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Abstract: All-inorganic CsPbBr; perovskite is an attractive
emission material for high-stability perovskite light-
emitting diodes (PeLEDs), due to the high thermal and
chemical stability. However, the external quantum effi-
ciencies (EQEs) of CsPbBr; based PeLEDs are still far
behind their organic-inorganic congeners. Massive defect
states on the surface of CsPbBr; perovskite grains should
be the main reason. Lewis base additives have been widely
used to passivate surface defects. However, systematic
investigations which relate to improving the passivation
effect via rational molecule design are still lacking. Here,
we demonstrate that the CsPbBr; film’s optical and elec-
trical properties can be significantly boosted by tailoring
the hardness—softness of the Lewis base additives. Three
carboxylate Lewis bases with different tail groups are
selected to in-situ passivate CsPbBr; perovskite films. Our
research indicates that 4-(trifluoromethyl) benzoate acid
anion (TBA™) with the powerful electron-withdrawing
group trifluoromethyl and benzene ring possesses the
softest COO™ bonding head. TBA™ thus acts as a soft Lewis
base and possesses a robust combination with unsaturated
lead atoms caused by halogen vacancies. Based on this, the
all-inorganic CsPbBr; PeLEDs with a maximum EQE up to
16.75% and a half-lifetime over 129 h at an initial brightness
of 100 cd m? is thus delivered.

Keywords: all-inorganic perovskite; CsPbBr5; Lewis base;
perovskite light-emitting diodes.

1 Introduction

Metal halide perovskite films fabricated by solution-
processed method is promising candidates for the
next-generation display and light-emitting devices
contributed to their high photoluminescence quantum
yield (PLQY), tunable bandgap, excellent color purity, and
simple preparation process. At present, green and near-
infrared emission perovskite light-emitting diodes

3 Open Access. © 2021 Changjiu Sun et al., published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0

International License.


https://doi.org/10.1515/nanoph-2021-0003
mailto:zhaojian@qust.edu.cn
mailto:zyq0205@qust.edu.cn
https://orcid.org/0000-0002-7788-9026
https://orcid.org/0000-0002-7788-9026

2158 —— (. Sun et al.: Hard and soft Lewis-base behavior

(PeLEDs) based on organic—inorganic metal halide perov-
skites have both achieved external quantum efficiency
(EQE) exceeding 20% [1-5], comparable to the commercial
organic light-emitting diodes (OLEDs) and quantum dots
light-emitting diodes (QLEDs). However, the organic—
inorganic hybrid perovskites employed methylamine
(MA") or formamidine (FA") as ‘A-site’ cations inevitably
occur severe thermal degradation under the operation
conditions. This can be attributed to the poor thermal
stability of these organic cations [6, 7]. The low operational
stability thus severely restricts the application of the
organic—inorganic hybrid PeLEDs. All-inorganic CsPbBr;
perovskites show higher tolerance to Joule heating under
operation conditions than its analogs such as MAPbBr; and
FAPDbBr;, for its high thermal degradation temperature.
Even though CsPbBr; materials show potential in extend-
ing the operating lifetime of PeLEDs, the EQEs of CsPbBrs
PeLEDs are still far behind the organic—inorganic hybrid
analogs [8—-13]. The disappointing EQEs of CsPbBr; PeLEDs
can be ascribed to the high defect state density and poor
quality of the CsPbBrs films. CsPbBr; features a rapid
crystallization process due to its poor solubility and low
nucleation concentration. The resulting film thus shows
reduced crystallinity and massive defect states.

