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ABSTRACT
Quasi‑two‑dimensional (quasi‑2D) perovskites are promising candidates for efficient blue perovskite light‑emitting diodes
(PeLEDs), but their complex low‑dimensional phase distributions often result in non‑radiative recombination and emission
broadening. Herein, we design 3-(4-(10H-spiro[acridine-9,9′-fluoren]-10-yl)phenyl)propanoic acid (SAF-PPA), a spiro-configured
self-assemblingmolecule (SAM), tomodify the hole-injection interface. The steric hindrance of SAF‑PPA suppresses the disordered
aggregation typically observed in linear SAMs, thereby promoting a more ordered interfacial structure. Moreover, the terminal
carboxyl groups of SAF-PPA passivate uncoordinated Pb2+ defects and interact with organic spacer cations. This interaction
reduces the accumulation of low‑dimensional phases at the interface and promotes amore uniform vertical phase distribution. The
SAF-PPA-modified films also exhibit reduced parasitic emission fromminority phases and weaker exciton-phonon coupling. As a
result, quasi‑2D sky‑blue PeLEDs achieve an external quantum efficiency of 21.9%, a turn‑on voltage as low as 76% of the bandgap
voltage, and an ultra-narrow electroluminescence linewidth of 15.4 nm. A representative SAF-PPA device further exhibits a T50
operational lifetime of 901.8 min under constant-current operation at an initial luminance of 500 cdm−2. This work overcomes the
long‑standing efficiency-spectral purity trade‑off in quasi-2D blue PeLEDs and provides a novel interfacial engineering strategy
for high‑performance optoelectronic devices.
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Introduction

he rapid advancement of high‑quality displays and solid‑state
ighting has created a strong demand for luminescent mate-
ials that offer high color purity, low energy consumption,
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and low manufacturing cost. Metal halide perovskites have
recently attracted broad interest for light-emitting diodes due
to their outstanding luminescence, tunable bandgaps, high
photoluminescence quantum yields (PLQY), and solution pro-
cessability [1–7]. Nevertheless, the performance of blue perovskite
lligence technologies or similar technologies.
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ight‑emitting diodes (PeLEDs) continues to lag behind that of
ed (>31%) [8] and green (>42%) [9] counterparts, presenting a
ajor challenge for their use in full-color displays and lighting
ystems [10–14]. To improve the efficiency of blue PeLEDs,
urrent strategies predominantly focus on bulk defect passivation
r the use of conventional additives for interfacial modification
o control crystallization [15–18]. Therefore, developing novel
nterfacial materials capable of spontaneously forming a com-
act and well-ordered interfacial layer—thus enabling uniform
ucleation, phase-distribution regulation, and interfacial ener-
etics optimization—is key to overcoming the bottleneck toward
igh-performance blue PeLEDs [19–21].

elf-assembling molecules (SAMs), typically comprising
nchoring, spacer, and terminal groups, have emerged as
romising interfacial modifiers because they can organize at
urfaces and tune interfacial energy alignment [22–26]. On
etal oxides, many conventional SAMs can form densely packed
olecular layers. Carbazole phosphonic acid (CPA) derivatives
lay an increasingly vital role in enhancing PeLEDs, evolving
rom improving hole injection to a multifaceted strategy that
egulates emissive layer conductivity, suppresses interfacial
nergetic disorder, and enhances thermodynamic stability. For
nstance, [4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]phosphonic
cid (Me-4PACz) deeply passivates undercoordinated lead
efects via its electron-rich P═O bonds, facilitating hole
njection while suppressing non-radiative recombination [27].
n our earlier work, blending hydrophobic Me-4PACz with
ydrophilic polyvinyl pyrrolidone (PVP) as an underlying
nterlayer enabled green PeLEDs to achieve high brightness at
ltralow voltage and extended operational lifetime [28]. Beyond
nterfacial roles, CPA molecules modulate electrical properties
f the emissive layer; Di et al. used electron-withdrawing
4-(9H-carbazol-9-yl)butyl]phosphonic acid (4PACz) as a
opant to tune p-/n-type conduction while maintaining high
LQY [29]. Recently, Zhang et al. introduced [2-(9H-carbazol-
-yl)ethyl]phosphonic acid (2PACz) into a polymer hole
ransport layer, where π–π interactions promoted ordered chain
tacking, suppressed energetic disorder, and improved charge
ransport [23, 30].

