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Brightening deep-blue perovskite light-emitting

diodes: A path to Rec. 2020
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Deep-blue perovskite light-emitting diodes (PeLEDs) of high purity are highly sought after for next-generation dis-
plays complying with the Rec. 2020 standard. However, mixed-halide perovskite materials designed for deep-blue
emitters are prone to halide vacancies, which readily occur because of the low formation energy of chloride vacan-

Copyright © 2024 e
Authors, some rights
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original U.S.
Government Works.
Distributed under a
Creative Commons
Attribution
NonCommercial
License 4.0 (CC BY-NC).

cies. This degrades bandgap instability and performance. Here, we propose a chloride vacancy-targeting passiv-
ation strategy using sulfonate ligands with different chain lengths. The sulfonate groups have a strong affinity for
lead(ll) ions, effectively neutralizing vacancies. Our strategy successfully suppressed phase segregation, yielding
color-stable deep-blue PeLEDs with an emission peak at 461 nanometers and a maximum luminance (Lmax) of 2707
candela per square meter with external quantum efficiency (EQE) of 3.05%, one of the highest for Rec. 2020 standard-
compliant deep-blue PeLEDs. We also observed a notable increase in EQE up to 5.68% at Lmax of 1978 candela per
square meter with an emission peak at 461 nanometers by changing the carbon chain length.

INTRODUCTION

Metal halide perovskites (MHPs) have attracted considerable inter-
est for a wide range of optoelectronic applications, including solar
cells, light-emitting diodes (LEDs), photodetectors, and phototran-
sistors. Their appeal stems from their facile optical bandgap tun-
ability and balanced charge transport, which enable the development
of highly eflicient devices (I-4). In particular, the emitting light
colors of MHPs can be easily controlled by adjusting the ratio of
halide anions (5, 6). Moreover, the emission spectra of MHPs have
a considerably narrow full width at half maximum (FWHM), allow-
ing a wide color gamut of displays for Rec. 2020 color standard
specifications (7).

Despite the numerous advantages of MHPs, deep-blue perovskite
LEDs (PeLEDs) have proven to be a bottleneck in the realization of
high-performance perovskite displays mainly due to their low exter-
nal quantum efficiencies (EQEs) and limited maximum luminance
(Lmax). The advancement in deep-blue brightness is particularly
important for applications such as smartphones, which require a
brightness of up to 2000 cd/m” to ensure visibility under bright out-
door conditions. Green and red PeLEDs satisfy the Rec. 2020 stan-
dard and exhibit excellent EQEs of over 25% and Ly, ranging from
10,000 to 200,000 cd/m? (8-13). However, the world-record EQE of
deep-blue LEDs (wavelength < 465 nm) is ~10%, and their L,,,, val-
ues fall below 1000 cd/m? (10, 14-19). Therefore, further research is
necessary to devise deep-blue PeLEDs that meet the Rec. 2020 stan-
dard and achieve performance levels comparable to those of red and
green PeLEDs (10-13, 20, 21).

Various strategies have been used to fabricate deep-blue PeLEDs.
A notable method involves the use of low-dimensional perovskite
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structures. However, these structures tend to result in insufficient
charge injection because of the presence of dielectric ligands. More-
over, the color purity can be affected by the presence of nonuniform
phases with different n values (where n =1, 2, ...), which can lead to
variations in the spectral characteristics of the emitted light (22-24).
Alternatively, blue MHPs can be fabricated by mixing chloride and
bromide anions; deep-blue MHPs require a higher fraction of chlo-
ride in the mixture. However, the low formation energy of chloride
vacancies induces numerous deeper defect sites within the bandgap
(25, 26). These defects prompt nonradiative recombination of in-
jected charge carriers, which negatively affects the performance of
deep-blue PeLEDs (26-28).

