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While self-assembled material based inverted perovskite solar cells have sur-
passed power conversion efficiencies of 26%, enhancing their performance in
large-area configurations remains a significant challenge. In this work, we
report a self-assembled material based hole-selective layer 4-(7H-dibenzo[c,g]
carbazol-7-yl)phenyl)phosphonic acid, with a -expanded conjugation. The
enhanced intermolecular -m interactions facilitate the self-assembly of 4-(7H-
dibenzol[c,g]carbazol-7-yl)phenyl)phosphonic acid molecules to form an
ordered bilayer with a hydrophilic surface, which passivates the buried per-
ovskite interface defect and enables high-quality and large-area perovskite
preparation, while simultaneously enhancing interfacial charge extraction and
transport. The certified efficiency of 4-(7H-dibenzo[c,g]carbazol-7-yl)phenyl)
phosphonic acid based small-area (0.0715 cm?) device is 26.39% with high
stability. Furthermore, a certified efficiency of 25.21% is achieved for a

99.12 mm? large area device.

Recently, self-assembled materials (SAMs) have garnered significant
interest for their utility as hole-selective layers (HSLs) within inverted
perovskite solar cells (IPSCs) and in the construction of perovskite-
based tandem solar cells, as documented in references'™. They offer
several advantages, such as adjustable energy levels, low synthetic
cost, minimal parasitic absorption, and the ability to passivate the
defects of upper layer perovskites and transparent conductive oxide
(TCO) substrates™®.

Although SAM-based IPSCs have demonstrated impressive power
conversion efficiencies (PCEs) over 26%"%, further improving the effi-
ciency or fabricating high-performance large-area IPSCs remains quite
challenging due to the frequently encountered SAM assembly defects
and wettability issue due to incompatibility between the non-polar
head groups with polar perovskite precursor solutions. Various stra-
tegies have been developed to address these issues, such as co-
assembly of different head groups SAMs”?°, incorporating insulating

Department of Chemistry, Southern University of Science and Technology, Shenzhen, Guangdong, China. 2Department of Materials Science and Engi-

neering, City University of Hong Kong, Kowloon, Hong Kong, China. 3Department of Mechanical and Energy Engineering, SUSTech Energy Institute for Carbon
Neutrality, Southern University of Science and Technology, Shenzhen, Guangdong, China. *University of Science and Technology of China, Hefei, China. *Key
Laboratory of Bioelectrochemistry & Environmental Analysis of Gansu Province, College of Chemistry & Chemical Engineering, Northwest Normal University,
Lanzhou, China. 8Hoffmann Institute of Advanced Materials, Shenzhen Polytechnic University, Shenzhen, Guangdong, China. “Henan Key Laboratory of
Quantum Materials and Quantum Energy, School of Quantum Information Future Technology, Henan University, Zhengzhou, China. 8Guangdong-Hong
Kong-Macao Joint Laboratory for Photonic-Thermal-Electrical Energy Materials and Devices, Southern University of Science and Technology, Shenzhen,
Guangdong, China. ®These authors contributed equally: Geping Qu, Letian Zhang, Ying Qiao, Shaokuan Gong, Yuanjia Ding. " e-mail: alexjen@cityu.edu.hk;
chenxh@sustech.edu.cn; xu.zx@sustech.edu.cn

Nature Communications | (2025)16:86 1


http://orcid.org/0000-0003-1394-6164
http://orcid.org/0000-0003-1394-6164
http://orcid.org/0000-0003-1394-6164
http://orcid.org/0000-0003-1394-6164
http://orcid.org/0000-0003-1394-6164
http://orcid.org/0009-0008-8464-0334
http://orcid.org/0009-0008-8464-0334
http://orcid.org/0009-0008-8464-0334
http://orcid.org/0009-0008-8464-0334
http://orcid.org/0009-0008-8464-0334
http://orcid.org/0000-0002-9219-7749
http://orcid.org/0000-0002-9219-7749
http://orcid.org/0000-0002-9219-7749
http://orcid.org/0000-0002-9219-7749
http://orcid.org/0000-0002-9219-7749
http://orcid.org/0000-0001-7907-2549
http://orcid.org/0000-0001-7907-2549
http://orcid.org/0000-0001-7907-2549
http://orcid.org/0000-0001-7907-2549
http://orcid.org/0000-0001-7907-2549
http://orcid.org/0000-0003-3444-9474
http://orcid.org/0000-0003-3444-9474
http://orcid.org/0000-0003-3444-9474
http://orcid.org/0000-0003-3444-9474
http://orcid.org/0000-0003-3444-9474
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-55523-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-55523-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-55523-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-55523-0&domain=pdf
mailto:alexjen@cityu.edu.hk
mailto:chenxh@sustech.edu.cn
mailto:xu.zx@sustech.edu.cn
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55523-0

materials like Al,O3;, and combining SAMs with NiOx'"'>. However,
these strategies increase the complexity of devices preparation and
materials while reducing cost-saving and efficiency-boosting benefits
of SAMs. The fabrication of SAM films typically involves the application
of a low-concentration solution followed by rinsing to produce single-
layer films for high-efficiency devices. Notably, increasing the con-
centration of SAM solution to create thicker films may reduce film
defects, however, this approach has not been widely adopted due to its
negative impact on charge transport in thicker films. An amphiphilic
SAM, designated as MPA-CPA, featuring a versatile cyanovinyl phos-
phonic acid (PA) anchoring group, has been demonstrated to effec-
tively fabricate multilayer stacks for large-area IPSCs. Impressively,
these stacks achieve a PCE exceeding 23%, obviating the need for rin-
sing when used at higher concentrations®”. However, its performance
still falls short compared to traditional hole transport layers made
from metal oxides” or polymers". Therefore, finding rational designs
of SAMs that do not introduce negative effects while still achieving
high performance along with large area remains a significant challenge
in the field of perovskite photovoltaics.

To efficiently design SAMs, a three-component model consisting
of an anchoring, linker, and functional head group can be utilized
based on their shared characteristics. Notably, the synergistic mod-
ulation of the assembly of SAMs utilizing these components necessi-
tates careful consideration during the molecular design process” .
Since the first demonstration of using a carbazole-containing SAM with
a PA anchoring group to achieve PCE of 17.8% in IPSC*, numerous
modifications of carbazole head groups have been investigated to
optimize SAMs properties and enhance the performance of IPSCs®?*%,
Notably, the helical Tt-expansion of carbazole, such as (4-(7H-diben-
zo[cglcarbazol-7-yl)butyl)phosphonic acid (Bz-4PACz), has shown
potential in increasing both the SAM dipole moment and m-m inter-
actions. This led to the formation of a densely packed and ordered
monolayer with a suitable energy level to align with the perovskite
absorber, effectively enhancing hole extraction. This approach resul-
ted in an increased PCE to 24%** and large area-all perovskite tandem
solar cells containing PCE up to 27.0%".

