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Flexibility meets rigidity: a self-assembled
monolayer materials strategy for perovskite
solar cells

Jie Yang1,10, Geping Qu2,3,10 , Ying Qiao2,4,10, Siyuan Cai2,10, Jiayu Hu1,
Shaoyu Geng1, Ya Li1, Yeming Jin1, Nan Shen1, Shi Chen 1 ,
Alex K.-Y. Jen 3,5,6,7,8 & Zong-Xiang Xu 2,9

Self-assembled monolayer (SAM) materials have emerged as promising
materials for interface engineering in perovskite solar cells. However, achiev-
ing an optimal balance between molecular packing density, charge transport
efficiency, and defect passivation remains a challenge. In this work, we pro-
pose a SAMmaterial design strategy that synergizes flexible head groups with
rigid linking groups. Using (4-(diphenylamino)phenyl)phosphonic acid as a
model molecule, Compared to traditional materials such as (4-(9H-carbazol-9-
yl)phenyl)phosphonic acid and (4-(diphenylamino)phenethyl)phosphonic
acid, our material generates a high-quality perovskite layer. This design
achieves superior energy level alignment, improved hole extraction, and
enhanced charge transport efficiency, effectively reducing non-radiative
recombination. (4-(diphenylamino)phenyl)phosphonic acid-based device
achieve power conversion efficiency of 26.21% and 24.49% for small-
(0.0715 cm2) and large-area (1 cm2), respectively. This work establishes an
effective approach to SAM molecular design, providing a clear pathway for
improving both the efficiency and long-term stability of perovskite solar cells
through interface engineering.

In the past few years, perovskite solar cells (PSCs) have emerged as a
focal point of interest within the renewable energy sector, owing to their
impressive power conversion efficiencies (PCEs) and the affordability of
their production process1–3. They have captivated considerable research
interest as a cornerstone of next-generation solar cell technology. While
the efficiency of PSCs has been steadily converging with that of con-
ventional silicon-based solar cells, the challenges of ensuring long-term
stability and mastering interface engineering continue to be pivotal

hurdles on the path to commercial viability. Within the realm of PSCs,
the optimization of the hole selective layer (HSL) is crucial for not only
elevating device efficiency but also for bolstering overall structural
stability4. Recently, self-assembled monolayers (SAMs) have garnered
attention as burgeoning contenders for HSLs, owing to their inherently
ultra-thin profiles, exceptional interfacial passivation capabilities, and
the versatility of their energy levels, which can be precisely tuned to
optimize device performance5–8.
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A SAM molecule is generally composed of three distinct compo-
nents: an anchoring group, a linking group, and a head group. The
anchoring groups play a key role in ensuring the adhesion stability of
SAMs on the substrate surface, among which the phosphonic acid
groups have been proved to be the most robust choice9. Meanwhile, it
is the judicious design of the linking and head groups that is essential
for enhancing charge transport efficiency and facilitating advanced
interface engineering within PSCs4. In conventional SAM molecules,
the linking groups frequently consist of alkyl chains, which feature a
non-conjugated, flexible structure. Nonetheless, the inherent insulat-
ing nature of these chains frequently acts as a barrier, constraining the
efficiency of charge transport10–12. This constraint can result in a
compromised molecular packing density, which in turn disrupts the
orderly arrangement on the substrate surface13,14. Consequently, this
disturbance can impact the crystallinity and the textual smoothness of
the perovskite (PVK) layer10, ultimately exerting a discernible influence
on the PSCs performance. Investigators have endeavors to substitute
conventional alkyl chains with conjugated moieties, including phenyl
rings or thiophenes, in a bid to enhance both the intramolecular
charge transport efficiency and the molecular packing density8.
Attaining an optimal balance between the rigidity and flexibility of
linking groups, which is essential for realizing both efficient charge
transport and structural adaptability, continues to pose a challenge
that necessitates additional exploratory research.

The growth of perovskite films strongly depends on the structural
configuration of SAM molecule. Both the morphology and crystalline
domain size of perovskite films can be precisely tailored through the
selection of SAMs15–17. Since the head groups of SAMmaterials serve as
critical sites for direct interaction with perovskite precursors, the
rational design of head groups becomes a key determinant in opti-
mizing SAM functionality. Aromatic amines, such as carbazole, are
among the commonly employed head groups, lauded for their
superior hole transport characteristics, which havemade thema staple
in the field of organic electronics. Nonetheless, the structural rigidity
or flexibility of the head group plays a pivotal role in determining the
SAM molecules’ packing density on the substrate, as well as their
overall compatibility with the perovskite layer, thereby influencing the
overall performance of PSCs18. For instance, the rigid structure of
carbazole units leads to a tightly packed configuration at the interface;
however, this compact arrangement may exert increased stress on the
perovskite layer, with the potential to compromise its crystalline
integrity and the stability of the interface19,20. Conversely, the triphe-
nylamine (TPA) structures, characterized by a degree of flexibility,
enable tilting and twisting motions, thereby providing a mechanism
for stress dissipation within the perovskite layer21,22. This flexibility can
enhance the crystallization process of perovskite, leading to the
development of superior-quality crystals23. Moreover, the synergy
between the flexibility of the head group and the structure of the
linking group plays a pivotal role in determining charge transport
dynamics and the characteristics of the interface. Consequently,
crafting a balanced design that harmoniously combines rigidity and
flexibility within the head group, while ensuring optimal compatibility
with the linking group, is essential for optimizing the performance
of SAMs.

