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ABSTRACT: Physical vapor deposition has emerged as a promising strategy for efficient
and stable all-inorganic perovskite light-emitting devices (PeLEDs). However, the thermally
evaporated PeLEDs still suffer from unsatisfactory optoelectrical performance because of the
massive nonradiative defects. Herein, we demonstrate an efficient bilateral interfacial defect-
passivation strategy toward high-performance PeLEDs with a thermally deposited CsPbBr;
emissive layer (EML). Specifically, the nonradiative defects from the bulk as well as the
EML/charge transport layer (CTL) interface are significantly suppressed by implementing
the 3-amino-1-propanol (3AP)-modified PEDOT:PSS and introducing ammonium salts,
respectively. Simultaneously, both the 3AP induced less-conductive Cs,PbBrs and
ammonium salts can balance the charge injection into the EML effectively. As a result,
we achieved efficient PeLEDs based on thermally evaporated CsPbBr; with a luminance of
15745 cd/m? current efficiency of 32 cd/A, external quantum efficiency of 8.86%, and
lifetime of 3.74 h. The strategy proposed here may shed light on the development of highly
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he past few years have witnessed the astonishing

development of metal halide perovskites in optoelec-
tronics, including solar cells, photodetectors, phototransitors
and light-emitting devices (LEDs).'~* The superior electro-
luminescent (EL) performance values, such as high external
quantum efficiency (EQE) (>20%),”~* high brightness, flexible
color tunability,9’10 and narrow emission bandwidth, make the
perovskite LEDs (PeLEDs) promising candidates for use in
displays."'

Although great progress in solution-processed PeLEDs has
been achieved, the unsatisfactory scale-up potential and
reproducibility still remain to be solved for future commerci-
alization. Recently, mature thermal vacuum evaporation used
in commercial organic LEDs has also attracted increasing
attention in manufacturing efficient and reliable all-inorganic
perovskite optoelectronics.'*~"® This intelligent strategy has
been successfully adopted to fabricate efficient perovskite solar
cells with power conversion efficiency reaching up to
~20%.""7*" Although the method also shows great potential
in fabricating all-inorganic PeLEDs without considering the
low solubility that the raw materials (e.g.,, CsX or PbX,, X = C],
Br, 1) suffer, the reported performance of the PeLED:s still la§s
behind that of the solution-processed counterparts.”'®'*~'%*>

Defect-related low photoluminescence quantum yield
(PLQY) and the unbalanced hole and electron transport
stemming from either mismatched energy levels or different
hole/electron mobilities would be the key factors that limit the
EL performance of the PeLEDs. In view of the bulk defects,
constructing the core/shell or heterostructure perovskite phase
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would be an effective s.trategy.lé"z"”24 For instance, Lian et al.
have demonstrated that Cs,PbBrg can passivate the defects of
the CsPbBr; to improve the PLQY to ~40% and eventually
achieved an EQE of 2.5%.'* Despite the fact that the optically
inactive Cs,PbBrg could passivate the defects, its low
conductivity may affect the carrier diffusion in the emissive
layer (EML) and thus lead to limited improvement in the EL
performance. However, it may conversely be beneficial to
confining the carrier spatially in the emissive layer and
balancing the hole and electron transport if the distribution
of the large-bandgap Cs,PbBrg could be well-controlled.
Alternatively, Fu et al. constructed hybrid organic—inorganic
2D—3D perovskite nanostructures to take advantage of the
energy-funneling effect to confine the carriers in 3D layers and
promote the PLQY to 26.9%, resulting in an unprecedented
EQE of 5.3%.”” Apart from the bulk defects, interfacial defects
have also played a critical role in the device performance.
Replacing the PEDOT:PSS by NiO,, the luminescence
quenching at the hole transport layer/emission layer (HTL/
EML) interface was greatly mitigated, advancing the EQE for
thermally deposited CsPbBr; PeLEDs to 3.26%."" Likewise, 2-
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phenylethanamine bromide (PEABr) was introduced as an
ultrathin interlayer between the electron transport layer
(ETL)/EML to passivate the nonradiative recombination,
resulting in a remarkable improvement in EQE.” It is well-
known that unbalanced hole and electron transport originating
from either mismatched energy levels or different hole/
electron mobilities would also be an important limitation to
the EL performance. Actually, the above-mentioned NiO, and
PEABr can not only suppress the luminescence quenching but
also manipulate the carrier transport behaviors, contributing to
the high EL performance. These investigations highlight the
importance of interfacial defect passivation as well as the
carrier balance manipulation.

