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Perovskite Light-Emitting Diodes

Dawei Di and Baodan Zhao

1 Introduction

Perovskite light-emitting diodes (PeLEDs) [1] are an emerging technology for
next-generation display, lighting, and communications. They offer the combined
advantages of excellent color purity, spectral tunability, high luminescence efficien-
cies, and low processing costs. Since the report of room-temperature electrolumi-
nescence (EL) from halide perovskite in 2014 [1], the field has been moving at an
unprecedented pace; the external quantum efficiencies (EQEs) of PeLEDs exceeded
the 20% milestone in 2018 [2-5], followed by more recent works improving the
device EQEs to ~28% [6].

Advances in material development and device structures were the main driving
forces for the rapid progresses in device performance. The device designs of early
PeLEDs were heavily inspired by that of perovskite solar cells and polymer OLEDs
[1, 7, 8]. While PeLEDs are typically processed very simply from solution, they
show optoelectronic characteristics comparable to that of conventional II-V
devices, which require demanding processing conditions [9, 10]. Similar to other
types of LEDs, enhancing the radiative recombination processes while reducing the
nonradiative recombination losses holds the key to raising the internal quantum
efficiencies (IQEs) of PeLEDs toward 100% [3, 10]. To achieve this goal, the emis-
sive layer materials were improved primarily by compositional engineering and
dimensionality control [3, 11, 12].

Innovations in device architectures were critical to the realization of the current
state-of-the-art devices [2-6, 13, 14]. For PeLEDs with different colors, device
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designs vary considerably due to the different scenarios of charge injection, block-
ing, and balance. It has been understood that reducing nonradiative recombination
losses at the emissive layer/charge-transporter interfaces [3, 13, 15] of PeLEDs is
equally crucial, if not more crucial than suppressing nonradiative recombination in
the bulk region. While the IQEs of PeLEDs were found to approach unity [3], the
EQE:s are restricted by the relatively poor light extraction efficiency of the device
architecture [3, 16, 17]. This indicates opportunities in improving device efficiency
through light management.

While great progresses have been made in improving PeLEDs to become a com-
mercially viable technology, many challenges remain. The poor device operational
lifetimes are considered the main obstacle toward industrial applications. A recent
breakthrough in this direction was the demonstration of ultrastable near-infrared
(NIR) PeLEDs with device lifetimes meeting the demands of commercial applica-
tions [18]. However, the operational stability of visible PeLEDs remains poor.
Among various stability-limiting mechanisms, ion migration and phase instability
are some of the most crucial factors for the instability of PeLEDs. Besides, high-
performance blue [19, 20] and white [21, 22] PeLEDs are still under active develop-
ment, and they are important missing pieces for perovskite-based full-color display
and solid-state lighting applications. Moreover, issues concerning the toxicity of
lead [23, 24] and the progress in the development of mini- and micro-PeLEDs [25]
require attention from researchers in the field.

2 Device Architectures

The commonly used device structures for Pe(LEDs were mostly inherited from that
of planar perovskite solar cells and solution-processed OLEDs [1, 7, 8]. The
perovskite emissive layer is normally placed in between charge-transport layers
(CTLs) with different polarities (e.g., electron- and hole-transport layers) to form a
sandwich-like device structure [1]. One of the CTLs is normally in contact with a
conductive oxide-coated transparent substrate, while the other CTL is in contact
with metal electrodes.

The CTLs are normally considered to serve two functions simultaneously: charge
transport and charge injection into the perovskite emissive layers. Using terminolo-
gies borrowed from conventional semiconductor diodes, the current PeLED struc-
tures may be comparable to that of a PIN heterostructure LED. In direct reference
to thin-film OLEDs, a “standard” device configuration refers to the structure in
which the hole-transport layer (HTL) such as PEDOT:PSS is in contact with the
transparent conductive substrate, while the electron-transport layer (ETL) such as
TPBi is coated by thermally evaporated electrodes (e.g., LiF and Al) (Fig. 1a) [1, 13,
14]. An “inverted” device structure normally refers to the case where the ETL such
as ZnO is deposited on top of the transparent conductive substrate and the HTL such
as TFB polymer is coated by thermally evaporated electrodes (e.g., MoO, and Au)
(Fig. 1b) [12, 27].
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Fig. 1 Device structures and charge distribution of typical PeLEDs. Schematic illustrations of (a)
the structure of a typical PeLED with a “standard” configuration and (b) the structure of a typical
PeLED with an “inverted” configuration. (¢) Simulated electron and hole density distributions in
the perovskite LED under different voltages. The shaded regions in gray, light green, pink, light
blue, and yellow correspond to cathode, ZnO, perovskite, TFB, and anode, respectively. Panels a
and b were reproduced from [18]. Panel ¢ was reproduced from [26]
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3 General Device Operation

The basic operation principles of PeLEDs are similar to that of inorganic semicon-
ductor heterojunction LEDs, with some deviations in charge injection and transport
due to the commonly used device configurations in which organic CTLs are employed.

