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ABSTRACT 

Colloidal perovskite nanocrystals (PNCs) have emerged as promising candidates for optoelectronic applications, leveraging 
their excellent optical, photophysical, and electrical properties combined with solution processability. However, the electrically 
insulating nature of conventional long-chain ligands necessitates post-synthetic ligand exchange for practical device integration. 
Here, we demonstrate that a synthetically engineered surface chemistry, featuring a low ligand density and robust halide 
passivation, enables the direct integration of colloidal PNCs into optoelectronic devices without a ligand exchange process. This 
is achieved by synthesizing CsPbBr3 PNCs stabilized with Br– instead of anionic oleate ligands. Due to the stronger binding of the 
OAM/Br− ligand system to the CsPbBr3 surface, compared to the OAM/oleate system, the resultant PNCs show suppressed surface 
defect formation and improved optical properties. The reduced surface ligand density allows for higher charge carrier mobility 
in the PNC thin films relative to their oleate-capped counterparts. Without post-synthetic ligand exchange, the colloidal PNCs 
are directly integrated into light-emitting diodes, achieving enhanced charge carrier injection and a higher maximum external 
quantum efficiency of 11.4%, compared to 2.7% for conventional PNC-based devices. 

1

I  

d  

o  

e  

 

 

 

 

 

 

J

T
p
©

A
h

 Introduction 

norganic semiconductor nanocrystals (NCs), including quantum
ots (QDs), are of great interest in optoelectronic applications
wing to their size- and dimension-tunable optical bandgap
nergy (Eg ), which arises from the quantum confinement effect,
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and high photoluminescence quantum yield (PLQY) [ 1 ]. In
addition, their optical and electrical properties can be enhanced
through precise control of surface chemistry and engineering
across the diverse exposed facets on the surface [ 2 ]. Colloidal
NCs, synthesized via wet-chemical synthetic routes, enable
further advanced solution processability for room-temperature,
ommercial-NoDerivs License, which permits use and distribution in any medium, 
ions or adaptations are made. 
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 articles are governed by the applicab
arge-area device fabrication [ 3 ]. Among these materials, lead-
alide perovskite colloidal NCs (PNCs) have recently emerged
s exceptional candidates. They exhibit outstanding PLQY and
olor purity without complex core–shell nanostructures due to
heir unique defect tolerance, and efficient ambipolar charge
ransport [ 4, 5 ]. They also satisfy the RGB color gamut proposed
y Rec. 2020 by tuning their crystal size, dimension, and halide
ompositions [ 6 ]. These advantageous properties position PNCs
s leading candidates for the emissive layers in high-performance
ight-emitting diodes (LEDs), comparable to conventional organic
nd QD-based LEDs [ 7 ]. 

onventional colloidal syntheses, such as the hot-injection (HI)
ethod, rely on long-chain hydrocarbon ligands (e.g., oleic
cid (OA), oleylamine (OLA), etc.) to produce high quality and
onodisperse PNCs [ 8 ]. These long-chain organic ligands are
ssential, stabilizing the PNC surface to reduce surface defects
nd controlling crystal growth to ensure high monodispersity
 2 ]. These two factors directly influence their optical and photo-
hysical properties, which are involved in the performance and
tability of PNC-based devices [ 9, 10 ]. Furthermore, these long-
hain ligands provide colloidal dispersibility in nonpolar organic
olvents, allowing PNCs to be utilized as a colloidal ink. The
urfaces of PNCs are typically stabilized using a combination of
nionic oleate originating from deprotonated OA and cationic
leylammonium (OAM) derived from protonated OLA [ 8 ]. It
s understood that OAM ligands participate as A-site cations
n the (100) facets of the perovskite lattice [ 11 ]. By contrast,
lthough oleate ligands are known to bind to surface metal
ations, the extent to which they contribute to surface passivation
nd their exact binding behavior are still subjects of ongoing
iscussion [ 12 ]. However, the electrically insulating nature of the
ong-chain ligands creates a bottleneck to the integration of the
s-synthesized PNCs in high-performance devices by impeding
harge transport within the as-cast solids, thus necessitating their
emoval [ 9 ]. 

o address this challenge, post-treatment ligand exchange pro-
esses have widely been adopted as an indispensable solution
 9 ]. This ligand exchange step, performed either in the solid-state
r solution-phase, replaces the long-chain, insulating ligands
ith shorter, more conductive species (e.g., atoms, molecules).
herefore, these ligand exchange processes, an additional step
erformed either before or after PNC coating, have enhanced
harge transport within PNC-based thin films, thereby enabling
he development of high-performance optoelectronic devices [ 13 ].
he rapid development of PNC-based optoelectronic devices
as been driven by advances in post-synthetic ligand exchange
trategies [ 12, 13 ]. The necessity for the ligand exchange inher-
ntly stems from the synthesis process itself, which yields PNCs
apped with long-chain surface ligands. Various colloidal syn-
hetic routes have been developed to reinforce organic ligand
assivation, aiming to improve the optical properties and the
olloidal stability of PNCs [ 14 ]. However, once sufficient colloidal
ispersibility is achieved, an excessively high density of long-
hain ligands is no longer necessary. Therefore, it is desirable to
ynthetically engineer the surface chemistry to suppress surface
efects through precise, robust atomic passivation, rather than
elying on a larger amount of insulating species. 
of 12
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Herein, we demonstrate that an atomic-level surface chemistry,
featuring a low ligand density and robust halide passivation,
enables colloidal PNCs to yield highly conductive and emissive
thin films, allowing for direct integration into LEDs without
requiring any post-synthetic ligand exchange. We synthesize
CsPbBr3 PNCs with a low ligand density via a bimolecular
nucleophilic substitution (SN 2)-based heat-up method (denoted
as HU-PNCs). In contrast to PNCs synthesized via the conven-
tional HI method (denoted as HI-PNCs), the HU-PNCs exhibit an
absence of oleate ligands, a finding confirmed by chemical and
thermal analysis. Nevertheless, HU-PNCs exhibit colloidal dis-
persibility in non-polar organic solvents. The surface stabilization
of the HU-PNCs by the OAM/Br− ligand system, which exhibits
a higher binding energy ( Eb ) than the OAM/oleate system,
results in suppressed surface defect formation and increased
PLQY. Furthermore, the HU-PNCs exhibit improved crystal size
uniformity compared to HI-PNCs, which leads to suppressed
energetic disorder, enhanced orientational ordering, and a nar-
rower emission bandwidth in solid-state thin films. Enabled by
their inherently low-ligand-density surface chemistry, the HU-
PNC thin films show higher charge carrier mobility compared to
HI-PNC thin films, without requiring any post-synthetic ligand
exchange. Consequently, the HU-PNC-based emissive layers were
directly applied to LEDs, exhibiting improved charge injection
and a maximum external quantum efficiency (EQEmax ) of 11.4%
compared to 2.7% for the HI-PNC-based devices. 