Herein, we propose a bilateral interfacial engineering to
passivate the nonradiative defects and regulate carrier transport
to promote the EL performance of the thermally evaporated
PeLEDs. The 3AP-doped PEDOT:PSS hole transport layer
can facilitate the perovskite phase transformation from
CsPbBr; to Cs,PbBrs by consuming the unreacted CsBr.
The increased amount of Cs,PbBrg can suppress the interfacial
defects and block the hole transport simultaneously, resulting
in an enhanced PL, better balance between hole and electron
carriers, and eventually an improved EL performance. Four
kinds of ammonium halides, including PEABr, EABr (ethyl-
ammonium bromide), PABr (propylamine hydrobromide) and
BABr (butylammonium bromide), were implemented at the
ETL/EML interface to further ameliorate the rough morphol-
ogy caused by 3AP, passivate the residual interfacial defects,
and regulate the carrier transport behavior. Consequently,
under the synergistic role of 3AP and EABr, the champion
device exhibited a brightness of 15745 cd/m? a maximum
current efficiency (CE) of 32 cd/A, and a highest EQE of
8.86%. More importantly, our device showed a lifetime of 3.74
h under an initial brightness of 100 cd/ m?, which is the longest
lifetime among the PeLEDs processed by physical-vapor
deposition.

Aiming at minimizing the nonradiative defects caused by
PEDOT:PSS, we implemented the 3AP to modify PE-
DOT:PSS as the buried charge transport layer considering
that the functional groups of 3AP including —OH and —NH,
may interact with CsPbBr; and affect its crystallization. The
3AP was first dissolved in ethanol at a desired weight ratio and
then mixed with PEDOT:PSS at the volume ratio of 1:10 (see
more details in Experimental Methods). For the sake of
simplicity and distinction, we denote the samples using the
concentrations of 3AP. The perovskite films were fabricated by
alternatively depositing CsBr and PbBr, (4 pairs in total). The
optimal number of pairs was determined according to the
device performance (Figure S1). It is well-known that the
crystallinity and morphology of the perovskite are sensitive to
the properties of the underlying charge transport layer. Thus,
we measured the morphology of the perovskite films deposited
on different 3AP-modified PEDOT:PSS. As shown in Figure
la—d, the crystal sizes of the perovskite films gradually become
larger in comparison with that deposited on the pure
PEDOT:PSS HTL (control sample) as the 3AP concentration
increases, indicating the 3AP’s regulation effect on perovskite
crystallization. Meanwhile, we also observed a color-variation
phenomenon between the samples without 3AP (yellow) and
with 3AP (pale yellow) as shown in Figure S2, manifesting a
phase transformation or recrystallization under the control of
3AP. As is known, the CsPbBr; single crystal presents a dark
yellow color;"*”” the faded color means the amount of
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Figure 1. Atomic force microscopy (AFM) images for the thermally
evaporated CsPbBr; films on PEDOT:PSS with different 3AP
concentrations: (a) 3AP-0, (b) 3AP-10, (c) 3AP-20, and (d) 3AP-
40. The number in each term stands for the 3AP’s concentration in
ethanol. (e) X-ray diffraction patterns corresponding to panels a—d.

