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Self-assembled monolayers (SAMs) have significantly contributed to the advancement of hole
transporting materials (HTMs) for inverted perovskite solar cells (PSCs). However, uneven distribution of
SAMs on the substrate largely decreases the PSC performance, especially for large-scale devices. Herein,
the first spiro-type SAM, termed 4PA-spiro, with an orthogonal spirolacridine-9,9’-fluorene] as the
skeleton and phosphonic acid as the anchoring group were proposed. Compared to the reference
4PACz, the twisted configuration with larger steric hindrance of 4PA-spiro inhibited the intermolecular
aggregation, enabling a uniform and homogeneous anchoring on the substrate. Moreover, the suitable
highest occupied molecular orbital (HOMO) level of 4PA-spiro is beneficial in promoting hole extraction
and reducing charge non-radiative recombination. As a result, compared to 4PACz with a power

Received 7th June 2024, conversion efficiency (PCE) of 22.10%, the 4PA-spiro-based PSCs exhibited a superior PCE of 25.28%
Accepted 18th November 2024 (certified 24.81%, 0.05 cm?), along with excellent long-term stability. More importantly, 4PA-spiro-
DOI: 10.1039/d4ee01960a enabled larger-area PSCs and modules achieved PCEs of 24.11% (1.0 cm?) and 21.89% (29.0 cm?),

respectively, one of the highest PCEs for inverted PSC modules, providing an effective SAM candidate
rsc.li/ees for the commercialization of efficient, stable and large-scale inverted PSCs.

Broader context

Perovskite solar cells (PSCs) have emerged as a promising photovoltaic technology due to their high power conversion efficiency and relatively low fabrication
costs. However, further enhancing their performance and stability is essential for widespread adoption. Efficient hole-transporting layers play a critical role in
achieving these objectives. The development of 4PA-spiro self-assembled monolayers (SAMs) marks a significant advancement in the PSC field. Compared to
conventional alternatives like 4PACz, 4PA-spiro-based PSCs demonstrate superior performance and achieve a power conversion efficiency (PCE) of 25.28%.
Moreover, 4PA-spiro-based PSCs exhibit excellent long-term stability, which is crucial for their practical application and commercialisation.
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Introduction

Perovskite solar cells (PSCs) have attracted global attention due
to their rapid increase in power conversion efficiency (PCE) and
facile device fabrication."” Recently, p-i-n structure single-
junction and tandem PSCs (with silicon, CIGS, organic and
perovskite) have gained significant progress, owing largely to
the successful application of self-assembled monolayers (SAMs)
as hole-transporting materials (HTMs).*® The SAMs offer var-
ious advantages, such as minimal electric and optical loss, easy
modulation of energy levels, conformal coating on the sub-
strate and simple film fabrication. The SAM molecule structure
primarily comprises a skeleton, a spacer group, and an anchor-
ing group.'®'" To date, due to the robust interaction of the
phosphonate group with metal oxides, numerous molecular
skeletons featuring phosphonic acid as an anchoring group
have been successfully applied in SAMs, including carbazole
and its analogues,"**® dimethylacridine,'® and phenothiazine-
triphenylamine,'” among others.'®"'°

SAMs employed in PSCs share a structural resemblance to the
molecular dyes utilized in dye-sensitized solar cells (DSSCs).' %!
Early studies on DSSCs demonstrated that dye aggregation may
substantially degrade device performance, especially dye cluster-
ing, which has the potential to disrupt the monolayer structure
and energy levels.”>”>> Moreover, a dye molecule anchored to the
substrate surface (TiO, in DSSC) is too close to another dye on the
surface, causing molecule interactions.”> Similarly, SAMs, espe-
cially those based on planar carbazole molecules in PSCs, face
challenges associated with excessive molecular aggregation, both
in solution and film states, resulting in non-uniform SAM coating
on substrates.">?>?%28

Similar to the strategy used in DSSCs, where co-adsorbents are
employed to mitigate dye aggregation on titanium oxides,**"*°
Sargent et al. introduced 3-mercaptopropionic acid (3-MPA) into
2PACz to form co-adsorption, which decreases the number of
SAM clusters and homogenizes the distribution of SAMs on the
substrate.’’ Planar dyes are inherently susceptible to aggregation
in terms of the molecular structure of organic compounds, while
twisted structures are advantageous for suppressing undesirable
dye aggregation.”>*** Due to the steric repulsive interaction
between the terminal aromatic rings, incorporating a partial
distortion to carbazole-based SAMs leads to a non-coplanar
screw-shaped configuration, which effectively hinders molecular
aggregation.'> Moreover, extending the conjugated system for
2PACz by introducing more benzene units to form a twist
structure, termed Ph-2PACz, leads to large intermolecular dis-
tances and decreased aggregation. The monolithically integrated
perovskite-Si tandem solar cell using Ph-2PACz exhibits a PCE of
28.9% with superior stability.>> Besides, Ph-4PACz also exhibits
similar results in single junction PSCs.*® In addition, introducing
methyl-containing acridine as the molecular skeleton could also
prevent aggregation and obtain a PCE of 25.86% (certified:
25.39%).'® On the other hand, in n-i-p PSCs, using 2,2',7,7'-
tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene
(spiro-OMeTAD) retained the highest reported PCE due to the
unique properties of the 3D spiro-bifluorene on the molecular
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center.”” The spiro structure has isotropic charge transfer char-
acteristics, inhibited molecular aggregation, and easy formation
of excellent ohmic contact with perovskite films.***'