2 Results and Discussion 

The conventional HI synthesis involves the injection of chem-
ically distinct precursor solutions at high temperatures, which
can complicate the precise temporal separation of nucleation
and crystal growth stages (Figure 1a ). Furthermore, the surface
chemistry of as-synthesized HI-PNCs is widely reported, in which
they are passivated by anionic oleate and cationic OAM ligands,
typically requiring purification with polar anti-solvents and sub-
sequent ligand exchange processes to facilitate their integration
into optoelectronic devices [ 15 ]. In contrast, the SN 2-based HU
synthesis utilizes the SN 2 reaction of alkyl halides to decouple the
supply of halide sources from metal precursors (Figure 1a ). This
approach modulates precursor reactivity, thereby regulating the
nucleation and crystal growth in the colloidal synthetic system,
enabling HU-PNCs to achieve superior size uniformity compared
to HI-PNCs [ 6 ]. Therefore, HU-PNCs exhibit suppressed energy
disorder, suggesting higher potential in device applications. To
exploit this potential for direct integration into optoelectronic
devices, it is essential to first elucidate their surface chemistry in
comparison to that of conventional HI-PNCs. To systematically
compare these two approaches, we synthesized both HI- and HU-
CsPbBr3 PNCs and subjected them to a conventional purification
protocol using methyl acetate (MeOAc) as a polar anti-solvent
(see details in Methods) [ 16 ]. 

The as-synthesized HI- and HU-PNCs were isolated from the
crude solutions via high-speed centrifugation prior to the MeOAc-
based purification process. High-resolution transmission electron
microscopy (HR-TEM) images revealed that the as-isolated HU-
PNCs showed a highly monodisperse morphology compared to
Advanced Functional Materials, 2026
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FIGURE 1 (a) Schematic illustrations showing conventional HI and SN 2-based HU synthesis. The SN 2 reactions of alkyl bromide (R–Br), promoted 
by nucleophiles such as oleate and OLA, can be described by the following equations: [R–Br + 2OLA→ secondary amine + OAM–Br] and [R–Br + oleate 
+ OAM→ ester + OAM–Br]. (b) HR-TEM images and (c) UV–Vis absorption and PL spectra of as-isolated HI- and HU-PNCs. (d) Solution-phase PLQY 
values of HU- and HI-PNCs isolated using high-speed centrifugation before purification, and after subsequent purifications with MeOAc once and twice 
(i.e., HIM1-, HIM2-, HUM1-, and HUM2-PNCs). (e) AFM images of spin-cast thin films composed of HIM1-, HIM2-, and HUM1-PNCs. 
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he as-isolated HI-PNCs (Figure 1b ). The as-isolated HU-PNCs
xhibited a higher solution-phase PLQY of 90.0% and a narrower
ull width at half maximum (FWHM) of 17 nm, compared to 84.4%
nd 20 nm observed for the as-isolated HI-PNCs, respectively
Figure 1c ). This enhancement is attributed to the lower energy
isorder and minimized energy loss inherent to the monodisperse
U-PNCs, compared to HI-PNCs [ 6 ]. The HU-PNCs, purified
ith MeOAc once and twice (denoted as HUM1- and HUM2-
NCs, respectively), also showed higher PLQYs and narrower
WHM values compared to those of the HI-PNCs purified
nder identical conditions (denoted as HIM1- and HIM2-PNCs,
espectively) (Figure 1d and Figure S1 ). However, HIM2- and
UM2-PNCs exhibited lower PLQY values compared to HIM1-
nd HUM1-PNCs, respectively. This reduction is attributed to
igand loss and subsequent surface defect formation induced by
he polar MeOAc anti-solvent [ 17 ]. 

e fabricated PNC-based thin films by spin-coating the purified
I- and HU-PNC solutions, and subsequently investigated their
urface morphology through atomic force microscopy (AFM)
easurements. The HIM1-PNC thin film exhibited a high root
ean square (RMS) roughness of 12.466 nm characterized by
n aggregated morphology, whereas the HIM2-PNC thin film
howed a smoother surface with a lower RMS roughness of
dvanced Functional Materials, 2026
10.386 nm (Figure 1e ). Particularly, optical microscopy images
revealed the formation of an oily residue on the HIM1-PNC
thin film, which is attributed to residual long-chain hydrocarbon
ligands and solvent (Figure S2 ). However, the HUM1-PNC thin
film exhibited a uniform surface morphology and a low RMS
roughness of 7.595 nm, even when prepared using the once-
purified PNC solution (Figure 1e ). These results indicate that
obtaining high-quality, uniform HI-PNC thin films requires
purification process at least twice, inevitably compromising their
optical properties. In contrast, HU-PNCs yield high-quality thin
films with only a single purification step. 

