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HIGHLIGHTS

e Two triphenylamine-based semiconducting ligands, namely N-TPEAI and P-TPEAI, were designed by extending the n-conjugation,
with structural similarities to the backbone of poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA).

e This z-conjugation extension strategy proves to be effective in strengthening intermolecular interactions both between adjacent spacer

cations within 2D perovskites and at perovskite/PTAA interfaces.

e The resultant 2D/3D perovskite solar cells (PSCs) employing P-TPEAI achieve an outstanding efficiency of 26.13%, which is the
highest value reported for 2D/3D PSCs incorporating PTAA hole-transport layers.

ABSTRACT Constructing 2D/3D perovskite n-Extension of Triphenylamine Ligands:
heterojunction is an effective method to improve Interfacial Coupling Design

performance and stability of perovskite solar cells

(PSCs), while the quantum well in 2D perovskites

barrier

&
PTAA

hinders carrier transport. To address this issue, 3D perovskite

r-conjugated semiconducting ligands have been v'Enhanced n-n

interaction

introduced to enhance carrier-transfer capabil- : z
in 2D perovskite

ity of 2D perovskites. Here, two triphenylamine

(TPA)-based ligands are specifically designed
through z-extension with a fused (N-TPEAI) or
covalently linked (P-TPEAI) benzene ring. For

3D perovskite 2D perovskite PTAA

the first time, TPA semiconductor-based ligands have been incorporated to construct 2D/3D PSCs with poly[bis(4-phenyl)(2,4,6-tri-
methylphenyl)amine] (PTAA) as hole-transport materials (HTMs). Combined experimental and computational analyses reveal that this
z-conjugation extension strategy proves to be effective in strengthening intermolecular interactions both between the adjacent spacer

cations within 2D perovskites and at perovskite/PTAA interfaces, particularly in the case of P-TPEAI. Ultimately, the resultant 2D/3D
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PSCs employing P-TPEAI achieve an outstanding efficiency of 26.13%, which, to the best of our knowledge, is the highest value reported
for 2D/3D PSCs incorporating PTAA HTMs. Moreover, benefiting from the robustness of both 2D perovskites and PTAA, the correspond-

ing devices also exhibit excellent light-heat stability, meeting ISOS-L-2 protocol. These findings provide important guidelines for future

design of organic spacers in advancing efficient and robust PSCs and related optoelectronic devices.

KEYWORDS 2D/3D perovskites; Perovskite solar cells; z-Conjugated ligands; PTAA; High efficiency

