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ABSTRACT
Quantum and dielectric confinement critically govern the intrinsic emission wavelength of perovskite nanocrystals, however
achieving precise and simultaneous control over both remains challenging. Here, we report a surface-driven reconstruction
strategy for in situ-formed nanocrystals on the substrate, enabling dual confinement modulation. In this process, the originally
attached bulky organic ammonium ligands reorganize to promote crystal growth, whereas the subsequently introduced covalently
bound phosphonic acid ligands control particle size and co-assemble into a compact dielectric shell. Spectroscopic ellipsometry
reveals an increased dielectric permittivity of the ligand shell, indicating enhanced dielectric screening that modulates Coulomb
interactions and induces band-edge renormalization, enabling finely tunable redshifts into the near-standard green emission
regime. The emission followed an empirical bandgap relation governed by nanocrystal size and the local dielectric environment,
revealing that surface-driven reconstruction of substrate-grown in situ nanocrystals provides deterministic control over both
quantum and dielectric confinement. Devices exhibited near-standard-green emission at (0.177, 0.769) with exceptionally small
chromaticity deviation of Δu′v′ ≤0.0014 across the operating voltage range and ≤0.0027 from over a viewing range of 0◦–80◦, far
outperforming the tolerances required for advanced display (≤0.02), medical imaging systems (≤0.01) andAR/VR devices of 0.007.
1 Introduction

Metal halide perovskites have emerged as highly attractive
light-emitting materials owing to their facile spectral tunabil-
ity, intrinsically narrow emission linewidths, versatile process-
ability and cost-effective precursors. Over the past decade,
the development of perovskite light-emitting diodes (PeLEDs)
has advanced remarkably, achieving substantial improvements
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in both efficiency and operational stability [1–7]. However,
despite significant advances, most state-of-the-art PeLEDs still
suffer from chromaticity deviation, as their emission peaks
are displaced from the pure-green region in the CIE color
space [5–7]. Therefore, there is a growing demand for per-
ovskite emitters to deliver comparable color precision while
maintaining their intrinsic advantages in processability and
efficiency.
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To meet the color requirements of modern and future display
technologies, emitters must achieve near-standard-green emis-
sion that fully covers the DCI-P3 standard while approaching the
Rec.2020 in the CIE chromaticity diagram. The DCI-P3 gamut
represents the commercialized industry benchmark, whereas
Rec.2020 defines the next-generation ultra-wide color space
aimed at AR/VR and high-fidelity imaging. Consequently, mate-
rials that can bridge these two standards are essential for ensuring
both commercial compatibility and future expandability. Because
the green coordinates of DCI-P3 (0.265, 0.690) and Rec.2020
(0.170, 0.797) differ considerably, precise wavelength tuning
within a few nanometers is required to simultaneously satisfy
both color spaces. Moreover, practical emitters must maintain
such color precision under realistic operating conditions. In
display applications, chromaticity invariance across driving volt-
ages and viewing angles is a critical metric, as spectral shifts
cause visible color distortion [8, 9]. Accordingly, the chromaticity
deviation of Δu′v′ must remain below the established toler-
ances of advanced display (≤0.02), medical imaging systems
(≤0.01).

Fine wavelength tuning in metal halide perovskites has been
mainly pursued by compositional and synthetic strategies. Halide
anion substitution has been a major strategy for bandgap
engineering, but mixed-halide systems inevitably suffer from
segregation, making them unsuitable for precise and stable
wavelength control [10, 11]. Rather, A-site cation alloying provides
a refined route by expanding the lattice constant through the
incorporation of larger cations, which weakens orbital overlap
and induces a moderate redshift. Spectrally pure green PeLEDs
have been demonstrated by optimizing the Cs/FA ratio or
incorporating dopants to suppress trap states [12], and further
improvements have been achieved using FA/Cs/GA alloying
combined with multifunctional additives [13]. Beyond composi-
tional approaches, the electronic bandgap in nanocrystals can be
regulated through intrinsic confinement effects, with quantum
confinement dictated by particle size and dielectric confinement
arising from the contrast in permittivity between the core and its
surroundings [14]. These effects have been explored using strate-
gies such as dielectric screening achieved by increasing the shell
thickness in colloidal quantum dots [15], phase- andmorphology-
dependent confinement in Cs-Pb-Br nanocrystals [16], and the
incorporation of high-permittivity spacer ligands in quasi-2D
perovskites to reduce dielectric confinement and lower exciton
binding energy [17, 18]. While these approaches demonstrate that
confinement effects offer powerful levers for spectral control, they
primarily rely on modifying isolated aspects of the nanocrystal,
either its size, phase, or dielectric environment, rather than
integrating both quantum and dielectric confinement in a unified
material design. Consequently, an integrated approach capable
of tuning both nanocrystal size and dielectric surroundings to
realize fine wavelength control in the near-standard-green range
has been less explored.