Unsaturated lead atoms caused by halogen vacancies
are the common crystal defect in perovskite materials.
Halogen vacancies reduce the energy level of Pb 6p orbits
and introduce deep-level states in the bandgap, which are
widely regarded as nonradiative recombination sites
[14-16]. Moreover, the halogen vacancies exhibit high af-
finity to various nucleophilic molecules such as oxygen or
moisture, thus accelerating the perovskite degradation and
deteriorating the film’s environmental stability [17]. Lewis
base molecules, as electron—pair acceptors, can effectively
coordinate with unsaturated lead atoms through forming
acid-base complexes. So far, typical Lewis base molecules
such as pyridine, thiophene [18], ethylenediamine (EDA)
[19], and trioctylphosphine oxide (TOPO) [2] have been
used to passivate perovskite solar cells or LED devices,
which achieve significant photoelectric properties
improvement. However, most of these passivation strate-
gies were carried out through a post treatment process,
where a considerable amount of defect states still existed
inside the resulting films. Moreover, the commonly used
Lewis base molecules show low resistance of Joule heating,
thus limiting their application in high-temperature
fabrication technologies and reducing their long-term
operational stability.

Anionic X-type ligands, such as alkylphosphonates,
sulfonates, and carboxylates [20-22], represent as an
important category of Lewis base. These anionic X-type
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ligands have been widely used in the synthesis of perov-
skite nanocrystals and revealed efficient passivation due to
the coordination with unsaturated lead. Meanwhile,
anionic X-type ligands feature high thermal stability, thus
demonstrating compatibility for fabricating PeLEDs with
long-term operational stability. However, few researches
reported the relationship between the molecule structure
of anionic X-type ligands and corresponding passivation
effect. To reveal the underlying connection and propose a
universal strategy for designing the additive molecules, we
herein introduced three carboxylate sodium salts with
different molecule structures into the CsPbBr; perovskite
precursor for in-situ passivating the film’s defect states.
These carboxylate sodium salts include hexanoic acid
sodium salt (HAS), benzoic acid sodium salt (BAS) and
4-(trifluoromethyl) benzoate acid sodium salt (TBAS). We
found that 4-(trifluoromethyl) benzoate acid anion (TBA™)
contains powerful electron-withdrawing groups exhibits
the most efficient passivation effect, compared to hexanoic
acid anion (HA") or benzoic acid (BA"). The soft base
character of TBA™ decides the robust coordination between
TBA™ and soft acid center Pb%*, based on the Hard-Soft
Acid-Base (HSAB) theory [23]. At the same time, we also
found that introducing TBAS into the precursor leads to a
smooth and pinhole-free film, confirming the role of TBAS
in increasing the CsPbBrs; nuclei density and inhibiting
grain overgrowth. The multifunctional passivation effect of
TBAS thus synergistically improves the optical and elec-
trical performances of CsPbBr; film. Consequently, the
all-inorganic CsPbBr; PeLED fabricated by a simple solu-
tion method achieves an EQE of 16.75%. More importantly,
a half-lifetime up to 129 h is obtained at an initial bright-
ness of 100 cd m™.

2 Results and discussions
2.1 DFT simulation of Lewis bases additives

As we know, unsaturated lead atom, which possesses large
polarizability, actually acts as a soft acid [22, 24]. This
means that, according to the HSAB theory, Lewis bases
with soft binding heads should have more robust coordi-
nation ability with the unsaturated lead atoms, compared
to hard Lewis bases. Considering that soft—soft interaction
possesses stronger covalent bond characters, we conclude
that the carboxylate anions with different hardness—soft-
ness will affect their passivation effect. Theoretically, soft
and polarizable molecules can be obtained by narrowing
their HOMO-LUMO gaps. This can be explained by a
widely accepted principle: molecules with a narrow
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HOMO-LUMO gap have low stability and electron-
donating/withdrawing ability, are easily polarized,
i.e., they exhibit soft properties [25-27]. Here, HOMO refers
to the highest occupied molecule orbital and LUMO refers
to the lowest unoccupied molecule orbital. Thus, the
passivation effects of the anionic X-type ligands can be
modified by tuning their electronic band structures.