By further utilizing the benefits of conjugated linkers in SAM
design'", we developed a functionalized SAM denoted 4-(7H-diben-
zolc,glcarbazol-7-yl)phenyl)phosphonic acid (Bz-PhpPACz) derived
from (4-(9H-carbazol-9-yl)phenyl) phosphonic acid (PhpPACz)
(Fig. 1a)"*, and utilized as an HSL for IPCS. Bz-PhpPACz contained a 1-
expanded carbazole, phenylene, and PA as head, linker, and anchoring
groups, respectively. Molecular structure of Bz-PhpPACz was recently
published and shown to form a highly crystalline self-assembled mul-
tilayer, resulting in small-area IPSCs with a PCE of 26.07%. In this
study, we have further demonstrated that the enlarged conjugation of
SAM Bz-PhpPACz enhances intermolecular 1-1t interactions and facil-
itates the self-assembly of molecules into an ordered bilayer structure
with a hydrophilic surface by selecting proper solvents and perovskite
composition as well as modifying the SAM solution concentration. The
results show that the ordered hydrophilic bilayer structure of Bz-
PhpPACz leads to certified PCEs of 26.39% and 25.21% for small-area
(0.0715 cm?) and large-area (99.12 mm?) IPSCs, respectively, along with
excellent stability.

Results
Development and characterization of hole-selective layer
The molecular design and chemical structure of Bz-PhpPACz are
depicted in Fig. 1a, while the synthesis and characterization data can be
found in the supplementary materials section with verified molecular
structure, and p-type semiconductor characteristics with high thermal
stability, which is advantageous for its application as an HSL in IPCSs
(Supplementary Figs. 1-13).

Molecular interactions and packing modes are crucial factors in
the self-assembly process of SAMs. Single crystals of SAMs including

Bz-4PACz, PhpPACz and Bz-PhpPACz were successfully grown and
utilized to elucidate these forces, providing valuable insights (Sup-
plementary Data 1-3 and Supplementary Table 1). Figure 1b shows the
Bz-PhpPACz crystal structure, with a view along the b axis showing the
layered structure with two phosphate groups up (blue) and the other
two phosphate groups down (red) in each repeating unit. The side view
of the repeating units shows the intermolecular -t interactions in
each layer, which was consistent with the view along the normal
direction of two parallel staggered phenyl rings (yellow glow), with a
close face-to-face distance of 3.409 A. By contrast, the face-to-face -1t
interactions were absent in the single crystal structures of Bz-4PACz
and PhpPACz (Supplementary Figs. 14, 15), which demonstrated the
strongest molecular packing of Bz-PhpPACz among three molecules.
These findings were in line with the theoretical calculations of inter-
action forces for SAMs, as shown in Supplementary Fig. 16, indicating a
closest intermolecular distance of 3.66 A for Bz-PhpPACz.

This strong molecular interaction of Bz-PhpPACz was further
confirmed by theoretical simulations. Ab initio molecular dynamics
(AIMD) simulations were initially utilized to examine the arrangement
of single and multiple Bz-PhpPACz molecules on fluorine doped tin
oxide (FTO) surface (Supplementary Figs. 17, 18). As shown in Fig. 1c
and Supplementary Fig. 18, after 10 ps of AIMD simulations, the out-
comes revealed that multiple Bz-PhpPACz molecules were aligned
parallel to one another on the FTO surface with an interatomic dis-
tance of 2.96 A, which was possibly the driving force for the self-
assembling process. These computational findings were consistent
with the single crystal analysis.

The enhanced m-Tt interactions resulting from the m-expansion
and the strong interactions between the PA group and metal oxide in
Bz-PhpPACz were possibly beneficial for creating a densely packed and
the ordered self-assembly HSL for IPSCs. Inspired by the phospholipid
bilayer structure”, we proposed that under optimal conditions an
ordered hydrophilic bilayer structure can form during IPSC fabrica-
tion, consisting of a chemically anchored SAM monolayer plus a non-
adsorbed, ordered second layer with the presence of PA at the buried
interface between perovskite (Fig. 1d).

The ordered bilayer structure has shown to be crucial for high-
performance IPSCs. Static density functional theory (DFT) calculations
revealed that the interactions between the expanded carbazole head
of Bz-PhpPACz molecule and perovskite was almost negligible
(-0.01eV, Fig. 1e), while the interaction between the PA end and per-
ovskite was —0.80 eV (Supplementary Fig. 19). However, when bilayer
Bz-PhpPACz molecules were adsorbed on perovskite, the interaction
significantly strengthened, reaching —5.41eV (Fig. le). These results
suggested that the bilayer Bz-PhpPACz molecules had a higher affinity
for adsorption onto the perovskite surface, which could be advanta-
geous for perovskite defect passivation as well as charge extraction.
Secondly, as shown by the smaller water droplet contact angle (Fig. 1d),
the Bz-PhpPACz bilayer structure exhibited more hydrophilic proper-
ties compared to the monolayer, and displayed better wetting char-
acteristics with the perovskite precursor solution (Supplementary
Figs. 20, 21 and movies 1-7). This could help form large-area perovskite
thin films. The strong interactions with perovskites and the higher
hydrophilicity of the Bz-PhpPACz bilayer resulted in a certified PCE of
26.39% for small-area IPSC and a PCE of 25.44% for 1cm? large-area
devices (Fig. 1f).

Examination of bilayer structure for hole-selective layer

To confirm our previous findings, SAM films were prepared using a
spin-coating technique and the concentration was optimized with and
without rinsing (Fig. 2a). The PCE of Bz-PhpPACz without rinsing was
observed to increase initially then decrease with increasing con-
centration, with 2.8 mM identified as the optimal concentration. The
sample was labeled as Bz-PhpPACz (2.8 mM) (Fig. 2b and Supplemen-
tary Fig. 22). By contrast, the performance of the devices using
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Fig. 1| Molecular interaction of SAM molecules and proposed bilayer structure.
a Molecular design strategy and structure of Bz-PhpPACz. b Packing patterns in the
single crystal structure of Bz-PhpPACz with strong interlayer -t stacking. ¢ Final
configurations of multiple bilayers of Bz-PhpPACz molecules stacking onto the FTO
surface after a 10 ps of AIMD simulation. d Proposed bilayer structure of Bz-

PhpPACz mimicking from phospholipid bilayer and its corresponding enhanced
hydrophilicity with water drop contact angles of 92° and 44° for single layer and
bilayer, respectively. e Configurations of the Bz-PhpPACz molecules that adsorbed
on the FAPbI; perovskite surface through the carbazole end and the PA anchoring
group, respectively. f Reported PCE of IPSCs with small and 1cm? device areas.

reported Bz-4PACz SAM without rinsing decreased with increasing
concentration (Supplementary Fig. 23). In the preparation of mono-
layer SAM films, Bz-PhpPACz samples were thoroughly rinsed with
isopropanol (Fig. 2a and Supplementary Fig. 24). Interestingly, the
efficiency of these rinsed Bz-PhpPACz samples was consistently lower
than that of the Bz-PhpPACz sample without rinsing at all concentra-
tions. It is worth noting that the rinsing sample with a concentration of
2.8 mM, which demonstrated the highest PCE, was labeled as Bz-
PhpPACz (r). For Bz-4PACz, the rinsing sample demonstrated the best
performance, which was possibly related to the formation of different
layer structures of SAMs.