3.1 Charge Injection and Blocking

When an external bias is applied to a PeLED, charge injection from the electrodes
to the CTLs occurs by drift and diffusion processes, followed by the subsequent
injection of charges into the perovskite emissive layer. The simplest consideration
for efficient charge injection is the correct alignment of energy levels between the
neighboring materials in the PeLED structure. For example, the LUMO level of the
ETL is normally close to the conduction band minimum (CB) of the perovskite
emissive layer to ensure effective electron injection. At the same time, the ETL
prevents excess hole current from passing through the device. This is normally
ensured by the deep-lying HOMO level of the ETL. The distribution of charges
across a typical PeLED is shown in Fig. 1c [26].

It should be noted that closely aligned energy levels are not strictly required for
efficient charge injection in cases where the CTLs are highly conductive. For exam-
ple, the valance band maximum (VBM) of ITO is around 4.5 eV, showing a consid-
erable energy-level offset of ~0.6 eV with the commonly used PEDOT:PSS HTL
(HOMO: 5.1 eV). ITO/PEDOT:PSS is known to be an excellent hole-transport
interface for PeLEDs despite the large energetic offset. This could be understood by
the high carrier concentrations and mobilities in both the ITO and PEDOT:PSS



56 D. Di and B. Zhao

materials, allowing the formation of ohmic contact at the interface without the need
of closely aligned energy levels. The blocking of charges by CTLs of the opposite
polarities prevents leakage currents, raising the chance of electron-hole encounter.

3.2 Charge Recombination

The recombination of carriers in halide perovskite materials shows many similari-
ties to that of inorganic semiconductors such as III-V compounds [9, 10]. Excited-
state carriers in typical three-dimensional (3D) halide perovskites are in the form of
free carriers or loosely bound electron-hole pairs due to the large dielectric con-
stants that screen Coulomb interactions, showing exciton binding energies on the
order of 10 meV [28]. The optically or electrically injected carriers in the perovskite
material relax radiatively through band-to-band recombination, giving rise to light
emission.

In addition to the radiative recombination channel discussed above, there are non-
radiative recombination losses that are responsible for the non-ideal light emission
efficiencies of the perovskite materials and devices. Trap-assisted (Shockley-Read-
Hall) recombination is the main mechanism for nonradiative losses at moderate to
low carrier densities. For MAPbI; perovskite, trap-assisted recombination is expected
to dominate at carrier density of <10'® cm=3 [29], which is relevant to solar cell and
LED operation. Trap passivation is therefore a critical consideration in raising
PeLED performance. Under higher carrier densities, Auger recombination [29, 30]
is expected to occur, leading to efficiency losses at higher current densities.

Assuming balanced electron and hole populations in the perovskite emitter, the
recombination of injected carriers can be described by the following equation:

_dn_ k,n+k,n* +k,n’
P :

! ey

where k; is the trap-assisted recombination rate, k, is the rate constant of band-to-
band radiative recombination, k; is the Auger recombination constant, and 7 is the
carrier concentration [28].

Assuming only band-to-band recombination contributes to the radiative process,
the radiative efficiency 7,4 is therefore given by Eq. (2) and is used to describe the
power dependent PLQEs observed for typical perovskite emitters (Fig. 2a):

2
nrad = k,n / (k, +K,n+k;n’ ) o
It has been suggested that in low-dimensional perovskite emitters with lower dielec-
tric constants, excited-state carriers may exist in the form of excitons which may
recombine radiatively in a fashion more similar to that in organic semiconductors
[31, 32]. This could make the first-order term (k;n) of Eq. (1) completely or partly
radiative, raising the radiative efficiency at medium to low carrier densities.
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Fig. 2 Studies of radiative recombination for PeLEDs and related devices. (a) Measured external
PLQEs for MAPbI; perovskite under steady state (black) and pulsed laser excitation (red) with the
prediction from the recombination rate model (lines). Under pulsed excitation, the average PLQE
is measured over the decay of the carrier density n. (b) Multi-phase perovskite material
PEA,(CH;NHj;), _ \Pb,I;, . | channel energy across an inhomogeneous energy landscape, concen-
trating carriers to the smallest-bandgap emitters. The arrows represent the carrier transfer process.
(¢) Measured qV,/E, of different classes of LEDs. FPI, NFPI, and PCBP denote FAPbl;, NMA,FA
.- 1Pb, 13,41, and PEA,Cs, _ Pb,Br3, , | perovskite, respectively. The shaded area denotes the region
where the measured qV,/E, falls below the limits set by TTA or Auger processes. Panel a was
reproduced from [29]. Panel b was reproduced from [11, 12]. Panel ¢ was reproduced from [26]