1 Introduction

Over the past decade, the photovoltaic community has wit-
nessed skyrocketed performance enhancement of perovskite
solar cells (PSCs), benefiting from compositional engineer-
ing, defect passivation, and charge-selective layer optimiza-
tion [1-5]. However, devices suffer from inevitable inter-
facial and bulky defects, resulting in serious performance
degradation and unacceptable thermal and optional stability
[2, 6]. Constructing 2D/3D perovskite heterojunctions has
been demonstrated to be an effective approach in enhanc-
ing both the performance and stability of PSCs [7-12]. To
overcome the inherent carrier-transport issue in 2D/3D per-
ovskite heterojunction [13, 14], larger z-conjugated ligands
(with at least two connected aromatic groups) have garnered
considerable interest from the researchers [7, 13, 15-19].
n-conjugated ligands in 2D perovskites are mainly divided
into the following categories: alkyl ammonium salts with
the structure of (1) multithiophene [20, 21] or fused thio-
phene [22]; (2) biphenyl [23], naphthacene [3, 24], anthra-
cene [25], pyrene [7], and perylene [26]; (3) aromatic imides
[17]; and (4) triphenylamine (TPA)-based ligands. A series
of conjugated quaterthiophene ligands have been applied
to form 2D/3D perovskite heterojunction in poly[bis(4-phe-
nyl)(2,4,6-trimethylphenyl)amine] (PTAA)-based devices,
which resulted in the improvements of both energy-level
alignment at 2D/3D perovskite heterojunction and the per-
ovskite/PTAA interface quality due to the z-conjugated
effect [15, 21]. For ligands with large z-conjugated struc-
tures, they have been used by many research groups to bal-
ance the passivation effect and carrier transport in 2D per-
ovskites [7, 16]. However, there have been only few works
focusing on TPA-based ligands, although TPA moiety is
a well-known electron donor and has been widely used in
optoelectronic devices, including dye-sensitized solar cells,
organic solar cells, and light-emitting diode [27]. Qin and
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co-workers reported an efficient bifunctional organic salt
(TA-PMA), consisting of hole-transporting unit (TPA) and
2D-dimensionalizing unit (phenylmethylammonium, PMA).
The formation of hole-transporting 2D peroskite on top of
3D perovskites not only significantly reduces interface trap
density but also enhances hole-extracting abilities of 2D/3D
heterojunction region [28]. Recently, our group reported a
new TPA-based hole-transporting ligand (DPA-PEAI), the
propeller-like geometry of which enables the formation of
multifarious z—z interactions within (DPA-PEA),Pbl, 2D
perovskite. As a result, 2D/3D FAPbI,;-based PSCs employ-
ing DPA-PEAI afford a decent efficiency of 25.7% [29].
Nevertheless, TPA-based ligands are still far from fully
explored, given their structural tunability and the potential
to further optimize the performance of PSCs.

Here, we designed and synthesized two novel TPA-
based semiconducting ligands by extending z-conjugation,
namely N-TPEAI and P-TPEAI, following our previous
work (Fig. 1a). The only difference between N-TPEAI
and P-TPEALI lies in the attachment pattern of another
benzene ring to one of the phenyls of diphenyl moiety in
DPA-PEALI: fusing in N-TPEAI and covalently linking in
P-TPEAI. Our motivations are two-fold: first, we aimed to
gain a deep understanding of the influence of this struc-
tural change in the ligands on the property of 2D perovs-
kites; second, we also intended to study the intermolecular
interactions between the ligands and PTAA, due to their
structural similarities to the backbone of PTAA. Combined
density functional theory (DFT) simulation and experi-
mental results demonstrated that the z-extension mode in
P-TPEAI had more pronounced impacts on strengthening
the intermolecular interactions both between the adjacent
spacer cations within 2D perovskites and at perovskite/
PTAA interfaces, leading to synergistic hole-transfer
promotion in the devices. As a consequence, PSCs with
P-TPEAI deliver an excellent power conversion efficiency

https://doi.org/10.1007/s40820-026-02145-4
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Fig. 1 a Chemical structures of N-TPEAI and P-TPEAL b Electrostatic surface potential (ESP) profiles of N-TPEA* and P-TPEA™* cations.
Simulated 2D perovskite crystal structures of ¢ (N-TPEA),Pbl, and d (P-TPEA),Pbl,
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(PCE) of 26.13%, which is significantly higher than those
of the devices using N-TPEAI (25.05%) and without modi-
fications (21.69%).

2 Experimental Sections

Further details regarding materials, synthesis, device fabri-
cation, characterizations, and calculational method, as well
as supporting figures and tables, are available in the Sup-
plementary material.