To validate the ordered bilayer SAM structure, X-ray photoelec-
tron spectroscopy (XPS) quantification was performed. With the
increase in the preparation concentration of Bz-PhpPACz, there was a
significant increase in the N/Sn and P/Sn ratios (Supplementary
Figs. 25, 26 and Supplementary Table 2). For Bz-PhpPACz washed with
perovskite precursor solution, the maximum values were achieved at a

concentration of 2.8 mM. These results demonstrated an increase in
the number of SAM molecules, even after washing with a perovskite
precursor solvent (Fig. 2c, Supplementary Figs. 27, 28 and Supple-
mentary Table 2). By contrast, for Bz-4PACz, the N/Sn and P/Sn ratios
slowly increased with increasing concentrations, indicating the wash-
ing process removed significantly more Bz-4PACz molecules, main-
taining an almost constant ratio at 2.1-2.8 mM (Supplementary
Figs. 29, 30). The higher N/Sn and P/Sn ratios of Bz-PhpPACz compared
to Bz-4PACz also revealed the denser packing properties”.

X-ray reflectivity (XRR) measurements were carried out and
combined with theoretical calculations to determine the film thickness
of SAM (Fig. 2d, Supplementary Figs. 31-33 and Supplementary
Table 3)°?*°, The results showed that at a low concentration of
0.7 mM, the thickness of Bz-PhpPACz was 6.49 A, which was consistent
with the theoretically calculated value for a single molecule adsorbed
on FTO (Fig. 2d). As the concentration increased, the thickness also
increased and reached a maximum value of 13.46 A at 2.8 mM, which
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Fig. 2 | Thin film fabrication and characterizations. a Scheme of the fabrication
process of SAM and perovskite thin films. b Statistics of PCEs for Bz-PhpPACz based
IPSCs. The box plot denotes the median (center line), 75th (top edge of the box),
and 25th (bottom edge of the box). ¢ N/Sn and P/Sn ratios for Bz-PhpPACz/FTO

derived from XPS measurements. d Bz-PhpPACz thin films thickness derived from
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the XRR measurements (inset: theoretical calculated lengths for mono- and bi-
molecule adsorbed on FTO). e Water contact angles of Bz-PhpPACz thin films
fabricated with varied concentrations. f Scheme illustration and (g) Related spectra
of polarization-resolved grazing incidence infrared reflection spectroscopy
measurements.

was close to the theoretically calculated value for bimolecular packing
on FTO and indicated the formation of a bilayer structure. By contrast,
the thickness of Bz-4PACz remained constant at approximately 4 A for
varied concentrations (Supplementary Fig. 32).

Since the monolayer structure of Bz-PhpPACz showed more
hydrophobic properties, the formation of bilayer structure could be
verified through the exposure of PA group of Bz-PhpPACz related with
higher hydrophilicity. Water contact angle measurements were con-
ducted on films fabricated with different concentrations before and
after washing with the perovskite precursor solvent by spin-coating
(Supplementary Figs. 20, 34). As shown in Fig. 2e, the contact angle for
Bz-PhpPACz decreased with increasing concentration before washing,
approaching that of bisphosphonic acid SAM at 2.8 mM or higher
(Supplementary Fig. 35). After washing, samples with concentrations
between 0.7 and 2.1 mM retained a large contact angle of around 80°,
indicating an exposed hydrophobic carbazole group. However, at

2.8 mM or higher, the contact angle significantly decreased to less than
70°, suggesting the exposure of PA groups with more hydrophilic
character. By contrast, the contact angles decreased with increasing
concentration for Bz-4PACz before washing then remained constantly
around 70° after washing (Supplementary Figs. 36-38). These results
were consistent with the XRR measurements and confirmed the for-
mation of a bilayer structure for Bz-PhpPACz with an optimized con-
centration of 2.8 mM. The Angle-resolved XPS analysis also revealed
that the Bz-PhpPACz (2.8 mM) SAM has a bilayer structure with non-
coordinated phosphonic acid groups on the surface and anchored
groups at the TCO interface, with a thickness of approximately 1.97 nm
(Supplementary Figs. 39-42).

To investigate the molecular orientation of SAM molecules on
FTO, we conducted polarization-resolved grazing incidence infrared
reflection spectroscopy measurements (Fig. 2f). By examining the
difference between p (perpendicular to the FTO plane) and s (parallel
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Fig. 3 | Thin film characterizations of perovskite deposited on Bz-PhpPACz.
a XPS Pb 4 f spectra of the buried surface of the peeled off perovskite films
deposited on different substrates. GIWAXS patterns of the perovskites deposited
on b Bz-PhpPACz (r) and ¢ Bz-PhpPACz (2.8 mM). PL mapping of the perovskites
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deposited on d Bz-PhpPACz (r) and e Bz-PhpPACz (2.8 mM) (scale bar of 1 pm). SEM
images and corresponding grain size statistics of the buried surface for the peeled
off perovskite films deposited on f Bz-PhpPACz (r) and g Bz-PhpPACz (2.8 mM)
(scale bar of 1 um). h TDOS analysis of perovskites.

to the FTO plane) polarization, we could assess the molecular orien-
tation on the substrate. This is because the component of the dipole
moment in the normal direction will be enhanced. The data was ana-
lyzed using AR= RSR;SRP to describe the difference (Rs is the raw IR
reflectance in S-polarization, Rp is the raw IR reflectance in
P-polarization and the calculated AR is the difference reflectance
between S- and P-polarization). To simplify this expression, we have
used AR for the Kramers-Kronig transformation to obtain the
absorption (AA) intensity as shown in Fig. 2g and Supplementary
Fig. 43. Comparing the Bz-PhpPACz samples prepared under different
conditions, it can be observed that the absorption strength of the
2.8 mM sample was significantly higher, indicating a better vertical
orientation for PA group. Furthermore, a prominent absorption peak
of the 2.8 mM sample was observed even after washing treatment,
supporting the conclusion of forming a stable bilayer structure®-*>,

Examination of perovskite thin film

As shown in Fig. 1d, e, the bilayer SAM structure had a strong inter-
action with perovskite and the PA group stood vertically for perovskite
formation, which was advantageous for perovskite defect passivation.
XPS analysis revealed that PA groups effectively passivated the per-
ovskite at the buried interface (Supplementary Fig. 44 and Fig. 3a). The
binding energy of the perovskite Pb** peak on FTO and FTO/Bz-
PhpPACz (r) is almost identical. However, compared to FTO/Bz-

PhpPACz (r), the perovskite binding energy on FTO/Bz-PhpPACz
(2.8 mM) decreases by approximately 0.12 eV, suggesting stronger
coordination between the perovskite and phosphonic acid in SAM as a
Lewis base. Metallic Pb clusters (Pb°) were successfully verified iodide
deficiency and could act as recombination centers, resulting in lower
PCEs of PSCs*". The Pb° area at the buried interface for FTO, FTO/Bz-
PhpPACz (r), and FTO/Bz-PhpPACz (2.8 mM) decreases from 5.53% and
2.18% to 0.46%, respectively, at the buried interface, which could be
attributed to the passivation effect of the PA group. Furthermore, the
SAM molecules were not observed in the bulk phase of perovskite
(Supplementary Fig. 45).

The grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurements were conducted to evaluate the quality of perovskites.
As shown in Fig. 3b, ¢ and Supplementary Fig. 46, the results revealed
that the bilayer Bz-PhpPACz effectively inhibited the formation of Pbl,
and enhanced the radial integration intensity of the perovskite (100)
crystal plane. These findings were further verified by the grazing-
incidence X-ray diffraction (GIXRD) analysis of the perovskite buried
interface (Supplementary Fig. 47).

Photoluminescence (PL) mapping showed that perovskites
deposited on Bz-PhpPACz (2.8 mM) exhibited better uniformity and
stronger emission intensity compared to Bz-PhpPACz (r) and Bz-4PACz
samples, indicating improved thin film quality (Fig. 3d, e and Supple-
mentary Fig. 48). The results were consistent with those from the PL
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Fig. 4 | Configuration and photovoltaic performance of IPSCs. a Device structure
of IPSC. b Cross-sectional SEM image of the Bz-PhpPACz (2.8 mM) based device
(scale bar of 500 nm). ¢ /-V curves of Bz-PhpPACz based devices. d PLQY and QFLS
of perovskite films deposited on different substrates. e Surface carrier kinetics from
extraction at 2.48, 2.07, and 1.77 eV probed by TR spectroscopy and fitted with a
diffusion surface extraction model for perovskite deposited on Bz-PhpPACz

(2.8 mM). f Distribution of SEV values and Vo values for perovskite films deposited
on Bz-PhpPACz. g MPP tracking under N, and simulated 1 sun AM 1.5 G illumination
for uncooled devices (reaching an operating temperature of 65+10°C). h J-V
curves of large area IPSC (Inset: Photograph of large area IPSC). i /-V curves of mini
module (Inset: Photograph of mini module).

and time-resolved PL (TRPL) measurements (Supplementary Fig. 49
and Supplementary Table 4).

As indicated by the scanning electron microscopy (SEM) images
(Fig. 3f, g and Supplementary Fig. 50), the PA group passivation along
with the better wettability collectively resulted in increased grain size
on both the top and buried interfaces of perovskite grew on Bz-
PhpPACz (2.8 mM), and this was possibly beneficial for reducing grain
boundary defects. As shown in Fig. 3h, when the trap depth was below
0.4 eV, the trap density of states (TDOS) in Bz-PhpPACz (2.8 mM)
devices are significantly decreased. Specifically, in the range of 0.3 eV
to 0.4 eV, the TDOS of the Bz-PhpPACz (2.8 mM) device was 7 times
lower than that of the Bz-PhpPACz (r) device. However, when the trap
depth exceeds 0.40 eV, the difference in TDOS between the samples
became negligible. This was because the TDOS in perovskites assigns
deeper traps (>0.40eV) to the surface defects and shallower traps
(<0.40 eV) to the grain boundary defects. These results suggested that
the bilayer structure of Bz-PhpPACz (2.8 mM) was particularly effective
in reducing the perovskite defects and increasing the crystallinity.

Inverted perovskite solar cell performance

Device configuration of IPSC with an FTO/SAM/perovskite/C60/BCP/
Cu structure is depicted in Fig. 4a, b and Supplementary Figs. 51, 52.
The energy level of each material used in this work was obtained from

UV-vis absorption and ultraviolet photoelectron spectroscopy (UPS)
measurements (Supplementary Figs. 53, 54) and depicted in Supple-
mentary Table 5. The energy level diagrams of the IPSCs based on
mono- and bi-layer HSL are shown in Supplementary Fig. 55, which
demonstrated slightly increased ability for hole extraction and elec-
tron blocking for Bz-PhpPACz (2.8 mM).

The optimal J-V curves and corresponding photovoltaic para-
meters of IPSCs based on Bz-PhpPACz and Bz-4PACz are presented in
Fig. 4c, Supplementary Fig. 56, and Supplementary Table 6. The
reverse scan champion PCEs of Bz-PhpPACz (2.8 mM) and Bz-PhpPACz
(r) devices were 26.46% and 24.83%, respectively, and these values
were higher than that of Bz-4PACz. The certified PCE was 26.39%,
according to the National PV Industry Measurement and Testing
Center (NPVM) (Supplementary Fig. 57). Along with the integrated
current obtained from external quantum efficiency (EQE) measure-
ments (Supplementary Fig. 58), this increased PCE of Bz-PhpPACz
(2.8 mM) could be attributed to enhanced current density (Jsc), open-
circuit voltage (Voc) and fill factor (FF), which was consistent with the
average photovoltaic parameters of 20 devices. And it needed to be
mentioned that Bz-PhpPACz exhibited high tolerance to concentra-
tion. Even fabricated with 4.2 mM, PCE of 25.63% was achieved, which
is much higher than that of Bz-4PACz (PCE of 23.12%) (Supplementary
Tables 7, 8).
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The Bz-PhpPACz (2.8 mM)-based devices showed enhanced per-
formance parameters like increased carrier mobility, reduced ideality
factor (nyp), and minimized resistance. (Supplementary Figs. 59, 60).
Commonly observed factors contributing to FF values that fall short of
the S-Q limit include trap-assisted non-radiative recombination and
losses related to charge transport. The nyp calculations reveal that the
maximum FF (FF.,.x) achievable for Bz-PhpPACz (2.8 mM) and Bz-
PhpPACz (r) is 87.6% and 84.46%, respectively (Supplementary Fig. 61).
These results underscore the efficacy of employing a bilayer HSL at the
bottom interface in mitigating trap-assisted non-radiative recombina-
tion and enhancing charge transport within the device. This
improvement is attributed to the passivation of defects and robust
interactions with the underlying interface of the perovskite layer®>.

These results were further verified by measuring the device’s
electroluminescence EQE measurement (EQEEL, Fig. 4d and Supple-
mentary Fig. 62). The device utilizing Bz-PhpPACz (2.8 mM) demon-
strated outstanding EQEEL, accompanied by a pronounced increase in
EL emission intensity. This enhancement is indicative of a more effi-
cient carrier injection process”. Indeed, the EQEEL values for devices
incorporating Bz-PhpPACz (2.8 mM) and Bz-PhpPACz (r) were deter-
mined to be 3.84% and 1.47%, respectively (Supplementary Fig. 62). In
corroboration with the EQEEL findings, the quasi-Fermi level splitting
(QFLS) was calculated using the photoluminescence quantum yield
(PLQY) for both semi-stacked and fully-stacked devices. The analysis
uncovered a significantly higher quantum yield and an augmented
QFLS for the Bz-PhpPACz (2.8 mM) based devices, thereby reinforcing
the previously discussed outcomes.

To further quantify the interfacial carrier extraction velocity of
SAM molecules, transient reflection (TR) spectroscopy analysis was
conducted on perovskite films deposited on FTO/SAM substrates. As
shown in Fig. 4e and Supplementary Figs. 63-65, the Bz-PhpPACz
(2.8 mM) sample exhibited the best carrier extraction ability with an S
value of 3770 +220 cms™, while the Bz-PhpPACz (r) sample only had
an S of 2500 +270 cms™. This indicated that the bilayer structure
enhanced the ability to extract carriers through the Bz-PhpPACz SAM
molecules. The faster extraction of carriers essentially increases the
transient carrier density and the QFLS, i.e., increase Voc and follows the
trend of surface extraction velocity (Fig. 4f)***%. These results were also
consistent with the theoretical calculations of electron localization
function and charge density differences (Supplementary Figs. 66-68).