3.3 Energy Transfer/Funneling

A distinct branch in PeLED research is the study of mixed-dimensional perovskite
systems exhibiting efficient energy transfer/funneling from the higher-bandgap to
the lower-bandgap perovskite phases. This mechanism confines charges at the
lower-bandgap perovskite crystal domains, enabling interfacial passivation and an
increased local carrier concentration that enhance radiative recombination processes
(e.g., a larger kn? term in Eq. (1)).

Such mechanism was found to be effective in PeLEDs operating at moderate
current densities. However, due to the high local carrier concentrations, Auger
recombination in mixed-dimensional perovskite emitters were found to be more
pronounced [33], contributing to efficiency roll-off at higher current densities.

3.4 Operating Voltages

Recently, it was reported that the minimum voltage required for observing EL from
PeLEDs could be as low as 0.46E,/q, where E, is the bandgap and ¢ is the elemen-
tary charge [26]. Ultralow operating voltages were universally observed across
many classes of semiconductors (Fig. 2b) [26], in contrast to earlier reports claim-
ing up-conversion mechanisms exclusive to a few material systems. The ultralow-
voltage EL phenomenon does not violate the energy conservation principle and can
be explained by the recombination of band-edge carriers whose populations are
determined by Fermi-Dirac functions perturbed by a small external bias. However,
the apparent threshold voltages for a particular photon flux vary greatly for different
classes of LEDs [26].
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For example, a unique benefit of PeLEDs over OLEDs is that they generally
operate at lower driving voltages for the same photon flux. This is primarily due to
the reason that metal halide perovskites exhibit higher carrier concentrations and
mobilities at room temperature compared to organic semiconductors. It was shown
that PeLEDs can be driven at voltages below the bandgap of silicon, allowing poten-
tial integration with silicon electronics [26]. The low operating voltages of PeLEDs
indicate opportunities in next-generation communications, computational and
energy applications.

4 Achieving Near-Unity Internal Quantum Efficiencies

A critical step in establishing PeLED as a next-generation light source technology
was the demonstration of high EL quantum efficiencies [2-6, 15]. The EQE and
IQE of PeLEDs are correlated with each other according to the following equation:

EQE = IQE X f;)ulcoupling = fl‘aalance x e—h anad X -f;)ulcoupling (3)

where fuaance 18 the charge injection balance factor (with a maximum value of unity),
Jen 1s the probability of forming a correlated electron-hole pair from each pair of
injected carriers, 7,4 is the probability of radiative recombination for each electron-
hole pair, and foucoupling 15 the optical outcoupling coefficient [28].

It can be seen that IQE is determined by fuaance fen, and #,,4. Charge balance (f;,...
ance) €an be maximized by choosing functional layers with appropriate energy levels
[3, 4, 34, 35] and charge-transport properties [13]. The main strategies for improv-
ing f., include the formation of charge-confinement structures that improve the
chance of electron-hole encounters [11, 12, 35] and the enhancement of Coulomb
interactions by reducing the dielectric constants of the materials [28, 33]. For
perovskite emitters, the radiative efficiency of an electron-hole pair (7,,) is deter-
mined by #ragiative = Krao/ (Krag + knonraa)s Where kg is radiative recombination rate and
knonraa 18 the nonradiative recombination rate [28]. For emitters where only band-to-
band recombination contributes to photon emission, 7,4 can be obtained by Eq. (2)
discussed earlier.

4.1 Suppressing Bulk Nonradiative Losses

The most intensively studied direction in the field of PeLEDs has been the suppres-
sion of nonradiative losses in the bulk region of the perovskite emissive layer. The
suppression of nonradiative losses ties closely with the passivation of traps in the
perovskite materials. This was typically achieved by compositional tuning of the
perovskite precursors [14, 27], introduction of small molecule [36] and polymeric
[3] trap passivators, dimensionality control [11, 12], and post-treatments [14, 20].
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Fig. 3 Suppressing nonradiative losses for PeELED materials and devices. (a) External PLQE of
perovskite-polymer bulk heterostructure films (on fused silica) as a function of poly-HEMA
weight fraction in the solid precursors. The error bars show the highest and lowest external PLQEs
measured for each weight fraction. The black dots represent the average external PLQEs. The
optimized polymer weight fraction of 20% in precursor corresponds to a volume fraction of 28%
in the emissive film. The excitation source used was a 532-nm c.w. laser with an intensity of
100 mW cm~ (approximately 1 sun). (b) Normalized PLQEs of perovskite films formed on a
range of thermally evaporated interfacial materials with different polarities, characterized by the
relative electronegativity of the chemical bonds. (¢) EQE—J characteristics of PeLEDs based on
PEABTI:CsPbBr perovskite with/without crown and with crown:MPEG-MAA. Panel a was repro-
duced from [3]. Panel b was reproduced from [13]. Panel ¢ was reproduced from [6]

