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HIGHLIGHTS

•	 Constructing 3D/PDAI2/1D heterojunction through sequential deposition of propane-1,3-diammonium iodide (PDAI2) and 4APyCl.

•	 The pre-anchored PDAI2 not only provides field-effect passivation but also template the subsequent vertical alignment of 1D Pb–I 
octahedral chains featuring continuous out-of-plane charge transport channels.

•	 Perovskite solar cells containing 3D/1D structure deliver a champion power conversion efficiency of 25.8% and retain 85% of their 
initial efficiency after 1000 h maximum power point tracking in accordance with the ISOS-L-1 protocol.

Abstract  The performance of three-dimensional (3D) perovskite solar 
cells (PSCs) is predominantly limited by interfacial non-radiative recom-
bination and instability. Although low-dimensional (LD) interlayers, par-
ticularly two-dimensional (2D) perovskites, are widely adopted for surface 
passivation, their heterogeneous n-values and quantum-well confinement 
often impede charge transport. One-dimensional (1D) perovskites offer 
a promising alternative due to their structural flexibility and superior 
passivation capabilities, yet their potential has been underexploited by 
challenges in controlled crystallization and ordered orientation. Here, we 
constructed a 3D/PDAI2/1D heterojunction through sequential deposition 
of propane-1,3-diammonium iodide (PDAI2) and 4-amidinopyridinium 
chloride (4APyCl). The pre-anchored PDAI2 not only provides field-effect 
passivation but also templates the subsequent vertical alignment of 1D 
Pb–I chains assembled with 4APyCl. This configuration establishes continuous out-of-plane charge transport channels, enabling effective 
surface defect passivation, favorable energy-level alignment, and enhanced interfacial carrier extraction. The resulting inverted PSCs achieved 
a champion power conversion efficiency of 25.8% and retained 85% of the initial performance after 1000 h of maximum power point tracking 
under 1-sun illumination. By demonstrating the critical role of molecular orchestration in LD interlayers, this work provides a blueprint for 
establishing structure–property relationships and guides the rational design of stable and efficient 3D/1D perovskite photovoltaics.
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1  Introduction

The photoelectric conversion efficiency (PCE) of three-
dimensional (3D) perovskite solar cells (PSCs) has risen 
from 3.8% in 2008 to nearly 27% currently [1, 2], indicating 
the significant application prospects of perovskite in the pho-
tovoltaic area [3]. In PSCs, the interface between the active 
layer and the charge transport layer, owing to factors such as 
numerous defects, lattice mismatch, thermal expansion coef-
ficient mismatch, and energy-level mismatch, can result in 
severe non-radiative recombination or ion migration, which 
compromises the device efficiency and stability [4, 5].

Low-dimensional (LD) interfacial layers are extensively 
employed to passivate surface and grain boundary defects, 
suppress non-radiative recombination, facilitate energy band 
matching, and enhance the efficiency and stability of devices 
[6–9]. Typically, during the solution processing step, the 
two-dimensional (2D) perovskite layer is formed by spin-
coating 2D organic ligands to the surface of 3D perovskite 
and annealing [10, 11]. A key challenge in practical fabri-
cation is the prevalent formation of mixed 2D perovskite 
phases, which exhibit discrete n-values and orientations that 
severely restrict charge transport. This variability imposes 
stringent demands on achieving controlled crystallization 
and reproducible processing of 2D perovskites [12]. Further 
compounding the issue, the discrete [PbI6]4− layered frame-
work gives rise to an unfavorable quantum-well structure, 
thereby limiting the efficiency of interfacial carrier transfer 
[13–15].

By contrast, one-dimensional (1D) perovskites featuring 
wire-like Pb–I frameworks exhibit greater structural flex-
ibility and variability, alongside superior passivation capa-
bilities at defect sites like grain boundaries [16–18]. More 
importantly, unlike the planar 2D counterparts that restrict 
carrier transport, the spatially more flexible 1D frameworks 
enable the construction of continuous charge extraction 
channels, especially when the Pb–I chains are oriented out of 
plane, thereby optimizing transport efficiency [16, 19]. The 
advancement of post-solvent rinsing methods has enabled 

precise orientation control of low-dimensional perovskites in 
3D/2D heterojunctions [13, 14]. Nevertheless, a systematic 
understanding of how to direct crystallization for achieving 
uniform and charge-transport-optimized orientations in 1D 
perovskites remains elusive [20]. Consequently, developing 
strategies to achieve uniform out-of-plane orientation in 1D 
perovskites is crucial for harnessing their intrinsic advan-
tages, yet this pivotal bottleneck has often been overlooked, 
hindering further progress in 3D/1D structured perovskite 
photovoltaics. Fine-tuning of post-treatment molecular char-
acteristics significantly governs the optoelectronic properties 
of passivation layers [21]. Previous studies demonstrated 
that a chlorine-rich environment with suitable cations can 
promote 1D perovskite formation [22–26]. And organic ami-
dinium cations featuring resonance-enhanced N–H bonds 
can resist deprotonation and suppress lateral energy land-
scape inhomogeneity [27–29]. These findings inspired the 
further design of post-treatment strategies and molecular-
level modulation.