In this work, we established a composition-invariant intrinsic
route to modulate both quantum and dielectric confinement
within perovskite nanocrystals through an on-substrate sur-
face reconstruction process. Bulky ammonium ligands were
initially incorporated into the precursor solution to induce
in situ formation of perovskite nanocrystals on the substrate.
During subsequent surface reconstruction, these weakly bound
2 of 12
species dynamically rearranged, and the introduction of cova-
lently anchored phosphonic acid ligands reinforced the surface.
Through cooperative coordination of the phosphonic acid ligands
with the reorganized ammoniummoieties, a compact hybrid shell
could be formed, and this concurrently suppressed surface traps
and enhanced the local dielectric environment. This sequential
reconstruction enables fine adjustment of the bandgap through
two correlated parameters, the nanocrystal size and the shell
permittivity. As a result, the photoluminescence peak could be
finely tuned within the 520–530 nm range by controlling the
reaction time, along with decrease in exciton confinement. Ellip-
sometric analysis combined with effective medium modeling
verified the dielectric enhancement and revealed a quantita-
tive correlation between dielectric screening and the observed
emission shifts, confirming that the spectral tunability originates
from coupled confinement modulation. The resulting in situ
nanocrystal films preserve excitonic emission characteristics and
maintain spectral integrity under electrical excitation and angular
variation, underscoring the robustness of this approach. The
devices further exhibited color-stable near-standard-green emis-
sion at (0.177, 0.769) with extremely small chromaticity deviations
(Δu′v′ ≤0.0014 across the operating voltage range and ≤0.0027
over a viewing angle range between 0◦–80◦), fully covering the
DCI-P3 gamut and exhibiting proximity to the Rec.2020 color
gamut.

2 Results and Discussion

2.1 Defining Near-Standard-GreenWindow and
Confinement-Driven Bandgap Modulation

As conceptually illustrated in Figure 1A, perovskite in situ
nanocrystals with controlled dual confinement were synthesized
by employing substrate-grown nanocrystals in combination with
a post synthetic treatment. The substrate grown nanocrystals
were prepared by adding a spacer ligand contining bulky ammo-
nium functional groups to the peovskite precursor solution.
The ligand was added at 30 to 50 mol% with respect to PbBr2
to regulate crystal nucleation and growth, and the nanocrystal
pinning process was treated on spin-coating film, which immo-
bilizes nuclei to control the size distribution [4, 19–21]. The
in situ nanocrystal diameter (8.70 nm) is slightly smaller than
the exciton Bohr diameter of 10 nm, resulting in pronounced
quantum and dielectric confinement due to the substantial
permittivity contrast at the core-shell interface [22]. To alleviate
these confinement effects for near-standard-green emission, we
introduced a post-synthetic treatment to the substrate-grown
nanocrystals. The increased size of nanocrystals relaxed the
quantum confinement and also the compact dielectric ligand
shell with additional phosphonic acids decreased the permittivity
mismatch between the core and the shell. Moreover, phosphonic
acids effectively passivated uncoordinated Pb sites, providing
additional suppression of trap states.

Near-standard green emission refers to the spectral region that
covers both the DCI-P3 commercial standard and the Rec.2020
next generation standard in the chromaticity diagram. As shown
in Figure 1B and Figure S1, the CIE coordinates were obtained
by sweeping the peak emission wavelength of our reference per-
ovskite film with full-width half maximum (FWHM) of 22.17 nm
Advanced Functional Materials, 2026
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FIGURE 1 Dual confinement modulation of perovskite nanocrystals for spectral control in the near-standard-green emission window.
(A) Schematic illustration of nanocrystal surface reconstruction and dual confinement modulation. (B) Definition of the near-standard-green emission
window based on spectral coverage of DCI-P3 and Rec.2020 color standards. (C) Schematic representation of emission wavelength tuning via combined
quantum and dielectric confinement effects.
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from 510 to 540 nm and calculated the corresponding gamut cov-
erage using its measured spectrum as the fixed lineshape. DCI-P3
reached complete coverage when the peak wavelength exceeded
527 nm and Rec.2020 achieved highest coverage of 96.22% at
527 nm, followed by a steep decline as wavelength shifts. We
considered the near-standard-green window as the spectral range
that provides complete coverage of DCI-P3 while simultaneously
includingmore than 95% coverage of Rec.2020. The overlap of the
two standards was limited to a narrow range from 527 to 529 nm.
Such a narrow window demonstrates the critical need for precise
spectral tuning in perovskite emitters. Figure 1C illustrates the
impact of quantum and dielectric confinement on the emission
wavelength of FAPbBr3 in situ nanocrystals, which is influenced
by the nanocrystal size and the dielectric constant of the sur-
rounding shell, and the bandgap of perovskite nanocrystals can
be expressed as the bulk bandgap with additional contributions
from these confinement effects [22].While single crystal FAPbBr3
exhibits a bandgap of about 2.15 eV, the emission spectrum of
nanocrystals significantly blueshifts owing to the strong quantum
confinement effect [23]. Based on these correlations, we mod-
ulated both quantum and dielectric confinements to effectively
tune the emission wavelength, achieving near-standard-green
emission.
Advanced Functional Materials, 2026
2.2 Unraveling Nanocrystal Reconstruction
Mechanism

