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Despite remarkable progress in sky-blue perovskite light-emitting diodes (PeLEDs), achieving efficient and
color stable pure-blue electroluminescence remains challenging due to halide phase segregation, low-
dimensional phase-induced non-radiative recombination, and defect-related losses in mixed Cl-Br
quasi-two-dimensional (quasi-2D) perovskites. Here, we propose a dual-additive strategy to regulate
phase distribution and manage Cl incorporation in quasi-2D perovskites for pure-blue PeLEDs. By intro-
ducing Ethylenediammonium-dichloride (EDACl,) to suppress high-n phases and incorporate Cl for
bandgap broadening, combined with NaBr to eliminate low-n non-radiative centers and promote small-
sized nanocrystals, we optimize radiative recombination toward wide-bandgap phase distribution. This
approach enables spectrally stable pure-blue electroluminescence at 474 nm without compromising
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photoluminescence quantum yield. Further hole-transport-layer engineering yields a peak external
quantum efficiency of 4.6%, with spectral stability maintained under extreme bias up to 10.4 V. Our work
provides critical insights into phase and halide management for high-performance blue PeLEDs, advan-
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1 Introduction

In recent years, metal halide perovskites (MHPs) have demon-
strated significant potential in the fields of lighting and
display, garnering widespread attention due to their superior
properties, such as high photoluminescence quantum yield
(PLQY), high color purity, tunable optical bandgap, high
carrier mobility, low manufacturing cost, and solution
processability.’® The performance of PeLEDs has rapidly
advanced in recent years, with reported external quantum
efficiency (EQE) exceeding 20% for red, green, and blue
PeLEDs,”* and the highest recorded EQEs for green PeLEDs
even surpassing 30%.>° " Despite considerable progress in
the pursuit of efficiency for blue PeLEDs, high-efficiency
reports are predominantly concentrated in the sky-blue region
(emission peak at 480-495 nm),>**? while the performance of
pure-blue and deep-blue PeLEDs remains relatively lagging,
posing a significant obstacle to the development of next-gene-
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cing their potential in full-color displays and lighting technologies.

ration full-color display devices and high-color-rendering
white lighting. Therefore, there is an urgent need to construct
high-performance pure-blue PeLEDs.

The construction of blue perovskite essentially involves
increasing the bandgap of the perovskite material, with two
common strategies being adjusting the halogen anion content
and constructing perovskite structures with quantum confine-
ment effects. For halogen adjustment, when the halogen site
is changed from Br to Cl, the energies of the halide p orbitals
decrease and the valence band maximum (VBM) shifts to more
negative (or deeper) potentials, which results in a wider band
gap.*>** By adjusting the Cl/Br ratio in a mix Cl-Br perovskite,
seamless tuning of the emission from green to blue regions
can be achieved.’® Another strategy often implemented is the
construction of quasi-2D perovskite structures, where large
organic cations are introduced to adjust the orientation during
perovskite crystallization, forming layered [BX,]'~ octahedral
structures, and the bandgap of quasi-2D perovskites can be
tuned by changing the thickness of the octahedral layers.*®®
Recently, quasi-2D perovskites have shown great potential as
efficient blue PeLED materials, with their unique energy fun-
neling effect enhancing radiative recombination efficiency and
avoiding defect state trapping, making them a hot candidate
in blue PeLEDs. However, these two strategies also face their
own difficulties. The poor solubility of chlorides in precursor
solutions leads to low film coverage and high defect density in
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high-Cl-content perovskites, hindering the preparation of
high-performance electroluminescent devices. Additionally,
mixed halides perovskite are prone to ion migration under
electric field driving, causing phase separation and leading to
poor color stability. Quasi-2D perovskite films deposited by
solution methods are usually mixtures of multiple quantum
wells (MQWs) with different well widths (different octahedral
layer numbers 7). The multi-quantum well structure is not con-
ducive to achieving blue electroluminescence. Due to the spon-
taneous energy transfer from wide-bandgap phases (low n) to
narrow-bandgap phases (high n), even if a minimal amount of
high n phase will lead to a red shift in luminescence.
Furthermore, the large amount of organic cations introduced
to construct wide-bandgap quasi-2D structures also reduces
the conductivity, which is unfavorable for the preparation of
high-efficiency electroluminescent devices.