Herein, we propose a diamine-mediated synergistic strat-
egy to investigate the influence of diamine ligands in the 
assembly of 1D perovskites derived from 4APyCl. Upon 
sequential deposition of propane-1,3-diammonium iodide 
(PDAI2) and 4-amidinopyridinium chloride (4APyCl), the 
pre-deposited PDAI2 anchors at A-site cation vacancies 
on the surface while simultaneously serving as field-effect 
passivation. Subsequently deposited 4APyCl further assem-
bles with residual components such as free PbI2 to form 1D 
perovskites. Notably, in contrast to the randomly oriented 
structures obtained by direct deposition of 4APyCl, the ini-
tially adsorbed PDAI2 guides the vertical alignment of Pb–I 
octahedral chains and promotes their ordered assembly with 
4APyCl to form 1D perovskites, establishing continuous 
out-of-plane carrier transport channels. Consequently, the 
integrated 3D/PDAI2/1D heterojunction exhibits effective 
healing of surface impurity and defects, along with opti-
mized interfacial electric fields and energy-level alignment, 
as well as efficient 1D charge transport channels. These syn-
ergistic improvements collectively suppress non-radiative 
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recombination losses and facilitate enhanced interfacial 
carrier extraction. The resulting inverted device achieved a 
champion PCE of 25.8%, ranking it among the top-perform-
ing 3D/1D structured perovskite solar cells. Furthermore, 
reduced impurity and the conformal 1D interfacial capping 
layer contribute to superior operational stability, enabling 
unencapsulated devices to retain 85% of their initial PCE 
after 1000-h operation of continuous 1-sun illumination fol-
lowing the ISOS-L-1 protocol.

2 � Experimental Section

2.1 � Materials

N,N-Dimethylformamide (DMF, 99.8%), dimethyl sulfox-
ide (DMSO, 99.9%), methanol (99.9%), ethanol (99.5%), 
isopropanol (IPA, 99.5%), and chlorobenzene (CB, 99.8%) 
were purchased from Sigma-Aldrich. [6,6]-Phenyl-C61-bu-
tyric acid methyl ester (PCBM, 99.9%) was purchased 
from Advanced Election Technology Co. [4-(3,6-Dime-
thyl-9H-carbazol-9-yl)butyl]phosphonic acid (Me-4PACz, 
> 98.0%), 2-(9H-carbazol-9-yl)ethyl)phosphonic acid 
(2PACz, > 98.0%), and formamidinium iodide (FAI, 
99.99%) were purchased from TCI. Methylammonium 
chloride (MACl, 99.9%), cesium iodide (CsI, 99.999%), 
lead iodide (PbI2, 99.99%), lead bromide (PbBr2, 99.99%), 
1,3-propyldiammonium diiodide (PDAI2, 99.5%), and batho-
cuproine (BCP, 99%) were purchased from Xi’an Polymer 
Light Technology Corporation. Methylammonium iodide 
(MAI, 99.99%) was purchased from Greatcell Solar Mate-
rials. 4-Amidinopyridinium chloride (4APyCl, 98%) was 
purchased from Innochem. All these commercially available 
materials were used as received without further purification.

2.2 � Synthesis of 1D Perovskite (4APy)2PbI4

157.6 mg of 4APyCl and 461 mg of PbI2 were dissolved in 
4 mL of DMF. The solution was stirred and dissolved at a 
temperature of 100 °C or higher, followed by cooling at a 
rate of 5 °C h−1. This process yielded white needle-like 1D 
single crystals at the bottom of the vial.