Photoluminescence quantum efficiencies (PLQESs) of perovskite emissive layers
are an indication of the effectiveness of passivation. PLQEs of approaching 100%
were reported for perovskite-polymer heterostructures (Fig. 3a) [3] and perovskite
nanocrystals [5]. Deep-lying traps responsible for the loss of PLQEs were consid-
ered to primarily originate from uncoordinated lead (including Pb?** and Pb°) for the
case of lead halide perovskite emitters. Other widely employed approaches for
studying nonradiative losses are the characterization of trap density using space-
charge limited current (SCLC) analysis [23] and the measurements of PL decay
kinetics which are affected by the rates of both radiative and nonradiative recombi-
nation processes. The aforementioned methods are powerful tools in the develop-
ment of perovskite emissive layers for PeLEDs.

4.2 Suppressing Interfacial Nonradiative Losses

Interfacial nonradiative recombination is a critical factor limiting the performance
of PeLEDs. However, this issue did not receive as much attention as for the losses
in the bulk. An example of interfacial nonradiative losses in PeLEDs is the reduction
of PL lifetime and intensity (PLQE) when the emissive layer is in contact with the
charge-transport layers [3]. Such processes prevent PeLEDs from achieving near-
unity IQEs, despite the very high PLQEs of the perovskite emissive layers.
Interfacial nonradiative losses in PeLEDs can be suppressed in various ways.
First, approaches that provide bulk passivation could normally lead to the passiv-
ation of interfacial traps at the same time. For example, perovskite-polymer bulk
heterostructures were found to eliminate the effects of interfaces on PL decay
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kinetics, leading to near-unity IQEs and EQEs of up to 20.1% [3]. It was reported
that ultrathin polar interfaces including lithium fluoride (LiF) [13] (Fig. 3b) enable
the formation of highly emissive and uniform perovskite films on hydrophobic
polymeric charge transporters in an OLED-like device configuration. This led to the
demonstration of efficient green quasi-2D PeLEDs with EQEs of up to 19.1% at
>1500 cd m=2. Similar interfacial modification and polymer passivation approaches
were employed in green PeLEDs (Fig. 3c) showing exceptionally high EQEs of up
to 28.1% [6]. Similarly, hydrophilic interfaces prepared using polymers such as
polyethyleneimine [27], perfluorinated ionomer (PFI) [14], and small molecules
including ethanolamine [37] and aluminum oxide [38] were found to allow the for-
mation of high-quality perovskite films. Although these strategies have been proven
useful for high-performance PeLEDs, further mechanistic investigations are
required to reveal the origins of such improvements.

5 Light Outcoupling

While the IQEs in some of the best-performing PeLEDs approach 100%, around
80% of the internally generated photons are trapped in the device stack and eventu-
ally lose energy through a variety of loss channels owing to the non-ideal light
outcoupling [2-5, 15].

Low light outcoupling yields in PeLEDs normally arise from (i) waveguide
modes parallel to the substrate due to the larger refractive indices of perovskites
(~2.5) compared to the commonly used charge-transport materials and transparent
electrodes (~1.7-1.8) [3] and (ii) the total internal reflection of emitted photons over
a wide range of emission angles owing to the difference between the refractive indi-
ces of the device substrate and the air. Consequently, only photons from a small
emission cone can escape from the PeLED device (Fig. 3c), while the rest are
trapped in waveguided and substrate modes.

Opportunities in improving EQEs further lie in the ability in extracting the
trapped photons from PeLEDs. Light outcoupling strategies for PeLEDs can be
briefly divided into two categories, modifications of the perovskite layer properties
and the employment of external optical structures.