Thus, inspired by the orthogonal structure of classical spiro-
OMeTAD, we designed a novel spiro-type SAM, named 4PA-
spiro (Fig. 1f), featuring twisted spiro[acridine-9,9’-fluorene] as
the skeleton group and phosphoric acid as the anchoring
group. In comparison to 4PACz (Fig. 1a), the 3D-spiro structure
of 4PA-spiro is more effective in suppressing molecular aggre-
gation, resulting in a more uniform and homogeneous anchor-
ing on the substrate. In addition, the suitable energy levels of
4PA-spiro facilitate charge carrier transport and suppress non-
radiative recombination when compared to 4PACz. Employing
the 4PA-spiro as the HTM in p-i-n PSCs yielded an impressive
PCE of 25.28%, and superior long-term environmental stability.
Besides, 4PA-spiro-enabled larger-area PSCs and modules
achieved PCEs of 24.11% (1.0 cm?) and 21.89% (29.0 cm?),
respectively, one of the highest PCEs for inverted PSC modules.

Results and discussion

The synthesis route for 4PA-spiro is similar to recently reported
SAMSs in organic solar cells and PSCs.">'**> Scheme S1 (ESIt)
shows detailed synthesis routes, and the target 4PA-spiro
delivers a high overall yield of 63% from the initial raw material
(from 10H-spiro[acridine-9,9’-fluorene]), and the estimated
synthesis cost is just around 6.53 $ per g. The molecular
structure is characterized by NMR (*H, **C, and *'P) spectra
and HRMS (Fig. S1-S5, ESIT). The decomposition temperature
of 4PA-spiro exceeds 270 °C (Fig. S6, ESIT), illustrating its high
thermal stability. In addition, compared to the glass transition
temperature (Ty) of 81 °C for 4PACz (Fig. S7, ESIT), the higher T,
at 141 °C for 4PA-spiro promotes the formation of a stable
amorphous film and increases film coverage on surfaces.*?
Using SAMs as the window layer of the devices, we investigated
the UV-vis absorption and "H NMR spectra of the molecules
before and after illumination, confirming that the novel 4PA-
spiro exhibits illumination stability (Fig. S8 and S9, ESI+).

As illustrated in Fig. 1f, 4PA-spiro retains the spiro structure
(blue) while combining it with the phosphoric acid anchoring
group (red) in the conventional SAM configuration. The opti-
mized structure, as depicted in the side view (Fig. 1b and g) and
top view (Fig. S10, ESIf), further illustrates the orthogonal
configuration of 4PA-spiro. To gain further insight into its inter-
molecular n-n interactions, X-ray single crystals of spirobifluor-
ene (CCDC 273066) and 9H-carbazole (CCDC 10242020) were
analyzed. The twisted spiro-bifluorene exhibits a 3D spatial
structure with significantly longer intermolecular distances (Fig.
S11, ESIY), which would effectively suppress molecular aggrega-
tion. In addition, as shown in Fig. S12 (ESI}), the improved
solubility of 4PA-spiro demonstrates that the twisted molecular
backbone may inhibit self-aggregation of the unfused-ring elec-
tron acceptor.”

Additionally, molecular dynamics simulation was performed
to investigate the adsorption process of SAM molecules on the

Energy Environ. Sci., 2025, 18, 468-477 | 469


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ee01960a

Open Access Article. Published on 27 November 2024. Downloaded on 1/18/2026 2:16:17 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Energy & Environmental Science Paper
. [ d > o e
e e R e »
E ek W o o %
\ e N 99
2 - =
,? - T
@ ow B e
| HOMO LUMO
3

O\P\O

0.07 A g 9
. 1
& I*‘\. e r\

ofrq

Fig. 1 Chemical structure of (a) 4PACz and (f) 4PA-spiro. Optimized structure (side view) of (b) 4PACz and (g) 4PA-spiro. Electrostatic surface potentials
of (c) 4PACz and (h) 4PA-spiro. Calculated HOMO orbital distributions of (d) 4PACz and (i) 4PA-spiro. Calculated LUMO orbital distributions of (e) 4PACz
and (j) 4PA-spiro. (k) Top view of the equilibrated molecular representations of 4PACz and 4PA-spiro on the surface of In,Os. () Schematic illustration of

4PA-spiro as the HTM interacting with ITO and perovskite.

ITO substrate.** As illustrated in Fig. 1k, from the top view of the
equilibrated molecule representations on the surface of In,03,
4PA-spiro exhibits less molecular aggregation than 4PACz, result-
ing in higher surface coverage. Moreover, Fig. S13 (ESIt) indicates
that during the first 1.3 nanoseconds of the simulation, the final
numbers of clusters for 4PACz and 4PA-spiro have reached 95%
and 87%, respectively, confirming that the spiro-structure is
beneficial to inhibit the formation of clusters. A schematic
diagram was proposed to understand the molecular character-
istics of 4PA-spiro (Fig. 1I). The 4PA-spiro is expected to form a
homogeneous film on the ITO substrate, attributed to the ideal
steric hindrance of the terminal spiro[acridine-9,9’-fluorene].
This hindrance is expected to impede molecular aggregation.
Electrostatic surface potentials (ESPs) show that 4PA-spiro
exhibits a charge density comparable to 4PACz (Fig. 1c and h).
However, the fluorene region, distant from the phosphoric
acid, has a slightly different electron density. As confirmed by
electron distribution (Fig. 1d, e, i and j), the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of 4PACz are mostly concentrated on the
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carbazole unit. Interestingly, the HOMO of 4PA-spiro is localized
on the acridine unit, but the LUMO is mainly concentrated on
the fluorene unit, enabling the fast formation of neutral excita-
tion and hole transfer transitions in 4PA-spiro.*>*®