2.3 � Device Fabrication

The ITO substrates were ultrasonically cleaned with water, 
acetone, and IPA for 30 min, respectively. After UV-light 
treatment for 20 min, the ITO substrates were transferred 
to N2 glove box. The Me-4PACz solution (0.33 mg mL−1 
dissolved in ethanol) was spin-coated on the ITO substrates 
at 3000 rpm for 30 s and annealed at 100 °C for 10 min. 
1.4 M perovskite precursor solution was prepared by adding 
FAI, PbI2, CsI, MAI, MACl, and PbBr2 into a mixed DMF/
DMSO solvent with the ratio of 4:1 following the formula 
of Cs0.05(FA0.95MA0.05)0.95Pb(I0.98Br0.02)3 and stirred until 
dissolved. Perovskite solutions were deposited by a two-
step spin-coating of 1000 rpm for 10 s and 5000 rpm for 
30 s. At 15 s before the end of the procedure, 200 μL CB 
was cast onto the film and annealed at 100 °C for 20 min. 
For the fabrication of 3D/PDAI2/1D, the PDAI2 solution 
(0.5 mg mL−1 dissolved in a 1:1 mixed solvent of CB and 
IPA) was spin-coated on the 3D films at 5000 rpm for 30 s 
and annealed at 100 °C for 5 min. Afterward, the 4APyCl 
solution (1 mg mL−1 dissolved in IPA) was spin-coated on 
the 3D/PDAI2 substrates at 5000 rpm for 30 s and annealed 
at 80 °C for 5 min. Then, the PCBM solution (20 mg/ml 
dissolved in CB) was spin-coated at 1500 rpm for 30 sand 
annealed at 70 °C for 10 min. The saturated supernatant of 
BCP (dissolved in methanol) was spin-coated at 6000 rpm 
for 30 s, followed by annealing at 70 °C for 5 min. Finally, 
100 nm thickness of Ag was thermally evaporated as an elec-
trode using a shadow mask with aperture area of 0.0672 cm2. 
For devices fabricated on FTO substrates to achieve further 
efficiency improvement, the ITO substrates were replaced 
with FTO substrates with anti‑reflective coatings, and the 
solutions of HTL layer were replaced with a mixture of 
Me‑4PACz and 2PACz (0.33 mg mL−1 and 0.17 mg mL−1 
in ethanol). All other materials and deposition methods 
remained unchanged.

2.4 � Characterization

The SEM images were characterized by Hitachi S-4800. The 
XRD patterns were performed by powder X-ray diffractom-
eter (PANalytical) using Cu Kα radiation (λ = 1.5418 Å) 
at 40 kV and 40 mA. The XPS spectra and UPS spectra 
were characterized by Thermo Scientific Nexsa (voltage: 
12000.00 V, current: 6 mA, vacuum: P < 10–9 mBar, work 
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FN: 4.20 eV). The steady-state PL and TRPL spectra (excita-
tion at 450 nm) were characterized by FLS1000 (Edinburgh 
Instruments). The FTIR measurement was characterized by 
Nicolet iS50 (Thermo Fisher Scientific). The simulated AM 
1.5G illumination (100 mW cm−2) sunlight was provided by 
Newport Thermal Oriel 69911300W solar simulator. Pho-
tovoltaic performances of PSCs were measured by Keithley 
2611 source meter. GIWAXS was conducted by the BL14B1 
beamline at Shanghai Synchrotron Radiation Facility 
(SSRF). The corresponding X-ray beam possesses a wave-
length of 1.24 Å at a grazing incidence angle of 0.1° and uses 
an energy of 10 keV. The instruments and parameters used 
for the measurement and calibration of PLQY are described 
in the literature [30]. QFLS is derived from PLQY using the 
following formula: QFLS = qVOC, SQ + kBTln(PLQY), where 
q is the elementary charge, VOC, SQ is the Shockley–Queisser 
limit of the open-circuit voltage for the corresponding band-
gap, kB is the Boltzmann constant, and T = 298.15 K, which 
is the sample temperature [31]. The AFM and KPFM meas-
urements were characterized by Cypher ES (Oxford Instru-
ments). While measuring each sample, we also measured the 
potential of a standard sample (ITO). Based on the potential 
difference and the work function of the standard sample, the 
surface work function was determined. The EQE spectra 
were obtained using a QE-R 3011 system (Enlitech, Taiwan) 
in the range of 300–900 nm. The Mott–Schottky test was 
characterized by electrochemical workstation (CHI760E, CH 
Instruments, Inc.) Maximum power point tracking (MPPT) 
was obtained using a multi-channel solar cell and module 
stability testing system (MSCLT-1, 91PVKSOLAR).

2.5 � Calculation

The Gaussian electrostatic potential of the 4APyCl was cal-
culated in the Gaussian 09 package at the B3LYP/def2TZVP 
level with DFT-D3 [32].

