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1 Introduction

In situ molecular passivation for improved
performance and spectral stability in thermally
evaporated pure blue perovskite light-emitting
diodes

Jiyoung Kwon,?® Yunna Kim,? Nakyung Kim,? Jinu Park,® Sukki Lee,® Seoyeon Park,?
Sunwoo Kang @ *¢ and Byungha Shin @ *@

Pure blue perovskite light-emitting diodes (PelLEDs) produced via vacuum deposition have limited
efficiency and spectral stability due to defect-induced non-radiative recombination and halide migration. In
this study, we report a pure blue PeLED with improved performance, featuring a thermally evaporated
perovskite layer passivated in situ using 4,7-di(9H-carbazol-9-yl)-1,10-phenanthroline (BUPH1), a newly
introduced phenanthroline-based small molecule designed to coordinate under-coordinated Pb?* ions.
The bidentate coordination of BUPH1 effectively passivates halide vacancies and suppresses ion migration,
resulting in improved film morphology, enhanced photoluminescence quantum yield, reduced trap density,
and increased exciton binding energy. The optimized perovskite film emits at 472 nm with a narrow full
width at half maximum of 19 nm, exhibiting pure blue emission suitable for Recommendation ITU-R
BT.2020, an industrial standard for color gamut. The corresponding PeLED achieves an external quantum
efficiency of 3.10%, the highest value reported for thermally evaporated pure blue PeLEDs. In addition, the
device maintains excellent spectral and color stability under electrical bias, with no noticeable peak shift or
change in chromaticity coordinates across varying voltages. This work demonstrates that in situ molecular
passivation is an effective strategy to overcome key limitations of thermally evaporated perovskite emitters
and supports their potential for next-generation high-resolution display technologies.

Keywords: Perovskite light-emitting diodes; Thermal evaporation; Vacuum deposition; Pure blue emission;
In situ passivation; Spectral stability.

emitting diodes (OLEDs), driven by the advantages of self-
emissive operation, superior image quality, and the ability to

Metal halide perovskites have emerged as highly attractive
candidates for future light-emitting diodes (LEDs) owing to
their outstanding optoelectronic properties such as high
charge carrier mobility, excellent defect tolerance, tunable
bandgap, narrow emission linewidths, and high
photoluminescence quantum yield (PLQY)."'* These
characteristics make them ideally suited for high-definition,
wide-color-gamut displays, particularly those targeting the
Rec.2020 color standard. Recently, the display industry has
shifted from liquid crystal displays (LCDs) to organic light-
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cover a wide color gamut.'” In this context, perovskite-based
LEDs (PeLEDs) are gaining attention as a next-generation
display technology, combining the intrinsic material
advantages of perovskites with the compatibility with the
existing OLED fabrication infrastructure.’®™ Although
electroluminescent quantum dot (EL-QD) LEDs were once
considered the next generation of displays after OLEDs, they
have faced significant commercialization challenges,
particularly due to difficulties associated with solution-based
processes.?® Unlike EL-QD LEDs, metal halide perovskites can
be processed by vacuum thermal evaporation, which is a
mature and widely adopted method for OLED production.
This compatibility enables precise thickness control, high-
resolution patterning, uniform film formation, and dry
processing, offering a scalable and industry-ready route for
high-performance devices. Moreover, vacuum deposition
eliminates solvent-related issues common in solution
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processing, such as precursor solubility limitations, solvent
incompatibility, and environmental concerns.>** As a result,
thermally evaporated PeLEDs represent the practical
integration of the advantages of perovskite materials with an
established industrial fabrication infrastructure.