Three carboxylate sodium salts, HAS, BAS, and TBAS,
with different electron-withdrawing or -donating groups
are selected to passivate the all-inorganic CsPbBr; films.
These three Lewis bases possess the same binding head
group (carboxylate group), but own different tail group
respectively. Taken the BAS as reference, we selected HAS
by replacing the phenyl group with donating groups (alkyl
group) and TBAS with additional electron-withdrawing
groups (trifluoromethyl group, CFs). To demonstrate the
systematic difference of these Lewis bases, we firstly used
the density functional theory (DFT) with a frequently-used
functional, B3LYP, to simulate the ground-state geometries
and electrostatic potentials (ESP) of these anions. As
shown in Figure 1a, the carboxylate anion (COO~) binding
heads appeal to the higher electron density (exhibited in
red area), whereas the alkyl chains contain lower electron
density (in blue area). When changing the tail group from
saturated alkyl chain to benzene ring, the electron cloud is
partially dispersed on the benzene ring leading to the
reduction of charge density in the COO™ head group.
Further linking a tail trifluoromethyl group will aggravate
the delocalization of the electron cloud. We then extracted
the HOMO and LUMO distributions of these three anions.
As illustrated in Figure 1b, the HOMO levels are mainly
located on the O atoms of the COO™ binding head, while
LUMO levels are primarily located on the C atoms. Obvi-
ously, compared with the others, we found that after
introducing the electron-withdrawing groups (CFs) into
Lewis base, the HOMO-LUMO gaps dropped from 4.89 eV
for HA™ to 3.54 eV for TBA™ (Table S1). We also calculated
another Lewis bases with a -SO3™ or -P(OH)OO™ binding
heads, however, these Lewis bases anion show wider gap
compared to TBA™. Since the electronegativity of C is
smaller than that of O, the change of LUMO level thus more
obvious than that of HOMO when introducing electron-
withdrawing or -donating groups. The electron-donating
groups can increase the energy levels of HOMO and LUMO
and make the LUMO energy level increase to a greater
extent, thereby increasing the HOMO-LUMO gap. While
the electron-withdrawing group lowers the LUMO energy
level to a greater extent, thus reducing the HOMO-LUMO
gap. In TBA", benzene ring and trifluoromethyl group
possess strong electron-withdrawing ability narrowed the
HOMO-LUMO gap and led the softest COO™ binding head.
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Figure 1: Molecule structures of different carboxylate anions.

(@) Molecule structures and electrostatic potentials (ESPs) of the
HA™, BA” and TBA™. (b) HOMO and LUMO molecule orbitals of HA™,
BA™ and TBA™.

2.2 Structural characterizations of the
perovskite films

We then introduced these three carboxylate sodium salts
into the all-inorganic CsPbBr; precursor systems and
investigated their passivation effect. CsPbBr; perovskite
films were prepared by a simple one-step spin coating
method (Figure S1). To evaluate the different coordination
abilities between carboxylates and unsaturated lead, we
carried out X-ray photoelectron spectroscopy (XPS) mea-
surements and investigated the compositions and corre-
sponding chemical states of different films. Figure 2a and b
demonstrate the XPS spectra for Pb 4f and Br 3d. As shown
in Figure 2a, XPS spectrum of the original CsPbBr; film
shows characteristic peaks of Pb 4fs/, and Pb 4f;/, at 143.4
and 138.3 eV [10, 28], respectively. While in the
TBAS-containing film, shifts about 0.3 eV of these peaks
toward high binding energy can be observed. However,
such movement reduced to 0.2 eV in the film incorporated
with BAS and almost negligible in the film incorporated
with HAS. These movements in the Pb 4f spectra can be
explained by the lone electron pair on the oxygen atom of
the COO™ group contributing to the empty orbital on
unsaturated lead, as has been reported in previous works
[10]. The combination between COO™ and unsaturated lead
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increases the energy of the Pb 6p states, making photo-
generated electrons on the conduction band less likely to
fall into the deep level, and improving the optical perfor-
mance of the perovskite film. In addition, in the original
and HAS-containing CsPbBr; perovskite films, additional
shoulder peaks around 141.7 eV can be observed, which
correspond to the metallic Pb [28]. These peaks dis-
appeared in the perovskite films incorporated with BAS
and TBAS, illustrating the coordination ability of BAS and
TBAS with unsaturated lead. Shifts toward high binding
energy have also been seen in the Br 3d spectra (Figure 2b),
indicating the formation of the stabler perovskite phase
[10, 29, 30]. Inversely, for HA™ with long-chain alkyl groups
feature electron-donating ability, the widest HOMO-LUMO
gap thus makes the hardest binding head. The mismatch of
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Figure 2: Structural characterizations of the CsPbBrs perovskite film
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hard-soft leads to the weakest combining capacity. The
robust coordination between TBAS and unsaturated lead
was also verified by Fourier transform infrared (FTIR)
and 'H nuclear magnetic resonance (NMR) spectroscopy
(Figures 2 and 3). The red-shift of COO™~ group stretching
vibration peak and downfield-shift of proton resonance
signals were also observed.