3 Results and Discussion

3.1 Molecular Design and Simulated 2D Perovskite
Structures

N-TPEAI and P-TPEAI were synthesized as reported pre-
viously [29], and the details of the synthetic procedures
are depicted in the Supporting Information (Scheme S1
and Figs. S1 —S6). DFT calculation was first performed to
evaluate the electrostatic surface potential (ESP) profiles
and dipole moments of N-TPEA* and P-TPEA™ cations, as
shown in Fig. 1b. A larger dipole moment of 21.34 Debye
is identified for P-TPEA™ as compared to that of N-TPEA™
(20.63 Debye), implying that more effective charge separa-
tion in 2D perovskites can be expected in the former case,
associated with favourable hole extraction process [30].
Next, we prepared n=1 2D perovskites by spin-coating
the solution of lead iodide (Pbl,) with N-TPEAI or P-TPEAI
in dimethylformamide (DMF) on fluorine-doped tin oxide
(FTO) substrates. Both films show the characteristic peak of
X-ray diffraction (XRD) patterns at 3.14° and 3.28° in the
low-angle region, respectively, which should be assigned to
the 2D perovskites (P-TPEA),Pbl, and (N-TPEA),Pbl, (Fig.
S7). The corresponding lattice spacing for (P-TPEA),Pbl,
is estimated to be 28.13 A, which is larger than that of
(N-TPEA),Pbl, (26.93 A), owing to the relatively bulky size
of P-TPEA* (472 10\3) with respect to N-TPEA™ (436 1&3).
Unfortunately, we encountered challenges to obtain high-
quality single crystals of 2D perovskites, presumably
because of the high formation energy [31], which will be
discussed in the following section. Instead, we conducted
DFT calculations to simulate the structures of 2D perovs-
kites to gain insights into the preferable packing arrange-
ments of the ligands. The simulations were performed by
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using the generalized gradient approximation (GGA) of the
Perdew—Burke-Ernzerhof (PBE) exchange—correlation func-
tional and the projector augmented-wave (PAW) pseudopo-
tential method [7, 32, 33]. The details of DFT calculations
are described in Supporting Information, and the results are
illustrated in Fig. 1c, d and Table S1. The lattice spacing of
(N-TPEA),Pbl, and (P-TPEA),Pbl, is calculated to be 27.01
and 29.10 A, respectively, in good agreement with the cor-
responding values obtained from the XRD measurements.
Interestingly, the z-extension mode in the ligands was
found to have a profound impact on their packing config-
urations in the organic layers of 2D perovskites. As pre-
sented in Fig. 1c, for (N-TPEA),Pbl,, edge-to-face stack-
ing is observed between the naphthalene moieties in the
tail part of N-TPEA™ [34], probably due to the larger steric
hindrance of naphthalene. The corresponding ring centroid-
to-centroid distances (R..) and the angle of two naphthalene
rings are estimated to be 5.69 A and 86.5°, respectively (Fig.
S8 and Table S2). This arrangement of naphthalene units
allows the formation of herringbone-like stacking geometry
between the adjacent organic layers of (N-TPEA),Pbl, [35].
By stark contrast, the biphenyl units, the tails of P-TPEA*,
prefer to stack with parallel-slipped mode (Fig. 1d), most
likely because the covalently linked phenyl group can rotate
freely. The peripheral benzene ring of P-TPEA™ tends to
construct z-z orbital overlap with both of the two benzene
rings of the biphenyl moiety in the neighbouring cation from
another organic layer. The corresponding dihedral angles of
phenyl planes are calculated to be 27.7° and 27.9°, respec-
tively, with smaller R . of 4.27 and 4.30 A (Fig. S9 and
Table S3) [36]. This crossing parallel-displaced packing of
the phenyl groups will provide multifarious channels for
charge transport, which is beneficial to the out-of-plane hole
transport in (P-TPEA),Pbl,. Moreover, the average of in-
plane Pb—I-Pb bond angles are estimated to be 169.8° and
167.0° (along axles a and b), with the average Pb—I bond
length of 3.15 and 3.16 A (horizontal) in (N-TPEA),Pbl,
and (P-TPEA),Pbl,, respectively (Table S1). The relatively
larger Pb—I-Pb bond angles observed indicate smaller defor-
mation of [Pb16]4_ inorganic layer, associated with better
stability and carrier mobility in both 2D perovskites [14,
34, 37]. Additionally, the formation energy is calculated to
be —2.96 eV for (P-TPEA),Pbl,, which is larger than that
of —3.38 eV for (N-TPEA),Pbl,. It has been reported that 2D
perovskites with higher formation energies show weakened

https://doi.org/10.1007/s40820-026-02145-4
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cation exchange process, supressed ion migration, and better
long-term stability [31].

