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Optimizing the content of inherent capping ligands in perovskite nanocrystals (PeNCs) is a crucial
strategy for enhancing the performance and stability of perovskite light-emitting diodes (PeLEDs).
However, the highly dynamic adsorption—desorption state of capping ligands and their detachment from
the surface of PeNCs often result in degraded optical properties and the emergence of surface defects.
In this study, we investigated the use of benzylphosphonic acid (BPA), an aromatic conductive molecule,
for passivation to replace the native capping ligands of FAPbBr; NCs. Comprehensive characterization
results validate that the original long insulative ligands were partially substituted with short conductive
phosphine oxide functional groups, effectively passivating the nonradiative defects of FAPbBrs while

Received 11th June 2024, enhancing electron injection into perovskite emitting layers. Moreover, this proposed ligand-exchange

Accepted 11th September 2024 strategy significantly improved the photoluminescence quantum yield of FAPbBrs NCs. Consequently,
we achieved a high-performance PeLED with an external quantum efficiency of 12.9% at 4660 cd m—2

using BPA-passivated FAPbBr; NCs. These findings underscore the potential of post-passivated PeNCs
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1. Introduction

Perovskite nanocrystals (PeNCs) have emerged as a ground-
breaking class of semiconducting materials for optoelectronic
applications. Their narrow emission spectrum, characterized
by a full-width at half maximum (FWHM) of less than 20 nm,
facilitates superior color gamut coverage. Moreover, their high
photoluminescence quantum yield (PLQY) and spectral adjust-
ability render them highly promising for next-generation light-
ing and display applications."” In recent years, significant
improvements in the performance of perovskite light-emitting
diodes (PeLEDs) have been noted, attributed to the exceptional
characteristics of nanocrystals as emitters.® ' Despite notable
strides in the performance of NC-based PeLEDs, exposure
of PeNCs to harsh environmental conditions, such as polar
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via aromatic acid in fabricating high-performance optoelectronic devices.

molecules, extended heat exposure, or intense light illumina-
tion, can detrimentally impact their optical properties. Impor-
tantly, the highly dynamic state of capping ligand adsorption-
desorption, the high surface-to-volume ratio of PeNCs, and
surface defects at grain boundaries in thin films collectively
contribute to an adverse effect on halide ion migration."
Furthermore, native ligands have a tendency to de-coordinate
from the surface of perovskite NCs over time due to their highly
ionic nature and intrinsic instability.”>"® This phenomenon
leads to the degradation of optical properties and fosters
the formation of surface defects, aggregation, and phase
transitions."**® Consequently, halide/Pb ion vacancies and
Pb ion gaps, acting as non-radiative recombination centers,
diminish the luminescence efficiency and operational stability of
LEDs by quenching photogenerated excitons and carriers."”>°
Modulating optical properties and mitigating surface
defects have proven effective in enhancing the operational
efficiency and durability of NC-based PeLEDs. Over the years,
significant efforts have been directed towards enhancing bi-
molecular radiative recombination rates by addressing the
inherently weak exciton binding energy and thermal instability
of PeNCs. Strategies such as Cs/Pb site doping'>*'>* and surface
engineering®® % have been extensively explored for this purpose.
Ligand engineering is also an essential strategy for firmly anchor-
ing onto PeNCs to eliminate structural defects. This approach

J. Mater. Chem. C, 2024,12,17289-17297 | 17289


https://orcid.org/0000-0002-1412-6179
https://orcid.org/0000-0002-2276-4912
http://crossmark.crossref.org/dialog/?doi=10.1039/d4tc02419b&domain=pdf&date_stamp=2024-09-24
https://doi.org/10.1039/d4tc02419b
https://doi.org/10.1039/d4tc02419b
https://rsc.li/materials-c
https://doi.org/10.1039/d4tc02419b
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC012042

Published on 12 September 2024. Downloaded by Fail Open on 2025-07-23 8:45:17 vm..