X-ray diffraction (XRD) characterizations exhibit crys-
tallization properties of these CsPbBr; films. XRD patterns
of the original CsPbBr; film and the films incorporated with
different carboxylate sodium salts are shown in Figure 2c.
All films show obvious diffraction peaks locate at 15.4°,
21.8°, and 30.8° correspond to the (100), (110), and (200)
crystal planes, consistent with the positions reported in the
previous literatures [10, 11]. Then, once added the HAS,

Brad,, o %
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(@) Pb 4f, (b) Br 3d X-ray photoelectron spectroscopy (XPS) spectra, and (c) X-ray diffraction (XRD) patterns of the original CsPbBr; film and
CsPbBrs; films incorporated with hexanoic acid sodium salt (HAS), benzoic acid sodium salt (BAS), and 4-(trifluoromethyl) benzoate acid

sodium salt (TBAS). (d) Grazing-incidence wide-angle X-ray scatterin

g (GIWAXS) pattern of the TBAS-containing CsPbBr; films.
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BAS, or TBAS, the diffraction peaks corresponding to (100)
and (200) planes increased gradually, while the diffraction
peaks corresponding to the (110) reflection planes
decreased. This change can be explained by the improve-
ment of the crystallinity and the adjustment of preferential
orientation. Compared with the original CsPbBr; film,
about a twice-fold increase of the (100) and (200) diffrac-
tion peaks in the TBAS-containing film indicates that TBAS
has a significant effect on improving the film’s crystallinity.
We also calculated average thicknesses perpendicular to
the (100) plane of different CsPbBr; films and found that
the average thicknesses of original CsPbBr; film up to
45.3 nm, but decreased to 22.6 nm of TBAS-containing
CsPbBr; film (Supplementary Method 1). Furthermore, we
did not notice the significant movement of the diffraction
peak in any case. Thus, we concluded that carboxylate and
Na* anions could not insert into the grain lattice or induced
the undesired phase transformation. Grazing-incidence
wide-angle X-ray scattering (GIWAXS) pattern of the
TBAS-containing film is also shown in Figure 2d. The
uniform Debye—Scherrer rings indicate that the perovskite
crystallites were isotopically oriented in the film [31].