3 � Results and Discussion

3.1 � Fabrication of 3D/PDAI2/1D Heterojunction

For the preparation of the 3D/PDAI2/1D heterojunction 
(Fig. 1a), 3D perovskite was initially fabricated on ITO/
SAM via a one-step anti-solvent approach. Subsequently, 
PDAI2 was deposited to form a field-effect passivation 

layer. The molecule features ammonium groups at both 
ends: One binds to A-site cation vacancies on the surface, 
and the other induces a surface dipole field that repels 
holes near the interface [32–35]. Following the spin-coat-
ing of 4APyCl, conduct annealing to form a low-dimen-
sional capping layer. The chemical structure of PDAI2 and 
4APyCl is presented in Fig. S1. The molecular structure of 
4APyCl exhibits a D-A dipole configuration (Fig. S2). The 
positive charge is predominantly concentrated on the ami-
dine group, whereas the negative charge is mainly local-
ized on the N atom of the pyridine. Synchrotron radiation 
accelerator-based grazing incidence wide-angle X-ray 
scattering analysis (GIWAXS) was performed to inves-
tigate the impact of the post-treatment of 3D perovskite 
surfaces [36]. By setting the grazing incidence angle at 
0.1°, we were able to acquire the surface information of 
the post-treated films (Fig. 1b–e). Figure 1f–g presents 
the out-of-plane (qz) integration of GIWAXS patterns. On 
the surface of the 3D perovskite film, a signal of excess 
PbI2 can be detected at q ~ 0.9 Å−1 [37, 38]. Nevertheless, 
treatment with either PDAI2 or 4APyCl can cause the sig-
nal of excess PbI2 to vanish. These two passivating mol-
ecules bind to and remove excess PbI2 impurities, which 
are known to be detrimental to the stability of perovskite 
solar cells [39, 40].

After PDAI2 treatment, no new diffraction rings at lower 
angles were detected, indicating the absence of low-dimen-
sional structures (Figs. S3 and S4), which is consistent 
with the findings in the previous literature [33]. However, 
after treatment with 4APyCl, diffraction rings are observed 
at q = 0.58 Å−1 and q = 0.69 Å−1 (Fig. 1d–i). We initially 
hypothesize that these two inner rings are low-dimensional 
perovskites formed by the reaction of 4APyCl with PbI2 
(Fig. S5), corresponding specifically to the (002) and (011) 
crystal planes of a 1D perovskite, as detailed in the next 
section (Fig. 2). Based on previous research, compared to 
I⁻ anions, the smaller Cl⁻ anions further stabilize the 1D 
phase by increasing its formation energy [23]. We replaced 
Cl⁻ anions with I⁻ anions and investigated the XRD pat-
terns of the products from the reaction between 4APyI and 
PbI2, as shown in Fig. S6. The reaction of 4APyI with PbI2 
may yields a two-dimensional perovskite, which requires 
further investigation.

The analysis of the angular dependence of intensity in 
GIWAXS patterns (intensity-χ) enables the identification 
of spatial orientation characteristics in crystal structures of 
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Fig. 1   The fabrication of 3D/PDAI2/1D heterojunction. a Process flow diagram of the fabricating of 3D/PDAI2/1D heterojunction. GIWAXS 
images of b 3D, c 3D/PDAI2, d 3D/1D, and e 3D/PDAI2/1D structured perovskite films. f–g The GIWAXS intensity profiles near the qz direction 
for different samples. Zoom-in view of the GIWAXS patterns near the diffraction ring at q = 0.58 Å−1 of h 3D/1D and i 3D/PDAI2/1D structured 
films. j Intensity–χ plot of the diffraction ring at q = 0.58 Å−1
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1D layer, such as preferential or random orientation [41]. 
In contrast to the randomly oriented 1D structures obtained 
through direct deposition of 4APyCl, the 1D structures 
fabricated via sequential deposition of PDAI2/4APyCl 
exhibit ordered orientation (Fig. 1h–i). The diffraction 
ring of 1D structures at q = 0.58 Å−1 demonstrated con-
centrated high intensity near χ ≈ ± 90° (as indicated within 
the white frame, Fig. 1i), confirming a unified preferential 
in-plane orientation of the 1D perovskite (Fig. 1j), where 
the Pb–I chains predominantly align perpendicular to the 
surface of the 3D film along the out-of-plane direction. 
We propose that, consistent with prior reports [27], the 
initially deposited PDAI2 molecules insert and anchor at 
the A-sites of 3D perovskite surface with their distal ends 
exposed outward, thereby pre-occupying out-of-plane 
binding sites. This steric hindrance governs the subsequent 
binding mode of 4APyCl to the Pb–I framework, guiding 
its predominantly in‑plane alignment and insertion to form 
bonds that construct vertical Pb‑I chains. Consequently, 
highly oriented 1D perovskite are constructed, featuring 
Pb–I chains perpendicular to the 3D perovskite surface. 