In addition, halide vacancies in deep-blue PeLEDs can cause se-
vere phase segregation under an operating bias because the vacancies
can provide migration channels for intrinsic halide anions (29). The
phase segregation generates heterogeneous domains with undesired
bandgaps in films and broadens the emission spectra (10, 30). Charge
carriers in the heterogeneous films tend to funnel into domains with
a smaller bandgap. This migration results in a red shift of the emis-
sion spectra and, ultimately, color instability of deep-blue PeLEDs
(24, 31). Numerous studies have reported the use of ammonium
group-based ligands to passivate uncoordinated halide anions to ad-
dress the issues arising from halide anions (23, 32-34). However, in
deep-blue PeLEDs, as the ratio of chloride to halide increases, the
probability of forming halide vacancies owing to the weak bonding
of Pb—Cl surpasses that of forming uncoordinated halide anion
defects (25, 26). This complexity presents a substantial hurdle in
effectively passivating defects and enhancing the performance of
deep-blue PeLEDs. Unexpectedly, strategies for passivating halide
vacancies have received relatively less attention to date (26).

In this study, we introduce a novel chloride vacancy-targeting
passivation strategy that uses sulfonate ligands with varying chain
lengths, including methanesulfonate (MS), ethanesulfonate (ES),
and propanesulfonate (PS). Sulfonate functional groups exhibit a
strong binding affinity with Pb(II) ions, allowing for effective pas-
sivation of halide vacancies (35). Using this approach, we de-
veloped deep-blue MS-treated perovskite (MSP)-based LED devices,
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achieving an emission peak at 461 nm, an EQE of 3.05%, and an
Lax Of 2707 cd/m?* with a narrow FWHM of 15.4 nm. Further-
more, LEDs based on ES-treated perovskite (ESP) and PS-treated
perovskite (PSP) exhibited improved EQE of 3.96 and 5.68%, re-
spectively. We achieved one of the highest reported values of L4y
for deep-blue PeLEDs that satisfy the Rec. 2020 color standard. In
particular, strong binding passivation by sulfonate ligands efficiently
prevents halide migration under bias in mixed-halide perovskite
films containing chloride and bromide. Consequently, our chloride
vacancy-targeting passivation strategy greatly enhances color sta-
bility, as indicated by the changes in the Commission Internatio-
nale de I'Elcairage (CIE) coordinates.

RESULTS

Perovskite thin films with improved bandgap stability using
sulfonate ligands

Perovskites with sulfonate ligands can be easily synthesized using a
simple one-pot solution method. A one-pot precursor solution was
prepared by combining cesium (Cs), lead (Pb), bromine (Br), chlo-
rine (Cl), and sulfonate ligands in a dimethyl sulfoxide (DMSO)
solvent, which was then subjected to an elevated temperature of
60°C. Subsequently, a diluted mixture of poly(3,4-ethylenedioxy-
thiophene) polystyrene sulfonate (PEDOT:PSS), perfluorinated

ionomer (PFI), and fluorosurfactant (FS) was spin-coated onto an
indium tin oxide (ITO)/glass substrate to form a hole injection layer.
Next, the one-pot precursor solution was spin-coated onto the hole
injection layer, followed by antisolvent treatment and thermal an-
nealing at 90°C to promote crystallization (Fig. 1A). Detailed
descriptions of the experimental conditions are provided in the ex-
perimental section. The SOz~ group of sulfonate ligands has a lone
pair of electrons, which enable them to form strong chemical bonds
with Pb ions. This bonding interaction results in a reduction in the
number of halide vacancies, which are known to generate channels
for anion hopping (29). Reducing the number of vacancies suppresses
the formation of these channels, which decreases ion migration with-
in the material. As shown in Fig. 1B, phase segregation induced by
ion migration can cause exciton funneling, which may lead to the
undesired emission of photons.

Analysis of chemical and structural properties of perovskite
with sulfonate ligands

