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1 | INTRODUCTION

Lead halide perovskites have a wide color gamut thanks
to their extremely narrow emission spectrum—typically
their full-width at half-maximum (FWHM) is less than
20 nm." Besides, by controlling the halogen composition
and/or using the quantum confinement effect via crystal
size control, it becomes feasible to manifest a spectrum
encompassing not just all visible light colors but also
extending into infrared and ultraviolet. Due to its superb
optical properties, it is gaining popularity as a light-
emitting material for next-generation displays. Perovskite
light-emitting diodes (PeLEDs) have achieved remarkable
progress in a short period, from an initial external quan-
tum efficiency (EQE) of 0.1% reported in 2014> to achiev-
ing near-unity photoluminescence quantum yield
(PLQY) and EQEs of over 20%.>” In particular, red and
green-emitting PeLEDs have achieved high EQEs of
25.8%° and 25.6%,” respectively. However, the develop-
ment of blue PeLEDs is relatively slow,”'° and there is a
significant challenge in meeting the display industry's
requirement for pure blue emission at 467 nm (CIE
x=0.131, y=0.046), a criterion stipulated by the
Rec.2100 standard.

Several strategies have been employed to produce
blue-emitting PeLEDs: (1) using a mixed halogen compo-
sition of bromide and chloride to widen the perovskite
band gap, (2) forming intrinsically low-dimensional
perovskites with intercalated spacers/ligands such as
Ruddlesden-Popper phase, or (3) forming colloidal
perovskite nanocrystals of sufficiently small size to attain
quantum confinement. However, the mixed halide
approach faces challenges related to spectral stability dur-
ing device operation. This instability arises from phase
segregation, attributed to the low formation energy of
halide vacancies and the facile migration of halide ions,
particularly along grain boundaries. Consequently, this
instability results in shifts and broadening of the emis-
sion spectrum."''* The second strategy utilizing intrinsic
low-dimensional perovskites allows to achieve blue emis-
sion with a single halide composition. However, even
when preparing the precursor solution with a target stoi-
chiometric ratio, the formation of other n phases,

emission without spectral peak shift even during degradation caused by excess

conjugated poly-electrolyte, CsPbBr; nanoplatelet, energy transfer, passivation, phosphonate,

particularly n = 1 phase, readily form. The formation of
the n = 1 phase is naturally accompanied by the substan-
tial consumption of spacers, resulting in a phase distribu-
tion that includes higher-order domains (n >5).">'® In a
low-dimensional perovskite system with mixed <n>
phases, charge funneling from higher bandgap phases
(lower n) to those with lower bandgaps (higher n) can
occur. This phenomenon leads to a red-shifted emission
from the target wavelength, posing difficulties in attain-
ing a sharp pure blue spectrum.'”~*!

Forming colloidal nanocrystals is another approach to
achieve blue emission without mixed halide composi-
tions. Colloidal synthesis allows for tight control over
crystal size distribution, and notably, the nanoplatelets
(NPL) provide extremely pure colors compared with
quantum dots.**** In the case of CsPbBr; nanoplatelets,
a thickness of 2 to 4 monolayers (n = 2-4) enables the
realization of blue emission wavelengths in the range of
450-475 nm.>> Consequently, early research on blue
emission based on perovskite NPLs concentrated on pre-
cise control of their thickness to meet the target emission
wavelengths. Additionally, efforts were made to intro-
duce extra Pb>" and Br~ to promote the formation of
defect-less [PbBrg]*~ octahedra.”**° The synthesis of
CsPbBr; nanoplatelets with a uniform plate thickness
necessitates the use of long alkyl chain ligands such as
oleic acid (OA) and oleylamine (OLA). These ligands
exhibit highly dynamic binding on the surface of the
perovskite nanocrystal, leading to easy detachment dur-
ing washing, aging, or dilution, which poses stability
issues of the nanocrystals.”’>* Additionally, the long
alkyl chains of these ligands tend to hinder efficient
charge injection, resulting in lower device efficiency.
Therefore, there have been efforts to transition away
from long chain ligands with dynamic binding
characteristics—not only to reduce surface defects and
suppress non-radiative recombination but also to
enhance charge injection via substituting existing long-
ligands—with shorter chain alternatives such as didode-
cyl dimethyl ammonium bromide, phenethylammonium
bromide, triphenyl (9-phenyl-9H-carbazol-3-yl) phospho-
nium bromide and polyethylenimine.***° While this
approach improves device efficiency, it results in reduced
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color purity due to the broadened FWHM of the electro-
luminescence (EL) spectrum compared with the photolu-
minescence (PL) spectrum.