These out-of-plane inorganic chains, together with the 
field-effect passivation by the pre-deposited PDAI2, estab-
lish a multifunctional surface modulation layer.

Consistent with the elimination of the PbI2 ring in 
GIWAXS patterns, the scanning electron microscope 
(SEM) results revealed that the treatment with PDAI2 and 
4APyCl effectively removes the excess PbI2 (manifested 
as bright area) on the surface of the 3D perovskite (Fig. 
S7) [42]. Notably, after the 4APyCl treatment, the grains 
exhibit flatter and neater (Fig. S8), larger grain size (Fig. 
S9), and enhanced crystallinity. Among the conditions 
investigated, the 3D/PDAI2/1D sample demonstrates the 
largest average grain size.

3.2 � Crystal Structure of 1D Perovskite (4APy)2PbI4

To further verify the crystal structure of the 1D perovskites, 
single crystals were synthesized from a solution of 4APyCl 
and PbI2 in DMF using the solution cooling method [22, 
43]. The lattice structure was analyzed using single-crystal 
X-ray diffraction (SCXRD), as depicted in Fig. 2a–c, and the 

Fig. 2   Crystal structure of 1D perovskite (4APy)2PbI4. a–c Crystallographic packing diagrams of 1D (4APy)2PbI4 perovskites when viewed 
along different directions. d single-crystal XRD patterns for (4APy)2PbI4. (Inset) Photograph of a (4APy)2PbI4 single crystal. e Comparison of 
experimental and simulated powder XRD patterns for (4APy)2PbI4 perovskites, and the GIWAXS intensity profile near the qz direction for the 
3D/PDAI2/1D structured film. f FTIR spectra of 4APyCl and the mixture of 4APyCl and PbI2
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crystal structure parameters are presented in Tables S1 and 
S2 (CCDC number: 2512007). The edge-shared inorganic 
Pb–I octahedral chains extend along the a direction. In the b 
and c directions, large-sized organic cation ligands separate 
the one-dimensional Pb–I octahedral chains. Accordingly, 
the grown single crystals are 1D rod-like (Fig. 2d inset). 
The single-crystal XRD patterns confirms (Fig. 2d) that the 
Miller indices of the peaks around 8.1° and 9.4° are (002) 
and (011). We transformed the abscissa qz of the out-of-
plane integration of the GIWAXS pattern of 3D/PDAI2/1D 
sample (Fig. 1e) into 2θ and compared it with the experi-
mental and simulated XRD patterns of the one-dimensional 
perovskite 4APy2PbI4 (Fig. 2e). The two peaks in the range 
of 5°–10° can match well. Therefore, it can be confirmed that 
when 3D perovskite undergoes post-treatment with 4APyCl, 
one-dimensional perovskite forms on its surface. Compared 
to DMF, the use of HI solvent to dissolve PbI2 and 4APyCl 
for single-crystal growth yielded larger and higher-quality 
crystals. The orange crystals obtained correspond to the 2D 
perovskite 4APyPbI4, and their XRD results do not match 
the GIWAXS data of the 3D/4APyCl sample (Figs. S10 and 
1d, Note S1). The (002) plane of the 1D perovskite on the 
surface of 3D/PDAI2 exhibits a preferential in-plane orien-
tation, whereas the (002) plane of the 1D perovskite on the 
surface of 3D shows a random orientation. PDAI2 guides the 
vertical alignment of Pb–I octahedral chains and promotes 
their ordered assembly with 4APyCl to form 1D perovskites, 
establishing continuous out-of-plane carrier transport chan-
nels. Consequently, the carriers are not impeded by organic 
molecules with low conductivity.

Fourier transform infrared spectroscopy (FTIR) results 
(Fig. 2f) revealed that after mixing with PbI2, the C=N 
stretching vibration peak of the FA group of 4APyCl 
shifts from 1697 to 1672 cm−1, and the C=N stretching 
vibration peak of the pyridine moiety shifts from 1645 to 
1606 cm−1 [44]. We further evaluated the photoelectric 
characteristics (Fig. S11) of (4APy)2PbI4, which showed a 
photoluminescence (PL) peak at 538 nm, an optical band-
gap of 2.77 eV, and a work function of 4.57 eV. Although 
one-dimensional perovskites exhibit a broader bandgap, 
the thin-surface passivation layer does not modify the 
optical bandgap of the perovskite light-absorbing layer 
(Fig. S12). Additionally, photoelectrical characterizations 
confirmed the stability of the 1D perovskite polycrystal-
line thin films in air (Fig. S13).