Currently, red and green perovskite LEDs fabricated via
solution processing have external quantum efficiencies
(EQEs) exceeding 30%.>*> Blue PeLEDs exhibit high
efficiencies, with values of 26.4% at 480 nm, 24.3% at 475
nm, and 16.7% at 465 nm.*® In contrast, thermally
evaporated PeLEDs still exhibit relatively lower efficiencies,
with EQEs of 12.6% for red, 16.1% for green, 10.41% at 484
nm, and 2.47% at 475 nm.””*° This performance gap is
primarily attributed to the relatively limited number of
studies on thermally evaporated PeLEDs compared with their
solution-processed counterparts, indicating the need for
further development to enhance device efficiency.’’ In
addition, it stems from the formation of unsaturated Pb**
defects during the high-temperature evaporation of
precursors, where partial thermal decomposition leads to a
halide-deficient growth environment. These defects serve as
non-radiative recombination centers, significantly reducing
PLQY.** In particular, the realization of pure blue emission
within the 460-475 nm range remains a critical challenge.
According to the CIE 1931 color space, the Rec. 2020
standard defines the optimal blue coordinate as near 468
nm, positioning this spectral region as the most desirable for
next-generation  display applications. While shorter-
wavelength deep blue emissions (<460 nm) can lead to
increased visual fatigue, and longer-wavelength sky blue
emissions (>475 nm) often fail to deliver vivid color contrast,
pure blue offers the best compromise between color purity
and visual comfort.**> Despite this importance, pure blue
PeLEDs inherently suffer from lower EQE and luminance
compared to sky blue counterparts due to the human eye's
reduced sensitivity in this spectral range. Moreover, to
achieve emission in the pure blue region, a high CI/Br ratio
is typically required, which often results in phase segregation
and spectral instability.>® This makes precise control over the
halide composition and emission wavelength particularly
challenging in thermally evaporated PeLEDs, further
complicating the development of efficient and stable pure
blue devices.

In this work, we address the fundamental limitation of
thermally evaporated PeLEDs, where unsaturated Pb>" defects
formed during high-temperature precursor evaporation act as
non-radiative recombination centers. To overcome this, we
introduce BUPH1 (CjzH,,Ny, 4,7-di(9H-carbazol-9-y1)-1,10-
phenanthroline), a phenanthroline-based small molecule
compatible with vacuum thermal evaporation. Co-evaporated
with the perovskite precursors, BUPH1 enables in situ
passivation of under-coordinated Pb** ions through bidentate
coordination vig its nitrogen lone pairs.’”*® In addition,
BUPH1 consists of phenanthroline and carbazole moieties,
where phenanthroline exhibits excellent electron transport
properties and carbazole facilitates efficient hole transport,
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thereby contributing to an improved charge balance within
the device.*® This study presents the first application of
BUPH1 for passivation of halide perovskite light emitters by
introducing the bidentate coordination of a phenanthroline-
based compound as a defect passivation strategy. This
effectively passivates halide vacancies and suppresses ion
migration without requiring additional processing steps. To
achieve high color purity in the blue region, we precisely
controlled the halide composition by co-evaporating PbBr,,
CsCl, and CsBr. This enabled the formation of a mixed-halide
perovskite emitting at 472 nm, which closely aligns with the
Rec. 2020  pure-blue  standard. Leveraging  this
compositionally tuned perovskite together with the molecular
passivation strategy, we demonstrate a high-efficiency pure-
blue PeLED fabricated via vacuum deposition. The device
exhibits an EL peak at 472 nm, a narrow full width at half
maximum (FWHM) of 19 nm, and an EQE of 3.10%, which is
the highest value reported so far for thermally evaporated
pure-blue PeLEDs. These results highlight the synergistic
benefits of thermally evaporated perovskite engineering and
in situ defect passivation in advancing efficient and spectrally
stable blue emitters for next-generation display technologies.