The reference in situ FAPbBr3 nanocrystals were synthesized
using the bulky ammonium ligandphenylethylammonium (PEA)
at 35 mol% relative to Pb, while a small amount of crown
ether was added to the precursor solution to act as a dispersing
agent and suppress PEA aggregation, thereby promoting uniform
nanocrystal formation. In addition, the introduction of a very thin
4 nm LiF interlayer further facilitated uniform crystallization.
We investigated the impact of the post-synthetic treatment on
the crystal structure and surface chemistry of perovskite in situ
nanocrystals. To decouple the roles of the solvent THF alone
and the covalently binding phosphonic ligand introduced in
the THF-based treatment, two types of post-treated nanocrystal
samples were prepared. For clarity, nanocrystals terminated only
with bulky ammonium ligands were denoted as ammonium
terminated nanocrystals (AT-NC), which served as the reference
sample. Samples treated only with THF were referred to as
rearranged nanocrystals (RA-NC), whereas those treated with
both THF and the phosphonic acid ligand were designated as
hybrid-terminated nanocrystals (HT-NC). Figure 2A–D presents
grazing-incidencewide-angle x-ray scattering (GIWAXS) patterns
3 of 12
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FIGURE 2 Structural and surface reorganization of perovskite nanocrystals under different post-synthetic treatments. (A–C) GIWAXS patterns of
AT-NC, RA-NC, and HT-NC films. (D) Corresponding integrated 1D GIWAXS profiles (qz = 0). (E–G) High-resolution XPS spectra of (E) O 1s, (F) C 1s,
and (G) N 1s, revealing the chemical environments of the surface ligands and perovskite components. (H) Elemental atomic ratios and the corresponding
Br/Pb ratios of the films. (I–K) DFT calculation results: Schematic illustrations of ligand adsorption states on (I) A-site terminated and (J) Pb-terminated
perovskite surfaces. (K) Calculated binding energies of PEA and BPA ligands as a function of the surface termination.
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of in situ nanocrystal films prepared under different conditions.
All samples exhibited diffraction peaks corresponding to the 3D
FAPbBr3 phase at the (100), (110), (200), and (210) planes, with
no evidence of additional phase formation [24]. This indicates
that the post-treatment processes do not induce phase transitions,
and the reactions predominantly occur at the nanocrystal surface.
Notably, the in-plane reciprocal space maps at qz = 0 reveal
clear differences in peak intensity among the samples. Among
the three samples, the RA-NCs exhibited the weakest diffraction
signals, the AT-NCs showed moderate intensity, and the HT-NCs
displayed the strongest peaks. The concurrent increase in every
phase reflection with narrower peak widths indicates that the
HT-NCs possess enhanced structural order with reduced lattice
disorder [25]. Crystallite sizes estimated from the (100) peak of
FAPbBr3 using the Scherrer equation were 8.70 nm for the AT-
NCs, 12.29 nm for the RA-NCs, and 10.88 nm for the HT-NCs.
4 of 12
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To further examine the structural evolution of the nanocrystals,
transmission electron microscopy (TEM) analysis was performed
(Figure S2). The TEM images show well-dispersed nanocrystals
for all samples, and statistical analysis yields average particle
sizes of 9.15 ± 1.89 nm for AT-NCs, 12.50 ± 3.06 nm for RA-NCs,
and 11.52 ± 2.83 nm for HT-NCs (Figure S2D). The TEM-based
particle sizes are slightly larger than the crystallite sizes estimated
from GIWAXS, which can be attributed to the presence of multi-
domain nanocrystals observed in HRTEM (Figure S2E,F). Lattice
fringes with a spacing of 0.297 nm are consistent with the (200)
plane of pseudocubic FAPbBr3 [3].

To elucidate the surface-driven nanocrystal reconstructionmech-
anism from the perspective of the chemical binding environment,
we performed a comprehensive x-ray photoelectron spectroscopy
(XPS) analysis (Figure 2E–H; Figure S3). The O 1s spectra
Advanced Functional Materials, 2026
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(Figure 2E) of the AT-NC and RA-NC films exhibit intense peaks
corresponding to the C─O─C ether linkages, originating from the
crown ether ligands. In contrast, the HT-NC films show amarked
suppression of this signal, indicating a substantial displacement
of crown ethers upon the introduction of phosphonic acid. This
observation is further corroborated by theC 1s spectra (Figure 2F),
where a significant intensity reduction is observed in the 285–
287 eV range. This region, which can be deconvoluted into
C─O─C (∼ 286.3 eV) andC-N (∼ 285.8 eV) components associated
with crown ether and PEABr, respectively, reveals a more pro-
nounced attenuation inHT-NCcompared toRA-NC. Such a trend
suggests that theBPAmolecules effectively outcompete the crown
ethers for surface Pb2+ sites. Unlike the crown ethers, which rely
on relatively labile dative coordination through oxygen lone pairs,
the phosphonate groups in BPA establish thermodynamically
stable P─O─Pb linkages with a more pronounced covalent
character (Figure 2E) [5]. This systematic ligand evolution is also
reflected in theN 1s spectra (Figure 2G),whichwere deconvoluted
into the N─C═N resonance of the FA cation and the ─NH3

+

group of the PEA ligand. In both RA-NC and HT-NC, the
─NH3

+ peak intensity decreases, confirming that the THF-driven
rearrangement process is inherently accompanied by partial
ligand removal. Notably, time-resolved XPS analysis (Figures S4–
S6) reveals significant spectral shifts even at remarkably short
reaction intervals of 2, 6, and 10 s. This demonstrates that
the ligand exchange and surface reconstruction occur almost
instantaneously upon solvent exposure, effectively addressing
the kinetic feasibility of such rapid morphological evolution.
Such second-scale surface reconstruction is consistent with prior
reports that ligand binding in lead halide perovskite nanocrystals
is highly dynamic, where weakly bound ligands can undergo
rapid exchange and desorption upon exposure to polar solvents
[26]. In addition, the subsequent structural evolution can proceed
through local nanocrystal coalescence driven by surface-energy
minimization, without requiring long-range mass transport or
classical Ostwald ripening [27]. The displacement of crown ether
and PEA is further confirmed by FT-IR (Figure S7), showing
marked attenuation of ν(C─O─C) (∼1100 cm−1), ν(skeletal) (∼960
cm−1), and ρ(─NH3

+) (∼ 835 cm−1) vibrations.