2.3 Morphological studies of the perovskite
films

Atomic force microscopy (AFM) images were used to
characterize the morphologies of original and different
carboxylate sodium salts modified CsPbBrs; films. As
shown in Figure 3a, the original CsPbBr; perovskite film
features low surface coverage and large grain size, result-
ing in a root mean square roughness (r.m.s.) up to 9.8 nm.
This is consistent with previous reports [10, 11], and can be
explained by the fact that the limited solubility of the
CsPbBr; precursor leads to extremely fast and inhomoge-
neous crystallization of CsPbBr; perovskite. While for the
CsPbBr; perovskite film incorporated with carboxylate
sodium salts, increased surface coverage, reduced grain
size and decreased average roughness were observed. The
r.m.s. of the CsPbBr; incorporated with HAS, BAS, and
TBAS extracted from AFM images were 5.5, 3.7, and 1.9 nm,
respectively (Figure 3b—d). The same trend is also observed
in the scanning electron microscopy (SEM) images
(Figure S4). We first attributed the improved film quality to
the coordination between [PbBr¢]™ clusters and carbox-
ylate sodium salts. Such coordination slowed down the
crystallization process of CsPbBr; perovskite, facilitating
the uniform grain growth and improving the film crystal-
linity [32, 33]. Besides, carboxylate sodium salts additives
also increased the heterogeneous nucleation sites in the
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precursor, thus benefiting the formation of perovskite film
with small grain size and high surface coverage. Moreover,
previous works have reported that the alkali metal ions can
occupy the “A-site” on the surface of the perovskite grain,
thus act as spacers and inhibit the overgrowth of the
grain [34]. This is similar to organic cation spacers such as
phenethylamine (PEA) or butylamine (BA) commonly used
in low-dimensional perovskites. Sodium ions with small
ion radius are hard to incorporate into the perovskite
lattice, but tend to occupy the “A-site” on the grain surface.
The uniform distribution of sodium has also been
confirmed by the DES images (Figure S5). The reduced
perovskite grain size enhanced the confined effect of the
electron—-hole pairs, thus suppressing electron-hole pairs
decoupling into free carriers. We stress that tightly
bound electron-hole pairs are essential to improve optical
performance, considering that free carriers are more likely
to dissociate to the grain boundary and trapped by the
defect states. On the other hand, improved film quality can
also eliminate carrier shunting paths and reduce undesired
large leakage current in the device, which is also beneficial
to the device’s electrical performance improvement.

2.4 Optical characterizations of the
perovskite films

To explore the films’ optical properties, steady-state PL and
UV-Vis absorbance spectra were collected and demon-
strated in Figure 4a and Figure Sé6. All films showed similar
absorption edges and PL peaks around 520 nm, corre-
sponding to the optical bandgap of ~2.38 eV. Obviously,
compared to the original CsPbBr; film, the CsPbBr;
perovskite films incorporated with carboxylate sodium
salts showed higher PL intensity. The average PLQY
increased from 11% of the original CsPbBr; film to 16, 42,
and 62% of the films incorporated with HAS, BAS, and
TBAS (Figure 4b and Figure S7), respectively, proving that
the films incorporated with carboxylate sodium salts have
higher radiation recombination efficiency. Time-resolved
PL (TRPL) spectra were thus recorded to investigate the
carrier recombination behaviors of these films. As shown in
Figure 4c, an average carrier lifetime (7ayg) of 31 ns is
observed for the original CsPbBr; perovskite film. In com-
parison, T,yg Of 33 ns for HAS-containing film, 69 ns for
BAS-containing film, and 74 ns for TBAS-containing films
indicated the improved stability of electron—hole pairs. The
reduced defect state density of the perovskite film should
be the reason for optical performance improvement. The
most extended carrier lifetime in the TBAS-containing
CsPbBr; perovskite film thus means the lowest density of
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defect states, corresponding to the most robust coordina-
tion ability of TBA™ anion with unsaturated lead. We then
used transient absorption (TA) spectroscopy to further
understand the carrier dynamics of the original and
TBAS-containing CsPbBr; perovskite films. All samples
were excited by a 365-nm pump pulse, by monitoring the
absorption of the probe and reference lights, the bleach
signal of the film can be obtained [35]. Compared with the
original film (Figure 4d), a smaller redshift of the transient
bleach was observed in the TBAS-containing film
(Figure 4e). Here, we identified the redshift of the transient
as the band tail state filling process [10, 36]. That is, TBAS
additive eliminated undesirable band tail states effectively.
TA traces as a function of decay time were also shown in
Figure 4f. Here the 7. was defined as the time when the TA
population decays to 1/e of its initial intensity. Under
the same excitation intensity, the extracted 7. of the
TBAS-containing film was 392 ps, much larger than the
original film of 126 ps. The increased photobleaching delay
time proves the decrease of the carrier quenching sites in
the TBAS-containing film [36].

