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The increasing attention on halide perovskite nanocrystals (PNCs) stems from
their outstanding optoelectronic properties, especially the intriguing photo-
luminescence (PL) features. The high photoluminescence quantum yields

(up to unity) of PNCs, and the tunability of their optical bandgaps by composition
engineering and quantum confinement effects, account for the demonstrated
great potential in several optoelectronic applications, such as light-emitting
diodes (LEDs), phosphors, lasers, and photodetectors. However, despite the
rapid growth of this research field, several questions are still left unanswered and
there is room for further improving the luminescence performance, particularly
for emerging lead-free PNC compositions. Herein, the recent advances in the
light emission phenomena in PNCs are discussed. A special focus is given to the
correlation between PL and phase transition, the dual-color emission, the tun-
ability of the PL toward near-infrared (NIR), and the thermal quenching effect.
The key research findings on LEDs, the major application of perovskite-based

such as light-emitting diodes (LEDs),**”!

solar cells,t1:12] photodetectors,[n'“] and
lasers,™® has been recently exploited with
highly promising results.

The broad PL tunability of halide perov-
skites, through chemical composition engi-
neering or quantum confinement, can be
explained in terms of the electronic struc-
ture of these materials."® The conduction
band (CB) of perovskites lies in the hybrid-
ized antibonding orbitals of the Pb 6p orbi-
tals and in the outer p orbitals of the halide
(5p for I, 4p for Br, and 3p for Cl), which
tend to be p-like because of the high density
of states (DOS) from the Pb contribution.
On the other hand, the valence band
(VB) lies in the hybridized antibonding

nanoscale emitters, are also outlined. Finally, the view on the most urgent
challenges to be addressed is provided, with the intent of promoting a more
profound understanding of PNC emission-related phenomena in the future.

1. Introduction

Since the first report on colloidal organometal halide perovskite
nanocrystals (PNCs) by Schmidt et al., demonstrating an encour-
aging photoluminescence quantum yield (PLQY) of 20%," metal
halide PNCs have attracted ever-growing attention due to their
remarkable optical and electronic properties.*! PNCs are char-
acterized by strong absorption coefficients, high charge carrier
mobilities (1-10 cm® V"' s ™), up to near-unity PLQY, high emis-
sion color purity, and easily tunable photoluminescence (PL)
emission in a wide spectral region (390-1050 nm!*).5~# As a
result, their potential for a broad range of applications,

states of the Pb 6s orbitals and in the same
halide p-orbitals as for the CB.'® Due to
this electronic structure, the PL emission
of halide PNCs can be modulated to enable
a large set of energies/colors from near-UV
to the whole visible and even to near-
infrared (NIR) light, while also covering a
range of bandwidths from narrow blue emission with high color
focusing to broadband white-light with high color rendering
index (CRI)."”!

The PL-related properties are certainly among the most
intriguing features of PNCs. When compared with their bulk
or single-crystal counterparts, PNCs display typically higher
PLQY." This can be attributed to the unique quantum confine-
ment effect, which is one of the most effective ways to increase
the radiative recombination rate, and hence the PLQY.

The origin of the luminescence in PNCs can be ascribed to
either their inorganic or organic components. The inorganic
parts are 1) the generated excitons (e.g., electron-hole pairs) that
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realize the unlimited diffusion in the lattice in the form of free
excitons, or 2) the bound excitons arisen from the interaction
with lattice defects, or 3) the self-trapped excitons (STEs) origi-
nated from the so-called transient lattice deformations. All these
possible pathways can contribute to the charge radiative recom-
bination, which leads to the emission of photons.!*®! In addition,
the emission can also originate from the localized transitions
upon the various ligands (organic) environment capping on a
single metal cation either as an alloying element or as a dopant.
For the organic components, the emission is mainly assigned to
some chromophore groups, which could be excited either
directly by incident light or indirectly upon internal energy trans-
fer from the inorganic part.!*”!

The profound understanding and engineering of the PL prop-
erties in halide PNCs are highly necessary to further strengthen
their potential for diverse applications and to gain crucial
insights on the kinetics of perovskite charge-carriers and on
the role of perovskite’s processing and structure on the kinet-
ics.”™ Though the field of PNCs is advancing rapidly and with
it also the understanding of the emission features of these mate-
rials, there are still a lot of unanswered questions and challenges
to be solved. As of today, there are a significant number of review
articles covering the synthesis, optoelectronic properties, and
related applications of halide PNCs.?’*"! However, a compre-
hensive review with a specific focus on the luminescence prop-
erties of halide perovskite materials at the nanoscale is still
missing and we want to fill this knowledge gap.

In this Review, we discuss the most recent research on the key
factors enabling the emission tunability of halide PNCs. We do
not attempt to comprehensively assess all the possible aspects of
light emission in PNCs, rather preferring to focus on what we
believe is the most important and timely research progress on
PNCs PL engineering. Particularly, we aim at working out the
correlation between structures and PL properties in halide
PNCs. The influence of phase structural transition on PL emis-
sion of PNCs is the focus of Section 2 from both a theoretical and
an experimental perspective. Following that, the direct—indirect
transitions in the band structure are discussed and correlated to
their induced dual-color emission in Section 3. In Section 4, we
extensively overview the doping induced dual-color emission in
the near-UV-to-visible range for halide PNCs that act as the host
lattices. The tunability of the PNCs emission toward the NIR
range is sequentially reviewed in Section 5. Section 6 compre-
hensively describes the effect of temperature on the structures
of the PNCs in relation to their corresponding emission, also
referred to as thermal quenching of PNCs PL or emission ther-
mal quenching. In Section 7, we highlight some of the most
important works on PNCs-based LEDs, which are the major
application of luminescent halide PNCs. Finally, we provide
our prospects for future research questions on the luminescence
properties of PNCs to overcome the most critical remaining
challenges.

2. Phase Transitions
The luminescence properties of halide PNCs are strongly influ-

enced by their featured structural phases that generate diverse
band structures. The phenomena of phase transition in halide

Adv. Photonics Res. 2021, 2, 2000118 2000118 (2 of 28)

Den Access

www.adpr-journal.com

PNCs can affect the PL, which is typically accompanied by spec-
tral shape variations. In addition, it is well known that the phase
transition in perovskite materials can be triggered by several fac-
tors such as temperature, pressure, and light.*®! This highlights
the importance of thoroughly understanding the mechanisms
how phase transition influences the PL properties of halide
PNCs, while providing a key hint for the development of suitable
applications in various environmental conditions. In general,
stable 3D perovskite structures are obtained when the tolerance
factor (f) is in the range of 0.76-1.13.”! Thus, perovskites with ¢
at the boundary of the range, e.g., FAPbI; (t~ 1) and CsPbI;
(t=~0.8), easily experience a phase transition at room tempera-
ture (RT) to more stable hexagonal and orthorhombic phases,
respectively, which are often defined as nonemitting “yellow
phases.”[® As the cubic phase is always stable at high temper-
atures, the phase transitions strongly rely on the operating
temperatures. Halide PNCs crystallize into 3D phases at RT:
1) MAPDbI; NCs are tetragonal; 2) FAPbBr;, MAPDBr;, and
FAPDI; NCs are pseudocubic; 3) CsPbBr; and CsPbl; NCs are
orthorhombic.*” Recently, big attention has been paid to the
3D polymorphs of CsPbl; and FAPbI; NCs due to their featured
NIR emission. However, both types of PNCs are metastable at RT
due to their suboptimum A-site cations, i.e., Cs* is too small and
FA™" is too large. This issue has been termed as “perovskite red
wall.”®Y The formation of mixed-cation-based PNCs, such as
Cs;_FA,PbX; NCs, could effectively address the aforemen-
tioned issue while stabilizing their featured phase and retaining
the corresponding PL properties.

Postsynthetic ligand engineering is well known as one way
to induce phase transitions in as-formed halide PNCs. The most
investigated case is the CsPbBr; — CssPbBrs PNC transition
(3D — 0D).>) For this phase transition, PbBr, is extracted
from the 3D CsPbBr; PNCs by adding an excess amount of
amines.?” Udayabhaskararao et al. proposed a scheme of a
reversible phase transition between CsPbXj (initial form) and
Cs4PbXs PNCs (converted form) (Figure 1a), by detecting two
separated PL peaks after one transition cycle (Figure 1b), which
were attributed to the segregation of the back-converted particles
into Br-rich and I-rich particles.*® Chen et al. controlled the
phase transition between 3D CsPbBr; and 0D Cs,PbBrg by tun-
ing the amount of ligands upon a facile ligand-assisted supersat-
urated recrystallization synthetic route, producing intense green
luminescence with PLQYs up to 80% and 45% for 3D CsPbBr;
and 0D Cs4PbBrg, respectively.®* They observed that the PL
lifetime (=13 ns) of Cs4PbBrs is much longer than that (=6 ns)
of CsPbBr; (Figure 1c,d) and photoblinking is also easily
detected in 0D PNCs after the phase transition (Figure le).
Another type of phase transition is from 3D CsPbBr; to 2D
CsPb,Brs, which can be triggered either by a PbBr,-rich envi-
ronment (CsPbBr; 4+ PbBr, — CsPb,Brs)*® or by extracting
Cs™Br~ (2CsPbBr; — CsPb,Brs + Cs*Br™) from the original
3D PNCs.*”! By following the former case, Li et al. synthesized
2D CsPb,Brs nanosheets (NSs) in a tetragonal phase by attach-
ing 3D orthorhombic CsPbBr; nanocubes in an orientation
from octagonal to square in the lateral direction while realizing
a shape evolution.®® The authors observed a gradual decrease
in the emission intensities with the increasing reaction time
(toward CsPDb,Brs NSs), suggesting that the as-formed 2D
NSs are PL inactive with an indirect bandgap of 2.979 eV based

© 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.adpr-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHOTONICS
RESEARCH

www.advancedsciencenews.com

www.adpr-journal.com

(@)

OA/O LA'IC“‘

(d)

A_=375nm A_=375 nm
CsPbBrl, Cs,Pb(Br,1,)
CsPbBr,I Cs,Pb(Br,1,)
CsPbBr, Cs,PbBr,
CsPbBr,Cl Cs Pb(Br,Cl,)

500 550 600 650

Wavelength (nm)

7

Intensity (a.u.)
Intensity (a.u.)

T
300

T
200 400 500

Time (ns) Time (ns)
DDAB
(f) {\ . ztui:cu;)yﬁm rrr.r (g) 1.2} With Time CstBr3 +DDAB
- ~e .-, e Hy Hy g soeedee eels
& .\. A ~. A ~. 5. CHxcH e, N T QT @ Reorganization - & ® 'g k- . b
° 0 . RO "w® .9 o . £ 77
o Qg e Qe @ e —. Q= Qe gy e - —- ) ".J._,_J‘J 20.8-
NN b e o s o s 8. . With Time ®.® . ® =
"‘“’\"\"\j’ L2X T T N ':-h-l..gl.. ‘..-.I .g
Y T P U e 9 % o ° 0 M ) c 04}
wo Q@ wo Qo Yoo u‘.‘.:. ‘.:. m? “”: o=\ 3
PbBr, * + [PbBr;] “ r S £
" :=::. l e & 0.0
. e . CsPbBr. se CsPb,Br. - = -
x=e % [Pb,Brg]- or o 2Brs 400 450 500 550 600

Wavelength, nm

Figure 1. a) TEM images of cubic CsPbBr; to Cs4PbBrs PNCs (from left to right, respectively) by means of addition of an excess of oleic acid/oleylamine
for the forward reaction and the addition of oleic acid for the backward reaction. b) PL spectra upon back-and-forth transformation of a mixed halide
perovskite through the Cs,PbX¢ phase. The PL spectra of initial CsPbBr, 514 5 PNCs in black and that of segregated Br-rich and I-rich CsPbBr;_,l, PNCs in
red after one transformation cycle. Reproduced with permission.’*! Copyright 2017, American Chemical Society. TRPL decay curves of ¢) CsPbX3 and
d) Cs4PbXs (X =Cl/Br, Br, Br/l) samples. e) The frequency flashing diagrams of the Cs,PbBrg and CsPbBr; particles over time (from left to right) upon
laser excitation at a wavelength of 405 nm; the photoblinking phenomena for a typical Cs4PbBrg particle are marked by red circles. Reproduced with
permission.?* Copyright 2018, The Royal Society of Chemistry. f) Schematic representation of ligand-assisted exfoliation and transformation of cubic
CsPbBr; PNCs to tetragonal CsPb,Brs NSs. g) Normalized PL spectra (excitation wavelength 380 nm) recorded with a time interval of 1 min after the
addition of DDAB (250 uM) to CsPbBr; PNCs in toluene: a) before adding DDAB and b-k) after addition of DDAB. Reproduced with permission.”!

Copyright 2018, American Chemical Society.

on density functional theory (DFT) simulation results. On the
other hand, Balakrishnan et al. used the dodecyl dimethylam-
monium bromide (DDAB) ligand to induce the phase transition
of CsPbBr; nanocrystals into 2D CsPb,Brs NSs accompanied
by morphological changes (Figure 2f).*”) Interestingly, the
DDAB ligand could gradually exfoliate the [PbBre]*~ octahedra
of CsPbBr; as a function of time, resulting in a blue shift in the
absorption spectra and band edge (BE) emission. At long reac-
tion times, the evolution of a subemission band centered at
523 nm was observed (Figure 2g), which contributed to signifi-
cantly reduce the PLQY from 70% to 4%.