5.1 Modification of Perovskite Layer Properties

Some notable approaches for light outcoupling based on the modification of the
perovskite layer properties are the reduction of refractive index (n) [3], control of
transition dipole moment orientations [39—44], formation of light scattering struc-
tures within the emissive layer [2], and photon recycling [16]. According to the ray
optics limit of 1/2n?, the reduction of n can increase 7, for planar PeLEDs. For
typical 3D perovskites, n is ~2.5. Including 2D ligands with a significant fraction of
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organic content in the perovskite composition lowers n to ~2.1 [3]. Introducing
polymers into the perovskite emissive layers was reported to reduce n further to
~1.9 [3], resulting in an 7,, of ~21% (Fig. 4a) and EQEs of up to 20.1% [3].
Orientation of transition dipole moments (TDMs) also plays an important role in the
photon extraction processes. Emission from only horizontally oriented TDMs can
be effectively extracted. The fraction of horizontal TDMs could be tuned by engi-
neering the perovskite nanostructures [39—42, 44]. For PeLEDs based on nanoplate-
lets [39], a horizontal dipole fraction of ~84% and 1,,, of 31% were reported. Tuning
of the fraction of horizontal TDMs can also be achieved for solution-processed
polycrystalline perovskite films [43]. Light scattering in rough or structured emis-
sive layers is expected to enhance 7,,,. PeLEDs based on submicrometer-scale struc-
tures were reported to have outcoupling efficiencies of ~30%, leading to peak EQEs
of up to 20.7% (Fig. 4b) [2].

Photon recycling improves the light extraction from PeLEDs by randomizing the
directions of trapped photons in a fashion similar to scattering, but through the reab-
sorption and re-emission of light (Fig. 4c) [16, 28, 29, 45]. It was reported that for
PeLEDs based on perovskite emitters with high internal radiative efficiencies and
small Stokes shifts (e.g., PEA,Cs, Pb,Br;, . 1), about 30-70% of EL may originate
from photon recycling [16]. The theoretical outcoupling efficiency of PeLEDs in
the presence of photon recycling is given by

(1 “Nra )

EQEPR = ﬁ)alance X f;ut,direct / f;mt,direcl + Apara +
Mraa 4)

where fuuanee 1S the charge balance factor, f,u g 1S the direct light outcoupling effi-
ciency, 77,4 18 the internal radiative efficiency of the perovskite layer, and A, is the
parasitic absorption loss external to the perovskite layer [16].
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Fig. 4 Case studies of light outcoupling in PeLEDs. (a) Modeled fractional optical power distri-
bution in the LED structure as a function of emissive zone position in the PPBH emissive layer
with a thickness of 180 nm. The origin of the x-axis is the ETL/emissive layer interface.
“Outcoupled emission” indicates the fraction of outcoupled light from the LED. Other modes lead
to optical losses. (b) SEM image of the perovskite with submicrometer-scale structures. The scale
bar represents 1 pm. (¢) Simplified schematics for comparing light outcoupling processes in an
OLED (upper panel) and PeLED (lower panel), with the arrows denoting photon trajectories. Panel
a was reproduced from [3]. Panel b was reproduced from [2]. Panel ¢ was reproduced from [28]
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5.2 External Optical Structures

External optical structures such as lenses [39, 46, 47] and microcavities [48] are
capable of converting optical power in substrate and waveguide modes into out-
coupled modes, resulting in substantially increased 7. It was reported that a light-
outcoupling hemispherical lens improved the peak EQEs of perovskite nanocrystal
LEDs from 23.4% to 45.5% [49]. Microcavities were used to improve 7, from
~20% to ~30% for top-emitting PeLEDs featuring transparent electrodes, leading to
peak EQEs of up to 20.2% [50]. Similarly, other light outcoupling approaches
employing plasmonic effects [51, 52] and refractive index matching [53-55] were
found to improve 7, for PeLEDs.

6 Challenges

While the researchers in the field have witnessed a remarkable progress in improv-
ing PeLED performance, many challenges remain. Some of the most critical current
shortcomings of PeLEDs include poor operational stability, the low efficiencies of
blue PeLEDs, the toxicity of lead, and the difficulty in micropatterning for mini/
micro-PeLED applications.

6.1 Operational Stability

The poor operational stability of PeLEDs is the grandest challenge in their journey
toward commercialization. Halide perovskite materials were widely considered to
be intrinsically unstable under electric fields due to the ionic nature of their crystal
lattices. Device lifetimes (Ts) are typically on the order of 10-100 hours. This is
clearly unsatisfactory as practical applications require much improved device lon-
gevity (longer than 10,000 h at useful photon fluxes) [56].