Importantly, the solvation-induced ligand detachment is a key
driver for the observedmorphological evolution. The detachment
of PEABr and crown ether, which previously acted as steric
barriers between individual nanocrystals, facilitates grain coa-
lescence and structural reorientation (Figure S8). This process
allows for the fusion of smaller nanocrystals into larger and
higher-crystallinity domains. In HT-NC, the introduced BPA
molecules act as strong anchors during this growth phase,
ensuring a controlled reconstruction that effectively passivates
surface defects and stabilizes the perovskites (Figure S8). In
contrast, the RA-NC films undergo uncontrolled ligand detach-
ment, which disrupts surface charge compensation and generates
undercoordinated Pb2+ sites. These Pb-rich surface environments
can facilitate electron accumulation and partial reduction of Pb2+
to metallic Pb0 (Figure S3) [28]. This chemical transformation is
quantitatively supported by the increase of the Br/Pb atomic ratio
(Figure 2H). While the initial AT-NC film exhibits a Br-deficient
stoichiometry (Br/Pb = 2.51), suggesting a high density of halide
vacancies, the ratio increases to almost ideal value of 2.99 for HT-
NC. This stoichiometric restoration in HT-NC indicates that BPA
molecules effectively suppress the loss of halide anions during
Advanced Functional Materials, 2026
the solvation-induced detachment and facilitate the formation
of a defect suppressed perovskite lattice. Furthermore, top-view
SEM analysis confirmed that all three films maintain a highly
uniform, pinhole-freemorphology (Figure S9). This indicates that
the observed surface reconstruction and defect formation occur
primarily at the microscopic level without inducing macroscopic
film defects.

To theoretically substantiate these surface interactions, density
functional theory (DFT) calculations were conducted on a per-
ovskite slab model (Figure 2I–K). The results demonstrate that
BPA possesses consistently superior binding affinities compared
to PEA across diverse surface terminations, providing a universal
thermodynamic drive for the observed ligand exchange process.
While the anchoring is particularly robust at the Pb-termination
(−4.12 eV), the enhanced binding energy of BPA on surface
site ensures a more stable chemical environment than its PEA
counterpart. Conversely, the negligible binding energy of PEA
at the A-site (−0.09 eV) underscores its labile nature, enabling
it to function as a dynamic growth template that facilitates
nanocrystal coalescence during the initial reconstruction phase.

2.3 Confinement-Driven Optical Properties

Subsequently, we analyzed the effect of surface reconstruction on
the optical properties of the in situ perovskite nanocrystal films.
Steady-state photoluminescence (PL) and UV–vis measurements
were first carried out to probe the emission wavelength and
intensity (Figure 3A). The AT-NC films exhibited an emission
peak at 520 nm, which can be attributed to strong quantum
confinement in the small crystallites. In contrast, the RA-NC and
HT-NC films showed redshifted emission centered at 529 nm,
accompanied by corresponding redshifted absorption edges. The
RA-NCs exhibited a decrease in PL intensity due to dominant
nonradiative recombination arising from defects exposed by
ligand detachment during the reconstruction process. In contrast,
the HT-NCs showed a steep increase in PL intensity because
cationic surface defects were additionally passivated by the
introduced phosphonic acid. Notably, despite the larger crystallite
size of the RA-NCs compared to the HT-NCs, the two films
exhibited nearly identical PL peak positions. This observation
indicates that the emission energy does not scale monotonically
with crystallite size and cannot be explained solely by quantum
confinement effects.

To further examine confinement-related effects, temperature-
dependent steady-state PL (TDPL) measurements were per-
formed from 130 to 300 K (Figure 3B,C). The temperature
dependence of PL intensity was fitted using the Arrhenius
equation to extract the thermal activation energy (Ea). Under
the assumption that nonradiative recombination is primarily gov-
erned by exciton dissociation rather than trap-assisted pathways,
the extracted Ea reflects the relative strength of exciton binding in
the nanocrystal films [29]. The AT-NC film exhibited the highest
Ea of 156.18 meV, whereas the RA-NC and HT-NC films showed
comparable and significantly lower Ea values of 103.19 meV and
105.45 meV, respectively. Despite their different crystallite sizes,
the nearly identical Ea values of the RA-NC and HT-NC films
suggest that the decreased quantum confinement alone due to
the increase crystallite size is insufficient to account for the
5 of 12
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FIGURE 3 Optical and dielectric characterization of perovskite nanocrystal films. (A) Steady-state PL and UV–vis absorption spectra of AT-NC,
RA-NC, and HT-NC films. (B) Temperature-dependent PL data and Arrhenius fitting used to extract thermal activation energies. (C) 3D PL spectra of
AT-NC and HT-NC films showing wavelength variations with temperature. (D) Refractive index and extinction coefficient values of the films obtained
from spectroscopic ellipsometry. (E) Shell dielectric constants of the films calculated using effective medium approximation of Bruggeman model with
estimated bandgap variations as a function of nanocrystal size.
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observed spectral behavior. Taken together with the PL results,
these findings provide clear experimental evidence that quantum
confinement is not the sole confinement mechanism governing
the optical transition energy in these perovskite nanocrystal films.
Based on the additional incorporation of phosphonic acid in the
HT-NCs observed in Figure 2E–H, we suggest that the resulting
modification with the compact ligand shell reduces dielectric
confinement effect, which influences the emission energy.

To elucidate the contribution of the enhanced dielectric con-
finement term in the HT-NC films, we measured the effective
dielectric constant (εeff) of the nanocrystal films using ellipsom-
etry (Figure 3D). Each film was characterized via variable-angle
spectroscopic ellipsometry (VASE) to determine both its thick-
ness and refractive index, from which the effective dielectric
constantwas subsequently extracted (Figure S10). Atwavelengths
above 570 nm, where absorption is negligible, the effective
dielectric constant can be approximated as the square of the
refractive index. Because the perovskite core has a higher dielec-
tric constant than the organic ligand shell, films with larger
cores are expected to exhibit higher effective dielectric constants.
Consistent with this trend, the AT-NCs showed the lowest value,
while the HT-NCs displayed a clear increase compared with the
RA-NCs. At 570 nm, the reference wavelength used for the shell
dielectric constant calculation, the effective dielectric constants
were 3.618 for the AT-NCs, 3.767 for the RA-NCs, and 3.868 for the

HT-NCs.