2 Results and discussion

The perovskite films were fabricated via simultaneous
thermal co-evaporation of PbBr,, CsCl, CsBr, and BUPH1
under high vacuum conditions (<3.0 x 107 Torr), as

schematically illustrated in Fig. S1. BUPH1 is a
phenanthroline-based organic molecule featuring two
carbazole substituents. The nitrogen atoms in the

phenanthroline core of BUPH1 each carry a lone pair of
electrons and act as a bidentate ligand, simultaneously
coordinating both lone pairs to a single under-coordinated
Pb>" ion, as shown in Fig. 1a. This chelation passivates the
halide vacancy sites in the perovskite lattice by binding to
under-coordinated Pb®" ions that are left unbonded due to
halide vacancies and structural defects, thereby saturating
the defect sites.’” As a result, passivation effectively prevents
spectral shifts and instability while suppressing non-radiative
recombination pathways.

As shown in Fig. 1b, the PL spectra reveal the evolution of
the optical properties across the three-step compositional
modification. The initial film composed of PbBr, and CsCl
(deposition rate: PbBr, 0.5 A s, CsCl 0.65 A s™) exhibits a
PL emission peak centered at 467.5 nm. The Br/Cl ratio
determined by the flux rate is 1.5, leading to the formation of
CsPbBr, 3Cl; ,. The observed emission peak at 467.5 nm
corresponds to a bandgap of 2.65 eV, which is higher than
the reported bandgap.*' This is likely due to the quantum
confinement effects induced by the presence of the zero-
dimensional (0D) perovskite Cs,PbBr,Cls_, which results in a
spectral blue shift and an apparently larger calculated
bandgap.*” It also exhibits a relatively broad FWHM of 24.9
nm, and low PLQY of 5.1%, indicating poor color purity and
dominant non-radiative recombination. Upon introducing
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Fig. 1 Overview of the passivation effects of BUPHL. (a) Schematic of bidentate coordination between BUPH1 and under-coordinated Pb?* ions;
(b) PL spectra showing emission redshift, PLQY enhancement, and FWHM narrowing with CsBr and BUPH1; AFM images of (c) pristine and (d)

BUPH1-passivated films.

CsBr into the system (deposition rate: 0.3 A s™), the emission
peak redshifts to 472 nm due to increased bromide content,
and the formation of 0D perovskite Cs,PbBr,Cls_, is
promoted, leading to an increase in PLQY to 7.9% as a result
of quantum confinement effects.*>** Finally, by introducing
the molecular passivation agent BUPH1 to implement a
4-component co-deposition system, the PLQY is enhanced to
16.2% and the FWHM is narrowed to 18.3 nm. These
enhancements indicate that BUPH1 effectively reduces trap-
assisted recombination and improves radiative efficiency by
passivating vacancies and defects, thereby leading to
spectrally pure and efficient emission (Table S1). According
to atomic force microscopy (AFM) analysis (Fig. 1c and d),
the surface roughness of the pristine CsPbBr,Cl;_, film
formed by 3-component co-deposition decreases from 8.27
nm to 4.51 nm after BUPH1 incorporation, resulting in a
smoother and more uniform morphology, along with grain
size reduction (Fig. S2). This suggests that the passivation
effect, driven by coordination interactions between BUPH1
and Pb** ions, suppresses the crystal growth rate and
promotes uniform nucleation across the substrate, leading to
controlled grain growth during film formation. Furthermore,
grazing-incidence X-ray diffraction (GIXRD) patterns (Fig. S3)
validate the improved crystallinity and enhanced structural
ordering of the BUPH1-treated films. In particular, the (100)
diffraction peak at 15.6° becomes sharper and more intense,
indicating that random crystal growth is suppressed and
preferential orientation along the (100) plane is promoted
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compared to pristine perovskite films. The (100) plane is
known to exhibit favorable charge transport properties and
low defect density, which can enhance the device
performance.****