Calculated HOMO/LUMO energy levels from time-dependent
density functional theory (TDDFT) calculation of 4PACz are
—5.59 eV/—0.98 eV, respectively. Encouragingly, 4PA-spiro exhi-
bits high energy levels, with calculated HOMO/LUMO energy
levels of —5.25 eV/—1.07 eV, respectively. Therefore, 4PA-spiro
may have more suitable energy level alignment with the perovs-
kite layer, which is almost identical with prior studies of carba-
zole molecular tailoring on SAMs."**

The morphology of the SAMs on the substrate was con-
firmed using atomic force microscope (AFM) measurements
(Fig. S14, ESIt). Upon deposition of 4PA-spiro on the ITO
substrate, the root mean square (RMS) value of the substrate
decreased from 2.57 nm to 1.36 nm, whereas 4PACz had a
higher RMS of 1.78 nm, indicating that steric hindrance from
4PA-spiro results in a more uniform and homogeneous film on
ITO than 4PACz.">"” Besides, because of the monolayers of the

This journal is © The Royal Society of Chemistry 2025
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HTMs, the ITO substrate with different SAMs exhibited similar
roughness after rinsing the unbonded molecules. Kelvin probe
force microscopy (KPFM) was employed to investigate the sur-
face potential with contact potential differences (CPD). Fig. 2a
and b demonstrate that 4PA-spiro exhibits a more uniform
potential distribution than 4PACz. Besides, Conductive atomic
force microscopy (C-AFM) measurements were further con-
ducted for the SAM-coated ITO substrates. Fig. 2c shows that
4PA-spiro exhibits slightly lower conductivity than 4PACz, pos-
sibly due to reduced molecule interaction. However, because of
the ultra-thin thickness of the SAMs, it has a minimal impact
on charge transfer."" Moreover, the color contrast in Fig. 2c¢
shows that 4PA-spiro has a narrower current distribution than
4PACz, demonstrating that 4PA-spiro is conducive to suppres-
sing molecular aggregation and promoting uniform distribu-
tion on the ITO substrate. To evaluate the surface density of
SAM molecules on ITO, cyclic voltammetry (CV) measurements
with different scan rates were conducted.'® As shown in Fig. 2d
and e, compared to 7.63 x 10> molecules per cm” for 4PACz,
4PA-spiro presents a higher molecular packing density of 2.58 x
10" molecule per cm”. This indicates that the large steric spiro
structure promotes molecule adsorption on the substrate.

View Article Online
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To investigate perovskite film growth on the different SAM-
coated ITO substrates, scanning electron microscopy (SEM) mea-
surements were conducted on the corresponding ITO/SAM/per-
ovskite films. Fig. S15 and S16 (ESIt) show the buried and top
surfaces of the perovskite films. Due to the excellent wetting
performance of the perovskite precursor solution on the SAM
coated substrate, both SAMs exhibit similar smooth buried mor-
phology, which is advantageous for hole collection and transfer at
the SAM/perovskite interface. Moreover, cross-sectional SEM
images of 4PACz and 4PA-spiro-based PSCs (Fig. S17, ESIT) display
that the perovskite is in close contact with a tight, non-porous
interface, consistent with the buried interface. Simultaneously, the
SAMs have a very low thickness, as previously described due to the
formation of the monolayer.>"*® This is advantageous in reducing
the impact of the HTM on the spectrum absorption of the
perovskite. The heights of optimal molecular structures on the
substrate with different stacking arrangements were determined
using DFT calculation, and the thickness of 4PA-spiro ranges from
0.99 to 1.58 nm (Fig. S18, ESIT). In addition, as evidenced by AFM
measurements, the thickness of the SAM layer deposited on a
silicon wafer was ~2 nm, which is consistent with the findings
from DFT calculation (Fig. S19, ESIt).*
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(a) Kelvin probe force microscopy (KPFM) images and (b) curves of the ITO anchoring with different SAMs. (c) C-AFM of 4PACz and 4PA-spiro

coated on the ITO substrate. (d) CV curves of SAMs with different scan rates. (e) Molecular adsorption density calculation by CV measurements.
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The wetting performance of the perovskite precursor solution
on the SAM-coated ITO substrate and the SAMs’ hydrophobicity
were evaluated using contact angle measurements. The contact
angles of the perovskite precursor solution on the 4PACz and
4PA-spiro surface were determined to be 32° and 29°, respectively
(Fig. S20, ESIY), indicating that the novel 4PA-spiro is suitable as a
SAM for the perovskite film fabrication.’® Furthermore, 4PA-spiro
and 4PACz exhibit similar hydrophobic properties (Fig. S21,
ESIY), with water contact angles of around 80°, which is beneficial
for improving the humidity stability of the devices."*"*

To investigate the energy levels of the SAMs, UV-vis absorp-
tion and ultraviolet photoelectron spectroscopy (UPS) measure-
ments were conducted. As shown in Fig. 3a, the UV-vis
absorption edges of 4PA-spiro and 4PACz are located at 343
and 356 nm, respectively. The corresponding energy gaps (Eg)
are calculated to be 3.62 and 3.48 eV for 4PA-spiro and 4PACz,
respectively. Meanwhile, through the cut-off region of the UPS
spectra for 4PACz (Fig. 3b) and 4PA-spiro (Fig. 3d), the corres-
ponding Fermi levels are determined to be —5.26 and —5.04 eV,
respectively. And the HOMO levels are determined to be —5.42
and —5.98 eV for 4PA-spiro and 4PACz, respectively, based on
the onset value of 0.72 and 0.38 eV in Fig. 3c and e. Based on
LUMO = E, + HOMO, the LUMO levels of 4PACz and 4PA-spiro
are —2.50 and —1.80 eV respectively, which efficiently blocks the
electron and inhibits charge nonradiative recombination. The
valence band maximum (VBM) and conduction band minimum
(CBM) of the perovskite were determined to be —5.64 and —4.11
eV, respectively (Fig. S22, ESIt). The corresponding energy level
diagram is thus shown in Fig. 3f. In comparison to the valence
band of the perovskite, the HOMO level of 4PA-spiro is more
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suitable for hole carrier transfer than 4PACz, which has the
potential to provide higher open-circuit voltage (Voc) for PSCs.”