6 of 12
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To extract the shell dielectric constant (εshell) from the εeff,
we employed the Bruggeman effective medium approximation
(EMA) model, which is widely used for dielectric modeling of
nanocrystals [30, 31]. In this model, the composite is regarded
as a mixture of two components, the nanocrystal core and the
surrounding shell, that are assumed to be symmetrically embed-
ded and randomly distributed, with both phases contributing
equally to the overall dielectric response. The dielectric constant
of single crystal FAPbBr3 was used as the core dielectric constant,
and the shell thickness was defined using the ligand length
estimated frommolecular illustration (Figure S11). The calculated
results from each EMA model are summarized in Table S1.
In the EMA models, the εshell of RA-NCs largely decreased to
1.637, while that of HT-NCs slightly increased to 2.073 compared
to 1.963 for AT-NCs (Figure 3E). This trend directly reflects
the surface reconstruction process, where THF-induced partial
detachment of bulky PEA ligands leads to a disordered shell in
RA-NCs, whereas subsequent incorporation of phosphonic acid
ligands forms a compact and strongly bound shell in HT-NCs.
Importantly, an increase in εshell enhances dielectric screening at
the nanocrystal surface, thereby reducing the dielectricmismatch
between the core and the shell environment. This reduction
in dielectric confinement suppresses the surface-polarization
energy which represents induced self-energy of a charge arising
from its image charges, leading to a downward renormalization
of the band edges [22, 32]. As a result, the optical bandgap
energy can be reduced even when the exciton binding energy
Advanced Functional Materials, 2026
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FIGURE 4 Carrier recombination dynamics and defect characteristics of perovskite nanocrystal films and devices. (A–C) Fluence dependent
transient PL decay curves and average PL lifetimes of AT-NC and HT-NC films under excitation fluences ranging from 0.034 nJ cm−2 to 1.773 µJ cm−2.
(D) Fluence-dependent PL intensity of the films, analyzed as slope vs. fluence, measured over a fluence range of 0.034 nJ cm−2 to 3.544 µJ cm−2.
(E) Urbach energy (Eu) values extracted from UV–vis absorption spectra of AT-NC and HT-NC films. (F) Transient electroluminescence measurements
of AT-NC and HT-NC devices showing EL rise times, performed using 5 ms pulses at 20 Hz and 4 V.
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is weakened. These findings provide a clear explanation for
why the HT-NCs exhibit an additional redshift compared with
the RA-NCs, despite their similar exciton binding energies and
smaller crystallite size. Notably, although the RA-NCs possess
larger crystallites than the HT-NCs, their lower εshell results in
stronger dielectric confinement, preserving a higher polarization
self-energy contribution. In contrast, the HT-NCs experience a
more pronounced reduction in dielectric confinement due to
the compact phosphonic acid derived shell, which leads to fur-
ther band-edge renormalization beyond size-dependent quantum
confinement [22, 32].

Based on the fact that the three nanocrystal films share the same
εcore while differing in both core size and εshell, we fitted the
variation in bandgap using an empirical model that considers the
dual confinement effect. The fitting results clearly indicate that
a higher εshell leads to a smaller bandgap even for nanocrystals
with the same core size. To validate the consistency of this
empirical model, additional samples were prepared by precisely
varying the post-treatment reaction time from 2 to 8 s. The
nanocrystal size and corresponding optical bandgap were deter-
mined using the Scherrer equation based on θ-2θ x-ray diffraction
(XRD) measurements and PL spectroscopy, respectively (Figures
S12 and S13). As the reaction time increased, gradual particle
growth was observed, accompanied by a redshift in the emission
wavelength. This trend demonstrates that the dual-confinement
modulation approach serves as a finely tunable tool for wave-
length control. The additional validation dataset closely followed
the fitted model, confirming the reliability of the proposed
relationship.
Advanced Functional Materials, 2026
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2.4 Defect and Recombination Dynamics

Then, we investigated the effect of exciton confinement and
surface termination on carrier recombination dynamics and
defect characteristics, by comparing the AT-NC and HT-NC films
as representative systems. We gradually increased the excitation
fluence from 0.034 nJ cm−2 to 1.773 µJ cm−2 and measured the
corresponding PL decay dynamics of the in situ nanocrystal films
(Figure 4A–C). For the AT-NC film, the average PL lifetime
decreased from 41.48 to 24.72 ns with increasing fluence, whereas
theHT-NC film exhibited negligible changes in lifetime across the
same excitation range. The strong fluence dependence in the AT-
NC film indicates the coexistence of abundant traps and strong
exciton confinement, which introduce fast nonradiative path-
ways at low fluence and activate multi-exciton recombination
processes at high fluence [33]. In contrast, the negligible lifetime
variation in the HT-NC film is consistent with effective trap
passivation and reduced exciton binding, leading to more stable
recombination dynamics. To further probe the recombination
pathways, we examined the fluence dependent PL intensity
(Figure 4D). The AT-NC film exhibited nearly linear behavior
with a slope close to unity at low fluence, characteristic of
excitonic emission, but the slope exceeded unity at high fluence,
indicating a transition toward bimolecular recombination as
trap states became filled and carrier density increased [33].
In comparison, the HT-NC film maintained a slope close to
one for the entire fluence range, highlighting linear excitonic
recombination with minimal contributions from trap-related or
multi-exciton channels [18]. Analysis of the Urbach energy (Eu)
derived from UV–vis spectra further confirmed the impact of
7 of 12
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surface termination on defect states (Figure 4E). The HT-NC film
showed a lower Eu of 138.0 meV compared to 184.0 meV for AT-
NC, consistent with reduced sub-bandgap states and effective
suppression of surface traps [34]. The lower energetic disorder
facilitates radiative recombination, aligning with the extended
PL lifetimes and reduced nonradiative losses. To connect these
film-level insights to device operation, we carried out transient
electroluminescence measurements. (Figure 4F) The HT-NC
device exhibited a faster EL rise time (23.1 µs) than AT-NC (34.0
µs), reflecting the lower trap density and the faster buildup of
radiative recombination [35].