The incorporation and distribution of BUPH1 within
perovskite films were examined wusing time-of-flight
secondary ion mass spectrometry (ToF-SIMS). As shown in
Fig. 2a, the depth profiles of Cs™, Pb", Br, and CI” exhibit
stable intensities across the sputtering time, indicating
uniform elemental composition throughout the film
deposited on a Si substrate. Notably, the CN™ ion, which are
characteristic fragment of BUPH1, were detected throughout
the film depth, validating the successful incorporation and
homogeneous distribution of BUPH1 within the perovskite
matrix. As shown in Fig. S4, the intensity of the CN™ signal
increases with the BUPH1 deposition rate, confirming dose-
dependent incorporation. In addition, ellipsometry
measurements on a BUPH1-only film deposited at 0.01 A s™*
for 60 minutes revealed a film thickness of 5.74 nm, as fitted
using the Cauchy model (Fig. S5), confirming the consistency
of the intended deposition rates.*®

To check the potential passivation role of the BUPH
ligand, density functional theory (DFT) calculations were
performed. As shown in Fig. 2b, the BUPH ligand bidentately
coordinates to the Pb site at a distance of 3.5 A. In the
optimized structure, the adsorption energy of BUPH ligand
was calculated to be 0.200 eV, which may be sufficient to play
as the passivation role in enhancing the perovskite stability."”

Ind. Chem. Mater.
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Fig. 2 Evidence of BUPH1 incorporation and coordination in perovskite films. (a) ToF-SIMS depth profiles showing the uniform distribution of Cs,
Pb, Br, Cl, and CN (from BUPH1); (b) optimized structure of BUPH1 adsorbed CsPbBr,Cls_, and corresponding charge density distribution (Pb:
yellow, Cs: pink, Br: green, Cl: red); (c) FT-IR spectra showing CH, scissoring shift and enhanced C=N absorption, indicating Pb>*-BUPH1
coordination; (d) Pb 4f XPS spectra with +0.35 eV shift upon BUPH1 addition.

Experimental evidence for BUPH1-Pb** coordination was
obtained using  Fourier-transform infrared (FT-IR)
spectroscopy (Fig. 2¢). In the pristine BUPH1 film, a distinct
-CH,- scissoring vibration peak appears at approximately
1447 cm™'. After incorporation into the perovskite lattice
(BUPH1-passivated perovskite), the original peak at 1447
ecm™ is no longer observed, while two nearby peaks appear at
1430 cm™ and 1457 cm™'. The peak at 1430 cm™" originates
from intrinsic vibrational modes of the pristine perovskite
itself, while the new peak at 1457 cm™" corresponds to a
shifted form of the original BUPH1 peak at 1446 cm™". This
shift indicates a modification of the vibrational environment
around the —-CH,- groups due to the coordination of Pb**
ions with nitrogen atoms in the phenanthroline moiety of
BUPHI1. In contrast, in the PbBr, with BUPH1 film, the 1446
cm™' peak remains unchanged, suggesting that no significant
vacancy sites exist around Pb** ions in PbBr,, thereby
preventing coordination with BUPH1. Furthermore, the
characteristic C=N vibration typically located between 1600-
1650 cm™' overlaps with the intrinsic perovskite peaks,
leading to a significant absorption peak in the passivated
perovskite spectrum. An X-ray photoelectron spectroscopy
(XPS) analysis of Pb 4f peaks (Fig. 2d) further supports these
findings: the Pb 4fs5,, and 4f;, peaks in BUPH1-passivated
perovskite films exhibit a binding energy shift of

Ind. Chem. Mater.

approximately +0.35 eV relative to the pristine sample. This
shift is attributed to changes in the electronic environment
of Pb>" ions upon coordination with the nitrogen atoms in
the phenanthroline moiety of BUPH1.