To quantify the passivation effect of carboxylate
sodium salts, we further adopted a widely reported spatial
charge-limited current (SCLC) model to extract the films’
defect state densities (Figure S8) [37]. Defect state densities
of 1.52 x 107, 1.36 x 107, 7.26 x 10", and 6.01 x 10'® cm™
were extracted for original CsPbBr; films and CsPbBr; films
incorporated with HAS, BA, and TBAS, respectively. Such a
trend is in good agreement with the results of optical
characterization. Therefore, both optical and electrical
measurements confirmed the passivation effect of
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Figure 3: Morphological studies of the CsPbBr3
perovskite films.

Atomic force microscopy (AFM) images of

(a) original CsPbBrs3 film and CsPbBrs; films
incorporated with (b) hexanoic acid sodium
salt (HAS), (c) benzoic acid sodium salt (BAS),
and (d) 4-(trifluoromethyl) benzoate acid
sodium salt (TBAS), respectively.

-40 nm

carboxylate sodium salts. The TBAS-containing film ex-
hibits optical and electrical performances with the
most significant improvements and minimum defect state
densities, stemming from the most robust combination
between TAB™ and unsaturated lead.

2.5 EL performances of the PeLEDs

Encouraged by the improved optical and electrical prop-
erties, we thus built different CsPbBr; PeLED devices to
investigate the EL performance of the obtained films. All
devices were based on an ITO/NiO,/PVK/PFNBr/Perov-
skite active layer/TPBi/LiF/Al architecture. The corre-
sponding energy level diagram of the PeLEDs is shown in
Figure 5a [14, 38]. Here, the p-type NiO, was used as a hole-
transport/electron-blocking layer, owing to their excellent
humidity and thermos-stability. An ultrathin PVK/PFNBr
bilayer structure was employed to passivate nickel
oxyhydroxide defects and modify film wettability [39].
While the n-type TPBi were used as a hole transport layer.
Figure 5b shows the typical EL spectra of the devices
located at 520 nm. We noticed that the emission peak
did not show obvious changes in either case. The
TBAS-containing device offers the narrowest FWHM of
19 nm. We ascribe this to the fact that TBAS inhibited the
low energy transitions by eliminating interstitial bands
caused by defects and vacancies. The current density—
voltage (J-V), luminance-voltage (L-V) and EQE—current
density (EQE-]) curves of different CsPbBr; PeLED devices
are shown in Figure 5c—e. Detailed performance indicators
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Figure 4: Optical characterizations of the CsPbBr3 perovskite films.

(a) Steady-state PL spectra, (b) photoluminescence quantum yield (PLQY) values, and (c) time-resolved PL (TRPL) spectra of original CsPbBr;
film and CsPbBrs; films incorporated with hexanoic acid sodium salt (HAS), benzoic acid sodium salt (BAS), and 4-(trifluoromethyl)
benzoate acid anion (TBA), respectively. Transient absorption maps of the (d) original and (e) 4-(trifluoromethyl) benzoate acid sodium salt
(TBAS)-containing CsPbBrs; films. (f) Transient absorption (TA) decay kinetics of the original and TBAS-containing CsPbBrs; films.

for each device were tabulated in Table S2. As ex- activation energies can be extracted in the
pected, compared with the devices based on the original TBAS-containing film (Figure S11).