2.5 Device Performance Evaluation

Building on the film-level analysis, the optimized perovskite
layers were integrated into PeLEDs as emitters to evaluate
their influence on device performance. The device architecture
was ITO/BufHIL (40 nm)/AT-NC or HT-NC (40 nm)/TPBi
(40 nm)/LiF (1.2 nm)/Al (100 nm) (Figure 5A). The energy
levels of the AT-NC and HT-NC films were determined from
ultraviolet photoelectron spectroscopy measurements, where the
work function and valence band maximum were extracted, and
the conduction band minimum was calculated using the optical
bandgap (Figure S14). The HT-NC devices exhibited significantly
higher efficiencies compared with AT-NCs: A CEmax of 99.43 cd
A−1 and EQEmax of 23.51% were achieved, in contrast to 38.42 cd
A−1 and 8.21% for AT-NCs (Figure 5B–D). Device-to-device
reproducibility was confirmed: 38 HT-NC devices fabricated in a
single batch exhibited an average EQE of 20.28%, with a relative
standard deviation of 8.06% in the EQE values. (Figure 5D).
Notably, devices based on HT-NCs exhibited a 42.9% increase in
operational lifetime compared to AT-NC-based devices, reflecting
improved operational stability enabled by effective surface passi-
vation (Figure S15). In terms of color quality, the HT-NC devices
showed stable emission coordinates at (0.177, 0.769) in the CIE
1931 space, with a minimal color shift of 0.001 across the voltage
range (Figure 5E,F). The color gamut coverage reached 95.78%
of the Rec.2020 green primary, 110.37% of NTSC, and 118.54% of
DCI-P3 (Figure 5G). Among state-of-the-art single organic-cation
green PeLEDswith EQE exceeding 20%, our device represents the
highest reported color gamut coverage value to the best of our
knowledge (Figure 5H; Table S2). Furthermore, the chromaticity
remained effectively invariantwith respect to both driving voltage
and viewing angle. Across the operating voltage range, Δu′v′ val-
ues stayed below 0.0014, and across viewing angles from 0◦–80◦,
they remainedwithin 0.0027. These values are significantly lower
than the allowable tolerances defined in ANSI/HFES 100 for
advanced displays (Δu′v′≤ 0.02) and theAAPMTG18 recommen-
dations formedical imaging systems (≤0.01), and are even smaller
than those reported for state-of-the-art AR/VR headsets such as
HoloLens 2 of 0.007 (Figure 5I,J). This result confirms the supe-
rior color stability enabled by the hybrid-terminated nanocrystal
design [8, 9, 36].

3 Conclusion

In conclusion, we have demonstrated a dual confinement modu-
lation strategy that enables precise spectral tuning of perovskite
nanocrystals into the near-standard-green regime. Through
8 of 12
post-synthetic surface reconstruction combined with phosphonic
acid coordination, both quantum confinement and dielectric con-
finement were simultaneously regulated. The enlarged nanocrys-
tal size and compact ligand shell reduced exciton binding energy,
suppressed trap states, and improved structural stability. The
resulting hybrid-terminated nanocrystals exhibited strong and
stable green emissionwith extended carrier lifetimes and reduced
energetic disorder.

Using an EMAmodel, we deduced that the hybrid shell possessed
an increased dielectric constant, and by controlling the reaction
time, the emission wavelength could be precisely tuned to
near-standard-green regime. When incorporated into PeLEDs, it
delivered high efficiencies exceeding 23.5% EQE and achieved
95.78% Rec.2020 coverage, which is the highest values reported
among efficient single organic-cation PeLEDs. They also exhib-
ited excellent reproducibility and highly stable chromaticity,
maintaining Δu′v′ values below 0.0014 across the operating
voltage range and within 0.0027 over viewing angles up to 80◦,
both of which arewell below commonly accepted tolerances. This
work establishes dual confinementmodulation as a composition-
invariant and intrinsically driven approach to engineer perovskite
nanocrystals. The demonstrated combination of spectral preci-
sion and chromaticity stability underscores the potential of this
strategy for advanced display technologies where color accuracy
and stability are critically demanded.

4 Experimental Section/Methods

4.1 Materials

Formamidinium bromide (FABr, >99.99%), phenethy-
lammonium bromide (PEABr, >98.0%)were purchased from
Greatcell solar., Benzylphosphonic acid (BPA, >97%) was
purchased fromAcros Organics. N,N-Dimethylformamide (DMF,
anhydrous 99.8%) and chlorobenzene (CB, anhydrous 99.8%)
were purchased from Sigma-Aldrich. Lead bromide (PbBr2,
>98.0%) was purchased from TCI. 2,2′,2′′-(1,3,5-Benzinetriyl)-
tris(1-phenyl-1H-benzimidazole) (TPBi) was purchased from
OSM. Lithium fluoride (LiF) was supplied by Foosung. Unless
otherwise stated, all materials were used without purification.