For evaluating devices stability, the unencapsulated devices were
first tested under AM 1.5 G simulated solar irradiation at 25 °C and 80%
relative humidity, which showed that the IPSC based on the bilayer
structure had better stability. Specifically, the PCE of Bz-PhpPACz
(2.8 mM) increased from an initial value of 25.11% to 25.35% after 400's,
while the PCE of Bz-PhpPACz (r) decreased from 23.82% to 23.34%
(Supplementary Fig. 69). In adherence to the ISOS-L-1I standard pro-
tocol, the degradation in performance of the unencapsulated IPSCs
was monitored at the maximum power point (MPP) under persistent
illumination within a nitrogen-filled environment at a temperature of
65110 °C*, Following an extended period of over 3000 h of unin-
terrupted exposure, the IPSC utilizing Bz-PhpPACz (2.8 mM) demon-
strated remarkable retention, maintaining 91.94% of its initial PCE,
whereas the performance of the IPSC based on Bz-PhpPACz (r) variant
decreased significantly to 30.72% (Fig. 4g). Additionally, to evaluate the
thermal stability of the encapsulated devices, further assessments
were carried out at a higher temperature of 85°C under ambient
conditions (RH 80 +15%). These tests confirmed the stability of the
bilayer SAM structure (Supplementary Fig. 70).

Finally, the improved wettability of Bz-PhpPACz (2.8 mM) bilayer
HSL with perovskite also enables the fabrication of large-area IPSCs
with 1cm? active area, achieving a reverse scan PCE of 25.44% (Fig. 4h).
The official certification (Supplementary Fig. 71) confirmed a PCE of
25.21% for the device, which featured an active area of 99.12 mm?. This
validation was provided by the Test and Calibration Center of New

Energy Device and Module at the Shanghai Institute of Microsystem
and Information Technology, Chinese Academy of Sciences (SIMIT).
The perovskite solar module using Bz-PhpPACz (2.8 mM) as the HSL
achieved a PCE of 22.33%, with an aperture area of 19.80 cm?, while a
thicker HSL (4.2 mM) resulted in lower efficiency of 20.68% (Fig. 4i and
Supplementary Fig. 72). Additionally, this study could be further
extended to different perovskite compositions, incorporating the
bilayer Bz-PhpPACz SAM into wide-bandgap perovskites such as
CS0.0sFAO.gMAo_lspb(10.75581‘0'255)3 with a bandgap of 1.68 eV, aChieVing
PCE of 22.46% and Voc of 1.270V (Supplementary Fig. 73). For
Cso.2FAo gPbl; gBry» with a bandgap of 1.78 eV, the PCE was 20.37% and
the Voc was 1.33 V (Supplementary Fig. 74). These findings highlighted
the potential of bilayer SAM in future application of perovskite-based
tandem solar cells.

Discussion

In this study, we designed and synthesized a SAM named Bz-PhpPACz,
which was used as HSLs in the fabrication of IPSCs. The expanded -
conjugated system of Bz-PhpPACz enhanced intermolecular -1t
interactions, facilitating the formation of an ordered bilayer structure
with a hydrophilic surface. This structure is advantageous for high-
quality large-area perovskite fabrication and better hole extraction.
Remarkably, bilayer Bz-PhpPACz demonstrated high PCE and long-
term stability and was highly versatile for different bandgap per-
ovskites. These findings provide a promising pathway for the future of
perovskite solar cells and emphasize the importance of continued
research in this field.

Methods

Materials

The chemical reagents and solvents used for synthesis are all of
reagent grade. 7H-dibenzo[cglcarbazole, 1-bromo-4-iodobenzene,
copper(l) iodide, potassium phosphate, palladium(ll) acetate, 1,1-
bis(diphenylphosphino)ferrocene (dppf), and potassium acetate were
purchased from Bide Pharmatech LTD. Diethyl phosphite, triethyla-
mine, and were purchased from Energy Chemical Co. Ltd. Cyclohex-
ane-1,2-diamine was purchased from Tokyo Chemical Industry.
Bromotrimethylsilane (TMSBr) was purchased from J&K Scientific.
Solvents and deuterium reagents were purchased from Adamas-beta
Ltd. All materials are used without further purification unless
otherwise noted.

For the materials used for perovskite solar cells fabrication
included: formamidinium iodide (FAI; 99.99%, Advanced Election
Technology CO,.Ltd), methylammonium lodide (MAI, 99.99%,
Advanced Election Technology CO,.Ltd), methylammonium chloride
(MACI, 99.99%, Greatcell Solar Materials Pty. Ltd.), methylammonium
bromide (MABr, 99.99%, Greatcell Solar Materials Pty. Ltd.), lead
iodide (Pbly; 99.99%, TCI), lead(ll) bromide (PbBry; 99.999%, Xi'an
Polymer Light Technology Corp.), cesium iodide (Csl; 99.999%, Alfa
Aesar), C60 (99.99%, Xi'an Polymer Light Technology Corp.), bath-
ocuproine (BCP, 99.99%, Xi'an Polymer Light Technology Corp.),
Piperazine dihydriodide (PDI, 99.99%, Xi’an Polymer Light Technology
Corp.), molybdenum trioxide (MoO3, 99.9995%, Alfa Aesar), water
(HO; Alfa Aesar), N,N-dimethylformamide (DMF; 99.8%, J&K Scien-
tific), 2-methoxyethanol (99.5%; J&K Scientific), dimethyl sulfoxide
(DMSO; 99.9%, J&K Scientific), ethanol (99.5%; Sigma-Aldrich), iso-
propanol (IPA; 99.5%; Sigma-Aldrich), ethyl acetate (EA, 99.5%; Sigma-
Aldrich), chlorobenzene (CB; 99.8%; Sigma-Aldrich), acetone
(99.8%; Merck).

General characterizations of materials and thin film

'H NMR, ®C NMR and *'P NMR spectra were characterized by Bruker
AVANCE NEO 400 and Bruker AVANCE NEO 600. The UV-vis spectra
were recorded using a PerkinElmer Lambda750S spectrophotometer.
High-resolution electrospray ionization (HR-ESI) mass spectra were
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obtained from Thermo Scientific Q Exactive mass spectrometer,
operated in heated electrospray ionization (HESI) mode, and coupled
with Thermo Scientific Ultimate 3000 system. The differential scan-
ning calorimetry (DSC) and thermogravimetric analysis (TGA) mea-
surements were performed on SDT Q600 instrument at a heating rate
of 10Kmin™ in the range of 25°C to 800 °C under a nitrogen atmo-
sphere. Cyclic voltammetry (CV) was performed on Electrochemical
Analyzer CHI760E (Chenhua Co. Ltd, Shanghai, China) using a three-
compartment electrochemical cell, with samples in DMF containing
0.1 M ["BuyN]PF¢ as electrolyte and the ferrocenium/ferrocene (Fc*/Fc)
as internal standard under scan rate of 0.1 Vs™. Ag/AgCl, glassy carbon,
and platinum wire were used as the reference electrode, working
electrode, and counter electrode, respectively.