In addition to the ligand-assisted phase transition, some other
factors can also lead to the solid-state phase change in halide
PNGs, i.e., light,*® pressure,*” heat,*” and water.*!] Shen et al.
monitored the dynamic process of the light-induced phase transi-
tion from tetragonal CsPb,Brs to orthorhombic CsPbBr; upon
continuous  illumination.”® The starting tetragonal CsPb,Brs
PNCs showed a weak emission intensity due to their indirect
bandgap, and then with the increase in illumination time, they
gradually transformed into CsPbBr; with an evidently enhanced
emission intensity. However, obvious photonic damage occurred
upon the illumination time of 30 min, leading to a decrease in PL
intensity that was still stronger than that of the original tetragonal
CsPb,Brs PNCs.’®! Alternatively, Xiao et al. introduced high
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pressure to tune the optical and structural properties of
CsPbBr; PNCs, in which an isostructural phase transition in
terms of the Pbnm space group took place.*! The emission peak
of CsPbBr; PNCs exhibited a red shift while gradually turned
broad with the increasing pressure (from 1atm to 1.36 GPa).
Furthermore, the PL intensity decreased rapidly under the com-
pression at 1.21 GPa, due to the structure-related change. Their
pressure-dependent time-resolved PL (TRPL) data showed that
the charge carrier lifetime of CsPbBr; PNCs was extended from
12.6 ns in ambient condition to 14.7 ns upon the compression to
1.03 GPa, indicative of a pressure-driven decrease in oscillator
strength that is consistent with the changes in PL intensity.*”!
More interestingly, Wu et al. proposed a novel CsX-stripping
(X=Cl, Br, I) mechanism that enables an efficient phase transi-
tion of nonluminescent 0D Cs4PbX PNCs to highly luminescent
3D CsPbX; PNCs upon an interfacial reaction with water in a
different phase.!*" The water-induced phase transition could effec-
tively tune the PL wavelength to cover the full visible range while
narrowing the emission bandwidth with an enhanced PLQY up to
75%. The converted 3D CsPbX; PNCs also show improved photo-
stability against moisture due to the surface passivation at the
interface between the nonpolar phase and water.

Several theoretical studies by, e.g., DFT calculations have
been implemented to predict and validate the influence of phase

© 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.adpr-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHOTONICS
RESEARCH

www.advancedsciencenews.com

(@)
580 605 635 nm
Py
‘@
o WA
k= { \
= | .
(2 l'/\." “\
500 600 700 800
Wavelength (nm)
©) Direct transition
Indirect
. — transition
; Trapplng_
!/
Abs PL Abs
= Abs
e ————
Energy (eV)
(d) 4 35 3 2.5 2

| R |

Absorption (norm.)

Absorption

PRRT S S NS ST + "

400 500 600 700
Wavelength (nm)

300 800

PL intensity (norm.)

www.adpr-journal.com

(b)
%‘ ~—~WWW—CBM
— phonon
3 |hv hv
o (exc) (direct)
1} j
uCJ h\ (indirect)
VBM 7 —_
Y
(i) Allowed transition
= Forbidden
J: transition
= < —
s>
Abs nonrac{iative L
relaxation
>
— = —
(e) —
4 1
3 10ps _, e |
S e e
L 2 e,
>
5 (O
o 1
S | ¥
o= B 7“‘-&
1
L

W L r X W

Figure 2. a) Deconvolution of the PL profile of Cs3Bi,lg PNCs at RT, showing three peaks centered at 580, 605, and 635 nm. b) Proposed recombination
pathways in Cs3Bi,ls PNCs. Reproduced with permission.®®! Copyright 2017, American Chemical Society. c) Charge carrier dynamics model of (i) indirect
bandgap double perovskite Cs,AglIn,Bi;_,Clg (x=0, 0.25, and 0.5) PNCs and (ii) direct bandgap double perovskite Cs,Agln,Bi;_,Clg (x=0.75 and 0.9)
PNCs. Reproduced with permission.’®* Copyright 2018, American Chemical Society. d) Linear absorption, PL (excited at 365 nm), and photolumines-
cence excitation (PLE) (detected at 650 nm) spectra of Cs,AgBiBrg PNCs dispersed in toluene. e) Scheme depicting the transfer of direct to indirect bound
excitons of Cs,AgBiBrg double PNCs, whereby the binding energy reduces. Reproduced with permission.® Copyright 2020, American Chemical Society.

structure change on the corresponding PL properties in PNCs.
Jang et al. predicted the phase-dependent structures (cubic, C,
and tetragonal, T, phases) of MAPbX; PNCs with the help of
DFT, and then calculated their structural properties (e.g., lattice
parameters and atomic positions) with corresponding bandgaps.
All the properties were eventually related to the direct or indirect
change in the PL properties. In particular, the authors performed
the DFT calculations (projector augmented-wave (PAW)H*?
method along with van der Waals interaction was included in
this assessment through the Perdew—Burke—Ernzerhof [PBE]-D2
calculation!®)) to predict possible C/T phases configurations for
MAPbBr;_,Cl, and MAPbBr;_,I, with x =0, 1, 2, and 3 systems
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(see the detailed discussion in the study by Jang et all*?)).
According to DFT evaluations, all the studied configurations
showed direct bandgaps. It was also found that the T phase is mar-
ginally (<0.01 eV atom ') more stable than the C phase, however,
indicating that both structures can exist at RT. Regarding the struc-
tural compositional-dependent PL decay lifetime of MAPDX;
PNCs, the authors proposed that the PNCs with T phase structures
exhibit more efficient charge separation and slower recombination
rate compared with the case of C phase structures, due to the stag-
gered geometry of [PbX;]™ in T phase that possesses the quasicu-
bic structure. Therefore, the presence of the eclipsed C-phase
structures can effectively reduce the PL lifetime, as it has been
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observed for MAPbBr; ,Cl, PNCs.**! The observed longest PL
decay lifetime of MAPbBr;_,I, PNCs at x =2 is mainly due to
the lack of C phase structures. Thus, DFT analysis could well sup-
port and explain the possible reasons for the experimental PL data.
A similar DFT study elucidated that the bandgap of MAPDbI; PNCs
was influenced by the transition between orthorhombic (1.90 eV)
and tetragonal (1.82 eV) phase structures, and this variation also
occurred due to the MA™ distribution.[* Their DFT results clearly
indicate that the interaction between the MA™ and the inorganic
part can affect the crystal structure, which tailors the electronic
structure and the bandgap accordingly. Though the calculated
absorption spectrum appeared to be similar in shape to the experi-
mental one, the excitonic peaks showed a red shift after the phase
transition from orthorhombic to tetragonal structures. Although
Geng et al. did not report the simulated PL, a similar correspond-
ing red shift in the PL spectrum has been reported in the study by
Schotz et al.l*”!

3. Direct—Indirect Transitions Induced Dual-Color
Emission

In addition to the phase structural transitions, the band structure
changes also enable the tuning of PL properties in PNCs. Direct—
indirect transitions are one of the featured characteristics in the
band structure of perovskite materials, inducing a so-called
“dual-color emission” that consists of two distinguishable emis-
sion bands integrated into one PL spectrum. This phenomenon
has been initially reported for many perovskites in single or bulk
crystals.[**® However, still several disputes exist regarding the
origins and mechanisms of this featured luminescence property.
The reabsorption effect has been widely highlighted as a key
enabler of the dual-color emission.**>%! However, this emission
feature can be also correlated to the Rashba effect induced by the
centrosymmetry breaking by the perovskite’s organic cations.>*>*!
In addition, the grain size of conventional CH3;NH;PbBr; bulk
crystals can also determine which band structure dominates
the overall PL spectra in between different structural phases
(e.g., tetragonal-to-orthorhombic phase transition) at low temper-
ature (e.g., 40-50 K), generating a dual-color emission when the
same weight in both bands is achieved upon an optimum grain
size of about 100 nm.P® Recently, Wu et al. clarified that dual-
color emission is even a common character of all lead halide per-
ovskites, but the relative intensity of the low-energy peak (i.e., at
longer wavelength) strongly depends on the surrounding condi-
tions, such as the environmental temperature, and can lead to
a nondistinguishable second peak in some cases.®”! The authors
confirmed the existence of indirect tail states below the direct tran-
sition edge due to the dynamic Rashba splitting effect in APbBr;
(A= CH;NH;", CH(NH,), ", Cs") single crystals, which was orig-
inated from the thermal polar distortions of the PbBrg octahedra
at increased temperatures. These thermal polar variations and
their corresponding indirect tail states in lead-based perovskite
single crystals lead to low PLQY and to the reduction of charge
carrier lifetimes with inefficient charge separation even at low
temperatures.”’!

Similarly, the phenomenon of dual-color emission in halide
PNCs has also attracted extensive attention as one of the key
luminescence properties, as the engineering of dual-color
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emission can enable a wider emission spectral range in a single
type of nanocrystal, which in turn is beneficial to, e.g., achieve a
white light, or even a NIR light, emitter. In this and following
section, we provide a comprehensive review of the dual-color
emission of PNCs from two mainstream views, namely
direct-indirect transitions and doping induced dual-color emis-
sion in UV-vis range, respectively. Additional studies on dual-
color emission related to the NIR range will be discussed in
Section 5.

It is well known that lead halide PNCs possess a unique
3D perovskite structure and direct bandgap nature, resulting in
near-unity PLQY with one distinguishable emission peak.**?%%
Due to the toxicity of Pb element, air-stable lead-free PNCs
using Bi*", Sb®", and the lead-free double perovskites (e.g.,
Cs,AgBiBrs or Cs,AgInClg) have recently attracted more atten-
tion.”*~%% Interestingly, these reported lead-free PNCs generally
show an indirect bandgap character, resulting in a clear sub-
bandgap absorption that is correlated with indirect transitions.
Accordingly, the coexistence of direct and indirect transitions
in some lead-free PNCs could potentially induce the dual-color
emission feature. Zhang et al. first reported a dual-color
direct-indirect transition nature of Cs;Bi,l¢ PNCs with an
observed double-spectral characteristic in the emission profile
with two distinguishable peaks centered at 580 and 605 nm,
respectively (Figure 2a).°’) Based on the temperature-dependent
PL and transient absorption (TA) spectroscopy studies, the
authors proposed a scheme of charge recombination pathways
in Cs3Bi,lg PNCs (Figure 2b). After the excitation, the generated
hot electrons at the excited state directly cool to the conduction
band minimum (CBM) and then recombine with holes in the
valence band maximum (VBM), resulting in the direct BE emis-
sion at 605 nm. On the other hand, the indirect bandgap transi-
tions can be initiated upon the assistance of phonons, generating
a 580 nm emission that competes with the direction transition
process. The presence of these extra nonradiative recombination
pathways could be the key reason resulting in the low PLQY for
bismuth-based PNCs, which can be facilitated by the indirect
bandgap.[®®! Driven by the direct-indirect nature of the bandgap
in lead-free PNCs, Yang et al. reported fully inorganic lead-free
double-perovskite (DP) nanocrystals, ie., Cs,Agln,Bi; ,Clg,
whose bandgap could be effectively tuned from indirect transi-
tions (x = 0-0.5) toward direct transitions (x = 0.75 and 0.9).[
The tailored PNCs with direct bandgap show lower sub-bandgap
trap states and more than five times higher PLQY (36.6%) com-
pared with that of Cs,AgBiCl; PNCs with indirect bandgap. The
observed dual-color emission nature consists of one band-edge
violet emission and one bright orange emission centered at
570 nm originating from the direct transition. Based on a com-
prehensive study of TRPL, TA, and DFT calculations, the authors
formulated an overall charge carrier dynamics model of the indi-
rect and direct bandgap of the investigated Ag—Bi-based DP
PNCs (Figure 2c). Those PNCs with indirect bandgap present
both high-energy direct transition and indirect transitions, which
need the assistance of phonons and thereby lead to a low absorp-
tion coefficient and PLQY. For direct bandgap nanocrystals, the
sub-bandgap trap-state transition is negligible, achieving a high
PLQY close to the BE. Moreover, the excited electrons in the
allowed state relax to the forbidden states through a swift non-
radiative pathway, which only influences the absorption but does
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not change the relaxation of the excitons, eventually generating
an orange emission./*” Recently, Dey et al. observed a high ener-
getic emission caused by the direct bandgap of Cs,AgBiBrs PNCs,
in addition to the intrinsic emission from the indirect bandgap
transition (Figure 2d).°! They attributed the former emission
to the radiative recombination of direct bound excitons, exhibiting
nearly 1 eV red shift within 10 ps timescale after the photoexcita-
tion due to the electron intervalley scattering effect and thus result-
ing in a transfer of direct to indirect bound excitons (Figure 2e).
These direct bound excitons feature a huge oscillator strength,
leading not only to a distinguishable absorption peak near the
BE but also to the generation of emission at the direct bandgap
transition, although there is an intervalley scattering process.[®®
Overall, the characteristics of direct and indirect transitions and
related charge carrier dynamics in lead-free double PNCs still
require urgent exploration, to expand the insights of the lumines-
cence properties (e.g., dual-color emission) and thus boost the fur-
ther development of optoelectronic devices.

4. Doping-Induced Dual-Color Emission in the
UV-Vis Range

In addition to direct—indirect transitions induced dual-color
emission, doping engineering is an alternative way to trigger
the generation of a similar PL emission feature. The doping with
metal cations in a host lattice has been well developed for con-
ventional semiconductor nanocrystals, enabling effective tuning
of the optical properties by combining both the quantum confine-
ment effect of the host nanocrystals and the luminescence fea-
tures (generally a dual-color emission feature) of the dopant
ions.[*®! As the host lattices, halide PNCs have been widely inves-
tigated for integrating the extrinsic emissive metal ions, mainly
including divalent and trivalent cation dopants.