The optical properties of the perovskite films were
systematically investigated using power-dependent PL, time-
resolved PL (TR-PL), and temperature-dependent PL (TD-PL)
measurements. As shown in Fig. 3a, the BUPH1-passivated
films exhibited enhanced PLQY across the entire range of
excitation power, indicating improved radiative
recombination efficiency due to trap state suppression. At
low excitation densities, the PLQY increases as trap states
become filled, whereas at high excitation levels, Auger
recombination dominates, resulting in a decrease in
PLQY.*** To further understand the impact of BUPH1 on
carrier dynamics, a TR-PL analysis was conducted (Fig. 3b,
Table S2). The average PL lifetime (z,,) increased from 7.54
ns in pristine films to 11.58 ns in the BUPH1-treated films.
Based on biexponential fitting of the TR-PL decay curves, the
proportion of radiative recombination increased from 61.6%
to 80.5%, while the non-radiative component decreased from
38.4% to 19.5% after BUPH1 passivation. Notably, while the
radiative lifetime (z;,q) decreased from 95.49 ns to 71.48 ns,
the non-radiative lifetime (thonrad) Significantly increased
from 8.19 ns to 13.82 ns, confirming that defect-assisted
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Fig. 3 Optical characterization of pristine and BUPH1-passivated perovskite films. (a) Power-dependent PLQY showing enhanced efficiency with
BUPH1; (b) TR-PL decay indicating longer lifetime and improved radiative recombination; TD-PL spectra of (c) pristine and (d) BUPH1-passivated

films.

recombination was effectively suppressed by BUPH1
passivation. These values of Table S2, calculated using
equation in Note S2, were derived based on the measured
PLQY and average PL lifetimes, enabling a quantitative
analysis of the recombination dynamics. This verifies that
BUPH1 effectively suppresses defect-mediated recombination
and enhances exciton radiative decay pathways.>® To quantify
the exciton binding energy (E},), temperature-dependent PL
spectra were measured from 298 K to 77 K. As shown in
Fig. 3c and d, both pristine and BUPH1-passivated films
exhibit a gradual increase in PL intensity with decreasing
temperature, reflecting the suppression of thermally activated
non-radiative recombination. To extract E, quantitatively, the
integrated PL intensity was fitted as a function of the inverse
temperature (1/7) using the Arrhenius equation below.

Iy
1+Ae Ep
P\ "k

where I(T) is the PL intensity at temperature T, I, is the

(1) =

intensity at 0 K, A is a fitting constant, & is the Boltzmann
constant, and E}, is the exciton binding energy. From the
fitting results shown in Fig. S6, the BUPH1-passivated film
exhibited an Ej, of 78.0 meV, which is higher than that of the
pristine film (56.2 meV). This enhancement is caused by
enhanced dielectric and spatial confinement effects, which
result from the reduced grain size and improved film
uniformity.”
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Fig. 4a illustrates the device architecture, which consists of
a multilayer stack in the following order: ITO/PEDOT:PSS/TFB:
F4-TCNQ/perovskite/TPBi/LiF/Al. The corresponding energy
level diagram is presented in Fig. 4b. The energy levels of the
perovskite layer remain unchanged regardless of BUPH1
passivation, with the highest occupied molecular orbital
(HOMO) positioned at 5.35 eV and the lowest unoccupied
molecular orbital (LUMO) at 2.85 eV, resulting in an optical
bandgap (E,) of 2.5 eV. The HOMO level was determined by
ultraviolet photoelectron spectroscopy (UPS, Fig. S7), while the
optical bandgap was estimated from the Tauc plot of the UV-vis
absorption spectrum (Fig. S8). To achieve efficient energy level
alignment TFB (poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4"-(N-(4-
sec-butylphenyl)diphenylamine))]) was selected as the hole
transport layer (HTL). To further enhance hole injection and
transport, TFB was p-doped with 3 wt% of F4-TCNQ (C;,F;Ny,
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane), an
electron acceptor known to effectively increase hole density via
charge transfer complex formation.>>

The reproducibility of device performance was assessed
across 20 individual devices in Fig. 4c, and the histogram is
presented in Fig. S9. Fig. 4d presents the EQE characteristics
of the devices as a function of current density. The pristine
device exhibits a peak EQE of 1.62%, while the BUPH1-
passivated device achieves a significantly enhanced
maximum EQE of 3.10%, attributed to the effective
passivation of non-radiative defect sites by BUPH1. This EQE
of 3.10% represents the highest value reported to date for
thermally evaporated pure blue perovskite LEDs (see also Fig.

