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The Physics of Light Emission in Halide Perovskite Devices

Samuel D. Stranks,* Robert L. Z. Hoye, Dawei Di, Richard H. Friend,* and Felix Deschler*

Light emission is a critical property that must be maximized and controlled to
reach the performance limits in optoelectronic devices such as photovoltaic
solar cells and light-emitting diodes. Halide perovskites are an exciting family
of materials for these applications owing to uniquely promising attributes
that favor strong luminescence in device structures. Herein, the current
understanding of the physics of light emission in state-of-the-art metal-halide
perovskite devices is presented. Photon generation and management, and
how these can be further exploited in device structures, are discussed. Key
processes involved in photoluminescence and electroluminescence in devices
as well as recent efforts to reduce nonradiative losses in neat films and
interfaces are discussed. Finally, pathways toward reaching device efficiency
limits and how the unique properties of perovskites provide a tremendous
opportunity to significantly disrupt both the power generation and lighting

industries are outlined.

1. Introduction

Luminescence is a critical property that must be maximized to
reach the theoretical limits of a variety of optoelectronic applica-
tions including photovoltaic solar cells (PVs) and photonic devices
such as light-emitting diodes (LEDs) and lasers.!! In a PV device,
any nonradiative recombination resulting from parasitic relaxa-
tion pathways of excited carriers will lead to smaller quasi-Fermi
level splitting and, ultimately, lower open-circuit voltages.?l In an
LED, maximizing the key figure of merit, the external quantum
efficiency (EQE) of electroluminescence, requires high radiative
efficiencies and efficient outcoupling of photons.

Metal-halide perovskites are generating enormous excite-
ment for their use in high-performance devices owing to
several promising attributes that favor strong luminescence
in device structures.?* Polycrystalline perovskite thin films
are processed by relatively crude self-assembly from solution
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or vapor yielding moderately high defect
densities compared to conventional
semiconductors such as GaAs and Si.
Nevertheless, they typically exhibit rea-
sonable emission quantum efficiencies,
suggesting a high tolerance to defects.l>
Furthermore, they exhibit a remarkable
response to a range of passivating post-
treatments and additives, which has led
to recent reports of internal luminescence
quantum yields close to 100%.7-'% Recent
reports of photon recycling, allowing
multiple photon absorption and emission
events for a given excitation, ' create
opportunities to achieve high photon and
charge-carrier densities in devices, as well
as tailored photon management.

Here, we present our current under-
standing of the physics of light emission
in state-of-the-art metal-halide perovskite
devices. We discuss the generation of photons, the manage-
ment of photon incoupling and outcoupling, and how we could
exploit these further in device structures. We discuss nonradia-
tive recombination pathways and recent efforts to minimize such
parasitic processes in neat films and interface structures, as well
as key processes involved in photoluminescence (PL) and electro-
luminescence (EL) in devices. Finally, we outline pathways toward
reaching device efficiency limits and how their unique properties
provide a tremendous opportunity to achieve PV and LED perfor-
mances beyond those of existing commercial technologies.

2. State-of-the-Art Devices

The recent rise of halide perovskite optoelectronics was initially
driven by rapid empirical improvements in solar cell power-
conversion efficiency (PCE). The improvements in both
performance (current certified record PCE of 22.7%)" and
stability since the initial reports in the period 2009-2012'* have
been driven by three key factors. First, a realization that the
perovskite itself could both absorb light strongly and efficiently
transport charges, leading to simple planar heterojunction solar
cell configurations in which the perovskite layer is sandwiched
between charge-collecting contacts.’” Second, rapid improve-
ments in crystalline film quality and homogeneity through new,
primarily solution-based deposition routes.'®l Third, an evolution
of the composition from MAPDI; toward alloyed configurations
in which fractions of the MA are replaced with formamidinium
(FA) and/or cesium, and fractions of the iodide are replaced with
bromide.'7:8l The state-of-the-art configuration is a combination
of each of these factors,'318 with devices consisting of very thin
mesoporous scaffolds but predominantly bulk perovskite in the
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active layer of an alloyed composition such as (Csg osMAq 15FA79)
PDb(IygsBrg 15)3. Recent passivation approaches with alkali halides
such as KI and RbI have pushed device voltage losses from the
radiative limit to as low as 0.11 V,1% yet these losses are still
greater than those in GaAs (=0.04 V).

