-2PACz
Figs. S1 to S19
Tables S1 and S2

REFERENCES AND NOTES
	 1.	H . Chen, C. Liu, J. Xu, A. Maxwell, W. Zhou, Y. Yang, Q. Zhou, A. S. R. Bati, H. Wan, Z. Wang,  

L. Zeng, J. Wang, P. Serles, Y. Liu, S. Teale, Y. Liu, M. I. Saidaminov, M. Li, N. Rolston, S. Hoogland, 
T. Filleter, M. G. Kanatzidis, B. Chen, Z. Ning, E. H. Sargent, Improved charge extraction in 
inverted perovskite solar cells with dual-site-binding ligands. Science 384, 189–193 (2024).

	 2.	 Z. Li, X. Sun, X. Zheng, B. Li, D. Gao, S. Zhang, X. Wu, S. Li, J. Gong, J. M. Luther, Z. Li, Z. Zhu, 
Stabilized hole-selective layer for high-performance inverted p-i-n perovskite solar cells. 
Science 382, 284–289 (2023).

	 3.	 P. Zhu, C. Chen, J. Dai, Y. Zhang, R. Mao, S. Chen, J. Huang, J. Zhu, Toward the 
commercialization of perovskite solar modules. Adv. Mater. 36, 2307357 (2024).

	 4.	 S. Zhang, F. Ye, X. Wang, R. Chen, H. Zhang, L. Zhan, X. Jiang, Y. Li, X. Ji, S. Liu, M. Yu, F. Yu,  
Y. Zhang, R. Wu, Z. Liu, Z. Ning, D. Neher, L. Han, Y. Lin, H. Tian, W. Chen, M. Stolterfoht,  
L. Zhang, W.-H. Zhu, Y. Wu, Minimizing buried interfacial defects for efficient inverted 
perovskite solar cells. Science 380, 404–409 (2023).

	 5.	 X. Lin, D. Cui, X. Luo, C. Zhang, Q. Han, Y. Wang, L. Han, Efficiency progress of inverted 
perovskite solar cells. Energ. Environ. Sci. 13, 3823–3847 (2020).

	 6.	 S. Liu, V. P. Biju, Y. Qi, W. Chen, Z. Liu, Recent progress in the development of high-
efficiency inverted perovskite solar cells. NPG Asia Mater. 15, 27 (2023).

	 7.	 F.-F. Wang, T.-X. Liu, Z.-W. Cui, L.-Y. Wang, Y.-J. Dou, X.-Y. Shi, S.-W. Luo, X.-D. Hu, Z.-J. Ren, 
Y.-Y. Liu, Y. Zhao, S.-S. Chen, Simplified p-i-n perovskite solar cells with a multifunctional 
polyfullerene electron transporter. Chin. J. Polym. Sci. 42, 1060–1066 (2024).

	 8.	 Y. Yang, S. Cheng, X. Zhu, S. Li, Z. Zheng, K. Zhao, L. Ji, R. Li, Y. Liu, C. Liu, Q. Lin, N. Yan,  
Z. Wang, Inverted perovskite solar cells with over 2,000 h operational stability at 85°C 
using fixed charge passivation. Nat. Energy 9, 37–46 (2024).

	 9.	 B. Li, S. Li, J. Gong, X. Wu, Z. Li, D. Gao, D. Zhao, C. Zhang, Y. Wang, Z. Zhu, Fundamental 
understanding of stability for halide perovskite photovoltaics: The importance of 
interfaces. Chem 10, 35–47 (2024).

	 10.	T . Leijtens, G. E. Eperon, N. K. Noel, S. N. Habisreutinger, A. Petrozza, H. J. Snaith, Stability 
of metal halide perovskite solar cells. Adv. Energy Mater. 5, 1500963 (2015).

	 11.	 Y. Wang, Z. Zhang, Y. Lan, Q. Song, M. Li, Y. Song, Tautomeric molecule acts as a 
“sunscreen” for metal halide perovskite solar cells. Angew. Chem. Int. Ed. Engl. 60, 
8673–8677 (2021).