4.1. Divalent Dopants

As one of the most explored extrinsic divalent dopants in conven-
tional semiconductor nanocrystals, Mn*" ions have been suc-
cessfully incorporated into the cesium lead halide PNCs. The
dual-color emission feature displayed by the Mn-doped
CsPbX; PNCs is ascribed to the spin-forbidden T, —CA; d-d
transition of Mn?" ions at about 600nm, in addition to the
BE emission of the host (Figure 3a).”! From a structural point
of view, it is imperative to prove the incorporation of Mn>" into
the lattices of the host PNCs that leads to the change in their
corresponding PL characteristics. Due to the substitution of
Pb?* with smaller Mn?" in the lattices of CsPbX; quantum dots
(QDs), a lattice distortion or contraction could be induced in the
octahedral coordination circumstance. Zou et al. simulated the
3D stacking diagrams of CsPbBr;:Mn QDs (2.08 mol% doping)
(Figure 3b), showing that the bond length of Mn—Br (2.666 A) is
much shorter than that of the first (3.382 A) and second (3.034 A)
adjacent or normal (3.003 A) Pb—Br bonds./®! These lattice dis-
tortions can be also observed in high-resolution transmission
electron microscopy (TEM) images for selected CsPbBr;:Mn
QDs in comparison with the host QDs without Mn doping. The
authors demonstrated the Mn-doping concentration-dependent
PL emission of as-formed CsPbCl;:Mn NCs (Figure 3c,d),
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showing a declining trend after an initial rise in PL intensity
of the excitonic emission (centered at 404 nm). This emission
tuning provided an overall color output from blue to orange-
red that could be observed even by the naked eye (Figure 3e).
Later, Bai et al. also confirmed the successful incorporation of
Mn*" into the lattices of the same host system (CsPbCly;:Mn
NCs), by observing a clear peak shift to a higher angle compared
with the case of undoped one in their X-ray diffraction (XRD)
analysis. Interestingly, they observed a tendency of a blue shift
in the PL spectra of the BE emission from the host PNCs with the
increased Mn-doping amount, ascribed to the effect of Mn*"
tailoring the host electronic band structure.*”’

There are several factors influencing the tuning of the
PL properties for both the host PNCs and the dopants them-
selves, i.e., additives, temperature, anion exchange, and photoin-
duced doping. Adhikari et al. chemically tailored the dopant
emission in Mn-doped CsPbCl; PNCs by introducing alkylamine
hydrochloride (RNH;Cl) as an active chlorinating agent for con-
trolling the Mn-doping degree from 1% to 8% against Pb content
and consequently tuning the Mn d-d emission intensity. The
maximum PLQY of their best sample was about 27% with a
Mn-doping concentration of 1.3%, and the excited-state decay
of the Mn emission at 585 nm exhibited a long lifetime of about
1.4 ms, which is a typical timescale for Mn emission in d—d tran-
sition.”” Ghosh et al. and Wang et al. nearly simultaneously
reported the temperature-dependent variation of emission inten-
sity and emission wavelength of both host PNCs (CsPbCls) and
Mn dopants ranging from tens of kelvin to more than 300 K.”*”?
They observed the blue shift of the emission peak position with
the increasing temperature (Figure 3f,g), attributed to the inter-
play between the electron—phonon renormalization and the
thermal expansion. Ghosh et al. found that the PL intensity of
Mn?" diminishes with the increasing temperature up to 125 K,
due to the thermal quenching induced by the thermal ionization
of optically excited carriers. Afterward the dopant emission
intensity increases again with the rising temperature, mainly
resulting from the electrons captured by Mn*" ions from local
state energy levels (Figure 3h). The same report also investigated
the temperature-dependent TRPL of Mn emission with the vari-
able lifetimes from ~1262.1 to 7.5 ps while decreasing the tem-
perature from 250 to 70 K, ascribed to the interaction between the
exciton and the surface state. Moreover, Mn-doped CsPbCl;_,Br,
or Mn-doped CsPbBr; PNCs could be obtained via either an
anion exchange reaction or direct synthesis using MnBr, as
the Mn precursor. Xu et al. investigated the composition
and temperature dependence of Mn?" to exciton emission inten-
sity ratios for mixed halide CsPbCl;_,Br, PNCs (x=0-1.18)
(Figure 3i).”* By fixing the Mn-doping amount to 2.8%, with
the replacement of CI™ by Br, the PLQY increases up to about
60%, and the excitonic lifetime of the BE emission in the range of
403-442 nm is also prolonged from 0.5 to 12.6 ns (Figure 3jk).
The authors successfully controlled the exciton-to-Mn*" transfer
efficiency by varying the Br/Cl ratio. The efficiency first increases
with an initial increasing Br~ in the structure upon a combined
effect of slower exciton decay and faster energy transfer from the
host to Mn?" ions. Along with the narrower bandgap with more
substitution of Br~, back energy transfer from Mn”" to host band
states starts to dominate the overall exciton dynamics and leads
to a sharp reduction of the relative Mn®" emission intensity.
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Figure 3. a) Optical absorption (black line) and PL spectra of Mn/CsPbCl; PNCs (4% doping level) under 390 nm excitation in toluene solution. The BE and
Mn-related PL bands are highlighted by blue and red shading, respectively. A photograph of the solution under 365 nm excitation highlights the dominant
yellow color due to Mn?" emission with respect to BE PL. Reproduced with permission.!®”! Copyright 2017, American Chemical Society. b) Calculated 3D
stacking diagram of a CsPbBr;:Mn (2.08 mol % doping) NCs using first-principle calculations based on DFT, showing the lattice contraction in the (001)
lattice plane of an orthorhombic perovskite CsPbBr; crystal induced by Mn?" doping. c) Comparison of the PL spectra for CsPbCl; QDs without and with Mn
doping (5.8 mol %) upon an excitation at 362 nm. d) PL intensities for excitonic or Mn emissions of CsPbCl;:Mn QDs centered at 404 and 600 nm as a
function of the nominal doping concentration of Mn*" ions, and their corresponding e) PL emission photographs in cyclohexane solution under 362 nm UV
lamp irradiation. Reproduced with permission.*® Copyright 2017, American Chemical Society. f) Temperature-dependent PL spectra of the Cs(PbosMng )
Cls. Reproduced with permission.”?! Copyright 2020, Elsevier B.V. g) Temperature-dependent PL spectra of 3% Mn-doped CsPbCl; PNCs film. PL spectra at
different temperatures are scaled up appropriately to enable better comparison. h) Energy band diagram and PL emission mechanisms of CsPb,Mn;_,Cl;
PNCs. The horizontal dashed lines represent the defect-related energy levels. Reproduced with permission.”"! Copyright 2019, Elsevier Inc. Evolution of PL
properties of CsPbCl;_,Br, PNCs at 300 K as a function of x (x is varied from 0 to 1.18 estimated from the position of the exciton peak): i) Absorption and PL
spectra of CsPbCl;_,Br, PNCs with different x (Ae, = 355 nm); j) PL decay curves of the exciton emission for CsPbCl;_,Br, PNCs plotted on semilogarithm
scale (lex= 376 nm, pulse width = 65 ps); k) PLQY and exciton emission lifetime of CsPbCl;_,Br, PNCs upon increasing x. Reproduced with permission.”*!
Copyright 2018, American Chemical Society. |) PL spectra and m) time-dependent Mn luminescence intensity of CsPbCls nanocrystals undergoing the
photoinduced Mn doping by a UV LED at the intensity of 14 mW cm ™2 and varying photoexcitation times. Reproduced with permission.”®! Copyright
2019, The Royal Society of Chemistry. n) The absorption and PL spectra of CsPbBr; PNCs (top), CsPbBrs:Eu®>" NCs (middle), and CsPbBry:Tb*"
PNCs (bottom). The red lines represent absorption spectra, and black lines represent PL spectra. The red and green shades represent emission spectra
of Eu*" and Tb*", respectively. Reproduced with permission.® Copyright 2017, WILEY-VCH.
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Chen et al. synthesized Mn-doped CsPbX; (X = Br, Cl) QDs at
RT by introducing a precursor of dimethyl sulfoxide (DMSO)-
MnBr,/PbX, composite, achieving a relatively high PLQY of
the Mn?" emission (=36.7%), which is comparable with that
of QDs obtained through the conventional hot-injection
method.”*! By changing the PbBr,/PbCl, ratio, the authors were
able to tune the energy transfer rate from the BE to the Mn*"
excited state in the range of 0.006-20.42 x 107 s™%.

More interestingly, Qiao et al. demonstrated a postsynthesis
photoinduced Mn doping in CsPbX; (X =Br, Cl) PNCs, while
still preserving the anisotropic morphology of the initial PNCs
after the photoinduced doping.”” The average lifetime of Mn
emission is gradually extended with continued photoinduced
Mn doping from 0.3 to 1 ms, indicative of the larger Mn—Mn
distance and weaker effect of Mn-Mn exchange coupling on
Mn emission under the higher photoexcitation (Figure 3l,m).
It is noted that, compared with Cl- or Br-based PNCs, it is more
difficult for iodide-based ones (e.g., CsPbI; PNCs) to display the
Mn-doping effect of dual-color emission, mainly due to the neg-
ligible Mn emission intensity. Such weak emission is attributed
to the BE position of host CsPbl; PNCs that is rather lower than
Mn?"-based transitions, thus not providing sufficient driving
force for the energy transfer.”®) Akkerman et al. maximized
the PLQY of CsPbl; PNCs up to 82% by doping Mn** with a
10% concentration of Pb content, while slightly extending the
excitonic lifetime from 14 to 17 ns at 680 nm peak emission.””]
They found that the CsPb,Mn; I3 PNCs can preserve the iden-
tical optical features and crystal structure as the parent a-CsPbl;
system; however, the Mn-doped PNCs films were stable for peri-
ods over a month, whereas the a-CsPbl; NCs without Mn doping
degraded into the yellow nonemitting §-CsPbl; phase within a
few days. The enhanced stability of Mn-doped CsPbl; PNCs orig-
inates from a small decrease in the lattice constants slightly
improving the Goldsmith tolerance factor, along with an
enhancement in the cohesive energy. Furthermore, He et al. pre-
cipitated Mn-doped CsPb(Cl/Br); QDs into phosphosilicate glass
using a heat-treatment method, resulting in long excitonic
lifetimes for both host emission (=122 ns) at about 520 nm and
Mn emission (2.85ms) at around 600 nm.”® The Mn-doped
CsPb(Cl/Br); QDs glass shows good thermal and light stability,
by continuing to emit strong orange-red fluorescence after a
long-term placement in the air. In addition to the fully inorganic
halide PNCs, according to Ba et al., the dual-color emission
induced by Mn doping could be also observed for some water-
stable 2D organic-inorganic halide PNCs as the host, ie.,
(PEA),PbBr, nanoplates (PEA = phenethylamine).”® This work
demonstrates that the proper steric hydrophobic n-conjugated
PEA molecules at A site can improve the water stability of hybrid
halide PNCs, providing significant hints on how to stabilize the
high-performing 2D perovskite-based LEDs and luminescent
indicators.

In addition to the well-investigated Mn-doping induced dual-
color emission in halide PNCs, there are some other divalent
dopants that have also been incorporated into the host PNCs.
Xing et al. successfully synthesized Mn®" and Ni** codoped
CsPbCl; PNCs by maximizing the PLQYs of Mn*" emissions
centered at 600 (from Mn?*-based transition) and 620 nm (from
Ni**-based transition) up to 70% and 39%, respectively.®” The
introduction of Ni*" can effectively reduce the defect and trap
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states formed in Mn:CsPbCl; PNCs while enhancing the forma-
tion energies of Mn doping to improve Mn doping yield for
boosting the Mn®*" emission efficiency, as revealed by the
DFT calculations. van der Stam et al. proposed a postsynthetic
cation exchange method by doping CsPbBr; PNCs with three
types of divalent cations, i.e., Sn**, Cd*", and Zn*", leading
to a blue shift of the emission bands without losing the high
PLQYs (>60%) and narrow emission bandwidth.®" The authors
assigned the blue shift to the contraction of the perovskite lattice
that stems from the incorporation of smaller divalent doping cat-
ions, making the Pb—halide bonds shorter so as to enhance the
interaction between Pb and Br orbitals.

4.2. Trivalent Dopants

Trivalent metal ions have also been used for the so-called hetero-
valent doping in halide PNCs. Begum et al. proposed an in situ
doping approach for CsPbBr; PNCs with Bi*" ions via hot injec-
tion to accurately modulate the band structure and the excited state
dynamics.®? They observed that, at a low doping concentration of
Bi*" (e.g., <0.25%), a red shift of PL spectrum arises with fewer
impurity levels or trap states “below” the first electronic state, i.e.,
1S., of the CB. At high-doping concentrations (e.g., 0.8-2.1%), a
blue shift is noted instead, corresponding to the evolution of the
trap states “above” the 18, state. This Bi*" doping induced a band
structure change that can effectively promote the charge transfer
kinetics at the interface of PNCs and charge acceptors. Moreover,
rare-earth ions have been extensively utilized as dopants in metal
oxides, II-VI semiconductors, and NaYF,, showing diverse energy
transitions and accordingly outstanding PL emissions covering
from UV-to-visible light, toward the infrared range.®*** After
Zhou et al. first reported various lanthanide ion-doped PNCs,®*!
Hu et al. doped rare-earth ions Eu** and Tb** into CsPbBr; PNCs
using a one-pot ultrasonication method, exhibiting the dual-color
emission in the visible range up to 700 nm (Figure 3n) from the
host PNCs and doped rare-earth ions, respectively.® Their TRPL
studies demonstrated that both the lifetimes of Eu’* (0.76 to
0.37ms) and Tb*" (1.81 to 1.63ms) emissions in CsPbBr;
PNCs decreased compared with those of their pure cation states
in the solvent. This suggests that there could be an extra decay
pathway for rare-earth ions with the possible energy transfer from
rare-earth dopants to the host PNCs. Later, Yao et al. enhanced the
PL/electroluminescence (EL) efficiency of CsPbBr; PNCs by dop-
ing heterovalent Ce*" ions through a facile hot-injection method,
presenting a nearly overlapping dual-color emission centered at
516 and 510 nm for the host PNCs and the Ce** dopant, respec-
tively.®”] The authors found that, by increasing the doping amount
of Ce*" up to 2.88% of Pb content, the PLQY of Ce*"-doped
CsPbBr; PNCs achieved the highest value of 89%, which was
two times higher than that of undoped ones. Their ultrafast TA
and TRPL experiments suggest that Ce®>" doping can effectively
tune the PL kinetics while enhancing the PLQY of doped
CsPbBr3 PNCs. Chen et al. first doped another type of rare-earth
trivalent ions, ie., Yb>', into lead-free double perovskite
Cs,AgBi(Cl/Br)s PNCs, generating a dual-color emission with
their intrinsic trap-related visible emission centered at about
680nm and a newly emerged NIR emission band centered at
about 1000 nm, respectively.® The emission tunability toward
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Table 1. Summary of the dual-color emission properties of variable PNCs with different cation dopants.