The binding energy (E,) and hole-transfer integral (HTT)
values were further calculated to quantitatively evaluate the
intermolecular interactions between two pairs of the adjacent
spacer cations (Tables S2 and S3). Larger E, values (—16.42
and —16.15 eV) are identified for P-TPEA* cation pairs in
comparison to those of N-TPEA* counterparts (—15.80
and —15.68 eV), indicating stronger intermolecular interac-
tions in the former case. This result correlates well with
more 7 — x orbital overlap observed in the simulated struc-
tures for (P-TPEA),Pbl, 2D perovskites. On the other hand,
the HTT values for both two systems are considerably larger
(P-TPEA™*: 118.8 and 108.7 meV; N-TPEA™*: 131.8 and
50.5 meV), relative to the corresponding values for DPA-
PEALI in the previous report [29]. This comparison high-
lights that both the two z-extension modes are effective in
enhancing the hole-transfer property within 2D perovskites.
In the case for N-TPEA™ cation, the observed improved
hole-transfer capability should be most likely attributed to
the relatively larger z-conjugation of the naphthalene [7, 16],
although z-orbital overlap is not pronounced in the edge-to-
face stacking motifs [34].

Furthermore, larger E, and HFI values are found between
P-TPEA" cation and PTAA as compared to those for
N-TPEA*/PTAA and DPA-PEA*/PTAA counterpart (Fig.
S10 and Table S4), most likely due to more z—x orbital over-
lap of benzenes in the former pair associated with smaller
rigidity of biphenyl unit [29, 38]. Overall, the combined DFT
calculation results indicate that the z-conjugation expansion
of the ligands is beneficial for the hole-transport processes
not only within 2D perovskites but also at the interface of
perovskites and PTAA, especially in the case of P-TPEAI

3.2 Photophysical Properties of 2D/3D Perovskite Films

2D/3D perovskite heterojunctions were further prepared
by spin-coating the solution of N-TPEAI and P-TPEAI in
chloroform (CF) on the surface of FAPbI;, followed by ther-
mal annealing at 120 °C [39]. XRD results show that both
the treated films present respective diffraction peak of low-
dimensional perovskites (2D) (Figs. 2a, b and S11), in good
agreement with the pure (N-TPEA),Pbl, and (P-TPEA),Pbl,,.
Grazing incidence wide-angle X-ray scattering (GIWAXS)
characterizations at incidence angle of 0.30° further confirm

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

the formation of out-of-plane prefer-orientation 2D perovs-
kites at the surface of 3D perovskites. Distinct signals at g, =
~0.24 A~ (002) and g, = ~0.48 A~" (004) are detected for
N-TPEAI-modified films, while signals at g,= ~0.22 A
(002) and ¢, = ~0.44 A (004) are observed for P-TPEAI-
treated films, which could be attributed to corresponding
2D perovskites, respectively (Figs. 2¢, d and S12). The
P-TPEAI-treated film shows a high degree of vertically ori-
entated perovskite phases and lower crystallinity.