CsPbBr; deceased. X-ray diffraction patterns were performed
to investigate the crystallinity evolution as the 3AP
concentration increased. As shown in Figure le, CsPbBr;
and Cs,PbBry coexisted in all the perovskite films. In the
control sample, an additional diffraction peak at 26 = 29.5°
corresponding to CsBr also emerged, indicating that the CsBr
is excessive and not completely transformed to CsPbBr; or
Cs,PbBrs in our samples. However, it decreased and
completely disappeared when the concentration of 3AP was
greater than 20 mg/mL. According to the following trans-
formation relationship between CsPbBr; and Cs,PbBr (eq 1),
the disappeared CsBr indicates the consumption of CsPbBr;
and increase of Cs,PbBrs. The relative diffraction intensity of
CsPbBr;/Cs,PbBrg, which decreased as the 3AP concentration
increased, confirmed the increased amount of Cs,PbBrg and
reduced amount of CsPbBr; in the perovskite films. Because
the Cs,PbBrg has a large bandgap of ~3.9 eV,*® which is
transparent in the visible region, the changes in the relative
amount of CsPbBr;/Cs4PbBrs would be expected to alter the
film’s color, which agrees well with the experimental
observations.

3CsBr + CsPbBry = Cs,PbBrg (1)

The UV—vis absorption spectra of these films in Figure 2a
showed two absorption peaks at 510 and 315 nm, reaffirming
the coexistence of CsPbBr; and Cs,PbBrg. As the 3AP increase,
the absorption peak intensity of Cs,PbBr, increased and that of
CsPbBr; decreased monotonously, suggesting the variation in
the relative amount of CsPbBr; and Cs,PbBrg, which is in line
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Figure 2. (a) Absorption spectra, (b) PL spectra, and (c) time-resolved photoluminescence for the thermally evaporated Cs—Pb—Br perovskite
composites formed on 3AP-PEDOT:PSS with different 3AP doping concentration. (d) FTIR spectra for the 3AP as well as 3AP doped CsBr/PbBr,
mixture. Inset in panel b is a photograph of the perovskite samples under UV illumination (365 nm).
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Figure 3. (a) Schematic of LED fabricated using thermally evaporated CsPbBr; films. (b) Energy band diagram of the PeLEDs. J—V curves for the
(c) PeLEDs and (d) hole-only devices with different 3AP-modified PEDOT:PSS HTLs. (e) L—V and (f) CE—V characteristics for the PeLEDs

with different 3AP-modified PEDOT:PSS HTLs.
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with the XRD results. Steady-state PL spectra and time-
resolved photoluminescence (TRPL) were measured to
evaluate the influence of the 3AP-PEDOT:PSS on the trap
states of the perovskite films. As shown in Figure 2b, the PL
intensity of perovskite films formed on the 3AP-modified
PEDOT:PSS exhibited significant enhancement, in contrast to
the control sample, reaching the strongest at 3AP concen-
tration of 20 mg/mL with PLQY of 12.1%. Meanwhile, the
average PL lifetime was greatly prolonged from 15.8 ns for the
control sample to 90.59 ns for the 3AP-20 sample (also see
Table S1). The fastest defects or energy-transfer-related
nonradiative recombination component (z;) for the 3AP-0
sample was significantly decreased compared with those
perovskite films formed on 3AP-PEDOT:PSS. Two factors,
including the induced Cs,PbBrs and the changes in the
physical properties of PEDOT:PSS, would result in an effective
defect passivation and extended excition lifetime. To verify
whether each factor solely plays a role on the exciton
recombination kinetics, we constructed a perovskite film
without Cs,PbBrs by varying the thickness between CsBr
and PbBr,. When the thicknesses for CsBr and PbBr, were S
and 3 nm, the absorption peak corresponding to the Cs,PbBr,
disappeared, as shown in Figure S3a. Meanwhile, the average
exciton lifetime for the 3AP sample is 3.44 ns (Figure S3b),
which is slightly longer than that for the sample without 3AP
(2.62 ns), indicating that the changes in the PEDOT:PSS also
contributed to the PL decay. In addition, we note the lifetime
with the low CsBr/PbBr, ratio (5 nm/3 nm) is much
decreased in comparison to that with CsBr/PbBr, (11 nm/3
nm) in which Cs,PbBry existed obviously. Such observations
reconfirmed the passivation role of Cs,PbBrg. In summary, the
increased exciton lifetime could be due to a collaborative role
of 3AP-induced Cs,PbBrs and 3AP-modified PEDOT:PSS. We
further performed Fourier-transform infrared (FTIR) spec-
troscopy to confirm the interaction between 3AP and Cs—Pb—
Br-based solid-state powders. Compared with the pure 3AP,
the characteristic —NH stretching vibration (asymmetric
stretching at 3353 cm™' and symmetric stretching at 3290
cm™') was greatly weakened in the 3AP—perovskite mixture.
More importantly, a new peak at 1436 cm™' which could be
ascribed to the symmetric N—H umbrella band appeared in the
3AP—perovskite mixture, implying the existence of the
protonated —NH;" terminal group of the 3AP molecule.”
These above results clearly demonstrated that 3AP bonds with
the perovskite. Besides this change, the absorption peak at
1372 ecm™' which was attributed to the —OH group
disappeared compared to the pure 3AP sample, indicating a
removal of protons from the hydroxyl group.’’ Such
interaction may occur between the 3AP and bromide in the
perovskite through the hydrogen bond of —OH---Br~, which
was analogous to the well-known interaction between electro-
philic functional groups and I".*' 7 Overall, the above results
manifested that 3AP-PEDOT:PSS could stimulate the
formation and recrystallization of Cs,PbBrg, resulting in defect
suppression and PL enhancement.