The performance of the SAMs in PSCs was investigated using
the ITO/SAMS/Csg 9sMAg.05FAq oPbI;/PCBM/BCP/Ag structure.
Fig. S23 (ESIt) shows the optimal SAM concentrations of PSCs,
which are 1.0 mg mL™" for 4PA-spiro and 0.5 mg mL™ " for
4PACz. To further investigate the potential of SAMs in PSCs, top
surface passivation and an anti-reflective film were used on
both 4PA-spiro and 4PACz based PSCs."®> As shown in Fig. 4a,
4PA-spiro based devices have a higher champion PCE of 25.28%
than 4PACz based devices (PCE = 22.10%). The PCE distribu-
tion delivers an average efficiency of 24.64% for 4PA-spiro-
based devices, higher than that of 20.61% for 4PACz-based
devices (Fig. 4b and Fig. S24, ESIt). Moreover, PCEs of 4PA-
spiro-based devices have a narrower distribution range than
those of 4PACz, indicating that 4PA-spiro promotes uniform
coverage and improves reproducibility. The hysteresis beha-
viors of 4PACz and 4PA-spiro-based devices with different scan
directions were studied (Fig. S25, ESIT). The 4PA-spiro-based
devices exhibited a negligible hysteresis index (HI) of 0.5%
compared to 4.2% of the 4PACz-based devices. To ensure the
reliability of the findings, 4PA-spiro-based devices were sent to
a third-party certification laboratory. Fig. S26 (ESIt) shows that
an average certified PCE of 24.81% was achieved, along with a
quasi-steady-state efficiency of 24.61%, which is consistent with
the before mentioned /-V measurements.

In addition, as shown in Fig. S27 (ESIt), the typical SAMs
reported for high-efficiency PSCs are also investigated, including
2PACz,”® Me-4PACz,”* MeO-2PACz,> 4PADCB,'? Ph-2PACz,* Ph-
4PACz>® and DMACPA.® Contrasted with the PCE exceeding 25%
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Fig. 4

(a) J-V curves of the best-performing PSCs with 4PACz and 4PA-spiro. (b) Statistical distribution of PCEs for 4PACz and 4PA-spiro based PSCs. (c)

IPCE spectra and integrated Jsc curve of 4PA-spiro based PSCs. (d) Continuous maximum-power point tracking for encapsulated PSCs under AM1.5G
illumination in ambient air. (e) TRPL decays of the perovskite on SAMs at the buried interface. (f) PLQY of the perovskite films deposited on different SAMs.
(g) SCLC, (h) EIS and (i) Mott—Schottky plots of PSCs with 4PACz and 4PA-spiro as the HTMs.

for 4PA-spiro-based PSCs, Fig. S28 (ESIT) demonstrates lower PCEs
of 23.73, 23.22, 23.49, 23.86, 23.85, 24.04, and 24.42% obtained for
2PACz, Me-4PACz, MeO-2PACz, 4PADCB, Ph-2PACz, Ph-4PACz,
and DMACcPA-based devices, respectively. This further underscores
the significant potential of 4PA-spiro as SAMs for PSCs.
Incident-photon-to-current efficiency (IPCE) measurement
was conducted for the PSCs with different SAMs (Fig. 4c and
Fig. 29, ESIf). The integrated current density of the 4PACz
and 4PA-spiro-based devices was determined to be 24.60 and
24.91 mA cm >, respectively, consistent with the short-circuit
current density (Jsc) obtained from the J-V measurement.
Steady-state PCE was performed further to verify operational
stability under AM 1.5 G illumination. Fig. 4d displays that the
4PA-spiro and 4PACz-based devices achieve stabilized efficien-
cies of 24.77% and 21.11%, respectively, over 300 seconds,
indicating that both SAMs exhibit high light soaking stability.
To investigate the dynamics of charge transfer at the per-
ovskite/HTM interface, steady-state photoluminescence (PL)

This journal is © The Royal Society of Chemistry 2025

measurements were performed on ITO/SAMs/perovskite films
at the bottom interface from the ITO side. 4PA-spiro has a
higher fluorescence quenching efficiency of 84.2%, compared
to 57.5% for 4PACz (Fig. S30, ESIt). Besides, the time-resolved
PL (TRPL) spectra reveal that the lifetimes of the bare perovs-
kite, 4PACz/perovskite, and 4PA-spiro/perovskite films are 11.7,
5.7, and 2.1 ns, respectively (Fig. 4f). The higher quenching
efficiency and shorter lifetime of the 4PA-spiro/perovskite film
indicate faster hole transfer and suppressed charge recombina-
tion at the perovskite/4PA-spiro interface compared to the
4PACz/perovskite film.”® In addition, Fig. 4f shows that the
4PA-spiro-based perovskite film has a higher value of photo-
luminescence quantum yield (PLQY) than 4PACz, confirming
the low Vo loss at the buried interface of 4PA-spiro.***”
Light intensity-dependent Voc measurements were carried
out to study the charge recombination process in the 4PACz
and 4PA-spiro-based devices. The 4PA-spiro-based devices have
a lower ideal factor (n) of 1.34 than that of 1.67 for the 4PACz
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based devices, indicating less charge non-radiative recombination
at the 4PA-spiro/perovskite interface (Fig. S31, ESIf). Furthermore,
the space-charge-limited-current (SCLC) measurement was per-
formed using an ITO/SAMs/perovskite/spiro-OMeTAD/Au struc-
ture to investigate trap densities. As shown in Fig. 4g, the trap
filled limited voltage (Vrg) of the 4PACz and 4PA-spiro-based
devices are determined to be 0.25 and 0.19 V, respectively, and the
corresponding trap densities (Ngp) are estimated to be 4.91 x
10" and 2.01 x 10 "° em ™ using the formula Nyrap = 2660 Vet
gL*. The reduced trap density in the 4PA-spiro-based devices
might be attributed to the better coverage of 4PA-spiro on ITO,
which inhibits direct contact between ITO and the perovskite.