Replacing longer ligands with shorter ones effec-
tively promotes diffusion of monomeric species in
perovskite precursor solutions and reduces steric hin-
drance, thereby enhancing the crystal growth rate.
The synthesis of NPLs with distinct anisotropic struc-
tures is significantly influenced by the decrease in
ligand chain length, notably affecting the distribution
of phases with different n phases. Consequently,
achieving a uniform small thickness requires stringent
control over synthesis temperature, precursor ratios,
and ligand selection.*"** The characteristic of having
such a narrow synthesis window range poses an
obstacle in the fabrication of high-efficiency and high-
purity PeLEDs.

In this work, we successfully synthesized
monoanionic octyl-phosphonate (OPA™) capped CsPbBr;
nanoplatelets (OPA-NPLs) using a combination of octyl-
phosphonic acid (OPA) and OLA instead of the tradi-
tional combination of OA and OLA. These nanoplatelets,
with a thickness of 3 monolayers (n = 3) and designed
for pure blue emission, were synthesized using a modi-
fied ligand-assisted re-precipitation method at room tem-
perature. Unlike typical approaches that require complex
high-temperature methods such as hot injection to
accommodate short chain ligands, we developed a room
temperature synthesis method (Figure S1). This is signifi-
cant because most short chain ligands are solid at room
temperature, whereas OA is liquid and miscible with
toluene. Previous studies often rely on OA/OLA either
during synthesis or as part of post-synthesis ligand
exchange. In contrast, we identified OPA as a short chain
ligand that dissolves well in non-polar solvents like tolu-
ene. Our OPA-NPLs exhibit a pure blue PL at 462 nm
with a FWHM of 14 nm. Compared with CsPbBr; nano-
platelets synthesized with OA, OPA-NPLs demonstrate
significantly enhanced thermal stability and higher
PLQY. Additionally, the use of OPA ligands enhance
charge carrier injection and improve device performance.
With the introduction of Poly[(9,9-bis(3’-((N,N-dimethyl)-
N-ethylammonium)-propyl)-2,7-fluorene)-alt-2,7-(9,9-dio-
ctylfluorene)]dibromide (PFN-Br), a conjugated polyelec-
trolyte (CPE) material, as a hole transport layer (HTL),
from which energy transfer through Forster resonance
energy transfer (FRET) to OPA-NPLs was confirmed via
transient absorption (TA) analysis, we demonstrated
devices exhibiting an EL peak at 462 nm, an extremely
narrow FWHM of 14 nm, and a maximum EQE of 4%.
Notably, the device maintained pure blue-emission with-
out spectral peak shift through the operating bias range
upto7V.

—WI ]_EyJ3_°“3

2 | RESULTS AND DISCUSSION

2.1 | Characterization of phosphate-
passivated CsPbBr; NPLs

OPA-capped CsPbBr; nanoplatelets (OPA-NPL) were fab-
ricated using OPA as a ligand instead of typically used
OA, employing a ligand-assisted reprecipitation (LARP)
synthesis method, which allows for the entire process to
be conducted at room temperature. The structural and
morphological properties of OPA-NPL were characterized
using transmission electron microscopy (TEM) and X-ray
diffraction (XRD). Figure 1A displays a TEM image of
OPA-NPL. The average lateral dimension was deter-
mined to be 15.8 + 1.9 nm. Electron diffraction patterns
corresponding to the (110), (200), and (210) planes of the
cubic CsPbBr; phase were obtained from OPA-NPLs, as
shown in the inset image. The thickness of the NPL is
approximately 1.84 nm, corresponding to three mono-
layers (n = 3), based on the [PbBrg|*~ octahedral length
of 0.6 A in the cubic structure of CsPbBr;.>> The XRD
pattern also matches that of the cubic CsPbBr; structure
(JPCDS 00-054-0752), exhibiting XRD peaks associated
with the (110), (200), and (210) reflections (Figure 1B).
We synthesized OA-capped CsPbBr; nanoplatelets
(OA-NPL) without phosphonic acid as a control and
investigated the incorporation of phosphonic acid in the
OPA-NPL using FTIR and XPS analyses (Figure S2). In
the OPA-NPL sample, FTIR peaks indicative of the P=0
bond (1210-1140cm ) and P—OH bond (920-
1088 cm™ '), which are characteristics of phosphonic acid
powder, were detected. Minor peak shifts observed in the
OPA-NPL were ascribed to interactions with uncoordi-
nated Pb>" ions, as discussed in the following *'P nuclear
magnetic resonance (NMR) analysis. The XPS spectrum
exhibited a phosphonate binding energy range of 133.3-
134.2 eV, corroborating the presence of phosphonate
entities in the OPA-NPL sample. The interaction between
OPA and the perovskite was verified through *'P NMR
analysis (Figure 1C), conducted on solutions prepared by
dispersing pure OPA powder or OPA-NPL in toluene-dg
solvent. The solution containing only OPA exhibited a
pronounced resonance at 37 ppm, aligning with neutral
phosphonic acid. Conversely, the OPA-NPL sample
showed a resonance at 24.7 ppm. Typically, the chemical
shift of a deprotonated phosphonate ligand increases
with its degree of deprotonation. Hence, the observed res-
onance at 24.7 ppm (chemical shift: —12.3 ppm) is indic-
ative of the monoanionic octyl-phosphonate (OPA™).*®
This suggests that OPA exhibits enhanced binding stabil-
ity when deprotonated to form monoanionic phospho-
nate (OPA™) species, which coordinate to Lewis acidic
metal sites in CsPbBr; NPL crystals,* compared with its
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OPA-NPL characterization. (A) Transmission electron microscopy and HRTEM images (Inset: fast Fourier transform of the