Since component and structural regulation are not conflict-
ing, the above two strategies can be used simultaneously. By
introducing additives or using multiple ligand materials, the
quasi-2D phase distribution can be effectively regulated, and
combined with halogen regulation, the spectra can be adjusted
to the desired position.*>*® The in situ halide ion exchange
strategy has also largely solved the problem of poor chloride
solubility."**> However, compared to the excellent device per-
formance of sky-blue PeLEDs, pure-blue quasi-2D PeLEDs with
mixed CI-Br only exhibit moderate performance and still face
issues of spectral stability. This is because the low-dimen-
sional phases (n = 1, n = 2 phases) in quasi-2D perovskites
guide a large amount of non-radiative recombination,**** and
the deep-level defects brought by Cl also reduce the radiation
recombination efficiency.*>*® Additionally, higher chlorine
content makes pure-blue PeLEDs more prone to phase separ-
ation during operation.

Here, we propose a phase distribution regulation and Cl
management strategy for pure-blue quasi-2D PeLEDs. First,
quasi-2D sky-blue perovskite is constructed using propylam-
monium bromide (PABr) and phenylethylammonium bromide
(PEABr) dual ligands materials, then EDACI, is introduced to
inhibit the generation of high-dimensional phases in the
phase distribution and to incorporate Cl, thereby blue-shifting
the EL spectrum. However, the introduction of additional Cl
reduces the radiation recombination rate, resulting in a
decrease in PLQY. Further introduction of NaBr suppresses the
low-dimensional phase of the phase distribution to eliminate
non-radiative recombination centers, covers the negative effect
caused by Cl, and Na* promotes the generation of small-sized
nanocrystals, further broadening the bandgap of the perovs-
kite. Under the combined effect of EDACI, and NaBr additives,
the phase distribution of quasi-2D perovskites is significantly
modified. Low-n phases that are unfavorable for radiative
recombination and narrow-bandgap high-n phases are sup-
pressed, with radiative recombination centers shifting towards
the wide-bandgap n = 3 and n = 4 phases. Spectrally stable
pure-blue PeLEDs are achieved without sacrificing the radi-
ation recombination efficiency. Further optimization of the
hole transport layer increases the device EQE to 4.6%, and the
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electroluminescence spectrum remains stable at 474 nm even
under an extreme bias of 10.4 V.

2 Experimental section
2.1 Materials

NaBr (99.99%) was purchased from Aladdin. PEABr (99.5%),
PABr (99.5%), EDACI, (99.5%), and poly(4-butyltriphenyla-
mine) (poly-TPD) were purchased from Xi’an Polymer Light
Technology Corporation. Poly(9-vinlycarbazole) (PVK) (M, =
25000-50 000), PbBr, (99.999%), CsBr (99.999%), CsCl
(99.999%), DMSO (anhydrous, 99.9%), PSSNa (average mole-
cular weight = 70 000) and chlorobenzene (anhydrous, 99.8%)
were purchased from Sigma-Aldrich. 1,3,5-Tris-(1-phenyl-1H-
benzimidazol-2-yl)benzene (TPBi) and LiF were purchased
from Jilin OLED Photoelectric Material Corporation. Poly(2,3-
dihydrothieno-1,4-dioxin)-poly(styrenesulfonate) (PEDOT:PSS)
(PVP Al 4083) was purchased from Heraeus. All chemicals were
used as received.

2.2 Preparation of perovskite precursor solutions

The perovskite solutions were prepared by dissolving PABr,
PEABr, CsBr and PbBr, with molar ratio of
0.135:0.045:0.15:0.165 in DMSO. EDACIl, and NaBr were
added to the precursor solution as additives, the concentration
of Cs was kept at 0.15 M. The solutions were stirred for 2 h at
room temperature for dissolution, then filtered through a
0.22 pm polytetrafluoroethylene (PTFE) filter before spin
coating.