The Nyquist plots of PSCs with different HTMs were analyzed
from electrochemical impedance spectra (EIS) (Fig. 4h). The 4PA-
spiro and 4PACz-based devices have comparable series resistance
(Rs) of 17.4 Q and 20.2 Q, respectively. However, the 4PA-spiro-
based device has a much higher recombination resistance (Rre.)
of 1086 Q compared to the 4PACz-based device (669 Q). This
increase in R,.. suggests more efficient charge extraction and less
charge recombination in the 4PA-spiro-based devices. Moreover,
Fig. 4i shows the Mott-Schottky plots of the 4PA-spiro and 4PACz
based devices, and the 4PA-spiro-based device has a higher built-
in potential (V},;) of 0.83 V than that of 0.76 V for the 4PACz-based
device. This higher V}; confirms that 4PA-spiro has a stronger
driving force for carrier separation and transfer, which is con-
sistent with the findings of the EIS measurements.

Stability is another critical aspect for practical PSC applica-
tions. Fig. 5a shows that the encapsulated 4PA-spiro-based

View Article Online
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device maintains 75% of its initial efficiency after 600 hours
of storage at 65 °C in a nitrogen atmosphere, but the control
4PACz-based device only retains 52% of its initial efficiency.
The improved thermal stability of the 4PA-spiro-based device is
primarily attributed to its unique orthogonal rigid conforma-
tion, which elevates molecular thermal stability while decreas-
ing interfacial defects.”®*®® Fig. 5b displays the humidity
stability of the encapsulated 4PA-spiro and 4PACz-based
devices. The 4PA-spiro-based device maintains 92% of its initial
efficiency after 800 hours of operation at 60% relative humidity
(RH) and 25 °C, while the 4PACz-based device maintains 82% of
the initial efficiency. Furthermore, the long-term environmen-
tal stability of the 4PA-spiro and 4PACz-based devices was
monitored at 25 °C and 25% RH. After 1200 hours, the 4PA-
spiro-based device retains 88% of its initial efficiency, whereas
the 4PACz-based device maintains 80% of its initial efficiency
(Fig. 5¢). The enhanced long-term environmental stability of
the 4PA-spiro-based devices is attributed to the higher coverage
and inhibition of SAM aggregation on the ITO substrate,
resulting in decreased interface defects and improved device
stability.®® The 4PA-spiro-based device maintains ~80% of its
original efficiency after 360 hours of continuous exposure to a
white LED lamp (100 mW cm™?) at the maximum power point
(MPP) tracking, under conditions of 85 °C and 85% RH
(Fig. 5d). These findings demonstrate the development of a
new class of SAMs based on spiro-type that are beneficial for
p-i-n device stability, due to improved molecular thermal
stability and SAM coverage on the ITO substrate.

a b c
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Fig. 5

(a) Thermal stability (original PCEs of 24.76% for 4PA-spiro and 21.34% for 4PACz), (b) humidity stability (original PCEs of 25.12% for 4PA-spiro and

21.64% for 4PACz), (c) long-term environmental stability (original PCEs of 24.82% for 4PA-spiro and 22.03% for 4PACz) and (d) operational stability
(original PCEs of 24.54% for 4PA-spiro and 20.72% for 4PACz) of the encapsulated 4PACz and 4PA-spiro-based devices. (e) J-V curves of large-area

(1.0 cm?) PSCs. (f) J-V curves of PSC modules (29.0 cm?).
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Finally, the fabrication of large-scale PSCs is crucial for the
commercialization of PSCs, and the 4PACz and 4PA-spiro are
introduced into the large-area PSCs and PS modules with an
aperture area of 1.0 and 29.0 cm?, respectively. As shown in
Fig. 5e and Fig. S32 (ESIT), compared to 20.96% of 4PACz-based
devices, 4PA-spiro based PSCs show a higher champion PCE of
24.11% (1.0 ecm®) with Voc of 1.15 V, Jsc of 25.69 mA ecm ™ and
FF of 81.45%. Besides, as exhibited in Fig. 5f and Fig. S33
(ESIf), a champion PCE of 21.89% for the 4PA-spiro-based PS
modules is also acquired with V¢ of 9.19 V, Jc of 3.02 mA cm™>
and FF of 78.91%, which is one of the highest PCEs for inverted
PSC modules (Table S5, ESIT). The above results agree well with
the J-V measurement for small area PSCs. The excellent PCEs of
large-scale PSCs further illustrate the huge potential of 4PA-spiro
as the HTM candidates for commercial inverted PSC applications.