respective crystal, indicating the formation of cubic structure). (B) X-ray diffraction pattern. (C) Liquid-state *'P nuclear magnetic resonance

spectrum in toluene-dg. (D) Photoluminescence spectrum (inset: digital image under UV light). FWHM, full-width at half-maximum; NPL,

nanoplatelets; OPA, octyl-phosphonic acid; PLQY, photoluminescence quantum yield.

neutral bound form (OPA, chemical shift: —5.7 ppm).*®
The absence of additional resonances in the OPA-NPL
solution points to the lack of unbound excess ligands,
implying that the washing process during the synthesis of
the nanocrystals was effective. OPA-NPL demonstrates a
luminescent peak at 462 nm, accompanied by an
extremely narrow emission full width at half maximum
(FWHM) in both solution (~13 nm) and film (~14 nm)
forms, and exhibits high PLQY of approximately 90% in
solution and 73% in film (Figure 1D). These high PLQYs
and narrow emission FWHMs imply that the synthesized
nanocrystals have a uniform size distribution and mini-
mal defects that could act as non-radiative recombination
pathways. These excellent optical properties can be
attributed to the chemical softness of the phosphonate
group. According to the Hard and Soft Acids and Bases
(HSAB) theory, soft acids prefer to bind with soft bases,
while hard acids prefer to bind with hard bases.

Phosphonate, being a softer base compared with oleate,
matches well with the relatively soft Pb*" ions on the
nanocrystal surface, effectively occupying halide vacan-
cies and stabilizing the structure through stronger and
more flexible interactions.*> This enhanced interaction
between phosphonate and Pb*" improves the passivation
of surface defects, leading to increased PL efficiency of
the CsPbBr; NPLs.

The annealing tests were conducted on both OA-NPL
and OPA-NPL to assess their temperature stability
(Figure S3). In solution, after annealing at 100°C for
60 min OA-NPL preserved 70% of its initial PLQY,
whereas OPA-NPL maintained over 90% PLQY. In film
form, after a 10 min annealing at 70°C under ambient
condition, OA-NPL retained half of its initial PLQY,
while OPA-NPL sustained over 90% PLQY. The combina-
tion of OA and OLA, essential for forming size-focused
nanoplatelets, exhibits highly dynamic binding behavior
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on the NC surface, participating in a reversible interac-
tion that not only leads to ligand loss during isolation
and purification but also results in poor thermal stability.
In contrast, phosphonic acid, which does not engage in
dynamic binding behavior, forms a stable, irreversible
attachment to the perovskite NC surface with a higher
binding energy compared with OA.>*****” Furthermore,
OPA exists as a monoanionic phosphonate ligand that
forms a stable network through hydrogen bonding,
allowing for a more robust and stronger attachment to
the CsPbBr; NPL surface.*® Therefore, OPA-NPLs retain
high PLQY even after purification and exhibit excellent
thermal stability. This observation aligns with the previ-
ously presented *'P NMR results, indicating that the sup-
plied phosphonic acid binds to the CsPbBr; NPLs in a
monoanionic phosphonate form.