CsPbBr; film or HAS/BAS-containing CsPbBr; films, the

TBAS-containing PeLED exhibits lower current density and

higher brightness. A maximum luminance value of 3 Conclusion

37,860 cd m™ was obtained at 6.4 V. As a result, the

TBAS-containing PeLED vyielded a high EQE up to 16.75% In summary, we provide a strategy to modify the defect
(Figure S9), while the original PeLED showed an EQE of passivation effect by tailoring the hardness—softness of
only 2.08% and maximum luminance of 10,550 cd m™ Lewis base additives. Our result demonstrates that anionic
Operational stabilities of the PeLEDs were also measured Lewis base TBA™, containing electron-withdrawing groups,
(Figure 5f and Figure S10). A half-lifetime over 129 h possesses a soft carboxylate anion (COO~) binding head.
(Tsp, the time when luminescence decay to half of the initial TBA™ thus coordinates with unsaturated lead robustly,
value) at an initial luminescence of 100 cd m™ was since the soft acid feature of lead atoms. In addition, we
achieved in TBAS-containing PeLED. This result represents  propose that sodium ions occupied the A site center on the
one of the most efficient and stable CsPbBr; PeLED up to  surface of perovskite and act as spacers. Taking advantage
now [10, 40, 41]. As a contrast, original devices show alow of the above findings, the TBAS-containing CsPbBr; film
Tso of 19 h. The impressive operational stability can be with both high optical and electrical properties were
attributed to the TBAS passivation process which deliversa  obtained. Based on this film, we are able to deliver an
smooth and low defect density film, which further all-inorganic CsPbBr; PeLED with an EQE of 16.75% and a
suppresses the nonradiative recombination and eliminates  high half-lifetime up to 129 h. Our work provides useful
the ion migration channels. The improved film stability insights for designing the Lewis base additives rationally,
also confirmed by the temperature-dependent conductivity and represents an important step towards the commer-
measurements, where obviously increased ion migration cialization of the PeLED devices.
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Figure 5: Electroluminescence (EL) performances characterization of the CsPbBr; PeLEDs.

(@) Energy level structure of each functional layer in the PeLED device. (b) EL spectra of original and 4-(trifluoromethyl) benzoate acid sodium
salt (TBAS)-containing CsPbBr; PeLEDs, the inserted picture is the TBAS-containing device operated under biased voltage of 4.0 V. (c) J-V, (d)
L-V, and (e) EQE-/ curves of original CsPbBr; PeLED and CsPbBr; PeLEDs incorporated with hexanoic acid sodium salt (HAS), benzoic acid
sodium salt (BAS) and 4-(trifluoromethyl) benzoate acid sodium salt (TBAS), respectively. (f) The stability measurement at an initial luminance

of 100 cd m™2 for different CsPbBr; PeLEDs.

4 Experimental section
4.1 Materials

CsBr (99.999%), PbBr, (99.999%), Nickel(II) nitrate hexahydrate
(Ni(NOs),-6H,0, 99.999%) hexanoic acid sodium salt (HAS, 99.0%),
benzoic acid sodium salt (BAS, 99.0%), and polyethylene glycol
(PEG) were purchased from Sigma-Aldrich. 4-(trifluoromethyl)
benzoate acid sodium salt (TBAS, 99.0%) was purchased
from J&K Chemical. Poly(9-vinylcarbazole) (PVK), poly[(9,9-bis
(3’-((N,N-dimethyl)-N-ethylammonium)-propyl)-2,7-fluorene)-alt-
2,7-(9,9-dioctylfluorene)] (PFNBr), (1,3,5-benzinetriyl)-tris(1-phenyl-1-
H-benzimidazole)) (TPBi), and LiF (99.99%) were purchased from
Lumtech Corp. All the chemical materials were directly used without
any further purifications.

4.2 Perovskite film fabrication

The perovskite precursor solutions were prepared by dissolving CsBr,
PbBr, and carboxylate sodium salt in dimethyl sulfoxide (DMSO) with
a molar ratio of 1.2:1:0.08, the concentration of PbBr, was kept at
0.25 M. A small amount of PEG with 1.5 wt% respect to CsPbBr; was

also added in the precursor. All perovskite precursor solutions were
filtered by a PTFE filter before using. The perovskite films were
obtained in the glove box by spin-coating method at 1000 r.p.m. for5s
and 4000 r.p.m. for 80 s. After the spin-coating process, the perovskite
films were annealed at 100 °C for 5 min.