We performed thermogravimetric analysis (TGA) and proton
nuclear magnetic resonance (1 H-NMR) spectroscopy on the HI-
and HU-PNCs to determine whether residual ligands and solvents
contributed to the difference in thin film morphology observed
at varying purification steps. The TGA plots revealed that HIM1-
PNCs exhibited a weight loss of 32% at 430 ◦C, significantly higher
than the 20% and 12% observed for HIM2- and HUM1-PNCs,
respectively (Figure 2a ) [ 18 ]. This indicates a substantially higher
residual organic content in the HIM1-PNCs. The 1 H-NMR spectra
of both the as-isolated HI-PNCs and HIM1-PNCs displayed C ═ C
resonance peaks at 4.95 and 5.80 ppm corresponding to 1-
octadecene (ODE), which is used as a solvent in HI synthesis
3 of 12
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FIGURE 2 (a) TGA plots and (b) 13 C-NMR spectra of HIM1-, HIM2 and HUM1-PNCs. (c) Surface Br/Pb elemental ratios of HIM2- and HUM1- 
PNCs obtained from XPS measurements. (d) Eb of the surface models containing OAM and oleate, and OAM and Br− , on the (100) surface of CsPbBr3 
perovskite. (e) Formation energies of the deprotonation reaction of OAM in the presence of oleate or Br− on the (100) surface of CsPbBr3 perovskite. 
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Figure S3 ). This suggests that the presence of residual ODE
s responsible for the oily residue observed in the HIM1-PNC
hin films, as it is the most abundant oily species in the HI
ynthesis and remains non-volatile at the reaction temperature.
he 1 H-NMR spectrum of the HIM2-PNCs exhibited no C ═ C
esonances at 4.95 and 5.80 ppm, suggesting that a uniform PNC
hin film with low RMS roughness was formed. In contrast, the
 H-NMR spectrum of the HUM1-PNCs showed no resonances
ssociated with residual precursors (e.g., 1-octyl bromide) that
ere present in the as-isolated HU-PNCs (Figure S4 ) [ 6 ]. These
esults demonstrate that a single purification step is sufficient
o fabricate high-quality and uniform PNC thin films using
U-PNC solution synthesized in the absence of non-volatile
DE. 

hese findings are also supported by Fourier-transform infrared
FT-IR) and carbon-13 NMR (13 C-NMR) spectroscopy. The FT-
R spectrum of HIM1-PNCs showed stronger and higher C − H
tretching vibrations (2800–3030 cm− 1 ) arising from residual
DE, compared to that of HIM2-PNCs (Figure S5 ). However, the
T-IR spectrum of HUM1-PNCs exhibited weaker and lower C − H
tretching vibrations and negligible carboxylate stretching signals
i.e., symmetric and asymmetric COO− ) originating from oleate,
ompared to that of the HI-PNCs. Particularly, while the 13 C-
MR spectra of both HIM1- and HIM2-PNCs exhibited distinct
esonances at ∼ 25.5 ppm characteristic of oleate ligands, these
ignals were absent in the 13 C-NMR spectrum of HUM1-PNCs
Figure 2b and Figure S6 ). This further suggests that, unlike HI-
NCs, the surfaces of HU-PNCs are stabilized predominantly by
ationic OAM ligands, with minimal contribution from anionic
of 12
oleate ligands. These results can be explained by the fact that
oleate functions primarily as a nucleophile in the SN 2 reaction.
Before the onset of nucleation and crystal growth, it contributes
to the formation and accumulation of the halide precursor, OAM
bromide (OAM–Br) (Figure S7 ) [ 6 ]. Consequently, OAM plays a
dominant role in the final ligand environment of the HU-PNCs.
Based on these differences in surface ligands, we calculated the
ligand densities of the HIM2- and HUM1-PNCs (Note S1 ). The
calculated ligand density of the HUM1-PNCs was approximately
34.6% lower than that of the HIM2-PNCs (Table S1 ). 

As shown in Figure 1d , HUM1-PNCs exhibited higher PLQY
values than HIM2-PNCs, even in the absence of anionic oleate
ligands. To elucidate the origin of this enhanced optical property,
we performed X-ray photoelectron spectroscopy (XPS) measure-
ments. The XPS results revealed a higher surface Br/Pb atomic
ratio for HUM1-PNCs compared to HIM2-PNCs, indicating
enhanced surface passivation by Br− anions (Figure 2c and Figure
S9 ). We attribute this to the different synthesis mechanisms.
In conventional HI synthesis, where the halides are supplied
via PbX2 precursors, achieving a halide-rich environment is
stoichiometrically constrained. In contrast, the SN 2-based HU
synthesis decouples the halide source from the metal precursors
(i.e., Cs and Pb), facilitating the generation of abundant OAM–Br
species [ 6 ]. Consequently, this excess OAM–Br promotes effective
in situ Br− passivation, occupying surface sites vacated by oleate
ligands consumed as nucleophiles in the SN 2 reaction. 

To rationalize the surface stabilization of HU-PNCs by Br− 
passivation, we performed density functional theory (DFT)
Advanced Functional Materials, 2026
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alculations, focusing on the surface passivation and deproto-
ation behavior of OAM in the presence of Br− and oleate,
espectively. The calculated Eb revealed that the surface model
ontaining cationic OAM and Br− exhibits a stronger interaction
ith the CsPbBr3 (100) surface than the model containing OAM
nd oleate, suggesting that Br− provides more robust surface
inding than oleate (Figure 2d , Figures S10 and S11 ). Accordingly,
r− is thermodynamically favored to remain bound on the PNCs
uring HU synthesis, resulting in dominant Br− passivation. To
urther clarify the influence of oleate and Br− on the interactions
f OAM, we investigated the deprotonation tendency of OAM in
he presence of oleate and Br− , respectively. In the oleate system,
he deprotonation of OAM was thermodynamically more favor-
ble than that of the Br− system (Figure S12 ). This implies that
leate more readily induces the deprotonation of OAM, leading to
ts conversion into OLA. This difference reflects the intrinsically
eak basicity of Br− compared to oleate. Consistent behavior
as also observed on the surface. On the CsPbBr3 surface, oleate
as associated with a more favorable deprotonation tendency
f OAM than Br− , whereas Br− showed a significantly weaker
riving force for proton transfer, thereby stabilizing OAM in its
ationic form (Figure 2e and Figure S13 ). As a result, the Br−
assivation effectively stabilized OAM at the surface, suppressing
he formation of surface defects in HU-PNCs. Consistent with
he theoretical findings, the PL decay lifetime of HUM1-PNCs
as longer than that of HIM2-PNCs in the solution-phase time-
esolved PL (TR-PL) measurements (Figure S14 and Table S2 ).
his confirms that the robust Br− -driven defect passivation
uppresses non-radiative recombination in HU-PNCs [ 19 ]. 

