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Abstract

Here we provide a comprehensive review of a newly developed lighting technology based on metal
halide perovskites (i.e. perovskite light-emitting diodes) encompassing the research endeavours into
materials, photophysics and device engineering. At the outset we survey the basic perovskite structures and
their various dimensions (namely three-, two- and zero-dimensional perovskites), and demonstrate how the
compositional engineering of these structures affects the perovskite light-emitting properties. Next, we turn
to the physics underpinning photo- and electroluminescence in these materials through their connection to
the fundamental excited states, energy/charge transport processes and radiative and non-radiative decay
mechanisms. In the remainder of the review, we focus on the engineering of perovskite light-emitting diodes,
including the history of their development as well as an extensive analysis of contemporary strategies for
boosting device performance. Key concepts include balancing the electron/hole injection, suppression of
parasitic carrier losses, improvement of the photoluminescence quantum yield and enhancement of the light
extraction. Overall, this review reflects the current paradigm for perovskite lighting, and is intended to serve

as a foundation to materials and device scientists newly working in this field.



0 Introduction

Based on the excellent optoelectronic and lighting properties of metal halide perovskite (MHP) materials,
perovskite light-emitting diodes (PeLEDs) have great potential to be the foremost next-generation light-
emitting diode (LED). Since 2014, substantial progress has been made in the PeLED field, and it is
important to summarise these works from a fundamental angle in order to reach a better understanding of
perovskite emitters. In this review, we will discuss the basic physics of perovskite lighting from three main
aspects of ‘Materials’, ‘Photophysics’ and ‘Device Engineering’ to consolidate a conceptual framework for

the further development of PeLEDs.

In the ‘Materials’ section, we will focus on the dimensional and compositional engineering of the MHP
family. Regarding dimensional engineering, we will discuss the crystallography of three-dimensional (3D)
bulk perovskites, two-dimensional (2D)/quasi-2D perovskites and zero-dimensional (0D) perovskite
quantum dots (QDs)/nanocrystals (NCs), which have all been widely studied in terms of their lighting
applications. The formation of these three types of perovskite structure will also be presented. Regarding
compositional engineering, we will discuss how the modulation of the A-site cation, B-site cation, and X-
site anion that make up the aforementioned structures affect the energy levels and bandgaps of perovskites,
which in turn control the charge injection and emission colour in PeLEDs. The combination of dimensional

and compositional engineering has already yielded a myriad of perovskite emitters for LED applications.

In the ‘Photophysics’ section, we elucidate the fundamental physics of the excited states relevant to
perovskite lighting. Beginning with a rudimentary description of the electronic structure, we discuss the
apparent direct-indirect nature of the perovskite bandgap, the electronic excitations that occur therein, and
the interaction of these excitations with the perovskite lattice via carrier-phonon coupling. Secondly, we
describe how these excitations move within and between grains (of various dimensions) through energy
and carrier transport mechanisms. Thirdly, we distinguish between the carrier and exciton recombination
processes in the bulk (3D) perovskites and their low-dimensional (2D and 0D) counterparts that give rise
to radiative and non-radiative decay. Lastly, we point toward some special cases where more exotic

photoluminescence (PL) behaviours have been exploited to enable high-performance perovskite emitters.

In the ‘Device Engineering’ section, we will provide a comprehensive introduction to PeLED devices,
including their architectures (conventional and inverted), working mechanisms, and the history of their

development since the 1990s. We will then focus on four factors that govern the external quantum
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efficiencies (EQEs) of PeLEDs: i.e., the balance of electron/hole injection, the parasitic loss of injected
carriers, the electroluminescence (EL) quantum yields (ELQYs) of perovskite emitters, and the light
extraction properties of the entire device. We finally analyse strategies for the improvement of these four

factors in an effort to help guide the next-generation design of PeLEDs.

1 Materials
1.1 Dimensional Engineering

The term ‘perovskite’ originates from the mineral calcium titanate (CaTiO3), which was discovered by
the German mineralogist Gustav Rose in 1839 and named in honor of the Russian mineralogist Count Lev
Aleksevich von Perovski.! Now the term perovskite generally refers to a broad category of materials that
share a related crystal structure to CaTiOs, but is perhaps most synonymous with the MHPs which
demonstrate a unique set of optoelectronic properties. Chief among these special properties is their
amenability toward modification through material composition and dimensionality, which has enabled

enormous strides in their performance as light-emitting media, as we discuss below.

Three-dimensional perovskites

The basic structure of 3D ‘bulk’ MHPs materials is ABX3, which consists of corner-sharing BXs
octahedra in all three dimensions, where X is typically a halide anion (i.e. CI', Br™ or I"); B is generally a
divalent metal that can adopt octahedral coordination (e.g. Ge**, Sn?* or Pb?*); and A is a monovalent cation
that fits in the space enclosed by eight adjacent corner-sharing BXs octahedra (as shown in Figure 1a).
Geometrically, the B-site cations have a 6-fold octahedral coordination to the surrounding X-site anions,
and the A-site cations have a 12-fold coordination between the corner-sharing BXs octahedra. When the A-
site is occupied by organic cations like methylammonium (MA™) or formamidinium (FA¥), the related
compounds are commonly called hybrid organic-inorganic perovskites. On the other hand, when the A-site
is solely occupied by inorganic cations like Cs* or Rb", the related compounds are often referred to as all-

inorganic perovskites.

The formation of the ABX3 perovskite structure needs to fulfil three requirements: maintaining the

stoichiometry of ABX3, retaining the (distorted) octahedral coordination of the B-site cation and organizing
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all the [BX¢] octahedra in a corner-sharing 3D network.?> A;BB’Xs double perovskites and AzXY
antiperovskite subclasses also belong to the perovskite family, but they have not yet shown promise for
optoelectronic applications and are beyond the scope of this review (we refer the reader to Ref. 3 discussing
these types of perovskites). To quantitatively, or at least qualitatively, predict the possible formation of a

stable ABX3 perovskite structure, several descriptors have been developed:

rat+ry
V2(rg+ryx)’

1) Goldschmidt tolerance factor (¢). This is the most widely used descriptor and is defined as t =

where ra, 18, and rx are the corresponding ionic radii of the A, B, and X ions.* In general, a stable perovskite

structure can be formed when 0.8 <¢< 1, as shown in Figure 1b. For a perfectly symmetric cubic perovskite

structure, =1, which adopts the cubic space group of Pm3m (typified by KMgF5). For other ¢ values (0.8
< t < 1), less-symmetric perovskite structures with lattice distortions (e.g. tetragonal, hexagonal, and
octahedral phases) can be formed.® Taking the APbIs system (B=Pb and X=I) as an example, where rpp=1.2
A and n=2.2 A, it can be estimated that 7 cannot exceed ~2.6 A (assuming that /=1).” Considering that C-
C or C-N bond lengths are ~1.4 A, only very small organic molecules that consist of two or three atoms
(excluding hydrogens) can occupy the void in the lattice (as shown in Figure 1b).® We summarise the

effective radii of some cations and anions generally used in perovskite formation in Table 1.7°!!

Table 1. Effective radii of selective cations and anions, adapted from ref. 9, 10 and 11.

Cations Effective radius (A) Cations Effective radius (A)
Ammonium [NH4]" 1.46 Na* 1.02
Hydroxylammonium [H;NOH]" 2.16 K* 1.38
Methylammonium [CH3NH;]* 2.17 Rb* 1.52
Hydrazinium [H3N-NH,]* 2.17 Cs* 1.69
Azetidinium [(CH2);NH,]* 2.50 Ge?+ 0.73
Formamidinium [NH2(CH)NH,]* 2.53 Sn?* 1.18
Imidazolium [C3N,Hs]* 2.58 Pb** 1.20

Dimethylammonium [(CH3),NH]* 2.72 Anions Effective radius (A)
Ethylammonium [(C,Hs)NH;]* 2.74 CI 1.81
Guanidinium [C(NHa);]* 278 Br 1.96
Tetramethylammonium [(CH3)4N]* 2.92 I 2.20




i) Octahedral factor (u). This relates to the stability of the BXs octahedron, and is defined as the ratio of

rg and rx (U = :—i). Li and coworkers developed the (¢, ) map and concluded that the stable region for

halide perovskite resides within the 0.813 <7< 1.107 and 0.377 < u < 0.895 parameter space, which has
since become an empirical ruleset for the perovskite family.'?'> However, both ¢ and x values cannot
quantitatively provide a straightforward relationship to the lattice stability of perovskite, and more reliable

descriptors that establish this relationship are being developed.

ii1) Other descriptors (# and 7). In 2017, Yin et al. introduced the # value as an additional descriptor,

which can describe the fraction of volume in a crystal structure that is occupied by constituent atoms.'*

Va+Vp+3Vy

3 , Where Va, Vg, and Vx are atomic volumes of A, B,

The 7 value is defined by the equation 1 =

and X ions in the rigid sphere model, respectively, and « is the lattice constant of the cubic cell. According
to the linear relationship between decomposition energies (AHp), which are calculated by first-principles
density functional theory (DFT), and the value of (z+x)", a reliable prediction (with ~90% accuracy) of the
relative stability for halide and chalcogenide perovskite compounds can be made, which suggests that the
descriptor of (#+u)" performs better than that of ¢, 4 or t+u. In addition, in 2019, Bartel and coworkers

developed a new tolerance factor (7) to predict the stability of oxide and halide perovskites, which is defined

T Tra/T
as =% —n,(n, — —ALE

), where na is the oxidation state of the A cation and ra should be larger than
;] In(ra/re)

rs. Compared with ¢ (74% accuracy), t correctly predicted 92% of compounds as perovskite or non-
perovskite structures for an experimental dataset of 576 ABX3 materials (X =0?", F~, Cl, Br', "), as shown
in Figures 1c and 1d. Another crucial advantage of 7 is the monotonic dependence of perovskite stability

on 7, which indicates that the probability of perovskite formation increases when 7 decreases.'”
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Figure 1. (a) The local atomic structure of a cubic perovskite. (b) Tolerance factor of an APblz perovskite
with different A cations, where MA, FA, TA, EA, and GA refer to methylammonium, formamidinium,
imidazolium, ethylamine and guanidinium, respectively. (¢) A decision tree classifier determines that the
optimal bounds for perovskite formability using ¢ are 0.825 < ¢ < 1.059, which yields a classification
accuracy of 74% for 576 experimentally characterized ABX3 solids. (d) 7 achieves a classification accuracy
of 92% on the set of 576 ABX3 solids based on perovskite classification for 7 < 4.18. (b) Reprinted with
permission from [8], Copyright 2017, American Association for the Advancement of Science. (c-d)

Reprinted with permission from [15], Copyright from AAAS, under CC BY 4.0.

Perovskite derivatives: two dimensional and quasi-two-dimensional perovskites

Besides the 3D bulk perovskites, the ‘2D’ systems confined in one direction by ligands are the most
investigated of the perovskite structures as they offer many additional opportunities for controlling the
material properties and designing their applications. When an A-site cation is too large to fit into the cage
provided by the 12 nearest-neighboring X-site anions, it causes a severe distortion of the cubic structure. In
this situation (¢ >> 1), the large A-site cation separates the corner-sharing inorganic BXs sheets by forming

a spacing layer between them, leading to the growth of 2D structures. These novel 2D structures can be



conceptually regarded as slices of the 3D perovskite structure, as shown in Figure 2. It should be noted that
the reduced dimensionality from 3D to 2D refers to the connectivity of the corner-sharing BXs octahedra
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in the periodic crystal structure. Besides the moniker of 2D perovskites,'© a variety of other terms are used

in the literature to describe this kind of structure, such as layered perovskites,'’

multiple-quantum-well
(MQW) perovskites,'® Ruddlesden-Popper (RP) perovskites,'” and Dion-Jacobson (DJ) perovskites.?’
From our perspective, since the crystal periodicity of the original 3D perovskite is destroyed, the physical
properties of these reduced-dimensional materials, including their electronic states and space groups, are
quite different from the 3D counterparts; hence we propose that ‘perovskite’ has its clear definition and is
not an appropriate term for referring to these other structures.® Therefore, we would ideally categorize the

structures generally named as ‘2D/quasi-2D perovskites’ in the literature as ‘perovskite derivatives’,

however, we will still use the term ‘2D/quasi-2D perovskites’ to simplify our discussion below.

In the field of 2D perovskites, Mitzi and co-workers laid the foundation and contributed many pioneering
works concerning structural studies, deposition techniques, and optoelectronic devices.”?! Similarly, the
Kanatzidis group have also brought a deep understanding of the chemical and physical properties, more
recently at the molecular level.”” Early examples of 2D perovskites are based on RP perovskites. RP
perovskites are named after S. N. Ruddlesden and P. Popper, who reported new compound of Sr>TiO4 with
a KoNiFs type structure.”® Subsequently, by sintering SrCOs and TiO, in a molar ratio of 3:2, they
synthesized Sr3Ti2O7 which exhibited a crystal structure between that of Sr2TiO4 (K2NiF4 type) and SrTiOs
(perovskite type).?* This oxide-based structure can be thought of as having alternating SrTiOs and SrO
layers, and can be described by the formula of A’2A,.1B,X3.+1, where A’X serves as the spacer (i.e. SrO)
that separates the perovskite layers (i.e. SrTiO3), and # is the number of octahedral layers in the perovskite-
like stack (Figure 2a).>> When n=o0, it can be regarded as 3D bulk perovskite without the A’X spacing
layer; if n=1, there are only alternating BXs octahedra and A’X spacing layers. Through dimensional
engineering (modulating the n value), many optoelectronic properties can be tuned, which will be discussed

later.

Besides inorganic molecules, the A’X spacers have been extended to organic molecules, contributing to
the booming development of hybrid organic-inorganic perovskites. Due to the chemical diversity and
molecular dynamic properties of organic molecules, the crystallographic orientations of the resultant
frameworks exhibit more complicated behaviours than their 3D counterparts. In terms of the BXs

connectivity, corner-sharing, edge-sharing, and face-sharing of the octahedra are available when using
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different organic spacers.”®?’*® Figures 2b—d show three types of 2D perovskite that consists of corner-
sharing BXs octahedra based on the <100>-, <110>- and <111>-oriented structures, which have the general
formulas A’2An1BnXzni1, A 2AnBnXsmiz, and A’2A4.1By X343, respectively.”! For a «100>-oriented 2D
perovskite, the terminating surface comprises single halide atoms protruding from each octahedral corner.
In the <110>-oriented case, two halide atoms from each octahedral edge comprise the terminating surface.
For <111)-oriented 2D systems, each BXs octahedra on the surface contributes three halide atoms to the
terminating surface within the octahedral face. A layer of larger organic cations separates the perovskite

framework accordingly.

oA
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Figure 2. (a) Crystal structures of Ruddlesden-Popper phases with n values of 1, 2, 3, and 4, respectively.

(b), (¢), and (d) are schematic diagrams of the 2D organic-inorganic hybrid perovskites from different cuts



of the 3D perovskite structure. (b) shows the <100>-oriented layered perovskites with a general formula of
A’2A11BX3,+1; (€) shows the <110y-oriented layered perovskites with a general formula of A’2ABnXzm+2;
(d) shows the <111>-oriented layered perovskites with a general formula of A’>A,.1B;X34+3. (2) Reproduced
with permission from [25], Copyright 2000, Springer Nature. (b-d) Reprinted with permission from [21],
Copyright 2016, American Chemical Society.

To date, the literature on the 2D perovskite family is dominated by <100>-oriented type systems. The
<100>-oriented oxide 2D perovskites can be further categorized as RP , DJ and Aurivillius phases, which
possess the general formulae A’>A;-1B,O3nt1, A’An1ByO3s1 and (Bi202)(A,-1BxOs3nt1), respectively.”
Besides this, halide 2D perovskites possess a similar nomenclature to oxide 2D perovskites. Here, the
different characteristics for these 2D perovskites with the RP, DJ or Aurivillius phases are distinguished by
two factors: one is the choice of cation spacers which separate the layers, and the other is the offsetting of
the layers from each other. Figure 3 shows select crystal structures of the RP and DJ phases for both oxide
and halide perovskites.’® For the RP phases, such as CasMn3O1p and (BA)2(MA):Pbslo
(BA=butylammonium), the separating cation spacers are two Ca atoms and two butylammonium molecules,
respectively, and the perovskite slabs have an offset equal to a (!/2, '/2) in-plane displacement. For the DJ
phases, such as CsBa;TazO19 and (3AMP)(MA),Pbslio (3AMP=3-(aminomethyl) piperidinium), the
separating cation spacers are one Cs atom and one 3AMP molecule, respectively, and the perovskite slabs
show zero in-plane displacement. It is noteworthy that the displacement of the perovskite slabs in the DJ
phases can be either (!/2, 0) or zero depending upon the separating cation spacers [e.g. ('/2, 0) for KLaNb,O7
and zero for CsLaNb>O7].?” The Aurivillius phase can be treated as a specific type of RP phase, which has
not been realized in halide perovskites. The separating motif for the Aurivillius phase is a rock-salt Bi>O»
layer and the displacement of the perovskite slabs is a ('/2, !/2) translation.’’ Recently, the alternating
cations in the interlayer space (ACI) were found, where different cations order along the interlayer space.’'*
To date, GA" is the only reported cation that can form the ACI-type structure, and the perovskite slabs show

a ('/2, 0) displacement.