2.3 Device fabrication

Glass substrates with a 180 nm thickness precoated ITO were
cleaned with detergents and deionized water by ultrasonic,
then dried for 30 min at 120 °C. After that glass substrates
were treated with UV ozone for 25 min. For the modified
PEDOT:PSS, PSSNa was added to the PEDOT:PSS aqueous solu-
tion at a mass concentration of 100 mg mL™". After complete
dissolution, the solution is then diluted by half. The pristine
PEDOT:PSS layer was obtained by spin-coating the PEDOT:PSS
solution at 4000 rpm for 30 s and annealed in ambient air at
150 °C for 30 min. For the PSSNa-modified PEDOT:PSS layer,
the spin-coating speed was adjusted to 9000 rpm for 30 s, fol-
lowed by annealing at 150 °C in ambient air for 30 minutes.
Then, the substrates were transferred into a nitrogen-filled
glove box after cooling. Poly-TPD was spin coated at 4000 rpm
from chlorobenzene (CB) solution with a concentration of
6 mg mL~" and annealed at 150 °C for 30 min, then PVK was
spin coated at 4000 rpm from CB solution with a concentration
of 4 mg mL™" and annealed at 160 °C for 30 min. The perovs-
kite films were spin coated at 3000 rpm for 60 s and annealed
at 90 °C for 10 min. Finally, the devices were transferred to a
vacuum chamber for the deposition of TPBi (40 nm), LiF
(1 nm), and Al electrodes (100 nm). The active area of the
devices was 8 mm?, which was determined by the overlap area
between the Al cathode and the ITO anode.

This journal is © The Royal Society of Chemistry 2025
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2.4 Characterizations

The ultraviolet-visible absorption spectra were measured with
a Shimadzu UV-3600 UV-vis-NIR spectrophotometer. The
photoluminescence (PL) spectra were recorded using a Horiba
Fluoromax-4 spectrofluorometer with an excitation wavelength
of 365 nm. Time-resolved photoluminescence (TRPL) spectra
were measured with a Hamamatsu streak camera system
which has an ultimate temporal resolution of 1 ps. The laser
source was the Coherent Astrella-1K-F Ultrafast Ti:Sapphire
Amplifier (<100 fs, 1 kHz). 360 nm pump pulses were gener-
ated from a Light Conversion TOPAS-C optical parametric
amplifier. The PLQYs of the perovskite films were recorded by
a commercialized PLQY measurement system from Ocean
Optics with excitation from a 365 nm LED. The broadband
femtosecond transient absorption (TA) measurements were
performed by using the Ultrafast System HELIOS TA spectro-
meter. The laser source was the Coherent Astrella-1K-F
Ultrafast Ti:Sapphire Amplifier (<100 fs, 1 kHz). The broad-
band probe pulses (350-550 nm) were generated by focusing a
small portion of the fundamental 800 nm laser pulses into an
CaF, plate. 360 nm pump pulses were generated from a Light
Conversion TOPAS-C optical parametric amplifier. The scan-
ning electron microscope (SEM) images were obtained by a
Zeiss Sigma FESEM. Film thickness was tested with a profil-
ometer (DektakXT, Bruker, Germany). The high-resolution
transmission electron microscopy (HRTEM) images were
obtained using a JEOL JEM-F200 at an accelerating voltage of
200 kv, and the samples were prepared by peeling off the as-
fabricated films and dispersing them in chlorobenzene, then
dropping them on a copper mesh and drying them in a
vacuum. PeLEDs were tested on the side entrance port of the
integration sphere, which collected the forward light emission
in a N,-filled glove box at room temperature. A fiber integrated
sphere (FOIS-1) coupled with a PMA spectrometer (PMA-12,
Hamamatsu) was used to characterize the emission light. The
J-V curves were obtained using a source meter (Keithley 2400,
Tektronix). The output data were summarized and calculated
using a computer.