2.2 | Effect of PFN-Br layer as energy
transfer layer

In blue PeLEDs, the emissive layer often features a deep
highest occupied molecular orbital (HOMO) level, which
leads to slower hole injection compared with electron
injection. This mismatch results in a charge imbalance,
subsequently diminishing the efficiency of the device.
Consequently, modifications of HTLs to enhance hole
injection has been one of main strategies to improve
device efficiency of blue LEDs.*° We explored the
application of various HTLs, commonly used for perov-
skite blue LEDs, including poly-TPD, PTAA, and TFB.
Additionally, we also introduced PFN-Br, a type of CPE.
CPEs are characterized by a polymer structure with a
conjugated w-electron system along its backbone and
ionic groups. When applied at the interface between two
materials, the alignment of its charged groups forms a
dipole moment. When the dipoles are properly aligned,

 ~WILEY 222

they can lower the charge injection barrier at the inter-
face, thereby facilitating the efficiency of charge carrier
injection between different materials. Additionally, it spa-
tially separates charges, suppressing interfacial
recombination.”"

Except for the case with PFN-Br, the use of poly-TPD,
PTAA, and TFB resulted in a parasitic emission at
432, 420, and 438 nm, respectively, distinct from the
emission at 462 nm from OPA-NPL (Figure 2A). This
parasitic emission occurs as some of injected electrons
manage to migrate to the HTL, where they recombine
with holes, leading to an expansion of the recombination
zone. Additionally, excess electrons accumulated at the
HTL/EML interface lead to efficiency loss through non-
radiative recombination.”® As shown in Figure 2b, the
absorption spectrum of OPA-NPL overlaps with the PL
spectrum of PFN-Br, the implication of which is the
potential occurrence of FRET at the interface between
the two layers. Compared with the PL spectra of NPL on
glass (black curve in Figure 2C) and PFN-Br on glass (red
curve), in the case of the NPL/PFN-Br sample (blue
curve), the emission peak intensity at 430 nm from PFN-
Br was quenched while the emission peak at 462 nm
from the NPLs became significantly stronger, leading to a
fourfold increase in the PLQY (Figure 2C). When the
PFN-Br/NPL interfacial energy transfer was intentionally
inhibited by inserting a 10 nm-thick LiF layer at the
interface (green curve), the peak intensities of PFN-Br
and OPA-NPL in the PFN-Br/LiF/NPL are similar to the
PFN-Br only and the NPL-only sample, respectively, con-
firming that the PLQY enhancement of the PFN-Br/NPL
was due to the interfacial energy transfer.

The PL spectra of poly-TPD, PTAA, and TFB also
exhibit a spectral overlap with the excitonic absorption
peak (455nm) of OPA-NPL (Figure S4a). However,
unlike the PFN-Br/NPL case, no drastic increase in PLQY
was observed. Energy transfer between two materials can
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FIGURE 2

Wavelength (nm)

Wavelength (nm)

(A) Electroluminescence spectra of NPL-LEDs dependent on the hole transport layer (HTL) materials. (B) Absorption

spectrum of OPA-NPL and photoluminescence (PL) spectrum of PFN-Br. (C) PL spectra of OPA-NPL with and without the PFN-Br layer and

LiF treatment. NPL, nanoplatelets; OPA, octyl-phosphonic acid.
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occur through FRET or Dexter energy exchange. FRET
typically occurs when the distance between the donor
and the acceptor is between 1 to 10 nm, whereas Dexter
energy transfer is more common when the distance is less
than 1 nm.>* Given that the length of the ligands sur-
rounding NPLs is greater than 1nm, energy transfer
between PFN-Br and NPL is more likely to occur via
FRET. The probability of energy transfer via FRET
depends on the degree of an overlap between the donor's
emission spectrum and the acceptor's absorption spec-
trum, the orientation of transition dipoles, and the sepa-
ration between the donor and the acceptor.> Therefore,
due to these complex mechanisms, it is challenging to
definitively conclude why efficient energy transfer
between poly-TPD, PTAA, TFB, and NPL does not occur.
The PL spectra of OPA-NPL coupled with poly-TPD,
PTAA, or TFB film revealed that the PLQYs of the
462 nm peak, characteristic emission from OPA-NPL,
were similar to that of the NPL-only sample (Figure S4b).

The enhancement factors of the PLQY for OPA-NPL
deposited on poly-TPD, PTAA, TFB are 1.04, 1.02, and
0.98, respectively, while it is 3.94 for OPA-NPL on PFN-
Br (Table S1).

The exciton energy transfer between PFN-Br and
OPA-NPL was investigated using TA spectroscopy. The
exciton number, N, was measured to be approximately
0.05 at a power 1 mW, indicating that the measurements
were conducted in the single exciton region (Data S1).
The TA spectra, displayed in Figure 3A-C, illustrate how
the photogenerated carrier dynamics between the PFN-
Br film and the adjacent OPA-NPL film influence each
other. Separate samples of PFN-Br and OPA-NPL alone
exhibit distinct ground state bleaching (GSB) at 415 nm
and 455 nm, respectively, at selected delay times ranging
from 0.1 to 500 ps (Figure 3A,B). The bilayer sample of
PFN-Br and OPA-NPL also exhibits GSB signals corre-
sponding to the both components (Figure 3C). The peak
positions of these transitions correspond to the peaks
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FIGURE 3

Transient absorption spectra of (A) PFN-Br, (B) OPA-NPL films and (C) PFN-Br/OPA-NPL bilayer at various delay times.