Conclusion

In summary, we effectively adopted a molecule design strategy
that included a spiro structure to inhibit molecular aggregation,
facilitating the uniform adsorption of SAMs on the substrate.
Additionally, the energy levels of the novel SAMs, 4PA-spiro, are
more closely matched with the perovskite, promoting efficient
charge carrier transport while suppressing charge non-radiative
recombination at the interface. Ultimately, the 4PA-spiro-based
devices achieved an impressive efficiency of 25.28% (certified
24.81%) while maintaining excellent stability, indicating a sub-
stantial progress for efficient p-i-n PSCs. Moreover, the 4PA-
spiro based large area PSCs and modules also shown excellent
PCEs of 24.11 and 21.89%, respectively, showing a huge
potential in the large-scale p-i-n PSCs.

Author contributions

X.Z.,B. L., S.Z. and Z. L. contributed equally to this work. X. L.
designed and synthesized the molecules. X. Z. fabricated and
tested efficient devices, and performed NMR measurement, CV
measurement, and AFM measurements. B. L., J. C., W. D. and
Y. Z. carried out the potential application of 4PA-spiro from
over 10 materials in different batches of PSCs, S. Z., P. S. and R.
W. tested and analyzed C-AFM and UPS tests. M. H. tested angle
contact, transmittance, and absorption measurement. G. R.
carried out the DFT calculation of molecular structure optimi-
zation, energy level and ESP. Z. L., P. W. and Q.W. collabora-
tively performed the molecular dynamics calculations of the
adsorption process. Specifically, Z. L. constructed the adsorp-
tion substrate model and optimized the molecular structures;
P. W. performed the calculations of the adsorption process; and
Q. W. proposed the calculation strategy, wrote the corres-
ponding section of the manuscript, and supervised the calcula-
tions. T. A., W. A. and N. A. conducted the SEM, EIS and
Mott-Schottky measurements, X. Z. and B. D. fabricated and
tested the large-scale PSCs, and B. L. conducted the stability
measurements. S. D. and M. K. N. provided the financial
support. Y. D. directed the fabrication of the efficient devices.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Energy & Environmental Science

X.Z.,X. L., W. Q., B. L. and M. K. N. wrote the manuscript, and
all authors contributed to the data analysis and commented on
the manuscript. X. L., W. Q., B. D,, Y. D. and M. K. N. conceived
the research project and supervised different parts of the work.

Data availability

The data are available and submitted as ESL.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by the National Natural Science Founda-
tion of China (61904053 and 22279033), VALAIS ENERGY DEMON-
STRATORS FUND, Swiss National Science Foundation (SNF),
National Key Research and Development Program of China
(2019YFB1503200 and 2023YFB4204502), 111 Project (B16016),
and the Special Foundation for Carbon Peak Carbon Neutralization
Technology Innovation Program of Jiangsu Province (BE2022026).

References

1 NREL, Best Research-Cell Efficiency Chart, https://www.
nrel.gov/pv/cell-efficiency.html, accessed April 2024.

2 C. Chen, S. Liu, Z. Li, F. Wang, W. Xu, H. Ma, S. Zhang,
L. Wang, C. Gu, S. Pang, W. Huang and T. Qin, Sol. RRL,
2020, 4, 2000127.

3 W. Wang, X. Liu, J. Wang, C. Chen, J. Yu, D. Zhao and
W. Tang, Adv. Energy Mater., 2023, 13, 2376-2386.

4 F. Ali, C. Roldan-Carmona, M. Sohail and M. K. Nazeeruddin,

Adv. Energy Mater., 2020, 10, 2002989.

S. Wang, H. Guo and Y. Wu, Mater. Futures, 2023, 2, 012105.

F. H. Isikgor, S. Zhumagali, L. V. T. Merino, M. De Bastiani,

1. McCulloch and S. De Wolf, Nat. Rev. Mater., 2023, 8, 89-108.

7 E. Aydin, T. G. Allen, M. De Bastiani, A. Razzaq, L. Xu,
E. Ugur, J. Liu and S. De Wolf, Science, 2024, 383, eadh3849.
8 M. Jost, E. Kohnen, A. Al-Ashouri, T. Bertram, S. p. Tomsic,
A. Magomedov, E. Kasparavicius, T. Kodalle, B. Lipovsek,
V. Getautis, R. Schlatmann, C. A. Kaufmann, S. Albrecht and
M. Topi¢, ACS Energy Lett., 2022, 7, 1298-1307.
9 A.Magomedov, A. Al-Ashouri, E. Kasparavicius, S. Strazdaite,
G. Niaura, M. Jost, T. Malinauskas, S. Albrecht and
V. Getautis, Adv. Energy Mater., 2018, 8, 1801892.
10 C. E. P. Galvis, D. A. G. Ruiz, E. Martinez-Ferrero and
E. Palomares, Chem. Sci., 2024, 15, 1534-1556.
11 H. Cheng, Y. Li and Y. Zhong, Mater. Chem. Front., 2023, 7,
3958-3985.
12 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 and
D. Zhao, Nature, 2023, 618, 80-86.

D G

Energy Environ. Sci., 2025, 18, 468-477 | 475


https://www.nrel.gov/pv/cell-efficiency.html
https://www.nrel.gov/pv/cell-efficiency.html
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ee01960a

Open Access Article. Published on 27 November 2024. Downloaded on 1/18/2026 2:16:17 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

13

14

15

16

17

18

19

20

21

22
23

24

25

26

27

28

29

30

31

32

33

34

35

W. Jiang, F. Li, M. Li, F. Qi, F. R. Lin and A. K. Y. Jen, Angew.
Chem., Int. Ed., 2022, 61, €202213560.

M. A. Truong, T. Funasaki, L. Ueberricke, W. Nojo, R. Murdey,
T. Yamada, S. Hu, A. Akatsuka, N. Sekiguchi, S. Hira, L. Xie,
T. Nakamura, N. Shioya, D. Kan, Y. Tsuji, S. Iikubo, H. Yoshida,
Y. Shimakawa, T. Hasegawa, Y. Kanemitsu, T. Suzuki and
A. Wakamiya, J. Am. Chem. Soc., 2023, 145, 7528-7539.