owever, traditional linear or planar SAMs tend to aggregate
xcessively during spin-coating due to strong intermolecular
nteractions, leading to non‑uniform molecular interlayers on
ubstrates [31, 32]. This inhomogeneity limits full substrate
overage by the perovskite film and degrades PeLED perfor-
ance. Recent studies show that breaking molecular planarity
r introducing steric hindrance can reduce π-‑π stacking and
mprove interfacial uniformity. For example, Ding et al. first
eported a spiro-type SAM 4PA-spiro (4-(10H-spiro[acridine-9,9′-
luorene]-10-yl)butylphosphonic acid), which features an orthog-
nal spiro[acridine-9,9′-fluorene] skeleton. Its twisted three-
imensional (3D) configuration increases intermolecular spacing
nd suppresses aggregation, yielding highly uniform substrate
overage [32]. Expanding on this, they further introduced het-
roatoms (O, S) into a similar spiro skeleton. The resulting
tructure not only maintained anti‑aggregation properties but
lso allowed lone‑pair electrons from the heteroatoms to passi-
ate Pb2+ defects, improving perovskite crystallinity [31]. These
dvances confirm that rational 3D spatial design, especially using
piro scaffolds, effectively mitigates interfacial aggregation and
of 11
enables high‑quality heterojunctions. Although spiro‑configured
SAMs have succeeded in perovskite solar cells, their application
in PeLEDs remains largely unexplored.

In this work, we designed a novel spiro-configured SAM, named
3-(4-(10H-spiro[acridine-9,9′-fluoren]-10-yl)phenyl)propanoic
acid (SAF-PPA), and introduced it for the first time into PeLEDs
to modify the hole‑injection interface. The rigid orthogonal
spiro[acridine‑fluorene] backbone at the molecular level
forms strong π‑-π stacking with the underlying polymer while
suppressing its intrinsic aggregation through steric hindrance,
resulting in a highly dispersed and uniform interfacial network.
A phenylpropyl linker occupies the central region, and a terminal
carboxyl group (─COOH) is positioned at the top as a functional
bridge. These exposed ─COOH groups not only coordinate with
under-coordinated Pb2+ ions at the buried perovskite interface
but also interact with organic spacer cations. These interactions
reduce the disordered aggregation of low-dimensional (low-n)
phases at the bottom, phase heterogeneity, and parasitic radiative
contributions from multiple low-n domains. The reduced phase
heterogeneity is accompanied by a narrower emission spectrum,
with an exceptionally narrow electroluminescence full width
at half maximum (FWHM) of only 15.4 nm. Owing to these
synergistic optimizations, the PLQY of SAF‑PPA‑modified
sky‑blue perovskite films increased from 43.6% to 85.4%. The
corresponding PeLED devices achieved an external quantum
efficiency (EQE) of 21.9% and a low turn-on voltage (Von, at
1 cd m−2) of 1.95 V, which is only 76% of the material’s bandgap
voltage (2.55 V). Under constant-current operation at an initial
luminance of 500 cd m−2, a representative SAF-PPA device
further exhibited a T50 operational lifetime of 901.8 min.