The successful incorporation of sulfonate ligands into the perovskite
films was confirmed by conducting x-ray photoelectron spectros-
copy (XPS) and Fourier transform infrared (FTIR) spectroscopy
analyses on control perovskite (CP), MSP, ESP, and PSP films with
the amount of the ligands that showed highest photoluminescence
(PL) quantum yield (PLQY) of MSP. The XPS S 2p spectra depicted
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Fig. 1. Procedure and concept of sulfonate ligand-treating perovskite film. (A) Schematic of the simple one-pot process for the fabrication of perovskite films incor-
porating sulfonate ligands. (B) Comparative schematics of the control perovskite (CP)-treated perovskite and MSP. CP experiences phase segregation, which leads to
exciton funneling and the emission of photons at undesired wavelengths. In contrast, MSP remains free from phase segregation.
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in Fig. 2A reveal that no S 2p peaks are detected in the CP film,
whereas the MSP film exhibits an S 2p spectrum ranging from
166 to 171 eV. In particular, the S 2p spectrum can be separated
into two peaks centered at 167.8 and 169.0 eV, which correspond to
SO;—C and Pb—O—S, respectively (36). The appearance of the
SO3;—C peak in the MSP films suggests the successful incorporation
of sulfonate ligands. Moreover, the occurrence of a Pb—O—S peak
provides clear evidence that the sulfonate ligands effectively bonded
with the Pb ions, thereby potentially passivating the halide vacan-
cies. Furthermore, the depth profile analysis, as presented in fig. S1,
confirmed that sulfonate ligands are distributed throughout the
entire perovskite films. We thoroughly examined the high-resolution
Pb 4f and Br 3d peaks, spanning the ranges of 135 to 147 eV and
65 to 71 eV, respectively, to validate the chemical bonding between
the sulfonate groups and Pb ions. As shown in Fig. 2B, the spectrum
of the CP film can be resolved into distinct peaks corresponding to
metallic Pb (Pb’) and Pb ions (Pb**). The peaks of Pb° at 136.2 and
141.1 eV, known as nonradiative recombination sites, reveal insuf-
ficient passivation of the CP film (37). The Pb** species in MSP and
CP were also analyzed through the Pb 4f and Pb 4f*? orbitals.
MSP exhibits binding energies at 138.1 and 142.9 eV that are lower
than those for CP, which exhibits values of 138.5 and 143.3 eV
(dashed lines in Fig. 2B). The lower binding energies can be attrib-
uted to the presence of negative charges on the sulfonate groups.
These negative charges contribute electron clouds to the Pb ions,
filling the Pb 6p orbitals (38). This leads to a decrease in the binding
energy observed in the MSP spectrum (38, 39). The disappearance
of Pb” peaks and the peak shifts of Pb 4f”/? and Pb 4> observed in

the MSP also confirm successful bond formation between the Pb
ions and sulfonate ligands in the perovskite films. Analysis of the Br
3d spectra, as presented in Fig. 2C, reveals that the MSP exhibits
binding energy values of 68.1 and 69.1 eV, lower than those of the
CP, at 68.3 and 69.3 eV (dashed lines in Fig. 2C). This can be attributed
to the augmentation of electron clouds in the vicinity of Br ions,
which arises from the formation of chemical bonds between the Pb
ions and sulfonate groups (40). Hence, the peak shift observed in the
Br 3d spectra offers further proof of the successful incorporation of
sulfonate ligands into the perovskite films. XPS analyses of ESP and
PSP are shown in fig. S1.

FTIR analysis was conducted to clarify the identity of ligands
(Fig. 2D and fig. S2). As shown in Fig. 2D, no peaks are detected
within the range of 800 to 1600 cm™" in the CP films. However, the
MSP films clearly exhibit peaks related to the alkane bending vibra-
tion [V(C—H)] at 1380 and 1410 cm™" and the S=O stretching vibra-
tion [1(S=0)] at 1050 and 1200 cm ™" (41).

X-ray diffraction (XRD) was performed to investigate the crys-
tallographic changes induced by the MS, ES, and PS ligands (Fig. 2E
and fig. S3). As shown in Fig. 2E, the introduction of sulfonate
ligands resulted in the emergence of the (100) plane as the dominant
facet. Meanwhile, the (100), (110), (200), (210), (211), and (202)
planes of the cubic Pm-3m structure remained unchanged without
the occurrence of additional peaks (42-44). The (100) plane is rec-
ognized for its superior characteristics pertaining to charge trans-
port and low defect density (45). The improved charge transport and
minimized defect density are essential for achieving high brightness
and EQE in LEDs. Therefore, from a crystallographic perspective,
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Fig. 2. Comparison between control and sulfonate-treated perovskite. (A to C) XPS data for different elements in both CP and MSP, including (A) S 2p within the range
of 172 to 166 eV, (B) Pb 4f within the range of 147 to 135 eV, and (C) Br 3d within the range of 71 to 66 eV. a.u., arbitrary units. (D) FTIR spectra of CP and MSP showing the
presence of sulfonate ligands. (E) X-ray diffraction (XRD) patterns of CP and MSP, illustrating the crystallographic variations. (F) Atomic force microscopy images and
roughness of CP and MSP, demonstrating the differences in film quality. rms, root mean square.
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sulfonate ligands are promising passivation agents for perovskite
materials. Furthermore, the absence of additional peaks indicates
that the incorporation of sulfonate ligands did not cause the forma-
tion of a two-dimensional (2D) structure (46). The lack of a 2D
structure is also confirmed by the absence of additional peaks in the
ultraviolet-visible absorption spectra (fig. S4) (47, 48). Consequently,
the original cubic structure was preserved, which is known for its
excellent emission properties (49). Detailed analyses of ESP and PSP
films are provided in figs. S1 to S3.