Building upon the foundation of prior research, the present study
conducts a comparative analysis of three distinct SAM molecules—(4-
(9H-carbazol-9-yl)phenyl)phosphonic acid (PhpPACz), (4-(diphenyla-
mino)phenethyl)phosphonic acid (2PATPA), and (4-(diphenylamino)
phenyl)phosphonic acid (PATPA)—in the context of PSC applications.
The focus is on elucidating the impact of both rigid and semi-flexible
linking groups, as well as the structural attributes of the head groups,
on the performance of these devices. Upon comparing PhpPACz with
PATPA, it was observed that the semi-flexible TPA head group in
PATPA not only facilitated the perovskite crystallization process but
also contributed to stress relief, resulting in a lower interfacial defect

density. Additionally, the comparison between 2PATPA and PATPA
revealed that the flexibility of the alkyl chain linking group in 2PATPA
led to a less compact molecular arrangement, which, in turn, influ-
enced the interfacial potential and charge transport characteristics.
Conversely, the rigidity of the phenyl linking group in PATPA enabled a
denser molecular packing, which enhanced charge transport
capabilities12. The findings confirm that PATPA, equipped with a rigid
phenyl linking group and a semi-flexible TPAheadgroup, delivered the
most superior performance in PSCs configured with an Indium-Tin
Oxide (ITO)/SAM/PVK/Electron Transporting Layer/Cu structure.
Specifically, it achieved anopen-circuit voltage (VOC) of 1.186 V, a short-
circuit current density ( JSC) of 25.85mA cm−2, afill factor (FF) of 85.52%,
and a PCE of 26.21% (certified 26.26%), thereby underscoring the sig-
nificance of a balanced design in optimizing SAM performance for
advanced PSC technologies.

Results
The comprehensive synthesis protocol for PATPA is delineated within
the Supplementary Information (Supplementary Figs. 1–6 and
Notes 1–4). The spatial configuration and distribution of the SAM
molecules, alongside the chemical structures of PhpPACz8, 2PATPA,
and PATPA, are depicted in Fig. 1a, b, respectively24. PhpPACz is char-
acterized by a highly planar carbazole head group, a stiff phenyl linker,
and a phosphate anchor. In distinction to PhpPACz, 2PATPA replaces
the carbazole head with a TPA moiety, which confers rotational flex-
ibility, and utilizes a supple alkyl chain as its linker. Both the head and
linker of 2PATPA demonstrate a degree of structural flexibility. Con-
versely, PATPA features a robust phenyl ring as its linker and a rota-
table benzene ring as its head group. This architecture combining a
flexible head group with a rigid linker is defined as a semi-flexible
structure. These structural disparities in the head and linker segments
of the three SAM molecules were examined to ascertain their respec-
tive influences on device performance.

An exhaustive examination was conducted to elucidate the che-
mical bonding between the SAM molecules and the ITO substrate.
Through X-ray photoelectron spectroscopy (XPS) full-spectrum ana-
lysis, a pronounced peak corresponding to phosphorus and a distinct
C-P peak at a binding energy of 286.3 eV within the C 1s region were
observed, providing definitive evidence of the molecules’ secure
anchoring onto the ITO surface25,26 (Supplementary Figs. 7 and 8). To
delve deeper into the interaction dynamics between the SAM mole-
cules and the ITO substrate, density functional theory (DFT) calcula-
tions were conducted (Supplementary Figs. 9 and 10). The calculated
binding energies of −2.35 eV for PhpPACz, −2.43 eV for 2PATPA, and
−2.61 eV for PATPA (Supplementary Fig. 10), indicating strong inter-
actions between three SAMmolecules to the ITO surface27. Moreover,
the XPS Sn 3 d spectra offered additional corroboration for the
observed interactions, revealing a clear trend in binding energy shifts.
The Sn 3d peaks for the ITO substrates modified with PhpPACz,
2PATPA, and PATPA all exhibited a shift towards higher binding
energies relative to the unmodified ITO (Supplementary Fig. 11).

Ab initiomolecular dynamics (AIMD) simulations were conducted
to investigate the dynamic behavior of PhpPACz, 2PATPA, and PATPA
molecules on the ITO surface (Supplementary Fig. 12). These simula-
tions revealed the distinct stable configurations adopted by SAM
molecule on the ITO surface, as shown in Fig. 1c. PhpPACz molecules
maintained a vertical orientation with the ITO surface. In contrast,
2PATPAmolecules, due to the flexibility of their alkyl chains, arranged
themselves in a distorted, nearly parallel configuration with the sub-
strate. PATPAmolecule, featuring rigid phenyl linking groups, adopted
a tilted orientation on the ITO surface. Based on these simulation
results, the alignment and interactions of the three distinct SAM
molecule configurations with the ITO contact layer were summarized,
as illustrated in Fig. 1d. The AIMD simulations have elucidated that the
inclusion of flexible alkyl chains plays a pivotal role in determining the
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orientation of SAM molecules on the ITO surface. The crux of this
investigation lies in the examination and comparison of 2PATPA and
PATPA, which are distinguished by their distinct linking groups. To
delve deeper into how the rigidity of phenyl linking groups and the
flexibility of alkyl linking groups influence charge carrier dynamics,
electrostatic potential surface (ESP) calculations were conducted, as
illustrated in Fig. 2a.

The findings revealed that the phenyl linking group in PATPA
exhibits a pronounced negative charge density, which is visually
represented by themore intense red regions in its ESPmap.Moreover,
the computedmolecular dipole moment for PATPA, measured at 2.80
Debye (D), is substantially greater than that of 2PATPA,which stands at
1.31 D (Supplementary Fig. 13). Thismarked increase in dipolemoment
implies thatwhenPATPA is employed as aHSL, it is capableof inducing
amore robust dipole orientation, with the dipole vector directed from
the perovskite layer towards the ITO, thereby enhancing the interfacial
charge separation and transport properties28,29. This strategically
reduces the EF of the HSL, which in turn promotes efficient charge
transfer across the interface. This distinctive attribute offers a theo-
retical foundation for the improved hole extraction performance30.
The spectroscopic analysis of ITO/SAMs and the ITO/SAMs/PVK

structures (Supplementary Figs. 14 and 15) revealed that the SAMs did
not impart any discernible optical changes.