In parallel, halide perovskite LEDs (PeLEDs) have emerged
as an important area of scientific research since the first report
in 2014.2 Early-stage developments focused on “bulk” halide
perovskite emitters such as methylammonium lead halides,
showing electroluminescence EQEs on the order of 1%.2! Initial
rationales for efficiency improvements included morphological
control and charge confinement through halide perovskite
nanocrystals.?223] Interfacial modifications to enhance charge
injection and balance have also proven to be a useful strategy.**l
A combination of these methods led to EQEs exceeding 8%.12>:2¢]
Recently, quasi-2D/3D perovskite structures were shown to be
effective in improving EQEs to =14%.27-2 These structures lead
to a build-up of charge carriers in the lower-bandgap regions of
the emissive material, which helps overcoming nonradiative
recombination losses. We refer the reader to references dis-
cussing appropriate means to measure PV and LED devices.%

3. General Luminescence Considerations

Metal-halide perovskite thin films show a sharp absorption
onset (Figure 1a),31733 with low Urbach energies (=13 meV)*4l
that are comparable to other high-quality semiconductors
(7.5 meV GaAs, 9.6 meV for c-Si).’®) The luminescence is
sharp and near the band edge (Figure 1a), with the linewidth
dictated by homogeneous broadening due to phonon coupling
effects.l*®l These properties suggest that they are relatively clean
semiconductors with low levels of energetic disorder even in
spite of a moderately large defect density.

A schematic of a typical PeLED stack is shown in Figure 1b,
where the emitting perovskite layer is sandwiched between
electron-injecting (ZnO/PEIE) and hole-injecting (TFB) contacts.
Under operation, charge carriers (electrons and holes) enter
the two terminals of the device by drift under an external field.
Electroluminescence occurs when the oppositely charged car-
riers recombine radiatively in the semiconducting perovskite
layer. This typically occurs via band-to-band carrier recombination
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or via exciton formation and relaxation. Several conditions are
required for efficient EL: 1) the net ratio of electron and hole injec-
tion currents in the diode should be maintained to be as close to
unity as possible (charge balance); 2) the probability of carriers
leaving the diode without recombining should be minimized
(leakage current); 3) the ratio of radiative to nonradiative recombi-
nation events should be maximized (high luminescence quantum
efficiency); 4) the photons generated within the emissive layer
should be efficiently extracted (outcoupling). The external quantum
efficiency of EL for an LED can be described by Equation (1):
EQE = fiatance X fen X Nradiative X outcoupling (1)
where fiance is the probability of balanced charge injection
(when the numbers of electrons and holes injected are equal,
this factor is equal to 1), f.;, is the probability of forming a
correlated electron-hole pair or exciton from each pair of
injected carriers, N diave iS the probability of radiative recom-
bination for each electron-hole pair, and fucoupling is the optical
outcoupling coefficient.

Achieving high external EL efficiency is also critical for solar
cells as nonradiative recombination is a major source of voltage
and efficiency losses.?”l The open-circuit voltage of a solar cell
Voc is related to the device acting as an LED by

kT
Voc =Voe — ?|ln[nLED ]| (2)

where Vo¢* is the maximum achievable voltage after unavoid-
able thermodynamic and entropic losses (i.e., the radiative
limit), T is the temperature, k is the Boltzmann constant, and
q is the charge of an electron. Indeed, there is an empirical
positive correlation between the external radiative efficiency of
a PV device and the power conversion efficiency.l*8l

4. Photon Generation in Halide Perovskites

The initial step for light emission is the formation of an
emissive state from optically injected (cf. PL) or electrically
injected (cf. EL) excited states/charges, from which the emis-
sion of a photon occurs. Efficient light emission requires

b

Emissive perovskite
ZnO/PEIE

Figure 1. a) Photoluminescence spectrum (left axis) and absorption spectrum as measured by photothermal deflection spectroscopy (PDS, right axis)
of a (Csg06MAg15FA.79)Pb(lo.s5Bro.15)3 thin film. b) Schematic of a typical PeLED device stack with an emissive perovskite sandwiched between an
electron injector (ZnO/PEIE) and a hole injector (TFB). Adapted with permission.?8l Copyright 2016, Macmillan Publishers Limited.
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Figure 2. a) Calculated internal luminescence yields as a function of carrier
density and extrinsic Shockley—Read—Hall lifetime using reported values
for bimolecular (1.35 x 107° cm? s77) and Auger (1.1 x 1072 cm® s7)
recombination constants.['>5¢1b) External luminescenceyields as a function
of outcoupling efficiency and internal luminescence yield calculated by
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injected or photoexcited charges to interact strongly regard-
less of whether the recombination arises from free carriers or
excitonic states. It is well understood that the large dielectric
constants in bulk halide perovskites lead to low exciton binding
energies,3%*% and that radiative recombination is dominated
by unexpectedly efficient free charge-carrier recombination./*!]
This process depends quadratically on carrier density, which
makes charge capture the limiting step for radiative, bimo-
lecular recombination events in bulk halide perovskite. The
intrinsic bimolecular recombination constant is determined
by the electron and hole interaction cross-sections and group
velocities. Together with nonradiative Shockley-Read—Hall
(SRH) recombination, which depends on the trap densities in
the material and, as such, is an extrinsic property, the com-
bination of these recombination pathways leads to internal
luminescent yields that are strongly dependent on the carrier
density in the emitter layer (Figure 2a). Values for the material-
specific recombination constants can be extracted by transient
spectroscopy.l'2*243] We note that transient luminescence meas-
urements are typically conducted at low excitations densities at
which monomolecular processes dominate the charge popula-
tion decay kinetics,[*#*! while bimolecular processes are better
accessed at higher excitation densities available from amplifier
laser systems.”-1243]