Atomic force microscopy scan reveals that the roughness of
perovskite film was remarkably reduced from 12.63 to 0.93 nm upon
MS incorporation (Fig. 2F). Moreover, scanning electron micros-
copy images show that the incorporation of MS ligands reduced the
grain size from ~300 to 120 nm (fig. S5). This change is due to the
suppression of crystal growth during film formation (50). The re-
duction in grain size, driven by the presence of sulfonate ligands,
promotes the spatial confinement of charge carriers, leading to en-
hanced radiative recombination (51).

Effect of sulfonate ligands on the photophysical properties

We conducted a comprehensive PL-based analysis to assess the im-
pact of the sulfonate ligands by comparing the properties of CP and
MSP. We investigated the temperature-dependent PL ranging from
83 to 243 K for both CP and MSP (Fig. 3, A and B). The integrated

PL intensity was applied to the following modified Arrhenius equa-
tion to determine the exciton binding energy (Eq. 1).

KT) =1/ [1+A- B/ 0T] M

where I is the intensity at 0 K, Ej is the exciton binding energy, A
is a proportional constant, and kg is the Boltzmann constant (52).
The calculated exciton binding energies of CP and MSP were 60.72
and 107.12 meV, respectively (Fig. 3C and Table 1). The increased
exciton binding energy of MSP, which promotes radiative recombi-
nation through the spatial confinement of charge carriers, corre-
sponds to the decreased grain size (~120 nm) of the MSP films
(fig. S5) (53, 54). The increased exciton binding energy in the MSP
samples also implies that MSP is less susceptible to energy loss
through nonradiative pathways (51). In particular, the MSP films
exhibit prolonged average PL lifetimes (t.y;) compared to the CP
films, increasing significantly from 0.668 to 3.141 ns (Fig. 3D and
Table 2). Furthermore, we examined the relationship between inte-
grated PL (Ipy) and excitation pulse power (), specifically flu-
ence, as described by the equation “Ip; (Iex)k”. The exponent k
reveals the degree of bimolecular recombination occurring. In par-
ticular, k values around 2 indicate the bimolecular recombination
type recombination. As shown in fig. S6, the MSP films with a k
value of 2.03 exhibit more pronounced bimolecular recombination
compared to CP, which has a k value of 1.41. In addition, the PLQY
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Fig. 3. Photophysical differences induced by sulfonate ligands. (A and B) Temperature-dependent PL spanning from 83 to 243 K in 20,000 steps for (A) CP and (B) MSP.
(C) PL intensity [integrated from (A) and (B)] plotted as a function of temperature with a fitted line on the modified Arrhenius equation to derive the exciton binding
energy. (D) Time-resolved PL decay curves for both CP and MSP, demonstrating lifetimes. (E) PL spectra for both CP and MSP, detailing the PLQY. (F) Total, radiative, and
nonradiative decay rates for CP and MSP. (G and H) TAS spectra of (G) CP and (H) MSP across different time delays ranging from 500 fs to 10 ps. (I) TAS bleaching decay

kinetics for CP at 2.57 eV and MSP at 2.62 eV.
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Table 1. Exciton binding energy evaluation. Parameters were obtained from fitting the modified Arrhenius equation to the temperature-dependent PL data.

Ao Ep (meV) R?
CcP 40.12 60.72 0.97
MSP 1575.25 107.12 0.98

Table 2. Exciton lifetime evaluation. Parameters were derived from fitting the biexponential decay equation to the time-resolved PL data.