2 Results and Discussion

Themolecular structure of the conventional SAMmaterial 4PACz
consists of a carbazole conjugated backbone connected to a
flexible alkyl chain, exhibiting an overall planar configuration
(Figure S1a,b). Although this configuration facilitates the dense
packing of molecules on the substrate surface, the strong π–
π interactions between the planar aromatic backbones tend
to induce excessive molecular aggregation, thereby introducing
morphological defects at the interface [33]. To overcome the
above structural limitations, we designed and synthesized a novel
SAM, SAF-PPA (Figure S1c,d). In terms of molecular design,
SAF-PPA was rationally engineered for interfacial adaptation: a
3D orthogonal spiro[acridine-fluorene] aromatic backbone with
significant steric hindrance is introduced at the bottom, aiming
to bind with the underlying poly(N-vinylcarbazole) (PVK) via
π–π stacking interactions; meanwhile, a phenyl propionic acid
moiety is incorporated at the top, enabling the terminal carboxyl
group (─COOH) to extend upward (Figure 1a). This highly
non-coplanar steric configuration preserves favorable aromatic
conjugation,while its steric hindrance effect suppresses the exces-
sive self-aggregation of the molecules. Consequently, the packing
morphology within the molecular layer is optimized (Figure 1b).
More importantly, this specific molecular orientation positions
the multifunctional carboxyl groups toward the perovskite layer,
where they act as a critical interfacial bridge and passivation site
between PVK and the perovskite. The synthetic route of SAF-
PPA is presented in Figure S2, which involves a simple two-step
Advanced Functional Materials, 2026
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FIGURE 1 (a) Electrostatic surface potential distribution of the SAF-PPAmolecule. (b) Schematic diagram of the interlayer interactionmechanism
among the SAM, PVK, and perovskite layers. (c) C 1s XPS spectra of the PVK and PVK/SAF-PPA films. The inset shows the satellite peak indicating
π–π interactions. (d) DLS particle size distributions of 4PACz and SAF-PPA. (e) UV–vis absorption spectra of SAF-PPA in the solution and film states.
The inset shows a photograph of the perovskite film spin-coated on the SAF-PPA substrate. (f) Statistical distributions of KPFM surface potentials
for the PVK and SAF-PPA films. UPS valence band spectra and the Gaussian fitting curves at the high kinetic energy edges of the (g) SAF-PPA and
(h) PVK films (the fittedwidth σUPS after subtracting the instrumental broadening is provided in the figure). The insets show the corresponding secondary
electron cutoff edges.
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eaction (i.e. C─N coupling and hydrolysis reactions) in a high
otal yield of 50%. To confirm the chemical structure of SAF-
PA, proton-1 and carbon-13 nuclear magnetic resonance (1H
MR, 13C NMR) as well as high-resolution mass spectrometry
HRMS) characterizations were performed (Figures S3–S5). The
eak peak at a chemical shift of ∼12 ppm is assigned to the active
roton of the terminal carboxyl group; the multiplet resonance
eaks in the range of 6.0–8.5 ppm correspond to the aromatic
rotons on the spiro backbone and benzene ring; and the signals
n the range of 1.0–4.0 ppm originate from the alkyl chain
rotons connecting the aromatic ring and the carboxyl group
34]. The chemical shifts of the characteristic peaks for each
omponent are highly consistent with the expected molecular
tructure.
dvanced Functional Materials, 2026

t

To further investigate the interfacial coupling mechanism
between SAF-PPA and the underlying PVK layer, X-ray photo-
electron spectroscopy (XPS) characterizations were conducted.
In the high-resolution C 1s spectra (Figure 1c), the pristine
PVK film exhibits a characteristic satellite peak attributed to
the π–π transition on the higher binding energy side of the
main peak, accounting for an area fraction of 2.37%. Notably,
upon the introduction of SAF-PPA, the relative area fraction
of this π–π interaction peak increases significantly to 3.71%,
accompanied by a distinct shift toward lower binding energy.
This evolution of the interfacial electronic states verifies that the
SAF-PPA molecules are stably physisorbed onto the carbazole-
rich surface of PVK, predominantly through robust π–π stacking,
and van der Waals forces [23, 35]. Benefiting from this strong non
3 of 11
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covalent interfacial coupling at the bottom, the outward-exposed
COOH at the top of SAF-PPA can serve as active functional
ites to participate in the growth of the upper layer. They not
nly coordinate with the undercoordinated Pb2+ at the perovskite
nterface, thereby effectively passivating deep-level interfacial
efects, but also act as uniform nucleation sites to regulate the
rystallization kinetics, ultimately facilitating the formation of
ense, and high-quality perovskite films. Electrostatic potential
ESP) distributions indicate that both SAF-PPA and 4PACz
xhibit pronounced negative potentials at their polar anchoring
nds (Figure S6a,b). However, frontier molecular orbital (FMO)
nalysis reveals fundamental differences in their electronic struc-
ures. Unlike the highly overlapped orbitals in 4PACz, the frontier
rbitals of SAF-PPA are distinctly spatially separated due to
ts unique orthogonal spiro-configuration (Figure S6c–f): the
ighest occupied molecular orbital (HOMO) is predominantly
ocalized on the electron-rich acridine unit, while the lowest
noccupied molecular orbital (LUMO) is concentrated on the
pposite fluorene unit. This distinctive orbital separation not only
ffectively strengthens the intramolecular charge transfer dipole
ut also substantially facilitates interfacial hole injection and
uppresses charge back-recombination [32, 36].