Inspired by the defect suppression and enhanced radiative
recombination of the EML on the 3AP-modified PEDOT:PSS,
we further built multilayered light-emitting devices with
structure of ITO/3AP-PEDOT:PSS/EML/TPBi/LiF/Al (Fig-
ure 3a) to investigate its impact on the EL performance. The
corresponding energy level alignment is displayed in Figure 3b.
The 3AP-modified PEDOT:PSS exhibited a deeper work
function (see Figure S4) of 5.33 eV compared with the pure
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PEDOT:PSS (~4.9—5.0 eV).”** This variation would mitigate
the energy barrier and thus promote the hole injection into the
EML. Figure 3c,e/f present the electroluminescent character-
istics, and key parameters are summarized in Table 1. Despite

Table 1. Summary of the Optoelectrical Performance for the
PeLEDs with Different Interfacial Modifications

c03r‘1tzn. ammonium PLQY V. Lo CE,, EQE, ..«

(mg/mL) halides (%) (V) (cdm?) (dA) (%)
w/o w/o 4.9 2.9 10876 2.81 0.78
10 w/o 54 2.9 11119 3.63 1.01
20 w/o 12.1 2.9 14725 8.07 2.24
20 PEABr 27.5 29 21581 22.78 6.31
20 EABr 29.4 2.8 15745 32.00 8.86
20 PABr 13.8 2.9 14285 18.12 5.02
20 BABr 15.3 2.9 23267 17.80 4.93
40 w/o 10.1 29 10894 5.55 1.54

the evidently roughened morphology (RMS of 9.77 nm for the
control sample and 16.03 nm for the brightest 3AP-20 sample),
all the devices exhibited similar relatively low leakage current
when working under the turn-on voltage (<3.0 V). We also
observed that the current density circulating in the device at
high voltage reduced after the introduction of 3AP in
PEDOT:PSS (also see Figure S5). Considering the increment
of less-conductive Cs,PbBry, the hole transport ability may be
reduced. To confirm our conjecture, hole-only devices with a
structure of ITO/PEDOT:PSS or 3AP-PEDOT:PSS/perov-
skite/HAT-CN/AI (see Figure S6) were constructed. Mean-
while, electron-only devices with structure of ITO/LiF/
perovskite/TPBI/LiF/Al were also fabricated to investigate
the electron transport properties in our devices. As shown in
Figure 3d, the hole current density was much higher than the
electron current density, suggesting a serious imbalance
between holes and electrons which is detrimental to the
device performance. The unbalanced charge transport would
be responsible for the poor EL performance of the control
device with CE of only 2.81 cd/A. After the introduction of
3AP, the hole current decreased monotonically as the 3AP
concentration increased, agreeing well with the current
behaviors of the PeLEDs with different 3AP-PEDOT:PSS
and resulting in a better charge-carrier balance. In addition,
quantitative analysis on the hole-only device (Figure S7) also
revealed that the trap density has been significantly reduced
from 4.76 X 10"7 cm™ for the 3AP-0 sample to 3.19 X 107
cm™ for the 3AP-20 sample. As a result, the EL performance
was dramatically promoted. The maximum brightness was
improved from 10876 cd/m* (3AP-0) to 14725 cd/m* (3AP-
20), and the CE value was evidently improved to 8.07 cd/A
(Figure 3e,f).