4.2 Preparation of Precursor Solution

The precursor solution was prepared by dissolving stoichiometric
ratios of FABr, PbBr2, and PEABr (molar ratio FABr: PbBr2:
PEABr= 1: 1: 0.35) in the corresponding solvent at a concentration
of 0.2 M. The antisolvent solution was prepared by dissolving
TPBi in chlorobenzene at a concentration of 0.1 wt%. The post-
treatment solution was prepared by dissolving BPA in THF at 1 g
L−1. Both solutions were thoroughly mixed before use.

4.3 Fabrication of PeLEDs

Prepatterned indium tin oxide (ITO) (70 nm, 25 mm × 25 mm)
glasseswere sequentially sonicated in acetone, and 2-propanol for
15 min, and then boiled in 2-propanol for 30 min. The surface of
Advanced Functional Materials, 2026
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FIGURE 5 Device performance and chromaticity stability of PeLEDs with surface reconstruction. (A) Schematic architecture of PeLED structure.
(B) Current density-voltage-luminance (J–V–L) characteristics. (C) and current efficiency vs. current density of PeLEDs fabricated with AT-NC and HT-
NC films. (D) EQE histogram characteristics over 38 HT-NC devices fabricated in single batch. (E,F) EL spectra and corresponding CIE 1931 color
coordinates of HT-NC devices under varying voltages. (G) Color gamut coverages of HT-NC devices with respect to Rec.2020, NTSC, and DCI-P3
standards. (H) Summarized EQE-Rec.2020 coverage of recently published state-of-the-art single organic-cation green PeLEDs. (I,J) Voltage- and angle-
dependent chromaticity stability of HT-NC devices, evaluated using Δu′v′ values and comparedwithANSI/HFES 100, AAPMTG18, and reportedAR/VR
device metrics.
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ITO substrates underwent ultraviolet-ozone treatment to achieve
a hydrophilic surface. We used a previously described method
to prepare a buffer hole-injection layer (BufHIL) that had a
gradient work function, by inducing vertical self-organization
of PEDOT:PSS (CLEVIOS P VP AI4083) and PFI copolymer to
have surface-enriched PFI layer; the solution with 1:1 weight
ratio of PEDOT:PSS to PFI was spin coated to form a 35 nm
thickness, then annealed at 150 ◦C for 15min. After baking, the
substrates were transferred to a vacuum chamber (<10−7 Torr),
where a LiF monolayer of approximately 4 nm was deposited at
a rate of 1 Å s−1 to enhance surface wettability. The substrates
were then moved into an N2-filled glovebox for deposition of
the perovskite film. FAPbBr3 in situ nanocrystal films were
deposited by spin coating at 4000 rpm for 30s. In the spin-
coating step, the antisolvent solution was dripped 6 s from the
start. After spin coating, the films were left to rest for 10 s,
followed by the application of the post-treatment solution and
a reaction time of 6 s. Subsequently, the films were spin-coated
Advanced Functional Materials, 2026
again at 4000 rpm for 30 s to remove the residual solvent
completely. Samples were then moved to the vacuum chamber
(<10−7 Torr) to sequentially deposit TPBi (40 nm), LiF (1.2 nm)
and Al (100 nm). The active area of 4.3mm2 was defined by
shadow masking during deposition of the cathode. Finally, the
fabricated PeLEDs were encapsulated in a glovebox under a
controlledN2 atmosphere (O2 < 2.0 ppm,H2O< 1.0 ppm) byusing
a glass lid andUV-curable epoxy resinwith 20min ofUV (365 nm)
treatment.

4.4 Perovskite Film Characterization

Steady-state photoluminescence (PL) spectra of perovskite film
and ultraviolet–visible (UV–vis) absorption spectra of perovskite
film and precursor solution were measured using a JASCO
FP8500 spectrofluorometer andV-770UV–vis spectrophotometer.
9 of 12
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GIWAXS was performed on the films at beamlines 3C of the
Pohang Accelerator Laboratory (PAL), Republic of Korea. The
incident angle of the x-ray beam (𝜆 = 1.0973 Å) on a sample was
fixed at 0.1◦.

For transient PL decay measurements, a FluoTime 300 spectrom-
eter was used. A picosecond-pulse laser head (LDH-P-C-405B,
PicoQuant) was used to excite the samples at a laser wave-
length of 405 nm. A photon-counting detector (PMA Hybrid 07)
and time-correlated single-photon-counting module (PicoHarp,
PicoQuant) were used to detect the PL decay and calculate
the PL lifetimes of samples. The average PL decay lifetimes of
perovskite films were obtained by fitting transient PL curves
using a tri-exponential decay function. For the temperature-
dependent PL measurements, the sample was mounted in a
cryostat (Advanced Research Systems) under vacuum, and the
emission spectrum was analyzed using a 405 nm laser diode
(PicoQuant) at a low fluence with in excitonic recombination
regime.Ea was calculated using theArrhenius equation, IT = I0/(1
+Aexp(−Ea/kT)), where ITwas the integrated PL intensity, I0was
PL intensity at 0 K, A was constant, k was Boltzmann constant,
and T was temperature.

For power-dependent PL measurements, an emission attenuator
was adjusted to maintain the pile-up rate below 1% and thereby
minimize instrumental errors associated with increasing signal
intensity at higher fluence. To prevent sample degradation during
measurement, the fluence was increased stepwise from low to
high. The excitation power of the laser diodewasmonitored using
a power meter (Thorlabs, PM120D).