Dion-Jacobson Ruddlesden-Popper
CsBa,Ta;0;0  (BAMP)(MA),Pbyl,,  Ca,MnsO4 (BA),(MA),Pb,l 4,

.c . i

Figure 3. Comparison between the DJ and RP phases for both oxide and halide perovskite structures, where
3AMP is 3-(aminomethyl) piperidinium, and BA is butylammonium. Reprinted with permission from [26],

Copyright 2018, American Chemical Society.

The term ‘quasi-2D perovskite’ refers to the combination of 2D perovskites (with small » values and
excitonic nature) and 3D perovskites (or large-n 2D perovskites with a non-excitonic nature that closely
resemble the 3D perovskites). Despite the precise control of precursor stoichiometry, solution-processed
quasi-2D perovskite films generally contain domains with various n values that are associated with the

different reaction rates between PbX> and AX or A’X salts.’?

The orientation of 2D and 3D components in quasi-2D thin films has a significant impact on the device
performance, and is affected by many factors including additives, substrates, anti-solvent dripping,
processing temperature, and precursor preparation method.*#33%7 For example, Chen et al. reported that
organic additives like N-(3-aminopropyl)-2-pyrrolidinone (NAP) could aid the vertical growth of 2D
perovskites with a coherent 2D/3D interface, and two types of n=1 2D perovskites were found in their case
(one with perfect lattice matching and another with a half lattice shift), as shown in Figures 4a and 4b.*®
The effects of other additives including NH4Cl, NHsl, MACI, MABr, and MAI have also been
systematically studied, and it was shown that they can suppress the nucleation of one-dimensional Pbl-
DMF-contained solvate phases (PDS) by increasing the solubility of Pbls octahedral colloids, thus
facilitating control of crystal orientation.”” For example, as shown in Figure 4c, the abundance of PDS
microcrystals formed at the liquid-air interface and inside the solution can lead to the rapid growth of

randomly-oriented perovskite crystals during the annealing process. In contrast, as shown in Figure 4d,
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when PDS precipitation is suppressed inside the solution by the addition of NH4Cl, the PDS at the top of

the liquid phase directs the downward growth of RP-phase perovskites.

A promising alternative tool for controlling the quasi-2D perovskite structures is the nanocrystal pinning
process, which introduces a nonvolatile solvent (e.g. toluene, chlorobenzene, or chloroform) to induce
immediate crystallization during the spin-coating. It can also be used to influence the crystal growth and
orientation of quasi-2D perovskites.***'*> For example, after introducing ethyl acetate as an anti-solvent
during perovskite film formation, because of the interacting sequence, the 2D component tends to form on
the film surface while the 3D component tends to accumulate at the bottom side.*’ This distribution
gradient between the 2D-rich (lower-n) and 3D-rich (higher-n) phases drives electron transfer along the
perovskite structure. Therefore, it is possible to tune the direction of charge transfer according to the anti-
solvent process for distinct conventional (n-i-p) or inverted (p-i-n) device architectures (the detailed
architectures will be discussed in section 3.1). In addition, the hot-casting process was also developed to
modulate the crystal orientation of the 2D perovskite film.** According to the grazing incidence wide-angle
X-ray scattering (GIWAXS) results shown in Figures 4e and 4f, a polycrystalline film with random crystal
orientation is formed in the room-temperature-cast process. Meanwhile, the hot-cast film is highly oriented
with 2D perovskites grown perpendicular to the substrate. This vertical growth facilitates charge transport
along the vertical direction. Other reports show that the hot-casting process limits the formation of
intermediate phases (e.g. Pbl, crystals and solvate complexes) at higher temperatures, and therefore
promotes intercalation of ions and decreases the nucleation barrier. Consequently, a high spinning

temperature is beneficial for the growth of small-n perovskite at the bottom of the film.*>4¢
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Figure 4. (a) High-resolution transmission electron microscopy images of two types of perovskite lattice
in n=1 2D perovskites. (b) Schematic diagram of the nanostructure of quasi-2D hybrid perovskite grains.
[lustration of the induced nucleation of 3D-like perovskites and growth of RP crystals without (¢) or with
(d) excess AX additives modification. The GIWAXS patterns of the (BA)2(MA)3Pbali3 perovskite films
prepared by the room-temperature (e) and hot-casting (f) methods. (a-b) Reprinted with permission from
[38], Copyright 2018, Elsevier, under the Creative Commons CC-BY-NC-ND license. (c-d) Reprinted with
permission from [39], Copyright 2020, Springer Nature, CC BY 4.0. (e-f) Reprinted with permission from
[44], Copyright 2016, Springer Nature.

Besides the formation of 2D and quasi-2D perovskite thin films from precursor solutions, the synthesis
of 2D perovskite nanoplatelets (NPLs), which possess similar characteristics as 2D perovskite thin films
(e.g. structural crystallography and optoelectronic properties), offers an alternative pathway toward
obtaining high-purity and high-quality 2D perovskites. For example, Ling et al. introduced octylammonium
bromide (CsH17NH3Br) as long-chain ligand to form layered perovskites along (100) slices and (110) cuts
of the 3D MAPbBr3 perovskite, which selectively inhibited the crystal-growth direction and led to the
successful formation of 2D perovskite NPLs.*” Besides, the n value of 2D perovskite NPLs can be facilely

modulated by adjusting the ratio between organic ligands and A-site cations as well.*® When reducing the
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n value of 2D perovskite NPLs, obvious blue shifts of PL emission show due to the strong quantum
confinement, especially when n < 4, which shows similar excitonic nature like 2D and quasi-2D
perovskites.*>° Therefore, 2D perovskite NPLs become promising candidates for blue emission due to
their large exciton binding energies for better radiation and pure »n value for stable emission. Zeng et al.
reported blue-emissive CsPbBr3 NPLs with PLQY up to 96% and full-width at half-maximum (FWHM) of
12 nm via in-situ passivation of Br vacancy, which resulted from the driven ionic equilibrium to form intact
Pb—Br octahedra.’! Along the same vein, through careful surface ligand treatment by di-dodecyl dimethyl
ammonium bromide or trioctylphosphine oxide, highly-emissive CsPbBr; and FAPbBr3 NPLs with deep-
blue emission were successfully synthesized. 23 These well-controlled 2D perovskite NPLs show
promising potential in light-emitting applications due to their high PLQY and narrow emission line width
originated from the phase purity compared to quasi-2D perovskites. However, inferior issues of these NPLs
need to be resolved for better devices, including poor charge-transporting properties ascribed from a large
amount of insulting ligands as well as strong exciton—phonon interactions caused by the relatively soft and

deformable lattice.>*

Perovskite quantum dots and nanocrystals

When the size of a semiconductor crystal is restricted in multiple directions and comprises merely
hundreds of atoms, it is usually referred as a NC. If the size of NC is smaller than delocalization of electronic
states so that charge carriers or excitons will be tightly ‘quantum confined’ (in other words, the electron de
Broglie wavelength exceeds the semiconductor size), the NC is referred to as QD. This quantum
confinement effect enlarges the separation between energy bands with decreasing particle size.>>>° The

bandgaps [Egp)] of QD systems can be quantitatively estimated using the Brus equation: Eggpy — E5 =

h2n? 8e? . . e
2:2 (mi + mi) - 188—: + S, where Ej is the bandgap of the bulk material with infinite size, m. and mj are
e h

the effective mass of the electron and hole, respectively, R is the radius of the particle, ¢ is the dielectric
coefficient at optical frequencies and S is a smaller term that can be neglected.”’>® The first term on the
right-hand-side of the formula describes the confinement effect and the second term is the Coulomb term.
When R is much smaller than the Bohr radii (e-/ separation) of a certain material (e.g. 4.3 nm for Si, 11.5
nm for Ge and 12.4 nm for GaAs), the confinement term dominates and Egop) >> E,. However, when R is

much larger than the Bohr radii, the Coulomb term dominates, and Egop) = Eq.>”
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MHPs can also be synthesized in the form of colloidal QDs or NCs with a general size range between 3
and 30 nm. Taking that exciton and carrier delocalization in MHPs is on the order of 10 nm (discussed in
detail below), the effects of quantum confinement are present but relatively minor for most studied NCs.
Nevertheless, both the terms ‘QDs’ and ‘NCs’ are both broadly applied to 0D MHPs nanomaterials. The
ligand-assisted hot-injection and ligand-assisted re-precipitation (LARP) methods are two common
strategies for the synthesis of MHP QDs and NCs, and can also be tailored to form nanomaterials with
different shapes (i.e. nanocubes, nanoplatelets, nanosheets, nanorods, and nanowires),®0016263646366 1 20135,
Protesescu et al. reported the first successful preparation of CsPbX3 (X=CI, Br, and I) NCs using the hot-
injection method.®” The resultant monodisperse colloidal NCs (Figure 5a) cover the entire visible spectrum
ranging from 410 to 700 nm with respectable PL quantum yields (PLQY, 50—90%) and narrow FWHM,
covering 140% of the NTSC colour standard. By carefully controlling the reaction conditions, the diameters
of CsPbBr3; NCs have been precisely modulated in the size range of 4—15 nm, with a bandgap that blueshifts
with decreasing NC size (Figure 5b), allowing further control of the emission colour. Other novel synthetic

methods for perovskite QDs and NCs have been developed, including microwave-assisted approaches,®®

9 70

ultrasonication, ® mechanically milling/grinding, " chemical vapor deposition,”' and solvothermal

synthesis.’?

Organic ligands, which serve as stabilizers and play important roles in the synthesis and dispersion of
perovskite QDs and NCs, are attached to the surface of QDs and NCs through covalent, coordinate or ionic
bonding. This directly affects the PL intensity and lifetime of perovskite films, as well as the performance
and stability of PeLEDs through the passivation of surface states.”> By controlling the type, proportion,
and concentration of organic ligands, perovskite QDs and NCs with uniform size distribution and high
PLQY approaching 100% can be synthesized.”* Generally, organic ligands containing carboxyl and amino
functional groups have strong coordination with metal cations and halogen anions.”>’® Zeng and coworkers
have systematically investigated the ink stability, PLQY, and charge injection of the perovskite QDs with
different ligand densities.”” Figure 5c illustrates the trade-off between better stability and PLQY but also
poorer charge injection for perovskite QDs with high ligand density. Due to the relatively poor conductivity
of commonly used ligands (e.g. oleylamine and oleic acid), excessive ligands attached on the surface of
perovskite QDs usually results in the assembled films with poor carrier injection and transport properties,
while insufficient capping of ligands is incapable of providing sufficient surface passivation for maintaining

both high PLQY and stability. Inspired by the polarity of solvents and ionicity of perovskites that can affect
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the ionic and dynamic interactions, hexane and ethyl acetate were judiciously selected as a mixed solvent
during the washing process, which assisted in finely controlling the ligand density.”” Indeed, the synergy
between these parameters need to be considered for fabricating better PeLEDs. Strategies such as
employing zwitterionic ligands, inorganic protective shell, and cross-linking matrix have been developed
to balance the relationship between PLQY, stability and electrical properties in perovskite QDs and

NCs 787980
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Figure S. (a) Transmission electron microscopy image of a CsPbBr; NC. (b) Experimental and theoretical
(effective mass approximation) bandgap values for different sizes of CsPbBr; NC. (¢) Illustration of the
effect of surface ligand density on the ink stability, PLQY and carrier injection for CsPbBr; QDs. (a, b)
Reprinted with permission from [67], Copyright 2015, American Chemical Society. (¢) Reprinted with
permission from [77], Copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

One-dimensional (1D) perovskite nanowires (NWs)

1D perovskite NWs possess high surface-to-volume ratio and structural anisotropy, which have been

employed in sensors and photodetectors.?'3> Moreover, the formation of a Fabry—Perot cavity in 1D
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perovskite NWs, constructed from the waveguide along the axial direction and the two end facets, is ideal
for optical amplification for lasing.®* Nevertheless, only a few reports have been published for LED
application based on perovskite NWs, which might result from the difficulty of their integration to a thin
film device. Pioneering work of solution-synthesis MAPbBr; NW arrays for the LED application was
demonstrated by Yang and co-workers, which exhibited PL and EL emission at 533 nm.% Reaction time
and composition are also investigated systematically for the synthesis of CsPbBr3 and CsPblz NWs by the
same group.®® Very recently, CsPbls NWs growing along the [011] crystal direction driven by vacancy
exhibit promising LED performance in the pure-red region.?* Besides, the anisotropic nature of perovskite

NWs may also open a new research topic on the dipole orientation and light out-coupling studies in PeLEDs.

1.2 Compositional Engineering

One of the most attractive properties of MHPs is the facile tunability of their bandgaps, which is
especially convenient for fabricating multi-colour PeLEDs. Many correlated factors affect the bandgaps of
perovskites, including the size of ions, crystallinity, lattice distortion, and deposition methods.***® Recent
research demonstrates that the bandgaps of perovskites are primarily determined by the atomic energy
levels of metal cations and halide anions, and secondarily affected by the cation-anion interaction strength,
making compositional engineering the premier method to modulate the emission properties of
perovskites.®” For example, as shown in Figure 6a, when the A-site cation is Cs*, MA*, or FA*, B-site
cation is Pb?" or Sn?*, X-site anion is CI', Br or I, 18 distinct perovskite systems can be classified, even
before the components and their stoichiometry are mixed. The positions of valence band maxima (VBM)
and conduction band minima (CBM) of these 18 perovskites have been determined by ultraviolet
photoelectron spectroscopy and inverse photoelectron spectroscopy. The energy levels have also been
calculated by DFT through a nearest-neighbour tight-binding model. In general, the VB can be identified
as the anti-bonding state formed from the combination of the outermost s orbit of the metal and outermost
p orbit of the halide. Meanwhile, the CB is composed of anti-bonding states which primarily arise from the
outermost p orbit of the metal.*” Consequently, the type of ions has a significant impact on the energy levels

of perovskites.
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Bandgap tuning through A, B and Xions

1) Influence of X-site anions. For the Pb-based perovskites shown in Figure 6b, solely varying the X
anion from I to Br to CI reduces the Pb-X distances, which pushes more electron density onto the higher-
energy Pb atoms, thereby shifting the CBM upward. The concomitant shift of the VBM is influenced by
three competing effects: first, a dramatic downshift of the VBM because of the increasing electronegativity
of the X anions; second, the upshift of the 6s orbit of the metal; and third, the increased Pb,s/X,p
hybridization strength, which partially offsets the downshift of the VBM. Overall however, the VBM
downshifts when changing the X anion from I to Br to Cl, which taken with the upshifted CBM results in

an increased bandgap.

i1) Influence of B-site cations. The B-site cation strongly impacts the overall atomic levels in the
perovskite. For example, as illustrated in Figure 6¢, when solely replacing Pb with Sn in perovskite lattice,
the atomic levels shift upwards due to the smaller electronegativity of Sn, which consequently leads to an
upshift of both VBM and CBM. Moreover, for the Sn atom, the upshift of the s level is larger than that of

the p level, so the bandgap of Sn-based perovskite is lower than that of the Pb-based equivalent.

ii1) Influence of A-site cations. In typical MHPs, the bandgaps are only weakly dependent on the A-site
organic cations since the 2p orbitals of carbon and nitrogen and the 1s orbital of hydrogen do not contribute
significantly to the density of states near the Fermi level.*® Instead, the A-site cation only indirectly affects
the electronic structure by changing the volume of the ABX3 lattice or introducing a distortion (of, for
example, the anionic framework through hydrogen bonding and van der Waals interactions upon thermal
and pressure perturbations) in the ideal perovskite structure. Structural deformations, such as octahedral
tilting and distortion of the octahedra in the perovskite framework, will reduce the hybridization between
the B and X states throughout the crystal, causing a downshift of both the VBM and CBM.?” The A-site

cation also affects the symmetry of the perovskite lattice, and a more symmetric lattice can result in a

reduced bandgap of the perovskite.® For example, MAPbI; perovskites at Pm3m (cubic), I4/mcm
(tetragonal) and Pmnb (orthorhombic) phases (with gradual loss of symmetry) exhibit bandgaps of 1.54,
1.57 and 2.31 eV, respectively.”’ In addition, as shown in Figure 6d, increasing the size of the A-site cation
from Cs to MA to FA generally increases the lattice volume, which lowers the energy levels of the B-site

cation because of the reduced confinement effect.
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Figure 6. (a) Schematic diagram indicating the energy levels and bandgaps of 18 representative MHPs. (b),
(¢) and (d) are schematic energy levels in ABX3 perovskites identified by the tight-binding analysis, which
represent trends in changing the halide anions, metal cations and A-site cations, respectively. Arrows

indicate the shift of energy levels. (a—d) Reprinted with permission from [87], Copyright 2019, Springer

Nature, CC BY 4.0.

Early attempts to achieve multi-colour PeLEDs were based on facile halide substitutions in 3D
MAPbCLBryls.y., films.”'”? This simple strategy can also be applied to 2D perovskite derivatives and NCs,
allowing access to a wide colour gamut through composition control. For example, for a fixed »n value in
2D perovskite derivatives, the excitonic absorption peak (i.e. emission wavelength) can be almost linearly
modulated with tailored halide composition (Figure 7a). > The demonstrations of multi-colour
CsPbX3,74%% MAPbX3,”%7 and FAPbX; (X= Cl, Br, I)?® colloidal NCs also show high PLQY exceeding

80% and facile tunable emission in the visible range from red to blue (Figures 7b, 7c, and 7d). However,
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photo-induced or electric field-induced halide redistribution in mixed halide films usually results in an
inevitable shift of the emission spectra during continuous operation, which is undesirable in PeLEDs.””!%
Fortunately, quantum confinement effects in low-dimensional pure-halide perovskites (e.g. 2D perovskite
derivatives and perovskite QDs) can also be utilized to modulate the emission colour without any spectral

shift.