The morphologies of the prepared samples were analyzed via SEM
(Zeiss Merlin). A dual-beam focused ion beam (FIB, Helios 600i, FEI)
combined with SEM was used to prepare transmission electron
microscope (TEM) samples of the perovskite solar cells. The cross-
sections of the perovskite solar cells were then observed using TEM
(JEM-2100Plus, JEOL). The contact angle measurements were per-
formed using a drop shape analyzer (DSA 25S, Kruss).

UPS and XPS measurements were performed using an ultrahigh
vacuum surface analysis system equipped with an ULVAC-PHI 5000
VersaProbe Il spectrometer. Ultraviolet photo-electron spectroscopy
(UPS) was performed with He I (21.22eV) acting as the excitation
source at an energy resolution of 50 meV. XPS used monochromatic Al
K, radiation (1486.6 eV). All experiments were calibrated with respect
to the Fermi edge of an atomically clean gold surface. The SAM sam-
ples used for XPS N 1s, P 2p, and Sn 3 d spectra measurements were
fabricated by spin-coating SAM solutions on FTO at varying con-
centrations. Subsequently, the samples were washed with a perovskite
precursor solvent (DMF/DMSO (4:1, v/v)).

GIXRD measurements of the perovskite were performed on a
Smartlab 9 kW diffractometer with a Gobel mirror attachment. The
irradiation by the parallel CuK,;, X-ray beams was fixed at a grazing
angle of incidence () of 0.1-1.0°. The detector was moved indepen-
dently to collect diffraction data within the 20 range (5°-60°) with a
step size of 0.03° (20) at a fixed speed of 0.5 s/step.

The XRR measurements of the SAMs were conducted using a
Smartlab 9kW diffractometer to determine the SAM thin film
thickness®. X-ray was incident on the SAM’s surface at a grazing angle of
0.05°, and data were collected within the 26 range of 0° to 1.5° with a
step size of 0.01° (26). The Kiessig fringes in XRR arise from interference
between reflections from the top and bottom of the thin film layer. The
position of these fringes corresponds to the thickness of the film layer?.,
For larger layer thicknesses, the fringes shift to smaller 20 values. The
thickness of the SAM film can be calculated according to reported
literature'. All the samples used for XRR measurement were washed by
perovskite precursor solvent ((DMF/DMSO (4:1, v/v)) on ITO.

GIWAXS measurements were performed at the Synchrotron and
Printable Electronics lab at Shenzhen Polytechnic with SaxsFocus
using a Cu X-ray source (8.05keV, 1.54A) and a Pilatus3R 300K
detector. The incidence angle is 0.5°.

The photoluminescence (PL) measurement of the perovskite thin
film (FTO/SAMs/perovskite) was conducted on the FLS1000 spectro-
meter (Edinburgh Instruments) with excitation using a 405 nm xenon
lamp. The time-resolved PL (TRPL) and PLQY measurements for the
perovskite films (FTO/SAMs/perovskite for TRPL and PLQY, FTO/SAMs/
perovskite/C60 for PLQY) were performed on an FLS1I000 spectrometer
(Edinburgh Instruments) with excitation provided by a 475 nm pulsed
laser. The samples were excited from the FTO side under ambient con-
ditions. PL mapping was acquired using a laser scanning confocal Raman
spectrometer (LabRAM HR Evolution) with excitation at 405 nm on the
perovskite thin film.

Compositional depth profiling of perovskite films was conducted
using a time-of-flight secondary-ion mass spectrometry (TOF-SIMS)

5 system (IONTOF). For depth profiling, a 500-eV Cs" sputter beam
with a current of 28 nA was used to remove material layer-by-layer in an
interlaced mode from a raster area of 300 um x 300 pm. Mass spec-
trometry was performed on an area of 100 um x 100 pm in the center
of the sputter crater.

Single crystal X-ray diffraction analysis

Single crystals of SAM molecules suitable for X-ray diffraction ana-
lysis were obtained by using vapor diffusion process at room tem-
perature. PhpPACz and Bz-4PACz single crystals were obtained with
hexane as antisolvent and THF as solvent. Bz-PhpPACz single crystal
was obtained with ether as antisolvent and DMF as solvent,
respectively.

A suitable crystal of PhpPACz, Bz-4PACz or Bz-PhpPACz was
selected and mounted on a Bruker D8 VENTURE diffractometer
equipped with a MetalJet D2 X-ray source and a Photon IlI detector.
Data were measured using monochromatic Ga-Ka radiation at
T=100 K or 200 K. Data reduction, scaling and absorption corrections
were performed using SAINT (Bruker, V8.38 A, 2013). The structure
was solved with the ShelXT structure solution program using the
Intrinsic Phasing solution method and by using Olex2 as the graphical
interface. The model was refined with version 2016/6 of ShelXL
(Sheldrick, 2015) using Least Squares minimization. All the CIF and
structure factors are validated by the checkcif test and no alert A or B is
reported. Crystallographic data reported in this paper were deposited
in the Cambridge Crystallographic Data Centre (CCDC) (CCDC No.
2362431 for Bz-4PACz, CCDC No. 2361091 for PhpPACz, and CCDC No.
2361092 for Bz-PhpPACz, respectively (Supplementary Datal-3).

Polarization resolved infrared reflection spectroscopy

This experiment was done with a Thermo-Fisher Nicolet iS50 FT-IR
spectrometer with a ZnSe waveplate with adjustable polarization
direction. The samples were fixed on a holder and all spectra were
obtained with a grazing angle reflectance method.

Transient reflection spectroscopy

The fundamental beam (800 nm, pulse duration -60 fs, -5 m) pulse?,
1kHz repetition rate, Coherent Astrella) is split in two beams. One
beam was sent to an optical parametric amplifier (TOPAS, Light con-
version) to generate the pump pulse (500 nm, 600 nm and 700 nm).
The pump was chopped at a frequency of 500 Hz and its intensity was
attenuated by two neutral density filter wheels. The other 800 nm
beam was focused into a sapphire crystal to generate white light probe
(450-810 nm) and detected with a CMOS detector (Timetech, TA-100).
The probe pulses were delayed in time with respect to the pump pulses
using a motorized translation stage mounted with a retroreflecting
mirror. Probe delay can be up to -5 ns, tuned by a delay line. The pump
and probe were focused and overlapped on the surface of the sample
spatially. For TR measurement, the incident angle for pump was
around 0° and probe was around 45°.

Internal electron-hole quasi-Fermi level splitting

To quantify interface non-radiative recombination losses, we calcu-
lated the internal electron-hole QFLS from PLQY results by using the
Eq. (1)*

QFLS=kg xIn <PLQY x j—G> @

0, rad

Where kg is Boltzmann constant. J is the generated current density at
1 sun, it is approximated with the short-circuit current density of the
complete solar cell. Jo raq is the radiative recombination current in the
dark, it is estimated by integrating the overlap of the photovoltaic
external quantum efficiency of the full device (EQEpy) with the black
body radiative spectrum at 300 K over the energy. According to the
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detailed balance theory:

q / EQEm(E)pag(EYAE =], aa )

1 E?
4232 exp (kBLT) -1

Pep 3)

Where q, ¢gp, E, h, ¢, T represents elementary charge, black-body
radiative spectrum, photon energy, Planck constant, speed of light in
vacuum, and temperature. Assuming that the perovskite solar cell is at
300 K in thermal equilibrium with its environment. The value of /g raq is
6.99 x102mA cm? and 7.02 x 102 mA cm? for Bz-PhpPACz (r) and Bz-
PhpPACz (2.8 mM) based devices, respectively.