Paper

effectively counters the thermodynamic instability associated with
native-capped ligands like oleic acid, octylamine, or oleylamine
while boosting the colloidal stability of PeNCs and increasing
their PLQYs.'®*® For example, Zhang et al. reported PeNCs
capped with aromatic amino acid ligands featuring cation-n
interactions, enabling the creation of Rec. 2020 pure-red LEDs.
The strong cation-n interactions significantly improved the
optical properties and spectral stability of LEDs under contin-
uous operation.”® Duan et al. introduced biogenic and amphi-
philic capping agents, such as phosphatidyl-L-serine, which
contain multi-binding motifs to firmly attach to PeNC surfaces
and detach undercoordinated ions without causing additional
crystal deformation. This ligand-exchange strategy enhanced
the stability of colloidal NCs against diverse external stimuli
like heat, water, and light, maintaining a persistent PLQY of
over 80% for an extended 180-day period, demonstrating
the robustness of these colloidal NCs capped with biogenic
and amphiphilic agents. PeNC LEDs based on biogenic and
amphiphilic passivated NCs exhibit remarkable stability, this
compelling longevity suggests that NCs capped with phospha-
tidyl-L-serine stand out as promising candidates.'® Furthermore,
the use of n-butylamine as a capping ligand is suggested to
enhance ambient stability by establishing condensed hydropho-
bic protective layers, thereby impeding moisture infiltration and
effectively passivating external defects. This contributes to the
augmentation of PLQY by proficiently addressing surface defects
in colloidal perovskite NCs.>' Thus, achieving highly stable col-
loidal NCs necessitates manipulating surface ligands that strongly
anchor the PeNCs, enabling defect elimination while preserving
colloidal stability and enhancing optical properties over time.
Here, we present benzylphosphonic acid (BPA)-passivated
FAPDbBr; NCs. In earlier studies, BPA was used to modify the
work function of solution-processed Zn0O.** In addition, BPA
derivatives with various fluorine substitutions were used to
adjust the work function of indium tin oxide (ITO).** In con-
trast, in this study, BPA is used as a ligand to substitute the
native capping ligands from the surface of FAPbBr; NCs. This
approach is designed to mitigate aggregation tendencies,
enhance PLQY in thin films, and improve the optoelectrical
performance of the LEDs. The incorporation of -P—0O groups
in the phosphonic acid confers robust coordination capabilities
and amphipathic properties. Unlike the commonly used car-
boxyl and sulfinyl groups, the electron-donating nature of
-P=—0 groups plays a crucial role in preventing superoxide
formation. This is attributed to the significant electronegativity
difference between P and O, leading to increased electron-cloud
density for -P—0,** thereby enhancing both electron-donating
and coordination abilities. Detailed characterization results
confirm the replacement of native capped ligands (oleic acid
and octylamine), as evidenced by the substantial decrease in
the intensity of ~-CH; and -CH, stretching vibrations at 2926
em ! and 2854 cm ' associated with carboxylate ligands.
Meanwhile, the appearance of C=C stretches at 1576 cm "
and 1507 cm™ ' exclusively in BPA-passivated FAPbBr; NCs
indicates successful exchange with the newly introduced aro-
matic phosphonic acid. The proposed ligand-exchange strategy
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significantly improves the PLQY from 77% (pristine NCs) to
90% (BPA-NCs). Furthermore, the stability of the colloidal
dispersion of BPA-passivated NCs was enhanced compared to
that of pristine NCs, improving oxidation and moisture dur-
ability. The enhancement in optical properties is attributed to
BPA binding to the perovskite surface, forming a novel Pb-O-P
covalent bond and displacing the bromide vacancy site. Finally,
we fabricated PeLEDs and achieved a maximum external quan-
tum efficiency (EQE) of 12.90% at 4660 cd m > and current
efficiency (CE) of 55.83 cd A™', representing an increase of
~53% and ~37% compared to control devices, respectively.
These results underscore the potential of post-passivated per-
ovskite NCs via aromatic phosphonic acid in fabricating high-
performance devices.