Ind. Chem. Mater.
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Fig. 4 Device structure and performance. (a) PeLED architecture; (b) energy levels showing unchanged perovskite HOMO/LUMO after passivation;
(c) statistical distribution of peak EQE values measured from 20 devices; (d) current density dependent EQE curves; (e) hole-only J-V curves; (f) J-
V-L characteristics; EL spectra of (g) pristine and (h) BUPH1-passivated devices; (i) summary of the voltage-dependent EL spectra.

S10, Table S3). Passivation is a key strategy for blue
perovskites, and various additives have been employed for
this purpose, as summarized in Table S4. Fig. 4e shows the
current density-voltage (J-V) characteristics of the hole-only
devices (HODs) with the configuration ITO/PEDOT:PSS/TFB:
F4-TCNQ/perovskite/HATCN/AL>* From these curves, the trap-
filled limit voltage (VTFL) was extracted to be 0.24 V for the
pristine perovskite and 0.14 V for the BUPH1-passivated film.
The corresponding trap densities (N,) were calculated using
the following equation:

_ 2&&VTEL
=
eL?

where ¢, is the relative dielectric constant of the perovskite
(3.44), &, is the vacuum permittivity (8.854 x 10™* F cm™), e
is the electron charge (1.602 x 10™*° C), and L is the
perovskite film thickness (40 nm).”° Based on this equation,
the calculated trap density decreased from 5.70 x 1016 cm™
in the pristine film to 3.33 x 1016 cm > after BUPH1

Ind. Chem. Mater.

passivation, demonstrating the effective suppression of trap
states. A similar trend was observed in electron-only devices
(EODs) with the configuration ITO/TPBi/perovskite/TPBi/LiF/
Al>* where N, was reduced from 3.09 x 1016 cm™ to 2.61 x
1016 cm™® (Fig. S11). Complementary to this experimental
evidence, density of states (DOS) calculations (Fig. S12)
revealed that BUPH adsorption suppresses the shallow trap
states near the band edges, resulting in a more defined
electronic structure. As shown in Fig. S13, the matching /-V
curves of the HOD and EOD indicate that the passivated
device exhibits improved charge balance. Furthermore, in the
trap-free space-charge-limited current (SCLC) regime of
single-carrier devices, the charge carrier mobilities were
extracted using the Mott-Gurney law.

8 Jr*
H== 5)
9eegV

where J and V were obtained from the region where the slope
of the logJ-logV plot was approximately 2 (Fig. S14). The
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pristine device exhibited a hole mobility of y;, = 6.56 x 10°
em” V' s7! and an electron mobility of y. = 9.58 x 107*° cm”
V' s, resulting in a ratio (pe/un) of 1.46. For the device with
BUPH1, the mobilities were improved, with g, = 2.78 x 107°
em® V' st and g = 2.53 x 107 em?® V' 57, yielding an
improved balanced ratio of 0.91. This enhancement is
attributed to the increased current levels for both holes and
electrons by passivated trap state. Notably, the improvement
in hole current due to the mitigation of hole traps is more
pronounced than the enhancement on the electron side,
thereby contributing to improved injection balance from both
charge transport layers. Consequently, the suppression of
non-radiative recombination caused by excess charges further
contributes to the improvement in device efficiency. Fig. 4f
displays the current density-voltage-luminance (J-V-L)
characteristics of the devices. Trap-induced non-radiative
recombination increases the leakage current, resulting in a
higher injection current density in the pristine PeLED.*”
Although the BUPH1-passivated device exhibits relatively low
luminance, this work achieves the narrowest emission
linewidth (FWHM = 19 nm) among all reported thermally
evaporated blue PeLEDs to date. Given that luminance is
proportional to the integrated area under the EL spectrum,
the narrow spectral width inherently limits overall
brightness.’® This trade-off underscores the need for further
optimization of charge injection and device architecture to
enhance luminance while preserving high color purity.