Next, we performed a set of experiments to evaluate
the charge-transport property of perovskite films with and
without modifications. Steady-state photoluminescence
(PL) results show that PL quenching is observed for both
the treated films (Fig. 2e), suggesting the direct hole extrac-
tion from 3D perovskites to 2D perovskites, strongly cor-
related with the semiconducting characteristics of these two
ligands [15, 20, 21, 40]. The PL mapping also shows that
the treated samples exhibit significantly more homogene-
ous PL intensity distribution and lower intensity compared
to the control film (Fig. S13). We subsequently conducted
time-resolved PL (TRPL) measurements to gain insights
into the charge-transfer dynamics of the perovskite films
(Fig. 2f), and the TRPL kinetics were fitted with a biexpo-
nential decay function (Table S5). At the initial stage, both
the treated films exhibit faster PL decay (7.3 ns for P-TPEAI
and 26 ns for N-TPEAI) in comparison with that of the con-
trol film (158 ns), indicating faster charge extraction process
occurring in the treated films, in particular for P-TPEAL
The partial enlarged details of TRPL spectra at the initial
stage are also presented in Fig. S14. Additionally, similar
trend of TRPL decay at initial stage is also observed for the
perovskite films coated with PTAA (Fig. S15 and Table S5),
with P-TPEAI-treated sample showing a faster hole extrac-
tion process occurs at perovskite/PTAA interfaces. Space-
charge-limited current (SCLC) and conductive atomic force
microscopy (C-AFM) characterizations were also performed
to examine the electronic property of the perovskite films
with and without treatments (Figs. 2g—i and S16). The
samples with P-TPEAI treatment exhibit the highest hole
mobility (4.55x 10~ cm? V=! S71) and current signal value
(5.68 pA) among the films tested. Taken together, the above
experimental examinations indicate that the hole-transport
capability is significantly enhanced both inside 2D perovs-
kites and at perovskite/PTAA interfaces for P-TPEAI-treated
films, in good consistency with DFT calculations.

@ Springer
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Fig. 2 XRD patterns of a (N-TPEA),Pbl, and N-TPEAI-modified FAPbI; films; b (P-TPEA),Pbl, and P-TPEAI-modified FAPbI; films. 2D
GIWAXS patterns of ¢ N-TPEAI- and d P-TPEAI-modified FAPbI; films on silica wafer substrates. e Steady-state PL and f TRPL kinetics of
pristine and treated perovskite films. C-AFM images of g FAPbl;, h N-TPEAI-treated, and i P-TPEAI-treated perovskite films

We conducted scanning electron microscopy (SEM)
and atomic force microscopy (AFM) to evaluate the sur-
face morphology of the perovskite films before and after
modifications (Figs. S17 and S18). Both the treated films
illustrate smoother surface and lower surface roughness
as compared to the control films, which is consistent with
the PL mapping results. X-ray photoelectron spectros-
copy (XPS) measurements were implemented to probe the
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surface states of the perovskite films (Fig. S19). In com-
parison with the pristine films, the Pb 4f,/, and I 3d;,, peaks
are obviously shifted towards lower binding energies for
both the treated films, in particular for the P-TPEAI-treated
sample. These results indicate that the passivation effect of
P-TPEAI on the surface of perovskite is more prominent.
This hypothesis gained supports from the SCLC measure-
ments (Fig. S16 and Table S6), where the P-TPEAI-treated

https://doi.org/10.1007/s40820-026-02145-4
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Fig. 3 a Ultraviolet photoelectron spectroscopy (UPS) of secondary electron cut-off region (left) and the valance band region (right). b An
energy-level diagram was derived from UPS before and after surface modification. KPFM images of ¢ FAPbl;, d N-TPEAI-treated, and e

P-TPEAI-treated perovskite films

films present the lowest trap-filled limit voltage (Vyg ) and
trap density (Ny,).

3.3 Energy-Level Arrangement of 2D/3D Perovskite
Films

Cyclic voltammetry (CV) and UV-Vis absorption measure-
ments were further carried out to evaluate the energy levels
of the ligands (Figs. S20-S21 and Table S7). It is found that
the type II energy-level arrangements between the inorganic
sheets [PbI6]4_ and organic cations are both achieved within
these two 2D perovskite structures (Fig. S22), which is help-
ful for the out-of-plane charge transport [15]. Notably, a nar-
rower bandgap of (P-TPEA),Pbl, is determined as compared
to that of (N-TPEA),Pbl,, suggesting that better photoelec-
tric properties can be expected in the former system [14].