Although the charge-carrier balance and the radiative
recombination have been ameliorated by the 3AP-PE-
DOT:PSS stimulated Cs,PbBrg to some extent, the hole
carriers flowing through the PeLEDs still surpass the electron
carriers (see Figure 3d), which would limit the further
improvement of the EL performance. Moreover, there would
also exist nonradiative traps at the rough EML grain
boundaries as well as the EML/ETL interface. Therefore, it
is necessary to introduce a suitable interlayer to further balance
hole and electron transport, reduce the surface roughness, and
advance the radiative recombination. According to our
previous work, it is found that the insulating ammonium
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Figure 4. (a) Molecular structure of the ammonium halides. (b) PL spectra for the perovskite films after the modification of ammonium halides.
Insets are the corresponding photographs under UV illumination. (c) J—-V—L curves, (d) CE—V curves, and (e) EQE—V curves for the PeLEDs
with different interfacial modification layers. (f) CIE coordinates for the PeLEDs. Inset shows the lightened PeLED.

halides can terminate on the CsPbBr; surface to suppress the
nonradiative recombination and regulate the charge transport
simultaneously.” Borrowing from this strategy, we introduced
another interfacial layer to further advance the EL perform-
ance. Four kinds of ammonium halides with different side-
chain structures (illustrated in Figure 4a), named PEABr,
EABr, PABr, and BABr, were implemented in our work. Taking
into account the difference in defect passivation and insulation
properties between these ammonium halides, their individual
optimal thickness would also be different. We first cautiously
investigated the effect of different thicknesses of ammonium
salts on device performance to determine the optimal
thickness. Actually, the definite thickness of these ultrathin
interfaces was difficult to determinate accurately owing to the
rough topographies (shown in Figure S8). Therefore, we
distinguish their thickness using the weight concentration. The
performance for the PeLEDs with the sole ETL/EML
interfacial modification (Figure S9 and Table S2) was also
greatly improved in comparison to that without any
modification, agreeing well with our previous investigation.”
The maximum current efficiencies reached 16.94, 19.21, 15.01,
and 15.1S cd/A for the PEABr (0.5 mg/mL), EABr (0.75 mg/
mL), PABr (0.5 mg/mL), and BABr (0.5 mg/mL) modified
PeLEDs, respectively. Upon finding the optimal concentration
of 3AP and the ammonium salts, it is expected that their
combination in the bilateral interfacial engineering would
contribute to more excellent EL performance. Encouragingly,
the nonradiative defects were further passivated as evidenced
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by the brighter PL emission after introducing the ammonium
salts (see Figure 4b) in stark contrast to the sample with
merely 3AP modification. Moreover, the PL profiles were not
affected by the ammonium halides, as evidenced by the
normalized PL spectra in Figure S10a. Notably, the sample
with the EABr interface showed the strongest light emission
(PLQY =~ 29.4%). The possible reason may be that EA* has
the smallest ion radius and can easily penetrate into the deeper
grain-boundaries to passivate the trap states, as evidenced by
the reduced surface roughness shown in Figure S8. Previous
investigation demonstrated that the EA" can fill into the crystal
lattice to form alloyed EA,Cs,_,PbBr; (0 < x < 1).>° The
incorporation of a larger cation into the CsPbBr; lattice will
alter the electronic coupling between Pb and Br atoms in
PbBrs*” octahedra, resulting in a larger bandgap for
EA,Cs,_,PbBr;. Although there is no corresponding blue-
shifted PL spectra for the EA Cs,_,PbBr,, it is still tricky to
determine whether this alloyed perovskite phase is formed
because energy-funneling from EA,Cs, PbBr; to CsPbBr;
would occur from EA,Cs; PbBr; with larger bandgap to
CsPbBr; with narrower bandgap. We also performed transient
absorption (TA) measurement to investigate whether there
existed a multiphase or not. As shown in Figure S11, for the
perovskite film both with and without EABr passivation, only
one ground-state photobleaching signal corresponding to the
bulk CsPbBr; phase for both perovskite films can be clearly
observed for the EABr-incorporated perovskite film, excluding
the formation of a distinctive perovskite with larger bandgap.
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In total, it is clear that the defects were greatly suppressed after
the introduction of the EABr interlayer.