Besides the halide (X-site) composition, engineering of the A-site and B-site cations is also an effective
approach to control and stabilize the perovskite lattice, allowing further improvements to the optoelectronic
properties. Small-size alkali metal cations such as Na“, K> and Rb" can be used as dopants to modulate the

104 "and suppress halide segregation in

tolerance factor,'’! increase PLQY,'"?!*° passivate defect states,
perovskite films.!* In terms of the B-site substitution, divalent (e.g. Ni'%, Cd'"7, Cu'%, Ba'"”, Zn'!?) and
trivalent metals (e.g. Al''!, Bi''?, Sb'!?, lanthanide''*) have been intensively studied, which can offer diverse
chemical solutions to fabricating perovskite materials with a desirable bandgap, high PLQY, good

environmental stability and lower toxicity. Overall, the precise doping mechanisms should be investigated

for the further design of perovskite materials with superb lighting properties and stability.
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Figure 7. (a) The first excitonic absorption peak as a function of halide composition in #n=1 and n=2
L2(FAPbX3).-1PbX4 perovskites. (b) Image of MAPbX3 perovskite colloidal solutions in toluene under UV

lamp exhibiting PL emission from 438 to 660 nm. (¢) and (d) are EL spectra and respective images of red,
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orange, green and blue Cs-based PeLEDs. (a) Reprinted with permission from [93], Copyright 2016,
American Chemical Society. (b) Reprinted with permission from [96], Copyright 2016, American Chemical
Society. (c—d) Reprinted with permission from [95], Copyright 2016, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

Effects of organic spacers and ligands in low-dimensional perovskites

The structure of n=1 2D perovskites generally consists of alternating organic and BXs inorganic layers
with thicknesses of around 1 and 0.6 nm, respectively.” This distinctive quantum-well-like structure offers
interesting and potentially useful chemical and physical properties. Taking the n=1 case as an example, (R-
NH3)2BX4 and (NH3-R-NH3)BX4 can be obtained when using monoamine and diamine molecules as the
organic spacers, respectively, where R is an aliphatic or aromatic chain/group.’ In the (R-NH3)2BX4 series,
single layers of inorganic (i.e. BX¢) sheets are separated by bilayers of organic cations, where the organic
amine cation can form hydrogen bonds with the inorganic sheets on one side and the organic R group can

self-assemble through van der Waals forces (e.g. aliphatic amine molecules like propylammonium, '’

44116117

butylammonium and 5-ammonium valeric acid''®) and ‘mn-n’ interactions (e.g. aromatic amine

119 120121 122

molecules like benzylamine, phenylethylammonium, phenylbutylammonium, and
naphthylmethylamine'?*'?%). The latter interactions tend to give the strongest packing, thus a more robust
perovskite structure can be expected when using aromatic ammoniums. In the (NH3-R-NH3)BXjy series,
single layers of inorganic sheets are separated by single layers of organic diamine cations (e.g. 1,3-
propanediamine,” 1,4-bis(aminomethyl)benzene,'”> and meta-(aminomethyl) piperidinium'?°), where the
organic amine cations can form hydrogen bonding with inorganic sheets at both ends. The interactions
between the ammonium functional groups (e.g. R-NH3" or "'NH3-R-NH3" cations) and halogens in inorganic
sheets build up the connective bridge between the ‘soft’ organic layers and ‘rigid’ inorganic layers.
Consequently, their optical properties can be fine-tuned by the compositional engineering of the organic or
inorganic parts at the molecular level. Besides the inorganic part mentioned previously, the organic cations

can also be systematically modified by changing the chemical structure of the R group, which is a crucial

factor that greatly influences the PLQY, bandgap and film morphology.’!

In 2D perovskite derivatives, the organic and inorganic (i.e. BXs) components are very dissimilar in

nature. Generally, the energy gap between the highest occupied molecular orbital (HOMO) and the lowest

20



unoccupied molecular orbital (LUMO) of the organic layers is larger than the bandgap of the inorganic
layer, establishing a quantum well structure.'?” Thus the emission from 2D and quasi-2D systems typically
originates from the inorganic part due to its smaller bandgap. Exceptions to this have been found when
using semiconducting conjugated molecules with small bandgaps as the spacers, which turn the organic
molecules into the emissive ‘well” instead of the inorganic part.'**'?° The actual connective structure of the
inorganic sheets including the bonding angles and lengths in BXs can also be affected by the choice of
organic molecules, consequently resulting in different optical properties.’! For instance, changing the alkyl
chain length of the R group not only affects the distance between organic and inorganic sheets and
associated electronic coupling strength, but also alters the orientation of the organic and inorganic
counterparts that govern the structural stability.!*’ If the projection of the cross-sectional area of the organic
molecule can fit into the space provided by four adjacent corner-sharing octahedra, the structure will be
able to accommodate the lattice discrepancy by tilting or interdigitating the organic molecules. However, if
the space required for the organic molecule is not satisfied, the perovskite structure is not able to
spontaneously adapt, leading to the deformation of the inorganic sheets. Therefore, the projection of the
cross-sectional area of the organic molecules should be neither too small nor too large with respect to the

inorganic sheet lattice.'*!

As previously mentioned, organic molecules also play an important role in the synthesis and size-control
of perovskite nanoparticles including QDs and NCs.'*? The amine functional groups can coordinate with
the surface of the perovskite to prevent the direct crystallization of precursors into large crystals during the
antisolvent mixing procedure. Oleic acid can also modulate the size of the synthesized particles, and
moreover can suppress the reaggregation of the products. By controlling the number of ligands in the
precursor solution, MAPbBr; NCs with sizes between 3 and 35 nm can be obtained, and those with crystal
sizes smaller than 10 nm (on the order of the exciton Bohr radius) exhibit conspicuous blue-shifted PL
spectra (emission peaks of 470 nm for 3 nm-NCs and 515 nm for 35 nm-NCs).'*? The chain length of the
ligands also plays a critical role in optimizing the optoelectronic properties of the perovskite QDs and NCs.
For example, it has been shown that gradually increasing the ligand hydrophobicity through the number of
carbon atoms in the main chain can result in blue shifts from 531 to 510 nm by reducing the lateral size and
increasing the interparticle distance between hybrid perovskite NCs.!** Similar trends have been reported

134135

for other material systems and the opposite result has also been observed.'?
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2 Photophysics of metal halide perovskites

As illustrated in the ‘Materials’ section of the review, the rich palette of available dimensions and
compositions for MHPs means that their optoelectronic properties are widely tunable. Here we correlate
the optoelectronic properties pertinent to PeLEDs with the characteristics of the electronically excited states
that mediate light emission and succinctly discuss the key materials factors which govern these fundamental

photophysics.

2.1 Excited states in metal halide perovskites
Electronic band structure and optical transitions

Before ruminating on the details of light-matter interactions in different MHPs, it is instructive to
consider the electronic band structure of these materials. Figure 8a shows a representative electronic band
structure calculated for the benchmark bulk MHP MAPDIs."*” In spite of the organic cation, the bands
wholly arise from the inorganic sublattice; as discussed previously, the conduction band is almost entirely
composed of the outermost p-orbital on the metal (lead), while the valence band arises from an admixture
of the frontier metal (lead) and halide (iodide) s- and p-orbitals, respectively.®’ Real space wave function
plots for these molecular orbitals are shown in Figure 8b.'*® Their strong antibonding character engenders
small effective masses for the charge carriers in MHPs, which is reflected by the high curvature of the bands
in Figure 8a."3” The effect of both the MHP composition and dimensionality on the band energetics are
covered in prior section of this review. In the absence of structural distortions, the VBM and CBM coincide
in momentum space at the high-symmetry R-point of the first Brillouin zone. This enables direct optical
transitions between the bands, which largely explains the step-like onset of the absorption spectra for many
MHPs, as depicted for MAPbI; in Figure 8c.'*’ For comparison, the absorption spectra of GaAs (direct

bandgap) and crystalline silicon (indirect bandgap) are also presented.

Notwithstanding the prominence of the absorption transitions above, the direct nature of the MHP
bandgap continues to be hotly debated in the literature. This stems from the fact that the heavy atoms which
make up MHPs give rise to strong spin-orbit coupling (SOC). This, in concert with the breaking of the unit
cell inversion symmetry (via distortions from the ideal corner-sharing octahedra, due to either static

crystalline disorder or dynamic fluctuations of the soft lattice), leads to a phenomenon by the name of
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“Rashba splitting”, wherein otherwise spin-degenerate bands are split into bands with opposing spin
polarisation (i.e. up and down). Indeed, this splitting (particularly for the conduction band) is frequently
observed when SOC effects are incorporated into band structure calculations of MHPs, as seen in Figure
8d.'#1142 The net displacement of the VBM and CBM in momentum space creates an indirect gap. This
new gap, up to hundreds of meV below the direct optical gap, has been experimentally observed in MHPs
by circularly polarised magnetoptical and photogalvanic measurements, as well as angle-resolved

photoelectron spectroscopy. 43144145

a F
2k 10° 3
10
— s f : .
§>, 1| 10°F f:"
8 10°F /|8
g Va\ /| §7o CHNHPol,
0 10 F/ 7 ——GaAs
FENE S Si
100 !'.‘I R .I| . |C- .I 1 N
_ 10 15 20 25 3.0
_1M R r Photon energy (eV)
(Static) (Dynamic)
d e f Electron-hole Rashba effect
) | exchange Dark
Triplet
| —_— Xt e
. E CBM Singlet AN £
S | 25meV /| | - : \ N\ Y S
% 1 \'ﬁ/ | a \'\ ah %
S w S
5 A 8 o'z 10
[} £°
VBM & -
-1 __/
M R r

Figure 8. (a) Electronic band structure of MAPbI; obtained by DFT. Details of the calculation can be found
inref [137]. (b) Wavefunction plots for the valence band maxima and conduction band minima in MAPDI;.
(c) Absorption spectra for MAPbI3, GaAs and crystalline silicon. (d) DFT-derived electronic band structure
for MAPbI; with spin-orbit coupling and symmetry-breaking induced by the MA cation rotation. (e)
Scheme for temperature-activated recombination in MHPs. (f) Proposed ordering of bright and dark
excitonic states in MHP NCs. The Rashba effect results in triplet emission. (a) and (d) Reprinted with
permission from [137], Copyright 2015, Springer Nature. (b) Reprinted with permission from [138],
Copyright 2015, American Chemical Society. (c) Reprinted with permission from [140], Copyright 2014,
American Chemical Society. (¢) Adapted with permission from [146], Copyright 2016, Springer Nature. ()

Reprinted with permission from [155], Copyright 2019, American Chemical Society.
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The apparent direct-indirect character of MHPs has been used to rationalise the long lifetimes of their
thermalized carriers. Hutter et al. reported a temperature-activated acceleration of the second-order
recombination kinetics, pointing toward the phonon-assisted (i.e. indirect) recombination process in Figure
8e.!%® Along the same vein, Wang et al. showed that the application of hydrostatic pressure to these
materials could enhance bimolecular recombination by reducing the Rashba splitting and energy offset
between the direct and indirect bands.'*” On the contrary, studies which more explicitly track the radiative
recombination kinetics show that they are hastened by increased temperature,'**!*” and that the most
intense emission is produced from carriers which have fully cooled."”® These observations, and the fact
that the bimolecular recombination kinetics of the materials (rate constants on the order of 101 cm? s7!)
match predictions from the direct absorption coefficients can only sensibly be explained by emission from
a direct bandgap,'*® which seems to preclude the Rashba effect from the luminescence mechanism of bulk
3D MHPs. However, this situation is ostensibly different for low-dimensional MHPs, where symmetry-
breaking is exacerbated by the presence of additional material interfaces and structural anisotropy.'>! For
instance, there is a growing consensus that the room-temperature emission of MHP NCs originates from

triplet excitons. 52153154

Without the Rashba effect, these states would be optically inactive, as portrayed in
Figure 8f.!°° Emissive triplets have also been observed in 2D MHPs.!50157158139160 Thege triplets ought to
be significant for electroluminescent devices, because spin statistics dictate that electrical excitation must
produce three triplets for each singlet. The behaviour of these triplets in some MHPs will be discussed

further later on.

Excitons and free carriers

The operation of an LED begins with the electrical injection of free carriers into a semiconductor active

layer. These charges can then coalesce into electrostatically bound electron-hole (e-%) pairs, known as

161

excitons, as depicted by the energy-momentum diagram in Figure 9a.'°" The equilibrium population of free

carriers and excitons is principally controlled by the exciton binding energy (£5), which describes the extent

2
of the e-h interaction as follows: E, = — ( ) ) = Ry ——, where m is the reduced effective mass of the

2h% 4mege, moée,

charge carriers [m = (mi+ mih)‘l], er1s the relative dielectric permittivity, Ry (=13.6 eV) is the Rydberg
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constant (essentially the binding energy of the electron in the ground-state /s orbital of the hydrogen atom)

and my is the rest mass of a free electron.'¢?

Excitons can be classified into two limiting cases according to
Ep; Wannier (‘weakly-bound’ or ‘free’) excitons; and Frenkel (‘tightly-bound’) excitons. The former species,
portrayed at the top of Figure 9b, are generally found in inorganic semiconductors where the value of ¢ and
associated screening of the Coulomb interaction are high, resulting in e-4 pairs that encompass multiple
atoms and readily delocalize throughout the crystal. By contrast, the latter species, illustrated at the bottom

of Figure 9b, are highly localized, have much smaller Bohr radii commensurate with the unit cell size, and

can typically be found in molecular and/or organic semiconductors with low &,.
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Figure 9. (a) E-k diagram for excitons and the free carrier continuum in a semiconductor. Ep: binding
energy for the lowest-energy exciton. (b) Wannier (top) and Frenkel (bottom) excitons. (¢) Linear
absorption data (black diamonds) for a MAPbDI; thin film at 4 K. The fits from Elliot theory reveal the
contributions of the lowest bound exciton (blue line) and the free carrier continuum (red line). (d) Room-
temperature optical spectra for three prototypical MHPs, with sketches of the corresponding 2D and 3D
structures. The red, purple and green shading depict the lead atoms, their coordination octahedra and planes
formed by these octahedra, respectively. (e) PL intensity for the MHPs in (d) recorded 50 ps after pulsed
laser excitation. (f) Dielectric screening in bulk (top) and 2D (bottom) MHP crystals. (a) Reprinted with
permission from [161], Copyright 2018, American Chemical Society. (c) Reprinted with permission from
[167], Copyright 2018, American Chemical Society. (d-e) Reproduced from Ref. [169] with permission
from The Royal Society of Chemistry; permission conveyed through Copyright Clearance Centre, Inc. (f)

Reprinted with permission from [60], Copyright 2017, American Chemical Society.
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In most MHPs, the ionicity of the crystal and orientational motion of the cations tend to produce
moderate-to-large ¢, values and screen the Coulombic interaction of excitons.'® In bulk MHPs, the small
effective mass of the charge carriers (~0.1m.) also contribute to small £ values (for example, 2 to 50 meV
in the archetypal MAPDI3, depending on the method of measurement and material processing).'04163166
Generally, Ej values comparable to room temperature allow for Wannier excitons and free carriers to co-
exist in MHPs, which manifests itself in the optical and electronic properties of the materials. In the specific

167

case of MAPDI;, excitonic features are only clearly observable under specific conditions'®’, and free carriers

are widely thought to dominate the ambient photophysics.'®!%%

This can be seen in Figure 9 as (i) the
disappearance of the strong exciton absorption (Figure 9c) at room temperature (Figure 9d), and (ii) the
quadratic dependence of the PL intensity on the carrier density around the LED operating regime (room
temperature and < 10'® cm3, Figure 9¢), consistent with the bimolecular recombination of free carriers,

which will be outlined later in the review.'°

® Whilst free carriers are highly desirable for carrying current
in photovoltaic applications, excitons are preferable for light emission to increase the probability for carriers
to undergo radiative recombination, and to prevent the charges from engaging in otherwise deleterious
processes in the active layer. To this end, seminal works on PeLEDs overcame the small £, of bulk MHPs

by employing thin active layers and nanostructured materials to spatially confine injected carriers and

encourage e-h radiative recombination.”!