The electrochemical characteristics of PATPA and 2PATPA were
investigated via cyclic voltammetry (CV) techniques. The CV mea-
surements elucidated that the highest occupied molecular orbit
(HOMO) energy levels for PATPA and 2PATPA are −5.32 eV and
−5.09 eV, respectively (Supplementary Fig. 16 and Supplementary
Table 1). These results were further confirmed by calculations, which
yielded HOMO levels of −5.52 eV for PATPA and −5.24 eV for 2PATPA,
aligning closely with the CV data (Supplementary Fig. 17). Further
validation was provided by ultraviolet photoelectron spectroscopy
(UPS) analysis, which indicated that the valence bandmaximum (VBM)
for PATPA-modified ITO is −5.41 eV, lower than that for 2PATPA-
modified ITO, which is −5.05 eV. In addition, the UPS investigation of
the perovskite material revealed a VBM of −5.48 eV (Supplementary
Fig. 18 and Supplementary Table 2). The comparative analysis indi-
cated that the energy level misalignment between the VBM of PATPA-
modified ITO and the perovskite was 0.07 eV, which is substantially
less than 0.43 eV offset measured for the 2PATPA counterpart. In
contrast, the VBM of PhpPACz is actually 0.27 eV shallower than the
perovskite. This marked improvement in energy level alignment has

Fig. 1 | SAM molecular structures and theoretical simulations. a Overall con-
figuration distribution of SAM molecule. b The Chemical structure of SAM mole-
cules. c The final stable configuration of SAMmolecules on ITO surface after 10 ps

AIMD simulation. d Schematic diagram of ITO/SAM/PVK interface interaction
derived from the final stable configuration.
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effectively minimized interfacial energy losses, thereby resulting in an
enhanced VOC

30,31. Analysis of the ultraviolet visible (UV–Vis) absorp-
tion spectra for the SAM material solutions has revealed the optical
band gaps, which helps with the determination of lowest unoccupied
molecular orbit levels of PATPA (−2.06 eV) and 2PATPA (−1.26 eV)
(Supplementary Fig. 19 and Supplementary Table 2). Additionally, the
UV–Vis absorption spectra of perovskite films deposited onto ITO/
2PATPA and ITO/PATPA substrates revealed a consistent bandgap of
1.55 eV, as depicted in Supplementary Fig. 20. As illustrated in Fig. 2b,

PATPA-modified ITO possesses a Fermi level of 0.31 eV deeper than
that of 2PATPA-modified ITO, leading to improvedVBMalignment and
enhanced hole extraction efficiency32.

An electron localization function (ELF) analysis has uncovered
that the incorporation of flexible alkyl chains leads to a disruption in
the charge continuity within the HSL (Fig. 2c). Notably, 2PATPA
molecules display pronounced discontinuities in the charge distribu-
tion across the flexible alkyl linker regions, which may impede the
efficient transport of charges at the interface. On the other hand,

Fig. 2 | Characterization of SAMs modified ITO substrate. a The electrostatic
potential surfaces of 2PATPA and PATPA. b Energy levels obtained from the UPS
results based on devices of ITO/2PATPA/PVK and ITO/PATPA/ PVK (The Band dia-
grams reference to the Fermi level (EF) and consider band bending at the interface).
c ELF in the SAM molecular region on the perovskite surface. d XPS mapping

images of SAMmolecules on ITOwith scale bar of 50nm. (In represents ITO, and N
andP represent SAMs).eTheKelvinprobe forcemicroscopy images of 2PATPA and
PATPA with scale bar of 1μm. f The contact potential difference image of 2PATPA
and PATPA.
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PATPA molecules, characterized by phenyl linking groups, exhibit a
more uniform and continuous charge distribution at the interface with
the perovskite surface33,34. This continuity promotes a more effective
in-plane transport of photoinduced charge carriers and improves their

subsequent transfer from the perovskite layer to the ITO substrate,
thereby enhancing the overall device performance10.

The inclusion of flexible alkyl chains introduces challenges in
achieving an optimal distribution for the HSL on the ITO surface. To

Fig. 3 | Characterization of perovskite deposited on SAMs. a Top-view SEM
images and particle-size statistical distributions of perovskite films deposited on
PhpPACz and PATPA (Scale bar 1μm). b SEM images of the perovskite films peeled
off from the PhpPACz and PATPA-modified substrates (scale bar 1μm). c The
molecular dynamics simulation trajectory of PATPA molecule on the perovskite

surface. d Angular evolution of SAMmolecules on perovskite surface during AIMD
simulations at 300K. e Calculation of micro-strains in perovskite films based on
PhpPACz and PATPA. f Trap density histogram extract from SCLC calculation
results.g t-DOSplot of full devices.h Schematic diagramofmorphology and defect
passivation of perovskite films after deposition PhpPACz and PATPA, respectively.
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delve into this issue, XPS characterization was employed to assess
the packing densities of PATPA and 2PATPA on the ITO substrate.
Figure 2d illustrates that the signal intensities corresponding to N and
P atoms for 2PATPA are notably lower than those for PATPA, which
points to a higher packing density of PATPA molecules per unit area.
XPS full-spectrum analysis (Supplementary Table 3) has uncovered
that the phosphorus content on the ITO surface amounts to 0.45% for
2PATPA and 1.87% for PATPA,with corresponding nitrogen contents of
1.91% and2.31%, respectively. The computedphosphorus-to-indium (P/
In) and nitrogen-to-indium (N/In) ratios for 2PATPA are 0.059 and
0.253, in contrast to 0.223 and 0.275 for PATPA, highlighting amarked
disparity in packing density favoring PATPA. High-resolution XPS
measurements (Supplementary Fig. 21) have enabled a more precise
quantification of the spectral areas for nitrogen, phosphorus, and
indium, further substantiating these findings. As detailed in Supple-
mentary Table 4, the area ratios of N/In and P/In stand at 0.0344 and
0.0239 for 2PATPA, respectively, and 0.0432 and 0.0297 for PATPA,
respectively. The CV measurements further confirmed the surface
densities (Γ*) of 2PATPA and PATPA, as shown in Supplementary
Fig. 22. The surface densities of 2PATPA and PATPA were determined
to be 1.39 × 1013 molecules cm−2 and 1.86 × 1013 molecules cm−2,
respectively, indicating that the PATPA-modified ITO exhibits a higher
packing density. These data confirm that PATPA achieves a sub-
stantially higher packing density on the ITO surface than 2PATPA,
indicative of enhanced molecular coverage for effective interfacial
modification.