For TEM characterization, the perovskite films were prepared on
15 nm thick silicon nitride (Si3N4) grids that had been pre-treated
to be hydrophilic. To replicate the exact growth conditions of the
films, a 5 nm layer of LiF was deposited onto the grids prior to
the sample preparation. The prepared grids underwent the same
thermal annealing process as the actual thin films and were sub-
sequently stored in a vacuum overnight to ensure the complete
removal of residual solvents. TEM analysis was performed using
a JEOL JEM-2100PLUS microscope at an accelerating voltage of
200 kV. The average particle size was estimated by measuring
the area of individual nanocrystals and calculating the equivalent
diameter assuming a circular geometry.

Solid-state Fourier-transform infrared (FT-IR) spectra were
acquired to investigate the chemical bonding and ligand envi-
ronments of the perovskite films. To obtain a sufficient signal-to-
noise ratio from the thin-film samples, the perovskite layers were
coated on glass substrates and then carefully collected in solid
form using a razor blade. The measurements were conducted in
attenuated total reflectance (ATR)modeusing aNicolet iS50 spec-
trometer (Thermo Fisher Scientific). To minimize atmospheric
degradation, the sampleswere vacuum-packaged and transported
immediately before the measurements.

XPS and UPS spectra were measured using a photoelectron
spectrometer (Versaprobe III, Ulvac-phi), a monochromatic AlKα
line (1486.6 eV) was used for XPS and He I line (21.22 eV) for
UPS. To minimize damage from air exposure, the samples were
transferred directly from the glovebox to the XPS antechamber
using a vacuum holder.
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Images of the surfaces were obtained using a field-emission
scanning electron microscope (SEM) (SUPRA 55VP) operated at
2 kV. For high-resolutionmeasurements, the sampleswere coated
with a 5 nm Pt layer deposited at a rate of 1 Å s−1.

Variable angle spectroscopic ellipsometer (J.A. Woollam Co.)
was used for measuring the refractive index and thickness of
the layers. Ellipsometric data was acquired in the range of the
wavelength from 200 to 1650 nm and the detection angle from 45◦
to 75◦ with 5◦ intervals.

The theoretical calculations were performed using the VASP
package based on the density functional theory (DFT). The
Perdew-Burke-Ernzerhof (PBE) functional with Grimme’s D3
dispersion correction was employed. The vacuum region of 20 Å
was used to avoid the periodic interaction. For the relaxation of
geometric structures, the kinetic energy cutoff was set to 450 eV.
A Γ-centered k-point mesh of 3 × 3 × 3 was used.The stress force
and energy convergence criteria were chosen as 0.01 eV/Å and
10–5 eV, respectively.

To describe the size- and environment-dependent bandgap shift
in perovskite nanocrystals, a simplified empirical model was
developed by considering both quantum and dielectric con-
finement effects. In general, the bandgap of a nanocrystal
increases with decreasing particle size due to carrier quantiza-
tion (quantum confinement), and was further affected by the
dielectric mismatch between the perovskite core and its sur-
rounding medium (dielectric confinement). The quantum term
was typically proportional to d−2, reflecting the kinetic energy
increase of spatially confined carriers, whereas the dielectric term
originates from the modified Coulomb interaction, which scales
weakly with size (∝1/d) and depends on the ratio εcore/εshell. For
practical fitting of experimental data, these two contributions
were separated and expressed in a compact form as Equation 1.
where A, B and C were empirical parameters that incorporate
material-specific constants such as the dielectric mismatch. This
form enabled simultaneous consideration of both quantum and
dielectric confinement effects while maintaining mathematical
simplicity suitable for fitting experimental observations.

𝐸𝑔 (𝑑) = 𝐸𝑏𝑢𝑙𝑘
𝑔 + 𝐴∗𝑑−2 + 𝐵∗𝜀−1

𝑠ℎ𝑒𝑙𝑙
+ 𝐶∗𝜀−2

𝑠ℎ𝑒𝑙𝑙
(1)

4.5 PeLEDs Device Characterization

The current density-voltage-luminescence (J-V-L) characteristics
of PeLEDs were measured using a spectroradiometer (CS-2000,
Minolta) and an electrical source-measurement unit (Keithley
236). Full angular electroluminescence distribution was mea-
sured by rotating observable angles to spectroradiometer, and
then exact EQEwas calculated based-on Lambertian angle factor.
Transient EL signals were recorded using a photomultiplier
tube detector (PDS-1, Dongwoo Optron Co.) connected to an
oscilloscope (Infiniium 54832D, Agilent), while electrical pulses
were applied using a function generator (AFG2021, Tektronix).

By using electrochemical impedance spectroscopy workstation
(SP-200 potentiostat, Biologic), capacitance-voltage measure-
ment was conducted to evaluate charge balance in the LED
devices.
Advanced Functional Materials, 2026
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Operational lifetime of PeLEDs was measured under constant-
current conditions by simultaneously tracking brightness and
applied voltage using an M760 Lifetime Analyzer (McScience)
with a control computer.

To quantify the color stability, the chromaticity deviation (Δu′v′)
was calculated using the CIE 1976 UCS color space. The (u′, v′)
coordinates were derived from the CIE 1931 (x, y) coordinates.

u′ = 4x ∕ (−2x + 12y + 3) v′ = 9y ∕ (−2x + 12y + 3) (2)

TheΔu′v′ value, representing the perceptual color difference, was
calculated using the following equation:

Δ𝑢′𝑣′ =
[
(𝑢′𝑖 − 𝑢′0)

2 + (𝑣′𝑖 − 𝑣′0)
2
]1∕2

(3)

where (u′0, v′0) was the reference chromaticity coordinate at the
initial state (initial voltage or 0◦ viewing angle) and (u′i, v′i) was
the coordinate at a specific measurement point.
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