Contemporary high-performance PeLED materials are based upon low-dimensional MHPs, where Ej is
dramatically enhanced via reduced Coulombic e-h4 screening through quantum and/or dielectric
confinement.!’?!71172173 The latter effect is depicted for a 2D MHP in Figure 9f; in essence, the electric field

lines must pass through the low dielectric permittivity surroundings, thereby increasing the e-4 electrostatic
interaction with respect to the bulk crystal. If one considers the following relationship, E, = (ﬁ)zEe,

where o is the semiconductor dimensionality and E. is the effective Rydberg constant,'’#!7>17¢ a four-fold
increase in Ej (i.e. 4E¢) can be expected when moving from a 3D MHP (a =3) to its 2D counterpart (a=2).
E}p values in the 200-500 meV range have been reported for 2D layered MHPs,'”” in line with other
emerging 2D semiconductors such as single-layer transition metal dichalcogenides '”® and CdSe
nanoplatelets.'”” For the 2D MHPs, E}, can be tailored through the composition of the inorganic sheets,

their spacing, as well as the type of interposing organic cation, allowing for highly versatile material

26



design.’! As illustrated in the top inset of Figure 9d, the alternating stacks of high dielectric (e~6) BXe
planes and small dielectric (¢,~2) organic layers in 2D MHPs form self-organized quantum wells in the out-
of-plane direction.'”’ The excitons in these materials (Bohr radii of ~0.1 to 2 nm) can be strongly quantum

confined within the sub-nm wells.!”0 180181

Consequently, the excitonic properties are extremely
pronounced for 2D MHPs comprising single BX¢ layers. This is demonstrated by (i) the sharp, narrow
features in the optical spectra and (i1) linear carrier density-dependence of the PL intensity from the 2D
MHP BA>PbBrs (n=1, BA=butylammonium) in Figure 9¢. In 2D MHPs like BA;PbB14, large differences
between the optical spectra of n=1, 2, 3, and 4 samples are frequently observed (~6 A thickness for single
BXs layer), but often converge with the bulk properties when n > 5. Much larger Bohr radii have been
reported for cuboidal MHP NCs (e.g. 5 nm for CsPbCls, 7 nm for CsPbBr3, 12 nm for CsPbls).°” However,
it remains difficult to widely modulate their emission spectra (> 100 nm spectrum shift) based on quantum

confinement alone, and especially when aiming for stable, monodisperse perovskite QDs with sizes of a

few nanometers.

Carrier-phonon coupling

The photophysics of semiconductors are not only governed by the coupling between electronic states,
but also their interactions with disorder, impurities and vibrations (phonons) in the crystal. The extent to
which these entities scatter with the (emissive) excited states can be examined through the temperature-
dependence of the emission linewidth: I'(T) = Iy + Iy, + Ipe+ 10 .'" The inhomogeneous
linewidth, I, is set by the crystalline disorder and corresponds to the linewidth at absolute zero. The

remaining terms have a characteristic temperature-dependence. The inhomogeneous broadening due to
impurities, [liy, , is proportional to the Boltzmann population of fully ionized defects, e Ev/kBT  (kp:

Boltzmann constant; 7: absolute temperature), with binding energy Ep. I, and [}, are the homogenous
broadening terms by acoustic and optical phonons, respectively, and thus depend on the phonon occupation,
given by the Bose-Einstein distribution, 1/ (e F»n/¥8T — 1) . Since acoustic phonons in inorganic
semiconductors (and for that matter MHPs) seldom have energies of more than a few meV (£, <<

kgT),'*31%* a linear relation between I}, and temperature can be assumed.

The conformity of the data in Figures 10a—c with the I}, functional form highlights that the room-

temperature emission linewidths of bulk and low-dimensional MHPs are dominated by carrier scattering
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with longitudinal optical (LO) phonons. The results of separate theoretical works, including Figure

10d,'®7 affirm that the scattering rate is dominated by low-energy LO phonons (Ero < ksT: contrary to

)188

many conventional optoelectronic semiconductors)'®® which correspond to atomic displacements in the

metal halide cage, depicted in Figure 10e. These thermal structural fluctuations have large amplitudes

189190191 2

according to Raman spectroscopy as well as neutron'”? and electron diffraction,'”> underscoring
the soft and highly anharmonic nature of the MHP lattice. A large body of work suggests that this picture
of ‘dynamic disorder’ is further enriched by the vibrational motions of the A-site cations,'”*'”> but the

extent to which this influences the optoelectronic properties of MHPs remains unsettled in the

literature,'”®'°” and goes well beyond the scope of this review.
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Figure 10. Temperature dependence of the PL linewidth from (a) bulk FAPbI3 thin film, (b) single-NC
FAPDI; and (c¢) thin film of the 2D layered MHP (n=1) hexylammonium lead-iodide. The inset of (a) outlines
the functional form of each term in the equation for I'(T) described in the text above. (d) Contribution of
phonons (left axis) toward the total carrier scattering rate (right axis) in MAPDbI;. (e) Atomic displacements
corresponding to the major carrier scattering modes in MAPDIs. (a) Reprinted with permission from [182],
Copyright 2016, Springer Nature, CC BY 4.0. (b) Reprinted with permission from [185], Copyright 2018,
Springer Nature, CC BY 4.0. (¢) Reprinted with permission from [186], Copyright 2017, American
Chemical Society. (d-e) Reprinted with permission from [187], Copyright 2019, American Chemical

Society.
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According to Frohlich theory, the strength of carrier-LO phonon interactions can be quantified by a

dimensionless constant, @ = %(i — i) ZELZ , where m. is the bare-band effective mass of the carrier
and & and &, are the optical and static (infrared) dielectric constants. Together with their moderate-to-high
dielectric screening, the small Ez0 and m.» values of MHPs give rise to fairly high coupling strengths (1 <
a < 3).'98199 In this regime, the carriers can be envisaged to self-trap inside a potential well formed by the
aforementioned displacements of the lattice. These so-called ‘polaron’ states generally have slightly
enhanced effective masses compared to bare carriers, and in this particular context have a large spatial
extent (diameter on the order of 10 nm for MAPbI3, 78199200201 corresponding to ~20 Pbls* octahedra)

owing to the long-range nature of the carrier-phonon interactions. The existence of these large polarons has

obvious implications for charge transport, discussed below, and is also thought to contribute to many other

202 203204205

unusual photophysical properties in MHPs, including defect tolerance,””~ slowed carrier cooling,

and slowed recombination.?""

2.2 Energy/charge transport in metal halide perovskites

Now that we have familiarized the reader with the electronically excited states in MHPs, we can describe
how these states propagate toward the emission sites in the active layer of a PeLED. At the most basic level,
this involves the net transduction of energy in the form of electrically-insulating bound e-% pairs (excitons)
or charge in the form of uncorrelated free carriers. As will become apparent below, these processes and

their interplay depend on the energetic landscape of the MHP material in question.

Energy transport

Forster resonance energy transfer (FRET) is perhaps the most widely known type of electronic energy
transport in photoactive materials. Here an excitation is transmitted from an energy-donating site to an
energy-accepting site via a virtual photon. This process, sketched in Figure 11a, is mediated by the coupling
between the transition dipoles of the two sites. Accordingly, FRET cannot occur if either of the D or A

transitions are classically forbidden (no triplets) and also has a marked dependence on the D-A separation
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6
(R) as follows: Kpgrster = Ti (%) , where 7p is the fluorescence lifetime of the donor in the absence of the
D

acceptor, and Ry is the characteristic Forster distance at which FRET occurs with 50% efficiency. Although

FRET is non-radiative, Ry depends on the extent of spectral overlap between the donor emission and

acceptor absorption, as well as the mutual orientation of the transition dipoles.>*®

. b
| | p—
2 1 —4
“. Y. FRET e Dexter
: —
15 _4 11 1
! 12 1% |
[)1* l\1 [)1 1\1*
C
566 f)_/‘
2.35| NMA Dexter transfer

Energy (eV)

(NMA/PEA),FA _,Pb Bry, .

9 = or (E HNZNH

z *NH; NMA " PEA FA

N2F8
P2F8

(NMA/PEA),FA,,_Pb,Brs,.

Figure 11. Sketches of (a) singlet exciton hopping via FRET and (b) triplet exciton hopping via Dexter
energy transfer. (¢) Proposed energy transfer mechanisms in PeLEDs based on the quasi-2D MHPs
(NMA)2FA,..1Pb,Br3,+1 (N2F8) and (PEA)2FA,..1Pb,Br3,+1 (P2F8), where NMA is 1-naphthylmethylamine
and PEA is phenylethylammonium; unit cell and molecular structures on the right-hand side. For both
systems, excitons are funnelled to the higher-dimensional grains via FRET and Dexter processes. In the
case of N2F8, the low-lying triplet on NMA quenches the PeLED emission via Dexter transfer. By contrast,
the triplet state of PEA is too high in energy to engage in Dexter transfer, and therefore does not interfere
with the strong emission from P2F8. (c¢) Reprinted with permission from [157], Copyright 2019, Springer

Nature.

The trivial Stokes shift shown by many MHPs makes them conducive to FRET. The strong distance
dependence generally limits FRET to 1—10 nm, making it a viable route for singlet exciton transfer between
MHP nanomaterials, especially where there is size dispersity to drive the excitations to the lowest energy
site in the ensemble.?72%2% To this end, ultrafast FRET has been exploited in numerous PeLEDs based on

mixed MHP colloidal quantum wells (CQWs, see Section 3 for examples). FRET ought to be rapid in these
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systems because of the reduced distance dependence (R*#) from the extended 2D dipole interaction, and the

propensity of the wells (and thus their transition dipoles) to align parallel to each other.””

If the D-A separation is sufficiently small (<1 nm), their D and A electronic wave functions can overlap
and engage in charge transfer. This opens the possibility for the excited state to migrate via the coordinated
exchange of a conduction electron from the donor and valence electron from the acceptor, as shown in
Figure 11b. This is known as Dexter energy transfer, and exhibits the following rate constant:
kpexter ~ Joe R, where J, o and R represent the aforementioned orbital overlap, spectral overlap and
separation between the donor and acceptor.?!’ Unlike Forster theory, triplet transfer is not forbidden in the
Dexter mechanism. Ergo, for LEDs based on excitonic semiconductors (organic LEDs (OLEDs) being the
prime example),’'! the majority of the electrical excitations are transported on the short-range by Dexter
transfer. Figure 11c highlights the importance of the Dexter mechanism in a quasi-2D MHP LED conceived
by the Adachi group. Here, Dexter transfer is used to corral triplet (and singlet) excitons to high-
dimensionality grains, but also mediates emission quenching by organic moieties with low triplet

energies.'”’

The Forster and Dexter mechanisms above are fundamentally non-radiative in nature. However, the high
absorption coefficients, luminescence quantum yields and small Stokes shift of MHPs mean that energy
can also be shuttled through a PeLED active layer via the iterative emission and reabsorption of (real, not
just virtual) photons. This form of radiative energy transport is known as ‘photon recycling’, and is known
to occur in other high-quality semiconductors with the aforementioned optical properties, such as GaAs.?!?
Figure 12a encapsulates a hallmark of photon recycling in a (thick) single crystal of MAPbBr3. The PL
originating from the excited face of the sample substantially overlaps with the absorption spectrum, thus
enabling efficient reabsorption of the PL. As the emitted light propagates through the sample, the band-tail
emission (redder light) is reabsorbed and reemitted more effectively, which biases the rear-collected PL

spectrum to lower energies. Figure 12b shows that this spectral filtering can be modelled from the Beer-

Lambert law, and accordingly exhibits a dependence on the sample thickness.”!?

Beside the front and back-illumination experiments, photon recycling has been observed in other MHPs
by a variety of spectroscopic methods, including comparison of the reflected and transmitted PL spectra,
differentiation of the emitted and reabsorbed photons by polarisation, comparison of surface and bulk

emission by two-photon excitation, and spatially-resolved measurements where the PL is collected from
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214215216217 The results of the latter experiments,

the sample at a defined lateral distance from the excitation.
as represented by Figure 12c, are particularly salient because they directly demonstrate that photon
recycling occurs over considerable distances (exceeding microns). In these works, complementary charge
extraction and EL measurements further support the notion of long-range e-# transport.”'®’!'” This
redistribution of the excited states within the sample has been shown to decelerate recombination kinetics
by reducing the local carrier density, as shown in Figure 12d.>'® Because photon recycling is interrelated

with the propagation of light through the material, various photonic structures have been devised to exploit

photon recycling in PeLEDs, and are deliberated in Section 3.7.
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Figure 12. (a) Absorption (black) and PL spectra collected from the front (blue) and rear (red) of a 2.13
mm thick MAPbBr3 single crystal. (b) Calculated shift of the PL emission through the MAPbBr3; single
crystal due to photon recycling. (¢) Pseudocolour map comprising the PL spectra of a MAPbI;
polycrystalline thin film recorded at different distances between excitation and collection (represented in
the inset). (d) Modelled charge carrier dynamics within a 300 nm thick MAPbI; polycrystalline film
following photoexcitation at 400 nm (44 pJ cm). (a-b) Reprinted with permission from [213], Copyright
2017, Springer Nature, CC BY 4.0. (¢) Reprinted with permission from [217], Copyright 2016, American
Association for the Advancement of Science. (d) Reprinted with permission from [218], Copyright 2017,

American Chemical Society.
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Charge transport

The energy transport mechanisms above govern the migration of preformed e-4 pairs through MHPs.
In a working PeLED, these emissive e-/ pairs originate from electrically-injected free electrons and holes,

and thus charge transport must precede recombination and light emission. The motion of a carrier through

a semiconductor can be described in terms of diffusion with a characteristic length scale, L = vtD where

7 1s the carrier lifetime (time taken to recombine, or inverse of the recombination rate, see Section 2.3), and
D is the diffusion coefficient. In MHPs, carrier diffusion lengths on the order of microns have been
elucidated (an order of magnitude beyond the typical PeLED active layer thickness).?'*????!' This is quite

outstanding for multi-component materials that are fabricated by solution-processing techniques.????3224

ukpT

According to the Einstein relation D = , D is controlled by the carrier mobility, u. This is a

material-dependent parameter which expresses the velocity of a carrier when pulled through the

semiconductor by an electric field, and can be determined by a variety of methods, including PL

219220

quenching, space-charge limited current, Hall coefficient and resistivity measurements, time-of-flight

221225 and field-effect-transistor mobility.””* Non-contact methods based on short laser pulses,

transients,
such as time-resolved microwave conductivity and optical pump-terahertz probe are exceedingly popular
because they do not require any explicit modification of the thin film samples, and also relay direct

information on the dynamics of the charge carriers, which will be discussed in Section 2.3. 148227228

The intrinsic mobility of a semiconductor can be understood within the simplified framework of Drude

theory, which treats the constituent nuclei (or ions) as immobile within a ‘sea’ of unbound charge carriers.

et”

In this way, only the carrier properties have to be modelled as follows, u = , where 7" is the average

Me/h
scattering time, and m./ is the effective mass of the electron or hole. Although there is a considerable spread
in the reported values, the majority of measurements give values below 100 cm? V! s°! for the epitomic
bulk polycrystalline MHPs.??> Given that m. in these systems is ~0.1m,, it follows that z* must be tens of
fs. This rapid scattering, and the anticorrelation between u and temperature suggest that the intrinsic carrier
mobility of MHPs is limited by phonons rather than by defects; other polar semiconductors behave in this
same regard.””’ The T/ dependence observed in many MHPs circumstantially points toward scattering

by acoustic or non-polar optical phonons,””*** at odds with the results of the temperature-dependent PL
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linewidth studies and the wider Fréhlich mechanism for carrier-LO phonon scattering, for which u o 7705
is to be expected. This discrepancy has been attributed to a number of peculiarities, including lattice

anharmonicity and a temperature-dependence of the dielectric properties.’*

Other factors that exacerbate the scattering of charge carriers and introduce variations in mobility include
impurities, defects, grain boundaries, and energetic disorder.””> Hence, even for a given stoichiometry of
MHP composition, the reported charge carrier mobility values can be quite different due to various
processing conditions which affect material crystallinity and average domain sizes. The anisotropic nature
of 2D MHPs brings another degree of complexity to their charge transport properties. While the in-plane
mobilities of these materials are comparable to their bulk counterparts, the off-plane mobilities are

substantially hindered by the ligand interlayers and dielectric confinement.?’'

2.3 Radiative and non-radiative decay mechanisms in MHPs

In an optimal LED, the electrically-injected excited states recombine to produce photons (light) rather
than phonons (heat in the lattice). With this in mind, the following parts of the review survey the basic
mechanisms of radiative and non-radiative e-h recombination in semiconductors, as well as their relevance
to different MHP materials. We will then emphasise some of the unique luminescent properties of MHPs

with a view on their application to PeLEDs.
e-h recombination

The excited state dynamics, and particularly recombination kinetics of MHPs ultimately determine the
emission properties of PeLEDs, and have been thoroughly studied over the past decade using a variety of

time-resolved spectroscopies. Generally speaking, the kinetics obtained from these measurements can be

SN(t) _

= k,N + k,N? + k3N3, where N is the charge carrier density,

fit to the following global equation: —

and k;, k2 and k3 are mono-, bi- and tri-molecular rate constants.'****> For MHPs where the exciton binding
energy is high (£, >> kgT, such as nanocrystals and single-layered MHPs), the overall recombination
kinetics (and PL intensity, as shown above in Figure 9¢) tend to be first-order with respect to N, with the
dominant k1N term corresponding to the direct annihilation of the e-# pairs; known as geminate
recombination. Significant deviations from this linear behaviour only occur when exciton-exciton

interactions start to play a role. In the other scenario where Ej is low, (comparable to room temperature, as
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in most polycrystalline bulk samples), the recombination kinetics are somewhat more complicated because

they are interrelated with the motion of individual free charges, as depicted in Figure 13.7%3
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Figure 13. Mechanisms for e-/ recombination in MHPs following pulsed photoexcitation. Reprinted with

permission from [233], Copyright 2016, American Chemical Society.