3 Results and discussion

The precursor solution was prepared by dissolving cesium
bromide (CsBr), lead bromide (PbBr,), phenylethylammonium
bromide (PEABr) and propylammonium bromide (PABr) in
dimethyl sulfoxide (DMSO). PEABr and PABr were introduced
as spacer materials into CsPbBr; to construct pure-Br quasi-2D
perovskite emissive layer (EML). Quasi-2D PeLEDs were fabri-
cated using a multilayer device architecture of indium tin
oxide (ITO, ~190 nm)/poly(2,3-dihydrothieno-1,4-dioxin)-poly
(styrenesulfonate) (PEDOT:PSS, ~30 nm)/poly(4-butyltripheny-
lamine)/poly(9-vinlycarbazole) (poly-TPD/PVK, ~15 nm)/per-
(~30 nm)/1,3,5-tris-(1-phenyl-1H-benzimidazol-2-yl)
benzene (TPBi, ~40 nm)/lithium fluoride (LiF, ~1 nm)/alumi-
num (Al, ~100 nm). As shown in Fig. 1a and b, despite the
relatively high spacer materials content (100% PABr + 20%

ovskite

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper
(a) (b) "
—wlo
2 —— 1mg EDACI,
g ——2mg EDACI,
o ——3mg EDACI,
—_ £
£ o~ d
°
100 / S
——wlo [
—o—1mg EDACI, L §
—s—2mg EDACI, ]
—+—3mg EDACI, & =
4 6 8 400 450 500 550 600
Voltage (V) Wavelength (nm)
(c) (d) )
—wio
.é‘ 5% NaBr
[4 10% NaBr
2 15% NaBr
—_ haY £
< //*N :
w °
g10°¢ N 2
—o— Wi s
—o—10% NaBi
——15% N:B: =
4 6 8 400 450 500 550 600
Voltage (V) Wavelength (nm)

Fig. 1 Device performance of PeLEDs with different content of EDACl,
and NaBr. (a, c) EQE versus voltage curves. (b, d) EL spectra at the
voltage corresponding to the maximum EQEs.

PEABr), the electroluminescence (EL) emission peak of the
PeLEDs remains in the sky-blue region (488 nm) due to the
limitations of pure Br-based perovskites, with a device external
quantum efficiency (EQE) of 5.2%. To further blue-shift the
emission peak, the first additive EDACI, was introduced into
the precursor solution at a specific mass concentration (mg
mL™"). With the addition of 1 mg mL™" EDACI,, the EL emis-
sion peak of the PeLEDs significantly blue-shifted from
488 nm to 479 nm. We attribute this spectral blue shift to two
factors: the incorporation of Cl into the halogen sites of the
perovskite lattice and the modification of the phase distri-
bution in quasi-2D perovskites by the diammonium group of
EDA?*". However, as the EDACl, concentration continued to
increase, no significant additional blue shift was observed in
the emission spectra. Notably, when the concentration reached
3 mg mL™', a slight red shift of less than 1 nm emerged,
accompanied by a marked decrease in the device’s EQE. We
attribute this to halogen ion saturation at this stoichiometric
ratio, where additional Cl could not be effectively incorporated
into the perovskite structure, while the deep-level defects
induced by ClI reduced the radiative recombination efficiency.
The performance of PeLEDs with varying EDACI, concen-
trations is shown in Fig. S1, and the corresponding para-
meters are summarized in Table S1.f The optimized EDACI,
concentration was determined to be 1 mg mL™', but the
PeLEDs under this condition still did not achieve pure blue
emission. To address this, a second additive NaBr was intro-
duced. With the addition of NaBr, the EL emission peak of the
devices further blue-shifted, reaching 474 nm at a NaBr
content of 10%, although the EQE decreased to 3.3%. Further
increasing the NaBr content resulted in a significant drop in
device efficiency, accompanied by only a marginal blue shift in
the emission spectrum (Fig. S2 and Table S2t). Through the
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co-optimization of EDACIl, and NaBr, pure blue-emitting
PeLEDs were successfully achieved. However, the physical
mechanisms underlying the spectral blue shift and EQE
reduction require further material characterization and
investigation.