s confirmed in Figure 2 and Note S1 , HU-PNCs possess a
ower surface ligand density than HI-PNCs, primarily due to the
bsence of oleate ligands. Nevertheless, HU-PNCs retain colloidal
ispersibility in non-polar solvents, stabilized predominantly by
ationic OAM organic ligands [ 6 ]. To elucidate the effect of sol-
ent interactions on organic ligand density, we employed various
olvents of the same volume, including MeOAc, chlorobenzene
CB), and toluene, as anti-solvents during purification process,
elected for their different dielectric constants ( ε) of 6.68, 5.62,
nd 2.38, respectively [ 20 ]. While HI-PNCs were precipitated
y MeOAc under centrifugation (i.e., HIM1-PNCs), they showed
nly partial precipitation in CB and negligible precipitation in
oluene (Figure 3a ). The lower the solvent ε, the stronger the
an der Waals interactions between the surface ligands and the
olvent, thereby preventing the precipitation of HI-PNCs during
entrifugation [ 21, 22 ]. In contrast, owing to their low organic
igand density, HU-PNCs were precipitated via centrifugation not
nly using MeOAc (i.e., HUM1-PNCs) but also using less polar
olvents such as CB and toluene (denoted as HUC- and HUT-
NCs, respectively) (Figure 3a ). These results demonstrate that
U-PNCs can be effectively purified without the use of polar
nti-solvent (i.e., MeOAc). 

e investigated the optical properties of HUC- and HUT-PNCs
nd found that they displayed optical features nearly identical to
UM1-PNCs in their UV–Vis absorption and PL spectra (Figure
15 ). Furthermore, spin-coated thin films of HUC- and HUT-
NCs exhibited RMS roughness values of 6.221 and 6.758 nm,
espectively, comparable to the value obtained for HUM1-PNCs
Figure 3b ). TGA analysis revealed that HUC- and HUT-PNCs
xhibited weight losses of 13.2% and 13.3%, respectively, at
dvanced Functional Materials, 2026
430C, which are consistent with the 12.0% loss of HUM1-PNCs
(Figure 3c ) [ 18 ]. The 1 H-NMR spectra confirmed that resonances
associated with unreacted precursors were absent in HUC- and
HUT-PNCs, identical to the observations for HUM1-PNCs (Figure
S16 ). The FT-IR and 13 C-NMR spectra of HUC- and HUT-
PNCs also exhibited no signals for carboxylate groups, consistent
with the observations for HUM1-PNCs (Figures S17 and S18 ).
Therefore, these results demonstrate that despite employing low-
polarity solvents (i.e., CB and toluene) instead of high-polarity
MeOAc, efficient removal of long-chain residuals was achieved
while simultaneously preserving the intrinsic surface ligand com-
position and high-quality thin film morphology. Furthermore,
the HU-PNC colloidal dispersions retained their initial optical
density in the UV–Vis absorption spectra after 4 days of storage,
demonstrating a colloidal stability comparable to that of the
HIM2-PNC solutions (Figure S19 ). 

Consistent with the observations for HUM1-PNCs shown in
Figure 1d , HUC- and HUT-PNCs exhibited higher PLQY values
than those of HIM2-PNCs, despite the absence of oleate ligands
(Figure S15 ). To elucidate the origin of this enhanced optical
property, we also conducted XPS measurements on HUC- and
HUT-PNCs. HUC- and HUT-PNCs showed Br/Pb atomic ratios
comparable to those of HUM1-PNCs, which are higher than
the ratios of HIM2-PNCs shown in Figure 2c (Figure 3d and
Figure S20 ). These results indicate that the HU-PNC surfaces
are stabilized via more robust Br− passivation compared to those
of HI-PNCs. This enhanced passivation leads to the suppres-
sion of surface defect formation, consistent with the longer PL
decay lifetimes of HU-PNCs observed in solution-phase TR-PL
measurements (Figure S21 and Table S3 ) [ 19 ]. Consequently,
despite their low ligand density, HU-PNCs exhibited enhanced
photophysical properties compared to HI-PNCs, attributed to the
robust Br− -driven surface stabilization achieved without the use
of polar anti-solvents. 

We conducted a detailed characterization of PNC thin films
exhibiting high quality and uniform morphology suitable for
application as photoactive layers. For this characterization, we
selected HUT-PNCs, which exhibited superior optical proper-
ties among the purified HU-PNCs, as a representative sample
alongside HIM2-PNCs. The HUT-PNC thin films with robust
Br− -stabilized surfaces exhibited a PLQY of 65.8%, which is
significantly higher than the 40.7% observed for HIM2-PNC thin
films (Figure 4a ). Furthermore, the HUT-PNC thin films showed
a narrower FWHM of 19 nm compared to 21 nm observed for
the HIM2-PNC thin films. This improvement is attributed to
reduced energetic disorder arising from improved crystal size uni-
formity, although Br− -mediated passivation, which suppresses
sub-bandgap trap states, may also contribute [ 6, 23 ]. This is
further confirmed by a lower Urbach energy (EU ) of 29.7 meV
for HUT-PNC thin films, extracted from the Urbach tail of
the absorption spectra, compared to the 37.3 meV obtained for
HIM2-PNC thin films (Figure 4b ) [ 23–25 ]. 