Dopant Host PNCs Doping amount Plge peak PLpop peak [nm]  Temp KPP PLQY [%] e [ns]? Tpop [MS] Ref.
[atom%)] [nm]?
Mn** CsPbCls 1-8% 402 585 293 27 - 1.4 [236]
Mn?* CsPbCls 0.8-11.2% 402 602 293 - 0.4 15 [70]
Mn?* CsPbCls 1-40% 398-414 579-592 80-350 5-35 8.8-14.9 1.21-1.33 [71]
Mn?* CsPbCls 0.3-0.7% 402-414 590-605 10-300  16.9-46.9 0.47-3.38  0.0075-1.26 [72]
Mn?* CsPbCls_,Br, 2.80% 403-442 593-601 4.2-300 4-60  0.5-12.6 - 73]
Mn?* CsPbCls_,Br, 65% 420-517 600 293 3.5-51.9  13-286 0.46-0.89 [74]
Mn?* CsPbCls_,Br, 2% ~400 610-625 293 - - 0.3-1 175]
Mn?* CsPbX; (X=Cl, Br and 1) Cl: 3.5-7.6% 404 (CsPbCly) 600 77-473  Cl:12.7  3.2-5 (Cl) 1.2 (Cl:Mn) [68]
Br: 2-6.2% Br: 57.1
I: 3.2-39.3% I: 89.6
Mn** CsPbls 10% 680 680 293 74-82 14 17 ns [77]
Mn** CsPb(Cl/Br); dispersed glass - 520 600 293 40 122 2.85 [78]
Mn** (PEA),PbBr, 39-53% 412-420 595-600 77-300  9.4-45 - - 179]
Mn** and Ni** CsPbCls Mn?*: 0.53-18.09%  398-405 599-638 80-300 5-70 - 1.01-1.80 [80]
Ni**: 0-19.05%
sn**, zn?", CsPbBr; Sn**: 0.2% 512 Sn?*: 479-506 293 43-62 16.8  Sn*": 6.8-10.6 ns  [81]
2+
and Cd Cd*:0.5% Zn**: 452-483 Zn?*: 7.2-15.2 ns
Zn*: 0.7% Cd>™: 462-505 Cd*": 6.4-8.1ns
Bt CsPbBr; 0.25-2.1% 517 512 293 8-78 7 4.5-5.2ns 82]
Eu*" and Tb** CsPbBr; Eu*': 4.60% 541-543 Eu**:592 and 612 293 - 3.8 Eu*t: 037 186]
Tb**: 3.03% Tb**: 582 and 617 Th*": 1.63
ce*t CsPbBrs 0.43-2.88% 516 510 293 41-89 183 1.27ns 87]
3 Cs,AgBi(Cl/Br)s 0.5-5.5% 680 1000 293 0.30 5.7-33.4 0.97-1.44 88]

3BE emission peak; b)Characterization temperature; 9Lifetime of BE emission.

the NIR regime induced by the doping effect will be reviewed in
detail in Section 4. We have highlighted the key characteristics of
the dual-color emission from the most representative reported
works related to halide PNCs in Table 1.

In summary, doping engineering is a powerful approach to
tune and stabilize the PL properties of halide PNC hosts via
energy transfer mechanisms that lead to enhanced dopant emis-
sion. There is a trade-off issue for the optimization of dual-color
emission induced by doping. The doping amount needs to be
optimized to positively affect the PLQY of the host PNCs by
surface passivation by the dopant cations and the simultaneous
additional emission from the dopants themselves. At high dop-
ant (e.g., Mn) concentrations, there is a potential to observe
strong Mn”*"-Mn*" interactions, resulting in a sharp reduction
of the Mn*"-related PLQY due to the formation of the defects in
the mid bandgap of the host PNCs induced by the excess of Mn
doping.®” These formed small Mn** clusters can increase the
number of electron traps leading to an energy loss in the form
of nonradiative recombination. Therefore, it is undoubtedly
urgent to thoroughly investigate the doping-induced lattice rear-
rangement and the resultant effect on the PL (excitonic) proper-
ties with more research efforts.

Adv. Photonics Res. 2021, 2, 2000118 2000118 (9 of 28)

5. Broadly Tunable Emission Toward NIR

Together with the extensive efforts made to fine-tune the PL prop-
erties of PNCs in the range of UV-to-visible, researchers have also
actively investigated the possibility to extend the use of PNCs up to
the NIR spectral region, which is known to lack highly efficient
and stable emitters. In fact, such emitters find utilization in a large
number of applications, such as optical bioimaging in the biologi-
cal NIR optical window (650-900 nm),**% infrared detectors for
optical communication (wavelengths around 1.3 and 1.55 pm due
to the lowest chromatic dispersion and optical losses) and night
vision systems (0.7-1.0 um),**** chemical identification and
imaging in the whole NIR region,”® and the improvement of pho-
tovoltaic devices by expanding the spectral range of their sensitiv-
ity® or through quantum-cutting effect.””’ This has led to an
increased interest in NIR-emitting perovskites and corresponding
devices.”®! The most intensively studied and well-established
PNCs have the PL band in the visible spectral region that limits
their use in a variety of photonic and optoelectronic applications.
This problem requires searching for new strategies for PNC syn-
thesis to extend the PL bands to longer wavelengths, i.e., in the
NIR range. The recently developed approaches may be mainly

© 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.adpr-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHOTONICS
RESEARCH

www.advancedsciencenews.com

divided into several categories, namely stoichiometry control, dop-
ing, and heterostructuring.

The structure of perovskites allows great flexibility in tuning
their composition with several chemical elements to obtain a wide
range of optoelectronic materials. Each of these materials has dis-
tinctive features, and both the position of the PL band and the sta-
bility of the material vary greatly with the stoichiometry. For some
compositions, the PL band can be pushed to the NIR (Figure 4a).
The PL window of the well-studied MAPbI; composition is in the
range of 730-750 nm.”>'%) The FAPbI; composition attracted
attention due to the possibility to both obtain more stable PNCs
while simultaneously extending the PL band to the NIR spectral
region. Ultrasonic synthesis of FAPbI; PNCs was demonstrated
by Jang et al."®! The 10 nm PNCs obtained by this method displayed

www.adpr-journal.com

strong emission at 805nm with a PLQY of 78%. Levchuk et al.
reported the ligand-assisted reprecipitation (LARP) synthesis of
FAPbX; PNCs, in 2017."% When X =1, the nanocrystals had a
cubic shape with a size of 14.4 & 3.4 nm, and their PL was centered
at 740 nm. In addition to the high PLQY (55%) and a narrow emis-
sion band, the obtained PNCs demonstrated superior stability as
compared with their MA-based counterparts. Thus, it was demon-
strated that PNCs may possess strong and narrow emission close to
the NIR spectral region. It should be pointed out that the emission
positions for FAPbI; PNCs reported by different groups vary in
a quite broad range, which may be attributed to both different
synthetic methods and conditions and variation of PNCs size.'?

Protesescu et al. used two- and three-precursor approaches to
synthesize FAPbI; PNCs by a hot-injection method."®® Both
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Figure 4. a) The tuning of the PL from organic—inorganic and all-inorganic PNCs in the NIR. b) Anion and c) cation exchange with FAPbl; PNCs for PL
band tuning. b) Reproduced with permission.'®! Copyright 2017, American Chemical Society; c) Reproduced with permission.'® Copyright 2018,
American Chemical Society. d) Tuning the PL position in multinary Cs,FA;_,Pb(Bri_,l,); PNCs. Reproduced with permission."'"! Copyright 2018,

American Chemical Society.
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approaches allowed achieving nearly cubic PNCs with a size of
10-12 nm. The intense (PLQY > 70%) PL band with a width of
45nm was centered at 770-780 nm. Importantly, the PLQY
remained extremely high even after several months of storage.
For application in light-emitting devices, an important character-
istic is the preservation of a high PLQY (>20%) after PNCs
washing and annealing of their thin films at 100 °C. The authors
demonstrated the possibility of cation (Cs* to FA* and vice versa
using FA- and Cs-oleates, respectively) and anion (I” to Br~
using oleylamine (OAm™)Br~) exchanges. This postsynthetic
procedure is a versatile tool to tune the PL position of FAPDbI;
PNCs with the preservation of a high PLQY and narrow PL band-
width (Figure 4b). High stability and PLQY allowed the creation
of a LED with an indium tin oxide (ITO)/poly(3,4-ethylenediox-
ythiophene) polystyrene sulfonate (PEDOT-PSS)/FAPbI;/TPBi/
LiF/Al structure. The LED displayed a NIR emission at 772 nm
with an external quantum efficiency (EQE) of 2.3%. An additional
benefit of cation and anion exchange procedures is related to the
structural aspects of PNCs. It is known that the phase stability of
PNCs is directly associated to the nature of the perovskite mate-
rial."® The adjustment of perovskite composition allows not
only PL band tuning but also the improvement of tolerance
factor and phase stability. Thus, a thorough fine-tuning or/and
exchange of cations!'®! and anions!"® impact both luminescent
and structural properties. For instance, it was shown that some
mixed halide combinations demonstrate superior ambient stabil-
ity,'%! which is also valid for mixed cation combinations.!'°®!

Later, Hazarika et al. demonstrated cation exchange between
CsPbl; and FAPbI; nanocrystals to obtain a full gamut of
Cs;_,FA,PbI; PNCs with a tunable PL from 650 to 800 nm
(Figure 4c).'! Being mixed at different concentrations, PNCs
were able to form a desired Cs/FA stoichiometry. The kinetics
of the process was studied by PL spectroscopy: at the initial stage,
PL spectra showed two distinct PL bands that then merged, and
bimodal PL spectra were observed until the reaction was not
completed. The heating of the PNCs mixture accelerated the cat-
ion exchange process. The carrying out of the reaction at differ-
ent temperatures allowed estimating the activation energy of the
exchange process, which turned out to be significantly higher
than the values previously reported for the exchange of halogens.
The proposed postsynthetic cation exchange method is the only
effective one for obtaining the Cs/FA alloyed perovskites. Begum
et al. have recently demonstrated that doping of FAPbI; PNCs by
Sn®* provides a slight increase in the perovskite bandgap and the
PL peak position shifts from 797 nm for pristine 12.5 nm FAPbI;
PNCs to 775 nm for the PNCs with 2.44% of Sn*".['*% At the
same time, the Sn®" doping allowed a significant increase in
the PLQY which can be attributed to the reduced formation of
traps and suppressed Auger recombination.

The use of multinary compositions (mixed cation and anion)
promotes achieving even more precise tuning of the PL band posi-
tion. Lignos et al. showed that the addition of Br™ into CsFAPbI;
PNCs leads to the formation of more chemically and thermody-
namically stable PNCs.'""! They used a special microfluidic plat-
form, which is an ideal instrument for systematic variation of
precursors and investigation of PNCs of different stoichiometry.
While the variation of FA/Pb and Cs/Pb molar ratios allows tuning
the PL band in the 690-780 nm region, the insertion of Br~ also
leads to an additional blue shift of the PL peak position (Figure 4d).

Adv. Photonics Res. 2021, 2, 2000118 2000118 (11 of 28)

Den Access

www.adpr-journal.com

The authors used Cs,FA;_,Pb(Br;_,I,); PNCs to fabricate LEDs
emitting at ~730nm with the EQE as high as 5.9%. The use
of additional cyclic olefin copolymer allowed to achieve the extra
narrow EL band of 27 nm.

All-inorganic cesium lead halide PNCs attracted much attention
due to the improved thermal stability.®''? At the same time, they
keep all the key advantages of hybrid organic—inorganic PNCs,
such as excellent optical properties, tunability, and high carrier
mobility. Hence, they can become a promising new platform
for novel optoelectronic devices.""*! However, their emission is
limited at 22690 nm for the CsPbl; composition. Fortunately, their
PL band can be tuned further to the NIR when part of Pb*" is
replaced by Sn*". From a structural point of view, doping of
CsPbI; PNCs with smaller cations should lead to better phase
and thermal stability due to the partly reduced bond length.

Liu et al. used Snl,/Pbl, mixture with different ratios during
hot-injection PNCs synthesis to obtain 11-14 nm CsSn,;_,Pb,I;
PNCs.'"'* Partial replacement of Pb** by Sn** allowed to push
the emission band into the NIR (Figure 5a). The downside of
creating such alloyed nanocrystals is a critical decrease in the
PLQY, which was only 0.3-3% for the PNCs upon different
stoichiometry. Such a reduction of PLQY is attributed to the
formation of intrinsic defects related to Sn vacancies with low
formation energy.''! On the other hand, the alloyed PNCs dem.-
onstrated superior environmental stability (over 5 months in air)
as compared with the pure CsSnl; PNCs (Figure 5c), which are
an extreme case of NIR-emitting inorganic perovskite NCs.!!*¢!
Liu et al. have recently demonstrated the possibility to drastically
enhance the PLQY of alloyed CsSn;_,Pb,I; PNCs by Na dop-
ing.""”) The very small fraction of Na helps to stabilize Sn**,
and the optimized PLQY reached 28%. Lead-free nontoxic
CsSnl; inorganic PNCs are a very attractive class of NIR emitting
nanomaterials with a PL band at ~900-950 for the 0D form
and ~780nm for the 2D nanoplates.[ns] For the first time,
Jellicoe et al. demonstrated the synthesis of CsSnX; (X=Cl,
Br, I) and the possibility to obtain their intermediate compositions
using both direct synthesis and postsynthetic anion exchange
(Figure 5b)."** The most significant drawbacks of these nanocrys-
tals are the very low PLQY and poor stability. For the development
of NIR photonics based on perovskite nanomaterials, it is rather
necessary to solve the indicated problems. At present, several
approaches, including a search of optimal precursors, stoichiome-
tries, dopants, and additives, are considered."'*121 The creation
of nontoxic, inexpensive, efficient, and stable NIR-emitting PNCs
is accordingly an important and urgent task.