Deconvolved dynamics of photobleaching features (D) PFN-Br film and PFN-Br/OPA-NPL bilayer at 415 nm and (E) OPA-NPL and PFN-Br/
OPA-NPL bilayer at 455 nm. NPL, nanoplatelets; OPA, octyl-phosphonic acid.
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observed in the steady-state absorption spectrum
(Figure S5). In Figure 3A, the excitonic resonance at
415 nm in the PFN-Br persists even after a long excitation
time of 200 ps, indicating the presence of excitons accu-
mulated in PFN-Br up to several 100 ps of the post-pump
duration.’® Conversely, in Figure 3C, the TA spectrum of
the PFN-Br/OPA-NPL sample, the exciton resonance at
415 nm corresponding to the GSB of the PFN-Br exhibits
a much shorter excitation time of 10 ps, indicative of a
faster decay of excitons produced in the PFN-Br. We iso-
lated the spectra at 415 and 455 nm, corresponding to the
GSB of PFN-Br and OPA-NPL, respectively, and moni-
tored the temporal evolution of the signals in each region
to visualize the ultrafast generation (rise) and decay com-
ponents (Figure. 3D,E). The rise/decay curves are fitted
by a multi-exponential function, AA(t) = a,exp(—t/7)
+ aexp(—t/7,) + azexp(—t/z3) — c1exp(—t/yise), Where 71,
75, and 73 are decay time constants, 7, the formation
time constant, a,, a,, as, and c¢; amplitudes of each com-
ponent. Only 7, and 7, are listed in Table S2 due to the
complex slow decay processes such as slow energy trans-
fer, trap-assisted recombination and auger recombina-
tion, contributing to 7, and zs.

The exciton decay time (71 decay) for the GSB of the
PFN-Br film is 4.35 ps while it is much shorter, 2.86 ps,
for the PFN-Br/OPA-NPL, suggesting that exciton energy
transfer occurred from PFN-Br to OPA-NPL. The rise
time (z,4se) for the GSB of the OPA-NPL film is 0.24 ps. In
contrast, the rise time of the PFN-Br/OPA-NPL exhibits a
faster rise time of 0.12 ps. This reduction in rise time fur-
ther supports exciton accumulation in the acceptor, and
is predominantly governed by energy transfer from the
donor material.’”>® This suggests enhanced photocarrier
transfer from PFN-Br to OPA-NPL, in consistent with the
shortened decay time of the PFN-Br when it is coupled
with the OPA-NPL layer.”® Comparing the TRPL decay of
an OPA-NPL film and PFN-Br/OPA-NPL bilayer struc-
ture (Figure S6), a slight increase in PL lifetime, from
2.89 to 3.2 ns, was observed at the 462 nm emission peak
of the NPL in the bilayers. Considering the near-unity
PLQY of the OPA-NPL without PFN-Br, it is inferred that
PEN-Br primarily induces rapid energy transfer rather
than interface passivation effects.’>®® When a thin layer
of LiF (~10 nm) was intentionally inserted at the PFN-
Br/OPA-NPL interface, the decay time of PFN-Br
increased back to 4.95 ps, similar to the case of the PFN-
Br film alone without NPL, and the rise time of OPA-
NPL increased back to 0.17 ps. The insertion of LiF
restored the time scales of the exciton dynamics to those
observed in the individual samples of PFN-Br only and
OPA-NPL only (Figure S7). The exciton decay times
and exciton formation (rise) times under each condition
are summarized in Table S2.