Z. Li, X. Sun, X. Zheng, B. Li, D. Gao, S. Zhang, X. Wu, S. Li,
J. Gong, J. M. Luther, Z. A. Li and Z. Zhu, Science, 2023, 382,
284-289.

Q. Tan, Z. Li, G. Luo, X. Zhang, B. Che, G. Chen, H. Gao,
D. He, G. Ma, J. Wang, ]J. Xiu, H. Yi, T. Chen and Z. He,
Nature, 2023, 620, 545-551.

E. Li, C. Liu, H. Lin, X. Xu, S. Liu, S. Zhang, M. Yu, X. M. Cao,
Y. Wu and W. H. Zhu, Adv. Funct. Mater., 2021, 31, 2103847.
X. Liu, B. Li, M. Han, X. Zhang, J. Chen and S. Dai, Acta
Chim. Sin., 2024, 82, 348-366.

A. Ullah, K. H. Park, H. D. Nguyen, Y. Siddique,
S. F. A. Shah, H. Tran, S. Park, S. I. Lee, K.-K. Lee, C.-
H. Han, K. Kim, S. Ahn, I. Jeong, Y. S. Park and S. Hong, Adv.
Energy Mater., 2022, 12, 2103175.

F. H. Isikgor, S. Zhumagali, L. V. T. Merino, M. De Bastiani,
I. McCulloch and S. De Wolf, Nat. Rev. Mater., 2023, 8,
89-108.

Z.-R. Lan, J.-Y. Shao and Y.-W. Zhong, Mol. Syst. Des. Eng.,
2023, 8, 1440-1455.

L. Zhang and J. M. Cole, J. Mater. Chem. A, 2017, 5,19541-19559.
A. Hagfeldt, G. Boschloo, L. Sun, L. Kloo and H. Pettersson,
Chem. Rev., 2010, 110, 6595-6663.

Z. Ning, Y. Fu and H. Tian, Energy Environ. Sci., 2010, 3,
1170-1181.

N. Robertson, Angew. Chem., Int. Ed., 2006, 45, 2338-2345.
Q. Liao, Y. Wang, Z. Zhang, K. Yang, Y. Shi, K. Feng, B. Li,
J. Huang, P. Gao and X. Guo, J. Energy Chem., 2022, 68,
87-95.

A. Sorrenti, O. Illa and R. M. Ortuiio, Chem. Soc. Rev., 2013,
42, 8200-8219.

M. Liu, L. Bi, W. Jiang, Z. Zeng, S.-W. Tsang, F. R. Lin and
A. K. Y. Jen, Adv. Mater., 2023, 35, 2304415.

N. R. Neale, N. Kopidakis, J. Van De Lagemaat, M. Gritzel
and A. J. Frank, J. Phys. Chem. B, 2005, 109, 23183-23189.
V. S. Manthou, E. K. Pefkianakis, P. Falaras and G. C.
Vougioukalakis, ChemSusChem, 2015, 8, 588-599.

S. M. Park, M. Wei, N. Lempesis, W. Yu, T. Hossain, L. Agosta,
V. Carnevali, H. R. Atapattu, P. Serles and F. T. Eickemeyer,
Nature, 2023, 624, 289-294.

Y. Numata, A. Islam, H. Chen and L. Han, Energy Environ.
Sci., 2012, 5, 8548-8552.

S. Agrawal, M. Pastore, G. Marotta, M. A. Reddy,
M. Chandrasekharam and F. De Angelis, J. Phys. Chem. C,
2013, 117, 9613-9622.

L. M. da Costa, S. R. Stoyanov, S. Gusarov, X. Tan, M. R.
Gray, J. M. Stryker, R. Tykwinski, J. W. de M. Carneiro, P. R.
Seidl and A. Kovalenko, Energy Fuels, 2012, 26, 2727-2735.
G. L. Wang, ]J. H. Zheng, W. Y. Duan, ]. Yang,
M. A. Mahmud, Q. Lian, S. Tang, C. H. Liao, J. M. Bing,

476 | Energy Environ. Sci., 2025, 18, 468-477

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

View Article Online

Paper

J. P.Yi, T. L. Leung, X. Cui, H. J. Chen, F. Jiang, Y. L. Huang,
A. Lambertz, M. Jankovec, M. Topic, S. Bremner,
Y. Z. Zhang, C. Cheng, K. N. Ding and A. Ho-Baillie, Joule,
2023, 7, 2583-2594.

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 and C.-C. Chen, Adv. Energy Mater., 2024,
14, 2303941.

H. Min, D. Y. Lee, J. Kim, G. Kim, K. S. Lee, J. Kim, M. J.
Paik, Y. K. Kim, K. S. Kim and M. G. Kim, Nature, 2021, 598,
444-450.

A. Farokhi, H. Shahroosvand, G. Delle Monache, M. Pilkington
and M. K. Nazeeruddin, Chem. Soc. Rev., 2022, 51, 5974-6064.
L. Vaghi and F. Rizzo, Sol. RRL, 2023, 7, 2201108.

X. L. Ying Zhou, Xianfu Zhang, Mingyuan Han, Jianlin Chen,
Yongpeng Linag, Botong Li, Yong Ding, Molang Cai and
Songyaun Dai, Prog. Chem., 2023, 36, 613-632.