	 12.	H . Meng, K. Mao, F. Cai, K. Zhang, S. Yuan, T. Li, F. Cao, Z. Su, Z. Zhu, X. Feng, W. Peng, J. Xu, 
Y. Gao, W. Chen, C. Xiao, X. Wu, M. D. McGehee, J. Xu, Inhibition of halide oxidation and 
deprotonation of organic cations with dimethylammonium formate for air-processed 
p–i–n perovskite solar cells. Nat. Energy 9, 536–547 (2024).

	 13.	 X. Ren, J. Wang, Y. Lin, Y. Wang, H. Xie, H. Huang, B. Yang, Y. Yan, Y. Gao, J. He, J. Huang,  
Y. Yuan, Mobile iodides capture for highly photolysis- and reverse-bias-stable perovskite 
solar cells. Nat. Mater. 23, 810–817 (2024).

	 14.	 S. Zhang, R. Wu, C. Mu, Y. Wang, L. Han, Y. Wu, W.-H. Zhu, Conjugated self-assembled 
monolayer as stable hole-selective contact for inverted perovskite solar cells.  
ACS Mater. Lett. 4, 1976–1983 (2022).

	 15.	 L. K. Ono, Y. Qi, S. Liu, Progress toward stable lead halide perovskite solar cells. Joule 2, 
1961–1990 (2018).

	 16.	 Q. Fu, H. Liu, S. Li, T. Zhou, M. Chen, Y. Yang, J. Wang, R. Wang, Y. Chen, Y. Liu, Management 
of donor and acceptor building blocks in dopant-free polymer hole transport materials 
for high-performance perovskite solar cells. Angew. Chem. Int. Ed. Engl. 61, e202210356 
(2022).

	 17.	C . C. Boyd, R. Cheacharoen, T. Leijtens, M. D. McGehee, Understanding degradation 
mechanisms and improving stability of perovskite photovoltaics. Chem. Rev. 119, 
3418–3451 (2019).

	 18.	 S. Chen, X. Dai, S. Xu, H. Jiao, L. Zhao, J. Huang, Stabilizing perovskite-substrate interfaces 
for high-performance perovskite modules. Science 373, 902–907 (2021).

	 19.	 A. Sun, C. Tian, R. Zhuang, C. Chen, Y. Zheng, X. Wu, C. Tang, Y. Liu, Z. Li, B. Ouyang, J. Du,  
Z. Li, J. Cai, J. Chen, X. Wu, Y. Hua, C.-C. Chen, High open-circuit voltage (1.197 V) in 
large-area (1 cm2) inverted perovskite solar cell via interface planarization and highly 
polar self-assembled monolayer. Advanced Energy Materials 14, 2303941 (2024).

	 20.	H . Zhang, S. Zhang, X. Ji, J. He, H. Guo, S. Wang, W. Wu, W.-H. Zhu, Y. Wu, Formamidinium 
lead iodide-based inverted perovskite solar cells with efficiency over 25% enabled by an 
amphiphilic molecular hole-transporter. Angew. Chem. Int. Ed. Engl. 63, e202401260 
(2024).

	 21.	 Z. Ren, Z. Cui, X. Shi, L. Wang, Y. Dou, F. Wang, H. Lin, H. Yan, S. Chen, Poly(carbazole 
phosphonic acid) as a versatile hole-transporting material for p-i-n perovskite solar cells 
and modules. Joule 7, 2894–2904 (2023).

	 22.	 S. Chen, X. Xiao, H. Gu, J. Huang, Iodine reduction for reproducible and high-performance 
perovskite solar cells and modules. Sci. Adv. 7, eabe8130 (2021).

	 23.	 L. Yan, H. Huang, P. Cui, S. Du, Z. Lan, Y. Yang, S. Qu, X. Wang, Q. Zhang, B. Liu, X. Yue,  
X. Zhao, Y. Li, H. Li, J. Ji, M. Li, Fabrication of perovskite solar cells in ambient air by 
blocking perovskite hydration with guanabenz acetate salt. Nat. Energy 8, 1158–1167 
(2023).

