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Stable Perovskite Quantum Dots Light-Emitting Diodes with

Efficiency Exceeding 24%

Xuanyu Zhang, Qianggiang Wang, Zhiwei Yao, Ming Deng, Jing Wang, Lei Qian,

Yong Ren,* Yuying Yan,* and Chaoyu Xiang*

Perovskite nanocrystals for light-emitting diodes are often synthesized by
uncontrollable metathesis reactions, suffering from low product yield,
nonuniform growth, and poor stability. Herein, by controlling the nucleation
kinetics with high dissociation constant (Ka or Kb) acids or bases,
homogenous one-route nucleation of perovskite nanocrystals is achieved as
the cluster intermediates are eliminated. The stable, shape uniform, and
narrow size distribution green nanocrystals are synthesized. The perovskite
nanocrystal film exhibites excellent stability in 80% humidity air with only a
10% photoluminescence intensity drop after 16 h. Efficient and stable
electroluminescence is demonstrated with an FWHM of 16 nm at 517 nm.
The green devices shows a peak EQE of 24.13% with a lifetime T, of 54 min

at 10000 cd m—2.

1. Introduction

Lead halide perovskite nanocrystals (LHP NCs)are promising
emitting materials!*?! that can achieve near-unit photolumines-
cence quantum yield (PLQY),>* narrow spectra,>® and easy

wavelength  tunability.”®)  With  their
low-cost solution methods for thin film
fabrication,®) the LHP NCs show great
potential for photoelectronic applications,
such as light-emitting diodes (LEDs),*!!l
lasers,['?l and radiation scintillators.[*]
However, perovskite NCs easily degrade
or merge into the bulk phase, resulting
in severe emission quenching. It is still
a challenge to synthesize perovskite NCs
that can keep stable in the air and under
continuous UV illumination.[*]

LHP NCs are composited of ionic
chemical bonds with soft lattice,['*) while
conventional II-VI or III-V quantum
dots possess covalent bonding and rigid
crystal structures.['®] For typical synthesis
methods, LHP NCs developed too quickly during ionic co-
precipitation.[21*15] The overall reaction path of typically used
oleylamine (OAm) and oleic acid (OA) as ligands are described
in Figure 1a. For a typical reaction, in the presence of OAm/OA,
PbBr, precursors quickly dissolve as follow!!°l:
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Figure 1. Overall reaction paths of hot injection method for LHP nanocrystal synthesis a)reaction path using OA/OAm as surfactants and b)improved
reaction path introducing OTAc/OTAm as extra surfactants. where k, ..., k, and ky’,..., k" represent different reaction kinetic constants.

2PbBr, + OAmH" --- OA™ - OAmH" - PbBr; + PbBr" - OA~

1)
3PbBr, + 20AmH" - OA™ —» 20AmH" - PbBr; + 2Pb(OA),

(2)

With an ideal ratio of OAm and OA amounts, the lead bromide
salt (PbBr,) is partially converted into halo plumbate ionic solute
(PbBr;)®") as described by equation (1). Meanwhile, high con-
centration PbBr; can also be created where the amount of OAm
and OA is much more than the minimum amount required
for dissolving PbBr,, which is described by equation (2). In this
case, the high concentration PbBr; further produces the cluster
intermediates!'”¥{OAmH" - [PbBr,]},, which is depicted by the
reaction kinetic constant k; in Figure 1a. The existence of cluster
intermediates can be observed as the emerging absorption peak
at 400 nm as shown in Figure 2a. After Cs-oleate is injected,
PbBr; is converted into monomers Cs[PbBr;] as k,, k_, described
in Figure 1a.["] The monomer immediately reaches the critical
concentration and LHP nanocrystal nucleation happens (k,_,
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in Figure la). Meanwhile, the cluster intermediates are also
converted into CsPbBr; nuclei (k;..k, in Figure la). As the
result, the nucleation is nonuniform because that the two routes
are competing to produce different size nuclei. After Ostwald
ripening, large-size nuclei derived from cluster intermediates
grow up (reaction kinetic constant k,), which suffer from ligand
loss, surface defects, low PLQY, and even precipitate due to
aggregation.[1*2% Thus, the nonuniform nucleation and growth
give rise to low yield, broad size distribution, and instability of
final NCs.