Y. Wang, Z. Zhu, C. C. Chueh, A. K. Y. Jen and Y. Chi, Adv.
Energy Mater., 2017, 7, 1700823.

Y. Lin, Y. Zhang, J. Zhang, M. Marcinskas, T. Malinauskas,
A. Magomedov, M. I. Nugraha, D. Kaltsas, D. R. Naphade,
G. T. Harrison, A. El-Labban, S. Barlow, S. De Wolf, E. Wang,
I. McCulloch, L. Tsetseris, V. Getautis, S. R. Marder and
T. D. Anthopoulos, Adv. Energy Mater., 2022, 12, 2202503.
A. B. Zheng, X. R. Xie, Y. M. Wang, N. S. Xu, J. Zhang,
Y. Yuan and P. Wang, Adv. Funct. Mater., 2021, 31, 2009854.
S. Liu, J. Li, W. Xiao, R. Chen, Z. Sun, Y. Zhang, X. Lei, S. Hu,
M. Kober-Czerny, J. Wang, F. Ren, Q. Zhou, H. Raza, Y. Gao,
Y. Ji, S. Li, H. Li, L. Qiu, W. Huang, Y. Zhao, B. Xu, Z. Liu,
H. J. Snaith, N.-G. Park and W. Chen, Nature, 2024, 632,
536-542.

A. Krishna, D. Sabba, H. Li, J. Yin, P. P. Boix, C. Soci,
S. G. Mhaisalkar and A. C. Grimsdale, Chem. Sci., 2014, 5,
2702-2709.

K. Rakstys, A. Abate, M. 1. Dar, P. Gao, V. Jankauskas, G. Jacopin,
E. Kamarauskas, S. Kazim, S. Ahmad, M. Gritzel and
M. K. Nazeeruddin, J. Am. Chem. Soc., 2015, 137, 16172-16178.
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 and Y. Wu, Science,
2023, 380, 404-409.

K. Almasabi, X. Zheng, B. Turedi, A. Y. Alsalloum, M. N.
Lintangpradipto, J. Yin, L. Gutiérrez-Arzaluz, K. Kotsovos,
A. Jamal, I. Gereige, O. F. Mohammed and O. M. Bakr, ACS
Energy Lett., 2023, 8, 950-956.

Y. Qi, 1. Ratera, J. Y. Park, P. D. Ashby, S. Y. Quek, J. B.
Neaton and M. Salmeron, Langmuir, 2008, 24, 2219-2223.
A. Al-Ashouri, M. Marcinskas, E. Kasparavicius, T. Malinauskas,
A. Palmstrom, V. Getautis, S. Albrecht, M. D. McGehee and
A. Magomedov, ACS Energy Lett., 2023, 8, 898-900.

Z. Guo, A. K. Jena, G. M. Kim and T. Miyasaka, Energy
Environ. Sci., 2022, 15, 3171-3222.

J. Park, J. Kim, H.-S. Yun, M. J. Paik, E. Noh, H. J. Mun,
M. G. Kim, T. J. Shin and S. 1. Seok, Nature, 2023, 616,
724-730.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ee01960a

Open Access Article. Published on 27 November 2024. Downloaded on 1/18/2026 2:16:17 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

53

54

55

Y. Yao, C. Cheng, C. Zhang, H. Hu, K. Wang and S. De Wolf,
Adv. Mater., 2022, 34, 2203794.

A. Al-Ashouri, E. K6hnen, B. Li, A. Magomedov, H. Hempel,
P. Caprioglio, J. A. Marquez, A. B. Morales Vilches,
E. Kasparavicius, J. A. Smith, N. Phung, D. Menzel,
M. Grischek, L. Kegelmann, D. Skroblin, C. Gollwitzer,
T. Malinauskas, M. Jost, G. Matic, B. Rech, R. Schlatmann,
M. Topi¢, L. Korte, A. Abate, B. Stannowski, D. Neher,
M. Stolterfoht, T. Unold, V. Getautis and S. Albrecht, Science,
2020, 370, 1300-1309.

A. Al-Ashouri, A. Magomedov, M. Rof3, M. Jost, M. Talaikis,
G. Chistiakova, T. Bertram, J. A. Marquez, E. Kohnen,
E. Kasparavicius, 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 and
S. Albrecht, Energy Environ. Sci., 2019, 12, 3356-3369.

This journal is © The Royal Society of Chemistry 2025

56

57

58

59

60

View Article Online

Energy & Environmental Science

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 and C.-C. Chen, Adv. Energy Mater., 2024,
14, 2303941.

Y. Yang, C. Liu, Y. Ding, B. Ding, J. Xu, A. Liu, J. Yu,
L. Grater, H. Zhu, S. S. Hadke, V. K. Sangwan, A. S. R.
Bati, X. Hu, J. Li, S. M. Park, M. C. Hersam, B. Chen,
M. K. Nazeeruddin, M. G. Kanatzidis and E. H. Sargent,
Nat. Energy, 2024, 9, 316-323.

Y.-K. Qu, Q. Zheng, J. Fan, L.-S. Liao and Z.-Q. Jiang, Acc.
Mater. Res., 2021, 2, 1261-1271.

W.-C. Wang, K. Nakano, D. Hashizume, C.-S. Hsu and
K. Tajima, ACS Appl. Mater. Interfaces, 2022, 14, 18773-18781.
A. R. bin Mohd Yusoff, M. Vasilopoulou, D. G. Georgiadou,
L. C. Palilis, A. Abate and M. K. Nazeeruddin, Energy
Environ. Sci., 2021, 14, 2906-2953.

Energy Environ. Sci., 2025, 18, 468-477 | 477


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ee01960a