2.3 | Device performance

EL devices were fabricated with the following device
structure: ITO/PEDOT:PSS/HTL (poly-TPD, PTAA, TFB,
or PFN-Br)/OPA-NPL (25 nm)/TPBi/LiF/Al (Figure 4A).
Energy level diagram is presented in Figure 4B. The
PFN-Br, with its relatively shallow LUMO level and deep
HOMO level, helps confine the charge recombination
zone within the NPL. Additionally, the conjugated
n-electron system of PFN-Br, when positioned at the
interface between two materials, results in the alignment
of its charged groups, thereby generating dipole
moments.®"* This arrangement lowers the charge injec-
tion barrier at the interface, enhancing efficient charge
carrier injection across various materials. It also encour-
ages the spatial separation of charges, reducing interfacial
recombination. Therefore, PFN-Br in our device structure
is expected to prevent parasitic emission by enhancing
energy transfer between PFN-Br and OPA-NPLs.
Figure 4C,D compare the J-V-L and EQE-J characteristics
of devices with and without the application of OPA
ligands and PFN-Br. The combination of OPA-NPL and
the PFN-Br layer exhibits the lowest shunt path current
as well as the highest injection current at operating biases
beyond the threshold voltage for EL operation. This order
of injection current is PFN-Br/OPA (due to the injection
assistance of PFN-Br), OPA (due to the assistance of short
ligands), and PFN/OA (with longer ligands). While com-
bining PFN-Br with OA-NPL slightly reduces a shunt
path current, the longer ligand chains of OA concurrently
increase series resistance, resulting in hampered carrier
injection and a subsequent reduction in luminous effi-
ciency. Consequently, the operational performance of the
devices is observed over a current density range from
0.058-10.06 mA/cm®. In contrast, when applying OPA
without PFN-Br, its relatively shorter chain length leads
to a lower series resistance and an expanded range of
luminescing in terms of current density (from 0.025-
26.6 mA/cm?) compared with OA-NPL. This is linked to
enhanced thermal stability from the OPA ligand applica-
tion, which subsequently enhances stability against joule
heating during device operation.

The J-V characteristics of OPA-NPL LEDs with vary-
ing thicknesses of PFN-Br are shown in Figure S8a. Spe-
cifically, PFN-Br concentrations of 0.1, 0.5, 1, 1.5, and
2 mg/mL correspond to thicknesses of 2.5, 4.3, 6.2, 8.8,
and 11.7 nm, respectively. The maximum EQE initially
rises with increasing PFN-Br thickness. This trend is
attributed to improved interface passivation and energy
transfer. However, as the thickness of PFN-Br increases,
its insulating nature leads to decreased current density.
The peak EQE is achieved at a thickness of 6.2 nm, corre-
sponding to the PFN-Br concentration of 1 mg/mL.
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FIGURE 4 (A) Optimized device structure, (B) Flat band energy level diagram of perovskite LEDs, (C) Current Density-

Voltage-Luminance (J-V-L) curves, (D) external quantum efficiency (EQE) corresponding to current density of NPL-LEDs,
(E) electroluminescence (EL) spectra (Inset: digital photo of LED during operation), (F) CIE coordinates of PFN-Br/OPA-NPL device as

function of voltage. NPL, nanoplatelets; OPA, octyl-phosphonic acid.

Beyond this point, a further increase in PFN-Br thickness
leads to difficulties in charge injection, negatively impact-
ing the device's performance, as shown in Figure S8b,c.
Optimal PFN-Br condition at 1 mg/mL leads to achieve
an EQE of up to 4% across a broad current density range
from 0.00496-79.94 mA/cm?® (Figure 4D), demonstrating
suppressed EQE-roll off in comparison to the other con-
figurations. The champion EQE value is much higher
compared with 0.044% from OPA-NPL and 0.13% from
PFN-Br/OA-NPL. As evident from the EL spectra shown

in Figure 4E, the PFN-Br/OPA-NPL LED exhibits a lumi-
nescent peak at 462 nm with an extremely narrow
FWHM of 14 nm and no parasitic emission. This device
maintains high spectral stability, with no peak shifts or
degradation in spectral shape, up until the device is ther-
mally damaged by excessive joule heating at an applied
bias of ~7 V. As shown in Figure 4F, the CIE coordinates
indicate that the most pure-blue emission occurs at 4.0 V
(x = 0.136, y = 0.0553), shifting to (x = 0.155, y = 0.0760)
at 7 V. Throughout the device operation, the EL emission
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consistently exhibits pure blue emission with minimal
variation.

3 | CONCLUSION

In summary, we have developed surface-passivated
CsPbBr; NPLs with high efficiency and uniformity by
employing a room-temperature synthesis method that
utilizes short-chain ligands of OPA. This method chal-
lenges the traditional view by successfully utilizing
OPA ligands instead of OA ligands, previously consid-
ered indispensable for fabricating NPLs with uniform
small n phases. OPA-NPLs exhibit a photoluminescent
spectrum peak at 462 nm, corresponding to pure blue,
with an extremely narrow FWHM of 14 nm. Addition-
ally, OPA-NPL exhibits a high PLQY of 90% in solution
and 70% in film. The introduction of OPA, compared
with oleate, facilitates a softer chemical interaction
wherein phosphonates effectively occupy halide vacan-
cies by interacting with Pb*" ions, thereby efficiently
passivating the NPLs. OPA-capped NPLs greatly
improve thermal stability and carrier injection in blue-
emitting CsPbBr; NPLs. Furthermore, we demonstrated
that PFN-Br, a CPE material, facilitates energy transfer
to OPA-NPLs and enhances device efficiency when
inserted at the interface between the HTL and NPLs.
Using highly uniform OPA-NPLs and PFN-Br films, we
demonstrated an optimized device with an efficiency of
4% for high-efficiency pure blue PeLEDs. The device's
EL spectrum peak at 462 nm with a very narrow
14 nm FWHM maintained spectral stability up until
the device is thermally damaged by excessive Joule
heating. Our research underscores the importance of
surface modification and interface control in NPLs,
paving a new path for realizing high-efficiency pure
blue PeLEDs.