2. Materials and methods

Lead bromide (PbBr,, 99%), formamidinium bromide (FABI,
>99.99%), octylamine (OTAm, 99%), oleic acid (OA, 90%),
poly(9-vinylcarbazole) (PVK, Mn = 25 000-50 000), N,N-dimethyl-
formamide (DMF, anhydrous, 99.8%), chloroform (anhydrous,
99%), acetonitrile (anhydrous, 99.8%), and hexane (anhydrous,
95%) were procured from Sigma-Aldrich. Benzylphosphonic
acid (97%) was obtained from Thermo Fisher Scientific, France.
All chemicals were utilized as received without any further
purification.

2.1 Perovskite NC synthesis

The PeNCs were synthesized using the ligand-assisted repreci-
pitation (LARP) method. The precursor solution was prepared
by dissolving 0.0367 g of PbBr, (0.1 mmol) and 0.025 g of
FABr (0.2 mmol) separately in 0.5 mL of DMF. The fully
dissolved precursor solution (250 uL of PbBr, and FABr) was
added to a separate vial containing 250 uL of OA and 25 uL of
OTAm. After stirring for 15 min, this solution was slowly
added dropwise into 8 mL of chloroform, which acted as the
solvent for inducing crystallization. The mixture was then
vigorously stirred for 35 seconds. Purification was done by
adding 3 mL of acetonitrile, followed by centrifugation at
10000 rpm for 5 min. The resulting supernatant, containing
unreacted materials, was discarded, and the remaining pre-
cipitate underwent further purification by adding 2 mL of
hexane. A subsequent centrifugation at 6000 rpm for 3 min
allowed the removal of larger FAPbBr; particles. Finally, the
supernatant was collected and stored in darkness in a refrig-
erator at 6-8 °C for subsequent characterization and device
fabrication.

The ligand solution was prepared by adding the appropriate
amount of BPA (0.5, 1, and 2 mg) into 3 mL of acetonitrile.
Continuous stirring was then carried out for 3 h at room
temperature to ensure complete dissolution of BPA in the
acetonitrile solution. This acetonitrile solution containing vary-
ing amounts of BPA was subsequently mixed with the perovs-
kite solution to initiate the ligand exchange process.

This journal is © The Royal Society of Chemistry 2024
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2.2 LED fabrication method

Indium tin oxide (ITO) patterned glass substrates were first
sonicated in acetone and then in isopropyl alcohol. The sub-
strates were then dried by placing them in an oven at 60 °C for
15 min to remove any residual solvents. Prior to device fabrica-
tion, the cleaned substrates underwent treatment using a plasma
cleaner. Subsequently, poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate (PEDOT:PSS) solutions (PVP Al 4083, filtered
through a 0.45 pm polypropylene filter) were spin-coated onto the
ITO-coated glass substrates at 2000 rpm for 60 s and baked at
150 °C for 30 min. The PEDOT:PSS-coated substrates were then
transferred into a nitrogen-filled glove box. PVK (6 mg mL ™" in
chlorobenzene) was spin-coated onto the substrates at 4000 rpm
for 50 s and heated at 170 °C for 30 min to remove the organic
solvent. Subsequently, the perovskite emissive layer was formed
by spin-coating PeNCs at 1000 rpm for 50 s and then baked at
70 °C for 10 min. The 2,2’,2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole) (TPBi, 35 nm) and LiF/Al (1/100 nm) layers were
evaporated using a thermal evaporator (located at the 3D Con-
vergence Center of Inha University) under a base vacuum pressure
of 1077 torr at a rate of 1 A s and 0.1/4A s, respectively.
Finally, before measurement, all the devices were encapsulated
with a glass lid using ultraviolet-curing epoxy resin in a glovebox
filled with N, gas.

2.3 Characterization

The absorbance analysis was conducted using a UV-visible-IR
spectrophotometer, specifically the PerkinElmer LAMBDA-900
model. Photoluminescence quantum yield (PLQY) measure-
ments were carried out using a Quantaurus-QY Absolute PL
quantum yield spectrometer manufactured by Hamamatsu
(model C11347-11).