o assess how molecular structure influences aggregation, we
irst used dynamic light scattering (DLS) to examine solutions
f the materials (Figure 1d). The planar molecule 4PACz shows
hydrodynamic radius primarily between 4000 and 6000 nm,
onfirming a strong tendency to agglomerate in solution. In
ontrast, the spiro-structured SAF-PPA exhibits a significantly
arrower particle size distribution, centered between 100 and
00 nm, indicatingmuch better dispersion [37].We then turned to
ltraviolet-visible (UV–vis) absorption spectroscopy to compare
olecular stacking from solution to solid film. The 4PACz film
hows a distinct redshift and peak broadening relative to its
olution spectrum (Figure S7), signatures of aggregation driven
y strong π- π stacking. The absorption profile of the SAF-
PA film, however, nearly overlaps with its solution spectrum
Figure 1e), showing no significant shift. This indicates that aggre-
ation is effectively suppressed during film formation, which
reserves a dispersed molecular state. To investigate whether
he correlation between molecular structure and interfacial
ggregation behavior extends beyond 4PACz to other interface
aterials, we selected five interfacial layers and systematically
xamined the quality of perovskite films deposited on them:
he PVK reference, SAF-PPA, and three representative SAMs
ith distinctmolecular architectures, namely short-linker 2PACz,
ong-linker 4PACz, and spiro-containing 4PA-spiro (Figure S8).
erovskite films deposited on the aggregation-prone 2PACz
nd 4PACz layers exhibit numerous pinholes, whereas those
ormed on PVK, 4PA-spiro, and SAF-PPA are continuous and
inhole-free. This broader comparison confirms that the ster-
cally hindered spiro framework mitigates interfacial molecu-
ar aggregation, thereby promoting uniform perovskite film
ormation.

tomic force microscopy (AFM) images provide direct morpho-
ogical confirmation (Figure S9). The 4PACz film is rough, with
isible aggregates and a root-mean-square (RMS) roughness of
.09 nm. The SAF-PPA film is markedly smoother and more
niform, with an RMS roughness of 0.65 nm. These topographic
bservations align well with the aggregation behavior indicated
of 11
by DLS and spectroscopy. The quality of this interfacial layer
critically affects the perovskite deposited atop it. Due to severe
underlying aggregation, a perovskite film spin-coated directly
onto 4PACz shows dark spots and pinholes (Figure S7, inset).
In contrast, the perovskite film grown on SAF-PPA is dense
and continuous, exhibiting bright photoluminescence (Figure 1e,
inset). Because pinholes promote current leakage and degrade
device performance, 4PACz is not an ideal model for interface
control. To evaluate the intrinsic benefits of SAF-PPA more
clearly, we therefore use a pristine PVK film as the primary
reference in the following optoelectronic analysis.

To understand how SAF-PPA influences the energy landscape of
the PVK layer,we first examined the surface potential distribution
using Kelvin probe forcemicroscopy (KPFM). The reference PVK
film shows a surface potential of 68.7 ± 18.1 mV (Figure 1f; Figure
S10). After SAF-PPA modification, the potential shifts markedly
downward to −342.5 ± 17.4 mV. Following calibration with a
gold probe, the surface work functions (WF) are determined as
4.41 eV for PVK and 4.13 eV for PVK/SAF-PPA. The reduced
standard deviation points to a more uniform potential distribu-
tion, prompting a closer investigation of the interfacial electronic
states. We therefore analyzed the valence band structure using
ultraviolet photoelectron spectroscopy (UPS) (Figure 1g,h). In
amorphous polymers, where band dispersion is minimal, the
width of the lowest ionization energy peak (σUPS) reflects the
intrinsic energetic disorder of the system. The unmodified PVK
film exhibits a broad density of states, with σUPS = 1.132 eV. In
contrast, σUPS narrows substantially to 0.862 eV for the PVK/SAF-
PPA system. This pronounced spectral sharpening indicates that
the SAF-PPA molecular interlayer homogenizes the interfacial
electronic states, thereby reducing energetic disorder. A more
uniform energy landscape can suppress energy dispersion in the
amorphous network, facilitating faster hole transport and more
efficient hole injection at the hole transport layer (HTL)/emissive
layer (EML) interface [30, 38].

The properties of the underlying substrate critically influence
both the film formation and the density of interfacial defects
in the EML. We first measured the contact angle of the precur-
sor solvent, dimethyl sulfoxide (DMSO), on each surface. The
contact angle decreased from 38.5◦ on the reference substrate to
9.4◦ on the SAF-PPA-modified surface (Figure S11), indicating
significantly enhanced wettability. This improvement lowers the
energy barrier for heterogeneous nucleation, thermodynamically
favoring the formation of a high-quality perovskite film. To
directly visualize the film morphology (Figure 2a), we used
scanning electron microscopy (SEM) to compare the top surfaces
and the buried interfaces of the perovskite layers. While the top
surfaces of both samples appear similar, their buried interfaces
differ substantially. The interface of the film on the reference
substrate is rough and contains visible pinholes (Figure 2b).
X-ray diffraction (XRD) analysis further supports these findings.
The diffraction peaks corresponding to the (100) and (200) crystal
planes (at 15.3◦ and 30.8◦) are significantly more intense for the
perovskite film deposited on SAF-PPA (Figure 2c), demonstrating
a marked improvement in overall film crystallinity.