Two other approaches to achieve NIR emission from perov-
skite PNCs, namely doping and heterostructuring, assume the
use of emission from different species embedded into a PNC
matrix. Thanks to the large absorption cross-section, high
PLQY, and octahedral coordination environment of perovskite-
based compounds, PNCs can be considered as a new and pro-
spective host for the doping with lanthanides. In contrast to most
semiconductors, a coordination number of 6 is preferred for suc-
cessful doping with lanthanides."*”! Being introduced into a
PNCs, lanthanides do not demonstrate their own absorption
band but are photosensitized by the perovskite host, and such
lanthanide-doped PNCs demonstrate multiple emission peaks.
An appropriate choice of lanthanide precursors allows the achiev-
ing of a variety of doped CsPbCl; and CsPbCl,Br;_, PNCs by a
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Figure 5. a) Absorption and PL spectra and PL decay curves obtained for CsSn;_,Pb,l3 NCs. Reproduced with permission.''*] Copyright 2017, American
Chemical Society. b) The comparison of the stability of Sn-based and alloyed Sn;_,Pb,-based all-inorganic perovskite NCs. Reproduced with permis-
sion."" Copyright 2017, American Chemical Society. c¢) The schematic and TEM images, absorption, and PL spectra for nontoxic Sn-based perovskite
NCs with different halogens. Reproduced with permission.''®! Copyright 2016, American Chemical Society.

direct hot-injection synthesis,'?*! whereas postsynthetic treat-
ment™®* and anion exchange® are more suitable when
CsPDbBr; or CsPbl; PNCs are selected as the host.

The first doping of CsPbClL,Br;_,, PNCs with Yb3*, Ce3t, and
Er*" atoms was reported by Zhou et al. (as mentioned in
Section 3), who designed these PNCs to improve the perfor-
mance of commercial silicon solar cells by downconverting
the UV and deep-blue emission.® Due to the quantum cutting
effect, the PLQY exceeded 100% and reached 146% for the
CsPbCl, sBry 5:Yb(7.1%),Ce(2%) composition. The quantum cut-
ting effect becomes possible when a material absorbs a photon
with an energy more than twice larger than it emits. In this case,
the high-energy absorbed photon can be converted into two pho-
tons with lower energy."?'?”) The most intense NIR emission
originates from the *Fs /2—2F7 /2 transition in the Yb** ions and is
excited by the PNC host, as can be monitored by a strong reduc-
tion of the excitonic emission lifetime. An additional weak NIR
emission in codoped PNCs is centered at 1540 nm and originates
from Er’* ions (Figure 6a). Er’* ions were nonradiatively excited
by Yb*" ions and not by the PNC host, which was accompanied
by the reduction of Yb**-related PL lifetime. Zhang et al. also
observed Er’*t-related emission only for Yb**, Er’** codoped
CsPbCl; PNCs.[*?®! Milstein et al. further investigated the quan-
tum cutting effect in Yb*>"-doped CsPb(Cl,_,Br,); PNCs in more
detail."*! Using the anion exchange reaction, they obtained a
number of PNC stoichiometries to determine the absorption
band threshold position for quantum cutting. They showed that
a bandgap can be narrowed down to 2.53 eV while still retaining a
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PLQY higher than 100%. Below this threshold, the excitation
energy is not high enough to realize the quantum cutting regime.
It should be noted that such NIR-emitting colloidal PNCs with
large Stokes shift and high PLQY are also very promising for
solar concentrator applications.[****??! In addition to demonstrat-
ing their own NIR emission, lanthanide ions can improve the
optical and electrical properties of the perovskite host. Yb**-
doped CsPbl; PNCs demonstrated a reduced trap-state density,
and, as a result, higher PLQY and better charge carrier transport
compared with the case without Yb*"-doping,[**%

A,B'B™X, double perovskites, where two divalent Pb** ions
are replaced by one monovalent and one trivalent metal ions
(B, B'™), are an important class of lead-free perovskite nano-
and micromaterials. Being lead-free and intrinsically stable, dou-
ble perovskite PNCs are intriguing materials that can host several
ion dopants.'*"'?2) Nag and coworkers have recently reported
the hot-injection synthesis of Yb*™-doped Cs,AgInCls PNCs
using Yb(NOj3),-5H,0 as Yb** precursor."*! The use of a high
concentration of Yb(NOs),-5H,0 precursor (more than 50%)
yielded only 6.2% of Yb>* inside the synthesized PNCs, indicat-
ing difficult insertion of this lanthanide ion into the Cs,AgInCl,
matrix. The same observation was reported by Kim and
coworkers, who pointed out that only a small portion of Yb**
can Dbe inserted into a Cs,AgInCls matrix, whereas a larger
amount of Yb*>" containing precursor can induce a formation
of undesired secondary phases.'*” Similarly to the CsPbX;
PNCs, the NIR PL centered at 996 nm is excited through the
perovskite matrix. But in contrast to the case of CsPbXs,®>!%!
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Figure 6. The doping of inorganic PNCs with lanthanides. a) The PL spectra of CsPbCl,Br;_, PNCs doped with Yb*", Ce**, and Er** atoms. Reproduced
with permission.®*] Copyright 2017, Wiley-VCH. The structure and PL spectra of doped b) Cs,AgInCls and c) Cs,AgBiClg (X=Cl, Br) double PNCs.

b) Reproduced with permission.®? Copyright 2019, American Chemical Society.

Chemical Society.

Er*"-related emission in Cs,AgInClg PNCs can be directly
excited by the nonradiative energy transfer from the perovskite
host, eliminating the need for Yb®', Er’" codoping
(Figure 6b)."*?l However, it was shown that codoping still can
enhance the NIR emission from Er’" centers. Nag and cow-
orkers applied Bi*", Er’" codoping for Cs,AgInCls double
PNCs. They showed that, after the Bi** doping, the new absorp-
tion band centered at 372nm appears for both only Bi** and
Bi*", Er’" codoped samples, in turn allowing their excitation
using commercially available UV LED chips. In this way, Bi*"
dopants reduce the required excitation energy and transfer the
excitation to the visible and NIR emissive states. In other words,
Bi*" dopants act as sensitizing centers for the Er*"-related NIR
emission that leads to both intensity enhancement and decay
slowdown of the NIR PL."*¥ The doping by NIR-emitting
Yb** lanthanide was extended for different double halide perov-
skite compositions. Chen et al. studied the doping of Cs,AgBiClg
(X = Cl, Br) PNCs with Yb*>" and Mn*" ions (Figure 6c).® They
showed that the increase in Yb®>" concentration in a moderate
range provides the enhancement of both excitonic and NIR
PL, which can be attributed to the passivation of trap states
and increase in the emitters number, respectively. However,
at a larger concentration, both PL signals became weak because
of the concentration quenching effect. This effect is a well-known
for luminescent dopants, including lanthanides, in various
matrixes. The concentration quenching is also typical for
PNCs with a high degree of doping."**™%¢ In most cases, the
quenching occurs upon the excitation migration between closely
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¢) Reproduced with permission.®® Copyright 2019, American

located dopants. As a result, the excitation may be nonradiatively
transferred into a nonemissive site."*”"*® Despite the promising
initial results achieved with these systems and their huge poten-
tial, the NIR PLQY does not exceed several percent for the Yb**
centers, and it is even about one order of magnitude smaller for
the Er*" centers. Obviously, much effort is still required to make the
properties of these PNCs suitable for optoelectronic applications.

Engineering of nanocrystal heterostructures based on
perovskite platform is a novel concept to achieve optoelectronic
materials with ~synergetically improved characteristics.*”)
Heterostructures made of all-inorganic PNCs and lead sulfide
(PbS) QDs provide a unique opportunity to utilize the strong
PL in the NIR from QDs far inside the matrix of the nanosized
perovskite material. Zhang et al. have recently reported the RT
synthesis of heterostructured CsPbX;-PbS PNCs with a dual
emission."*? CsPbCl;—PbS were formed by chemical reaction
of presynthesized pristine PNCs with Dbis(trimethylsilyl)sulfide
((TMS),S) precursor. The CsPbBr;-PbS and CsPbI;-PbS
PNCs can be obtained by either analogical postsynthesis with
(TMS),S or anion exchange using PbBr, or Pbl,, respectively, in
a mixture of 1-octadecene (ODE), oleic acid (OA), and oleylamine
(OLA) (Figure 7). The growth of PbS QDs inside the heterostruc-
tured PNC is realized by the partial transformation of an initial
perovskite QD to PbS QDs by means of interaction with
(TMS),S. The optimal time of reaction for the coordination
between PNCs and PbS QDs allows achieving the highest
PLQY in both visible and NIR spectral regions. The system
enables further tuning of both emission bands by varying
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fabrication and g) corresponding absorption and PL spectra. Reproduced with permission."*® Copyright 2020, American Chemical Society.

the perovskite stoichiometry, time of reaction, and (TMS),S
amount.

6. Emission Thermal Quenching

The temperature of the environment has been also widely
acknowledged as a key factor that influences both crystals struc-
tures and band structures of halide PNCs, resulting in a change
in the PL properties. In general, the emission intensity of lumi-
nescent materials progressively decreases with increasing temper-
ature, and this phenomenon is known as emission thermal
quenching (TQ)."*" BacKlit displays for LCD applications typically
operate at 40-50 °C,"*% and the operating temperature can reach
as high as 200 °C in the case of high-power phosphor-converted
LEDs."*! Therefore, emission TQ is one of the crucial phenom-
ena that strongly affects the performance of luminescent materials
toward various luminescence-based applications. Materials with a
robust crystal structure, such as rigid inorganic phosphors, exhibit
a low-emission TQ intensity.['*!

Debye temperature is a reliable parameter for structural rigid-
ity: a high value indicates a more rigid structure.’**! PNCs pos-
sess a soft crystal structure, in agreement with their relatively low
Debye temperature (=300 K).'"*Y At elevated temperatures,
PNCs experience strong emission quenching. Schaller and cow-
orkers have systematically studied the temperature-dependent
emission properties of CsPbX; (X=Cl, Br, and 1) PNCs."*]
All the PNCs exhibited reversible emission intensity quenching
up to a temperature of 400-450 K. The reversible emission loss
has been attributed to the heat-induced charge-carrier trapping
by the halogen vacancies.!"*****! Furthermore, Woo et al. system-
atically studied how the emission intensity of MAPbBr; PNCs
would be comparable with that of MAPbBr; thin films and single
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crystals when increasing the temperature from 20 to 300K
(Figure 8a).'"*%! All three MAPDBr; samples (PNCs, thin films,
single crystals) exhibited a drop in their PL intensity when
increasing the temperature. However, the emission decay is
much slower in the case of PNCs because of their higher exciton
binding energy (388.2meV) compared with thin films
(124.3 meV) and single crystals (40.3 meV). The low exciton bind-
ing energy facilitates easier thermal dissociation of loosely bound
charge carriers in the case of MAPDBr; thin films and single crys-
tals. On the other hand, phonon-assisted thermal escape of the
charge carriers is attributed to the primary nonradiative decay
pathway of the exciton with increasing temperature in the case
of MAPbBr; PNCs. The optical phonon energies of MAPbBr3
PNCs, thin films, and single crystals were measured to be
~25, 31, and 53 meV, respectively. Such lower phonon energy
indicates that the scattering of the charge carriers by the phonons
is higher in the PNCs than in thin films and single crystals.
The exciton-phonon coupling, which serves as the exciton’s
nonradiative decay pathway in MAPbBr; PNCs, becomes promi-
nent at elevated temperatures, resulting in PL intensity loss.
Fang et al. studied the emission TQ behavior of FAPbI;
(FA = formamidinium) PNCs and thin films in the 20-300 K
regime.'"””) The emission quenching properties in a low-
temperature regime shed light on the basics of halide perovskite
emission properties. The FAPbI; PNC ensemble exhibited neg-
ative emission TQ behavior, which corresponds to a rise in the
emission intensity with increasing temperature. At higher tem-
peratures, the increase in the emission intensity is attributed to
the activation of charge carriers trapped at the surface of PNCs,
which radiatively recombine, in turn contributing toward the
emission intensity enhancement. On the contrary, polycrystal-
line films of FAPDI; exhibited strong emission TQ, resulting
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Figure 8. a) Integrated PL intensity variation of MAPbBr; PNCs, thin film, and single crystals as a function of temperature. Reproduced with permis-
sion.l"*®! Copyright 2018, American Chemical Society. b) Integrated PL intensity variation of CsPbBrs PNC films as a function of temperature up to 400 K,
followed by cooling back to RT. Reproduced with permission.!'**! Copyright 2017, The Royal Society of Chemistry. c) Low- and high-resolution TEM
images of two different sizes of CsPbBr; PNCs before (left) and after (middle and right) thermal annealing at 400 K for 20 min. Reproduced with per-
mission.["**! Copyright 2017, The Royal Society of Chemistry. d) Heating—cooling cycles of bare and NaBr-coated green-emitting PNCs. Reproduced with
permission.l"*?l Copyright 2019, American Chemical Society. e) Heating—cooling cycles of CsPbBr; PNCs embedded in a Cs,PbBrg matrix. Reproduced
with permission.['>? Copyright 2016, The Royal Society of Chemistry. f) Configuration coordinate energy diagram depicting the exciton self-trapping and
STE emission mechanism in lead-free PNCs. Reproduced with permission.['*® Copyright 2020, American Chemical Society. g) Single-coordinate energy
diagram illustrating the nonradiative (k,,) exciton recombination pathway related to STE emission with varying activation energies and, hence, with
varying Stokes shift. Reproduced with permission.!'*8 Copyright 2020, American Chemical Society. h) Integrated PL intensity variation of Cs3Cu,ls
PNCs during heating—cooling cycles. Reproduced with permission.['** Copyright 2020, American Chemical Society.

from both thermal dissociation of charge carriers (due to lower
exciton binding energy) and trap-mediated nonradiative recom-
bination. Furthermore, FASnI; single crystals and thin films also
exhibit negative emission TQ behavior—the PL intensity initially
increases upon cooling down the samples from RT, with a maxi-
mum in the intensity at 185 K, and with additional decrease upon
further cooling. The negative emission TQ behavior originates
from the phase transitions that take place upon the cooling of
FASnI;."*¥ Whether such phase transition behavior exists or
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not in their corresponding nanocrystal form can be demon-
strated by studying the emission TQ behavior of FASnlI;
PNCs. The negative emission TQ in the low-temperature regime
was also detected in a white-light-emitting low-dimensional lead
halide perovskite.!'*”!