For these non-excitonic MHPs, the k;N term is also significant for small excitation densities (up to 10'°
cm?3), but is non-radiative in nature, and therefore attributed to trap-assisted (Shockley-Read-Hall)
recombination of the free carriers, whereby an electron (or hole) recombines with its partner in a defect
state. The lifetime of this process is remarkably long (~107 s) in spite of the relative abundance of trap
states (~10°—10'7 cm) when compared with other highly luminescent semiconductors such as GaAs (trap
density ~10'3-10"> cm).>** Non-radiative recombination is also prevalent at extreme excitation conditions
due to Auger recombination, where electrons and holes recombine and non-radiatively donate their energy
to other charge carriers. This three-particle (and hence trimolecular) process is only relevant at N >> 10'3
cm3, and therefore has more important implications for lasers than LEDs, owing to its competition with
stimulated emission. The strongest spontaneous emission is obtained at intermediate excitation densities
(10'%=10'7 cm3), where all the traps are filled but Auger processes are negligible. The fact that both the
recombination kinetics and PL intensity (also in Figure 9¢) have a quadratic dependence on N in this regime
indicates that radiative recombination from these materials is a non-geminate and bimolecular process,
depending on the population of both electrons and holes. The determined values of k2 (~1071° cm™ s°) are

several orders of magnitude above the rate constants predicted by Langevin theory, as portrayed by the
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exceptionally low ratio of k2 to the charge carrier mobility (~10 cm? V! s71).2?7 This manifests itself in the
long carrier diffusion lengths, as discussed in the previous section. Unlike &;, the values of k> are intrinsic
for a given MHP composition. Maximizing the luminescence efficiency of PeLEDs therefore involves (i)
the amelioration of trap-assisted recombination; (ii) attaining excitation densities that are conducive to
bimolecular recombination by, for example, spatially confining the carriers; and (iii), along this same vein,
encouraging excitonic recombination by enhancing the exciton binding energy. These approaches will be

elaborated in Section 3 of this review.

2.4 Tailoring the PL properties of perovskites

The rich photochemistry of MHP materials discussed above offers many opportunities for controlling
and engineering their electroluminescent properties through the material composition, molecular and

electronic structure, density of states and dimensionality.

Historically, the most important material factor imposing upon the lighting properties of semiconductors
are lattice defects. Generally, defects that are weakly coupled to the lattice result in only small shifts
between the ground and excited state potential energy surfaces, which lends itself to a broad emission
spectrum (for example in Zn0).?*>23¢ Alternatively, defects that strongly couple to lattice distortions can
produce more substantial shifts between the ground and excited state energy surfaces that suppress
luminescence by inducing non-radiative (multi-phonon) transitions, culminating in an intrinsic and narrow

emission spectrum of the semiconductor.??’

For MHP materials, narrow emission spectra with FWHM less
than 20 nm are generally observed, which suggests that the latter of the above scenario is most relevant.
Interestingly, some reports show that a broad emission spectrum can be achieved by forming self-trapped
excitons (STE, as shown in Figure 14a) in 3D and 2D MHPs, yielding intrinsic white light emission.?*%%%
However, a recent report on n=1 2D perovskites of PEA;Pbl4 and FPEA>Pbls shows that the broad emission
spectrum can also result from the in-gap trap states, as shown in Figure 14b, providing the first evidence

for radiative trap-assisted recombination in the perovskite family.?*"

In addition to the interband phenomena above, the luminescence properties of semiconductors are also
influenced by the intraband density of states, as well as optically inactive (dark) states residing close to the
band edges. The latter states have been posited to act as a transient energy reservoir in some MHPs, for

example in the 2D MHP BA;Pbl4, where the internal PLQY (~70%) and time-resolved PLQY (~17%) are
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highly incongruent.?*! This is explained by Figure 14c¢, which shows that optically-generated bright
excitons rapidly relax to the lower dark states rather than non-radiatively recombining through a defect
state, leading to a sharp decay of the initial TRPL signal. Nevertheless, the small energy gap between the
bright and dark states allows the thermally-activated excitons to radiatively recombine and give a high
PLQY. The exact nature of the dark states is still unclear, but they are likely to be spin-forbidden triplet

states in 2D BA,Pbl4 perovskite, as discussed previously for other MHP materials.'>?!°¢

Organic spacers and ligands, particularly in low-dimensional systems, offer an additional means of
controlling the emissive properties of materials. The organic spacers butylamine (BA) and
phenylethylamine (PEA), which consist of an alkyl chain and a benzyl ring, respectively, have been

242 In Figure 144, it can be

systematically studied with regards to the PL properties of RP-phase 2D MHPs.
seen that the TRPL decay is twice as slow in PEA2MA,Pb3Br1o than in BA2MA,Pb3Bro for a wide range
of given excitation powers (ranging from 10" to 10'® photon cm™2 s™"). The PLQY value of the latter film
is also 7.4 times lower, pointing towards a stronger non-radiative decay channel. To investigate this
behaviour on the atomistic level, time-resolved X-ray absorption spectroscopy (TR-XAS) was used to
measure the electronic structure dynamics after photoexcitation. Figure 14e shows the intense X-ray
absorption edge peak around 13.48 keV, corresponding to the 1s to p continuum transition of Br. For the
PEA-based material, the transient signal persists beyond 100 ps, pointing toward relatively long-lived
photogenerated holes localized on the Br atoms. By contrast, these holes have already recombined in the
BA-based analogue. The origins of this behaviour could be related to steric, delocalisation or carrier-phonon

coupling effects caused by the organic spacers, and while not yet conclusively understood, clearly

demonstrate the importance of these spacers toward charge recombination.

Finally, it is essential to note the role of charge and energy transport management in optimising the
luminescence properties of disordered polycrystalline materials. For instance, MHP NCs usually exhibit
very high PLQYs in the solution state (over 70%), but upon aggregation (and forming crystalline solids
such as in thin films), a huge loss of PLQY is observed, which is widely known as the quantum yield
quenching effect.”7?43244245246 This undesirable effect can be attributed to efficient exciton diffusion through

247

FRET toward quenching sites within the size-inhomogeneous quantum wells.**’ Two types of quenching

site are commonly recognized: defect-mediated mid-gap states due to the dangling bonds on the

nanomaterial surface, or charged particles produced through many-body Auger processes. 248247

Surprisingly, in the case of (CsH17NH3)2[MAPbBr3],PbBrs colloidal quantum wells (CQWs), Jagielski et
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al. reported that the PLQY values in lamellar solids were higher than those in solution states except for the
n=1 sample, which exhibited aggregation-induced emission (AIE) behaviour.”>’>>! The AIE effect was
corroborated by an increase of the PLQY with increasing concentration of the colloidal solution (Figure
14f). Classical molecular dynamics simulations were then conducted to investigate the orientational
distribution of surface MA cations in the n=3 sample. Figure 14g illustrates that surface MA cations of
CQW:s dispersed in toluene orient within the surface plane, particularly along two preferable orientations
of [100] and [011]. While in a lamellar solid-state, the motion of surface MA cations are more restricted
within the surface plane and only along the [100] direction, making the adjacent surface ligands
interpenetrate with each other and interact with the surface MA cations. The restriction of the molecular
orientation relieves the bandgap variation induced by different orientational configurations, and
consequently triggers the AIE phenomena. This unique phenomenon of avoiding self-quenching upon

aggregation merits further study as it is expected to enable high-performance PeLEDs.
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Figure 14. Schematic diagrams of emission from STE (a) and through trap states (b). (¢) Schematic of

energy relaxation and radiative recombination of a simplified model. GS: ground state, BS: bright excited
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state, Eres: energy reservoir, Xg: bright exciton, and Xp: dark exciton. (d) Average PL decay times of PEA-
and BA-based samples as a function of the incident laser power. (e) The ground state X-ray absorption
spectra versus energy and the change in X-ray absorption after 100 ps delay for PEA- and BA-based films.
(f) Absolute PLQY values and emission wavelength peaks as a function of CQW concentration. (g)
Orientational distribution contour maps of surface MA cations in toluene solution and lamellar solid state.
(a-b) Reprinted with permission from [240], Copyright 2020, Springer Nature, CC BY 4.0. (c¢) Reprinted
with permission from [241], Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d-e)
Reprinted with permission from [242], Copyright 2020, John Wiley and Sons, CC BY 4.0. (f-g) Reprinted
with permission from [251], Copyright 2017 American Association for the Advancement of Science, CC

BY 4.0.

3 Device Engineering of PeLEDs
3.1 PeLED device structures and fabrication techniques of perovskite films

As with the antecedent OLEDs and quantum dot LEDs (QLEDs), PeLEDs are typically thin-film devices
that adopt one of two general structures: conventional and inverted. The terms ‘conventional structure’ and
‘inverted structure’ generally refer to ‘n-i-p structure’ and ‘p-i-n structure’ in perovskite optoelectronic field,
respectively, and Figure 15 exhibits the conventional and inverted structure of PeLEDs alongside
representative energy diagrams.”! °> As shown in Figure 15a, for a conventional structure, the indium tin
oxide (ITO) layer sits above the glass substrate to work as a cathode that injects electrons into the
CBM/LUMO of the electron transport layer (ETL), and then to the CBM of the perovskite emitter. At the
same time, holes are injected from the highly-reflective metal anode to the VBM/HOMO of the hole
transport layer (HTL), and then to the VBM of the perovskite emitter. The injected electrons and holes may
then undergo radiative recombination (bimolecular for free carriers, monomolecular for excitons). For an
efficient device, the ETL should have a deep VBM/HOMO to effectively block the injected holes, and the
HTL should have a shallow CBM/LUMO to effectively block the injected electrons, thus confining the
injected electrons and holes to the perovskite emitter. For an inverted structure, shown in Figure 15b, the
electron/holes are injected in opposite directions from that above. Here, the ITO layer works as an anode,
to inject holes into the VBM/HOMO of the HTL and then into the VBM of perovskite emitter. At the same
time, electrons are injected from the metal cathode to the CBM/LUMO of the ETL, and then into the CBM
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of the perovskite emitter. Similarly, the ETL (HTL) should have deep VBM/HOMO (shallow CBM/LUMO)
to effectively block the injected holes (electrons) so that electrons and holes can efficiently radiatively

recombine within the perovskite emitter.

a Conventional Structure (n-i-p) b Inverted Structure (p-i-n)
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Figure 15. Conventional (n-i-p) structure (a) and inverted (p-i-n) structure (b) of PeLEDs. The respective
energy diagrams of two representative systems are also shown. The green numbers indicate the roles of

the different layers: 1) electron injection; 2) hole injection; 3) electron blocking and 4) hole blocking.

In device fabrication, due to the excellent processability of perovskite materials in both solution and solid
states, four typical techniques (i.e. spin coating, blade coating, injection printing, and thermal evaporation)
have been adopted to fabricate perovskite films for LED used. Among them, spin coating is the most
popular film formation technique, because of its good reproducibility in research and compatibility with

the anti-solvent dripping process.?>> However, because different circumferential speeds are generated
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along the radial direction of the sample during spin coating, the perovskite crystal growth generally varies
in the centre and edge of the sample, resulting in an ununiformed film, particularly in the large-area
sample.>>* In such a case, blade coating is an ideal technique to achieve large-scale PeLEDs with uniformed
perovskite films. Different from the spin-coating process that rapidly evaporates the solvent of precursor
solution and hence immediately induces the formation of perovskite nuclei, the solvent evaporation process
in blade coating film becomes much slower. Therefore, the control of nucleation and growth of perovskite
crystals under slow solvent-evaporated condition is important but still remains challenges to the PeLED
field. To the best of our knowledge, only one report has successfully demonstrated PeLEDs based on blade
coating to date.>> Compared with the blade coating process, inject printing focuses more on the formation
of patterned perovskite films, which facilitates the high-resolution display. In inject printing, perovskite
QDs/NCs are generally used as ink to skip the perovskite nucleation-and-growth issue occurred in the blade
coating process. In such a case, what has to be addressed is the microscopic film morphology issues like
‘coffee ring’, to acquire a smooth film for PeLED.>¢ Although the aforementioned techniques are powerful
in perovskite film formation, a HTL/ETL substrate with suitable hydrophilic-hydrophobic property is
critical when depositing perovskites using these solution-processing techniques, which restricts the choices
of HTL and ETL. Thermal evaporation process minimises the substrate effect by directly evaporating
perovskite precursor materials to the HTL/ETL substrate, extending the choice of charge transport materials.
The composition, dimension, and uniformity of perovskite films can be modulated by varying material
sources, co-evaporation process, and substrate heating process etc, which is compatible to the thermal

evaporation technique for commercial OLEDs today. 37238239260

3.2 EQEs of PeLEDs

EQE is defined as the ratio of the number of photons that escape the device to the number of electrons
injected into the device. Obviously, it is an efficiency parameter related to the optical and electrical
properties of a PeLED. The following four aspects must be addressed to maximize the EQE of a PeLED: 1)
Do electrons and holes reach the perovskite emitter simultaneously to avoid their recombination in other
layers? (requires excellent e-4 balance); i1) Does every injected electron and hole form an e-/ pair/exciton
in the perovskite emitter? (requires no parasitic losses of electrons and holes); iii) Does every e-h

pair/exciton experience radiative recombination to emit a photon? (requires high EL quantum yield); iv)
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Does every photon successfully escape the device and propagate to the far field? (requires excellent light

outcoupling). Accordingly, we can use the following equation to describe the EQE of a PeLED:
EQE = B,_, X L._, X ELQY X LEE

where B.., represents the balance between injected electrons and holes in a perovskite emitter, which can
be modulated by interfacial engineering in the PeLED. L.., represents the parasitic loss of electrons and
holes in a PeLED, such as leakage current and traps in ETL and HTL layers, which corresponds to the
overall PeLED quality. ELQY represents the EL quantum yield of e-/ pair/excitons, which is generally
assumed to be equal to the PLQY value of perovskite thin film in the PeLED field. On this point, it is
important to state several factors which distinguish the ELQY and PLQY values:*®! i) a constant 1:1 e-A
ratio is generated in the photoexcitation-driven PL process, while a potential charge imbalance occurs in
the electrically-driven EL process; ii) in electrical injection, charge carriers tend to transport through
perovskite components with lower energy states (i.e. the parts with lower electrical resistances), while in
photoexcitation, all perovskite components with various energy states are excited simultaneously (this
difference is highly pronounced in quasi-2D perovskites); iii) other material-related factors, such as the
final ratio of singlet and triplet excitons under electrical injection and photoexcitation, because the photon
emission from triplet states to the ground state is normally forbidden. Lastly, LEE represents the light
extraction efficiency of photons generated in the device, which relates to the refractive index of each layer
and geometry of the PeLED. In the best-case scenario, all four parameters (i.e. Be-r, Le-n, ELQY, and LEE)
have unity values and therefore the EQE of the PeLED is 100%.

3.3 Development history of PeLEDs

PeLEDs originated in the 1990s, and we summarise the important developments in the EL properties of
perovskite layers from 1992 to 2014 in Figure 16. In 1992, Hong et al. provided the first demonstration of
EL emission from a (C¢HsC2H4NH3)2(CH3NH3)Pb.I7 perovskite at 77 K.?®> However, the birth of PeLED
is often attributed to Era ef al. in 1994, who, for the first time, used a (CsHsC2H4NH3)2Pbl4 perovskite as a
green-emissive layer in a thin-film LED structure which exhibited a high luminance of 10000 c¢d m at 77
K.?%3 This report also indicated the use of organic hole/electron buffer layers to confine the injected charge
carriers within the emissive perovskite layer. In 1996, Hattori et al. modulated the organic ligands of 2D

perovskites to form (CsHoCoH4NH3),Pbls and (CsHsCsHsNH3)2Pbls, which obtained a much higher PLQY
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than that of previously reported (CsHsC2H4NH3)2Pbls perovskites. Based on these emissive layers, the best
device obtained a high EQE of 2.8% at 110 K, showcasing ligand modulation as another important strategy
for improving device performance. *** Although these reports represent significant milestones in
engineering the EL of perovskite materials, none of the devices above presented emission at room

263266 The two main reasons

temperature; an issue that remained unsolved for almost two decades.
responsible for this were that, firstly, high-quality perovskite films and PeLED fabrication techniques were
still undeveloped at that time, and secondly, the PeLED studies mainly focused on n=1 or 2 perovskites as
the emissive layers, which suffered from severe thermal quenching of excitons in the perovskite films at
room temperature.'’"?®” Compared with the prosperous development of OLEDs and QLEDs, the inferior
device efficiencies at room temperature and the nearly stagnant development of the PeLED field attracted
little interest from the research community between 1994 to 2013. However, in this period of time, several
attempts were made to realize room-temperature-emissive PeLEDs. For instance, in 1999, to avoid the
thermal quenching of exciton in BXs sheets at room temperature, Chondroudis et al. designed a 2D
perovskite of (H;NC>H4C16HsS4CoH4NH3)PbCls, which generated light from the small-bandgap organic
ligands rather than the large-bandgap BXs sheets, and the resulting PeLED yielded an efficiency of 0.1 Im
W-! at room-temperature.”®® Later, in 2011, Koutselas et al. demonstrated the first room-temperature-
emissive PeLEDs with naked-eye EL from the BXs sheets, based on the 2D perovskites of
(CH3(CH2)7CH=CH(CH2)sNH3)-PbX4 (X=I, Cl, Br). The simple device structure of ITO/Perovskite/Ga-In
provided solid evidence that all the EL came from the perovskite layer. However, no device properties such
as EQE and luminance were reported with this research.’®” In 2014, Schmidt et al. successfully synthesised
CH3NH3PbBr; QDs and demonstrated the first perovskite QLED with room-temperature emission and
reported luminance of ~0.45 c¢d m2, while the report of EQE was still unshown.®”> A few months later, Tan
et al. provided a comprehensive study on room-temperature-emissive PeLEDs based on device structure of
ITO/poly(3,4-ethylenedioxythiophene):poly(styrene ~ sulfonate)  (PEDOT:PSS)/Perovskite/poly(9,9'-
dioctylfluorene) (F8)/Ca/Ag. The infrared-emitting device presented a decent EQE of 0.76% and radiance
of 13.2 sr! m™2, respectively, while the green- and red-emitting devices presented EQEs of 0.1% and
0.018%, with luminance values of 364 and 16.2 c¢d m?, respectively.”’ This research was especially
encouraging to the field as it showed the great potential of perovskite materials for LED applications. Since

2014, the development of PeLED has continued to skyrocket.
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Figure 16. Important developments in the EL properties of perovskite layers from 1992 to 2014. Reprinted
with permission from [262], Copyright 1992, Published by Elsevier Ltd. Reprinted with permission from
[263], Rights managed by AIP Publishing. Reprinted with permission from [264], Copyright 1996,
Published by Elsevier B.V. Reprinted with permission from [268], Copyright 1999, American Chemical
Society. Reprinted with permission from [269], Copyright 2011, American Chemical Society. Reprinted
with permission from [62], Copyright 2014, American Chemical Society. Reprinted with permission from

[91], Copyright 2014, Springer Nature.