Fourier-transform infrared (FT-IR) measurements of the
thin film prepared on a quartz substrate were conducted using
a Bruker VERTEX 80V spectrometer. The spectral range analyzed
was 400-4000 nm, and the measurements were performed in the
attenuated total reflection (ATR) mode.

X-ray photoelectron spectroscopy (XPS) was performed using
a Thermo Scientific Al Ka source. The PeNC films were depos-
ited onto Si substrates. Scans were carried out at 0.1 eV
intervals with a 50-eV pass energy.

The crystal structure of the PeNCs was confirmed using a
grazing incidence X-ray diffraction (GI-XRD) diffractometer,
specifically the X’Pert-PRO MRD model by Phillips. The per-
ovskite NCs were spin-coated onto a Si substrate for analysis.

The nanocrystal shapes of FAPbBr; NCs were confirmed
using a field-emission transmission electron microscope (FE-TEM),
specifically the JEM-2100F model.

3. Results and discussion

The FAPbBr; NCs are synthesized under ambient environ-
mental conditions using the previously demonstrated ligand-
assisted reprecipitation (LARP) method."*> Carboxylic OA
and OTAm serve as capping ligands during the synthesis of

This journal is © The Royal Society of Chemistry 2024
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perovskite NCs. These capping ligands (OA, OTAm) are then
partially removed from the surface of NCs by introducing
stoichiometric amounts of benzylphosphonic acid (BPA-
passivation) at 0.5, 1, and 2 mg concentrations. The BPA-
passivation process initiates during the washing step in an
acetonitrile solution. Detailed information about this ligand
exchange process is provided in the experimental section. The
morphology and crystal structure characteristics of pristine
and BPA-passivated perovskite NCs were evaluated using
high-resolution transmission electron microscopy (HR-TEM)
and X-ray diffraction (XRD). TEM images (Fig. 1a-d) show that
both pristine and BPA-passivated FAPbBr; NCs have a similar
distorted rectangular shape morphology with an average size in
the range of 8-10 nm. We observed pronounced aggregation
tendencies within the pristine FAPbBr; NCs, while the BPA-
passivated counterparts (0.5, 1, and 2 mg) rarely showed the
phenomena. The histogram (Fig. 1e-h) further confirms that
the dimensions and morphology of the NCs remained
unchanged in the BPA-passivated NCs, indicating a reduction
of their aggregation tendency compared to the control NCs. The
current morphology of FAPbBr; exhibits characteristics that
are intermediate between NC-like and platelet-like structures
(Fig. 1 and Fig. S1, ESIf), consistent with the reported
literature.***”