4 | EXPERIMENTAL SECTION

4.1 | Materials

Cesium bromide (CsBr, 99.999%), lead bromide (PbBr,,
99.999%), dimethyl sulfoxide (DMSO, 99.9%), hydrobro-
mic acid (HBr, 48%), OA (90%), OLA (70%), octylpho-
sphonic acid (OPA, 97%), toluene (99.9%), 1-hexanol
(99%), ethyl acetate (EA, 99.9%), acetonitrile (ACN,
99.9%) and methanol (MeOH, 99.8%) were purchased
from Sigma-Aldrich. Acetone (ACT), isopropyl alcohol
(IPA) were purchased from DUCKSAN. Poly(3,4-ethyl-
enedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS,

—WI ]_EyJ9_°“3

Al 4083, Heraeus), Poly[(9,9-bis(3'-((N,N-dimethyl)-N-
ethylammonium)-propyl)-2,7-fluorene)-alt-2,7-(9,9-dioc-
tylfluorene)]dibromide (PFN-Br, 1-Material), Poly[N,N'-
bis(4-butylphenyl)-N,N'-bisphenylbenzidine] (poly-TPD,
EMNI), Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
(PTAA, EMNI), Poly[(9,9-dioctylfluorenyl-2,7-diyl)-
co-(4,4'-(N-(4-sec-butylphenyl)diphenylamine)] (TFB,
EMNI), 1,3,5-Tris(1-phenyl-1Hbenzimidazol-2-yl)ben-
zene (TPBi, Lumtec), lithium fluoride (LiF), aluminum
(Al). All materials were used without any further
processing.

4.2 | Preparation of the precursor
solution

The CsBr precursor was prepared by dissolving CsBr in
HBr to make a 1 M solution, and the 0.5 M PbBr, precur-
sor was prepared by dissolving PbBr, in DMSO. OPA-
toluene was prepared by dissolving OPA in toluene to
make a 0.15 M solution. All solutions were prepared at
room temperature by vortexing overnight.

4.3 | Synthesis of 3 ML CsPbBr; NPLs

Under vigorous stirring, 0.5 mL of OA and OLA were
added to 5 mL of toluene (for OA-NPLs), followed by
100 uL of CsBr and PbBr, precursor solutions. For OPA-
NPLs, 0.5 mL of OLA was added to 5mL of OPA-
toluene, and the same amount of CsBr and PbBr, pre-
cursor solutions were injected. A 0.5 mL of 1-hexanol
was swiftly injected 10 s after adding all precursors, and
the mixture was stirred for 10 min. After the reaction,
the crude solution was centrifuged for 5min at
6000 rpm. The supernatant was mixed with ACT and
centrifuged for 5 min at 11000 rpm for the first purifica-
tion. In order to second purification, the supernatant
was discarded, and the precipitate was re-dispersed in
toluene and mixed with EA in a 2:1 ratio relative to tolu-
ene. The third purification was done using the same pro-
cedure, mixing with ACN. Finally, precipitates were
resuspended in 1 mL of toluene, the agglomerated parti-
cles were removed by centrifugation for 3 min at
4000 rpm, and the supernatant was filtered through a
0.5 um syringe filter. All procedures were conducted at
room temperature. The 462 nm emissive 3 ML OPA-
NPLs had an average concentration of around 10 mg/
mL. We analyzed the stacked orientation of NPLs in dif-
ferent dispersion solvents (toluene or hexane) using
GIWAXS analysis (Figure S9). The results showed that
the (100), (101), and (102) planes of NPLs dispersed in
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toluene were more orderly assembled in the in-plane
direction on the substrate.