3.3 � Energy‑Level Structure of Perovskite Surfaces 
under Different Passivation Conditions

Kelvin probe force microscopy (KPFM) measurements 
were employed to characterize the electrical properties of 
the surfaces of perovskite with different post-treatments 
(Fig.  3a–d). Consequently, the distribution information 
of the surface potential and surface work function of the 
films, along with their average values and the root mean 
square (Rq), was obtained (Fig. 3e–h). The surface of the 3D 
perovskite had an average work function of 4.70 eV. After 
being modified with PDAI2 on 3D films solely, its work 
function decreased to 4.61 eV, which could be attributed to 
the field-effect passivation of PDAI2 [32]. After modification 
with 1D on 3D films solely, its work function decreased to 
4.64 eV, owing to the electron-donating pyridine groups that 
increased the surface electron concentration [45]. Under the 
synergistic effect of the PDAI2 and 1D passivation, the sur-
face work function decreased to 4.53 eV, with the smallest 
Rq value of 21.62 meV, indicating the best uniformity of the 
surface potential. Previous research has indicated that a uni-
form surface potential is advantageous for enhancing the fill 
factor (FF) of devices [46]. By measuring the energy band 
structures of various film surfaces using ultraviolet photo-
electron spectroscopy (UPS) (Fig. S14), we were able to 
obtain the energy band structure diagrams (with the vacuum 
level unified) (Fig. S15). As depicted in Fig. 3i, the dipole 
field introduced by PDAI2 modification coincides with the 
direction of the built-in electric field in the 3D/electron 
transport layer (ETL), thus enhancing it and facilitating 
electron transport. Concurrently, excess PbI2 impurities are 
converted into a 1D perovskite capping layer, which exhibits 
a homogenized morphology and uniform surface potential. 
The synergistic n-doping effect of PDAI2 and the 1D per-
ovskite optimizes the energy-level alignment between the 
modified 3D perovskite and the ETL, thereby collectively 
facilitating electron extraction and suppressing hole transfer 
(Fig. 3j).

3D/PDAI2/1D exhibits the smallest difference between the 
conduction band energy level (EC) and the Fermi energy 
level (EF). According to Eq. (1) [47]:

where NC is the effective density of states in the con-
duction band, kB is the Boltzmann constant, and T is the 

(1)n = NCexp

(

−

EC − EF

kBT

)
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thermodynamic temperature. Through calculation, it can be 
obtained that the 3D/PDAI2/1D has the highest surface elec-
tron concentration of 1.65 × 1014 cm−3 (Figs. S16 and 3k).

3.4 � Photoelectric Properties of Perovskite 
under Different Post‑Passivation Strategies

X-ray photoelectron spectroscopy (XPS) was used to char-
acterize the interactions between passivation molecules 
and 3D perovskites (Fig. 4a, b). When PDAI₂ was depos-
ited solely on 3D perovskite, there were no significant 
shifts in the Pb 4f peak and I 3d peak. However, after 
depositing the 1D passivation layer, it could be observed 
that both the Pb 4f and I 3d peaks shifted toward lower 
binding energies. The N on the pyridine ring of 4APyCl 

acts as an electron donor, increasing the electron density 
around the Pb and I atoms, enabling the uncoordinated 
Pb2+ defects to be well passivated. Effective defect pas-
sivation enables the 3D/1D film to exhibit higher steady-
state photoluminescence (PL) intensity and a longer car-
rier lifetime compared to the 3D film (Fig. 4c, d). The 
3D/PDAI2/1D film, with a more ordered 1D perovskite 
orientation achieved through the mediation of PDAI2, can 
more effectively suppress non-radiative recombination 
[48]. As a result, it demonstrates the highest PL intensity 
and the longest carrier lifetime (Table S3). Next, single-
electron-carrier devices of perovskite with different struc-
tures were constructed to calculate the electron trap state 
density (ntrap). According to the space-charge-limited cur-
rent (SCLC) method, we can extract the trap-filled limit 