For quasi-2D perovskites, the variation in bandgap mainly
stems from changes in the halogen sites and the phase distri-
bution (n-value). The introduction of EDACl,, which brings
additional chlorine, predictably leads to a broadening of the
bandgap. On the other hand, since the diamine groups of
EDA*' can coordinate with Pb ions, they may influence the
original quasi-2D phase distribution. To investigate the impact
of EDACI, on phase distribution, the perovskite films were ana-
lyzed using steady-state and transient absorption spectroscopy
as characterization methods. From the absorption spectra
(Fig. 2a), the control sample (labeled as w/o) exhibits two exci-
tonic absorption peaks at ~400 nm and ~430 nm, corres-
ponding to the n = 1 and n = 2 quasi-two-dimensional phases,
respectively, along with a less steep absorption edge, corres-
ponding to a series of high n-value phases. When EDACI, is
introduced into the perovskite films (labeled as w/EDACI,), the
characteristic peak corresponding to the n = 1 phase almost
disappears, while the peak for the n = 2 phase slightly blue-
shifts. Both the characteristic peaks and the absorption edge
show a noticeable blue shift, attributed to the introduction of
chlorine. Notably, the slope of the absorption edge becomes
significantly steeper, indicating that higher n-value phases are
suppressed, and the overall phase distribution of the quasi-
two-dimensional perovskite narrows. This can lead to a shift of
radiative recombination centers towards phases with a wider
bandgap, which is another main reason for the blue shift in
the EL spectra. With the further introduction of NaBr into the
perovskite films (labeled as w/EDACI, + NaBr), the phase distri-
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Fig. 2 Optical properties of quasi-2D perovskite films. (a) Absorption
spectra and (b—d) TA spectra at different probe delay times for the films
of w/o, w/EDACl,, and w/EDACL, + NaBr, respectively, following exci-
tation at 360 nm (100 fs, 1 kHz, 1.6 pJ cm™3).
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bution of the quasi-2D perovskite further narrows. The charac-
teristic peak corresponding to the n = 2 phase almost dis-
appears, leaving only the main characteristic peak at ~450 nm
for the n = 3 phase, and the absorption edge shifts further
blue, indicating a further shift in radiative recombination
centers. HRTEM image reveal that the introduction of NaBr
results in the formation of nanocrystals smaller than 10 nm in
the quasi-two-dimensional perovskite film (Fig. S37),
suggesting that the transformation of narrow-bandgap high
n-value and three-dimensional structures into wide-bandgap
nanocrystal structures under the synergistic effect of EDACI,
and NaBr is another reason for the overall bandgap broaden-
ing of the perovskite.*’

Fig. 2b-d show the TA spectra at different delay times for
the three quasi-2D perovskite films. The w/o sample shows
four bleach peaks located at 400 nm, 432 nm, 462 nm and
480 nm, corresponding to phases n =1, 2, 3 and n > 4 respect-
ively, which are consistent with the results of steady-state
absorption spectra. After the introduction of EDACI, and NaBr,
the bleach peak for n = 1 disappears, and the intensity of the n
= 2 bleach peak significantly decreases, indicating that the
low-dimensional phases have been significantly suppressed
(Fig. 2c). All samples exhibit a broad bleach peak (Fig. 2b and
¢), corresponding to their emission centers, where the broad
peak of the w/o is distinctly separate from the n = 3 bleach
peak within the first 2 ps after excitation. However, after the
introduction of EDACI, and NaBr, the broad peak gradually
merges with the n = 3 bleach peak, indicating a gradual shift
of radiative recombination centers towards intermediate
phases such as n = 3 and n = 4. The shortened energy transfer
path implies a more efficient and smoother energy transfer
process. From the characterization results of steady-state and
transient absorption spectroscopy, under the combined effect
of EDACI, and NaBr, the phase distribution of the quasi-2D
perovskite is centralized, with both low and high n-value
phases suppressed, and medium rn-value phases dominating.
It is noteworthy that low n-value phases (n = 1, 2) have been
reported to lead to non-radiative recombination in quasi-2D
perovskites. The adjusted phase distribution not only shifts
recombination centers towards wider bandgap phases but also
effectively reduces non-radiative recombination centers, con-
structing a more efficient energy transfer pathway and enhan-
cing the radiative recombination efficiency of the films.
Considering that ligand materials are also important factors
affecting the phase distribution of quasi-2D perovskites, the
ratio of two ligand materials was readjusted, and their absorp-
tion and PL spectra were analyzed (Fig. S47). As the content of
PABr gradually increases, the PL peak of the perovskite film
blue-shifts from 482 nm to 470 nm. However, when pure PABr
is used as the ligand material, the PL intensity significantly
decreases, and the peak symmetry worsens, showing obvious
low-dimensional phase luminescence. From the absorption
spectra, when the PABr content increases to 120%, the n = 1
and 2 phases significantly increase, and the absorption edge
blue-shifts markedly, indicating that low-dimensional phases
dominate, leading to more non-radiative recombination