SHANGHAI JIAO TONG UNIVERSITY PRESS

Tl
isz

We subsequently conducted ultraviolet photoelectron
spectroscopy (UPS) measurements to examine the energy-
level arrangements at 2D/3D perovskite heterojunction.
Both treated films exhibit upshifted valence band maxi-
mum (VBM) and narrower gap between Fermi level (Ep)
and VBM, indicating more p-type surface for 2D/3D perovs-
kites (Fig. 3a, b). Type II energy-level arrangements between
perovskites and PTAA (with a HOMO of —5.2 eV) are also
observed for both cases (Fig. 3b) [41]. It is also notice-
able that the film treated with P-TPEAI shows a smaller
gap between the VBM of perovskite and HOMO of PTAA,
which benefits the charge transport at interfaces. Kelvin
probe force microscopy (KPFM) measurements (Fig. 3c—e)
further revealed that both 2D/3D perovskite films display an
increase in the mean surface potential relative to the control
film, in consistency with the work function (Wg) reduction
observed for the perovskite films with treatments in UPS.
The reduced hole injection barrier between perovskite film

@ Springer
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Fig. 4 a J-V characteristics of the best-performing PSCs. b Transient photocurrent decay of PSCs with and without treatment. ¢ Mott—Schottky
fitting to the capacitance—voltage c2-v plots of different PSCs. d The device FF Shockley—Queisser (S—Q) limit consists of nonradiative loss
(red region) and charge-transport loss (blue region). The solid and open circles stand for the measured FF and the maximum FF without charge-
transport loss, respectively. e MPP tracking of unencapsulated PSCs under continuous one-sun illumination in an N, environment at 65 °C. The
initial PCE of control, N-TPEAI-treated, and P-TPEAI-treated devices is 19.1%, 23.5%, and 24.6%, respectively

and PTAA will promote the hole-transfer process, in agree-
ment with the DFT calculations.

3.4 Device Characterizations and Stability

To evaluate the efficacy of these two newly synthesized
ligands, we constructed n-i-p PSCs with a planar archi-
tecture of FTO/SnO,/FAPbl;/surface treatment/PTAA/Au.
The corresponding cross-sectional SEM image is presented
in Fig. S23. The optimal concentrations of both ammo-
nium salts were determined to be 3 mg mL~! in CF (Tables
S8 and S9). The current density—voltage (J-V) curves of
the best-performing devices recorded under one-sun irra-
diation (100 mW cm™2, AM 1.5G) are displayed in Figs. 4a
and S24, and the corresponding parameters are summa-
rized in Table S10. The devices with P-TPEAI deliver an

© The authors

impressive PCE of 26.13%, with an open open-circuit volt-
age (V,.) of 1.201 V, a short-circuit current density (J,.) of
25.91 mA cm™2, and a fill factor (FF) of 83.96%. To our
knowledge, this is the highest value reported for 2D/3D
PSCs based on PTAA HTLs (Table S11). By comparison,
N-TPEAI-treated devices also present an improved PCE
(25.05%) relative to that of the control devices (21.69%)
and DPA-PEAI-treated devices (24.96%) (Fig. S25). The
devices with Spiro-OMeTAD as HTL were also prepared;
PCEs of 24.96% and 24.59% were obtained for P-TPEAI-
and N-TPEAI-treated devices, respectively (Fig. S26),
which indicate the superiority of these ligands in appli-
cation of PTAA-based devices, owing to the structural
similarity between ligands and PTAA. Furthermore, PSCs
incorporating P-TPEALI also exhibit the smallest hysteresis
index, the highest stability power output (25.54%), and
superior average PCE (25.64% +0.25%) (Figs. S27-S28

https://doi.org/10.1007/s40820-026-02145-4
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and Table S10). External quantum efficiency (EQE) meas-
urements further verified that the integrated photocurrent
densities are in good line with the J-V characterizations
(Fig. S29).