When an electric field is applied to the pristine device, the
EL spectrum exhibits a notable red-shift due to halide
migration, as shown in Fig. 4g. In contrast, the device
passivated with BUPH1 displays a stable spectral behavior
without any noticeable peak shift under varying voltages, as
demonstrated in Fig. 4h. Fig. 4i summarizes the voltage-
dependent evolution of the EL spectrum. For the pristine
perovskite LED, the emission peak shifts from 473 nm at 3 V
to 489 nm at 7 V. However, the BUPH1-passivated device
maintains a consistent peak position at 472 nm across the
entire voltage range. Furthermore, FWHM remains stable,
increasing only slightly from 16 nm at 3 V to 19 nm at 7 V,
indicating effective suppression of spectral broadening by
BUPH1 passivation. Fig. S15 presents the CIE chromaticity
coordinates of the devices at different operating voltages. The
pristine device exhibits a clear shift toward the green region
as the voltage increases, indicating spectral instability. In
contrast, the BUPH1-passivated device maintains highly
stable color coordinates with negligible variation across the
entire voltage range, highlighting its superior spectral
stability under electrical bias.

Fig. S16 show the operational lifetime of the PeLEDs
measured at an initial luminance of 10 cd m™. The BUPH1-
passivated device exhibited a Ts, lifetime of 20 s under
constant current driving conditions, indicating a relative
improvement in stability compared with its pristine
counterpart. The peak wavelength and FWHM remained
stable during operation, demonstrating excellent spectral
stability (Fig. S17). However, the overall lifetime remained
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short, and the presence of metallic Pb° was identified in a Pb
4f XPS analysis after device operation (Fig. S18). This was
attributed to the degradation and lack of effective passivation
caused by device aging.”” These findings suggest that further
optimization and introduction of additional passivation
materials are required in future studies. In addition, while
the current study focused on the thermal evaporation of the
emissive layer and passivation agent, future efforts should
identify vacuum-deposable HTL materials for all thermally
evaporated PeLEDs that provide optimal energy alignment
and charge balance with perovskite emitters.”®

3 Conclusions

In summary, we demonstrated the performance improvement
of a pure blue perovskite LED fabricated entirely via vacuum
thermal co-evaporation by introducing a novel in situ
molecular  passivation strategy using BUPH1. The
phenanthroline-based BUPH1 molecule, introduced here for
the first time as a passivation agent, effectively coordinated
with under-coordinated Pb** ions through bidentate binding,
passivating halide vacancies and suppressing ion migration.
This passivation led to significant improvements in film
morphology, crystallinity, and optoelectronic properties,
including enhanced PLQY, reduced trap density, increased
exciton binding energy, and prolonged carrier lifetimes. The
resulting PeLED device emits at 472 nm with a narrow
FWHM of 19 nm and achieved an EQE of 3.10%. This value
is the highest reported to date for thermally evaporated pure
blue perovskite LEDs. Moreover, the device exhibited
remarkable spectral and color stability under electrical bias,
with no observable EL peak shift and negligible changes in
CIE coordinates across a range of operating voltages. These
findings provide a practical solution to overcome defect-
related limitations in thermally evaporated PeLEDs and lay
the foundation for the future development of full-color
perovskite display technologies. Further optimization of
charge injection and device architecture will be essential for
achieving even higher performance while maintaining
spectral integrity.