Fig. 3   Energy-level structure of perovskite surfaces under different passivation conditions. KPFM images of a 3D, b 3D/PDAI2, c 3D/1D, and 
d 3D/PDAI2/1D perovskite surfaces. e–h Statistical distribution of surface work function. i Schematic diagram of the surface structure of 3D/
PDAI2/1D. j Schematic diagram of the energy-level structure of 3D/PDAI2/1D heterojunctions. k Calculated concentration of electrons in the 
conduction band
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voltage (VTFL) from the dark J–V curves of these devices 
(Fig. 4e), and it is known to satisfy the following Eq. (2):

where e is the elementary charge, ε0 is vacuum dielectric 
constant, εr is relative dielectric constant of perovskite, and 
L is the thickness of the perovskite film. Based on this for-
mula, the ntrap of the 3D/PDAI2/1D film is calculated to be 
1.79 × 1016 cm−3, which is lower than 2.03 × 1016 cm−3 of 

(2)ntrap =
2�0�rVTFL

eL2

the 3D film and 1.92 × 1016 cm−3 of the 3D/1D film. For 
single-electron-carrier devices, the relationship between J 
and V satisfies Eq. (3) [49]:

where J is current density, μ is carrier mobility, and V is 
voltage applied on devices. By fitting the J1/2–V curves in 
the child region of the single-carrier devices (Fig. 4f), the 
electron mobility of the 3D/PDAI2/1D film can be obtained 

(3)J =

9

8
�0�r�

V2

L3

Fig. 4   Photoelectric properties of perovskite under different post-passivation strategies. a Pb 4f and b I 3d XPS spectra of different perovskite 
films. c Steady-state PL spectra and d TRPL spectra of different perovskite films. e SCLC plots for single-carrier devices based on the different 
structured perovskites. f J1/2–V curves in the child region of the single-carrier devices. g PLQY and h QFLS results of perovskite films with dif-
ferent structures, with and without the incorporation of PCBM as the ETL. i Mott–Schottky plots of PSCs with different structures
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as 2.18 × 10–2  cm2  V−1  s−1, which is higher than that of 
the 3D film (6.65 × 10–3 cm2 V−1 s−1) and the 3D/1D film 
(1.53 × 10–2 cm2 V−1 s−1).

Furthermore, photoluminescence quantum yield (PLQY) 
and corresponding quasi-Fermi-level splitting (QFLS) 
were employed to investigate the mechanisms suppressing 
defect-assisted carrier recombination losses in the novel 
heterostructure (Fig. 4g, h). In the absence of the PCBM 
ETL, the deposition of PDAI2 and the 1D passivation layer 
enhanced the QFLS of the perovskite heterojunction com-
pared to bare 3D films, owing to effective passivation of 
surface impurities by the post-treatment [50, 51]. The 3D/
PDAI2/1D film achieved the highest peak PLQY of 14.67% 
and a QFLS of 1.234 eV, which is attributed to sufficient 
chemical passivation enabled by the ordered coverage of the 
PDAI2-mediated 1D perovskites. After PCBM deposition, 
additional interfacial recombination at the perovskite/ETL 
interface resulted in a reduction in both PLQY and QFLS 
[52–54]. Notably, the 3D/PDAI2/1D film exhibited the small-
est QFLS loss (52 meV) upon PCBM deposition. This can be 
ascribed not only to the field-effect passivation capability of 
PDAI2 itself, but also to the ordered 1D perovskite channels 
that promotes efficient carrier separation and transport at the 
interface [55]. These two effects act synergistically to sup-
press non-radiative recombination during interfacial charge 
transfer (Fig. 4g, h). Therefore, the 3D/PDAI2/1D hetero-
structure ensures highly efficient carrier transport throughout 
the entire device, significantly enhancing its performance 
potential. By performing Mott–Schottky tests on complete 
solar cell devices, the curves of 1/C2 and applied bias voltage 
V can be obtained (Fig. 4i) and fitted by Eq. (4):

where A is the area of the device. The device with the 3D/
PDAI2/1D structure has a built-in electric field of 0.99 V, 
which is higher than 0.90 V of the 3D device, 0.96 V of the 
3D/PDAI2 device, and 0.94 V of the 3D/1D device. A higher 
built-in electric field is beneficial for improving the open-
circuit voltage (VOC) of the device [56, 57].