A recent breakthrough in this area was the demonstration of efficient (peak EQE
=22.8%) FAPbI; PeLEDs with ultralong operational lifetimes meeting the demands
of commercial applications. This was enabled by the introduction of a dipolar
molecular stabilizer, SFB10 [18]. The PeLEDs showed no degradation over 3600 h
(5 months) under continuous operation at a current density of 5 mA cm=2. Accelerated
aging tests at current densities of 10-200 mA cm~2 were performed to obtain the
operational lifetimes of the PeLEDs, according to an empirical scaling law devel-
oped for modeling the degradation of LEDs:

R," xT,, = constant (5)

where R, is the initial radiance of the LED and n is the acceleration factor. Based on
the 62 data points acquired from the accelerated aging tests, Ts, lifetimes were
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estimated to be ~1.2 x 10* h (~1.3 years) and ~ 3.3 x 10* h (~3.7 years) at
37Wsr'm?(SmAcm2)and 2.1 W sr™' m™ (3.2 mA cm™?), respectively (Fig. 5a).
Longer Ts, lifetimes were estimated for lower radiances, for example, at
0.21 W sr'm=2 (0.7 mA cm™2), the Ts, lifetime was estimated to be 2.4 x 10°h (2.7
centuries). For reference, for high-efficiency OLEDs based on Ir(ppy)s;, a luminance
of 1000 cd m~2 corresponds to a radiance of 2.1 W sr~! m~2, and a luminance of
100 cd m™ corresponds to a radiance of 0.21 W sr™' m™. The dipolar molecular
stabilizer interacts with the cations (FA*, Pb?") and anions (I7) at the grain boundar-
ies of the FAPbI; perovskite. This suppresses ion migration under electric fields,
preventing the formation of lead iodide which mediates detrimental phase transfor-
mation. The ultralong device lifetimes could remove the critical concern that halide
perovskite devices may be intrinsically unstable, paving the path toward industrial
applications [18]. Despite these encouraging results, stable PeLEDs emitting in the
visible spectral range are yet to be demonstrated.

Ton migration is a key mechanism limiting the operational stability of PeLEDs
[59-61]. Owing to the soft and ionic crystal structure of the halide perovskites, ion
migration may be triggered by external stimuli such as electric fields, heat, and light
(Fig. 5b) [57, 59, 62]. Ionic movements would induce detrimental effects on the
performance of PeLEDs through defect generation, lattice deformation, interfacial
ion accumulation, ionic doping, and chemical interactions [59]. Apart from the
aforementioned dipolar molecular stabilizer approach [18], a range of methods such
as molecular passivation [2, 4, 63—-68], dimensionality control [12, 69-71], and
thermal management [72] were explored to suppress the effects of ion migration.
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Fig. 5 Recent studies on PeLED operational stability and ion migration. (a) The T, lifetimes as a
function of initial radiance (R,); the solid line is the fitting of the Ts, data to equation R," x T’s, = con-
stant, where n is the acceleration factor (n = 1.86). The data points marked by the solid dots are
from completed Ts, measurements (total data points, 62). The open circles are the extrapolated Ts,
lifetimes for the ongoing measurements at medium and low current densities, which are expected
to finish after longer times. (b) Ionic transport mechanisms in a CH;NH;Pbl; perovskite structure.
Schematic illustration of the three ionic transport mechanisms involving conventional vacancy
hopping between neighboring positions: I~ migration along an octahedron edge; Pb*" migration
along the diagonal direction <110>; CH;NH;* migration into a neighboring vacant A-site cage
involving motion normal to the unit cell face composed of four iodide ions. (¢) Normalized PL
intensity as a function of time for 3D MAPbBr;, CsPbBr; QD, and MA-PeMOF thin films in ambi-
ent air (relative humidity of 30%) under constant UV irradiation (254 nm). Insets show the PL
spectrum of the MA-PeMOF thin film before and after irradiation for 200 hours (left) and their
photographs under UV light (right). Scale bar, 1 cm. WL, wavelength. Panel a was reproduced
from [18]. Panel b was reproduced from [57]. Panel ¢ was reproduced from [58]
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Metal-organic frameworks (MOF) were reported to enable enhanced operational
stability of PeLEDs by preventing ion migration in the perovskite-MOF emissive
films (Fig. 5c), achieving bright and stable (Tsy > 50 h) green EL [58]. A cross-
linking strategy using methylene-bis-acrylamide was reported to strengthen the
binding of Br~ and increase the activation energy of ion migration in bromide
perovskite-based LEDs, leading to a Ts, lifetime of 208 h [63]. As halide ions are
widely considered to be the primary contributor to ion migration [60, 61], further
efforts in the control of halide ions are expected to show benefits in improving
device stability. This could be achieved in a number of ways, including raising the
barriers to ion migration using molecular stabilizers [18] and reducing halide vacan-
cies [73].