4 Experimental section
4.1 Materials

PbBr, (99.999%), CsCl (99.999%), CsBr (99.999%) were
purchased from Sigma-Aldrich. Poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS,
Al 4083, Heraeus). 4,7-Di(9H-carbazol-9-yl)-1,10-
phenanthroline (BUPH1, Lumtec), poly[(9,9-dioctylfluorenyl-
2,7-diyl)-co-(4,40-(N-(4-sec-butylphenyl)diphenylamine)] (TFB,
EMNI), 1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl)benzene
(TPBi, Lumtec), 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-
quinodimethane (F4-TCNQ, Lumtec), lithium fluoride (LiF),
aluminum (Al). All materials were used without any further
processing.
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4.2 Perovskite film deposition

The perovskite film was fabricated by thermal co-evaporation
of PbBr,, CsCl, CsBr, and BUPH1 under high vacuum (<3 x
10°° Torr). The deposition rates for PbBr,, CsCl, CsBr and
BUPH1 were set to 0.5 A s™*, 0.65 As™*, 0.3 A s and 0.01 A
s™!, respectively. After deposition, the film was thermally
annealed at 100 °C for 7 minutes. The deposition rates of
PbBr,, CsCl, and CsBr were optimized based on the PL peak
position and PLQY (Note S3, Fig. S19), and the X-ray
photoelectron spectroscopy (XPS) results of the film are
presented in Note S4, Table S5, and Fig. S20. The deposition
rate of BUPH1 was optimized by considering both PL and EL
characteristics (Note S5, Table S6).

4.3 Perovskite LED fabrication

ITO-patterned glass substrates were sequentially cleaned by
ultrasonication in deionized water, acetone, and isopropyl
alcohol, followed by UV-ozone treatment for 20 minutes. A
PEDOT:PSS aqueous solution was spin-coated onto the
cleaned substrates at 4000 rpm for 40 seconds and annealed
at 150 °C for 30 minutes. A hole transport layer composed of
TFB doped with F4-TCNQ was subsequently spin-coated at
2000 rpm for 50 seconds. The substrates were then
transferred into a vacuum thermal evaporator, where a 40
nm-thick perovskite film was deposited via co-evaporation.
Following this, TPBi (40 nm), LiF (1 nm), and Al (100 nm)
layers were sequentially deposited under high vacuum (<3 x
107® Torr). The effective emission area of the PeLEDs was
defined by the overlap between the ITO and Al electrodes,
measuring 5 mm?>.

4.4 Perovskite film and device characterization

The surface morphology of the perovskite films was analyzed
using atomic force microscopy (AFM, Bruker) in tapping
mode. Photoluminescence (PL) spectra and absolute
photoluminescence quantum yield (PLQY) were measured
using a spectrofluorometer system (Hamamatsu Photonics)
equipped with an integrating sphere. Time-resolved
photoluminescence (TR-PL) measurements were performed
using a fluorescence lifetime system (Horiba) with 374 nm
pulsed laser excitation to evaluate carrier recombination
dynamics. Temperature-dependent PL (TD-PL) measurements
were conducted under vacuum using a closed-cycle helium
cryostat, with the temperature varied from 298 K to 77 K.
Ultraviolet-visible (UV-vis) absorption spectra were measured
using a UV-1800 spectrophotometer (Shimadzu). X-ray
photoelectron spectroscopy (XPS, Thermo Scientific) was
employed to analyze elemental composition and binding
energy shifts. Fourier-transform infrared (FT-IR) spectra were
acquired using a Thermo Scientific system to confirm
molecular interactions between BUPH1 and the perovskite
matrix. Time-of-flight secondary ion mass spectrometry (ToF-
SIMS, ION-TOF GmbH) was used for depth profiling of
elemental and molecular fragments across the film. The
current density-voltage-luminance (J-V-L) characteristics
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and electroluminescence (EL) spectra of the PeLEDs were
measured using a Keithley 2635A source meter coupled with
a CS-2000 spectroradiometer (Konica Minolta). The AFM, TR-
PL, TD-PL, XPS, FT-IR, and ToF-SIMS analyses were
conducted at the KAIST Analysis Center for Research
Advancement (KARA).
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