Furthermore, XRD data for pristine and BPA-passivated NCs
matched well with those of the FAPbBr; NC space group Pm3m,
no. 221 (JCD 87-0158).>® The peaks at 14.79°, 29.69°, and 33.34°
are assigned to the (100), (200), and (210) planes of perovskite
NCs, respectively. The absence of discernible alterations in the
crystal structure of FAPbBr; NCs following BPA passivation
(Fig. 2a) suggests that BPA is not incorporated into the per-
ovskite crystal structure. It is noted that BPA-passivation
reduces the tendency for aggregation without causing obvious
changes in crystal structure or morphology. The surface-ligand
interactions between aromatic acids and NCs were analyzed
using Fourier-transform infrared (FT-IR) (Fig. S2, ESIt) spectro-
scopy. The FT-IR spectra exhibit strong -CH; and -CH, stretch-
ing vibrations at 2926 cm™' and 2854 cm ', respectively
(Fig. 2b), attributed to the native capping ligands (OA, OTAm).*
The peak at 1463 cm ' in Fig. 2c¢ corresponds to bending
vibrations of -CH; and -CH,. The decreased signal intensities
observed at 2926, 2854, and 1463 cm ™ suggest partial removal of
native carboxylate ligands (OA and OTAm). The appearance of
C—C stretching at 1576 cm™ " and 1507 cm ™" (Fig. 2¢) exclusively
in BPA-passivated FAPbBr; NCs further indicates the successful
exchange of carboxylate ligands with the newly introduced aro-
matic phosphonic acid (BPA-passivation).” The stretching vibra-
tion of C—C is ascribed to the aromatic ring that appears in the
FT-IR curve of BPA-passivated FAPbBr; NCs. Thus, in comparison
to linear phase ligands, the incorporation of BPA introduces
increased steric hindrance, thereby more effectively enhancing
the thermal and photostability of BPA-passivated FAPbBr; NC
films. The PL spectra of pristine and BPA-passivated FAPbBr; NCs
are illustrated in Fig. 2d. The PL peaks of all the samples are
located at 531 nm, and there is no significant change in the
emission of FAPbBr; NCs before and after passivation. The inset
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Fig. 1 (a)-(d) Transmission electron microscope (TEM) images of pristine and (0.5, 1, and 2 mg) BPA-passivated FAPbBrz NCs; (e)-(h) Histograms of the
average sizes of pristine and BPA-passivated NCs.
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Fig. 2 (a) X-ray diffraction (XRD) patterns of pristine and BPA-passivated FAPbBrz; NC films on a silicon substrate. (b) and (c) Fourier-transform infrared
spectroscopy (FT-IR) spectra of pristine and BPA-passivate FAPbBrz NC films on a quartz substrate. FT-IR measurements were conducted in the
attenuated total reflection (ATR) mode. The red-dotted lines indicate the stretching associated with native alkylamine ligands, and the blue-dotted lines
denote the C—C stretching linked with aromatic BPA acid. (d) and (e) Photoluminescence (PL) spectra and corresponding PL quantum yield (PLQY) of
pristine and BPA-passivated FAPbBrz NCs. The inset of Fig. 2e demonstrates photos of pristine and BPA-passivated (0.5, 1, and 2 mg) NC solutions.
(f) Time-resolved photoluminescence (TRPL) decay curves of pristine and BPA-passivated FAPbBrz NC films.

in Fig. 2d provides a focused image of the PL profiles of pristine clearly observed. Remarkably, the absolute PLQY values increased
and BPA-passivated NCs, where the absence of spectral broad- from 77% of pristine NCs to 90% of 1 mg BPA-passivated FAPbBr;
ening in the FAPbBr; NCs subjected to BPA passivation can be NCs (Fig. 2e). It can be inferred from the results that the
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optimized amount of 1 mg of BPA induces passivation of bromide
side vacancies, consequently hindering nonradiative recombina-
tion processes.*

Time-resolved photoluminescence (TRPL) measurements
were conducted to determine the carrier lifetime (Fig. 2f). The
average lifetimes (t,,,) were calculated by fitting the TRPL
curves with a bi-exponential decay function. BPA-passivated
films displayed a longer approximate PL lifetime of 7., =
7 ns compared to pristine perovskite films with an approximate
time of 7,,, = 5 ns, as summarized in Table S1 (ESI}). The
increased non-radiative recombination within the pristine per-
ovskite films leads to rapid PL decay. Thus, the prolonged
lifetime observed in films passivated with BPA indicates that
the passivation layer mitigates non-radiative recombination by
reducing the defect on the surface.