Phase transformation and halide segregation are some of the main factors for the
instability of blue and red PeLEDs based on mixed-halide [74] and mixed-
dimensional perovskites [71] and perovskite structures with undesirable tolerance
factors [67, 75]. Common triggers for these processes include unfavorable material
composition [71], halide migration [74], lattice strain/stress, and externally induced
structural evolution [67, 75]. It is possible to partially suppress halide segregation
by modifying the nanocrystal surfaces with multidentate ligands, hindering the for-
mation of iodine Frenkel defects [68]. Despite such improvements, the Ts, lifetime
at an initial luminance of 141 cd m~2 was only 30 min for these devices, indicating
that considerable challenges remain for mixed-halide PeLEDs [68]. Interfacial
chemical interactions [65, 75] and thermal degradation [65] are some of the addi-
tional contributors to the structural instability of halide perovskites.

6.2 Blue PeLEDs

Unlike near-infrared, red and green PeLEDs exhibiting high EQEs of over 20%, the
efficiencies of blue PeLEDs are still low. For “standard” blue PeLEDs with peak
wavelengths equal to or shorter than 470 nm, the EQEs are below 10%, limiting
their potential application in wide-color-gamut displays. Moreover, the operational
stability of blue PeLEDs is significantly worse compared to PeLEDs emitting at
longer wavelengths.

The most widely used method for achieving blue PeLEDs is the mixing of bro-
mide- and chloride-based perovskite precursors (i.e., halide mixing). However, the
PLQEs of the blue perovskite emitters normally reduce as the chloride fraction
increases, owing to the small formation energy of chloride vacancies [73]. Blue-
emitting perovskites prepared from bromide-chloride mixing often show undesir-
able Goldschmidt tolerance factors, resulting in reduced stability [76]. Besides, the
halide vacancies are active sites for ion migration, leading to spectral and structural
instability [67, 75].

An alternative approach for attaining blue PeLEDs is through quantum confine-
ment effects in reduced-dimensional bromide perovskites, shifting the emission
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wavelengths from the green to blue regions. These typically include quasi-2D/3D
perovskites [77] and perovskite nanocrystals/quantum dots [19]. Reduced-
dimensional perovskites show advantages in PLQEs due to the generally larger
exciton binding energies [28, 78] or fast-energy transfer/funneling processes [11,
12] that increase the probability of electron-hole encounters, and the improved pas-
sivation [3] of nanocrystalline perovskite grains. For quasi-2D/3D perovskite sys-
tems, a main challenge lies in the difficulty in attaining uniform phase distribution
for blue EL with high spectral purity [77]. Similarly, for perovskite nanocrystals
(including quantum dots), the broad distribution of nanocrystal sizes could result in
a wider emission bandwidth due to the bandgap variations of the nanocrystals,
affecting the spectral narrowness of EL.

While a few recent works reported efficient blue PeLEDs with EQEs>10% [20,
79, 80], the EL emission was still limited to the sky-blue spectral region
(475495 nm), deviating from the requirements of high-definition displays.
Understanding the nucleation and crystallization processes and the origin of nonra-
diative losses in blue perovskite emitters may lead to further advances in this area.
Achieving stable operation with blue PeLEDs presents even greater challenges and
is expected to be a subject of future research.

6.3 Toxicity

Similar to perovskite solar cells, high-performance PeLEDs are typically based on
lead halide perovskites. The potential toxicity of metallic lead (Pb) in the perovskite
materials raises concerns over the possible impacts to human health and the natural
environment, limiting the scope of practical applications. The search for eco-
friendly alternatives to the lead-based perovskites is therefore an important direc-
tion in the area of PeLEDs.

Some of the most widely used methods for the reduction of toxicity include par-
tial or complete replacement of Pb with other group-I'V metals (e.g., Sn [§1-83] and
Ge [23]) and double perovskites [21]. As Pb-based perovskites generally show
superior optoelectronic properties, replacing Pb with nontoxic elements while
maintaining high device performance is a clear goal in this direction.

Replacing Pb with Sn was found to be effective in producing efficient perovskite
solar cells with reduced toxicity. However, Sn-based (including Pb-Sn) perovskites
generally show significantly reduced PLQEs compared to the Sn-free, Pb-based
perovskites. This might be due to the reason that it is more likely to form a higher
density of trap states related to the oxidation of Sn** and the rapid crystallization of
Sn-based perovskites [81]. Decent EQEs of up to ~5% from Sn-based perovskite
LEDs were reported [82, 83], but the overall device performance remained
unsatisfactory.

Recently, it was shown that it is possible to prepare highly luminescent Ge-Pb
perovskite films with PLQEs of up to ~71%. This led to the demonstration of
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efficient green PeLEDs with EQEs of up to 13.1% [23]. While this indicates new
opportunities in this direction, achieving high efficiencies for lead-free PeLEDs
remains to be a challenging task.