Atomic force microscopy (AFM) and Kelvin probe force micro-
scopy (KPFM) characterizations confirmed the role of molecular
packing density in determining interfacial properties. A higher density
ofmolecular packing is commonly associatedwith the development of
smoother surface topographies, while the precise alignment of mole-
cular structures is instrumental in minimizing contact potential dif-
ferences (CPDs)10. Supplementary Fig. 23 illustrates that the rootmean
square (RMS) roughness values for ITO surfacesmodifiedwith 2PATPA
and PATPA are 2.1 nm and 1.3 nm, respectively, underscoring the
superior smoothness of the PATPA-modified ITO surface. Further-
more, KPFM measurements, as depicted in Fig. 2e, f, have quantified
the surface potential of the SAM-coated ITO substrates. The CPD for
the ITO/PATPA interface was markedly lower at −590mV, in contrast
to −326mV for the ITO/2PATPA interface. This reduction in CPD sug-
gests that the PATPA-modified ITO surface possesses a higher work
function (WF) and a more negative Fermi level, both of which are
conducive to enhancing the device VOC. These observations are in
harmony with the findings from UPS measurements35, thereby rein-
forcing the superiority of PATPA in the realmof interfacial engineering.
Supplementary Fig. 24 provides the statistical distribution of CPD for
the SAM molecules modifying ITO substrates. Notably, compared to
the 2PATPA-modified ITO, the PATPA-modified samples exhibit a
narrower surface potential distribution, indicating a more homo-
geneous surface potential.

Vertically aligned SAM molecules are capable of creating sub-
strates with high-density, orderly arrays of HSL, thereby minimizing
direct contact between the perovskite layer and the ITO. In corrobo-
rate this concept, scanning electron microscopy (SEM) was employed
to examine the morphological characteristics of perovskite films
deposited on ITO substrates modified with SAMs. Figure 3a and Sup-
plementary Fig. 25 provide top-down SEM images alongwith grain size
distribution analyses. The perovskite films grown on ITO/PATPA sub-
strates showcased larger grain sizes,with an average diameter (Davg) of
409.6 nm, in contrast to the Davg value of perovskite films grown on
ITO/2PATPA substrate is 354.83 nm. Subsequent to peeling off the
perovskite films, the morphology of the underlying interface was
investigated (Fig. 3b and Supplementary Fig. 26). The perovskite films
on PATPA-modified substrateswerenot only denser andmoreuniform
but also exhibited a smoother surface texture compared with 2PATPA-

modified substrate. Furthermore, AFM images provided additional
validation of these observations (Supplementary Fig. 27). In compar-
ison to the perovskite filmsmodified with 2PATPA, which exhibited an
RMS roughness of 20.3 nm, the films modified with PATPA demon-
strated a finer,more consistent crystalline structure, as evidenced by a
decreased RMS value of 18.9 nm.

To ascertain the disparity in hole transport properties between
2PATPA and PATPA, single-carrier devices adopting the ITO/SAMs/Cu
configuration were constructed for comparative analysis36 (Supple-
mentary Fig. 28). The results demonstrated that, compared to ITO/
2PATPA substrates, devices based on PATPA exhibited improved
Ohmic behavior, with the hole rectification ratio (Khole = | J(−0.5 V)/
J(+ 0.5 V)|) reduced from 1.007 to 1.001 and the conductivity increased
from 1.41 to 2.35 × 10−4 mS cm−1. The findings reveal an enhancement in
hole selectivity at the ITO/PATPA interface, which consequently results
in superior charge transport performance. Supplementary insights
into the influence of different head groups, as observed in PhpPACz,
are provided in the Supplementary Information. Supplementary
Fig. 29 provides the energy level structure diagram of PhpPACz and
perovskite layer. ELF analysis revealing a continuous charge distribu-
tion characteristic of PhpPACz on the perovskite surface (Supple-
mentary Fig. 30). Furthermore, XPS mapping analysis (Supplementary
Fig. 31) demonstrates that the packing density of PhpPACz on ITO
surpasses that of 2PATPA, which is attributed to the presence of alkyl
chains in the latter.

The AIMD simulations comparing PhpPACz and PATPA have elu-
cidated that the TPA head group within PATPA possesses notable
tilting and rotational flexibility (Figs. 1c and 3c). This adaptability in
contact geometry enables a greater degree of interaction with the
perovskite surface. Consequently, delving deeper into the impact of
the PATPA molecular structure on perovskite film growth is impera-
tive. To maintain a consistent basis for comparison, the part con-
centrated on PhpPACz and PATPA, which are differentiated solely by
their head groups. Figure 3d illustrates the angular evolution of PATPA
and PhpPACzmolecules on the perovskite surface during a 10 ps AIMD
simulation at 300K. The C-N-C bond angle is defined as the torsional
angle between the benzene rings in the SAM molecules. In PhpPACz,
the torsional angle remains stable at approximately 110°, constrained
by the C–C bond in the benzo-carbazole structure. In contrast, the
triphenylamine structure of PATPA exhibits greater flexibility, with its
two benzene rings showing opening and closing motions among
100–140° on the perovskite surface. Given that the SAM head group is
the principal site of direct interactionwith the perovskite, its structural
configuration and mode of contact are instrumental in determining
the crystalline growth of the perovskite matrix, as well as the mor-
phology and quality of the buried interface, which is consistent with
the SEM examination (Fig. 3a, b).