Preparation of perovskite precursor solutions for devices

For 1.53 eV bandgap perovskite, the perovskite precursor solution
comprised 1mL of 1.67mM Csgo3FAg97Pbls and 16 uL of 1mM
MAPbBr;, For 1mL of 1.67mM Csgo3FAposPbl;, 13.02mg Csl,
278.57 mg FAl, 840.72 mg Pbl, (with 9.2% mol excess) and 18.10 mg
MACI in 1mL of DMF/DMSO (4:1, v/v). For 1mL of 1mM MAPDbBr3,
111.99 mg MABr and 400.77 mg PbBr, (with 9.2% mol excess) in 1 mL of
DMF/DMSO (4:1, v/v). Please note, do not add any additives, as they
may reduce the device performance.

For 1.68 eV bandgap perovskite, the perovskite precursor solution
comprised 1.5mM CSgosFAgsMAg15sPb(lo755Bro2ss)s (Pbly excess),
specifically, 19.49 mg Csl, 206.36 mg FAI, 23.83 mg MABr, 489.24 mg
Pbl,, 169.28 mg PbBr, in 1 mL of DMF/DMSO (4:1, v/v). Please note, do
not add any additive, as it may reduce the device performance.

For 1.78 eV perovskite, the perovskite precursor solution com-
prised 1.4 mM Csq ,FAq gPbl; gBry 5, specifically, 72.75 mg Csl, 96.30 mg
FAI, 69.98 mg FABr, 378.25 mg Pbl,, and 205.53 mg PbBr, in 1 mL of
DMF/DMSO (31, v/v). Please note, do not add any additive, as it may
reduce the device performance.

Fabrication of devices with 1.53 eV perovskite

Planar p-i-n IPSCs were fabricated using fluorine doped tin oxide
(FTO), SAM, perovskite, C60, BCP, and copper (Cu) as the anode, HSL,
light absorber layer, electron transport layer (ETL) and cathode,
respectively. FTO (8 Q) were washed with cleaning fluid, deionized
water, isopropanol, acetone, ethanol, and sequentially. The FTO was
then treated with UV-ozone for 20 min.

For devices using Bz-PhpPACz, and Bz-4PACz as the HSLs, SAMs
solution with various concentrations (0.7 mM, 1.4mM, 21mM,
2.8mM, 3.5mM, and 4.2 mM) were dissolved in a methanol and
2-methoxyethanol solution (100: 2, v/v) and statically spun-coated
onto FTO substrates at 3000 rpm for 30 s. The substrates were then
annealed at 120 °C for 10 min. For example, the samples of Bz-PhpPACz
fabricated with concentration of 2.8 mM were denoted as Bz-PhpPACz
(2.8 mM). While the sample of Bz-PhpPACz (r) was fabricated by spin-
coating Bz-PhpPACz solution with concentration of 2.8 mM with the
same procedure and then rinsing by isopropanol thoroughly. After
that, the substrates were then annealed at 120 °C for 10 min.

The perovskite film was deposited on the HSLs by a solvent
engineering method. Spread perovskite solution over HSL and spin-
coated in two steps, namely, 1000 rpm for 7 s and 5000 rpm for 30 s.
Then, with 15 s of spin time remaining, chlorobenzene (150 uL for FTO
with area of 15mm x 15mm and 190 pL for FTO with area of 22 mm x
20 mm) was slowly dispensed onto the middle of the substrate and the
films were annealed at 100 °C for 0.5 h. For the passivation treatment,
the IPA solution of PDI (0.01 mM) was spin-coated on the perovskite
surface at 3000 rpm for 30 s, followed by annealing at 100 °C for 5 min.
The surface was then rinsed with IPA at 5000 rpm and annealed again
at 100 °C for 1 min. The thickness of the as-fabricated perovskite layer

was determined to be -700 nm by cross-sectional SEM images. C60
(40 nm), BCP (8 nm) and a metallic copper (100 nm) electrode were
thermally evaporated in a vacuum chamber at a pressure set at
<4 x107*Pa through a shadow mask. Finally, the anti-reflection film
(Mitsubishi) is attached to the glass surface. For stability testing, the
substrates with deposited C60 were transferred to an atomic layer
deposition system (SUPERALD, LLC). At 90°C, 20nm of SnO,
(99.9999% purity) was deposited to replace the previous BCP layer, the
devices were then encapsulated.

Fabrication of devices with wide bandgap perovskite

The device structure is the same as described above. For the wide-
bandgap perovskite devices, a SAM system consisting of Bz-PhpPACz
was used as the HSL. SAMs solution with concentration of 2.8 mM was
dissolved in a methanol and 2-methoxyethanol solution (100:2, v/v)
and statically spun-coated onto FTO substrates at 3000 rpm for 30s.
The substrates were then annealed at 120 °C for 10 min. The perovskite
film was deposited on the HSLs by a solvent engineering method. For
1.68 eV PSCs, perovskite films were spin-coated at 2000 rpm for 45 s an
acceleration of 400 rpm s™, then followed with 7000 rpm for 10 s with
an acceleration of 5000 rpm s™. Chlorobenzene of 200 uL was dropped
in the center of the substrates 12 s before the end of the spin-coating
process. For 1.78eV PSCs, perovskite films were spin-coated at
1000 rpm for 5s and 4000 rpm for 40 s. Then, with 8-9 s of spin time
remaining, chlorobenzene (180 L for FTO with area of 15 mm x 15 mm)
was slowly dispensed onto the middle of the substrate and the films
were annealed at 100 °C for 0.5 h. For the passivation treatment, the
IPA solution of PDI (0.01 mM) and PEAI (0.01 mM) was spin-coated on
the perovskite surface at 5000 rpm for 30 s, followed by annealing at
100 °C for 5 min. The surface was then rinsed with IPA at 5000 rpm and
annealed again at 100 °C for 5min. C60 (40 nm), BCP (8 nm) and a
metallic copper (100 nm) electrode were thermally evaporated in a
vacuum chamber at a pressure set at <4 x 107 Pa through a shadow
mask. Finally, the anti-reflection film (Mitsubishi) is attached to the
glass surface.