This combined enhancement in interface quality and crystallinity
stems primarily from the chemical interaction and growth
modulation provided by the carboxyl groups in SAF-PPA.
Advanced Functional Materials, 2026
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FIGURE 2 (a) Schematic diagram of the surface and buried interface of the perovskite film. (b) SEM images of the surfaces and buried interfaces
of the reference and SAF-PPA perovskite films. (c) XRD patterns of the perovskite films grown on the reference and SAF-PPA substrates. (d) Schematic
diagram of the interaction mechanism between the ─COOH group in the SAF-PPA molecule and the perovskite buried interface. (e) Statistical plots
of the PLQY and τave for the reference and SAF-PPA perovskite films. (f) Statistical plots of Krad and Knon-rad for the reference and SAF-PPA perovskite
films.
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hese electron-rich groups can coordinate with under-
oordinated Pb2+ ions at the bottom interface (Figure 2d).
his interaction serves a dual purpose: it modulates the initial
rystal growth kinetics to suppress void formation, and it
imultaneously passivates defect sites at the buried interface.

o assess the resulting passivation effect, we performed steady-
tate photoluminescence (PL) and time-resolved photolumines-
ence (TRPL) measurements. The PLQY rises from 43.6% for the
eference film to 85.4% for the SAF-PPA-modified film, while the
verage carrier lifetime (τave) increases significantly from 112.9 to
88.6 ns (Figure S12; Figure 2e). Analysis of the recombination
ates (Figure 2f) shows that the radiative recombination rate
Krad) increases moderately to 4.53 µs−1 in the SAF-PPA system
Table S1). More strikingly, the non-radiative recombination rate
Knon-rad) drops sharply from 5.00 to 0.77 µs−1, a substantial
eduction. This pronounced suppression of non-radiative decay
rovides strong evidence that the density of defect states, partic-
larly at the buried interface, has been effectively lowered [28,
9].
dvanced Functional Materials, 2026
To understand the atomic-scale origin of this passivation effect,
we used density functional theory (DFT) to model interactions
between the substrate molecules and the perovskite surface.
Charge density difference maps illustrate the interfacial charge
transfer (Figure 3a; Figure S13a). Here, cyan regions indicate
electron depletion and yellow regions indicate electron accu-
mulation, clearly showing the orbital interactions involved. The
calculations show that the adsorption energy (Eads) of the PVK
reference molecule on the perovskite surface is only −0.175 eV
(Figure S13b,c). In contrast, the Eads for the SAF-PPA system
changes significantly to−0.536 eV, indicating that SAF-PPA forms
a stronger adsorption interaction with uncoordinated ions at the
interface [40]. Experimental evidence from 1HNMR spectroscopy
supports this finding.WhenPbBr2 is added to SAF-PPA, the signal
of the carboxyl proton peak at 12.2 ppm intensifies markedly
(Figure S14), confirming that the carboxyl groups engage in strong
coordination with Pb2+ [41].

We employed the space-charge-limited current (SCLC) model
to quantify the defect density and carrier mobility of the films
5 of 11
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FIGURE 3 (a) DFT-calculated charge density difference map and adsorption energy of the interaction between the CsPbBr3 (001) surface and the
SAF-PPAmolecule. (b) Schematic diagram of the proposed vertical phase distributions in the reference and SAF-PPA perovskite films. GIWAXS patterns
of the (c) reference and (d) SAF-PPA perovskite films at an incident angle of 0.3◦. Depth-resolved F 1s XPS spectra of the (e) reference and (f) SAF-PPA
perovskite films. (g) FTIR spectra of SAF-PPA and the mixture of SAF-PPA and p-F-PEABr.
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Figure S15). In hole-only devices (ITO/PTAA/PVK/EML/MoO
/Ag), incorporating SAF-PPA lowers the trap-filled limit voltage
rom 1.11 to 0.69 V. This corresponds to a reduction in the hole
rap density from 4.9 × 1016 to 3.0 × 1016 cm−3, while the hole
obility increases from 8.9 × 10−5 to 1.7 × 10−4 cm2 V−1 s−1.
he concurrent reduction in trap density and increase in carrier
obility confirm that SAF-PPA effectively suppresses charge loss
t the bottom interface, thereby optimizing carrier injection, and
ecombination dynamics in the device.