	 24.	 M. Li, M. Liu, F. Qi, F. R. Lin, A. K.-Y. Jen, Self-assembled monolayers for interfacial 
engineering in solution-processed thin-film electronic devices: Design, fabrication, and 
applications. Chem. Rev. 124, 2138–2204 (2024).

	 25.	 J. Suo, B. Yang, D. Bogachuk, G. Boschloo, A. Hagfeldt, The dual use of SAM molecules for 
efficient and stable perovskite solar cells. Adv. Energy Mater. 15, 2400205 (2025).

	 26.	 S. Y. Kim, S. J. Cho, S. E. Byeon, X. He, H. J. Yoon, Self-assembled monolayers as interface 
engineering nanomaterials in perovskite solar cells. Adv. Energy Mater. 10, 2002606 (2020).

	 27.	 A. Magomedov, A. Al-Ashouri, E. Kasparavičius, S. Strazdaite, G. Niaura, M. Jošt,  
T. Malinauskas, S. Albrecht, V. Getautis, Self-assembled hole transporting monolayer for 
highly efficient perovskite solar cells. Adv. Energy Mater. 8, 1801892 (2018).

	 28.	 A. Al-Ashouri, A. Magomedov, M. Roß, M. Jošt, M. Talaikis, G. Chistiakova, T. Bertram,  
J. A. Márquez, E. Köhnen, E. Kasparavičius, S. Levcenco, L. Gil-Escrig, C. J. Hages,  
R. Schlatmann, B. Rech, T. Malinauskas, T. Unold, C. A. Kaufmann, L. Korte, G. Niaura,  
V. Getautis, S. Albrecht, Conformal monolayer contacts with lossless interfaces for 
perovskite single junction and monolithic tandem solar cells. Energ. Environ. Sci. 12, 
3356–3369 (2019).

	 29.	 R. He, W. Wang, Z. Yi, F. Lang, C. Chen, J. Luo, J. Zhu, J. Thiesbrummel, S. Shah, K. Wei,  
Y. Luo, C. Wang, H. Lai, H. Huang, J. Zhou, B. Zou, X. Yin, S. Ren, X. Hao, L. Wu, J. Zhang,  
J. Zhang, M. Stolterfoht, F. Fu, W. Tang, D. Zhao, Improving interface quality for 1-cm2 
all-perovskite tandem solar cells. Nature 618, 80–86 (2023).

	 30.	N . Phung, M. Verheijen, A. Todinova, K. Datta, M. Verhage, A. Al-Ashouri, H. Köbler, X. Li,  
A. Abate, S. Albrecht, M. Creatore, Enhanced self-assembled monolayer surface coverage 
by ALD NiO in p-i-n perovskite solar cells. ACS Appl. Mater. Interfaces 14, 2166–2176 (2022).

	 31.	 S. Yu, Z. Xiong, H. Zhou, Q. Zhang, Z. Wang, F. Ma, Z. Qu, Y. Zhao, X. Chu, X. Zhang, J. You, 
Homogenized NiOx nanoparticles for improved hole transport in inverted perovskite 
solar cells. Science 382, 1399–1404 (2023).

https://globalsolaratlas.info/map


Liu et al., Sci. Adv. 11, eadu3493 (2025)     28 May 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

9 of 9

	 32.	 R. K. Kothandaraman, S. Siegrist, M. Dussouillez, M. Krause, H. Lai, J. K. Pious, S. Nishiwaki, 
E. Gilshtein, A. Müller, A. Cabas Vidani, S. Jenatsch, B. Ruhstaller, Q. Jeangros, R. Carron,  
A. N. Tiwari, F. Fu, Sputtered NiO interlayer for improved self-assembled monolayer 
coverage and pin-hole free perovskite coating for scalable near-infrared-transparent 
perovskite and 4-terminal all-thin-film tandem modules. Solar RRL 8, 2400176 (2024).