Furthermore, the contact angle for substrate modified with
PATPA is 64°, which is larger than that of PhpPACz (56°) and 2PATPA
(49°), as depicted in Supplementary Fig. 32. The higher contact angle
associated with PATPA indicates a denser molecular packing on the
ITO surface, resulting in a greater exposure of hydrophobic phenyl
groups. This dense buried interface effectively isolates the per-
ovskite from direct contact with ITO, which, in turn, improves film
quality and reduced grain boundary defects. Furthermore, the SEM
imaging revealed the presence of discrete, lustrous PbI2 solid pre-
cipitates within the perovskite films on PhpPACz substrates, albeit in
minute quantities25. To delve deeper into this phenomenon, we
peeled away the perovskite films and subjected the underlying
interfaces to morphological analysis (Fig. 3b). The analysis revealed
that although both sets of buried interfaces exhibited a dense and
homogenous structure, the films coated on PATPA substrates pre-
sented with notably smoother surfaces, devoid of any discernible
PbI2 precipitates. This suggests that PATPA enhances crystallization,
reducing PbI2 formation. DFT computation exhibited a notably
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stronger adsorption affinity for PATPA, with an energy of −0.72 eV,
much greater than the −0.38 eV observed for PhpPACz (Supple-
mentary Fig. 33). Analysis via AFM has shown that perovskite films on
PATPA-modified substrates had a smoother surface (18.9 nm rough-
ness), compared to PhpPACz (21.4 nm) in Supplementary Fig. 27.
Since the only structural difference between these two SAM mole-
cules lies in their head groups, this finding highlights the superior
ability of PATPA’s TPA head group to facilitate better interfacial
contact with the perovskite film.

The Williamson-Hall analysis, applied to the XRD patterns (Sup-
plementary Fig. 34), served as a tool for assessing the quality of the
perovskite films. The graphical representation of βcosθplotted against
4sinθ, as illustrated in Fig. 3e, provided insights into the films’ strain
distribution, with β denoting the peakwidth in relation to the 2θ angle,
thereby elucidating the films’ non-uniform strain attributes37–39.
Figure 3e illustrates a pronounced reduction in residual strain, which
plummeted from−2.2 × 10−2 units in the PhpPACz-basedfilms to amere
6.4 × 10−3 units in the PATPA-based films. This improvement is attri-
butable to the enhancedmorphology of the underlying interface in the
PATPA-modified perovskite layers. The increased crystallinity and
diminished defects at this interface have successfully alleviated the
residual stress, contributing to a more structurally stable film40–42. The
TPA head groups of PATPAmolecules are strategically alignedwith the
perovskite layer, effectively alleviating the compressive stress that
arises at the interface between the perovskite film and the underlying
substrate. This alignment leads to a reduction in non-uniform strain,
thereby minimizing structural distortions within the Pb-I-Pb bond
network, and promoting a more cohesive and stable perovskite film
architecture43. Conversely, the reduced contact area betweenPhpPACz
molecules and the perovskite layer hinders effective stress dissipation,
resulting in localized stress accumulation. This phenomenon not only
exacerbates the distortions in the Pb-I-Pb bond structure but also
induces tilting of the PbI6 octahedra, ultimately leading to the emer-
gence of PbI2 crystal defects within the film’s lattice43,44. We further
employed XPS to investigate their interfacial interactions (Supple-
mentary Fig. 35). Compared to the pristine perovskite film, both
PhpPACz and PATPA induced a shift of the Pb 4f and I 3d peaks toward
lower binding energies. Notably, the peak shift caused by PATPA was
more pronounced than that of PhpPACz. This indicates a stronger
interfacial interaction and denser packing induced by PATPA, corro-
borating the improved structural integrity and reduced residual strain
in the corresponding films.

To substantiate the adaptive nature of the PATPA head group in
modulating contact properties, we conducted UV–vis absorption
spectroscopy on ITO/PATPA and ITO/PhpPACz substrates at ambient
temperature as well as under a range of thermal conditions (Supple-
mentary Fig. 36). The spectroscopic analysis revealed that the UV–vis
absorption profile of substrates treated with PhpPACz was impervious
to the changes in environmental conditions. The substrates modified
with PATPA displayed alterations in their UV–vis absorption, reflecting
differences between the ambient and heated states. This observation
implies that, as the perovskite film undergoes annealing, the unen-
cumbered phenyl groups at the extremities of the TPA segment within
PATPA experience configurational reorientation. Corresponding 1H
(Supplementary Fig. 36) and 31P liquid-state nuclear magnetic reso-
nance (NMR) (Supplementary Fig. 37) results, which showedhardly any
observable changes before and after 85 °C aging, confirmed this
conclusion.

To ascertain the influence of SAM head groups on the quality of
perovskite films and the dynamics of charge carriers at the SAM/PVK
interface, we conducted a comprehensive analysis of steady-state
photoluminescence (PL) and time-resolved photoluminescence
(TRPL) spectra for films deposited on SAM-coated ITO substrates. The
PL spectra (Supplementary Fig. 38) revealed that all perovskite films
displayed a characteristic emission peak at 797 nm. Notably, the

perovskite film situated on the PATPA-modified substrate demon-
strated an increase in photoluminescence intensity, suggesting a
decrease in non-radiative recombination processes. Moreover, the
augmented photoluminescence intensity was complemented by TRPL
measurements, which elucidated that the perovskite film anchored on
the PATPA-modified substrate exhibited the most prolonged carrier
lifetime, reaching 2.38μs. This is in contrast to the 2.31μs observed for
the film on the PhpPACz-modified substrate (Supplementary Fig. 39
and Supplementary Table 5). Such an extended carrier lifetime is
indicative of increased grain sizes and an elevated level of crystalline
quality in the perovskite films that have been nurtured on the SAM-
modified surfaces45. Moreover, the PATPA-based perovskite film
exhibited a shorter fast recombination time constant (τ1) of 1.04μs,
which is substantially reduced compared to the 1.34μs observed for
the PhpPACz-based film. This discrepancy in recombination dynamics
highlights that the PATPA-modified substrate possesses higher hole
extraction efficiency46,47. Furthermore, we performed fluorescence
lifetime imaging microscopy to evaluate the uniformity of carrier
lifetimes and recombination dynamics across the perovskite films. As
shown in Supplementary Fig. 40, the PATPA-modified perovskite films
exhibit significantly improved homogeneity and extended PL lifetimes
compared to those with PhpPACz.