eyond interfacial morphology and defect distribution, the
ertical phase arrangement within quasi‑2D perovskite films
ritically influences interlayer charge transport. In a convention-
lly deposited film, low‑n phases tend to aggregate disorderly
of 11
near the bottom interface, leading to severe vertical phase inho-
mogeneity (Figure 3b). The introduction of SAF‑PPA, however,
reshapes this film formation, promoting a more uniform phase
profile. Because SAF‑PPA is directly exposed to the DMSO-
based perovskite precursor during spin-coating, a fraction of the
SAF‑PPAmolecules are likely solvated, and redistributed into the
overlying emissive layer, while another fraction remains at the
buried PVK/perovskite interface [39]. To probe the internal crys-
tallization and phase distribution, we performed variable‑angle
grazing‑incidence wide‑angle X‑ray scattering (GIWAXS) on 50
nm‑thick perovskite films. At a shallow incident angle of 0.1◦
(probing depth ∼10 nm), the two‑dimensional GIWAXS patterns
of the reference and SAF‑PPA samples are very similar (Figure
S16), indicating that the top surfaces of both films are dominated
Advanced Functional Materials, 2026
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y similar, well‑crystallized high‑n phases. When the incident
ngle is increased to 0.3◦ to probe the bulk region near the
ottom interface (∼40 nm depth), clear differences emerge [42].
he reference film shows distinct low‑n diffraction spots in the
ow‑q region (red circles, Figure 3c), whereas these signals are
ubstantially attenuated in the SAF‑PPA system (Figure 3d). At

≈ 1.5 Å−1, the reference film shows intensity concentrated
t specific azimuthal angles. In contrast, the more continuous
ebye-Scherrer ring of the SAF-PPA film indicates a more ran-
om crystallite orientation. This broader azimuthal distribution
preads the scattering intensity over awider angular range, poten-
ially favoring more interconnected pathways for interdomain
harge transport [43, 44]. Out-of-plane line profiles extracted
rom the 2D GIWAXS patterns provide quantitative evidence
or the vertical phase distribution (Figure S17). The scattering
eatures at q≈ 0.43 and 0.68Å−1 are assigned to the (002) planes of
he n= 2 and n= 1 phases, respectively [45]. These low-n features
re pronounced in the reference film but substantially attenuated
n the SAF-PPA film, indicating that SAF-PPA may suppress the
referential formation of low-dimensional phases near the buried
nterface.

epth-resolved X-ray photoelectron spectroscopy (XPS) provides
nformation on the vertical distribution of the fluorinated p-F-
EA+ spacer (Figure 3e,f). For the reference film, the F 1s signal
s weak at depths of 0–30 nm but becomes pronounced at 45 nm,
ndicating enrichment of p-F-PEA+ near the buried interface. In
ontrast, the SAF-PPA film shows weak F 1s signals at all depths,
upporting a more uniform distribution throughout the emissive
ayer. Room-temperature PL spectra collected from the surface
nd buried-interface sides provide additional optical verification
Figure S18). The surface spectrum of the reference film shows
o distinct low-n emission, whereas its buried-interface spectrum
xhibits additional features assigned to the n= 2 and n= 3 phases.
y comparison, the surface and buried-interface spectra of the
AF-PPA film nearly overlap, with neither displaying discernible
ow-n emission. Together, these results support the proposed
odel of low-n phase accumulation at the bottom of the reference
ilm and are consistent with reduced accumulation of low-n
hases in the SAF-PPA film [16, 39, 46].

he combined spectroscopic and theoretical results suggest a
ossible molecular origin for this phase redistribution. FTIR
pectroscopy reveals a distinct shift of the carboxyl-related
ibration after mixing SAF-PPA with p-F-PEABr, indicating a
pecific interaction between the ─COOH group of SAF-PPA
nd the organic spacer (Figure 3g). DFT calculations show that
he optimized p-F-PEA/SAF-PPA complex adopts an N─H⋅⋅⋅O
ydrogen-bonding configuration with an N⋅⋅⋅O separation of
.1 Å and an adsorption energy of −0.23 eV (Figure S19a). In
omparison, p-F-PEA remains separated from PVK by 3.9 Å and
xhibits a much less negative adsorption energy of −0.09 eV
Figure S19b), indicating substantially weaker association. The
horter intermolecular distance and more favorable adsorption
nergy corroborate the FTIR results and provide amolecular basis
or the stronger affinity of SAF-PPA toward the spacer [47]. This
pecific interaction regulates the distribution of p-F-PEA+ during
ilm formation, thereby mitigating its local accumulation and
isfavoring the formation of low-n phases at the buried interface.
he more uniform vertical phase distribution favors more con-
dvanced Functional Materials, 2026
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rea
tinuous and efficient charge-transport pathways throughout the
emissive layer.