In the 6 years following 2014, many important concepts and strategies inspired from developments in
the OLED, QLED, and perovskite photovoltaic fields, were used for the advancement of PeLEDs. This is

summarised in the PeLED performance chart in Figure 17.

In 2015, Wang et al. modified the ZnO/perovskite interface by inserting a thin polyethylenimine layer,
which provided a hydrophilic surface for perovskite growth and a low work-function cathode for Ohmic
contact.”’’ Decent EQEs of 3.5% and 0.8% were achieved in their near-infrared and green PeLEDs,
respectively, suggesting the importance of interfacial engineering for PeLEDs. Later, the first demonstration
of perovskite QLEDs with multiple colours from orange to blue was presented by Song et al., bolstering

the prospect of zero-dimensional perovskites for LEDs.?’! Along this vein, Cho et al. subsequently used
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smaller perovskite crystals to enhance the excitonic nature of the materials and yield a high-performance

green PeLED (EQE = 8.53%).%

In 2016, quasi-2D perovskites combining the advantages of 2D and 3D perovskites took centre stage in
the literature. Yuan ef al. demonstrated an energy funnel concept for quasi-2D PeLEDs based on the transfer
of charge carriers from small-n 2D perovskite grains to large-n 2D perovskite grains to improve the overall
radiative properties of quasi-2D perovskite films, resulting in an efficient near-infrared PeLED with 8.8%
EQE.?’?> Later, Wang et al. found a similar funnel process in a quasi-2D MQW with a vertical distribution
of various dimensional perovskites. A high EQE of 11.7% was successfully achieved in their best near-

infrared PeLED.?"3

In 2017, the performances of near-infrared, red, green, and blue PeLEDs based on the aforementioned

33274275276

strategies were enhanced even further, and substantial progress of PeLEDs with various colours

were achieved in the following year.

In 2018, Lin et al. demonstrated a quasi-core/shell structure of 3D CsPbBrs/MABr crystals where MABr
efficiently passivated the surface traps of the CsPbBr3 crystals to promote the EQE of green PeLED to over
20%, underlining the importance of trap passivation for perovskite crystals.?’” In addition, Cao et al. found
that a self-light-extraction effect was produced through the formation of submicrometre-scale perovskite
crystals, which promoted the EQE of near-infrared PeLED to over 20%, inspiring the field to consider light
extraction as a figure of merit for PeLED devices.”’”® For red PeLEDs, perovskite QDs played an important
role in achieving a high-performance device. Lu et al. reported a doping effect arising from diffusion from
the silver electrode in a top-illuminated device. This passivated the CsPblz surface and promoted the EQE
of a red PeLED to 11.2%.>”° Chiba et al. pushed the EQE of red PeLEDs beyond 20% by employing an
anion-exchange strategy to form high-quality red-emitting perovskite QDs.”*’ Compared to other colours,
the performance of blue PeLEDs severely lagged behind at this stage, although continuous efforts had been
made to develop these devices.?’'?*?%! Xing et al. demonstrated a concept using two different organic
ligands in quasi-2D perovskites to modulate the dominant layer number and associated emissive properties,
however, a relatively low EQE of 1.5% was recorded from the device.?® In addition, after many
investigations of white-light PL from perovskite thin films, 2342394 Mao et al. demonstrated the first white
all-perovskite LEDs composed of red and blue-emitting perovskites inside a tandem structure, however the

0.22% EQE still left a lot to be desired.”®?
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By 2019, near-infrared, red, and green PeLEDs began to converge with their theoretical performance
limits, and great efforts to develop blue PeLEDs were still underway. Li ef al. discovered that for a vertical
non-uniform distribution of quasi-2D perovskite crystals in a thin film, the majority of perovskite crystals
tended to disperse on top of the film. By modulating the e-4 recombination zone position in the active layer
to activate most of the perovskite crystals, they achieved a breakthrough for blue PeLEDs with the
champion EQE of 5.7%.%%* Wang et al. were able to further improve the PLQY of blue perovskite films by
introducing a wide-bandgap YCl; additive, which accumulated at grain boundaries to confine charge
carriers to the perovskite crystals, leading to better radiative recombination and a more efficient blue PeLED
(EQE of 11%).”% Additives also played a role in the development of highly-efficient near-infrared PeLEDs
with record EQE of 21.6%. Here, Xu et al. rationally designed a set of oxygen-containing small molecules
to modulate the hydrogen bonding between the passivating functional moieties and the organic cation in

the perovskite.”°

In 2020, a further step was made for blue and white PeLEDs. Dong et al. successfully synthesized blue
perovskite QDs with bipolar shell consisting of an inner anion shell and an outer shell comprised of cations
and polar solvent molecules. This improved the carrier mobility and reduced trap density of perovskite QDs,
which contributed to the best blue PeLED to date (EQE=12.3%).?*” In addition, a single-component white
PeLED was successfully demonstrated via the doping of rare-earth element Sm*" in CsPbCls nanoparticles.
An EQE of 1.2% and luminance of 938 c¢d m™ have been reported for this device.”®® Later on, further
development of single-layer white PeLEDs was achieved via an alternative method that combining the
emissions from perovskite/non-perovskite heterophase, which contributed to an EQE of 6.5% and peak

luminance of 12200 c¢d m2.2%

In early 2021, two breakthroughs have been made in the PeLED field: 1) through the synergic effect of
doping of guanidinium and halide vacancy healing of 1,3,5-tris(bromomethyl)-2.4,6-triethylbenzene, high-
quality green-emissive perovskite QDs, having their inner and surface traps passivated, had been
synthesised, leading to the most efficient PeLED to date (with 23.4% EQE);?*° ii) through near-field optical
coupling processes between the blue and red perovskite layers in the device (based on the bridge of
evanescent fields), the trapped optical modes within the PeLED were successfully extracted and then

utilised, which contributed to the most efficient white PeLED to date (with 12.2% EQE).?"!
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At this point, Figure 17 summaries the key milestones of PeLED efficiencies since 2014, where data are

collected from refs334091120121270271 272273274275276277278279280281282244283284285286287288202293294295296297289290291 ]
we also selectively highlight the important concepts and strategies that make a great impact to the field,

based on our understanding.
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Figure 17. PeLED efficiency chart (without out-coupling lens) selectively highlighted with important

concepts and strategies.

The aforementioned concepts and strategies have made a great contribution to the step-by-step
development of PeLEDs. Below, we further categorise them according to their improvements to specific

EQE parameters: Be-i, Le-n, ELQY (or PLQY in general) and LEE.

3.4 B.., improvement
Interfacial engineering

As mentioned in the ‘Charge transport’ part in Section 2.2, various methods are conducted for
electron/hole mobility measurements, and when using the same method of measurement, the electron and
hole mobilities of perovskites tend to be highly similar,”'*?>° which can be attributed to the comparable
me and my.”’?” Therefore, perovskites can be considered as a bipolar (intrinsic) semiconductor with

balanced electron and hole transport. In this case, the e-4 balance in a PeLED mainly depends on the ease
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with which electrons and holes are injected from the electrodes into the perovskite layer, and how fast these
charges can travel in the ETL and HTL, respectively. By modulating the energy levels and charge transport
properties of the ETL and HTL, it is possible to make electrons and holes reach the perovskite layer
simultaneously to achieve a perfect e-4 balance for an efficient PeLED. The energy levels and electron/hole

mobilities of commonly-used ETLs and HTLs in PeLEDs are summarised in Figure 18, where values are

taken from ref 91252296300301302303304305306307308309310311312313314315316
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Figure 18. Summary of energy levels and electron/hole mobilities of widely-used ETLs and HTLs for
PeLEDs.

For a PeLED with an inverted structure, ITO, 1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl)benzene (TPB1),
and LiF/Al are examples of a commonly-used anode, ETL, and cathode, respectively. The tiny discrepancy
between the work function of LiF/Al (-2.9 eV) and LUMO of TPBi (-2.7 V) means there is almost no
energy barrier for electron injection from the cathode into the relatively low CBM of perovskite materials
(around -3.0 eV to -4.5 eV, as shown in Figure 6a). However, on the anode side, the large energy difference
between the work function of ITO (-4.7 eV) and the VBM of perovskites (around -5.5 eV to -7.0 eV, as
shown in Figure 6a) results in a sizeable hole injection barrier. Considering the decent electron mobility of
TPBAI, an e-h imbalance can be expected for this representative inverted device. As illustrated in Figure 19a,

electrons can be readily injected into the perovskite layer, and will even severely accumulate at the
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HTL/perovskite interface because of the fast injection and the decent electron blocking property of the HTL,
resulting in a recombination zone close to the HTL/perovskite interface. However, there are two energy
barriers for hole injection: one is the barrier between the ITO and HTL (which is marked as ¢;) and another
is the barrier between HTL and perovskite (which is marked as ¢>). ¢; and ¢> cause a hole accumulation at
the ITO/HTL and HTL/perovskite interfaces, respectively. Additionally, if the HTL possesses poor hole
mobility, a large portion of holes are detained in the HTL and prevent rapid hole injection to the perovskite
layer. In this case, the accumulation of electrons and holes at the HTL/perovskite interface causes their
recombination and hence a charge carrier loss for radiative recombination in the perovskite, resulting in an

inferior EQE for the PeLED.

For PeLEDs in an inverted structure, there are several strategies to improve the hole injection to reach a

better e-4 balance (and the strategies for a conventional structure can be deduced accordingly).

1) Introducing a HTL with a deeper HOMO level. As illustrated in Figure 19b, a deeper-HOMO HTL
results in an increased ¢; and a reduced ¢:. It should be noted that compared with the recombination
between the holes at the ITO/HTL interface and electrons at the HTL/perovskite interface, the
recombination between the holes and electrons at the HTL/perovskite interface contributes much more to
the EQE loss. Therefore, although the increased ¢; exacerbates the accumulation of holes at the ITO/HTL
interface, the reduced ¢, is more important for the EQE improvement because better injection at the
HTL/perovskite interface will reduce hole accumulation at this interface and hence suppress the charge
carrier loss. This rationalises the use of deeper-HOMO materials as HTLs in higher-performing
PeLEDs.?82317318319 Therefore, selection of the HTL with a suitable HOMO level is essential for PeLED

fabrication. Many useful strategies can be adopted to modulate the energy level of HTLs, such as

320321322 92323324325 326327328

doping, additive treatment, and surface treatment with dipole molecules.

i1) Introducing a multi-layer HTL with cascade-type energy levels. As mentioned above, when using a
deep-HOMO material as the HTL, the relatively large ¢; still causes a severe hole accumulation at the
ITO/HTL interface. Although some possible processes like Auger-assisted energy up-conversion may

support the charge injection,???330331332

introducing another HTL with a moderate energy level to form a
cascade-type energy level alignment (as the bi-layer HTL1/HTL2 shown in Figure 19¢) can be a more
straightforward method to reduce ¢;, improve hole injection, and suppress charge carrier loss. Here, HTL1

is generally a material with a high hole mobility to form a quasi-Ohmic contact with ITO, such as PEDOT:
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PSS (~ 1x102 cm? V- ) and NiOy (~ 1x107* em? V! s71); meanwhile, HTL2 typically has a deeper HOMO
level, such as poly(9-vinylcarbazole) (PVK, -5.8 eV) and poly(4-butylphenyl-diphenylamine) (Poly-TPD,

-5.3 V), and these cascade-type HTLs always contribute to higher-performance PeLEDs,?7!280296301318333334

ii1) Charge-transport modulation. When faster electron injection occurs in a PeLED, it follows that the e-
h injection can be balanced by slowing down electron transport in the ETL and/or accelerating hole transport
in the HTL, thus equalizing the time taken for electrons and holes to reach the perovskite layer.*”> As
illustrated in Figure 19d, slower electron transport can reduce electron accumulation at the HTL/perovskite
interface, and faster hole transport facilitates hole injection from the HTL to the perovskite; both resulting
in a suppressed charge carrier loss. The charge transport properties of either the HTL and ETL can be

334336337

modulated by simple film-thickness control,?***3> doping for higher charge mobility, or additive-

/bilayer-treatment for lower charge mobility. 02238339
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diagram of a working PeLED under perfect e-4 balance. (f) I-V curves of PeLEDs with poor and decent e-

h balances.

By implementing the aforementioned strategies, perfect e-4 balance can be achieved without any charge
carrier loss at the interface, as shown in Figure 19e. In this case, the B..; factor can ideally reach unity. The
experimental current density-voltage curves of PeLEDs in Figure 19f show that for devices with extremely
poor e-h balance, as the applied voltage increases, the device current density experiences two significant
jumps, which can be attributed to electron and hole injection into the perovskite layer, respectively
(obviously at different applied voltages). This phenomenon can be also found in other types of LEDs with
extremely poor e-h balance.’"**! For devices with relatively decent e-A balance, only one jump in the
current density is observed, indicating simultaneous electron and hole injection to the perovskite layer at a

given applied voltage.

3.5 L.., improvement
Modification of interfacial materials and perovskite film morphology

In a non-ideal PeLED, electrons and holes may recombine outside the perovskite layer. This constitutes
a parasitic loss of the injected charge carriers available for emission from the perovskite, which is harmful

to the performance of PeLEDs. Typically, there are three types of parasitic losses in a PeLED:

1) Leakage loss of charge carriers due to the inefficient blocking properties of HTL and ETL layers. As
illustrated in Figure 20a, in a PeLED with inverted structure, if the LUMO/CBM of HTL is too deep and
the HOMO/VBM of ETL is too shallow, when the injected electrons and holes cannot efficiently recombine
in perovskite layer, then electrons (holes) probably pass through the perovskite layer and recombine with
the holes (electrons) in the HTL (ETL) and electrodes, resulting in a loss of charge carriers and a rise of the
leakage current in the PeLED.*****} This effect is worsened when the PeLED is under e-4 imbalance.
Therefore, it is important to select a shallow-LUMO/CBM HTL and a deep-HOMO/VBM ETL (to provide
effective electron and hole blocking, respectively) for the target perovskite emitter, to confine the injected
electrons and holes to the perovskite layer and hence suppress the leakage loss.??#319338342 The introduction

of an insulating blocking layer for electrons and holes is generally used in device optimization.?!7343344
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ii) Leakage loss of charge carriers for the low coverage of the perovskite film. Generally, solution-
processed crystalline perovskite films are less homogenous than organic films. The morphology of the
former systems is highly sensitive to film formation kinetics, including the nucleation and growth of
perovskite crystals. 42346347348 Improper control of the film formation kinetics probably leads to a
perovskite film with pinholes, and after the deposition of ETL, these pinholes can result in direct contact
of HTL and ETL, as shown in Figure 20b. In this case, the injected electrons and holes are able to directly
recombine rather than injecting into perovskite crystals, which causes a charge carrier loss and a raised
leakage current in the PeLED.?”>**° Therefore, the coverage of the perovskite film is critical for PeLED
performance. Many strategies can assist the formation of a full-coverage perovskite film, such as additive
treatment (e.g. polymer and small molecule additives)?’>3#93°9331352 and process engineering (e.g. anti-

solvent dripping and vacuum-assisted film formation),?33353334335356

However, some reports show that the
pinholes in perovskite film have no negative impact on the leakage current and device performance, and
only if a special design of the PeLED structure or blocking between the direct contact of HTL and ETL can

be achieved.?’8344357

iii) Loss of charge carriers via trap states in the HTL and ETL layers. As illustrated in Figure 20c, when
the electrons (holes) inject into the ETL (HTL) layer, they can also be trapped by the relatively deep trap
states in the ETL and HTL. Detrapping of these carriers is unlikely before further injection to the perovskite
layer can commence. Therefore, they will probably recombine with holes (electrons) inside the
ETL/perovskite (HTL/perovskite) interface, resulting in a charge carrier loss. Elimination of the trap states

326358

in HTLs and ETLs might involve trap passivation by small molecules, UV-ozone treatment, >’

322

doping,’?? and modified film formation.**’

In summary, it is necessary to suppress the parasitic loss of charge carriers for an efficient PeLED. This
should be achieved by improving the charge blocking capability and passivating trap states of interfacial

materials, as well as by forming a full-coverage perovskite film to ideally reach a L.., value of 1.
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Figure 20. Parasitic losses of electrons and holes in a PeLED. (a) Leakage loss of charge carriers for the
inefficient electron- and hole-blocking properties of HTL and ETL layer, respectively. (b) Leakage loss of
charge carriers for a low-coverage perovskite film. (¢) Loss of charge carriers via trap states in the HTL and

ETL layers.