Aq 71 (ns) 75 (ns) T R?
CcP 0.96 0.511 0.045 4,00 0.69 0.99
MSP 0.66 1.159 0.34 6.90 3.14 0.99

increased from 1.38 to 25.6% without a peak shift (Fig. 3E and
fig. $6). Compared to MSP, notably, ESP and PSP exhibited im-
proved PLQY values at increased ligand concentrations, reaching
31.6 and 41.8%, respectively. The optimal PLQY values for MSP,
ESP, and PSP were achieved at different ratios of ligands to lead
ions: 0.6 for MS, 0.8 for ES, and 1.0 (or 1.2) for PS. The increased
PLQY of the treated perovskite films implies that sulfonate ligands
at the grain boundaries effectively passivate the defects. Further-
more, the radiative decay rate of CP was found to increase from 9.5 to
46.4 ps~" in the MSP; simultaneously, the nonradiative recombi-
nation decay rate decreased from 678.9 to 134.9 ps~" (Fig. 3F). These
changes in the PL lifetime, PLQY, and decay rate are attributed to
a reduction in trap sites, which are responsible for nonradiative
recombination.

Furthermore, we used transient absorption spectroscopy (TAS)
to investigate the impact of the sulfonate ligands on phase hetero-
geneity by observing variations in the bandwidth and spectral peak
shift of the photobleaching band (Fig. 3, G and H) (22, 23). In par-
ticular, the spectrum of CP reveals different energy states from
2.57 to 2.62 eV at 500 fs. However, after 10 ps, the spectra showed
a noticeable decrease in intensity at 2.62 eV compared to that at
2.57 eV, resulting in an almost singular peak at 2.57 eV. This obser-
vation indicates the presence of heterogeneous phases within the
CP film induced by the pump pulse energy. Notably, both CP and
MSP exhibit the same PL peak locations (Fig. 3, A and B). In con-
trast, MSP demonstrates a single, narrow photobleaching band at
2.62 eV, indicating superior compositional homogeneity (55-58).
In addition, we investigated the decay kinetics of the bleaching
bands of CP at 2.57 eV and MSP at 2.62 eV to study the effect of the
sulfonate ligand on relaxation dynamics (Fig. 3I). The time con-
stants for CP and MSP were 5.48 and 8.77 ps, respectively. The
faster decay time constant in CP is attributed to a higher density of
defect sites that cause charge carrier trapping in CP compared to
that in MSP (59). This can be explained by the compositional inho-
mogeneity or bandgap instability that stems from the nonuniform
distribution of bromide and chloride ions. Therefore, sulfonate li-
gands have been proven to serve as effective passivating agents,
thereby leading to prolonged relaxation times (59-61). This ap-
proach enabled us to gain insights into the structural robustness of
perovskite materials and their capacity to preserve their integrity
when subjected to various external stimuli.