To probe phase distribution and excited-state dynamics, we
examined steady-state PL spectra at different temperatures. At
330 K, the PL profiles of both films are similar, dominated by the
primary emission (Figure S20). Upon cooling to 90 K, however,
suppressed thermal dissociation and reduced interlayer energy
transfer reveal underlying phase segregation. The reference film
shows three short-wavelength peaks at 428, 451, and 465 nm
(Figure 4a), corresponding to low-n phases with n = 2, 3, and
4, respectively [48, 49]. In contrast, the SAF-PPA film maintains
a single emission peak, with no detectable signals from low-n
phases. We further employed ultrafast transient absorption (TA)
spectroscopy to trace excited-state carrier dynamics. The refer-
ence film exhibits distinct ground-state bleaching (GSB) peaks
near 432, 445, and 473 nm (Figure 4b), confirming the presence of
multiple low-n phases [50, 51]. Moreover, its main GSB peak red-
shifts progressively with delay time, reflecting cascaded energy
transfer from wide-gap low-n phases to narrower-gap high-n
phases. The TA spectrum of the SAF-PPA film, by contrast, shows
no GSB peaks from low-n phases, and its main GSB position
remains nearly constant over time (Figure 4c). This indicates that
excited carriers recombine radiatively within a uniform emissive
phase, bypassing the non‑radiative losses typically induced by
low‑n phase barriers [52, 53].

To quantify how crystallization affects exciton‑phonon coupling,
we analyzed temperature‑dependent PL linewidths (Figure 4d,e).
The FWHM vs. temperature was fitted using a Fröhlich lon-
gitudinal optical phonon broadening model (Figure 4f) [54].
The temperature-independent broadening term (Γ0) decreases
from 48.8 meV for the reference film to 39.9 meV for the
SAF‑PPA film, and the optical phonon coupling energy (ELO)
drops from 48.2 to 36.1 meV. Together with the reduced signals
from low-n phases, this marked reduction in exciton-phonon
coupling parameters is consistent with weaker defect-mediated
exciton-phonon scattering in the SAF-PPA film.

To clarify the energy level alignment, we used UPS to deter-
mine the energy levels of PVK (Figure S21), SAF‑PPA, and
the EML, constructing a complete device energy level diagram
(Figure 5a). Relative to the reference, SAF‑PPA raises the interfa-
cial HOMO level from−5.65 eV to a shallower−5.43 eV. Its LUMO
level is −1.81 eV, which provides stronger electron‑blocking
capability compared with PVK (−2.15 eV). We fabricated ref-
erence devices (ITO/PTAA/PVK/EML/PO‑T2T/LiF/Al) and tar-
get devices that include an optimized 0.5 mg ml−1 SAF‑PPA
interlayer (ITO/PTAA/PVK/SAF‑PPA/EML/PO‑T2T/LiF/Al) to
compare their performance see Figure S22 for the concen-
tration optimization process. The current‑density-voltage (J–V)
characteristics (Figure 5b) show that, before turn‑on, the ref-
erence device exhibits substantial leakage current, attributable
to pinholes and disordered low‑n phases at the bottom per-
ovskite interface. The SAF‑PPA device reduces this leakage by
about two orders of magnitude, confirming that the interlayer
improves film morphology and passivates interfacial defects.
Suppressed non‑radiative recombination and enhanced carrier
injection lead to markedly better electroluminescence. The Von
decreases from 2.35 V (92% of the band‑gap voltage) for the
7 of 11
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FIGURE 4 (a) PL spectra of the reference and SAF-PPA perovskite films at 90 K. TA spectra of the (b) reference and (c) SAF-PPA perovskite films.
Temperature-dependent (90–330 K) PL spectra of the (d) reference and (e) SAF-PPA perovskite films. The inset shows a magnified view of the low-
dimensional phase emission region on a logarithmic scale. (f) Scatter plot and fitting curve of the FWHM of the PL emission peak for the perovskite
films as a function of temperature.