3.6 ELQY (PLQY) improvement

Although there is a potential inconsistency between ELQY and PLQY, the PLQY of perovskite emitter
is generally considered an acceptable way to gauge the ELQY in a corresponding PeLED, especially
considering the difficulty of measuring ELQY in devices. Generally, a high-PLQY perovskite film
corresponds to the high ELQY of a PeLED. We summarise the main strategies for PLQY improvement in

perovskite films below.
Reducing the crystal size of 3D perovskites

As mentioned in Section 2, excitons are easily separated into free charges in non-excitonic 3D perovskite
under thermal energy in room temperature. In this system, a slow bimolecular radiative recombination in
the low charge carrier density region occurs and hence is harmful to the emission.?®' Therefore, it is
important to reduce the crystal sizes of 3D perovskites to restrict the free electrons and holes to a limited
space, resulting in an enhanced recombination possibility and radiative decay rate.”>> Several strategies
have been adopted to reduce the crystal sizes of 3D perovskites for PeLED applications, such as additive
treatment (including polymer 292330331352362363364365 and small molecule additives?*347396367) " composition

engineering (in perovskite films*??7039836% and solvents?’**’!) and process engineering (including anti-
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solvent treatment*!2°3333333354 and laser-control crystal growth?’?). After reducing the crystal sizes to tens of
nanometres, 3D perovskites start to show excitonic nature, and the PLQY's of perovskite films dramatically
climb, as shown in Figure 21a, which also benefits a higher-performance PeLED. In addition, Figure 21b
shows that the peak PLQY shifts to the lower light intensity region upon the reduction of crystal size, which

can be attributed to the aforementioned faster radiative decay rate in smaller perovskite crystals.”

Additive Composition Anti-solvent
Treatment Engineering Treatment 29.1 nm (Crystal Size)
. Without - - Without Without b /==
- PLQY =23% PLQY = 3% ' PLQY = 62%
o s 10
S
>
(@]
— 14
| With oo WGt o
, PLQY = 31%, » PLQY = 36% PLQY, = 76% —a—0% PEOXA
s TRt . K RN —a—2.5% PEOXA
el Te A W ) ; —o— 5% PEOXA 169.2 nm
~',,“‘ » —0—7.5% PEOXA
: ool o1

10 100 1000

02uym , 2‘ll‘m 1

1 7t “ : Light Intensity (mW/cm?)
Figure 21. Relationship between crystal size and PLQY in 3D perovskites. (a) Crystal-size modulations in
3D perovskite films based on strategies of additive treatment, composition engineering, and anti-solvent
treatment. The reduced crystal sizes of perovskite crystals result in enhanced PLQY's of perovskite films.
(b) PLQY versus light intensity characterization for MAPDI; films with different crystal sizes and under
with concentrations of poly(2-ethyl-2-oxazoline) (PEOXA). (a) Reprinted with permission from [40],
Copyright 2015, American Association for the Advancement of Science. Reprinted with permission from
[252], Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Reprinted with permission
from [354], Copyright 2020, Elsevier B.V. (b) Reprinted with permission from [252], Copyright 2018,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Utilizing the nanostructures of quasi-2D perovskites

According to previous experiences, because of the severe thermal quenching of excitons in the perovskite
films at room temperature, PeLEDs based on pure 2D perovskites (especially those with small n values)
generally suffer from inferior efficiencies. '7°°7 Unlike pure 2D perovskites, 3D perovskites are a proven

emissive system that successfully generate light at room temperature, suggesting milder thermal quenching
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of excitons (although this still affects the PLQY of 3D perovskites, as shown in Figure 22a). Moreover, a
relatively high trap density (~10'® cm™) and the slow radiative decay rate in low charge carrier density

regions restrict their LED performances.?’3374375376

Interestingly, the PLQYs of 3D perovskites strongly
depend on charge carrier density within the crystal. As shown in Figures 22a and 22b, the PLQY of 3D
perovskites increase with charge carrier density until ~10'7 cm, then begins to decrease at higher densities
approaching 10'® ¢m?3. This can be explained by the transition of the dominant decay rate from
monomolecular recombination (non-radiative in 3D perovskite), to bimolecular recombination (radiative),

and finally Auger recombination (non-radiative) with the charge carrier density change. >°23¢!

Figure 22¢
echoes that when the charge carrier density is below 10'¢ cm™, non-radiative monomolecular recombination
dominates the total recombination, causing a relatively low PLQY of 3D perovskite. However, the decay
rate of radiative bimolecular recombination raises quickly and starts to dominate the total recombination
when the charge carrier density increases from 10'° cm™ to 10'7 cm™. When the charge carrier density

increases to over 10'7 cm™, the non-radiative Auger recombination starts to become obvious and hence

causes a decrease of PLQY. 292301

Although the PLQY of 3D perovskite is high at the charge carrier density around 10'7 cm, the general
working charge carrier density of a PeLED device is typically below 10'® cm=,*”” where the PLQY of 3D
perovskite is relatively poor. However, the quasi-2D perovskites with unique nanostructures can efficiently
solve this issue. According to the previous discussion, quasi-2D perovskite is a 3D/2D hybrid structure that
contains perovskite components with multiple bandgaps. Photoexcited electrons and holes in 2D
perovskites with smaller n values (larger bandgaps) will eventually transfer to the 3D component (or the
largest-n 2D component). Three possible transfer mechanisms have been reported in the literature: 1) charge
transfer between different perovskite grains, so-called the energy funneling effect, as shown in Figure
22d;?"? ii) energy transfer in the MQW, as shown in Figure 22e;?”* iii) charge transfer in the MQW, as shown
in Figure 22f.37® These three processes occur on the picosecond time scale, dramatically enhancing the
local charge carrier density in the 3D components.’’?>”* Therefore, in quasi-2D perovskites, in the case that
the overall charge carrier density matches with that in a working PeLED (< 10'¢ ¢cm™), the local charge
carrier density of its 3D component should be even higher (probably > 10'® cm) following the above
transfer events, leading to a high PLQY of a quasi-2D perovskite film in the relatively low charge carrier

density region, as shown in Figure 22b. It is worth noting that although the electrical injection has some

differences from the photoexcitation, charge carriers still tend to accumulate in the 3D components under
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electrical injection due to the relatively low electrical resistance of the 3D component. Therefore, PeLEDs
based on quasi-2D perovskites can attain high PLQY in a relatively low charge carrier density region (<

10'% cm™?), matching the general needs of a PeLED device.
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Figure 22. PLQY and proposed charge/energy transfer mechanism in quasi-2D perovskites. (a) Charge
carrier-density-dependent PLQY of 3D MAPbI;xClx film at various temperatures. Inset: PLQY as a
function of temperature through the range in which the perovskite crystal remains in the tetragonal phase
(155-320 K) under the quasi-steady-state photogenerated density of ~2x10'> cm™3. (b) PLQY of 3D and
quasi-2D (marked as MQW here) perovskite films under various charge carrier densities. (¢) The decay rate
of a 3D perovskite film under various charge carrier densities. (d) The charge transfer between different
perovskite grains, so-called energy funneling effect. (e) The energy transfer in the MQW. (f) The charge
transfer in the MQW. (a) Reprinted with permission from [375], Copyright 2014, by the American Physical
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Society. (b) Reprinted with permission from [361], Copyright 2017, Springer Nature, CC BY 4.0. (¢)
Reprinted with permission from [252], Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (d) Reprinted with permission from [272], Copyright 2016, Springer Nature. (e) Reprinted with
permission from [273], Copyright 2016, Springer Nature. (f) Reprinted with permission from [378],
Copyright 2018, Elsevier Ltd.

Reducing trap states of perovskite crystals

As discussed in Section 2.4, trap-assisted recombination is a typical non-radiative loss pathway for
PeLEDs with narrow-FWHM spectra. The relatively high trap densities in 3D perovskites (~10'® cm™)
make trap-assisted recombination the main reason for PLQY loss at PeLED operating conditions (< 10'6
cm). In other words, injected charge carriers can be easily trapped and non-radiatively recombine within
the relative abundance of trap states in 3D perovskites. The suppression of trap states and trap-assisted
recombination in perovskite crystals is therefore critical for achieving highly emissive PeLEDs. Theoretical
calculations in Figure 23a show that if the monomolecular recombination decay rate constant (k;, which is
dominated by trap-assisted recombination in 3D perovskites) can be reduced from 10 s to 103 s!, which
represents a dramatic reduction of trap density, the calculated PLQY (i.e. radiative efficiency) also reaches
a high value when the charge carrier density resides in the 10'* to 107 cm™ region (as expected for working
PeLEDs).>” This is echoed by Figure 23b, which shows that the total recombination rate is only dominated
by non-radiative monomolecular recombination (or trap-assisted recombination) at the charge carrier
densities below 10'3 cm, while the radiative bimolecular recombination dominates the total recombination

at the charge carrier density region of 10'* to 10'7 ¢cm3.2>?

Interestingly, trap states of perovskite crystals are principally located at their surface rather than within
the bulk, which underscores the importance of surface engineering for improving the lighting properties of
perovskites, as shown in Figure 23¢.!'04277374380 Generally, surface modulation by organic ligands is an
efficient strategy to passivate the surface traps of 3D perovskite crystals,*®?>*! and internal PLQYs
exceeding 90% can be achieved under careful surface treatment.’®> The organic ligands also allow 2D

perovskites to obtain a lower trap density of around 10'> ¢m3 373383384

which is another reason for the high
PLQY of quasi-2D perovskites at charge carrier density below 10'¢ cm=. For perovskite NCs, which already

possess desirable excitonic behaviour and fast radiative decay rates, surface passivation plays an even more
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important role in PLQY improvement on account of their large surface to volume ratios. Many strategies

have been proposed to passivate the surface traps of perovskite NCs, such as modulating surface

386

stoichiometry of perovskite NCs, **° doping, **° post-treatment, **’ and ligand modulation, *** etc.

Blending perovskite crystals with a polymer containing special functional groups (e.g. S, O, N) to form

Lewis-base and Lewis-acid interaction with perovskite can also effectively reduce surface traps.?03°1362

a 1o}0— k.=0 b 10 (o

Recombination

e Total

—— Monomolecular
Bimolecular

—— Auger

Trap Density:
High Low

08} k,=10%"" (==10ps)

o

\  k,=10"s™ (==100ns)

06 0.01+4

04l k;=10%" (t=1ns) 0.001 4

Radiative efficiency
Decay Rate (ns™')

1E-4

02t
1E5

_A‘ - 1E-6

0.0 . . o r i r ™
10"210™10™ 10 10" 107 10 10" 10% 102" 102 1E12 1E13 1E14 1E15 1E16 1E17 1E18 1E19 PLQY:
Charge-carrier density [cm™] Charge-carrier Density (cm’3) Low ngh

Figure 23. PLQY improvement by the trap state reduction in perovskites. (a) Calculated PLQY (i.e.
radiative efficiency) under various monomolecular decay rate constants (k;) in 3D perovskite, where
monomolecular recombination is dominated by trap-assisted recombination. (b) The decay rate of 3D
perovskite film with small k; value (2.5 x 10° s™!) under various charge carrier densities. (¢) Photographs
of perovskite films with different trap densities and PLQY's under ultraviolet light. (a) Reprinted with
permission from [379], Copyright 2015, American Chemical Society. (b) Reprinted with permission from
[252], Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Reprinted with

permission from [277], Copyright 2018, Springer Nature.

3.7 LEE improvement

When photons propagate from a higher-refractive-index material to a lower-refractive-index material
with an incident angle larger than the critical angle, total internal reflection occurs at their interface. In a
LED device, light is typically generated by an emissive layer with a refractive index much larger than air,
causing a severe total internal reflection within the device and hence prohibiting the escape of the light.
Therefore, light trapping is a huge issue in LED devices and can result in remarkable losses to the EQE.
This issue is severe in PeLEDs because of the high refractive indices of perovskite materials (typically

larger than 2.0, as summarised in Figure 24a),'37210389390391392393394395 cauging over 75% of the emitted
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photons to be trapped in the device.’**?”%*°7 Interestingly, the overall refractive indices of quasi-2D
perovskites are smaller than that of 3D perovskites, which can be attributed to the existence of small-
refractive-index organic components.**” The smaller refractive index of quasi-2D perovskite also facilitates

a better PeLED performance.

Emitted photons give rise to numerous optical modes within a PeLED [i.e. parasitic absorption loss,
surface plasmon polariton mode (SPP mode), waveguide mode, substrate mode, and outcoupled mode], as
shown in Figure 24b. Parasitic absorption is the loss of photons that are absorbed by each functional layer.
SPP mode is the loss of photons that trigger longitudinal oscillation of electrons at the metal/dielectric
interface. Waveguide mode results from the photons that are trapped within the multi-layer of
ITO/HTL/Perovskite/ETL. Substrate mode results from the photons that are trapped within the thick glass
substrate.>*”3%% All of these optical modes lead to a loss of photons in a PeLED, and only the outcoupled
mode contributes to the far-field propagation of photons. Therefore, LEE also describes the ratio between

the outcoupled mode and the total optical modes in a PeLED.
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Figure 24. (a) Summary of refractive indices of perovskite materials in different dimensions (quasi-2D and
3D perovskites) in the wavelength of their emission peaks (green and red dots represent the colour of their

emission peaks). (b) Different optical modes of light propagation within a PeLED.
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Optical parameter control in PeLEDs

The management of different optical modes necessitates systematic engineering, as every optical
parameter change in PeLEDs can make an impact on all the optical modes. We summarise the key factors

below:

1) Refractive index and thickness of functional materials in PeLEDs. As the transparent ITO and reflective
metal electrode are generally fixed in device fabrication, the refractive indices and thicknesses of HTL,
perovskite emitter, and ETL are more convenient to modify. For perovskite emitters, as shown in Figure
25a, when the refractive index of perovskite is relatively small (1.75), all the optical modes are almost
independent of the perovskite layer thickness, which facilitates an excellent reproducibility of the device
fabrication. However, when the refractive index of perovskite is relatively high (2.5), the outcoupled mode
becomes highly thickness-dependent, such that a nanometer-scale thickness changes of the perovskite film
can make a substantial difference to LEE, which might be one of the reasons causing a relatively poor
reproducibility of PeLEDs nowadays, especially for solution-processed devices. The refractive indices and
thicknesses of the HTL and ETL also significantly impact LEE. According to Figure 25b, in an inverted
device structure, reducing the refractive index of the ETL (to limit the photon propagation to the metal
electrode side) and increasing the refractive index of the HTL (to enhance the photon propagation to the
ITO side) are effective ways for achieving superior device performance. However, these general rules only
work for the green and blue PeLEDs; both low-refractive-index HTL and ETL are needed for efficient red
PeLEDs.*” According to Figure 25¢, in an inverted structure, the LEE is more sensitive to the ETL
thickness than the HTL thickness. Modulating the LEE through ETL thickness should therefore be

considered, alongside the electronic property changes in the aforementioned discussion.
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Figure 25. Impact of refractive indices and thicknesses of perovskite layer, HTL, and ETL on LEE. (a)
Power distribution of different optical modes of PeLEDs with various refractive indices and thicknesses of
the perovskite emitter. (b) Dependence of the simulated LEE (the same as #,. here) on the refractive indices
of ETL and HTL for PeLEDs emitting at 520 nm. The circle symbols indicate the predicted LEE of PeLED
based on TPBi ETL and PVK HTL. (¢) Contour plot of the maximum achievable LEE (the same as EQE
here) of the PeLED as a function of the thicknesses of poly-TPD (HTL) and TPBi (ETL). (a) Reprinted
with permission from [394], Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b)
Reprinted with permission from [397], Copyright 2018, Elsevier B.V. (c) Reprinted with permission from
[392], Copyright 2019, Springer Nature, CC BY 4.0.
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i1) Emission wavelength and orientation. Besides the potential parasitic absorption within the device for
different photon energies, different emission wavelengths could also cause a change to the cavity formed
inside the PeLED, which makes a huge difference to the outcoupled mode.**” As shown in Figure 26a, in a
fixed device structure, the changes of emission wavelength from red to green to blue dramatically reduce
the LEE from 21.9% to 12.6% to 9.4%. This result suggests that, in terms of light extraction, no universal
PeLED device structure works efficiently for all emission wavelengths, and the optical parameters of all
the functional layers need to be optimized for each particular emission wavelength. Furthermore, in OLEDs,
reports show that device performance is sensitive to the orientation of the emission dipole.*?*?° In the
perovskite family, 3D perovskites and perovskite NCs/QDs are typically isotropic materials and hence
cause no inclined dipole orientation of the ultimately emitted photons. To the best of our knowledge, no
experimental study of dipole orientation in 2D or quasi-2D perovskite has been reported to date, however,
we expect that their anisotropic nature probably causes a distinct dipole orientation of emitted photons. On
this token, the preferential growth of 2D or quasi-2D perovskites in the film may possibly incline the dipole
orientation of the emitted photons. The results of a theoretical simulation in Figure 26b confirm that if
emitted photons have a horizontal dipole orientation parallel to the device surface, a high LEE can be
achieved in the device. On the other hand, if the dipole orientation turns perpendicular to the device surface,

the LEE can drop to an ultra-low level.
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Figure 26. Impact of emission wavelength and orientation on LEE. (a) Power distribution of different
optical modes of PeLEDs with different emission wavelengths. The theoretical maximums of red (620 nm,
circle), green (520 nm, star), and blue (480 nm, triangle) emitted power into the air are marked, respectively.
The inset shows the schematic illustration of the device structure and simulation setup. (b) Calculated LEE

(marked as 7. here) of planar PeLEDs with different dipole orientations and emitting wavelengths. The
62



value of 0 indicates the horizontal orientation of the emitter dipole relative to the device surface. The dashed
lines mark the changes of the emission at 480 nm (blue), 520 nm (green), and 620 nm (red), respectively.