Thermogravimetric analysis showed that very high tempera-
tures (above 400-450K) can generate enough heat to detach
the ligands from the surface of PNCs. This, in turn, promotes
the PNC agglomeration, followed by an irreversible emission
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decay (Figure 8b)."**'**! Figure 8c shows that CsPbBr; PNCs
agglomerate (and hence there is a loss of quantum confinement)
via the ripening process upon thermal annealing at 400 K. Also,
CsPbCl; and CsPbBr; PNCs experience the highest- and lowest-
emission TQ among CsPbX; PNCs, suggesting the halide-
composition dependency of emission TQ behavior in PNCs. The
broadness of the PL spectra increases as a function of tempera-
ture, and the broadness is higher compared with conventional
I1-VI semiconductor NCs at a given temperature, arising from
a complex longitudinal optical phonon-exciton coupling.!"**!

It is imperative to preserve the emission properties of PNCs
at elevated temperatures for their practical applications.
Embedding or encapsulating them in a matrix has been proven
to be a successful strategy for reducing emission TQ. Wang et al.
demonstrated that mesoporous silica—-CsPbBr; PNC composites
exhibited improved thermal stability compared with bare
CsPbBr; PNCs, retaining 40% of initial PL intensity when being
heated up to 100 °C."*% Also, the PL intensity of the nanocom-
posite fully recovered upon cooling it back to RT. Alumina coat-
ing also improved the emission stability of CsPbBr; PNC films
at high temperatures.">!! Recently, Kovalenko and coworkers
have demonstrated that the emission thermal stability of the
PNCs increases substantially with negligible variation in the
PL maximum energy upon encapsulating them in an inorganic
microcrystal.'*?! Green-emitting PNC/NaBr core—shells did not
display any drop in their PLQY at 40-50 °C, with 60% and 70% of
initial PL intensity retained at 100 and 120°C, respectively
(Figure 8d). Notably, about 60-70% of the initial PLQY was recov-
ered even upon annealing the microcrystal-shelled lead halide
PNCs at 80 °C for 190 h, which demonstrates the high potential
of this PNC-composite in LED applications. The emission prop-
erties of the green-emitting CsPbBr; PNCs remained unaffected
by the thermal annealing process when they are embedded
inside a Cs,PbBrg matrix.'**'**! The PL intensity almost
reverted to the initial value when cooling the sample to RT from
120°C, and the process was reproducible for several heating—
cooling cycles (Figure 8e).l"*? Similarly, brightly red-emitting
CsPbI3-Cs,Pblg hybrid PNCs preserved nearly 65% and 60%
of their initial PLQY at 150°C and after thermal annealing at
100°C for 6h, respectively.'** In the PNC—matrix composites,
the individual PNCs are spatially separated from each other by
the matrix, which prevents the PNC agglomeration under the
continuous thermal annealing and hence preserves the emission
properties of the PNCs.

In the case of lead-free PNCs and their bulk counterparts, the
emission process occurs via exciton self-trapping.l"*>'**! A high
electron-phonon coupling in these materials produces a STE
state as an additional excited state. The photogenerated charge
carriers are self-trapped from the free energy state to the lower
energy (stable) STE state, followed by the radiative recombination
to produce the STE emission (Figure 8f).*>” Thermal-annealing
quenches the STE emission intensity via the STE detrapping, fol-
lowed by nonradiative relaxation to the ground state."*® The
detrapping process has an activation barrier and, hence, can
be accelerated with the increasing temperature (Figure 8g).l"*®!
For instance, the PL intensity of Cs;Cu,ls PNCs increasingly
quenches as a function of temperature via the STE detrapping,
similar to the case of bulk Cs;Cu,ls (Figure 8h).'>”'%% On the
other hand, the STE emission of Cs;Cu,I5 increases as a function
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of temperature in the low-temperature regime via thermal-
assisted STE emission enhancement.!"®”! Also, it is interesting
to note that Cs;Cu,Cls exhibits substantially higher emission sta-
bility compared with Cs3Cu,Brs and Cs;Cu,l5. 1161 High exciton
binding energy, low energy transfer, and strong Cu—Cl bond
were proposed as the possible causes of the lower-emission
TQ observed in the case of Cs3Cu,Cls.

7. PNC-based LED Applications
7.1. Lead-based PeLEDs

Metal halide PNC-based LEDs (PeLEDs) have recently gained
significant interest due to their low-cost solution processability,
bright luminescence, good mass-production yield, and size-
and composition-dependent light emission from violet to
NIR regions.'®%”l The already mentioned near-unity
PLQYs, excellent color purities, and easily tunable emission
energies with very narrow bandwidths (typically referred to
as full-width at half-maximum [FWHM] bandwidth) of PNCs
make them potential candidates for high-quality lightings, dis-
plays, and optical communications."**7% Organic-inorganic
(e.g., FAPbBr;, MAPbBr;) PNCs, 7271731 2D perovskites (e.g.,
PBABr(CgHs(CH,)4NH;Br), PBA,(CsPbBr;),_;PbBr,),M"*7>!
all-inorganic (CsPbX; with X =1, Br and Cl), CsPb(Br,I;_,)s,
CsPb(Br,Cl;_,)3) PNCs,'%%17671781 and the combination of
2D perovskites and PNCs in hybrid nanocrystal materials
(e.g., PBABrY(Cs(,]FAOjPbBr;))mg] were mostly used so far
in PeLED applications, and achieved impressive EQEs of the
devices in the past 5 years. The recent progress of PNC-based
PeLED is shown in Table 2 and Figure 9a. PNCs with various
morphologies, namely 2D nanoplates, 1D nanowires, and 0D
QDs can be utilized for PeLED applications,[171:17%175:176,180,181]
Easy control of the halide content and quantum confinement
effects allow the tunability of PNCs to enable PeLEDs that emit
different colors (red, green, and blue). [*6%170:176.181182] e
record EQE values for red, green, and blue-PeLEDs are
20.7%,831 20.3%,"8* and 9.5%,!"”?! respectively. For blue,
green, and red perovskite QDs-based LEDs (PeQLEDs), the
highest EQEs of 12.3%,"%% 22%,1'** and 21.3%["7% have been
obtained with 0D cesium lead halide PNCs.

Tremendous work has been done to improve the stability and
performance of PNC-based PeLED i) using short or zwitterionic
sulfobetaine ligands in the PNCs synthesis,"®>'#¢ 2) via metal
ion doping to promote carrier injection ability of perov-
skites, 87188 3) upon addition of polymers,'#1%°! 4) through
surface passivation with metal halides/chlorides!’’®8%1°1 or
with a thin inorganic crystal layer at the grain boundary of
PNCs to block ion migration, 5) via postsynthesis passivation
(iminodibenzoic acid and didodecyldimethylammonium hal-
ides),l'*%19% and finally 6) by optimizing the LED device struc-
ture, especially balancing the electron and the hole injection
efficiency to reduce charge accumulation inside the device.

It is well known that the capping ligands (e.g., organic alkyl
chain) severely influence the growth and optical properties of
halide PNCs, thus, the theoretical simulation for the predicted
effect of organic capping ligands on the PNCs is beneficial for
the understanding of PL properties in close relation to their
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Table 2. Recent progress on red, green, and blue PNC-based PeLEDs.
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Color Emission layer Turn on voltage EL wavelength Maximum Luminance Peak EQE Year of Ref.
v [nm] [cd m~?] (%] publishing
Red CsPbl; nanocrystal 2.2 698 206 5.7 2016/3 [181]
Red CsPb(Br/l); nanocrystals with PEI 1.9 648 2015 6.3 2016/10 [189]
Red CsPb(Br/l); nanocrystals with PEI 1.9 638 2216 7.25 2016/10 [189]
Red CsPb(Br/l); nanocrystals with PEI 1.9 648 2100 4.22 2016/10 [189]
Red CsPbl; nanocrystals treat with IDA 4.5 688 748 5.02 2017/12 [192]
Red CsPb(Br/l); QDs with An-HI 2.6 645 500 14.1 2018/10 [176]
Red CsPb(Br/1); QDs with OAM-I 2.8 653 794 21.3 2018/10 [176]
Red Sr**-doped CsPbl; nanocrystals 691 1152 13.5 2018/10 [178]
Red Cu doped CsPbBrl, nanocrystals 4 630 2000 5.1 2019/5 [187]
Red Sr**~substituted a-CsPbl;QDs 9.2 678 1250 5.92 2019/1 [203]
Red KBr with CsPbl;_,Br, nanocrystals 3.6 637 2671 3.55 2020/1 [191]
Red Zr-modified CsPbl; nanocrystals 3.9 686 14725 13.7 2020/3 [202]
Green CsPbBr; QDs 4.2 516 946 0.12 2015/10 [165]
Green CsPbBr; nanocrystals 523 2335 0.19 2016/3 [181]
Green CsPbBr;-CsPb,Brs nanocrystals 4.6 527 3853 2.21 2016/4 [237]
Green CsPbBr; QDs 3.4 512 15185 6.27 2016/11 [238]
Green CH3NH3PbBr; nanocrystals 33 520 5.09 2017/6 [239]
Green CsPbBr; QDs washed with AcOBu 2.7 512 1660 8.73 2017/5 [204]
Green CsPbBr; QDs washed with BuOH 2.7 512 1490 6.25 2017/5 [204]
Green PBA,(CsPbBrs),,_1PbBr, nanoplates 8V 514 14 000 10.4 2017/10 [175]
Green OA/OLA-capped CsPbBr; nanocrystals 2.8 516 7085 6.5 2018/1 [185]
Green CsPbBr; nanocrystals 35 516 1641 25 2018/2 [186]
Green CsPbBr; QDs-DDAB 3.0 515 3.0 2016/8 [205]
Green MAPbBr; nanocrystal 3.1 524 22830 12.9 2018/4 [240]
Green MAPbBr; nanocrystal 29 524 25410 10.67 2018/4 [240]
Green MAPbBr; nanocrystal 3.0 524 33570 791 2018/4 [240]
Green CsPbBr; QDs 515 55800 11.6 2018/6 [207]
Green FAPbBr; nanocrystals 4.7 526 13970 16.3 2018/8 [172]
Green CsPbBr; QDs passivated ZnBr, 518 76 940 16.48 2018/10 [173]
Green CsPbBr3 QDs passivated MnBr, 518 100080 15.6 2018/10 [173]
Green CsPbBr; QDs passivated GaBr; 518 53600 14.1 2018/10 [173]
Green CsPbBr; QDs passivated InBr; 518 76 200 16.2 2018/10 [173]
Green CsPbBr; QDs 518 27 400 10.7 2018/10 [173]
Green BA,Cs,_1Pb,(Br/Y);,,1 nanoparticles 4.5 506 3810 10.1 2018/11 [247]
Green DDAC/DDAB-treated CsPb(Br;_,Cl,)3 nanocrystals 502 7600 4.96 2019/10 [193]
Green DDAC/DDAB-treated CsPb(Br;_,Cl,)3 nanocrystals 512 34700 9.8 2019/10 [193]
Green NaBr-based CsPbBr; nanoparticles 2.9 512 8353 17.4 2019/8 [188]
Green CsPbBr; nanoparticles 29 516 7657 12.0 2019/8 [188]
Green Bottom side TSPO1 passivated CsPbBr; QDs 6.8 516 11000 10.2 2020/8 n77
Green Top side TSPO1 passivated CsPbBr; QDs 6.8 516 14 000 13.5 2020/8 [177]
Green Bilateral interfacial passivated CsPbBr; QDs 6.8 516 21000 18.7 2020/8 [177]
Green Bipolar shell 7nm CsPbBr; 505 ~2000-3000 22 2020/7 [169]
Blue CsPb(Br/Cl); QDs 5.1 455 742 0.07 2015/10 [165]
Blue CsPbB,,Cl;_, nanocrystals 350 0.07 2017/4 [165]
Blue CsPbBr; nanoplates 480 25 0.1 2018/3 [167]
Blue Mn-doped CsPb(Br/Cl); nanocrystals 466 245 2.2 2018/11 [180]
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Table 2. Continued.
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Color Emission layer Turn on voltage EL wavelength Maximum Luminance Peak EQE Year of Ref.
™ [nm] [cdm ™2 9] publishing
Blue CsPbBr; QDs-DDAB 3.0 490 35 1.9 2016/8 [205]
Blue PBABr,(Cso.7FAq3PbBr3) quantum-confined 33 474 4 2019/8 79
nanoparticlesuasi-2D phases
Blue PBABr, (Cso.7FAq3PbBr3) quantum-confined 3.3 476 4.8 2019/8 [179]
nanoparticles quasi-2D phases
PBABr, (Cso.7FAq3PbBr3) quantum-confined 34 478 6.3 2019/8 [179]
nanoparticles quasi-2D phases
Blue PBABr, (Cso.7FAg.3PbBr3) quantum-confined 4.1 483 770 9.5 2019/8 [179]
nanoparticles quasi-2D phases
Blue BA,Cs,_1Pb,(Br/Y)s,1 nanoparticles 5.0 465 962 2.4 2018/11 [247]
Blue BA,Cs,_1Pb,(Br/Y)s,1 nanoparticles 4.5 487 3340 6.2 2018/11 [247]
Blue CsPb(Br/Cl)s; nanocrystals 8.25 463 318 1.4 2019/5 [190]
Blue DDAC/DDAB-treated CsPb(Br_,Cl,); nanocrystals 463 193 1.03 2019/10 [193]
Blue DDAC/DDAB-treated CsPb(Br_,Cl,); nanocrystals 476 678 2.25 2019/10 [193]
Blue DDAC/DDAB-treated CsPb(Bry_,Cl,)3 nanocrystals 490 2063 3.5 2019/10 [193]
Blue Ni?*-doped CsPb(Br/Cl); QDs 2.1 470 612 24 2020/2 [242]
Blue DAT-treated CsPb(Br,Cly_,)3 QDs 470 6.3 2020/2 [206]
Blue PBABr,CgHs (CH,)sNH;Br 2.9 486 643.8 434 2020/4 [243]
Blue PBABr,C¢Hs(CH2)4NH3Br 2.7 493 1151 5.08 2020/4 [243]
Blue Bipolar shell 4 nm CsPbBr; ~2.6 479 ~280-290 12.3 2020/7 [169]