Fig. S3 (ESIt) illustrates the UV-vis absorption spectra of
pristine and BPA-passivated FAPbBr; NCs. The analysis
indicates that the aromatic ligand exchange has no significant
effect on the peak position, consistent with PL results. Further-
more, the superior stability of BPA-NCs was monitored by
dispersing both pristine and BPA-NCs into DI water for 10 days,
as shown in Fig. S4 (ESIt). The solution containing pristine
FAPDbBr; NCs gradually became opaque, exhibiting agglomera-
tion and forming a yellow bulk within 10 days, indicative of the
inherent instability of perovskites due to their ionic nature.*?
In contrast, the BPA-passivated FAPbBr; NCs maintained their
green color without agglomeration, demonstrating higher sta-
bility than pristine NCs in a colloidal state. Similar trends were
observed in pristine (PLQY = 0.55) and BPA-passivated FAPbBr;
NCs (PLQY = 0.80) after two weeks of storage under refrigera-
tion, with a retention factor of more than 88.9% (Fig. S5 and
Table S2, ESIt). To further confirm whether superoxide for-
mation played a significant role in BPA-passivated FAPbBr; NC
films under UV lamp photoexcitation, we monitored the photo-
stability of perovskite films under continuous illumination.
Upon photoexcitation, excitons on the perovskite surface can
migrate toward adsorbed oxygen molecules, converting them
into superoxide ions (O, ). This interaction could initiate the
oxidation and subsequent decomposition of the perovskite
NCs.** As shown in Fig. S6 (ESIf), the pristine film degraded
quickly, whereas the BPA-passivated FAPbBr; NC films demon-
strated significantly enhanced stability under the same condi-
tions, suggesting a protective effect imparted by the BPA
passivation against photoinduced degradation. These findings
suggest that aromatic ligand exchange provides superior stabi-
lity under various challenging conditions, effectively mitigating
the rapid degradation of the optical properties of perovskite
NCS.44’4S

XPS was conducted to explore the surface chemical binding
of pristine and BPA-passivated FAPbBr; NCs. The XPS results of
pristine and BPA-passivated FAPbBr; NC structures are shown
in Fig. S7 (ESIt). A new peak at 532.42 eV emerged exclusively in
the O 1s spectra of BPA-passivated FAPbBr; NCs, indicating the
incorporation of aromatic benzylphosphonic acid within the
perovskite structures (Fig. 3a). The presence of oxygen peak
indicates the high electron density of BPA-passivated NCs as an

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper
@ o4 (b)
——2mgBPA
.

S | ——1mgBPA 3
s AL s
2 2
2 2
E ——0.5mg BPA g

BT

543 540 537 534 531 528 71 70 69 68 67 66 65

Binding Energy (eV) Binding Energy (eV)
(C) N1s (d) Pb 4f

"»/\\\:igji: f ——2mgBPA £y
?ZM”,/N\ ——1mgBPA ?/,A\—-—mgBPA
8 s . /X

>

%’ M@z a5 7% ——0.5mg BPA,‘ ‘,
c c
2 2
£ —e— Pristine £

,,.-a/\ ,‘ \tPrisﬁne

402 401 400 389 398 397 144 142 140 138 136

Binding Energy (eV) Binding Energy (eV)

Fig. 3 X-ray photoelectron spectroscopy (XPS) spectra of pristine and
BPA-passivated FAPbBrz; NCs. (a) High-resolution spectra of O 1s, (b) Br 3d,
(c) N 1s, and (d) Pb 4f of pristine and BPA-passivated FAPbBrs; NCs.

electron donor to coordinate with unsaturated Pb>". Further-
more, the pristine perovskite NCs (atomic ratio of approxi-
mately 0.1%) exhibited an almost negligible atomic ratio of P
2p. However, this ratio substantially increased in the case of
BPA-passivated perovskite (atomic ratio of 0.26%). Moreover,
the P 2p peak of BPA-passivated FAPbBr; NCs exhibits a shift
toward a higher binding energy of 127.88 eV compared to the
127.28 of the pristine NCs sample. This change in binding
energy (0.6 eV) is attributed to the formation of covalent bonds
during the adsorption of phosphonate onto a perovskite sur-
face (Fig. S8, ESIt). The O 1s spectrum of the pristine BPA
revealed predominant peaks owing to the oxygen moieties
associated with the P-OH and P=—=O groups. The results are
consistent with previously reported O 1s spectra of phosphonic
acid derivatives.*®*” Therefore, it can be concluded that the
distinctive appearance of O 1s spectra solely in BPA-passivated
perovskite structures results from the formation of covalent
bonds during phosphonate adsorption onto the metallic
surface.*® Importantly, BPA binds to the perovskite surface by
forming a novel Pb-O-P covalent bond (Fig. S9, ESIT), displa-
cing the bromide vacancy site. The Pb 4f and Br 3d peaks in
BPA-passivated FAPbBr; NCs exhibit higher binding energy
values than pristine NCs (Fig. 3b-d). The high-resolution XPS
reveals the presence of a peak at 533.10 eV in pristine NCs.
Additionally, two smaller peaks are observed at 533.12 and
528.98 eV, corresponding to the chemical states associated with
P-OH and Pb-O-P bonds, respectively (Fig. S9, ESIt). This is
attributed to the greater electronegativity of oxygen atoms
relative to bromine atoms, thereby influencing the Fermi
level. Based on the abovementioned results and discussion,
the mechanism of ligand exchange for pristine and BPA-
passivated FAPbBr; NCs is proposed and shown in Fig. 4. After
the purification of FAPbBr;, halogen vacancies are generated on
the surface of perovskite NCs. However, after ligand exchange
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Fig. 4 Schematic illustration of BPA-passivation in the FAPbBrsz NCs.