In previous studies, reaction parameters such as temperature,
amount of ligand, molar ratio of precursors and reaction time
were investigated for uniformity of perovskite NCs.'%?!] How-
ever, due to the difficulty of tuning the nucleation and kinetic of
perovskite NCs synthesis with OAm and OA, it is hard to im-
prove the NCs uniformity and stability. Meanwhile, due to the
limitation of ligands that can be used, the performance of LHP
NCs applied to electroluminescence is unsatisfied.['*2] There-
fore, the size controllable and highly uniform LHP NCs which
can be applied for perovskite quantum dot light-emitting diodes
(PeQLEDs) are still challenging.

© 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. a) absorption spectra of precursor solutions with different surface ligands. b) extracted PL from in-situ PL measurement, 0 s, 200 ms, 2 s.
In situ PL of perovskite NCs nucleation and growth c) OA/OAm, d) OTAc/OTAm. Emission peak evolution of ) OA/OAm and f) OTAc/OTAm based
CsPbBr; NCs. Due to the quantum confinement effect, the size of nanocrystal is correlated to its emission peak.

Here, to synthesize high-quality perovskite NCs for PeQLEDs,
we propose a strategy as chemical equilibrium-assisted ho-
mogeneous synthesis for uniform nucleation and controllable
growth of LHP NCs. Our strategy aims to avoid the creation of
PbBr, clusters, thus eliminating the nonuniform nucleation.
Together with established thermodynamic equilibrium and
resurface agents, the diverse growth after the nucleation is also
suppressed. As the dissolution of PbBr, is governed by acid-base
equilibrium, /' high dissociation constant acids and bases form a
more stable salt which is less active to dissolve the PbBr,.[2*] The
dissociation ability of those stable salts is much lower than oley-
lamine oleate acid salt. Consequently, they can efficiently control
the PbBr; concentration and prevent the formation of PbBr,
clusters. Here, octanoic acid (OTAc) and octylamine (OTAm) are
used as the case of high dissociation constant acids and bases
to study. The dissolution of PbBr, precursor solely follows the

Adv. Sci. 2023, 2304696

reaction:

2PbBr, + OTAmH" -+ OTAc™

— OTAmH™ - PbBr; + PbBr" - OTAc™ 3)

and avoids the creation of intermediates. The perovskite synthe-
sis then goes through the precursor-monomer-QD nuclei conver-
sion path!'®?*) as described in Figure 1b. Along with the addition
of resurfacing agents, the aggregation growth after the nucle-
ation is suppressed by thermodynamic equilibrium. Resurface
agents also stabilize quantum dots and passivate surface defects.

With this method, the synthesized LHP NCs showed excellent
environmental stability (humidity 80% in air), strong photosta-
bility, narrow photoluminescence (PL) emission, and high PLQY.
Highly efficient and stable green PeQLEDs were fabricated with

2304696 (3 of 7)  © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. a) PL spectra of synthesized NCs. b) TRPL of synthesized perovskite film. c)PLQY of OTAc/OTAm perovskite NC film in the ambient environ-
ment and UV 365. High resolution XPS of OTAc/OTAm and OA/OAm perovskite NC film, d)Pb 4f, e)Br 3d, f) N Ts.

narrow emission whose full width of half maximum (FWHM) is
only 16.1 nm. The champion device has an external quantum effi-
ciency (EQE) of 24.13%, while the average of 40 devices is 23.10%.
The operation stability was dramatically enhanced. For the opti-
mized device, Ty, lifetime of 54 min at 10 000 cd m~2 is achieved.