performance in PeLED applications. Basically, the organic cati-
ons in perovskites negligibly contribute to the frontier molecular
orbitals, so the focus of the DFT simulations can mainly focus on
the inorganic lattice. On the other hand, the organic cations
rather create the separation of the inorganic sheets and induce
confinement from 3D to 2D.***! Also, the alkyl chain length in
the PNCs system effectively influences the bonding of the inor-
ganic part. For instance, Kamminga et al. reported™®! that an
increase in the ligand length reduces the angle of Pb—I—Pb to
~153°. An excitonic band blue shift was also observed*® with
the decreasing structure dimensionality. Some DFT stud-
ies,'971%8] a5 well as a joint experimental and theoretical
DFT,"® on lead- and tin-based halides revealed the influence
of the steric size of the organic cations on the bond angles of
the inorganic lattice and on the bandgap as well. Accordingly,
a reduced Pb—I—Pb bond angle is the result of the size increase
in the organic molecules and the increase in the bandgap. This
feature has been experimentally proved by observing a blue shift
in the PL spectrum when the organic cation length was
increased, so that the inorganic Pbl, sheets were distorted.!**
For the aforementioned theoretical studies, the distorted bond
angles, effective masses of the electrons and holes, and band
structures were explored computationally through DFT 4 SOC
analysis using the Quantum Espresso?®” software.

In general, long-chain organic ligands (such as oleic acid
and oleylamine) shield the PNCs with an insulating layer,
hence negatively impacting the performance and stability of
PeLEDs.["*>192 In fact, the loss of surface ligands during washing
and the presence of residual organics in the nanoparticles synthe-
sized with a long-chain ligand can be very detrimental to the
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charge-carrier transport of PNCs."®*! Both residual organics and
surface trap sites formed by the loss of surface ligands act as non-
radiative recombination centers, thus reducing the performance
and PLQY of PeLEDs.'®! Hence, it is essential to synthesize
PNCs with short-chain ligands (e.g., octylphosphonic acid [OPA])
to pursue high-performing devices."®” For instance, PeLEDs fab-
ricated with CsPbBr; PNCs synthesized with OPA ligands demon-
strated an EQE of 6.5%, which is significantly higher than that of
PNCs including long-chain ligands (EQE = 0.86%).1'*"!

More recently, Brown et al. reported an even higher EQE of
7.74% for a similar system.*®Y) Furthermore, Sr**,['7®
Cu 1192 Min?* (189 71+ 2021 Na By, ['88] and KBr!"*" were added
as additives/dopants into the perovskite precursor solution to
enhance the stability and performance of PeLED by improving
film morphology, charge transfer, emissive properties, and
simultaneously passivate the nonradiative recombination surface
trap sites.[178180-188.191,192.2021 £ ingtance, the PLQY of CsPbBr;
PNC-based films increased from 38% =+ 5% to 68% +5% upon
the addition of 5% NaBr additive."®® Consequently, the EQE was
enhanced from 12% to 17.4% when 5% NaBr was added to
CsPbBr3; PNCs films,"®® resulting in the improved charge trans-
port and defect passivation, along with the suppression of the
defect-assisted nonradiative recombination."®® The PLQYs of
pristine CsPbl;_,Br, and KBr-passivated CsPbl;_,Br, PNC film
were reported as 52% and 64%,'°" respectively. The inferior
PLQY of pristine CsPbl;_,Br, PNC film compared with the
passivated one could be due to the surface defects that act as
nonradiative recombination centers, similarly as discussed ear-
lier."!! The recombination scheme of excitons in pristine
CsPbl;_,Br, and KBr-passivated CsPbl;_,Br, PNC films is
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Figure 9. a) Recent progress on blue, green, and red PNCs-based PeLED. b) Recombination of excitons in the CsPbl;_,Br, PNC film: (i) pristine
CsPbl;_,Br, PNC film and (ii) KBr-passivated CsPbl;_,Br, PNC film. Reproduced with permission.'®" Copyright 2020, American Chemical Society.
¢) Interaction between diphenylphosphine oxide-4-(triphenylsilyl)phenyl (TSPO1) ligand and perovskites QDs. The red double-headed arrow shows that
the TSPO1 group interacts with the uncoordinated Pb atom. d) Structure of PQLED using passivated and not passivated QD films, and illustration on the
role of TSPOT in passivating defects on the surface of QD films. The defects may trap carriers (e.g., holes and electrons), decrease exciton recombination,
and hence degrade the device performances. e) PLQY of QD films without and with TSPO1 on the bottom side, on the top side, and on both sides of QD
film. f) PL decay curves of primal and TSPOT1-passivated CsPbBr; QD films. g) EQE of the original device and bilateral-passivated device. h) Normalized
EL spectra of pristine and bilateral-passivation QLEDs under an applied voltage of 3V i) Operational lifetimes of pristine and bilateral-passivated
device tested at different initial luminance, 1000, 5000, and 10 000 cd m~2, respectively. Reproduced with permission.l'””! Copyright 2020, Springer

Nature.

shown in Figure 9b."!I The defects were formed on the surface
of the pristine CsPbls_,Br, PNC films when exposed to air,
and these defects trap the excitons, thus leading to more nonra-
diative recombination (Figure 9b(i)). Nevertheless, the defect
concentration in the case of KBr-containing PNCs film was mini-
mized by the surface passivation of PNCs film with K* ions,
leading to reduced nonradiative recombination (Figure 9b(ii))."*"
The highest EQE values were 3.55% and 1.89% for KBr-passivated
CsPbl;_,Br, PNCs and pure CsPbl;_,Br, PNC-based PeLEDs, 7!
respectively.
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Highly efficient PeQLEDs based on 0D perovskite QD (PeQD)
films can be realized as PeQDs display simultaneously bright
luminescent features and effective electric transport proper-
ties.[166:169.173:176.177) The high luminescence of PeQD films is
closely related to the quality of QD materials and their film for-
mation process.[°¢169173176.177 1 fact, massive defects can
form during the formation of the PeQD film, which significantly
affects charge carrier injection, transportation, and recombina-
tion, and finally the degradation of the consequent PeQLED per-
formance [166169.173176.177] The development of PeQLEDs has
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been going through two stages, ie., an initial phase and an
advanced phase. In the initial phase, lots of efforts were devoted
to optimizing the quality of colloidal PeQDs so to improve the
radiative recombination of PeQD films through surface ligand
engineering, surface treatments (e.g., surface passivation),
energy-level alignment, and new synthesis protocols to ensure
halide-rich compositions."8°2%3-2%7] The advanced phase of the
development instead mainly focused on the passivation of
defects located at the interface between the QD layer and charge
selective layers, improving charge transport in QD films via, e.g.,
i) bipolar—shell resurface process, 2) substitution of the long
organic ligands used during synthesis with shortligands, 3) anion
exchange, and 4) interfacial engineering.*¢%173176:177:202] 1) the
rest of this section, we will briefly summarize the key points from
each of these strategies.

The surface treatment with long-chain organic ligands (e.g.,
DDAB) and bipolar shell resurfacing processes were implemented
to address the bromide deficiency in purified PeQDs.'*” The
bipolar shell-resurfaced PeQDs consist of an inner anion shell
and an outer shell comprising cations and polar solvent molecules.
The outer shell is electrostatically adsorbed to the negatively
charged inner shell. This approach produces a short inter-QD dis-
tance enabling efficient charge transport in PeQD films as a result
of the enhanced charge carrier mobility (>0.01 cm?V~'s™ 1)1
The bipolar shell-resurfaced 4 and 7 nm QDs exhibited near-unity
PLQYs. The DDAB-treated 7 nm QDs showed a PLQY of 80%,
whereas a notable increment in PLQY was not observed for
DDAB-passivated 4 nm PeQDs.!"*" The PLQY remained invariant
over 6months of shelf-storage confirming that bipolar shell-
resurfaced PeQD solution indeed enabled excellent stability.!**”!
The operational lifetime of PeQLEDs constructed using bipolar
shell PeQDs was 60 min at 1200cdm™ for the green LEDs
and 20 min at 90 cd m™?, which was higher than the previously
reported lifetime (<10 min).['*°!

Song et al.'”* studied the impact of organic—inorganic hybrid
ligand (OIHL) passivation on the chemical composition and the
emissive properties of CsPbBr3-based QD films. The halide-rich
composition for OIHL-treated QDs was reported as a successful
strategy to reduce the concentration of nonradiative recombina-
tion centers.’”*! The PLQYs of OTHL-passivated PeQD films and
pristine PeQD film-based devices have been reported as 79% and
58%, respectively. However, after annealing the films at 90 °C for
5 min, the PLQY of pristine QD film case decreased to 47% of the
initial value with a reduction of 20%, whereas nearly 97% of the
original value of PLQY was retained for OIHL-passivated QD
films.'”?! The PLQY decrease for thermal-annealed pristine
PeQD films is possibly due to the high density of dangling bonds
and uncoordinated surface atoms (e.g., Pb and halide vacancy) by
solvent evaporation and the loss of surface ligands, which are
accountable for the traps and nonradiative recombination.!"”*!
The OIHL-passivated PeQLEDs demonstrated a higher current
density (875 mA cm™?) than that of pristine QDs (761 mA cm ™ ?)
under the operating bias of 5.6 V. The average peak current effi-
ciencies (average peak EQE values) from 40 devices were as high
as61.2d A™" (15.1%),59.6d A~ (14.8%), 57.4d A~" (13.8%), and
53.7cd A7! (14.6%) for LEDs based on ZnBr?~, MnBr?~, InBr’~,
and GaBr’ -passivated PeQDs, respectively.’’?! The PeQLED
devices based on OIHL passivation have also shown a longer life-
time (/140 min) than the case of the pristine PeQDs (40 min)."”*!
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The operational stability of PeQLEDs strongly depends on the
environmental temperature, ion migration, thermal instability
of the crystal phase, and interfacial instability.'**'”*! Ton migra-
tion is generally associated with defect formation, interfacial
charge and ion accumulation, degradation of interlayers, and cor-
rosion of electrodes.'*®173 1t is known that point defects, espe-
cially halide vacancies, serve as ion migration channels. Hence,
the bromide-deficient pristine QDs favor ion migration under
the bias, in turn leading to the PeQLEDs instability.!"”*!

Chiba et al. demonstrated anion-exchanged red-emitting
PeQDs from pristine green-emitting CsPbBr; QDs using long
alkyl chain-based oleylammonium iodide (OAM-I) and aryl-based
aniline hydoroiodide (An-HI) for the application in highly effi-
cient LEDs.'”! After the anion-exchange, the red-emitting
PeQDs in a toluene dispersion exhibited high PLQYs of 80%
and 69% for OAM-I and An-HI, respectively. Indeed, the
PLQY of the pristine CsPbBr; QDs was only 38%.!"° The higher
PLQYs of the anion-exchanged red PeQDs versus the pristine
ones was attributed to the hinding of anion defect formation.
The EQE of the pristine CsPbBr; PeQLED was low (0.17%)
due to the presence of anionic defects in the PeQDs.'”® On
the other hand, the performances of the anion-exchanged red
PeQLEDs were significantly enhanced. The averaged EQEs for
the OAM-I and An-Hl-passivated red PeQLEDs were 20.4%
and 12.2%, respectively.’’®) The OAM-I and An-HI-based
PeQLED exhibited operational lifetimes of 5 min and 180 min,
respectively.l'” The shorter lifetime of OAM-I-based PeQLED
was attributed to the variation in chemical composition and sur-
face ligands of the anion-exchanged PeQDs.""”® The bromide ion
vacancy promotes ion migration in the device, and the presence
of an electric field during device operation cause anion segrega-
tion in mixed-halide PeQDs, thus leading to the instability of the
PeQLEDs.[166:173.176]