	 33.	 M. Wang, Y. Zhao, X. Jiang, Y. Yin, I. Yavuz, P. Zhu, A. Zhang, G. S. Han, H. S. Jung, Y. Zhou,  
W. Yang, J. Bian, S. Jin, J.-W. Lee, Y. Yang, Rational selection of the polymeric structure for 
interface engineering of perovskite solar cells. Joule 6, 1032–1048 (2022).

	 34.	 Y. Duan, Y. Chen, Y. Wu, Z. Liu, S. Liu, Q. Peng, A comprehensive review of organic 
hole-transporting materials for highly efficient and stable inverted perovskite solar cells. 
Adv. Funct. Mater. 34, 2315604 (2024).

	 35.	 S. Guo, X. Zhu, D. Jańczewski, S. S. C. Lee, T. He, S. L. M. Teo, G. J. Vancso, Measuring 
protein isoelectric points by AFM-based force spectroscopy using trace amounts of 
sample. Nat. Nanotechnol. 11, 817–823 (2016).

	 36.	 Y. Lai, H. Zhang, Y. Sugano, H. Xie, P. Kallio, Correlation of surface morphology and 
interfacial adhesive behavior between cellulose surfaces: Quantitative measurements in 
peak-force mode with the colloidal probe technique. Langmuir 35, 7312–7321 (2019).

	 37.	 M. Kappl, H.-J. Butt, The colloidal probe technique and its application to adhesion force 
measurements. Part. Part. Syst. Charact. 19, 129–143 (2002).

	 38.	 Y. Li, J. Cheng, P. Delparastan, H. Wang, S. J. Sigg, K. G. DeFrates, Y. Cao, P. B. Messersmith, 
Molecular design principles of Lysine-DOPA wet adhesion. Nat. Commun. 11, 3895 (2020).

	 39.	 J. Yang, R. Bai, B. Chen, Z. Suo, Hydrogel adhesion: A supramolecular synergy of 
chemistry, topology, and mechanics. Adv. Funct. Mater. 30, 1901693 (2020).

	 40.	H . Fan, J. Wang, Z. Tao, J. Huang, P. Rao, T. Kurokawa, J. P. Gong, Adjacent cationic–
aromatic sequences yield strong electrostatic adhesion of hydrogels in seawater.  
Nat. Commun. 10, 5127 (2019).

	 41.	 R. Wang, X. Li, J. Qi, C. Su, J. Yang, S. Yang, M. Yuan, T. He, Lattice strain regulation enables 
high-performance formamidinium perovskite photovoltaics. Adv. Mater. 35, 2304149 (2023).

	 42.	 X. Fu, T. He, S. Zhang, X. Lei, Y. Jiang, D. Wang, P. Sun, D. Zhao, H.-Y. Hsu, X. Li, M. Wang,  
M. Yuan, Halogen-halogen bonds enable improved long-term operational stability of 
mixed-halide perovskite photovoltaics. Chem 7, 3131–3143 (2021).

	 43.	 Z. Liu, T. Liu, M. Li, T. He, G. Guo, P. Liu, T. Chen, J. Yang, C. Qin, X. Dai, M. Yuan, Eliminating 
halogen vacancies enables efficient MACL-assisted formamidine perovskite solar cells. 
Adv. Sci. 11, 2306280 (2024).

	 44.	 Y. Shao, Z. Xiao, C. Bi, Y. Yuan, J. Huang, Origin and elimination of photocurrent hysteresis 
by fullerene passivation in CH3NH3PbI3 planar heterojunction solar cells. Nat. Commun. 5, 
5784 (2014).

	 45.	 S. Yang, S. Chen, E. Mosconi, Y. Fang, X. Xiao, C. Wang, Y. Zhou, Z. Yu, J. Zhao, Y. Gao,  
F. De Angelis, J. Huang, Stabilizing halide perovskite surfaces for solar cell operation with 
wide-bandgap lead oxysalts. Science 365, 473–478 (2019).