3.5 � Performance of PSCs Containing Different 
Structures and Their Stability

We fabricated PSCs with an inverted structure: ITO/
[4-(3,6-Dimethyl-9H-carbazol-9-yl)butyl]phosphonic acid 

(4)1

C2
=

2
(

Vbi − V
)

A2e�0�r

(Me-4PACz)/3D/post-treatment layer/PCBM/BCP/Ag 
(Figs. 5a and S17), and the J–V characteristics of the best-
performing PSCs with different post-treatments are shown 
in Fig. 5b. We found that compared to control PSCs, the 3D/
PDAI2/1D structure led to greatest efficiency improvement 
(24.3% compared with 22.2%). This can be ascribed to the 
collective improvement in the VOC (1.102 to 1.167 V), short-
circuit current density (JSC, from 24.3 to 25.0 mA cm−2), and 
fill factor (FF) (from 82.9% to 83.3%) (Fig. S18, Table S4) 
and well in agreement with the EQE spectra and stabilized 
power output (SPO) data (Figs. S19 and S20). Statistic pho-
tovoltaic parameters are summarized in Fig. 5c–e, which 
demonstrate reproducibility of the performance improve-
ment of PSCs with different post-treatments. VOC increments 
stem from the improved QFLS and Vbi due to the synergistic 
n-doping of PDAI2 and 4APyCl, which precisely regulate 
surface energy levels and reduce interfacial recombination. 
Meanwhile, the morphological and potential homogeniza-
tion achieved through 1D passivation contributes to the 
improvement of FF. At low concentrations, the post-treat-
ment exhibits a relatively weak passivation effect, leading to 
limited enhancement in VOC. Conversely, higher concentra-
tions impair the device’s JSC and FF. Therefore, for the 3D/
PDAI2/1D device, the concentration of PDAI2 was optimized 
to 0.5 mg mL−1, while that of 4APyCl was optimized to 
1 mg mL−1 (Figs. S21 and S22).

To further validate the application potential of this syn-
ergistic surface engineering strategy, we fabricated devices 
with an FTO/Me-4PACz with 2-(9H-carbazol-9-yl)ethyl)
phosphonic acid/3D/PDAI2/1D/PCBM/BCP/Ag structure. 
Effective light management and interfacial contact within 
the devices were achieved by utilizing FTO substrates with 
an anti-reflection coatings. The best-performing device 
achieved a champion PCE of 25.8% with a VOC of 1.170 V, a 
JSC of 26.0 mA cm−2, and an FF of 84.9% (Fig. 5f, Table S5), 
ranking it among the top-performing 3D/1D structured per-
ovskite solar cells (Fig. 5g, Table S6). To study the effect of 
PDAI2/1D capping layer on the stability of PSCs, the unen-
capsulated devices are subjected to MPPT in accordance 
with the ISOS-L-1 protocol (Fig. 5h). Reduced impurity 
and the conformal 1D interfacial capping layer contribute 
to superior operational stability. Consequently, the device 
with a 3D/PDAI2/1D heterostructure retained 85% of its ini-
tial PCE after 1000 h of continuous illumination, compared 
to 64% for its 3D/1D counterpart and a mere 54% for the 
control device after just 500 h.
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4 � Conclusions

In summary, highly ordered 1D perovskite capping layer 
was successfully fabricated on 3D/PDAI2. The pre-anchored 
PDAI2 not only provides field-effect passivation but also 
templates the subsequent vertical alignment of 1D Pb–I 
octahedral chains featuring continuous out-of-plane charge 
transport channels. Homogenized morphology and surface 

potential are realized through the conversion of excess PbI2 
impurities into low-dimensional capping layer. The syner-
gistic n-doping effect of PDAI2 and the 4APyCl optimizes 
the energy-level alignment between the modified 3D perovs-
kite and the ETL, thereby collectively facilitating electron 
extraction and suppressing hole transfer. Consequently, the 
corresponding inverted PSCs deliver a champion power con-
version efficiency of 25.8% and retain 85% of their initial 

Fig. 5   Performance of PSCs containing different structures and their stability. a Diagram of device structure. b J–V characteristics of the best-
performing PSCs with different structure based on the ITO substrates without anti-reflective layer. Box plot of c PCE, d VOC, and e FF of PSCs 
with different structures. f J–V characteristics of the best-performing 3D/PDAI2/1D structured PSCs based on the FTO substrates with an anti-
reflective layer. g Summary of recently reported PSCs based on 3D/1D heterojunctions (PCE > 20%). h MPPT of PSCs under continuous 1-sun 
illumination according to ISOS-L-1 protocol
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efficiency after 1000 h MPPT in accordance with the ISOS-
L-1 protocol. This leverages orientation engineering in the 
1D perovskite to preserve the impurity healing benefits of 
the 1D capping layer while avoiding charge transport losses, 
thus advancing the prospects for fully realizing the potential 
of 3D/1D heterostructures.
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