This journal is © The Royal Society of Chemistry 2025
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centers. When the PEABr content is higher (100% and 120%),
the absorption spectra show a characteristic peak at 314 nm
corresponding to the Cs,PbBrs phase, and the absorption edge
is in the sky-blue region. Since Cs,PbBrs hardly participates in
radiative recombination luminescence, this phase distribution
is unsuitable for the preparation of pure-blue quasi-2D perovs-
kites. After comprehensive consideration, a ligand ratio of
100% PABr + 20% PEABr strikes a balance between pure-blue
emission (474 nm) and strong PL intensity.

Based on the optimized phase distribution, the radiative
recombination efficiency of perovskite films should have been
effectively improved. However, the corresponding PeLEDs
exhibit a decreasing trend in EQE. To investigate the reason,
we conducted photoluminescence quantum yield (PLQY) and
time-resolved photoluminescence (TRPL) measurements to
explore the underlying mechanism (Fig. 4a and b). The PLQY
for the three types of films—w/o, w/EDACI,, and w/EDACI, +
NaBr—were 66%, 55%, and 64%, respectively. The decrease in
PLQY for the w/EDACI, film might be attributed to Cl-induced
deep-level defects, while the introduction of NaBr reduced the
non-radiative recombination centers caused by low-dimen-
sional phases, leading to an increased PLQY.

TRPL decay profiles were fitted by a bi-exponential function,
with detailed fitting parameters provided in Table S3.f The
decay process is characterized by two distinct lifetime com-
ponents: 7; (fast decay) and 7, (slow decay). According to pre-
vious work,*® the slow decay component can be attributed to
radiative recombination, while the fast component can be
attributed to trap-assisted recombination. Based on the calcu-
lated average lifetime (z.,,) and PLQY, we further calculated
the radiative (k..q) and non-radiative (knonraa) recombination
rates for the perovskite films. Compared with w/o, although
the introduction of EDACI, slightly reduced k,onraqa by suppres-
sing non-radiative recombination from the n = 1 phase, kiq
also significantly decreased. On one hand, the introduced
EDACI,, as a surface ligand, has poor conductivity, leading to a
decrease in the intrinsic carrier mobility of perovskite. On the
other hand, the additional introduction of Cl in the halogen
sites of perovskite not only brings deep-level defects, increas-
ing the non-radiative recombination rate (which overlaps with
the reduction of k,onraq due to phase distribution regulation),
but also affects the intrinsic properties of perovskite, both of
which lead to a decrease in k;,q. After the introduction of
NaBr, although k.4 remained almost unchanged, its stronger
phase distribution regulation effect (significantly reducing the
formation of low-dimensional phases, thereby suppressing
non-radiative recombination centers) led to a significant
reduction in knonrad, thus improving PLQY. From the film mor-
phology observed by scanning electron microscopy (Fig. 3c),
the introduction of EDACI, significantly reduced the large-
sized particles in the film, while the introduction of NaBr sig-
nificantly improved the crystallinity, with clear flaky quasi-2D
phases and small-sized 3D phases visible.