Lee et al., Sci. Adv. 10, eadn8465 (2024) 17 May 2024

High-brightness deep-blue PeLEDs using sulfonate ligands
As shown in Fig. 4A, we evaluated the impact of sulfonate ligands on
device performance by fabricating deep-blue PeLEDs with a device
structure of ITO/PEDOT:PSS:PFIL:FS/perovskite/2,2",2"-(1,3,5-
benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi)/lithium
fluoride (LiF)/Al. Given that we fabricated CP-, MSP-, ESP-, and
PSP-based LEDs with a consistent ratio of cesium to lead ions, it can
be deduced that any observed differences in performance and stabil-
ity were not attributed to the introduction of additional cesium.
Furthermore, an energy diagram of the device, derived from ultra-
violet photoelectron spectroscopy, is shown in Fig. 4B and fig. S7 (62).
The LED performance of the MSP notably surpassed that of the CP
(Fig. 4, C and D), which was attributed to the effective elimination
of trap-assisted nonradiative recombination achieved through the
passivation of halide vacancies with MS ligands (28). Consequently,
the EQE for MSP-based LEDs, with an emission peak at 461 nm and
an FWHM of 15.4 nm, increases markedly to 3.05% from a consider-
ably low EQE of 0.009% for CP-based LEDs. Of particular signifi-
cance is the achievement of an Ly, value of 2707 cd/m? for the
MSP-based LEDs, which represents one of the brightest deep-blue
PeLEDs reported to date satisfying Rec. 2020 standards (Fig. 4E)
(10, 14, 16, 18, 19, 63, 64). Furthermore, ESP- and PSP-based LEDs
were fabricated with various amount of ligands, achieving optimal
PLQY for each ligand (fig. S6). Despite having rougher surfaces and
slightly lower electron and hole mobilities (figs. S8 and S9), in com-
parison with MSP devices, both ESP and PSP showed a notable
increase in PLQY at higher ligand concentrations. This PLQY en-
hancement allowed ESP- and PSP-based LEDs to achieve improved
EQE of 3.96% and 5.68%, respectively (fig. S10). However, the
decreased mobilities in ESP- and PSP-based LEDs resulted in de-
creased luminance of 2116 and 1978 cd/m?, respectively. Further-
more, we have fabricated ESP- and PSP-based LED devices using the
same ligand concentration as used in the MSP-based LED device. As
shown in fig. S10, the EQE of ESP- and PSP-based LEDs was lower
than that of MSP-based LEDs at the same ligand concentration,
although three different films exhibited similar PLQY as shown in
fig. S6. It can originate from the roughness differences, in which
bigger roughness can induce trapping in the interface between
perovskite film and the electron transporting layer. Furthermore,
the decrease in L,y can stem from the increased dielectric property
with a longer dielectric carbon chain.
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Fig. 4. Evaluation of device performances and color stability. (A) Schematic and transmission electron microscopy (TEM) image of the PeLED structure: glass/ITO/
PEDOT:PSS:PFI:FS/perovskite/TPBi/LiF/Al. (B) Energy diagram of the PeLED devices; (C) Current-voltage (I-V) and luminance-voltage (L-V) curves for PeLEDs based on CP
and MSP. (D) EQE-voltage (EQE-V) curves for PeLEDs based on CP and MSP. (E) Comparison of deep-blue PeLEDs satisfying Rec. 2020 standard below 465 nm of emission
peak over the past 3 years. (F and G) Operating voltage-dependent electroluminescence (EL) spectra of PeLEDs based on (F) CP and (G) MSP. (H) Variations in CIE x and y
coordinates under different operating voltages for PeLEDs constructed from CP and MSP.

We also investigated the influence of sulfonate ligands on color
stability at different operating voltages. Figure 4F indicates the elec-
troluminescence (EL) spectra obtained from CP-based LEDs, re-
vealing color instability as the emission spectra shift when the
operating voltage range varies between 3.8 and 5.0 V. In particular, a
second emission peak at ~500 nm emerged and became dominant,
notably overshadowing the original blue emission at ~460 nm. This
phenomenon is attributed to the inherent structural instability of
CP, which promotes the formation of Br-rich domains owing to ion
migration through halide vacancies. Conversely, MSP-based LEDs
demonstrate remarkably improved bandgap stability. The EL spectra
of MSP-based LEDs exhibit a consistently maintained original blue
peak, without any additional peaks, across the entire operating
range from 3.9 to 4.7 V, as illustrated in Fig. 4G. These findings high-
light the remarkable color stability of MSP-based LEDs compared to
that of CP-based LEDs. In exploring the impact of ligand chain
length on color purity, ESP and PSP LEDs showed slightly broader
FWHM of 17.8 and 19.7 nm in their emission spectra, respectively.
Furthermore, the main emission peaks of ESP- and PSP-based LEDs
were red-shifted by ~2 nm from 461 to 463 nm (fig. S11). This rela-
tively poor color stability compared to MSP-based LEDs could be
attributed to their rougher surfaces. Notably, the perovskite grains
in these LEDs did not form uniformly but appeared in sparse, pointed
shapes with increasing the carbon chain length (fig. S8). These
rougher surfaces could increase the grain boundaries, which are
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known sites for ion migration that can cause color instability (65).
Despite these slight shifts in emission peaks for ESP- and PSP-
based LEDs, their stability remains notably higher compared to
CP-based LEDs (fig. S12). The spectral stability between CP- and
MSP-based LEDs can be quantitatively compared using parameters
such as the CIE coordinates, as depicted in Fig. 4H. For CP-based
LEDs, the CIE x and y coordinates underwent significant shifts from
0.14 to 0.066 and 0.039 to 0.38, respectively. In contrast, the MSP-
based LEDs displayed only minor changes in the CIE x and y coor-
dinates, shifting from 0.14 to 0.138 and 0.039 to 0.042, respectively.
Furthermore, extending the carbon chain length from MSP to PSP
reduced the operational lifespan from 9.0 to 4.1 min when main-
taining an initial luminance of 100 cd/m* (fig. $13). However, EL
spectra of the three different samples showed negligible changes
over time under a constant bias of ~3.95 V. This reduction may be
attributed to enhanced joule heating facilitated by the longer dielec-
tric carbon chains (65, 66). In addition, the rougher surface mor-
phologies associated with longer carbon chains potentially created
more grain boundaries susceptible to ion migration, consequently
leading to structural collapse (65, 66). Furthermore, we conducted
lifespan measurements of MSP-based LEDs under high-brightness
conditions of 1000 cd/m? (fig. S14). The results revealed a signifi-
cantly shorter lifespan of 1.35 min. This highlights the need for
further research to enhance the longevity of PeLEDs under high-
brightness conditions and facilitate their future commercialization.
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DISCUSSION