Space-charge-limited current (SCLC) measurements, performed
on hole-only devices under dark conditions, were utilized to ascertain
the trap density within the perovskite films, as depicted in Supple-
mentary Fig. 41. The trap-filled limit voltage (VTFL) for the PATPA-based
devices was lower at 0.49 V, compared to the 0.96 V recorded for the
PhpPACz-based devices. The computed trap density (Nt) for the
PhpPACz-based devices was determined to be 6.53 × 1015cm−3, whereas
the PATPA-based devices exhibited a substantially lower Nt value of
3.33 × 1015cm−3 (Fig. 3f). The decrease in trap density for the PATPA-
modified substrates points to a marked enhancement in the quality of
the interface between the perovskite layer and the bulk. The density of
states (t-DOS) across the entire device architecture was measured
(Fig. 3g). The shallow traps (Band I) were predominantly due to bulk
impurities present within the perovskite layer. Conversely, the deep
traps (Bands II and III) were attributed to surface defects, highlighting
the distinct origins of trap states within the device48. The PATPA-based
devices showcased a reduction by an entire order of magnitude in the
t-DOS within the Band I region, when contrasted with the PhpPACz-
based devices. Figure 3h schematically summarizes themorphological
and defect passivation differences between perovskite films on ITO/
PhpPACz and ITO/PATPA substrates. Flexible, adaptive SAM head
groups, as exemplified by PATPA, promote better interfacial contact,
uniform film growth, and larger grain formation, in contrast to more
rigid counterparts. The distinct effects associated with the linker
groups in 2PATPA are discussed in detail in the Supplementary
Information.

To examine the influence of SAM molecules, devices with the
ITO/SAM/PVK/PDI/C60/BCP/Cu architecture were fabricated, as
depicted in Fig. 4a. A SEM cross-sectional image of the device is
provided in Supplementary Fig. 42 for structural insight. The devices
performances were summarized in Supplementary Fig. 43 and
Table 6, in which PATPA-based devices show the best photovoltaic
performance and reproducibility compared to PhpPACz- and
2PATPA-based devices. Figure 4b, c shows the current-voltage ( J-V)
characteristics of the top-performing devices, utilizing three HSLs as
detailed in Supplementary Table 7. The standout PATPA-modified
device achieved an exceptional PCE of 26.21% during reverse scan-
ning, with a VOC of 1.186 V, a JSC of 25.85mA·cm−2, and a FF of 85.52%.
The device’s efficiency was officially certified at 26.26% with maximal
power point tracking efficiency of 25.16%, as confirmed in Supple-
mentary Fig. 44.

The external quantum efficiency (EQE) was precisely measured to
calibrate the JSC, which was found to be 25.18mA·cm−2, as illustrated in
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Fig. 4d, closely matching with the performance of the benchmark
device. In order to assess the scalability of PATPA as a HSL for large-
area applications, a devicewith an active area of 1 cm2 was constructed
as depicted in Fig. 4e, the large-area PATPA-based device achieved a
PCE of 24.49% (with a VOC of 1.18 V, JSC of 25.46mA·cm−2, and FF of
81.55%). In comparison, large-area devices using PhpPACz and 2PATPA
as HSLs demonstrated PCEs of 22.11% and 23.52%, respectively (Sup-
plementary Fig. 45 and Supplementary Table 8).

Supplementary Fig. 46 reveals that the PATPA-modified per-
ovskite films displayed a distinct pattern of vertically aligned grains.
This structural characteristic substantially mitigated non-radiative
recombination, thereby markedly improving carrier extraction
efficiency49. To delve further into the carrier dynamics within devices
utilizing the three SAM molecules, electrochemical impedance spec-
troscopy (EIS) measurements were carried out. The utilized equivalent
circuit model for EIS analysis is presented in Supplementary Fig. 47.
The findings revealed that the recombination resistance (Rrec) for
PhpPACz, 2PATPA, and PATPA devices were 21,701Ω, 43,990Ω, and
71,030Ω, respectively, with the PATPA-based devices demonstrating
the largestRrec. This outcome points to the efficacyof PATPA-modified
devices in mitigating charge recombination. Additionally, the series

resistance (RS) exhibited a decline, dropping from 17.21Ω for PhpPACz
to 13.55Ω for 2PATPA and further to 12.52Ω for PATPA, as detailed in
Supplementary Table 9. This reduction in RS is indicative of an
improved carrier collection efficiency in the PATPA devices29,45. Fur-
thermore, to unravel the underlying mechanism of VOC loss, the
Mott–Schottky technique was invoked to ascertain the built-in
potential (Vbi) and to determine the driving force responsible for the
separation of photogenerated carriers (Supplementary Fig. 48). The
analysis yielded that the Vbi for the PATPA-based devices was notably
higher at 0.94 V, in contrast to 0.82 V for the 2PATPA devices and
0.62 V for the PhpPACz devices. This elevated built-in potential serves
as a robust impetus for the efficient separation of photogenerated
carriers, concurrently mitigating non-radiative recombination and
thereby enhancing the overall VOC of the devices35. This attribute is
perfectly in synergy with the enhanced VOC recorded in the PATPA-
based devices. The dark J-V curve depicted in Fig. 4f serves as addi-
tional confirmation of this finding. The PATPA-based devices demon-
strated an exceptionally low dark current, and we calculated the
rectification ratio (RR) of the devices under dark conditions at ±1 V.
The RR values for PATPA, 2PATPA, and PhpPACzdevices are 9.98, 3.62,
and 3.36, respectively. The significantly enhanced RR in PATPA-

Fig. 4 | Configurationandperformanceofphotovoltaic devices. aThe schematic
of device architecture. b J-V curves of small area PSCs. c J-V curves of the best-
performing device based on PATPA with different scan directions. d EQE spectrum
of the champion device based on PATPA. e J-V characteristics of champion devices

based on PATPA with area = 1 cm2. f Dark J-V curve of the PSCs. g Operational sta-
bility of device at maximum power point tracking under continuous light irradia-
tion in N2. h Thermal stability of unencapsulated device under continuous heating
at 85 °C in N2.
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modified devices indicates improved charge selectivity22, which is a
strong testament to the effective suppression of interfacial non-
radiative recombination, a key factor in optimizing the photovoltaic
performance of the devices50.