We also conducted photon energy-dependent TR-PL measure-
ments to investigate their PL decay dynamics [ 26 ]. When
measured at the photon energy corresponding to PL emission
maximum, the HUT-PNC thin films showed a longer PL decay
lifetime of 14.72 ns, compared to 7.20 ns for the HIM2-PNC films
(Figure 4c ). Although both HIM2- and HUT-PNC thin films
5 of 12
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FIGURE 3 (a) Purification procedures for HI- and HU-PNCs using MeOAc, CB, and toluene. As-synthesized HI- and HU-PNCs were isolated from 

the crude solutions via centrifugation, purified with each anti-solvent, and finally dispersed in a good solvent. (b) AFM images of spin-cast thin films 
composed of HUC- and HUT-PNCs, respectively. (c) TGA plots and (d) surface Br/Pb elemental ratios of HUM1-, HUC-, and HUT-PNCs. The data for 
HUM1-PNCs are identical to those shown in Figure 2a,c . The Br/Pb elemental ratios in (d) were obtained from XPS measurements. 
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xhibited slower PL decay at lower photon energies (Table S4 ),
he energy dependence of the PL decay lifetime in the HUT-PNC
hin films was smaller than that of HIM2-PNC thin films (Figure
22 ) [ 26 ]. These results also confirm that the HUT-PNC thin films
xhibit reduced energy disorder compared to HIM2-PNC thin
ilms, attributed to their improved crystal size uniformity and
uppressed surface defects [ 26 ]. 

o investigate the crystal orientation and packing structure,
e conducted grazing-incidence wide-angle X-ray Scattering
GIWAXS) measurements on HIM2- and HUT-PNC thin films.
or the HIM2-PNC thin films, the (100) and (200) diffraction
ignals of cubic-phase CsPbBr3 ( qz = 1.1 and 2.15 Å− 1 , respectively)
ppeared as isotropic Debye − Scherrer rings, indicating a random
rystallite orientation (Figure 4d ). In contrast, these signals
ere concentrated along the out-of-plane direction in the HUT-
NC thin films, indicating a strong preferential orientation. This
uggests that the superior crystal siz e uniformity of HUT-PNCs
acilitates their self-assembly into orientationally ordered array
 27–29 ]. To investigate the charge transport and trap density ( nt )
f PNC thin films, we performed space-charge-limited current
SCLC) measurements on devices incorporating HIM2- and HUT-
NC thin films (see details in Methods). The devices based on
UT-PNCs exhibited a trap-filled limit voltage ( VTFL , 0.37 V)
nd a nt (1.27 ×1017 cm− 3 ), significantly lower than the values
btained for HIM2-PNC devices (0.47 V and 1.61 × 1017 cm− 3 ,
espectively) (Figure 4e ). Furthermore, the HUT-PNC devices
xhibited an improved charge carrier mobility of 2.59 × 10− 6
m2 V− 1 s− 1 , compared to 7.62 × 10− 7 cm2 V− 1 s− 1 observed for
he HIM2-PNC devices. These results demonstrate that HUT-
NC thin films exhibit improved inter-PNC electronic coupling
of 12
compared to HIM2-PNC thin films, attributed to their reduced
organic ligand density and enhanced orientational ordering. 

We evaluated the device performance by employing these HUT-
and HIM2-PNC thin films, passivated with long-chain organic
ligands, directly as emissive layers in LED devices, without any
ligand exchange process. The LEDs were fabricated with the
architecture schematically illustrated in Figure 5a (The detailed
fabrication procedures are described in the Methods ). The corre-
sponding energy-level diagram of the electrodes, charge injection
layers, and PNC emissive layers is depicted in Figure S23 . The
HUT-PNC LEDs exhibit higher current densities compared to
the HIM2-PNC devices across the entire applied voltage range,
attributed to enhanced charge injection and more efficient charge
transport (Figure 5b ). These improvements also resulted in a
reduced turn-on voltage ( Von ); the HUT-PNC LEDs exhibited
a Von of 2.7 V (defined at 0.1 cd m− 2 ), lower than the 3.0 V
observed for the HIM2-PNC devices (Table 1 ). Moreover, effi-
cient charge injection and transport promote effective radiative
recombination, resulting in enhanced luminance and external
quantum efficiency (EQE). Specifically, the HUT-PNC LED
devices achieved a maximum luminance of 314 cd m− 2 and
a maximum EQE of 11.4%, significantly improving the HIM2-
PNC LED, which exhibited values of only 59 cd m− 2 and 2.7%,
respectively (Figure 5c,d , and Table 1 ). This represents a more
than five-fold increase in luminance and a four-fold enhancement
in EQE, underscoring the highest performance reported to date
among LEDs based on directly integrated PNCs without post-
synthetic surface engineering (e.g., ligand exchange, additives)
(Table S5 ). While this performance does not yet surpass that of
state-of-the-art devices, it demonstrates the distinctive surface
Advanced Functional Materials, 2026
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FIGURE 4 (a) UV–Vis absorption and PL spectra, and (b) Urbach energies of HIM2- and HUT-PNC thin films. (c) TR-PL plots and fitted decay 
curves for HIM2- and HUT-PNC thin films, excited at 400 nm and measured at various emission energies including PL peak center. (d) GIWAXS patterns 
of HIM2- and HUT-PNC thin films. (e) SCLC plots of hole-only devices composed of HIM2- and HUT-PNC thin films, respectively. 
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hemistry of HU-PNCs, differing them from conventional HI-
NCs; specifically, their low ligand density and Br− -rich surface
assivation allow for direct incorporation into LED devices
ithout the need for ligand exchange process. Additionally, the
tatistical distribution of EQE values, collected from each 15
evice for both the HIM2- and HUT-PNCs demonstrates the
igh device performance reproducibility of the HUT-PNC LEDs
Figure S24 ). To further evaluate device durability, operational
ifetime measurements were conducted under a constant initial
uminance of ∼ 50 cd m− 2 . The HUT-PNC LEDs exhibited a
50 approximately 2.3 times longer than that of HIM2-PNC
EDs (Figure S25 ). This prolonged lifetime indicates that the
obust Br− -mediated surface passivation effectively suppresses
rap density, thereby enhancing the operational stability of the
evices. 