Fabrication of module

Perovskite solar modules (6.5 x 6.5 cm?, Supplementary Fig. 72) were
fabricated using a spin-coating process. A 355 nm laser beam with a
power of 3 W was used for laser patterning the P1, P2, P3, and P4 line.
Before cleaning the FTO glass, the FTO layer was removed from the
substrate using the P1 laser at a speed of 500 mms?, a frequency of
30 kHz, and a pulse width of 8 ps. After ETL deposition, a laser with a
cutting speed of 500 mm s?, a frequency of 30 kHz, and a pulse width
of 2 us was used to remove all deposited layers (P2). Low-energy laser
ablation was applied two or more times to remove the functional lay-
ers, minimizing damage to the FTO. After copper deposition, the P3
laser was used to remove all deposited layers by scanning at a speed of
500 mms™, a frequency of 30 kHz, and a pulse width of 3 ps. Low-
energy laser ablation was applied again in P3 to further minimize
damage to the FTO. For P4, a laser with a scanning speed of 500 mm s,
a frequency of 30 kHz, and a pulse width of 5 ps was utilized to elim-
inate all deposited materials. The line widths of P1, P2, and P3 were
approximately 60 pm, 120 pm, and 120 pm, respectively. The distance
between P1 and P2, as well as P2 and P3, was around 50 pm.

Device characterization

A Keithley 2400 SourceMeter measurement unit was used along with
an Oriel xenon lamp (450 W) with an AM 1.5 filter to characterize the
solar cells in air under AM 1.5 G illumination at 100 mW cm™2 (Newport
Oriel 1 kW solar simulator) after calibration with a KG5 filter certified by
the National Renewable Energy Laboratory. The current density-
voltage (J-V) curves for all devices (active area: 0.0715 cm? and 1cm?)
were measured at a scanning speed of 0.01V per step with dwell time
of 100 ms under forward and reverse direction. The stabilized power
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output was measured at the maximum power point (MPP) voltage. The
incident-photon-to-current-efficiency (IPCE) spectra were recorded
using a constant 100 W xenon lamp source with an automated
monochromatic filter and a rectangular spot size of 0.76 mm x 1.0 mm.
The IPCE measurements were conducted within the wavelength range
from 300 to 900 nm using a chopping frequency of 4 Hz (IQE-200B
model). The light intensity dependences of the short circuit current
density (/sc) and open circuit voltage (Vo) characteristics were mea-
sured using a 10-97.5% light reduction film to adjust the light intensity
of the solar simulator in air under AM 1.5 G illumination.

Electrical impedance spectroscopy (EIS) measurements were
conducted using an electrochemical workstation (IM6ex, Zahner) with
a frequency range from 10 Hz to 4 MHz under an applied voltage of
09V in the dark. For the Mott-Schottky measurements, the
capacitance-voltage measurements were conducted at a fixed fre-
quency (10kHz) using an IMéex (Zahner) instrument. The Mott-
Schottky plot was obtained in the dark, ranging from O V to 1.2 Vin the
positive direction, with an active area of 0.1 cm?.

For the trap density of states (TDOS) Method, the C-V measure-
ment, the DC bias was from =2 V to 2 V for the samples. The scanning
range of the Ac frequency was from 10 Hz to 10 MHz. The TDOS (N,
(E,)) was described as:

Nr(Ey) = — o(dC/dw)(Vy; /gkTW) 4)

where W is the depletion width and V,; is the build-in potential of

devices, derived from the Mott-Schottky analysis of the C-V measure-

ment, T, k, g, w, and C are temperature angular, Boltzmann’s constant,

elementary charge, frequency, and specific capacitance, respectively.
The demarcation energy is:

Ew=kTIn(w,/w) ©)]

where wy is the attempt-to-escape angular frequency (2 x 10" s™)*.,

Hole-only devices (FTO/SAMs/perovskite/MoOs/Au) were fabri-
cated according to the IPSC fabrication procedure. MoOj3 (8 nm) and
Au (80 nm) were thermally evaporated in a vacuum chamber at a
pressure set below 4 x 107 Pa. The dark /- V characteristics of the hole-
only devices were measured using a Keithley 2400 SourceMeter. For
electroluminescence testing, a Keithley 2400 SourceMeter was
employed in conjunction with the XPQY-EQE-200-1100 (Xi Pu Optoe-
lectronics Technology Co., Ltd.) connected to an integrating sphere.

Operational stability tests were performed at the MPP for the
unencapsulated devices under AM 1.5 G illumination (100 mW cm™) at
65110 °C in a N, atmosphere within a light-emitting diode (LED)-based
solar simulator. The bias at the MPP was calculated and then applied
automatically. For thermal stability tests, the MPP for the encapsulated
devices under AM 1.5 G illumination (100 mW cm™) at 85 °C air atmo-
sphere (RH 80 +15%) within a LED-based solar simulator.

Computational method

The static DFT calculations were performed using the Vienna Ab Initio
Simulation Package (VASP), while the ab initio molecular dynamics
(AIMD) simulations were conducted with the CP2K package. All cal-
culations employed periodic boundary conditions. The projector
augmented wave (PAW) pseudopotential described the ion-core elec-
tron interaction, and the Perdew-Burke-Ernzerhof (PBE) functional
with a plane-wave cutoff energy of 400 eV described the exchange-
correlation energy of valence electrons. Grimme’s D3 corrections were
applied to account for dispersion interaction. The energy convergence
criterion for structure optimization, including lattice parameters and
internal atomic positions, was set to 10 eV for each self-consistent
field (SCF) iteration, and the maximum force convergence criterion for
geometry optimization was set to 0.02eVA™. Born-Oppenheimer
AIMD simulations were performed with an integration time step of

0.5 fs, maintaining the system at 300 K using the Bussi et al. thermostat
in a canonical isothermal-isochoric (NVT) ensemble. All AIMD simu-
lations were performed at the I' point.

The FTO model was constructed using bulk SnO,, with the (001)
surface selected as the substrate. A 3 x 3 supercell of the tetragonal
SnO, (001) surface was organized with a slab consisting of three
0-Sn-0 layers, while the bottom layer was kept frozen. Our simu-
lation introduced one oxygen vacancy (Oy) on the FTO surface,
following previous literature. A vacuum of 20.0 A was inserted along
the [001] direction to avoid unphysical interactions between the
slabs. The FTO model, sized at 14.50 x 14.50 x 30.11 A%, was used to
study the molecular dynamic behavior of a single SAM molecule on
the FTO surface. Gamma point k-point sampling was employed for
Brillouin-zone integration. To investigate the packing model of
multiple SAM molecules on the FTO surface, a larger FTO model size
of 28.99 x 28.99 x 45.00 A> was used. The systems were equilibrated
for 2 ps in the NVT ensemble, followed by an 8 ps production run.
AIMD simulations started from DFT-optimized structure to investi-
gate the dynamic behavior of SAM molecules. The system was
equilibrated for approximately 10 ps to achieve the most stable
configuration on FTO surface.

The size of the upper three-layer FAPbl; perovskite model is
19.47 x 26.01 x 42.26 A%, Binding energies were calculated as:

AE 45 =Eor — Epvk = Emol (6)

where E,, is the energy of the final relaxed configuration (molecule on
perovskite surface); Epx is the energy of the final configuration of the
perovskite bulk; and £, is the energy of the final configuration of the
isolated SAM molecule.

The charge difference between the SAM molecules and the per-
ovskite is represented as:

Ap=pSAM/perovskite — pSAM — pPerovskite @)
The intermolecular interaction energies were calculated as:
AEi = Etot - 2*Emol (8)

where E is the energy of the two molecules in same system; and Ey,,o
is the energy of a single isolated molecule.

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

Data availability

All data generated or analyzed during this study are included in the
published article and its Supplementary Information. Additional data
are available from the corresponding author on request.
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