with BPA, the BPA aromatic short ligands bind to the perovskite
surface and replace the Br vacancies.

To further evaluate the impact of aromatic phosphonic acid
on the electroluminescent (EL) performance, PeLEDs were
fabricated having a configuration of ITO/PEDOT: PSS/PVK/
PeNCs/TPBi/LiF/Al (Fig. 5a). The PEDOT:PSS (60 nm)/PVK
(10 nm) served as a hole-transporting/injecting layer. The TPBi
layer is used as an electron-transporting layer. The FAPbBr; NC
thin film with a thickness of 35 nm (pristine or BPA-passivated)
served as an emissive layer (EML), and ITO (70 nm) and LiF
(1 nm)/Al (100 nm) were used as the anode and cathode,
respectively. The current density-voltage-luminance (J-V-L)
curves of both pristine and BPA-passivated FAPbBr; NCs
PeLEDs are illustrated in Fig. 5b. After BPA-passivation, the
brightness of the PeLEDs improved from 27 509 to 29280 cd m ™2,

(b)

—_
Q
~
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It was observed that the turn-voltage (V,,) of BPA-passivated
PeLEDs decreased from 3.8 V (pristine PeLEDs) to 3.5 V. The
low V,, observed in BPA-passivated FAPbBr; NCs LED com-
pared to the control can be attributed to the modifications in
the Fermi level, as supported by XPS analysis. Furthermore, the
control (pristine) PeLEDs exhibited a maximum luminance
(Lmax) of 27 509 cd m™? at a current density of 161.71 mA cm 2.
In contrast, the BPA-passivated PeLEDs achieved a superior
Limax 0f 29280 cd m ™2 at a significantly lower current density of
121.32 mA cm > These results suggest enhanced radiative
recombination of carriers at low injected carrier concentra-
tions, attributed to the BPA-passivated perovskite NC
domains with increased quantum confinement.***° The cur-
rent efficiency (CE) and power efficiency (PE) versus current
density curves for pristine and BPA-passivated PeLEDs reveal
remarkable differences. Pristine PeLEDs exhibited a peak CE
of 37.08 cd A™' and a corresponding power efficiency of
20.80 Im W', In contrast, BPA-passivated PeLEDs demon-
strated superior performance, achieving a maximum CE and
power efficiency of 55.83 cd A" and 34.39 Im W', respectively
(Fig. 5¢ and d). Notably, the BPA-passivated PeLEDs displayed a
substantially higher peak EQE of 12.90%, compared to the
8.44% observed in pristine PeLEDs (Fig. 5e). This increase in
EQE, approximately 53% in BPA-passivated PeLEDs compared
to that in pristine devices, is attributed to the efficient mitiga-
tion of halogen vacancies, consequently impeding nonradiative
recombination processes.