2. Results and Discussion

2.1. Synthesis of High-Quality LHP NCs

The synthesis dynamics of OTAc/OTAm based LHP NCs are
compared with the control sample using OA/OAm. Figure 2a is
absorption profiles of precursor solutions. For OA/OAm method,
there are two absorption peaks at 3.15 and 4.5 eV, which can be
attributed to PbBr, clusters and PbBr, precursors respectively.
For OTAc/OTAm method, there is only one absorption peak of
PbBr, precursors at 4.5 eV, which indicates the prohibition of
k, reaction. The nanocrystal nucleation and growth process were
investigated by in situ PL measurement, the results are shown
Figure 2¢,d. We extracted critical PL spectra from 0's, 200 ms, 2 s
and show them in Figure 2b. For OA/OAm method, the PL peak
of PbBr, clusters disappeared after Cs-oleate was injected, which
indicates the clusters were transferred into NCs. For comparison,
there was no emission peak in 400 to 460 nm with OTAc/OTAm.
The PbBr, clusters were also observed from OA/OAm method
as shown in TEM image of supporting information Figure Sla
(Supporting Information).

The nucleation and growth can be analyzed through evolution
of emission peaks in Figure 2b,e,f. As nucleation and growth
cannot be separated clearly,*®] we can analyze the first 2 s
of the process when monomers were not yet exhausted. For

Adv. Sci. 2023, 2304696

2304696 (4 of 7)

OA/OAm synthesis, the NC size increased relatively slowly be-
fore the Cs[PbBr;] monomers were depleted. The present of
PbBr, clusters, which transferred into nucleus after Cs-oleate in-
jection, results in very low Cs [PbBr,] monomer concentration.
When Ostwald ripening occurs later, the large size of NCs con-
tinues to aggregatel?>2°! and the size of nanocrystals slowly in-
creased as the emission peak shifted to long wavelength. In com-
parison, the nuclei of OTAc/OTAm sample grew faster than the
OA/OAm sample, which indicated a sufficient monomer sup-
ply and a lower nucleus concentration when Cs-oleate was in-
jected. Then, the nanocrystal size was slightly decreased, sug-
gesting that Ostwald ripening suppressed due to the established
thermodynamic equilibrium limitation.[”] The XRD result of
perovskite nanocrystal film (Figure S2, Supporting Information)
proves that OTAc/OTAm LHP NCs have better crystallization.
Compared with the OA/OAm based LHP NCs, the OTAc/OTAm
LHP NCs show a narrow emission peak indicating more uni-
form size distribution from the beginning of nucleation until
the end of growth (Figure S1b, Supporting Information). Dy-
namic light scattering (DSL) measurements (Figure S3, Support-
ing Information) also confirmed the narrower size distribution
of OTAc/OTAm LHP NCs.

2.2. High Photoluminescent Efficiency and Stability

As shown in Figure 3a, the OTAc/OTAm LHP NCs show nar-
row photoluminescence spectra, which is located at 515 nm
with FWHM of 18 nm. The transient photoluminescence (TRPL)
performance of the perovskite films is shown in Figure 3b.
The effective photoluminescence lifetime of OTAc/OTAm LHP
NCs is 25.75 ns, while the OA/OAm nanocrystals is only

© 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. a) Device Structure of perovskite QLED. b) Electroluminescence of Green QLEDs. c) EQE versus current density of green perovskite QLEDs.
d) J-V-L of perovskite QLEDs. e)Operation stability of perovskite QLEDs. f) EQE distribution of 40 devices.

5.98 ns. The much longer effective photoluminescence lifetime
of OTAc/OTAm LHP NCs indicates that there are fewer defects.
The details of TRPL results are listed in support information
Table S1 (Supporting Information). The near unity PLQY of the
OTAc/OAm NC solution has been measured. The stability of
OTAc/OTAm LHP NC films in an ambient environment and un-
der UV light was studied. The OTAc/OTAm perovskite NC film
has strong resistance to oxygen, moister and UV light. Figure 3c
shows the PL intensity of OTAc/OTAm LHP NC film kept up
to 90% after 16 h in the ambient environment (humidity 80%).
When the nanocrystal film was continually exposed to UV 365
for 16 h under the same ambient environment, it could keep
~60% of its initial PL intensity. We also studied the stability of
OTAc/OTAm perovskite nanocrystal films under different inten-
sity of UV 365 (Figure S4, Supporting Information). Different
In contrast, OA/OAm perovskite nanocrystals films suffer severe

Adv. Sci. 2023, 2304696

fluorescence quenching as shown in Figure S5 (Supporting In-
formation).