The stable power output (SPO) of the devices was measured at
the maximum power point (MPP), as illustrated in Supplementary
Fig. 49. At a bias voltage of 1.05 V, the PATPA-based device sustained
an output efficiency of 25.52% after 600 s of continuous illumination,
outperforming the 24.18% of the 2PATPA-based device (bias vol-
tage = 1.04 V) and the 23.03% of the PhpPACz-based device (bias
voltage = 1.03 V). For long-term stability, devices with an ITO/SAM/
PVK/C60/SnOX/IZO/Cu architecture were tested under the ISOS-L-1I
standard protocol. Over 1000 h in a nitrogen atmosphere, the
PATPA-based device retained 91% of its initial PCE, while the 2PATPA-
based and PhpPACz-based devices retained only 71% and 65%,
respectively (Fig. 4g). Additionally, thermal stability was evaluated
for the unencapsulated devices under nitrogen at 85 °C. Thermo-
gravimetric analysis results (Supplementary Fig. 50) show that the
decomposition temperature of PATPA (286 °C) is higher than those
of 2PATPA (267 °C) and PhpPACz (277 °C), indicating that PATPA can
withstand higher temperatures during annealing. Further film ana-
lysis, as shown in Supplementary Fig. 51, reveals minimal changes in
perovskite films deposited on ITO/PATPA substrates after 300 h of
aging, whereas films on ITO/PhpPACz substrates exhibit extensive
white spot regions and the poorest perovskite film quality after
300h. Corresponding XRD results (Supplementary Fig. 52) confirm
these observations. PATPA-modified perovskite films retain weak
PbI2 diffraction peaks after 300 h of aging, while 2PATPA- and
PhpPACz-modified films display strong PbI2 diffraction peaks after
100 h. The PhpPACz-modified films exhibit the strongest PbI2 dif-
fraction intensity after 300 h, consistent with the largest and most
numerous white spots observed on ITO/PhpPACz substrates. This
discrepancy likely arises from differences in the crystallographic
quality of perovskite films induced by distinct SAM modifications.
Later, the stability of the unencapsulated devices were also tested. As
shown in Fig. 4h, The PATPA-based device showed notable thermal
stability, retaining 88% of its initial efficiency, better than the 78% and
70% retention observed for the 2PATPA-based and PhpPACz-based
devices, respectively.

Discussion
This research unveils the crafted design of the PATPAmolecule, which
thoughtfully pairs a flexible triphenylamine head group with a robust
phenyl bridge. This structure is pitted against the performance of
PhpPACz and 2PATPA, revealing a superior outcome. The findings
confirm that PATPA’s integrative design enhances the interfacial
characteristics, resultant in a dense and defect-minimized interface
with perovskite layers. This improved energy level alignment, hole
extraction efficiency, and carrier transport. In a head-to-head com-
parisonwith PhpPACz, PATPAhas been shown to alleviate lattice stress
and curtail the formation of PbI2 defects, which in turn promotes the
development of larger grain sizes and more compact films. When
measured against 2PATPA, PATPA’s rigid linker group ensures a higher
molecular packing density, fewer deep trap states, and reduces non-
radiative recombination losses. Photovoltaic devices with PATPA have
reached a maximum PCE of 26.21%, with larger-area devices (1 cm2)
achieving a PCE of 24.49%. Stability tests show that PATPA-modified
devices retain 91% of their initial efficiency after 1000h of illumination
and 88% after 500 h of thermal aging at 85 °C. This study heralds a
design paradigm for non-substituted headgroup systems that mas-
terfully blends the principles of flexibility and rigidity, offering valu-
able perspectives for the creation of SAMmonolayers that are not only
efficient but also stable, which is crucial for the advancement of pho-
tovoltaic technologies.

Methods
Materials
The chemical reagents and solvents used for SAM molecules synth-
esis are all of reagent grade. 4-Bromotriphenylamine, palladium
acetate [Pd(OAc)2], 1,1’-bis(diphenylphosphino)ferrocene (dppf),
and potassium acetate (KOAc) were purchased from Bide Pharma-
tech Ltd. Diethyl phosphite, triethylamine (Et3N), and bromo-
trimethylsilane (TMSBr) were purchased from Energy Chemical Co.
Ltd. 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 PSCs fabrication included: ethanol
(EtOH, 99.9%, Aladdin), isopropyl alcohol (IPA, 99.9%, Aladdin),
N, N-dimethyl formamide (DMF, 99.8%, Aladdin), dimethyl
sulfoxide (DMSO, 99.7%, Aladdin), chlorobenzene (CB, 99.9%, Alad-
din), formamidinium iodide (FAI, >99.5%, Greatcell Solar Materials
Pty. Ltd.), methylammonium iodide (MAI, >99.5%, Greatcell Solar
Materials Pty. Ltd.), methylammonium chloride (MACl, >99.5%,
Greatcell Solar Materials Pty. Ltd.), lead iodide (PbI2; 99.99%, TCI),
4-Methoxyphenylphosphonic Acid (95.0%, TCI), [4- (diphenylamino)
phenyl) ethyl] phosphate (2PATPA, >98%, Xi’an Polymer Light Tech-
nology Crop), cesium iodide (CsI, >99.99%, Advanced Election
Technology CO., Ltd), C60 (99.99%, Xi’an Polymer Light Technology
Corp.), bathocuproine (BCP, 99.99%, Xi’an Polymer Light Technology
Corp.), Piperazine dihydriodide (PDI, 99.99%, Xi’an Polymer Light
Technology Corp.), guanidine thiocyanate (GuaSCN, >99.5%, Xi’an
Polymer Light Technology Corp.).