From the lower current densities for the ammonium
bromide modified PeLEDs after turn-on voltage (Figure 4c),
we can safely conclude that carrier transport is further
regulated by the insulating ammonium bromide salts. In our
previous investigation, it was found that insulating PEABr can
block both hole and electron transport and the blocking effect
on the former is greater than on the latter.>® Therefore, the
decreased current density originating from a stronger hole-
blocking effect and weaker electron-blocking effect could
contribute to a better carrier balance for the PeLEDs. We note
the hole-only device with structure of ITO/3AP-PEDOT:PSS/
perovskite/EABr (0.75 mg/mL)/HAT—CN/Al exhibited J-V
characteristics similar to those of the electron-only device
(Figure S12), demonstrating a balanced charge carrier
transport. Profiting from the further surface passivation and
carrier regulation, the CE values are promoted to 22.78, 32,
18.12, and 17.8 cd/A and corresponding EQE values are
improved to 6.31, 8.86, 5.02, and 4.93% for PEABr, EABr,
PABr, and BABr modified PeLEDs, respectively (Figure 4d,e).
To the best of our knowledge, the EQE of 8.86% could be the
best for the thermally evaporated PeLEDs, demonstrating the
feasibility of our bilateral interface engineering. The device
with optimal EL performance also showed high reproducibility
among 5 separate devices, as shown in Table S3. The voltage-
stable EL spectra for the PeLEDs are located at ~519 nm with
fwhm of 17 nm (Figure S10b) and a pure green CIE 1931
color coordinate of (0.10, 0.80) (Figure 4f), indicating high
potential application in display panels.

The influence of this bilateral interface engineering on the
working stability of PeLEDs was also investigated. As shown in
Figure S, the PeLED without any interlayer modification can
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Figure 5. Operational stability for the PeLEDs with or without
interface passivation layer.

survive ~0.3 h under continuous constant current density
drive. In stark contrast, the 3AP-modified PeLED exhibited a
much longer time (up to ~4 h). The enhancement in
operational stability can be ascribed to the efficient defect
passivation by the 3AP-induced additional Cs,PbBrs phase.
Similar observations have been reported in previous inves-
tigation, in which the working stability is greatly improved by
Cs,PbBry/CsPbBr, PeLEDs.'**® However, the trend of
operational stability does not follow the trend of EQE. The
further introduction of the EABr interface has a detrimental
impact on the device stability, resulting in a reduced lifetime of
3.74 h. A recent analysis on the working stability of PEA-
CsPbBr; PeLEDs revealed that the reduction in the radiative
efficiency and significant changes in J—V characteristics
originating from the increased ionic mobility may be the
possible reason.”” Much more ongoing work is essential to
understand the underlying origin. Although the lifetime is
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slightly shortened, it is still much longer than that of the
pristine nonmodified PeLEDs, highlighting the importance of
this bilateral interfacial defect passivation. Replacing the ionic
ammonium halides with the nonionic interface would be one
promising methodology to further advance the work stability.

In summary, high-performance PeLEDs with a thermally
evaporated CsPbBr; emission layer have been realized via
suppressing the nonradiative recombination through bilateral
interface engineering. The 3AP-modified PEDOT:PSS can
stimulate the transformation of optically inactive Cs,PbBrg
from CsPbBr; by consuming the excess CsBr, leading to the
reconstruction of the perovskite component. The increase of
Cs,PbBrg can not only passivate the defects but also
manipulate the carrier transport, leading to the improvement
of the EL performance. The introduction of ammonium
halides at the ETL/EML interface can terminate on the
CsPbBr; surface to passivate the residual defects and further
balance the hole and electron transport. Consequently, the
PeLED with EABr modification reached the optimal
optoelectrical performance with brightness as high as 15745
cd/m?, maximum CE of 32 cd/A, and EQE of 8.86%. More
importantly, the PeLEDs can exhibit longer lifetime by virtue
of the bilateral interfacial defect suppression.