Xu et al. reported a bilateral interfacial passivation strategy for
promoting the enhancement of the efficiency and stability of
CsPbBr; PNCs-based PQLEDs.'””! The interaction between
uncoordinated Pb present at the PeQD surface and P=0 bond
from the diphenylphosphine oxide-4-(triphenylsilyl)phenyl
(TSPO1) ligand were highlighted as the critical factors that pas-
sivate the defects located at the interface of PeQD films and
charge transport layer (Figure 9c,d)."’”! In the PeQLEDs, the
defects would capture electrons and holes, thus resulting in
low device efficiency (Figure 9d). The as-synthesized cubic-
shaped CsPbBr; QDs ink exhibited excellent PL properties with
a PLQY of 85 + 3%.1'77) Nevertheless, the light emission of the
film exhibited a sharp decline (43 + 4%) due to the formation of
nonradiative recombination centers during the film-forming pro-
cess.””I The bilateral passivation through evaporation of organic
ligands (TSPO1) on both top and bottom sides of perovskite QD
films (Figure 9d,e) was anticipated to boost the PLQY and, thus,
the exciton recombination efficiency.”””) Compared with both
the bottom and top sides’ passivation, bilateral passivation of
QD films exhibited maximum PLQY of 79 & 3% (Figure 9e), sug-
gesting efficient electron—hole recombination in the passivated
PeQD films.!"””) The TSPO1-passivated films exhibited an aver-
age lifetime of approximately 13.9 ns that is longer than that of
about 6.7 ns for primal QD films (Figure 9f), thus confirming
that TSPO1 effectively reduces the nonradiative recombination
centers on the QD films. The top and bottom sides of the
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TSPO1-passivated device exhibited high EQE with peak values of
13.5% and 10.2% (Figure 9g), respectively. These values were
higher than the EQE of the unpassivated devices (7.7%). Both
side-passivated PeQLEDs exhibited an EQE as high as 18.7%
(Figure 9g), whereas the EL spectra did not shift after the passiv-
ation (Figure 9h).l"””) Both bilateral-passivated and unpassivated
PeQLEDs exhibit an EL peak centered at 516 nm with an FWHM
of 20nm."””! This indicates that the passivation layer would
not affect the nanocrystal structure of the PeQDs. Furthermore,
no spectrum shift was observed under the driving of different
voltages.!"””) Apart from the enhancement in exciton recombina-
tion (e.g., PL and EL efficiencies), bilateral passivation can also
enhance the material and device stabilities.”””) The PL intensity
of bilateral-passivated film exceeded 85% of the original value
after 10h, and the unilateral-passivated film retained 70% of
the initial intensity, whereas the pure QD films lost 60% of
the original intensity.’””) The pristine, unilateral-passivated,
and bilateral-passivated PeQLED devices at a constant current
density with an initial luminance of about 1000 cd m ™~ exhibited
operational lifetimes of 1.4, 14, and 30 min, respectively. For sim-
ilar PeQLED devices at 100 cd m ™2, the operational lifetimes of
pristine and bilateral passivation of the PeQLED device were pre-
dicted to be 47 min and 15.8 h, respectively.l'””) The operational
lifetimes of pristine (controlled) and bilateral-passivated devices
under different initial luminance are shown in Figure 9i. This
suggests that the higher the current density, the faster the device
performance decay will be. All the results demonstrate that bilat-
eral passivation is indeed an effective strategy to enhance the
exciton recombination efficiency and thus increase the material
and device stabilities.!'””!

Fang et al. discussed the importance of controlling charge bal-
ance for fabricating high-performance green CsPbBr; QLED.*%®!
The simultaneous enhancement of EQE (21.63 %) and opera-
tional lifetime (180 h) was achieved by balancing the charge injec-
tion with the help of a bilayered electron transport structure
(both electron blocking and hole transport layers).?*®! Wang
et al. studied the multifunction of the molecular interface
(1,3,5-tris (bromomethyl) benzene (TBB))) control approach
that reduces pinholes in the large-area perovskite layers, by
controlling the film formation, and simultaneously passivates
the defects in perovskites by incorporating Br species.?®! This
approach prevents both shorts and nonradiative recombination,
leading to improved charge injection or transport of
PeQLEDs.** The green FAPbBr; nanocrystal PeLED, fabricated
with a multifunctional molecular interface modifier, displayed a
EQE of 20.1%.12°% The selection of interfacial layer materials is
vital for obtaining a high-performance PeQLED.

Despite the mnotable accomplishments on blue, green,
and red PeQLEDs, there is still much room to achieve stable
and highly efficient red and blue devices with high lumi-
nance,[166-169.173,176,177,208209] Tho0h the maximum EQE of
red PeQLED has been 21.1%, these devices’ practical applications
are limited by the color instability of PeQLED under operational
conditions.!"**'7% For instance, in mixed bromide-iodide perov-
skite emissive layers, Br and I ions tend to segregate into Br -
and [ -rich domains under the electric field, resulting in a shift
of the EL spectra and change in emission colors during the device
operation.'®*#'% A similar phenomenon is observed in blue
PelEDs with mixed chloride-bromide perovskite emissive
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layers."® Experimental and theoretical calculations suggest that
phase segregation is mediated by ionic defects, especially by vacan-
cies.”!! Serious attention is required to in-depth investigate defect
passivation to cope up with the ion migration pathways.

7.2. Lead-Free-based PeLEDs

The high toxicity of lead ions in traditional perovskite-based LEDs
may limit their commercial viability. The high-water solubility
of lead halide perovskites enables the release of lead into ground-
water resources, impacting environmental pollution and human
health.*® It is essential to search for alternative compounds that
are environmentally friendly while maintaining the device’s
performance of Pb-based perovskites. Wide ranges of promising
lead-free materials have exhibited PLQYs comparable with lead
halide perovskites.['*>*'2222 The lead-free counterparts include
copper halides (Cs;Cu,ls, Rb,CuXs;, K,CuXs;, X=Br, Cl),
CsSnX; (X=1I, Br), Cs;Sb,Bro, FA3Bi,Brg (OCTAm),SnBry
PEA,Snl,, CH3;NH;Sn(Br;_,lI,);, vacancy-ordered halide double
perovskites (Bi-Cs,Snls, Cs,Sn;_,Te,Cls), and halide double
perovskites  (Cs,Ag,Na; _,InCl;,  Cs,AgInCls, Cs,AgBiBrg),
(C4N,H,4Br),SnBrs, which display near unity PLQYs.[15 9.212-227]
The Cs;Cu,ls-based LED has shown a low EQE of 1.1% and exhib-
ited a high operational time (109 h).***) The maximum EQE of 5%
was demonstrated for PEA,Snl,-based LEDs made with valeric
acid (VA), and they have also shown an operating time of
15h.”?! The position of EL spectra does not change even after
9h operation.”?” The enhanced device stability is attributed to
the strong interactions between VA and the perovskite film, sup-
pressing ion migration during device operation and preventing tin
oxidation.””! The tin-based multiple quantum well PeLED dis-
plays an EQE of 3%, and these devices show an operational time
of 2h under a constant current density of 10mA cm~ 2%
Recently, substantial progress has been made on lead-free
PeLEDs, as shown in Table 3. However, the design rules need
to be further developed to screen promising materials from the
plethora of possible lead-free perovskite emitters for LED applica-
tions.['*>#12222] The large tolerance on exciton binding energies,
bandgaps, and charge-carrier mobility of the materials have a
critical role in obtaining high device performance'>**12222
A combination of experimental and theoretical investigations
on exciton binding energies, bandgaps, and charge-carrier mobi-
lities may help to search for the suitable lead-free materials for
high-performance LEDs."*%?12-222]

8. Conclusions

Halide PNCs are the rising star in optoelectronics, especially
when considering the light-emitting applications, due to their
outstanding luminescence. In this Review, we have summarized
recent findings on the light emission of PNCs. We especially
focused on the correlation between PL and phase transition,
the dual-color emission, the tunability of the PL toward NIR,
and the thermal quenching effect. The utilization of PNCs in illu-
minating devices, i.e., LEDs, has been also discussed as their core
application, due to the typically high PLQY of halide PNCs.
Although a huge number of interesting research works have
been reported in the PNCs field within the last 5 years, there
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Table 3. Recent progress lead-free-based PeLEDs.
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Color Emission layer Turn on voltage [V]  EL wavelength [nm] ~ Maximum luminance [<dm™?  Peak EQE [%] Year of publishing Ref.
Infared CH3NH;Sn (Bry 43 2.2 945 58 0.72 2016/6 [244]
Red CH3NH;Sn(BryLly)s 2.2 667 209 0.007 2016/6 [244]
Infared CsSnls thin film ~2.0 950 364.3 3.8 2016/7 [245]
Red PEA,Snl, films 3.6 618 0.15 2017/6 [227]
Red CsSnBr; thin film 673 0.34 2018/3 [227]
uv Cs2Ag06Nag 4InCle:Bi 5000 2018/11 [215]
Red (OAm),SnBry 2.2 621 350 0.1 2018/12 [246]
Infared  (PEAI)3(Csl);(Snly)s films 2.0 0.25 2019/1 [228]
Infared  (PEAI)5(Csl)s(Snly)e films 2.0 1.52 2019/1 [228]
Infared  (PEAI)35(Csl)5(Snly) s films 2.0 920 3.01 2019/1 [228]
Blue Cs3Sb,Brg QDs 5.0 408 29.6 0.21 2019/11 [227]
Red TEA,Snl, thin film 2.23 638 322 0.62 2020/1 [247]
Red PEA,Shl, thin film 230 629 58 0.16 2020/1 [247]
Yellow CsCusyl; thin film 5.0 555/571 47.5 0.17 2020/6 [248]
Blue Cs3Cu,ls thin film 436/ 140 0.27 2020/5 [248]
Blue Cs3Cusls thin film 4.5 437/460 262.6 1.12 2020/6 [159]
Red PEA,Snl, thin film 58 633 70 0.3 2020/4 [226]
Red (PEA),Snl, film with VA 632 170 5 2020/10 [225]
Red (PEA),Snl, film 632 38 0.13 2020/10 [225]

is still large room for further improving their luminescence per-
formance with strong potential for a broad range of applications
in optoelectronics.

In this section, we provide our critical view on relevant inves-
tigation directions for further development of luminescent
PNCs: 1) Deep understanding of the PL properties with funda-
mental mechanism studies, particularly for lead-free-based
PNCs. Lead-free PNCs, whereas on the one hand allow address-
ing the toxicity concern of lead-based PNCs, on the other hand
display poor luminescent properties, i.e., low PLQY and low
defect-tolerance, compared with the highly luminescent lead-
based ones. As quite many lead-free PNCs (e.g., Bi-based and
Sb-based) display indirect transition features (one key reasons
for the low PLQY), it is urgent to clarify their underlying lumi-
nescent mechanisms such as radiative recombination pathways,
intraband states, and direct—indirect transitions. The outcomes
of these studies will provide crucial hints for electronic structure
engineering to enhance the PLQY. 2) Passivating the PNC sur-
face via doping engineering for the enhancement of the lumines-
cence. It is undoubtedly important to probe the effects of various
metal cations (e.g., transition metals and rare-earth metals) on
surface passivation, and on the traps or vacancies filling.
Though the doping of PNCs has already recently been the focus
of many reports, we believe that this strategy could still be suc-
cessfully adopted to improve the optoelectronic properties of
the host PNCs, whereas at the same time, overcoming some
of the critical challenges of PNCs, e.g., stability. For instance,
Sn?*.based PNCs normally exhibit extremely low PLQY (e.g.,
<1%) due to their intrinsic high density of vacancies, thus, dop-
ing of Sn-PNCs with some divalent metal cations, such as Mn**,
could be an effective way to improve their PLQY while potentially
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stabilizing the Sn*" against its easy oxidization in air.
3) Advanced modeling studies for the accurate prediction of
emission-related properties. Currently, DFT is typically used to
study the band structure, density of states, and charge carrier
(electron and hole) effective mass of PNCs. Expanding the scope
of theoretical calculations to pursue more accurate prediction of,
e.g., the quality assessment of as-formed halide PNCs (number
of defects and impurities per unit PNC), the role of metal cations
in nonradiative quenching, and the origin of the emissive cen-
ters, may enable further exciting advancement in the understand-
ing of the emission properties of PNCs. In this respect, more
attention should be also paid to fine-tune the selection of the
most appropriate computational method to specifically study
the mnanocrystal systems. Recently, the classical force-field
method has been adopted for the PNCs modeling to overcome
the limitations of DFT related to the high number of atoms of the
systems under consideration,?*”! the presence of ligands (the
size of ligands is commonly not considered), and the interactions
with the solvent that are typically neglected. Moreover, the clas-
sical force-field calculations require considerably less time than
the corresponding DFT ones. 4) Broadening the emission-related
applications toward commercialization. Most of the current stud-
ies on PNCs’ applications focus on the direct applications of
light-emitting materials such as LEDs, photodetectors, and las-
ing. Nevertheless, there are several other possible exploitations
of the emission properties of halide PNCs, e.g., temperature sen-
sor (thermochromism of 0D Cs,PbBrg),*”! upconversion lumi-
nescence (CsPb(Br/I); NCs),1?*" stress sensor (pressure-induced
emission in Cs,PbBrg NCs),*? and superfluorescence from
PNC superlattices (for multiphoton quantum light sources).[?**
Another intriguing consequence of both quantum confinement
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and high PLQYs of PNCs is their application in scintillators. Lead
halide PNCs exhibit strong radioluminescence (X-ray excited
emission) intensities with tunable emission energies.[*¥
The scintillating sensitivity of PNCs is much higher than that
of commercial scintillators, such as PbWO, and YAIlO;:Ce.
The investigation of PNCs, and particularly Pb-free PNCs, with
their bright radioluminescence intensities, can be a promising
area of research to be further expanded. For instance, the radio-
luminescence intensity of Rb,CuBr; (91 000 photons/MeV) is
4 times higher than that of CsPbBr; PNCs (21 000 photons/MeV)
and also outperforms several well-known scintillators.**)
5) Improving the emission stability of PNCs at elevated temper-
atures. The emission TQ of PNCs has been reduced by encapsu-
lating them in an inorganic matrix (PNC-hybrids). As a result,
the PNC-hybrids have been proposed as potential color emitters
in phosphor-converted white LED (pc-WLED) applications.
However, their emission TQ remains higher than that of conven-
tional phosphor materials. One possibility to reduce the emission
TQ of PNCs-based pc-WLED is to encapsulate them in structur-
ally robust oxide- and nitride-based inorganic hosts. For example,
lanthanide-doped inorganic phosphors showed almost no emis-
sion intensity loss even at high temperatures (e.g., 200 °C)**%
upon oxide- and nitride-hosts encapsulation. This strategy could
be promisingly further explored and extended also to PNC-based
phosphors in the future.
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