From the optical characterization results of the thin films,
although the k.,q decreased after the introduction of EDACI,
and NaBr, the negative impact was further offset by the
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2D perovskite films. (a) PLQYs excited using a 365 nm LED, and (b)
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w/EDACI, + NaBr, respectively. (c) SEM images of three kinds of films.

reduction in knonrag, Ultimately resulting in a PLQY close to
that of the w/o sample. Therefore, the decline in EQEs of the
PeLEDs is likely due to structural defects in the device.
PEDOT:PSS, widely used as a hole transport layer, has a signifi-
cant issue with interfacial exciton quenching.’® To address
this problem, we introduced a poly-TPD/PVK layer as a spacer
for quenching protection, while also considering conductivity
and surface wettability. However, this introduces an additional
barrier for hole transport (the HOMO levels of PEDOT:PSS,
poly-TPD, and PVK are —5.0 eV, —5.2 €V, and —5.8 €V, respect-
ively). Introducing PSSNa into PEDOT:PSS has been proven to
be an effective strategy to lower the HOMO level and improve
the surface morphology of the PEDOT:PSS layer, reducing
exciton quenching. We modified the PEDOT:PSS layer and pre-
pared PeLEDs for comparison. The device structure is shown
in Fig. 4a, where the pristine PEDOT:PSS layer and the PSSNa-
introduced PEDOT:PSS layer serve as hole injection layers,
respectively, with the poly-TPD/PVK layer acting as a spacer
and hole transport layer, and TPBi as the electron transport
layer. Fig. 4b-f show the current density-luminance-voltage
(J-L-V), external quantum efficiency-voltage (EQE-V), current
efficiency-voltage (CE-V) characteristics, normalized electrolu-
minescence (EL) spectra, and EL color coordinates of the
PeLEDs. The performance of both PeLEDs is summarized in
Table S4,1 where the PeLED with introduced PSSNa exhibits a
lower turn-on voltage, indicating improved energy level match-
ing in the device. The maximum brightness and maximum
EQE of the PeLED with the modified hole transport layer were
enhanced, with the maximum EQE reaching 4.6% (Fig. 4b, c
and Fig. S5t). Moreover, there was almost no significant
change in the EL spectra, suggesting that the radiative recom-
bination centers of the device remained unchanged. Notably,
although we introduced a small amount of Cl, the EL spectra
shows almost no change under continuously increasing oper-
ating voltages, maintaining a blue light emission at 474 nm
even under an extreme high bias of 10.4 V. Furthermore, the
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spectrum also remained stable during prolonged operation at
fixed voltages (Fig. S6 and S77). This is due to the saturation of
halogen sites reducing the formation of halogen defects, and
the relatively low Cl content. In contrast, we prepared a mixed
Cl-Br quasi-2D PeLED without the introduction of EDACI, and
NaBr, whose EL spectra showed a significant redshift with
increasing bias voltage (Fig. S6). Our dual-additive phase dis-
tribution regulation strategy provides a viable approach for the
fabrication of color stable pure blue quasi-2D PeLEDs.

4 Conclusions

In this study, we successfully developed efficient and color-
stable pure-blue perovskite light-emitting diodes (PeLEDs)
through a dual-additive strategy that modulates phase distri-
bution and manages chlorine incorporation in quasi-2D per-
ovskites. By introducing EDACI, to suppress high-n phases and
incorporate Cl for bandgap broadening, combined with NaBr
to eliminate low-n non-radiative centers and promote small-
sized nanocrystals, we optimized radiative recombination
towards wide-bandgap phase distribution. This approach
enabled spectrally stable pure-blue electroluminescence at
474 nm without compromising PLQY. Further engineering of
the hole transport layer yielded a peak EQE of 4.6%, with spec-
tral stability maintained under extreme bias up to 10.4 V. Our
findings provide critical insights into phase and halide man-
agement for high-performance blue PeLEDs, advancing their
potential in full-color displays and lighting technologies. This
work underscores the importance of precise material engineer-
ing in overcoming the challenges associated with blue perovs-
kite emitters, paving the way for future advancements in per-
ovskite optoelectronics.
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