FIGURE 5 (a) Schematic energy level diagram of the device. (b) J–V characteristics, (c) L–V characteristics (the shaded region represents the sub-
bandgap voltage range), and (d) EQE–L characteristics of the reference and SAF-PPA devices (inset: photograph of the emitting device under operation).
(e) EL spectra of the SAF-PPA devices under different driving voltages. (f) Statistical histograms of the EQE distribution for 20 individual devices each
from the reference and SAF-PPA groups.
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eference to 1.95 V (76% of the band‑gap voltage) for the SAF‑PPA
evice, achieving excellent sub‑bandgap emission (Figure 5c).
he maximum luminance of representative devices increases
rom 777.7 to 1371.3 cd m−2, and the peak EQE rises from 12.8%
o 21.9% (Figure 5d). The SAF-PPA device also exhibits superior
pectral stability, with its electroluminescence peak remaining
ixed at 488 nm under different driving voltages and a constant
WHM of 15.4 nm (Figure 5e). A broader comparison across
epresentative interlayers further connects molecular structure
nd film integrity with device performance (Figures S23–S25).
he elevated low-voltage currents of the 2PACz- and 4PACz-
ased devices are consistent with leakage through the pinholes;
onsequently, their peak EQEs are limited to 1.38% and 1.63%,
ith maximum brightness of 633.2 and 616.6 cd m−2, respectively.
n contrast, the more continuous film formed on 4PA-spiro
nables a peak EQE of 14.2% and a maximum brightness of
46.5 cd m−2 (Figure S23). Voltage-dependent EL maps further
eveal varying degrees of emission shift in the reference (PVK),
PACz, 4PACz, and 4PA-spiro devices, while only the SAF-
PA device preserves a fixed emission, consistent with its more
omogeneous quasi-2D phase distribution (Figure S24).

his distinction becomes more pronounced during continuous
peration at an initial luminance of 500 cd m−2: the T50 lifetimes
f the reference, 2PACz, 4PACz, 4PA-spiro, and SAF-PPA devices
re 0.82, 0.84, 4.0, and 67.4, and 901.8 min, respectively (Figure
25). The short lifetimes of the 2PACz and 4PACz devices are
onsistent with pinhole-mediated leakage, whereas the more
han 13-fold lifetime advantage of SAF-PPA over 4PA-spiro likely
eflects the combined benefits of its more rigid phenylene-
ontaining linker and more homogeneous quasi-2D phase distri-
ution, which help stabilize the buried interface under electrical
tress. Compared with recently reported high-efficiency quasi-2D
ky-blue PeLEDs, whose FWHMs typically exceed 20 nm (Figure
26), our device delivers one of the narrowest emission linewidths
hile maintaining a high EQE.

erformance statistics across 20 independently fabricated devices
nder each condition confirm the reproducibility of the approach
Figure 5f; Figure S27). The SAF‑PPA devices yield an aver-
ge EQE of 20.08% and an average maximum luminance of
895.6 cd m−2, with a narrow distribution. The corresponding
verages for the reference devices are only 8.9% and 588.9 cd m−2.
hese results demonstrate that SAF‑PPA interfacial engineer-
ng reliably produces high‑performance PeLEDs. This strategy
uccessfully resolves the long‑standing trade‑off between effi-
iency and spectral purity in quasi‑2D perovskites, offering
n effective route to sky‑blue PeLEDs with ultra‑high color
urity.

Conclusion

n summary, we introduce an interfacial engineering strategy
mploying SAF-PPA, a self-assembling molecule with a rigid,
nd orthogonal spiro configuration. The steric hindrance of
his molecule prevents the disordered aggregation commonly
bserved with conventional linear molecules, establishing a
niform hole-injection network. More importantly, the terminal
arboxyl groups of SAF-PPA coordinate with under-coordinated
b2+ ions and interact with organic spacer cations. This dual
dvanced Functional Materials, 2026
action is associated with reduced accumulation of low-n phases
at the buried interface. The more uniform vertical phase profile
may mitigate parasitic radiative and nonradiative recombina-
tion pathways associated with multi-phase coexistence and
reduce exciton-phonon coupling. Consequently, the correspond-
ing device achieves an EQE of 21.9%, a sub-bandgap Von of
1.95 V, and an ultra-narrow electroluminescence linewidth with
a FWHM of 15.4 nm. A representative SAF-PPA device also
exhibits a T50 operational lifetime of 901.8 min under constant-
current operation at an initial luminance of 500 cd m−2. This
work overcomes the persistent challenge in quasi-2D sky-blue
PeLEDs, namely the trade-off between high efficiency and high
color purity, and provides a new design paradigm for interfa-
cial materials that feature both steric hindrance and multiple
interactions.
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