In this study, we demonstrated that the incorporation of sulfonate
ligands leads to highly luminous deep-blue PeLEDs with an L, of
2707 cd/m? an EQE of 3.05%, and an emission peak at 461 nm with
an FWHM of 15.4 nm. The maximum luminance achieved by MSP-
based PeLEDs is among the highest recorded for deep-blue PeLEDs
with an emission peak below 465 nm. Furthermore, we successfully
enhanced the EQE of deep-blue PeLED to as high as 5.68% with a
Linax of 1978 cd/m” at an emission peak of 461 nm by varying the
chain length of the sulfonate ligands to construct PSP-based PeLEDs.
Notably, these devices meet the Rec. 2020 standard and demonstrate
one of the brightest luminescence outputs reported to date for deep-
blue PeLEDs. Moreover, the devices maintained exceptional spectral
stability, further highlighting the potential of the proposed molecu-
lar engineering strategy for enhancing the performance and stability
of mixed-halide PeLEDs, which are particularly prone to phase seg-
regation. We attribute the remarkable improvement in performance
and spectral stability to sulfonate ligands, which effectively mitigate
phase segregation and passivate the defects that foster nonradiative
recombination. Therefore, our strategy holds promise for enhancing
the performance of deep-blue PeLEDs to a level comparable to that
of red and green PeLEDs, thereby facilitating the development of
perovskite displays that comply with the Rec. 2020 standard.

MATERIALS AND METHODS

Materials

Lead(II) bromide (PbBr;; 99.999%) and lead(II) chloride (PbCly;
99.999%), cesium bromide (CsBr; 99.999%), cesium MS, ethanesul-
fonic acid (95%), propanesulfonic acid (99%), dimethylsulfoxide
(DMSO, 99.9%), Nafion PFI resin solution (tetrafluoroethylene-
perfluoro-3,6-dioxa-4-methyl-7-octenesulfonic acid copolymer),
isopropyl alcohol, ES, LiF (99.99%), and TPBi were purchased from
Sigma-Aldrich Co. Ltd. In addition, the PEDOT:PSS aqueous solutions
(Clevios AI4083) were purchased from Heraeus, Germany.

Preparation of perovskite precursor solution

Three specialized perovskite precursor solutions for fabrication of
LEDs were meticulously prepared using specific compositions:
For CP, PbCl,, PbBr,, and CsBr were mixed in a DMSO solvent at
a concentration of 0.1 M with a stoichiometry of Cs:Pb:Br:Cl = 1.2:
1:1.312:1.889. For MSP, PbCl,, PbBr,, cesium MS, and CsBr were
combined in a DMSO solvent at a concentration of 0.1 M with a
stoichiometry of Cs:Pb:Br:Cl:MS = 1.2:1:1.066:1.534:0.6. For ESP,
PbCl,, PbBr;, cesium ES, and CsBr were blended in a DMSO solvent
at a concentration of 0.1 M with a stoichiometry of Cs:Pb:Br:CLES
= 1.2:1:0.982:1.418:0.8. For PSP, PbCl,, PbBr,, cesium PS, and CsBr
were dissolved in a DMSO solvent at a concentration of 0.1 M with
a stoichiometry of Cs:Pb:Br:CL:PS = 1.2:1:0.9:1.3:1.0. For each solu-
tion, the Cl/Br ratio was consistently maintained at 1.44.

Fabrication of PeLEDs

LEDs were produced on ITO-coated glass substrates with a thickness
of 0.70 + 0.005 mm. The ITO layer had a thickness of 900 + 25 A.
The substrates underwent a rigorous cleaning process involving
acetone and isopropanol in an ultrasonic washer, followed by treat-
ment with oxygen plasma for 10 min. A solution comprising
PEDOT:PSS, PFI, FS, and isopropyl alcohol in a volume ratio of
10:3:3:10 was spin-coated at 9000 rpm for 50 s. This was followed by
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annealing on a hotplate at 150°C for 60 min. After cooling to room
temperature, a perovskite precursor solution (0.1 M) was spin-
coated onto the PEDOT:PSS:PFLFS layer at 2500 rpm for 60 s,
with chloroform antisolvent treatment and a 20-min bake at
150°C. Subsequently, the substrates were transferred to a high-
vacuum thermal evaporator. Using a shadow mask, sequential layers
of TPBi (~25 nm), LiF (~1 nm), and Al (~100 nm) were deposited at
pressures below 107 torr.

Synthesis of cesium sulfonate salts

Sulfonate salts can be synthesized from sulfonic acids via a simple
acid-base reaction. CsOH dissolved in 1 ml of water was added
to sulfonic acid in an ice bath. The mixture was stirred for ~1 hour
until a solid powder formed. Last, it was treated with acetone to re-
move any remaining acid and dried in a vacuum oven.

Characterization

The chemical bonds in the samples were analyzed by XPS using a
Thermo VG Scientific K-alpha instrument. The cross sections of the
devices were analyzed by transmission electron microscopy (TEM)
using a JEOL JEM-ARM200F instrument. The vibrational modes of
the samples were examined by FTIR spectroscopy using a Nicolet
iS50 FTIR spectrometer. The PL characteristics of the samples were
investigated using a PL spectrometer (LabRAM HR Evolution Visi-
ble NIR, HORIBA). The crystal structure of the samples was deter-
mined by XRD using a RIGAKU D/MAX 2500 instrument. The EL
spectra and current-voltage-luminance characteristics of the devices
were measured using a spectroradiometer (CS-2000, Konika Minolta)
and programmable source meter (Keithley model 2400), respectively,
to investigate their optical and electrical properties.

Femtosecond TAS

Transient absorption spectroscopy (TAS) spectra were recorded for
CP and MSP with smaller bandgaps compared to those used for
device fabrication because of the constraints of the excitation energy
range using femtosecond laser pulses based on a visible pump-
continuum probe scheme. Output pulses of 1.55 eV from a
Ti:sapphire-amplified laser (Coherent Legend Elite) were split into
the pump and probe arms. On the pump arm, laser pulses of 1.55 eV
were converted into pump pulses of 2.63 eV. On the probe arm, the
laser pulses of 1.55 eV were directed into a c-cut sapphire window
with a thickness of 3 mm and converted into a white-light continuum
spanning from 2.76 to 1.72 eV by self-phase modulation. The gener-
ated white-light continuum was used as the supercontinuum probe
pulse without further compensation of the dispersion. The probe
pulses were time-delayed with respect to the pump pulses using a
motorized translation stage (Newport, M-ILS150HA). The transient
absorption signal spectra were recorded using a spectrometer
(Andor SR303i) equipped with a Si charge-coupled device (Andor,
DU420A). In all the measurements, the polarization of the pump
pulses was set at a magic angle (54.7°) relative to that of the probe
pulses to eliminate any anisotropic signals. The estimated time reso-
lution of the transient absorption measurement was less than 80 fs,
as determined by the optical heterodyne-detected optical Kerr effect
measurement of a pure solvent (CCly) at the sample position. The
perovskite films were placed at the sample position, and their optical
densities were adjusted to a range of 0.2 to 0.3 at the excitation
wavelength. The transient absorption spectra of the perovskites
were collected over a time range of up to 850 ps.
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