General characterizations of materials and thin film
1H NMR, 13C NMR, and 31P NMR spectra were recorded on Bruker
AVANCE III 400M. High-resolution electrospray ionization mass
spectra were obtained from Thermo Scientific Q Exactive mass
spectrometer, operated in heated electrospray ionization mode, and
coupled with Thermo Scientific Ultimate 3000 system. CV was per-
formed on CH Instruments Electrochemical Analyzer CHI760E using
a three-compartment electrochemical cell, with samples in DMF
containing 0.1M [nBu4N]PF6 as electrolyte and the ferrocene/ferro-
cenium (Fc/Fc+) as internal standard under scan rate of 0.1 V s−1. Ag/
AgCl, glassy carbon, and platinum wire were used as the reference
electrode, working electrode, and counter electrode, respectively.
UPS and XPS measurements were performed using an ultrahigh
vacuum surface analysis system equipped with an ULVAC-PHI 5000
VersaProbe III spectrometer. UPS was performed with He I (21.22 eV)
acting as the excitation source at an energy resolution of 50meV.
XPS and XPS mapping used monochromatic Al K radiation
(1486.6 eV). All experiments were calibrated with respect to the
Fermi edge of an atomically clean gold surface. SEM images were
obtained by field emission SEM (JSM-7001F + DY-2000A). AFM ima-
ges were captured by Multimode 8 (Bruker). X-ray diffraction (XRD)
measurements were carried out using a D8 ADVANCE XRD spectro-
meter (Bruker) with a Cu Kα line of λ = 1.5410 Å. The steady photo-
luminescence (PL) spectra were obtained from the RF-6000
spectrofluorometer system with incident light at 480 nm and the
TRPL was analyzed by the FLS 1000 fluorescence spectrometer
equipped with a 450 nm excitation.

Preparation of perovskite precursor solutions for devices
The 1.5M perovskite precursor solution with the composition of
FA0.85MA0.1Cs0.05PbI3 was prepared by fully dissolving correspond-
ing PbI2, FAI, MAI, and CsI in a mixed solvent of DMF and DMSO with
a volume ratio of 4:1. 10mgmL−1 MACl and 4mgmL−1 GuaSCN were
added in the solution for modified perovskite layer. The solution was
stirred at room temperature until dissolved and filtered through a
polytetrafluoroethylene filter (0.22μm) before use.
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Fabrication of devices
ITO substrates (1.5 × 1.5 cm2) were sequentially washed by detergent,
deionized (DI) water, acetone, and isopropanol for 30min through
sonication method, respectively. Cleaned ITO substrates were treated
with ultraviolet-ozone for 20min, then the substrates were transferred
into a nitrogen glovebox. SAM solutions are prepared by mixing
2mmol of PhpPACz, 2PATPA, PATPA molecules and 0.02mmol of (4-
(3,6-Dimethoxy-9H-carbazol-9-yl) phenyl)phosphonic acid (OMe-
PhpPACz, improved wettability) in 1mL ethanol, respectively. SAM
solutions were spin-coated onto the ITO surface at 3000 rpm for 30 s,
followed by annealing at 100 °C for 10min. Then, 70μL perovskite
precursor solution was dropped onto ITO/SAMs substrates, spin-
coated at 1000 rpm for 10 s and 5000 rpm for 30 s. The 150μL of
chlorobenzene was poured on the substrates 10 s prior to the end of
the program. Then, quickly transferred the substrates to annealing at
100 °C for 10min. The supernatant of PDI saturated solution was spin-
coated at 5000 rpm for 30 s on the upper surface of the annealed
perovskite films, and then transferred to a hot stage of 100 °C
annealing for 5min. Then, The C60 (25 nm) and BCP (11 nm) were
sequentially deposited on the perovskite filmsby vacuumevaporation.
Finally, Cu (100 nm) was deposited as back electrode through a mask
by thermal evaporation under 6 × 10−4 Pa.

Device characterization
The Keithley 2400 Source Measure Unit Instrument was used to test
the current density versus voltage (J-V) curves and stabilized power
output (SPO) and steady-state current density curves under AM 1.5 G,
measure the conductivity and the space charge-limited current ana-
lysis under dark condition. Hole-only devices (ITO/SAMs/PVK/PTAA/
Cu) were fabricated according to the PSC fabrication procedure. The
solar cell quantum efficiency test system (Enlitech QE-R) was used to
measure the EQE spectra of devices. The Mott–Schottky curves (MS)
and the EIS were determined with the Chenhua CHI660E electro-
chemical workstation. The dark J-V characteristics of the hole-only
devices weremeasured using a Keithley 2400 SourceMeter. The long-
termoperational stabilitywas conductedbyapplying the encapsulated
devices under 1 sun equivalent LED lamp (3A) in N2 environment. For
thermal stability tests, every set of 6 unencapsulated devices was
exposed to an 85 °C N2 atmosphere and tested at 48-h intervals.

Computational method
First-principles calculations based on DFT were conducted using the
Vienna Ab Initio Simulation Package (VASP) under periodic boundary
conditions. The ion-core electron interactions were described using
the projector augmented wave method, and the exchange-correlation
energy of valence electrons was treated with the
Perdew–Burke–Ernzerhof functional. A plane-wave cutoff energy of
400 eV was employed. To account for van der Waals interactions,
Grimme’s D3 dispersion corrections were applied. The energy con-
vergence criterion for self-consistent field calculations during struc-
tural optimizations, including lattice parameters and internal atomic
positions, was set to 10−6 eV, and the maximum force convergence
criterion was set to 0.02 eVÅ−1.

Ab initiomolecular dynamics (AIMD) simulations were performed
to investigate the dynamic behavior of the SAM molecule on the ITO
surface at room temperature. The ITO model was constructed by
doping bulk In2O3 with Sn atoms, and the (111) surface was selected as
themost stable facet for the ITOmodel. The slabmodel was built using
a 1 × 1 × 1 supercell of cubic In2O3 (111), consisting of four O–In–O lay-
ers, with the bottom layer fixed to simulate bulk-like behavior. A
vacuum layer of 20.0 Åwas added along the [001] direction to prevent
spurious interactions between periodic images. The final ITO slab
dimensions were 14.57 × 14.57 × 31.01 Å3.

To address the strong electron correlation effects associated with
In-4d states, the DFT +U method was employed with a Hubbard U

parameter of 7 eV. Brillouin-zone sampling was restricted to the
Gamma point for computational efficiency. For the upper perovskite
model, the dimensions were 19.47 × 26.01 × 42.26 Å3, including a
20.0Å vacuum layer along the [001] direction to eliminate any artificial
interactions between slabs.

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. Source data
are provided with this paper.
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