4.3 NiO, hole transport layer fabrication

The NiO, hole transport layer was prepared by an improved high-
temperature sol-gel method [14]. 0.873 g of Ni(NO3)2-6H,0 and 0.2 mL
of ethylenediamine were dissolved in 3 mL of 2-methoxyethanol
solution and stirring for 30 min. Then the precursor was spin-coated
on clean and O, plasma treated ITO substrate at a speed of 2000 r.p.m.
for 40 s. After the spin coating process, the films were firstly annealed
in ambient at 80 °C for 2 min, and then transferred in the muffle furnace
for another 60 min at 400 °C.

4.4 LEDs fabrication

After annealing, the ITO/NiO, substrates were treated with O, plasma
for 5 min and then transferred to a nitrogen-filled glovebox. A PVK
solution dissolved in chlorobenzene with a concentration of 2 mg/mL
was spin-coated on the NiO, layer at a speed of 4000 r.p.m., followed
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by annealing at 130 °C for 15 min. To improve the wettability of the PVK
layer, a PFNBr solution dissolved in methanol with a concentration of
1 mg/mL was also spin-coated on the PVK layer, with a speed of
4000 r.p.m., and annealed at 70 °C for 2 min. After that, the perovskite
film was deposited on the PFNBr layer. Finally, TPBi (40 nm), LiF
(1.0 nm), and metal Al (150 nm) were deposited through thermal
evaporation under a vacuum of <1 x 10™ Pa.

4.5 Characterizations

The simulations were performed using a DFT method as implemented
in the Gaussian 09 package. Ground-state geometries and molecule
orbital energy levels of carboxylate anions were calculated at
the B3LYP/6-31G* level. The UV-Vis absorption spectra were recor-
ded using the LAMBDA 950 UV/Vis/NIR spectrophotometer. XPS
measurements were carried out in a PHI 5000C EHASA X XPS (MgKa,
hv = 1253.6 eV) system. The Bruker D8 X-ray diffractometer (Cu Ka,
A = 1.5406 A, 40 kV, 100 mA) was used to characterize the crystal
structure of the perovskite films at a scanning rate of 10° min™, with a
step size of 0.02°. Field emission SEM (JSM-7500F, JEOL), was used to
observe the surface morphology of the perovskite film at an acceler-
ation voltage of 5.0 kV. The AFM tests were carried out using an atomic
force microscope (Dimension Icon, Bruker) in a noncontact mode. The
photoluminescence properties of the perovskite films were measured
by a fluorescence spectrophotometer (FS5, Edinburghinstruments),
during the test, the perovskite films were spin-coated on the 2 x 2 cm?
quartz glass. The steady-state PL spectra and PLQY of the films were
recorded by exciting at 365 nm wavelength provided by a 450 W xenon
lamp. The TRPL decay kinetic spectra were obtained by using a 365-nm
laser as the excitation source. The TA measurements were carried out
on a Helios pump-probe system (Ultrafast Systems LLC) coupled with
an amplified femtosecond laser system (Coherent, 35 fs, 1 kHz,
800 nm). FTIR spectra were recorded under attenuated total reflec-
tance (ATR) mode on a Nicolet iS50 spectrometer. 'H NMR spectra were
recorded in DMSO-d6 solvent by using a Bruker 400 MHz NMR spec-
trometer. Temperature-dependent conductivity measurements were
carried out in a Lakeshore probe station incorporate with a heater
under a vacuum of 107 pa. A Keithley 2400 was used for recording
voltage-current responses. For electroluminescence measurement, all
PeLED devices were measured in the nitrogen-filled glove box using an
integrated system consisting of a digital source meter (Keithley 2400),
a spectrometer (QE65 Pro, Ocean Optics), and an optical fiber
integrating sphere (FOIS-1-FL, Ocean Optics); the effective device area
was 8.6 mm?> All of the EL data was double-checked by a PR-735
spectroradiometer (Photo Research).
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