The enhanced stability performance can be attributed to the
better control of the synthesis as well as the resurface agents.
The precursor used for resurfacing agents was synthesized with
zwitterionic ligands (ASC18) and HBr. Surface defects, such as
Cs and Br vacancies can also be passivated through quaternary
ammonium ions and bromide ions in the ASC18-HBr.[3#2830]
The sulfonate group which has a strong binding with Pb can
also passivate the Br vacancies.[?#3!] According to the FTIR mea-
surements (Figure S7, Supporting Information), OTAc/OTAm
LHP nanocrystal film has the 1465 and 1589 cm™! peaks, which
can be attributed to C-H bending and quaternary ammonium
groups (antisymmetric deformation of primary amine salt) re-
spectively. The two absorption peaks at 1165 and 1035 cm™! are
related to the sulfonic groups (symmetric stretching of SO, and

2304696 (5 of 7)  © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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antisymmetric stretching of S-O). The film XPS measurement
demonstrated strong chemical interaction between resurface
agents and perovskite NCs. In Figure 3d-f, it is observed that
the Pb 4f, Br 3d, and N 1s peaks of OTAc/OTAm LHP nanocrys-
tal film all shift to the higher binding energy compared with
the OA/OAm LHP nanocrystal film, indicating that OTAc/OTAm
LHP NCs have stronger surface ligands binding. Moreover, for
the N 1s peaks of OTAc/OTAm LHP NCs, the intensity of the
binding energy peak which is located at 402 eV is stronger than
the peak located at 400 eV. The strong peak can be attributed to
quaternary ammonium ions. Together with the evidence in FTIR
measurements, the OTAc/OTAm nanocrystal surface was bet-
ter passivated with ASC18. Moreover, the perovskite nanocrystals
films exhibited excellent charge mobility compared to OA/OAm
nanocrystals films (Figure S9, Supporting Information).

2.3. Efficient and Stable PeQLEDs

Efficient and stable PeQLEDs were fabricated using homoge-
nous NCs. The device structure of our green perovskite Pe-
QLEDs was ITO/PEDOT: PSS/PTAA/PMMA/LHP NCs/TBPI/
PO-T2T/LiF/Al, Figure 4a. The maximum external quantum ef-
ficiency (EQE) of green PeQLEDs reached 24.13% for the opti-
mized device shown in Figure 4c. We measure angular intensity
distribution of fabricated PeLEDs and ensure that our PeLEDs are
Lambertian emission (Figure S10, Supporting Information). The
average EQE of 40 devices is 23.10% as shown in Figure 4f. The
electroluminescence of the optimized device is located at 517 nm
with FWHM at 16.1 nm. The operation stability of the cham-
pion devices was plotted in Figure 4e. At the initial brightness of
10 000 cd m~2, the T, (time when the luminance drops to 50% of
initial value) reached 54 min. The acceleration factor measured
as 1.7 (Figure S11, Supporting Information). In our knowledge,
our devices achieved a new record for PeQLEDs (Table S2, Sup-
porting Information).

3. Summary

A homogenous one-route nucleation method for perovskite
nanocrystal synthesis was developed to improve the uniformity
and stability of perovskite NCs. The activated PbBr, precursors
were controlled with high dissociation constant acids and bases.
Uniform nanocrystal nucleation and growth were achieved. A
novel resurface agents were synthesized to suppress Ostwald
ripening and improve perovskite nanocrystal stability. Stable and
uniform green LHP NCs were synthesized. The nanocrystal film
exhibits excellent stability in the ambient environment (humid-
ity 80%) and strong photostability under UV 365. The fabricated
green PeQLEDs with ultra-narrow emission (FWHM of 16.1 nm)
achieved maximum EQE of 24.13% and lifetime Ts,, of 54 min at
10 000 cd m~2. The homogenous nucleation and growth synthe-
sis reported can further lead to improving the quality and unifor-
mity of LHP NCs for efficient and stable QLEDs.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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