The normalized EL spectra in Fig. 5f show a slight blue shift in
the BPA-passivated LEDs compared to the pristine counterparts.
The FWHM for BPA-passivated PeLEDs was approximately 21 nm,

(c)
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Fig. 5 Optoelectrical performance of Perovskite LEDs (PeLEDs). (a) Schematic illustration of the energy level diagram of a PeLED. (b) Current density
versus voltage curves (dotted line with red arrows) and luminance versus voltage curves (solid line with blue arrows). (c) Current efficiency versus current
density curves. (d) Power efficiency versus current density curves. (e) External quantum efficiency (EQE) versus luminance curves, and (f) normalized
electroluminescent (EL) spectra of pristine and BPA-passivated perovskite NC LEDs.
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Table 1 Key parameters of pristine and BPA-passivated LEDs
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Perovskite LED V,, EL peak (nm) FWHM (nm) CE (cd A"

PE (Im W) EQE (%) Limax (cd m™?)

Pristine 3.8 533 22
BPA-passivated 3.5 531 21

meeting the requirement of vivid displays, while it measured
22 nm for pristine PeLEDs. This discrepancy underscores the
excellent color purity achieved by BPA-passivated PeLEDs. The
Commission Internationale de L’Eclairage (CIE) chromaticity
coordinates of the EL spectra for BPA-passivated NCs PeLEDs
are illustrated in Fig. S10 (ESIt); the BPA-passivated NCs PeLEDs
are a pure-green, with CIE 1931 coordinates of (0.19, 0.76). These
coordinates closely approach the Rec. 2020 specification (0.098,
0.779), indicating the potential suitability of these devices for
practical applications.>® Importantly, the EL peak demonstrates
remarkable spectral stability, remaining unaltered even with a rise
in the luminance of over 25000 cd m™~> and operational voltage
(~7.6 V), highlighting the excellent durability (Fig. S11, ESIT).
All the key performance parameters are summarized in Table 1
and Table S3 (ESIf). We noticed that the BPA-passivated LED
exhibited improved optoelectrical performance, as shown in
Fig. 5. At low voltages, the BPA-passivated LED exhibited lower
current but higher luminance compared to the control (pristine)
devices, with a slightly different EL spectrum, indicating that the
BPA-LED has better charge balance than the control. Although the
strategy can enhance the EQE and luminance, the efficiency roll-
off characteristics are insignificant after the modification. Engi-
neering the interfacial barrier between the EML and the electron
transporting layer to get a low energy barrier would help to further
improve the efficiency roll-off.>!

4. Conclusions

In summary, an effective strategy has been implemented to
enhance the colloidal stability of FAPbBr; NCs and improve the
performance of PeLEDs by partially replacing the native ligands
on the surface of FAPbBr; NCs with aromatic benzylphosphonic
acid (BPA-passivation). By optimizing the content of aromatic
phosphonic acid on the surface of NCs, a significant reduction
in non-radiative recombination rates was observed, leading to a
notable improvement in the PLQY from 77% for pristine NCs to
90% for BPA-passivated NCs. The exchange of native capped
ligands (oleic acid and octylamine) with newly introduced
aromatic phosphonic acid was successfully achieved. Further-
more, the proposed aromatic ligand-exchange strategy offers
superior stability under diverse challenging conditions, effec-
tively mitigating the rapid degradation of optical properties.
Finally, PeLEDs were fabricated using both pristine and BPA-
passivated FAPbBr; NCs as emitters, achieving a maximum
EQE of 12.90% for BPA-passivated devices, which is approxi-
mately 53% higher compared to pristine devices (EQE of 8.44%).
This work provides an effective approach to fine-tuning the ligand
chemistry of perovskite LEDs for high efficiency and excellent

This journal is © The Royal Society of Chemistry 2024

37.08 (34.80 + 1.68) 20.80 (19.42 + 0.98) 8.44 (7.90 + 0.39)
55.83 (50.69 + 7.33) 34.39 (31.28 + 4.55) 12.90 (11.66 + 1.72) 29280 (25204 + 4207)

27509 (26537 £ 1926)

stability of perovskite NCs against various harsh environmental
conditions.
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