e also evaluated the spectral characteristics of the devices. The
lectroluminescence (EL) spectra demonstrate that the HUT-
NC LEDs exhibit a narrower FWHM of 17 nm compared to
1 nm observed for the HIM2-PNC LEDs (Figure 5e and Table 1 ).
his narrow FWHM indicates a high color purity of HUT-PNC
EDs, which is evidenced by the CIE coordinates in Figure 5f .
he excellent EL spectral characteristics of the HUT-PNC LEDs
re mainly attributed to the highly monodisperse HU-PNCs
dvanced Functional Materials, 2026
synthesized via SN 2-based heat-up synthesis [ 6 ]. Furthermore,
the effective surface passivation mediated by Br− suppresses the
trap density and may reduce sub-bandgap trap states, thereby
minimizing inhomogeneous broadening and contributing to the
narrower FWHM. The HU-PNC LEDs benefit from synergistic
combination of defect-minimized, uniform PNCs and a reduced
organic ligand density. This effectively minimizes insulating
barriers at the interfaces between neighboring PNCs, thereby
facilitating enhanced charge injection as illustrated in Figure 5g .
Consequently, these synergistic effects between their surface
chemistry and morphological uniformity enable high color purity
and device operation in the absence of post-synthetic ligand
exchange process, in contrast to conventional PNC-based LEDs
that rely on the additional process (Figure S26 ). These results
highlight the potential of HU-PNCs, with their distinctive surface
chemistry, as a platform material. 

3 Conclusions 

We demonstrated that a surface chemistry with a low ligand
density and robust halide passivation enables colloidal PNCs
to operate in optoelectronic devices without complex ligand
exchange processes. The HU-PNCs, synthesized via the SN 2-based
7 of 12
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FIGURE 5 (a) Schematic illustration depicting device structure of HI- and HU-PNC LEDs. ( b ) J –V , ( c ) L –V , and ( d ) EQE–J curves of HI- and HU- 
PNC LEDs. ( e ) Normalized EL spectra and ( f ) CIE chromaticity diagram of HI- and HU-PNC LEDs (red and yellow stars, respectively). ( g ) Schematic 
illustration showing charge carrier injection behaviors in HI- and HU-PNC LEDs. 
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eat-up method, exhibited a low ligand density arising from the
bsence of oleate ligands, being stabilized instead by robust Br−
assivation. Our findings reveal that the OAM/Br− ligand system
n the CsPbBr3 (100) facet exhibits a stronger binding than the
onventional OAM/oleate system, resulting in the suppression of
urface defect formation in HU-PNCs compared to HI-PNCs. This
ed to enhanced PLQY and a narrower emission bandwidth. The
U-PNC thin films exhibited superior charge carrier mobility
nd suppressed energetic disorder compared to HI-PNC thin
ilms, attributed to their low ligand density and enhanced crystal
ize uniformity. Owing to their low ligand density and Br− -
ich surface chemistry, HU-PNCs can be directly incorporated
nto LED devices without complex ligand exchange processes,
chieving an EQEmax of 11.4% and high color purity. With their
nique surface chemistry, which is fundamentally different from
hat of conventional HI-PNCs, HU-PNCs emerge as a highly
ersatile platform material for a wide range of device applications,
articularly enabling direct device integration. 

 Methods 

.1 Materials 

esium carbonate (Cs2 CO3 , 99.99%), oleic acid (OA, technical
rade 90%), toluene (99.8%, anhydrous), 1-octadecene (ODE,
echnical grade 90%), lead (II) bromide (PbBr2 , 99.999%), and lead
of 12
(II) acetate trihydrate (Pb(OAc)2 ⋅3H2 O, 99.995%) were purchased
from Alfa Aesar. Chlorobenzene (99.9%) was purchased from
Samchun Chemicals. Methyl acetate (MeOAc, 99.9%, Extra
Pure) was purchased from DaeJung Chemicals & Metals.
Lead (II) oxide (PbO, ≥ 99.9%), oleylamine (OLA, technical
grade 70%), 1-octylbromide (Br-8, 99%), dimethyl sulfoxide-
d6 (DMSO- d6 , 99.9 atom% D), chloroform- d (99.8 atom% D,
contains 0.03 volume% TMS), poly(9-vinylcarbazole) (PVK, Mw 
= 1100 kDa), and polyvinylpyrrolidone (PVP, Mw = 40 kDa)
were purchased from Sigma Aldrich. Indium tin oxide-based
transparent electrode (ITO, ≈ 4.5 Ω sq− 1 ) was purchased from
AMG. An aqueous solution of poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT: PSS) (Clevios AI 4083) was
purchased from Heraeus. Poly(N,N’-bis-4-butylphenyl-N,N’-
bisphenyl)benzidine (poly-TPD, Mw = 40 kDa) was purchased
from Ossila. Molybdenum trioxide (MoO3 , 99.9995%) was
purchased from Alfa Aesar. 2,2 ′ ,2 ″ -(1,3,5-benzinetriyl)tris(1-
phenyl-1-H-benzimidazole) (TPBi; 99.9%) was purchased from
OSM. LiF (99.9%), Al (99.9%) and Ag (99.99%) were purchased
from iTASCO. 

4.2 SN 

2-Based Heat-Up Synthesis of CsPbBr3 
PNCs 

The SN 2-based heat-up synthesis is based on the synthesis method
proposed by Kim et al. [ 6 ]. First, Cs(oleate) stock solution
Advanced Functional Materials, 2026
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TABLE 1 Summarized device performances of champion devices composed of HI- and HU-PNCs. 