B EXPERIMENTAL METHODS

Materials. PbBr, (99%), TPBi, PEABr (>99.5%), EABr, PABr,
BABr, and PEDOT:PSS (Clevios P Al 4083) were purchased
from Xi'an Polymer Light Technology Corp. 4,5,8,9,11-
Hexaazatriphenylene-hexacarbonitrile (HAT-CN, 99%) and
CsBr (99.999%) were purchased from Aldrich. Isopropanol
(IPA) was purchased from Infinity Scientific. LiF (99.99%)
was purchased from Innochem. 3AP was purchased from
Aladdin. All the chemicals were not further purified and used
directly.

Film and Device Fabrication. For the different 3AP doped
PEDOT:PSS samples, we first dissolved 3AP in ethanol with
desired weight concentration (10, 20, and 40 mg/mL) and
then mixed the prepared 3AP-ethanol with the commercial
PEDOT:PSS at a volume ratio of 1:10. Prior to the film or
device fabrication, the quartz or ITO-coated glass was first
ultrasonically cleaned by isopropanol, ethanol, and deionized
water in sequence and dried with nitrogen. The substrates were
then UV-ozone treated for 20 min and spin-coated with the
3AP-modified PEDOT:PSS at 2500 rpm for 45 s to form the
hole transport layer. The PEDOT:PSS was annealed at 140 °C
for 10 min in air. The substrates were loaded into a high-
vacuum chamber (QHV-R20) to deposit the perovskite layer.
The CsBr and PbBr, were deposited by thermal evaporation
layer-by-layer on the substrate at a rate less than 0.9 and 0.4 A/
s, respectively. Four pairs of CsBr and PbBr, were thermally
evaporated in total with a CsBr thickness of 11 nm and a PbBr,
thickness of 3 nm. During the evaporation, the substrate
temperature was accurately controlled at 80 °C to facilitate the
perovskite crystallization. After the deposition of perovskite
film, the samples were transformed to the glovebox and
annealed at 100 °C for 30 min for a better solid-phase reaction.
For the device fabrication, the as-prepared perovskite films
were treated with the ammonium halides (PEABr, EABr, PABr,
and BABr), which was dissolved in IPA with a desired weight
ratio by spin-coating (4500 rpm for 60s), followed by an
annealing process at 70 °C for 10 min. Subsequently, the
samples was transformed into the vacuum chamber again, and
the electron transport layer TPBi (40 nm), electron injection
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layer LiF (1 nm), and cathode Al (100 nm) were deposited
successively.

Film and Device Characterization. The UV—vis absorption
spectra were obtained using a Persee T6 UV—vis spectrometer.
The steady-state PL measurements of perovskite films were
performed on a Hitachi fluorescence spectrometer F-7000.
The morphologies of perovskite films were obtained on a
Shimadzu SPA-9700 atomic force microscope. The time-
resolved PL spectra were characterized by an Edinburgh
FLS920 spectrometer using a 375 nm laser as an excitation
source. The PLQY was measured by FLS920 with an
integrating sphere. The thickness of the PbBr, and the CsBr
were calibrated by a Jobin Yvon Horiba UVISEL ellipsometer.
The XRD patterns of the perovskite film were performed by a
Rigaku SmartLab. For FTIR measurements (Thermo-Nicole
iS50), the powder was obtained by grinding the mixture of
CsBr, PbBr,, and 3AP at a desired Cs/Pb ratio. The J-V
characteristics and brightness of the devices were measured
using a Keithley 2400 source meter and a luminance meter
Konica Minolta LS-160. The electroluminescence spectrum
was recorded by an Ocean Optics USB2000+ fiber
spectrometer. EQE was calculated based on luminance,
current, and EL emission spectrum (assuming Lambertian
emission). All the devices were encapsulated using a glass
cover with UV glue and measured under ambient atmosphere.
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