44 | Device fabrication

The ITO-patterned glass substrates were sequentially
cleaned by ultrasonication in deionized water, acetone,
and isopropyl alcohol and then treated with UV-Ozone
for 25 min. The PEDOT:PSS aqueous solution was spin-
coated (4000 rpm, 50s) onto the ITO substrates and
annealed at 200°C for 20 min in ambient air. After trans-
ferring the samples into a nitrogen-filled glove box, the
PFN-Br (various concentrations, in MeOH) precursor
solution was spin-coated onto the PEDOT:PSS film at
5000 rpm for 20s. The NPL solution was spin-coated
onto the PFN-Br layer at 2000 rpm for 50s. TPBi
(50 nm), LiF (1 nm), and Al (100 nm) layers were
sequentially deposited using thermal evaporation under
high vacuum conditions (3 x 10~ ° Torr). The effective
area of the PeLEDs was determined by the intersection of
the ITO and Al electrodes, which measured 5 mm?.

4.5 | Characterization

The XRD pattern of the OPA-NPL film was analyzed
using a SmartLab (RIGAKU) system equipped with Cu
Ko radiation (4 = 0.154 nm) at the KAIST Analysis Cen-
ter for Research Advancement (KARA). The X-ray photo-
electron spectroscopy (XPS) analyses were conducted at
KARA using Sigma Probe (Thermo VG Scientific) equip-
ment with a He I ultraviolet radiation source (21.22 eV).
The steady-state PL of samples was measured using an
F-7000 FL spectrophotometer (HITACHI) with an excita-
tion wavelength of 370 nm. The absorption spectra were
measured using a UV-1800 UV-VIS spectrophotometer
(SHIMADZU). The PLQY was obtained with a C13534-11
Quantaurus-QY Plus UV-NIR absolute PL quantum yield
spectrometer (HAMAMATSU). The time-resolved photo-
luminescence (TRPL) decay curves were measured using
a Fluorolog3 equipped with TCSPC (HORIBA SCIEN-
TIFIC), with an excitation wavelength of 374 nm. The
J-V-L characteristics and the EL spectra of the PeLEDs
were measured using a system that couples a Keithley
2635A source meter with a CS-2000 spectroradiometer.
The TEM samples were prepared by drop casting 10 uL
of diluted NPL solution in toluene on a TEM Grid
(300 mesh Cu) and imaged employing a JEM-2100F
(JEOL) operated at 200 kV. The Fourier transform infra-
red (FTIR) spectra were measured at KARA using a Nico-
let iS50 instrument (Thermo Fisher Scientific). The *'P
NMR spectra of the neat OPA and OPA-NPL samples

were recorded using an Avance Neo 600 spectrometer
(Bruker) at KARA. Before the measurements, the sam-
ples were dispersed in toluene-dg (99 atom% D, Sigma-
Aldrich). The TA measurements were conducted using a
pulsed regeneratively amplified Yb:KGW laser system
(Pharos, Light Conversion). The laser emitted pulses with
a wavelength of 1028 nm, a pulse duration of 196 fs, and
a repetition rate of 200 kHz. The fundamental beam
served as the seed for an optical parametric amplifier
(Orpheus, Light Conversion), which generated the pump
beam using a second harmonic module. The pump beam
had a wavelength of 360 nm, a beam radius of approxi-
mately 130 pm. A portion of the fundamental beam
(1028 nm) was utilized as the probe beam. It passed
through a delay line and was focused onto a sapphire
plate to generate white-light continuum using a TA spec-
trometer (Harpia, Light Conversion). Subsequently, this
probe beam (with a beam radius of 105 pm) was focused
onto the sample, overlapping with the pump beam area.
The detector (Kymera 193i, Andor) was used to collect
the probe beam that passed through the sample. Grazing
incidence wide-angle X-ray Scattering (GIWAXS) mea-
surements were conducted at beamline 23A1 (BL 23A1)
of National Synchrotron Radiation Research Center
(NSRRC) in Taiwan. The experiments utilized a mono-
chromatic X-ray beam with a photon energy of 10 keV,
corresponding to a wavelength of 1.2398 A. The incident
angle of 0.2° was used to ensure full penetration of the
thin film. A flat-panel detector (model C10158DK, 2352
pixels) was used to capture the wide-angle scattering sig-
nals, with a sample-to-detector distance of 18.65 cm and
a collection time of 60s per measurement. Scattering
intensities were processed using standard calibration and
background subtraction procedures, and are presented as
a function of scattering vector, Q, where Q = 4xn(sin 6)/4,
with @ representing half the total scattering angle and A
representing the X-ray wavelength. The out-of-plane
(op) GIWAXS profiles were extracted from the 2D
GIWAXS patterns along a direction perpendicular to the
substrate and film surface. The in-plane (ip) GIWAXS
profiles were similarly extracted from the 2D GIWAXS
patterns along the direction parallel to the substrate.
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