Sample 
configuration 

Lmax (cd m− 2 ) @ 

bias 
EQEmax (%) @ 

bias 
Turn-on Voltage 
(V) @ 0.1 cd m− 2 

Wavelength 

(nm) 
FWHM 

(nm) 

HI-PNCs 59@5.7 2.7@3.0 3.0 515 21 
HU-PNCs 314@4.5 11.4@3.0 2.7 514 17 
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as prepared by dissolving 3.258 g (10 mmol) of Cs2 CO3 in
8.41 mL of OA at 120◦C under vacuum. Pb(oleate)2 stock
olution was prepared by dissolving 2.232 g (10 mmol) of PbO
n 10 mL of OA at 120◦C under vacuum. These stock solutions
ere purged with an inert Ar gas and then cooled to room
emperature for storage and usage. To synthesize the CsPbBr3
NCs, 17.3 mL of Br-8, 10 mL of OLA, 0.6 mL of OA, 0.28 mL
f Cs(oleate) stock solution (containing 0.2 mmol of Cs(oleate)),
nd 1.8 mL of Pb(oleate)2 stock solution (containing 1.8 mmol
f Pb(oleate)2 ) were homogeneously blended in a single reactor.
he precursor solutions were rapidly heated up to 120◦C and
aintained for 5 min, followed by cooling to room temperature.
fter adding some toluene to prevent the freezing of the crude
olutions, the as-synthesized HU-CsPbBr3 -PNCs were collected
rom the diluted crude solutions using ultra-speed centrifuga-
ion (over 10,000 rpm). The collected HU-CsPbBr3 -PNCs were
ispersed in 5 mL of toluene (hexane can be mixed for smooth
ispersion) before one of the desired purification processes
entioned below. The Pb(oleate)2 stock solution solidifies readily
t room temperature and is challenging to handle. If the use of
he Pb(oleate)2 stock solution is not preferred, the Pb(oleate)2
olution can instead be formed by adding the same molar
uantity of PbO or Pb(OAc)2 and OA to the reactor, identical
o the original molar amount of the Pb(oleate)2 stock solution
dded. Following this, the SN 2-based heat-up synthesis can be
erformed by adding Cs(oleate), OA, OLA, and Br-8 at room
emperature. 

.3 Hot-Injection Synthesis of CsPbBr3 PNCs 

he HI-CsPbBr3 -PNCs were synthesized following the methods
reviously reported by Swarnkar et al. [ 16 ]. Briefly, Cs(oleate)
tock solution for the hot-injection synthesis was first prepared
y dissolving 0.4078 g of Cs2 CO3 in 20 mL of ODE and 1.25 mL
f OA at 120◦C under vacuum and then purging with an inert
r gas at 90◦C before usage. For synthesis, 0.4 g of PbBr2 ,
5 mL of ODE, 2.5 mL of OA, and 2.5 mL of OLA were input
n a flask and dissolved at 120◦C under vacuum. After being
urged with an inert Ar gas and heated up to 180◦C, 2 mL of
s(oleate) stock solution was injected into the PbBr2 -dissolved
olution, followed by rapid cooling to room temperature with an
ce bath. After adding some toluene to prevent the freezing of
he crude solutions, the as-synthesized HI-CsPbBr3 -PNCs were
ollected from the diluted crude solutions using ultra-speed
entrifugation (over 10,000 rpm). The collected HI-CsPbBr3 -
NCs were dispersed in 5 mL of toluene (hexane can be mixed
or smooth dispersion) before one of the desired purification
rocesses mentioned below. 
dvanced Functional Materials, 2026
4.4 Conventional Purification Method Using 
MeOAc 

The use of MeOAc solvent for PNC purification was first proposed
by Swarnkar et al. [ 16 ]. For the purification using MeOAc, the
collected HI- and HU-PNC solutions dispersed in 5 mL of toluene
were first mixed with 5 mL of MeOAc and then centrifuged at
8,000 rpm. The precipitated HI- and HU-PNCs were re-dispersed
in 5 mL of toluene (i.e., HIM1- and HUM1-PNCs, respectively).
The HIM1- and HUM1-PNC solutions were mixed with 5 mL
of MeOAc a second time and then centrifuged at 8,000 rpm.
The precipitated HI- and HU-PNCs were re-dispersed in 3 mL of
toluene (i.e., HIM2- and HUM2-PNCs, respectively). Hexane can
be mixed for smooth dispersion. Undesirably aggregated PNCs
can be removed by centrifugation at 5,000 rpm. 

4.5 Purification Using Non-Polar Solvents 

For the purification of HU-PNCs using non-polar solvents, the
collected HU-PNC solutions dispersed in 5 mL of toluene were
mixed with 5 mL of non-polar solvents (e.g., CB and toluene,
respectively) and subsequently centrifuged at 8000 rpm. The
precipitated HU-PNCs were re-dispersed in 3 mL of toluene (i.e.,
HUC- and HUT-PNCs, respectively). Hexane can be mixed for
smooth dispersion. Unwantedly aggregated PNCs can be removed
by centrifugation at 5000 rpm. 

4.6 LED Device Fabrication 

The LED device architecture was composed of indium tin oxide
(ITO)/PEDOT:PSS/PVK + poly-TPD/PVP/PNCs/TPBi/LiF/Al.
For the application of LED devices, the ITO substrate was washed
with DI water, acetone, and isopropyl alcohol for 10 min each with
ultrasonication. After drying, the ITO substrates were treated
with O2 plasma for 30 min. The aqueous PEDOT:PSS solution
was spin-coated on ITO at 4,500 rpm for 40 s and annealed
at 145◦C on the hotplate for 10 min. The mixture solution of
PVK and poly-TPD was prepared by dissolving them in CB at a
concentration of 6 mg/mL with a 1:1 weight ratio. The mixture
solution was spin-coated onto the PEDOT:PSS layer at 4000 rpm
for 40 s and subsequently annealed at 140◦C for 10 min in the
N2 -filled glove box. Following this, a PVP solution dissolved in
isopropyl alcohol (0.3 mg/mL) was spin-coated at 3000 rpm for
30 s and annealed at 130◦C for 10 min. To fabricate the HI- and
HU-PNC LEDs, HIM2- and HUT-PNCs were used as the emissive
layers, respectively. HI- and HU-PNC solutions (7 and 20 mg/mL
in octane, respectively) were spin-coated at 2000 rpm for 20 s,
9 of 12
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ithout any additional post-synthetic ligand exchange processes.
PBi (40 nm), LiF (1 nm), and Al (100 nm) were sequentially
eposited at ≈ 10− 6 Torr by the thermal evaporator. 