Double perovskites, with a general formula of A,B'B™X, is another important
material class for lead-free devices [21]. While a wide variety of material composi-
tions can be expected from this class of perovskites, currently they exhibit low
PLQEs [84], largely due to the indirect bandgap nature and the high densities of
traps for most of the double perovskites developed. Metal ion dopants were used to
raise the PLQEs of double perovskites. For instance, by introducing Bi** and Na*,
Cs,AgosNay4InCl:0.04% Bi powders showed a PLQE of ~86%, three orders of
magnitude higher than that of Cs,AgInCls [21]. However, preparing efficient
PeLEDs based on double perovskites remains very challenging, partly owing to the
limited quality of the perovskite films [21].

6.4 Mini- and Micro-PeLEDs

Mini- and micro-light-emitting diodes (mini/micro-LEDs) [85-88] have attracted
much attention owing to their superior characteristics of low power consumption,
high contrast ratio, high brightness, high response speed, and high efficiency. While
the current mini/micro-LED technologies are known to be advantageous, the
requirement for high-quality epitaxial III-V semiconductors becomes more strin-
gent, as reducing the pixel sizes to the microscopic scale tends to generate nonradia-
tive loss pathways near the sidewalls of the active regions [86, 89]. Besides, the
mass-transfer process required for the production of mini/micro-LED displays
reduces the manufacturing yields [90-92]. These factors inevitably increase the pro-
duction costs of mini/micro-LEDs.

Despite the promise of PeLEDs as a low-cost alternative to the mainstream LED
technologies, the options for creating efficient PeLEDs with microscopic pixel sizes
remain limited, leading to moderate emission efficiencies from PeLEDs with
micropatterned emissive arrays [93, 94]. The possibility of developing single-pixel
mini/micro-PeLEDs is rarely explored.

Recently, efficient mini/micro-perovskite LEDs were reported. The compatibil-
ity of luminescent perovskite with self-aligned photolithography (Fig. 6) was
enabled by the insertion of a lithium fluoride surface-tension-relief layer. Active-
layer luminescence properties and morphological control are critical to mini/micro-
PeLEDs. Following these design rules, proof-of-concept mini/micro-PeLEDs with
active pixel areas of down to 100 x 200 um?, and peak external quantum efficiencies
of up to ~9.1%, were developed [25]. While this study indicated the potential of
next-generation mini/micro-PeLED displays, such applications demand individu-
ally addressable pixel arrays with considerably smaller pixel sizes comparable to
commercial micro-LEDs.
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Fig. 6 Illustration of self-aligned micropatterning processes for mini/micro-PeLEDs. (I) Spin-
coating negative photoresist. (II) UV exposure and development. (III) SiO, deposition. (IV)
Photoresist removal. (V) HTLs with perovskite deposition. (VI) LiF deposition. (VII) ETLs with
cathode deposition. Figure 6 was reproduced from [25]
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7 Summary

PeLEDs have been recognized as an emerging technology for display, lighting, and
communication applications. In this chapter, we have provided an overview of the
basic designs, operating principles, and main challenges of PeLEDs. While the
device architectures and fabrication processes of PeLEDs are similar to that of
perovskite solar cells and solution-processed OLEDs, they exhibit some interesting
light emission characteristics comparable to LEDs based on III-V semiconductors
[9, 10]. The excellent spectral tunability and narrow emission linewidth of PeLEDs
are potentially advantageous over that of OLEDs. The rapid progress in device effi-
ciencies was primarily driven by material design and device engineering, leading to
IQEs of approaching 100%. The suppression of both bulk and interfacial nonradia-
tive recombination losses was key to reaching this goal. Opportunities in raising the
EQEs of PeLEDs beyond the current state-of-the-art (20-28%) [2—6, 15] lie in the
improvement of light outcoupling from the devices.

Looking forward, many challenges remain in developing PeLEDs from a labora-
tory curiosity to a commercially viable technology. A recent breakthrough was
made in addressing the critical challenge of device instability [18], demonstrating
NIR PeLEDs with ultralong operational lifetimes meeting the demands of practical
applications. However, similar device stability is yet to be achieved for PeLEDs
emitting in the visible region. Moreover, blue and low-toxicity PeLEDs face consid-
erable challenges in raising the efficiency and stability beyond what can be cur-
rently achieved. While technical difficulties are present in the reliable micropatterning
of perovskite devices, mini/micro-PeLEDs [25] are a promising research direction
toward high-pixel-density display applications. Despite the challenges ahead,
PeLEDs have set the sail for becoming a next-generation light source technology.
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