	 46.	 Z. Ni, C. Bao, Y. Liu, Q. Jiang, W.-Q. Wu, S. Chen, X. Dai, B. Chen, B. Hartweg, Z. Yu,  
Z. Holman, J. Huang, Resolving spatial and energetic distributions of trap states in metal 
halide perovskite solar cells. Science 367, 1352–1358 (2020).

	 47.	 G. El-Hajje, C. Momblona, L. Gil-Escrig, J. Ávila, T. Guillemot, J.-F. Guillemoles, M. Sessolo, 
H. J. Bolink, L. Lombez, Quantification of spatial inhomogeneity in perovskite solar cells 
by hyperspectral luminescence imaging. Energ. Environ. Sci. 9, 2286–2294 (2016).

	 48.	 P. Chaturvedi, B. Hoex, T. M. Walsh, Broken metal fingers in silicon wafer solar cells and PV 
modules. Sol. Energy Mater. Sol. Cells 108, 78–81 (2013).

	 49.	 J. Liu, M. De Bastiani, E. Aydin, G. T. Harrison, Y. Gao, R. R. Pradhan, M. K. Eswaran,  
M. Mandal, W. Yan, A. Seitkhan, M. Babics, A. S. Subbiah, E. Ugur, F. Xu, L. Xu, M. Wang,  
A. ur Rehman, A. Razzaq, J. Kang, R. Azmi, A. A. Said, F. H. Isikgor, T. G. Allen, D. Andrienko, 
U. Schwingenschlögl, F. Laquai, S. De Wolf, Efficient and stable perovskite-silicon tandem 
solar cells through contact displacement by MgFx. Science 377, 302–306 (2022).

	 50.	 B. Tegetmeyer, C. Schreyvogel, N. Lang, W. Müller-Sebert, D. Brink, C. E. Nebel, 
Electroluminescence from silicon vacancy centers in diamond p–i–n diodes.  
Diamond Relat. Mater. 65, 42–46 (2016).

	 51.	 A. Mei, Y. Sheng, Y. Ming, Y. Hu, Y. Rong, W. Zhang, S. Luo, G. Na, C. Tian, X. Hou, Y. Xiong,  
Z. Zhang, S. Liu, S. Uchida, T.-W. Kim, Y. Yuan, L. Zhang, Y. Zhou, H. Han, Stabilizing 
perovskite solar cells to IEC61215:2016 standards with over 9,000-h operational tracking. 
Joule 4, 2646–2660 (2020).

Acknowledgments 
Funding: This work was supported by the National Key Research and Development Program 
of China (no. 2023YFB3809700), National Natural Science Foundation of China (no. 52372196), 
and the open research fund of Suzhou Laboratory (No. SZLAB-1308-2024-TS007). F.G. is a 
Wallenberg Scholar. Author contributions: Conceptualization: S.C. and F.G. Methodology: T.L., 
Z.R., and Y. Liu. Investigation: T.L., Z.R., and Y. Liu, Y. Zhang, J.L., F.C., Y.Li, X.S., Y.D., X.H., L.W., S.L., 
F.W., X.P., and Y. Zhao. Visualization: T.L., Z.R., and Y.Liu. Funding acquisition: S.C. and F.G. Project 
administration: S.C. Supervision: S.C., F.G., Y.C., and W.W. Writing—original draft: T.L., Z.R., and 
Y. Liu. Writing—review and editing: S.C., F.G., and T.L. Competing interests: S.C. is the sole 
inventor on patent application (CN202310617608) submitted by Nanjing University that 
covers Poly-2PACz. The patent was filed on 30 May 2023 and is under substantive examination 
procedure. All other authors declare that they have no competing interests. Data and 
materials availability: All data needed to evaluate the conclusions in the paper are present in 
the paper and/or the Supplementary Materials.

Submitted 24 November 2024 
Accepted 5 March 2025 
Published 28 May 2025 
10.1126/sciadv.adu3493


	Efficient perovskite solar modules enabled by a UV-stable and high-conductivity hole transport material
	INTRODUCTION
	RESULTS
	DISCUSSION
	MATERIALS AND METHODS
	Materials
	Device fabrication
	Characterizations

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments


