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Dual-Defect Manipulation Enables Efficient and Spectrally
Stable Blue Perovskite Light-Emitting Diodes

Chengxi Zhang, Hao Yuan, Lingmei Kong, Lin Wang, Yuanzhi Wang, Yunguo Li,
Yingguo Yang, Lyudmila Turyanska,* and Xuyong Yang*

Performance of blue solution-processed perovskite light-emitting diodes
(LEDs) is limited by availability of blue perovskite materials. Herein,
4-(trifluoromethyl)benzoyl ammonium bromide (4-TMBABr) is used with
abundant N–H and C=O groups to passivate the defects and produce highly
stable PEAxPA2-x(CsPbBr3)n-1PbBr4 perovskites for blue LED applications. The
N–H group in the 4-TMBABr suppresses the Br-ion mismatch through
hydrogen bonds (N-H···Br) and C=O group coordinates the unsaturated lead
dangling bonds (C=O:Pb). The effective defect passivation by 4-TMBABr
reduces the nonradiative recombination in the perovskite films, hence
enhancing its optical performance. In the LED structure, the sodium
bis(trifluoromethanesulfonyl)imide (SBTI) modified NiOx films are used to
improve the hole transport and to inhibit the fluorescence quenching of the
perovskite layer. The dual-defect manipulation strategy is advantageous for
producing efficient and spectrally stable blue perovskite LEDs, and the
authors demonstrate an LED with maximum luminance of 1094 cd m−2 and
external quantum efficiency of 10.3%. This work can inform and underpin
future development of blue perovskite LEDs with highly efficient and stabile
performance.

1. Introduction

Metal halide perovskite materials have emerged as promising
candidates for optoelectronic applications,[1–3] particularly for
light-emitting diodes (LEDs). Since the first realization of per-
ovskite LED (PeLED) in 2014 with an external quantum effi-
ciency (EQE) of ≈0.1%,[4] the device performance was greatly
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improved for green, red and near-infrared
PeLEDs (EQE over 20%).[5–8] This was
enabled by advancements in the metal
halide perovskite synthesis and by fun-
damental understanding of the physics
of interfaces between perovskite lumines-
cent layer and electron/hole-transport lay-
ers.[5,8–12] However, the performance of
blue PeLEDs remains much lower than
that of other-colour PeLEDs.[12,13] Recently,
quasi-2D perovskites with quantum con-
finement and dielectric confinement have
shown great prospects for blue light emis-
sion. The film formation process of quasi-
2D perovskite from precursor to a solid
film mainly consists of two steps: nucle-
ation and growth. Generally, rapid nucle-
ation and slow crystal growth are effec-
tive methods to obtain high-quality films.
However, in the complex multi-cation per-
ovskite precursor system, defects are in-
evitably formed during the crystallization
of quasi-2D perovskite films due to the
non-homogeneous nucleation and uncon-
trollable growth.[14] These defects cause

trapping of injection carriers, resulting in increased non-
radiative recombination and lower luminous efficiency of the de-
vice. Although passivation agents, including organic molecules
(diphenylphosphinic chloride),[15] organic ammonium[16] and
halide salts (2-phenylethanamine bromide, guanidinium bro-
mide, yttrium (III) chloride),[17–20] inorganic passivators (potas-
sium salt)[21] are currently used to passivate defects (halide
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Figure 1. a) Schematic illustration of defect passivation of the perovskite grain boundaries by 4-TMBABr. b) Simulated ground-state geometries and
electrostatic potentials (ESP) of 4-TMBABr anion and 4-MBA anion without F replacement. High-resolution XPS spectra of pristine and 4-TMBABrB
treated perovskite films for c) Pb 4f and d) Br 3d. e) 1H nuclear magnetic resonance (NMR) spectra of 4-TMBABr, perovskite: 4-TMBA, and perovskite:
4-TMBABr in deuterated dimethylsulfoxide-d6 (DMSO-d6) solution.

vacancies and Pb2+ defects) on quasi-2D blue perovskite surfaces
and at grain boundaries by chemical coordination, there is still a
need for more effective strategies to achieve high performance of
blue PeLEDs.

Carrier (hole and electron) transport/injection layers are op-
timized to reduce carrier injection barrier hence improving the
performance of blue PeLEDs.[22–24] NiOx is widely used as an effi-
cient hole transport layer (HTL) in perovskite optoelectronic de-
vices, as it provides optimal energy band alignment for hole trans-
port. However, the direct contact between the NiOx film and the
perovskite film not only causes fluorescence quenching of the
perovskite film, but also affects the crystallinity and stability of the
perovskite films.[25,26] In addition, the energy level mismatch be-
tween the NiOx and perovskite layers can adversely impact on the
radiation recombination rate and device performance.[21] There-
fore, optimizing the properties of the interface between the NiOx
and perovskite films to enhance the hole injection capability is an
effective way to improve the device performance.

In this work, we developed a synergetic approach to pro-
duce high-efficiency blue-emitting PeLED, which combines the
defect passivation strategy to regulate the growth of quasi-2D
perovskite films with improved modified NiOx HTL interface.
To grow high quality low defect perovskite films, we intro-
duce a passivator, 4-(trifluoromethyl) benzoyl ammonium bro-

mide (4-TMBABr), to suppress the Br-ion mismatch through
hydrogen bonds (N–H··Br) and to coordinate the unsaturated
lead dangling bonds (C=O:Pb). The deposition of sodium
bis(trifluoromethanesulfonyl) imide (SBTI) onto the surface of
NiOx improves the quality of the interface and reduces the energy
barrier for hole injection, while reducing the density of defects
on the NiOx surface and suppressing the nonradiative recombi-
nation. Reduced defect density in the perovskite layer and at the
interface, combined with improved charge transport is favorable
for LED performance, and allows us to demonstrate an efficient
and stable blue PeLEDs with a peak EQE over 10% and a prolong
maximum operational lifetime of 52.3 min.

2. Results and Discussion

Surface defects in perovskite crystals mainly include halide
defects (negatively charged halide dangling bonds) and Pb2+

defects.[27] The dual passivation additive, 4-TMBABr, can form
strong hydrogen bonds with halide ions due to the electron with-
drawing F atom (Figure 1a), which can suppress the formation
of halide dangling bonds. Moreover, the lone pair of electrons in
4-TMBABr molecules can be coordinated with the mismatched
lead ion to passivate the Pb2+ defects. The density functional
theory (DFT) calculation revealed that the formation energy of
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dangling Pb2+ was increased from 1.51 to 3.97 eV following in-
teraction of the surface Pb2+ with fluorine from 4-TMBA, while
the formation energy is 6.7 eV for the perovskites with C=O ad-
sorbed on the surface. These results demonstrate that the Pb2+

defect formation is more effectively suppressed by C=O func-
tional group compared with F functional groups of 4-TMBABr
molecule. The ground-state geometries and electrostatic poten-
tials (ESP) simulations of 4-TMBABr and 4-methylbenzamide (4-
MBA) anions without F replacement revealed a decreased charge
density in the C=O group when the methyl group attached to the
benzene ring is fluorinated, which leads to a softer C=O bonding
and consequently a stronger interaction with surface Pb2+ (Fig-
ure 1b). Therefore, the perovskite structures with large number
of dangling bonds at the grain boundaries are effectively passi-
vated due to the formed bonds between the neighboring surfaces
(4-TMBABr molecule).

X-ray photoelectron spectroscopy (XPS) measurements were
performed to examine the interaction of 4-TMBABr with lead and
halide defects. The characteristic binding energy peaks for Pb 4f
and Br 3d shift by 0.2 eV toward low-energy for the 4-TMBABr-
modified perovskite film compared to those for the pristine per-
ovskite film (Figure 1c,d). This indicates that the cationic charge
on the Pb ion decreases as a result of the interaction with C=O,
which donates the lone electron pair to the empty 6p orbital of
Pb2+.[28] The shift toward lower binding energy for Br 3d peak is
caused by the disturbance due to the electron donation from 4-
TMBABr to Pb2+ through the formation of Lewis adducts, which
results in the change of static interactions between Pb2+ and
Br−. Moreover, the metallic Pb signals at 141.5 and 136.7 eV, ob-
served for pristine perovskite film, are not found in 4-TMBABr
perovskite film, which indicates that the formation of metallic Pb
is also suppressed.[29] The N 1s resonance is shifted by 0.2 eV
to higher binding energy with the incorporation of 4-TMBA+

(Figure S1, Supporting Information), demonstrating a change of
electron cloud distribution of N atom compared to the pristine
perovskite film.

In order to gain deeper insights into the chemical interaction
between 4-TMBABr and perovskites, we measured the nuclear
magnetic resonance (NMR) spectroscopy for 4-TMBABr and per-
ovskite: 4-TMBABr, which were dissolved in deuterated DMSO-
d6 (Figure 1e). The peak (≈ 7.20 ppm) of 1H NMR from R-NH3

+

in the pristine 4-TMBABr was shifted toward the low chemical
shift (7.22 ppm) in the perovskite, indicating the coordination
of bromine on perovskite with R-NH3

+ in 4-TMBABr. The inter-
action between the 4-TMBABr and the PbBr6

2− framework was
further confirmed by Fourier transform infrared (FTIR) spec-
troscopy studies, which revealed a shift of C=O stretching vi-
bration peak from 1657 cm−1 for 4-TMBABr, to 1644 cm−1 for
4-TMBABr/PbBr2 powder (Figure S2, Supporting Information).
The energies of scissoring and stretching vibration of N-H also
shift to lower values from 1580 and 3376 cm−1 for 4-TMBABr
to 1578 and 3372 cm−1 for 4-TMBABr/PbBr2, respectively, con-
firming hydrogen bonding interaction between the N–H and the
perovskite. These results are in good agreement with the XPS re-
sults.

The effect of 4-TMBABr on the crystallization of the quasi-2D
PEAxPA2-x(CsPbBr3)n-1PbBr4 perovskite was probed with the X-
ray diffraction (XRD) measurements (Figure 2a). The diffraction
peaks observed at 14.6°and 29.3° are characteristics of (100) and

(200) planes of CsPbBr3 perovskite, respectively.[30,31] The diffrac-
tion peaks observed at 2𝜃 < 13o belong to the low dimensional
perovskites with n = 2 and n = 1 domains.[32] All characteris-
tic peaks for perovskites were observed for all the samples, with
no additional diffraction peaks appearing with increasing molar
ratio of 4-TMBABr, which confirms that the 4-TMBABr is not
incorporated into the perovskite lattice. The observed increase
in diffraction peak intensity with increasing 4-TMBABr content
suggests that 4-TMBABr promotes crystallization due to hydro-
gen bonding interactions with the PbBr6

2− framework leading to
a decrease in crystal growth rate.[33] The grazing-incidence wide-
angle X-ray scattering (GIWAXS) (Figure 2b; Figure S3, Support-
ing Information) and the UV–visible absorption (Figure 2c) mea-
surements support this conclusion.

With increasing 4-TMBABr molar ratio, an enhanced PL in-
tensity is observed for perovskite films, with PL quantum yields
reaching a value of 57% for 5 mol% of 4-TMBABr (Figure 2d,f),
and further increasing the 4-TMBABr concentration (7.5 mol%)
results in the reduced optical properties of the perovskite film,
likely due to the excess 4-TMBABr a affecting the crystallinity
and phase distribution of perovskite films (Figure 2a,b). Time-
resolved photoluminescence (TRPL) (Figure 2e; Table S1, Sup-
porting Information) revealed an average decay time of 11.6 ns
for 5% molar ratio of 4-TMBABr perovskite film, which is longer
than that of pristine perovskite film (7.3 ns). The enhancement
of PLQY and longer PL lifetime provides further evidence for ef-
fective defect passivation by 4-TMBABr and suppression of non-
radiative recombination. It was found that the optical properties
are improved with increasing 4-TMBABr molar ratio to 5%, af-
ter which no further improvement was achieved (Figure 2f). We
envisage that this molar ratio is optimal for the defect density on
the perovskite films.

The space-charge-limited current (SCLC) technique is em-
ployed to quantify the defect density (𝜂t) using the Equation (1):

𝜂t =
2𝜀0𝜀rVTFL

ed2
(1)

where 𝜖0, 𝜖r are the vacuum permittivity and relative permittivity,
respectively, VTFL is the intersection voltage of the trap-filled limit
and ohmic regime (set in at VTFL = 1.59 V for the pristine film,
and 1.03 V for the 4-TMBABr modified film) (Figure S4, Support-
ing Information), e is the elemental charge and d is the thick-
ness of perovskite films. The 𝜖r value of perovskite film is calcu-
lated from the measurements of perovskite film capacitance, C,
(Figure S5, Supporting Information) using the following Equa-
tion (2):

C =
𝜀0𝜀rS

d
(2)

where S is the device area (4 mm2). We estimate the trap state
density 𝜂t = 3.42 × 1017 cm−3 for 4-TMBABr treatment film,
which is lower than that of pristine film (𝜂t = 6.28 × 1017 cm−3),
as expected due to 4-TMBABr defect passivation. The hystere-
sis of the electrical properties of perovskite films is typically at-
tributed to ion migration.[34] Our electrical measurements re-
vealed no measurable hysteresis in 4-TMBABr PeLEDs (Fig-
ure S6, Supporting Information), further confirming that 4-
TMBABr molecules successfully passivate the defect-trap states

Adv. Optical Mater. 2023, 2300147 2300147 (3 of 8) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

 21951071, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202300147 by U
niversity O

f N
ottingham

, W
iley O

nline L
ibrary on [24/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advopticalmat.de

Figure 2. a) X-ray diffraction (XRD) pattern of the quasi-2D perovskite produced with different molar ratio of 4-TMBABr. b) GIWAXS patterns of quasi-2D
perovskite films prepared with 5% molar ratio of 4-TMBABr. Optical characterization of perovskites produced with different ratio of 4-TMBABr. c) UV–vis
absorption spectra, d) PL spectra, e) time-resolved photoluminescence (TRPL), and f) photoluminescence quantum yield (PLQY) of perovskite films.
The ITO/NiOx/SBTI/substrates were used to prepare the perovskite films.

and that ion migration through the grain boundaries has been
suppressed.

NiOx exhibits a great potential as HTL to fabricate a stable
PeLED due to their high carrier mobility, stable structural prop-
erties and better energy band matching with perovskite, how-
ever direct contact between the NiOx and perovskite easily cause
PL quenching of perovskite film and can affect performance of
perovskite film.[25,26] A multifunctional SBTI interface layer (the
thickness < 2 nm) is used to eliminate these effects and to im-
prove the surface properties of NiOx layer (Figure 3a; Figure S7,
Supporting Information). The elemental maps of the NiOx/SBTI
films show homogeneous distribution of S, N, F, and Na, in-
dicating that the SBTI is uniformly present on the NiOx film
(Figure S8, Supporting Information). Atomic force microscopic
(AFM) and scanning electron microscopic (SEM) images of the
perovskite films deposited on NiOx film (Figure 3a–d) revealed
presence of numerous pinholes with different sizes and shapes,
and a surface roughness of 7.0 nm. In contrast, continuous per-
ovskite films were formed in the presence of NiOx/SBTI (Fig-
ure 3b,d) with noticeable improvement in grain size uniformity
and significantly reduced surface roughness of 3.1 nm. This is
mainly attributed to the existence of hydrophilic sulfate groups
in the structure of SBTI, which improves the hydrophilicity of
NiOx/SBTI films and enhances the wetting ability of perovskite
films, which is more conducive to the formation of perovskite
films The measurements of the DMSO contact-angle on the NiOx

films spin-coated with different concentrations of SBTI (Figure
S9, Supporting Information) revealed a significant (≈3 times) de-
crease of the contact angle from 20.7o to 6.6o with increasing con-
centrations of SBTI from 0 to 5 mg mL−1. Hence this treatment
facilitates the formation of continuous perovskite films The de-
vice performance shows that the optimal SBTI concentration is
1 mg mL−1, mainly because the thick SBTI modification layer
will reduce the hole injection rate (Figure S10, Supporting In-
formation), thus affecting the device performance. These results
demonstrate the important roles of SBTI layer for preparation of
high-quality perovskite films with reduced number of pinholes
and low surface roughness.

Steady-state PL measurements were carried out to evaluate the
influence of SBTI on the optical properties of perovskite films.
The NiOx/SBTI-deposited perovskite films have higher PL in-
tensity compared to that for NiOx based perovskite films (Fig-
ure 3e), which is attributed to charge trapping on the defects and
charge transfer at the NiOx/perovskite interface. The PL lifetime
of NiOx/SBTI/perovskite is 8.94 ns, which is ≈2-times increase
compared to that measured for of NiOx/perovskite (4.36 ns) (Fig-
ure 3f). Importantly for LED applications, the optical transmit-
tance (Figure S11, Supporting Information) of both the NiOx and
NiOx/SBTI films on quartz glass is unchanged, with the average
transmittance of > 89% in the visible wavelength range from 400
to 800 nm, which means that the incorporation of SBTI will not
affect light output of the device.

Adv. Optical Mater. 2023, 2300147 2300147 (4 of 8) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. a,b) Representative atomic force microscopy topology maps and c,d) SEM images of 4-TMBABr based perovskite films based on NiOx and
NiOx/SBTI, respectively. Room temperature photoluminescence spectra of perovskites on NiOx and on NiOx/SBTI. e) PL and f) TRPL. High-resolution
Pb 4f XPS spectra of the perovskite film (10 nm and 50 nm thickness) deposited on g) ITO/NiOx and h) ITO/NiOx/SBTI substrates. i) UPS spectra of
high binding energy secondary-electron cutoffs and valence-band edge regions of NiOx and NiOx/SBTI films.

To further evaluate the effectiveness of the interface SBTI layer
for promoting the crystallization of the perovskite film, the X-
ray diffraction measurements were performed. We found that
the XRD peak positions remained unchanged, indicating that the
SBTI is not incorporated into the perovskite crystal lattice, and is
accumulated at the grain-boundaries or at the interface between
the layers. Moreover, the increased intensity of (100) and (200)
peak confirmed enhanced crystallinity of perovskite film formed
with the SBTI interface modification (Figure S12, Supporting In-
formation), which is beneficial for enhanced optical properties
and crystal stability.

To better understand the effect of SBTI on the perovskite crys-
tal growth, perovskite films with different thicknesses were de-

posited on the NiOx and NiOx/SBTI substrates. For perovskite
films of different thicknesses (10 nm and 50 nm) deposited on
NiOx, an obvious shift of the Pb 4f peaks to a higher binding
energy was observed, indicating an electron-deficient chemical
state of the Pb atoms possibly due to the presence of halide va-
cancies (Figure 3g). In contrast, no measurable shift of Pb 4f
binding energy was recorded for 10/50 nm-thick perovskite layer
on NiOx/SBTI (Figure 3h), demonstrating that the interface de-
fects are effectively passivated by C=O groups of SBTI that act
as Lewis bases for defect-healing by interacting with uncoor-
dinated Pb2+.[35] This chemical environment promotes similar
crystal growth conditions at the interface as in the bulk films,
thus leading to uniform grain size distribution. Furthermore, the

Adv. Optical Mater. 2023, 2300147 2300147 (5 of 8) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. a) Device structure and its corresponding cross-sectional SEM image of the blue PeLEDs with structure of glass/ITO/
NiOx/SBTI/Perovskite/TPBi/LiF/Al. b) Energy band diagram of the blue PeLEDs structure plotted using the results of UPS and optical measure-
ments. c) EL spectra of NiOx, NiOx/SBTI, and NiOx/SBTI/4-TMBABr blue PeLEDs. The device structure and performance of PeLEDs Inset: Photograph
of the device with bright blue emissions observed at V = 4 V. d) J–L–V curves (Luminance is shown with subtracted background), e) EQE–J curves, f)
statistical graph of blue PeLEDs.

improved interface properties between the perovskite and NiOx
with SBTI are advantageous to enhance the quality of perovskite
films.

Effective carrier injection and charge balance are crucial to
achieve high-performance PeLEDs. The XPS spectra of NiOx
and NiOx/SBTI thin films exhibit three characteristic peaks at
853.8 eV, 855.3 eV, and 860.7 eV, corresponding to NiO, Ni2O3,
and NiOx.

[36] The ratio of Ni3+/Ni2+ in the NiOx film is found to
be 1.54, which is significantly lower than 2.27 for the NiOx/SBTI
film (Figure S13, Supporting Information). We ascribe this to the
presence of free Na+ in SBTI layer that are doped into the NiO
lattice, the Na+ entering the NiO lattice promote the increase of
of Ni3+concentration to maintain the charge neutrality. The Ni3+

state in NiOx films generates p-type conductivity, which helps to
improve the hole transport of the films (Figure S13, Supporting
Information).[37,38]

Optical absorption spectra confirmed the band gap of 3.75 eV
for both the NiOx and NiOx/SBTI films (Figure S14, Support-
ing Information).It was found that the introduction of the inter-
facial SBTI layer increases the work function from 4.55 eV for
NiOx to 4.86 eV for NiOx/SBTI due to the formation of molecular
dipoles (Figure 3i). This increase of the work function facilitates
the alignment of the energy band of NiOx with the valance band
energy of the perovskite films, thus improving the hole injection
efficiency. In addition, the valence band edge of the NiOx/SBTI
film has an energy of 0.95 eV relative to the Fermi energy level,
which is slightly higher than that of the NiOx film (0.85 eV),
thus facilitating the injection of holes from NiOx into the per-

ovskite layer. The current density−voltage (J−V) characteristics
of electron-only devices and hole-only devices were measured to
quantify charge injection (Figure S15, Supporting Information).
The electrons dominate charge injection in our devices, whereas
the hole current is increased after the SBTI modification of the
NiOx, thus confirming beneficial effect of SBTI layer for achiev-
ing more balanced charge injection in NiOx/SBTI based LEDs.

Enhanced optical properties of perovskite films based
achieved with interfacial SBTI layer and the defect pas-
sivating 4-TMBABr are advantageous for PeLEDs de-
vices. We produce PeLEDs with the following structures:
ITO/NiOx/SBTI/Perovskite/TPBi/LiF/Al (Figure 4a), which
offers optimized energy band alignment for efficient charge
injection (Figure 4b) and a set of control devices without the
SBTI and/or 4-TMBABr. The EL peak of NiOx/SBTI/4-TMBABr
PeLEDs are centered at 487 nm (Figure 4c), which is consistent
with the position of the PL peak, hence confirming that the
EL signal is generated by the perovskites (inset in Figure 4c).
The current injection is similar in all studies LEDs; however,
improved luminance L and EQE in SBTI/4-TMBABr-based LED
is observed due to decreased defect density of the perovskite film
produced with 4-TMBABr (Figure 4d). The luminance observed
for SBTI/4-TMBABr-based LEDs is up to 1094.9 cd m−2, which
is ≈2.5 times higher than that of the control LEDs (439.2 cd
m−2). Our studies of > 20 devices of each type revealed average
EQE of 4.42% and 9.12% for control and SBTI/4-TMBABr-based
LEDs, respectively, with the maximum EQE of 10.32% for
SBTI/4-TMBABr based LEDs (Figure 4e,f and Table 1). With the

Adv. Optical Mater. 2023, 2300147 2300147 (6 of 8) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Table 1. Summary of the performance parameters of perovskite LEDs.

Devices Von [V] EQEmax [%] Lmax [cd m−2]

NiOx 3.5 4.39 439.2

NiOx/SBTI 3.5 6.58 658.9

NiOx/SBTI/4-TMBABr 3.0 10.32 1094.9

beneficial effects of the SBTI and 4-TMBABr, the resulting LEDs
also shows a stable EL spectrum at different applied bias (Figure
S16, Supporting Information), demonstrating the 4-TMBABr
modified perovskite has better structural stability and with
narrow full width at half maxima FWHM 23 nm, which enables
an excellent color purity. In this device we observe Commission
Internationale de L’Eclairage (CIE) chromaticity coordinate
of (0.08, 0.28) (Figure S17, Supporting Information). More
importantly, the SBTI/4-TMBABr exhibits a greatly improved
half-lifetime with T50 = 52.3 min at an initial luminance of
100 cd m−2,which is over 3-times longer than that of control
LEDs (T50 = 16.7 min) (Figure S18, Supporting Information).

3. Conclusion

In summary, efficient PeLEDs with enhanced performance pa-
rameters and spectral stability are realized by 4-TMBABr passi-
vation additive and SBTI interface modification layer. We demon-
strated that 4-TMBABr additive can passivate or suppress the de-
fect states at perovskites grain boundaries and at the interfaces
due to the interaction of C=O function group and uncoordinated
Pb2+ ions. The SBTI interface modification layer improves the
perovskites film quality, reduces the potential barrier for the in-
jecting hole and reduces the number of defect states at NiOx sur-
face. In synergy, the treatment with 4-TMBABr and with SBTI
enables us to realize PeLEDs with narrow blue emission, which
is spectrally stable at operating voltages up to 8 V with maximum
EQE up to 10.3% and increased half-lifetime of operation stability
(52.3 min). Our strategy to produce high quality perovskite films
is beneficial for LED applications, and could also offer advantages
for applications in other optoelectronic devices.

4. Experimental Section
Preparation of NiOx Precursor Solution: NiOx precursor solution was

prepared by mixing 0.25 mmol nickel acetate tetrahydrate and 15 μL
ethanolamine in 5 mL ethanol, and the mixture was stirred at 60 °C for
6 h. The NiOx precursor solution was filtered with polytetrafluoroethylene
filters (0.45 μm pore size) before use.

Synthesis of Precursor CsPbBr3 Powder: PbBr2 (20 mmol) and CsBr
(20 mmol) were dissolved in 30 mL of 48% aqueous HBr solution and
10 mL of deionized water, respectively, followed by slow dropwise addition
of aqueous CsBr solution to the PbBr2 solution. The orange solid CsPbBr3
was precipitated, followed by filtration to obtain CsPbBr3 powder, which
was washed five times with anhydrous ethanol and dried under vacuum
for 30 min to obtain the dried CsPbB3 powder.

Preparation of Quasi-2D Blue Perovskite Thin Film: PABr
(0.15 mmol), PbBr2 (0.015 mmol), PEABr (0.03 mmol), and CsPbBr3
(0.15 mmol) were dissolved in 1 mL anhydrous DMSO to form the
PEAxPA2-x(CsPbBr3)n-1PbBr4 precursor solution. The mixture was stirred
at 60 °C overnight and filtered with polytetrafluoroethylene filters (0.22 μm
pore size) before use.

Fabrication of PeLEDs: The ITO-coated glass substrates (15 Ω sq−1)
were sonicated with detergent, deionized water, acetone, and isopropyl al-
cohol for 15 min each. The dried ITO substrates were treated with oxygen
plasma for 15 min to improve the hydrophilicity and work function. The
hole transport layer was prepared by spin-coating the NiOx precursor so-
lution onto the ITO substrates (3000 rpm for 40 s) and annealed at 300
°C in the ambient conditions for 20 min. Subsequently, SBTI (0.12 wt.%
in ethanol) layer was spin-coated (3000 rpm for 40 s) and annealed at 100
°C for 5 min. The substrates were transferred into a nitrogen glove box
for device fabrication. The perovskite precursor solution was spin-coated
(4000 rpm for 60 s), during the process 275 μL toluene was drop-cast
onto the substrate at 25 s to promote the crystallization of perovskite,
and then annealed at 80 °C for 10 min. TPBi (30 nm), LiF (1 nm), and
Al (100 nm) layers were deposited by thermal evaporation under a pres-
sure < 4 × 10−4 Pa in the vacuum chamber. The electron-only devices with
structure of ITO/ZnO/perovskite/TPBI/LiF/Al and hole-only devices with
ITO/NiOx/SBTI/Perovskite(4-TMBABr)/MoO3/Al configurations

Characterization of PeLEDs: The absorbance of perovskite films was
acquired by Perkin Elmer Lambda 950 UV–vis-NIR spectrometer. PL
steady-state, time-resolved spectra and PLQY data were measured on Ed-
inburgh FLS920 PL spectrometer. XRD measurements were performed
by an X-ray diffractometer (Bruker, D8 Advance) using Cu K𝛼 (𝜆 =
0.15 406 nm) as the X-ray source and scan angular range from 10° to 60° at
a scanning rate of 6° min−1. FE-SEM measurements were conducted on a
JEOL JSM-7500F microscope. AFM images were collected with a Bruker
Dimension Icon microscope in tapping mode. The contact angle mea-
surements were performed using the OCA 15 EC system. XPS and UPS
were analyzed by Thermo Scientific Escalab 250Xi. He I photons (21.2 eV)
and the high-binding energy secondary electron cutoff (Ecutoff) were used
to acquire the spectra at a normal emission level in UPS measurement,
and the HOMO region data were calculated from the UPS spectra. The EL
spectra characteristics of the PeLEDs were measured using a Shenzhen
Pynect integrated sphere (50 cm in diameter) coupled with a Keithley 2400
sourcemeter. The operation lifetime tests of PeLEDs were conducted on
a ZJZCL-1 OLED ageing lifespan test instrument. The grazing-incidence
wide-angle X-ray scattering (GIWAXS) data were obtained at beamline
BL14B1 of the Shanghai Synchrotron Radiation Facility (SSRF), China. A
monochromatic beam of 𝜆 = 0.6887 Å was used, and the incident angle
was 0.1°.
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