Transient photocurrent (TPC) decay measurements were
undertaken to gain insights into the charge-transfer dynamics
for the PSCs with and without modifications, as illustrated
in Fig. 4b. The P-TPEAI-treated devices present the shortest
photocurrent decay lifetimes (1.32 ps), as compared to those
of N-TPEAI-based (1.69 ps) and control (3.82 ps) devices.
This result indicates that more efficient charge extraction
and collection occur in the P-TPEAI-based devices, strongly
correlated with the superior hole-transport capability both
inside 2D perovskites and at perovskite/PTAA interfaces, as
manifested by the computational and experimental analy-
ses. Light intensity dependence of V,. and Mott—Schottky
measurements (Figs. 4c and S30) further demonstrated that
P-TPEAI-treated PSCs exhibit the smallest ideality factor
(n;q) and largest built-in potential (V;;), associated with sup-
pressed nonradiative recombination losses and improved
carrier separation in these devices, which accounts for the
observed enhancement of V.. Transient photovoltage (TPV)
decay measurements were also tested (Fig. S31), in which
the longer photovoltage decay time indicates reduced defect
density and suppressed nonradiative recombination for the
treated devices. Moreover, we calculated FF losses in the
devices from J-V curves and n,;4 values [42], and the corre-
sponding results are illustrated in Fig. 4d. Both the nonradia-
tive and charge-transport losses are identified to be reduced
significantly in P-TPEAI-based PSCs, which well explains
the much-improved FF obtained in such devices.

Finally, the long-term operational stability of unencapsu-
lated PSCs was examined by tracking the maximum power
point (MPP) under continuous one-sun illumination in a
N, environment at 65 °C, following the ISOS-L-2 protocol
(Fig. 4e). The P-TPEAI-based PSCs showed superior photo-
thermal stability, retaining ~85% of the initial performance
after 1000 h, as compared to those of the devices without
modification (~51%) and with N-TPEAI treatment (~80%).
Besides, the water contact angles (Fig. S32) were measured
to be 54.1°, 65.7°, and 72.5° for control, N-TPEAI- and
P-TPEAI-treated perovskite films, respectively, indicating a
better blocking effect of moisture for treated films. We also
checked the photostability of the unencapsulated devices
(Fig. S33) under continuous illumination at an open-circuit
condition in ambient environment (~ 15 °C, 25%-30% RH).
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The control device decreased to 45% of its initial efficiency
within 360 h. By contrast, the P-TPEAI- and N-TPEAI-treated
devices maintain 89% and 80% of the initial performance after
504 h, respectively, demonstrating their much-improved pho-
tostability in air atmosphere.

4 Conclusions

In summary, we developed two triphenylamine-based
semiconducting ligands by extending the z-conjugation
and applied them to fabricate 2D/3D PSCs in conjunc-
tion with PTAA HTLs. A systematic investigation, includ-
ing DFT simulations and a set of experiments, revealed
that the z-extension pattern, which is fused or covalently
linked to another benzene ring, in the ligands, exerted a
profound impact on the molecular packing arrangement
between neighbouring spacer cations, and the intermolecu-
lar interactions between the ligands and PTAA. Ultimately,
the hole-transfer capability was improved both inside the
2D perovskites and at perovskite/PTAA interfaces, in
particular for the P-TPEAI ligands. This enhancement
resulted in a remarkable PCE of 26.13% for PTAA-based
PSCs, alongside outstanding light-heat durability. These
encouraging outcomes highlight the importance of molec-
ular engineering of z-conjugated ligands in promoting the
performance of PSCs. By combining organic semiconduc-
tor-incorporated 2D perovskites and PTAA, we success-
fully established a system that integrated high efficiency
and high light-heat-operational stability simultaneously.
Furthermore, our molecular engineering approach offers
various potential applications in other related devices, i.e.
inverted or tandem PSCs, where charge-transport issue at
perovskite/HTL interfaces also needs to be solved.
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