(a-b) Reprinted with permission from [397], Copyright 2018, Elsevier B.V.

Light extraction structure

Generally, light trapping is severe in all kinds of thin-film LEDs and the introduction of extra light
extraction structures can greatly improve the LEE. Several different light extraction studies have been

reported in the PeLED field, and are summarised below:

1) Breaking down the ultra-flat interface in a thin film PeLED. In a thin film PeLED, all the interfaces
are ideally ultra-flat, which theoretically leads to a permanent trap of photons in waveguide and substrate
modes. An efficient way to solve this issue is to introduce one (or more) textured interfaces within the
device. As shown in Figure 27a, a patterned ZnO layer was introduced into the PeLED by a transfer printing
technique, which also induced the formation of patterned PEDOT:PSS and perovskite layers. This textured
surface encourages leakage of the lateral-propagating waveguide mode to the glass substrate, suppressing
the waveguide mode but partly strengthening the substrate mode. Therefore, an outcoupling lens was still
needed to further convert the substrate mode to an outcoupled mode for an even better PeLED with EQE
of 28.2%.%°! Instead of introducing an outcoupling lens outside the device, integrating a photonic crystal
is also an effective way to extract light. As shown in Figure 27b, a similar patterned device structure was
used to suppress the waveguide mode. More importantly, a nanowire photonic crystal composed of anodic
alumina membrane and TiO, was introduced between the ITO and glass substrate to convert more
waveguided modes to leaky modes (scattering resonance), which further enhanced the LEE to a high value
of 73.6%.%%> Besides the introduction of a patterned interface, the formation of isolated large perovskite
crystal grains (with submicrometre scale for efficient light scattering, as shown in Figure 27c) and the
formation of a perovskite nanophotonic wire array (to possess leaky mode behaviour, as shown in Figure

27d) are also promising methods for improved light extraction.?’#40?

i) Introducing nanoparticles within the injection layer. Reports show that the incorporation of metal
nanoparticles in the injection layer (such as Au and Ag nanoparticles, as shown in Figure 27¢) can contribute
to the EQE improvement. Several effects can be induced by these metal nanoparticles, such as light

scattering effects for waveguide mode suppression,*** the far-field plasmonic effect on a mirror-type
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substrate for light transmission enhancement,*”> and the near-field plasmonic effect for radiative decay rate

acceleration of perovskite emitters.*’°

111) Utilising the near-field optics to extract the trapped optical modes within PeLEDs. In PeLEDs, when
photons propagate to the metal electrode and are in the internal total reflection condition, an evanescent
wave is generated and its energy penetrates to the adjacent layer in the near field, as shown in Figure 271,
which becomes an opportunity to utilise the evanescent wave and hence suppress the waveguide mode. In
addition, the evanescent wave can also induce the SPP mode, which energy also penetrates to the adjacent

layer in the near field and hence can be utilised.?"

Here is an example to use the near-field evanescent wave and SPP to improve the light exaction and
achieve the state-of-the-art white light.?’! As illustrated in Figure 27g, for a semi-transparent blue PeLED,
when depositing a red perovskite layer above its ultra-thin metal electrode, ensuring the existence of this
layer within the penetration depths of evanescent wave and SPP, three near-field effects occur, i.e., photon
tunnelling, evanescent wave absorption, and SPP abortion. Photon tunnelling here is the effect that allows
blue photons under the internal total reflection condition to still tunnel to the red perovskite layer via
overwhelming the optical barrier due to the high refractive index of the red perovskite layer; the evanescent
wave and SPP absorption occur due to the high absorption coefficient of the red perovskite layer for the
blue photons. Consequently, this device design provides three channels for the trapped blue photons to
escape from the emissive layer and hence suppress the waveguide and SPP modes simultaneously.
Moreover, combining the blue photons and the down-converted red photons, highly efficient white PeLEDs

with EQE exceeding 12% are successfully demonstrated.?®!
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Figure 27. Light extraction structures in PeLED. (a) Schematic diagram and cross-section scanning
electron microscopy (SEM) image of patterned CsPbBr3; PeLED. (b) Schematic diagram of device structure
(left), SEM image of the light extraction structure (middle), cross-sectional SEM image of PeLED (right).
(¢) Schematic diagram of a device structure that can extract light with submicrometre perovskite crystals
(top); scanning transmission electron microscopy image of the cross-section of PeLED (bottom). (d)
Schematic diagram of PeLED with perovskite nanophotonic wire array. (e) Schematic diagram of PeLED
with the incorporation of Au nanoparticles in the PEDOT:PSS layer. (f) Schematic diagram of two types of
SPPs (Kretschmann and Otto types) induced by evanescent waves 1 and 2, respectively. (g) Cross-section
image of a white PeLED and a schematic diagram showing the three different optical effects presented in

the metal electrode side of such a device. (a) Reprinted with permission from [401], Copyright 2019,
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WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Reprinted with permission from [402], Copyright
2019, Springer Nature, CC BY 4.0. (c¢) Reprinted with permission from [278], Copyright 2018, Springer
Nature. (d) Reprinted with permission from [403], Copyright 2020, American Chemical Society. (e)
Reprinted with permission from [406], Copyright 2017, American Chemical Society. (f-g) Reprinted with

permission from [291], Copyright 2020, Elsevier Inc.

Contribution of photon recycling

As mentioned in Section 2.2, because of the miniscule Stokes shift in perovskite materials, the emission
spectra of perovskites highly overlap with their absorption edges, which leads to a photon recycling process
that facilitates a better LEE in the device.”!® As shown in Figure 28a, in a device without photon recycling,
only photons within the outcoupled cone can escape the device, while the remaining photons are
permanently trapped in the device as waveguide modes, according to the previous discussion. However, in
a device with photon recycling, as shown in Figure 28b, the waveguide mode can be re-absorbed by the
perovskites and then re-emitted as photons. Because of the random emission direction of photons, the re-
emitted photon within the outcoupled cone can escape the device again. If the efficiency of photon recycling
is high, this process can gradually convert the photons in the waveguide mode to the outcoupled mode,
improving the overall LEE in the device. Therefore, in the ideal case that internal quantum efficiency of
perovskite reaches 100%, improving the re-absorption of photons by increasing thickness and the re-
absorption coefficient of the perovskite layer can strengthen the photon recycling process and facilitate a

better LEE for PeLEDs.2!°

As shown in Figure 28c, for devices without photon recycling, the EQE of the PeLEDs gradually
decreases with increased perovskite thickness because the maximum EQE without re-absorption (open navy
squares) finally converges to the ray-optical limit of 1/2n,% (n, represents refractive index) after the
weakening of the optical cavity effect. A further loss emerges when considering re-absorption (closed grey
squares). However, in the device with photon recycling, these re-absorbed photons contribute a lot to the
overall EQE, and this contribution gradually increases with the film thickness. A similar result is observed
when increasing the re-absorption coefficient value, as shown in Figure 28d. In this case, Cho et al.

216

concluded that photon recycling might contribute more than 70% to the overall emission.”'® As well as

maximizing the benefit of photon recycling, several device designs have been proposed to further improve
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the properties of PeLED, such as reduced electrode area (to suppress the SPP mode), introducing a grating
(to align the photon polarisation), introducing microstructures (to confine the emission angle), and
introducing a distributed Bragg reflector (to narrow both the emission angle and spectrum), as shown in
Figure 28e. As discussed in Section 2.2, other effects of photon recycling related to PeLEDs include a
redshift of the emission spectrum, improvement of charge transport,*’’ and increase of the intrinsic

recombination constant in the PeLED.>?
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Figure 28. Photon recycling in PeLED. Schematic diagram of PeLEDs working without (a) or with (b)
photon recycling. (¢) Calculated EQEs with photon recycling (closed red circles), without photon recycling
(closed grey squares) and without re-absorption (open navy squares), as well as relative photon recycling
contribution (violet dashed lines) for an ideal PeLED (IQE = 100%) with various perovskite thicknesses

and (d) for the PeLED structure reported by Xu et al. with 100% IQE. (e) Approaches to maximize the
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benefit of photon recycling. (c—e) Reprinted with permission from [216], Copyright 2020, Springer Nature,
CC BY 4.0.

4 Conclusions and future outlook

In this work, we assimilate key concepts relevant to the development of PeLEDs spanning the
perspectives of materials, photophysics and device-engineering research. The conspectus below

summarises the most salient points from each, and our standpoint on the current position of the field.

In the ‘Materials’ section, we introduce the MHP family as a unique class of optoelectronic materials
with highly configurable properties. In these systems, the most substantive tuning effects are achieved by
compositional engineering. In particular, the B-site and X-site ions govern the energetics of the CB and VB,
and thus the modulation of these ions can be used to widely tune the emission colour of MHPs from the
violet (~400 nm) to near-infrared (~1000 nm), covering the main lighting demands in our daily life.
Meanwhile, modulation of the A-site cation indirectly affects the bandgap of perovskite by changing the
volume of the ABX3 lattice or introducing a distortion, thereby facilitating a fine tuning of the emission
colour. Organic ligands provide an additional ‘dimensional’ engineering handle to produce 3D, 2D/quasi-
2D, and 0D perovskites with distinct optical and electronic properties. The organic ligands in the 2D/quasi-
2D perovskite derivatives and 0D perovskite QDs/NCs can also be rationally designed to provide better
packing, energy confinement, size control, and trap passivation etc. Taken together, these approaches have

already yielded a large variety of perovskite emitters that have been incorporated into colourful PeLEDs.

In the ‘Photophysics’ section, we comprehensively discuss excited states in MHPs (their general
characteristics, energy/charge transport processes, radiative and non-radiative decay mechanisms and PL
properties) as the basis for engineering the collective lighting properties of PeLEDs. One of the most
extraordinary facets of MHPs is the ability to control the exciton binding energy (and thus the balance
between free carriers and excitons) through the aforementioned material composition and dimensionality
(i.e. quantum and dielectric confinement). Nanomaterials are particularly facile in this regard, and also
enable the natural formation of energy-transfer cascades between MHP grains of different dimensions to
produce high colour purity of emission and minimal non-radiative recombination. In both bulk and low-
dimensional systems, this energy transport can extend over considerable length scales owing to the intense

emission and reabsorption of photons (photon recycling). Relative to other solution-processable
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semiconductors, MHPs also exhibit quite high intrinsic carrier mobilities (indicative of band-type transport),
low electronic disorder and slow cooling/non-radiative recombination of carriers. These factors have been
attributed to the formation of large polarons that are engendered by carrier-phonon coupling in the soft,
polar MHP lattice. We also highlight how other factors such as Rashba splitting, STE, dark states and AIE

may also have a role to play in the unusual PL properties of MHPs.

In the ‘Device Engineering’ section, we examine the strategies that have significantly contributed to the
development of PeLEDs, and discuss their specific role in improving the EQE parameters of PeLEDs, i.e.
electron-hole balance (B..1), charge carrier loss (Le-1), electroluminescence quantum yield (ELQY) and light
extraction efficiency (LEE). We illustrate how Be.i, Le-#, and LEE pertain to the quality of the overall device;
Ben, Les, are especially dependent on the properties of the HTL/ETL, whilst LEE can be improved by
careful consideration of the optical parameters of each layer as well as special light-extracting structures.
Meanwhile, the ELQY pertains to the perovskite active layer, wherein the main challenges involve realising
efficient emission at device-operating conditions (i.e. charge carrier densities < 10' cm). To this end, we
touch upon approaches to control the domain size, the use of nanostructures and the amelioration of trap
states in MHP crystals. Theoretically, Be.i, Le-n, LEE and ELQY can all achieve unity to give PeLEDs with
100% EQE.

Although the concepts above have been used to drive meteoric progress in perovskite lighting, several
issues need to be tackled before the ultimate commercialisation of PeLEDs. Here we broach the key

challenges which we feel should constitute mainstream PeLED research in the foreseeable future:

1) Blue (particularly deep-blue) PeLEDs. According to Figure 17, the EQEs of near-infrared, red, and
green PeLEDs have already exceeded 20%, but the performance of blue PeLEDs still severely lag behind.
The slow development of blue PeLEDs can be attributed to several factors, such as the large carrier injection
barrier in the device, insufficient carrier blocking capabilities of HTL/ETL, and relatively low PLQY of
blue perovskite emitters. These problems are particularly concerning for deep-blue PeLEDs due to the large
bandgaps of the underlying perovskites, which means that existing HTLs (e.g. Poly-TPD and PVK) and
ETLs (e.g. TPBi and 1,3,5-tri[(3-pyridyl)-phen-3-yl]benzene) cannot completely fulfil the carrier injection
and blocking demands of the devices. To this end, novel charge transport layers with suitable energy levels
should be developed with blue emitters in mind. In addition, non-radiative decay channels in the large-

bandgap materials should be clearly studied to devise approaches for improving the PLQY.
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i1) White PeLEDs. Figure 17 also conveys the infancy of white PeLED research. We expect this direction
will gradually attract more attention once the aforementioned challenges in blue PeLEDs are solved. The
high colour purity of MHPs mean that three-colour white PeLEDs have a great potential to be used as a
backlighting source in liquid crystal displays and in a wavelength-division-multiplexing ‘Li-Fi’ technique,
however, a triple-junction tandem cell and a three-pixel white PeELED have not been demonstrated yet.
Furthermore, the small FWHM of conventional perovskite emitters is problematic for obtaining a high
colour rendering index. To address this issue, broad-spectrum emitters based on other materials (e.g.
organics) may be incorporated into the devices. Alternatively, broad-spectrum perovskite emitters utilizing

STE or trap-state emission may provide the answer.

ii1) Novel light-outcoupling strategies. The high EQEs (> 20%) of near-infrared, red, and green PeLEDs
suggests that Be.s, Le-» and ELQY are approaching unity in the optimal cases, and therefore, the low LEE is
the main bottleneck in overall device performance. Among the optical modes trapped within PeLEDs: the
parasitic absorption loss is unavoidable; the substrate mode can be commercially solved by forming an
optical lens on the substrate side during the epoxy encapsulation process; the waveguide mode might be
addressed if the incorporation of textured interfaces or photonic crystals into device fabrication can be made
less complicated and expensive; the SPP mode (particularly in monochromic devices) is the most difficult
to address because of its short lifetime and near-field nature, and conventional approaches like forming
photonic arrays through photolithograph are not fully compatible with soft perovskite materials. Therefore,
novel light out-coupling strategies need to be developed for PeLEDs, particularly for the waveguide and

SPP modes.

iv) The degradation mechanism and lifetime of PeLEDs. The short device lifetimes of PeLEDs at this
stage dramatically reduces their practicality, and must be tackled before their future commercialisation. The
complications in stability can be broken down into photons (associated with light-soaking stability),
phonons (associated with heating stability) and electrons (associated with electric-field stability), and as
such, there are many possible avenues open to the degradation of PeLEDs. Unveiling these degradation
processes in different perovskite emitters and device architectures is tantamount to the success of PeLEDs.
At this stage, it is well accepted that ion migration in perovskites is one of the main issues causing device
degradation. As aforementioned, the ionic nature of perovskite materials distinguishes themselves from
other emitters like organic materials and inorganic III-V materials, which presents notorious ion migration

behaviour under light-soaking or electrical stress.****% The ionic nature of perovskite serves as a double-
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edged sword. On one hand, it enables the solution processability of MHPs and allows their rapid
crystallisation even at room temperature due to the low formation energy.*'® On the other hand, the ionic
MHPs also exhibit susceptible properties against externally physical or chemical disturbance such as heat,
moisture, oxygen, electrical field, and UV light.*!! In particular, the grain-boundary serves as a main
channel for ion migration, which usually originates initial ion migration and further accelerates this process
through accumulated defects and degraded interfaces.*'> Ion migration is a dynamic and complicated
process containing formation of different defects, interfacial charge and ion accumulation, degradation of

413

interlayers, and corrosion of electrodes.”> In general, more fundamental and systematic insights are highly

in demand to study the ionic nature of MHPs to address the ion migration issue.

Although many challenges remain in PeLEDs at this stage, we still believe this technology has great
potential for next-generation lighting. We hope this review will help scientists to better understand and

approach these challenges in the near future.
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