.7 Characterizations 

V–Vis absorption spectroscopy was carried out using a V-
70 UV–Vis spectrophotometer (Jasco). Steady-state PL spectra
ere measured using a Spectrophotometer FS5 (Edinburgh),
nd PL features (i.e., FWHM and PLQY) were obtained using
luoracle software (Edinburgh). The samples were excited using
 400 nm wavelength, and PLQY was measured using an inte-
rating sphere. The TR-PL measurements were performed on
he DeltaPro fluorescence lifetime system (Horiba FluoroMax
lus), where a laser with an excitation wavelength of 370 nm
as used. Atomic force microscopy (AFM) images were measured
sing a Park System NX10 microscope with non-contact mode.
ptical microscopy images were obtained using an Olympus
X53M upright microscope. HR-TEM images were obtained
sing a JEM 2100F transmission electron microscope (JEOL).
GA measurements were carried out on a Q50 TA instrument
n a N2 atmosphere with a heating speed of 5 ◦C/min. 1 H- and
3 C-NMR spectroscopy were performed using a 400 MHz Fourier
ransform nuclear magnetic resonance (FT-NMR) spectrometer.
ll 1 H- and 13 C-NMR samples were prepared by dissolving
acuum-dried PNCs in DMSO- d6 at a concentration of 75 mg/mL.
he 1 H-NMR spectra were collected with 16 scans and referenced
o tetramethylsilane (0 ppm). The 13 C-NMR spectra were acquired
ith 500 scans. X-ray photoelectron spectroscopy (XPS) was
erformed using a UVP, Inc. NEXSA G2 analyzer, and elemental
ompositions were calculated from XPS spectra using a UVP,
nc. Advantage data system. Fourier-transform infrared (FT-IR)
pectra were recorded using a Thermo Fisher Scientific Nicolet
S20 FT-IR spectrometer. Grazing-incidence wide-angle X-ray
cattering (GIWAXS) measurements were performed at the 3C
eamline of the Pohang Accelerator Laboratory (PAL) in Repub-
ic of Korea. For the evaluation of LED device performances,
urrent density–voltage–luminance ( J–V–L ) characteristics were
easured using a Konica Minolta spectroradiometer (CS-2000)
ith a Keithley 2450 source meter. All LED measurements were
erformed in an N2 -filled glovebox without encapsulation. 

.8 SCLC Measurement 

CLC curves were measured under dark conditions. The hole
obility was calculated from the Mott-Gurney formula in the
hild region of SCLC curves as follows [ 30 ]: 

𝐽 =
9 𝜇𝜀0 𝜀𝑟 𝑉

2 

8 𝑑3 

here J is the current density, µ is the charge carrier mobility, ε0
s the absolute permittivity, εr is the dielectric constant of cubic α-
hase CsPbBr3 ( εr = 7.3 ε0 ), V is the applied voltage and d is the film
hickness of the CsPbBr3 PNC layer [ 31 ]. The trap density of hole
as calculated from the equation using trap-filled limited voltage

 VTFL ) as follows [ 32 ]: 

𝑉𝑇𝐹𝐿 =
𝑞𝑛𝑡 𝑑

2 

2𝜀0 𝜀𝑟 
0 of 12
where q is the elementary charge, nt is the trap density, and d is the
film thickness of the CsPbBr3 PNC layer. The hole-only devices for
SCLC measurements were constructed by ITO/PEDOT:PSS/poly-
PD + PVK/PNCs/MoOx /Ag. 

4.9 DFT Calculations 

The DFT calculations were performed to investigate the char-
acteristics of OAM+ –oleate− and OAM+ –Br− in PNCs. All cal-
culations were carried out with the DMol3 program [ 33, 34 ].
The generalized gradient approximation with the Perdew-Burke-
Ernzerhof functional was employed for the exchange-correlation
energy [ 35 ]. Spin-polarized calculations were employed and
Tkatchenko-Scheffler method [ 36 ] was used for dispersion cor-
rections. All electron core treatment and a double numerical
plus polarization basis set (version 4.4) were used for the
core electrons and atomic basis set, respectively. The geom-
etry optimizations were performed with convergence criteria
of 2.0 × 10− 5 Ha for energy, 0.004 Ha/Å for force, 0.005 Å
for atomic displacement, and 1.0 × 10− 5 Ha for self-consistent
field. The orbital cut-off was defined as 5.1 and 3.7 Å for
periodic systems and molecular systems, respectively. The (100)
surface of CsPbBr3 perovskite was considered for our DFT
calculations. Moreover, CsBr–termination was considered to
investigate the binding characteristics of OAM+ –oleate− and
OAM+ –Br− . The surface model systems were optimized using
gamma k -point with a Monkhorst–Pack grid [ 37 ]. Furthermore,
the unit cell of CsPbBr3 was optimized with 8 × 8 × 8
k -points. 

The binding energies ( Eb ) were calculated by using the following
equation: 

𝐸b = 𝐸total − ( 𝐸surface + 𝐸molecule ) 

where Etotal , Esurface , and Emolecule are the energy of the total system,
the energy of the (100) surface of CsPbBr3 with CsBr vacancy, and
the energy of ligand molecule, respectively. 

The formation energy of deprotonation reaction was calculated
by using the following equation: 

Formation energy = 𝐸product − 𝐸reactant 

where Eproduct and Ereactant are the energy of product system and
the energy of reactant system, respectively. 
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