The interplay between the different recombination mecha-
nisms predicts that the highest internal luminescence yields
occur for carrier densities in the range of 10"-10" cm™.
At higher carrier densities, Auger recombination reduces
luminescence yields. Obtaining high luminescence vyields
below carrier densities of 103 cm™ will require extremely
low nonradiative recombination rates (equivalent to carrier
lifetimes in the range of milliseconds at these low carrier
densities) unless methods are found to dope the halide
perovskite emitter layer to increase the radiative rates of
minority carriers.*®l For PeLEDs, the challenge to achieve high
luminescence rates for low carrier densities has been tackled
using very thin emitter layers,?!! carrier funneling and concen-
tration to local recombination sites,?”] and inclusion of lower-
dimensional halide perovskites, in which spatial confinement
forms states with strong excitonic nature that are not limited by
carrier density-dependent rates.?**’l However, disrupting the
bulk crystal structure is likely to lower charge transport rates.
The control of carrier interactions and recombination through
tailored dielectric screening within the bulk perovskite lattice,
for example by using moieties with varying polarity, could offer
future gains since the interactions between charges could be
increased without affecting the bulk crystal structure required
for charge transport. Despite this mechanistic consideration,
the exact nature of charge carriers and their interactions is not
fully understood. It is currently debated how the soft nature
of the lattice interacts with charges, and effects from photo-
induced ion motion are expected to change local dielectric

considering photon-recycling processes. c¢) Demonstration of improved
external luminescence yields in MAPbBr; thin films on micropatterned
substrates. c) Adapted under the terms of the CC-BY Creative Commons
Attribution 4.0 International License.l'? Copyright 2017, The Authors,
published by Springer Nautre.
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potentials, which control the strength of carrier interactions.
Further investigation of these questions is required to fully
unravel the effects on charge-carrier recombination. Further,
based on the strong spin—orbit coupling in halide perovskites,
Rashba-type band splitting has been proposed to delay the
recombination of charge carriers.*) In line with this, recent
circular photogalvanic effect measurements have hinted at
phototransport in spin-split bands.’” However, the bimolecular
recombination rates in halide perovskites match predictions
from absorption coefficients and are of comparable magnitude
to the reported second-order recombination constants for III-V
semiconductors without Rashba effects (both are in the order
of 1071% cm? s71).'251 Furthermore, the luminescence is not
thermally activated.’? These seemingly contradictory results
could be rationalized by considering dynamics of the lattice or
carrier localization effects. For conclusive answers, measure-
ments of the dependence of the bimolecular recombination
constant on carrier temperature, more direct probes of Rashba-
type effectsP3! or insights into the halide perovskite structural
dynamics after photoexcitation, will be required.

5. Light Outcoupling and Photon Recycling

Outcoupling of generated photons is a central process for
light-emitting diodes.’*>5] Importantly, it also controls the
efficiencies of solar cells by setting the internal photon
densities that define the open circuit voltage.'?°?! The
outcoupling efficiencies of photons generated in the active
area are defined by the optical constants of the material, which
are described by the real and imaginary parts of the dielectric
function. The most relevant physical effects are reflections at
the interface between the photoactive material and the material
into which the photons are emitted, as well as self-absorption.
The halide perovskite’s optical constants have been determined
experimentally from measurements of the refractive index
and absorption spectrum, with relative refractive indices
reported to be =2.5 for MAPDI;.323%571 These values have
been measured without photoexcitation, and for uncontacted
films on glass, but the ionic nature of the halide perovskite
materials, and the soft nature of the crystal structure, make
it likely that photogeneration of charges affects the dielectric
functions through structural and compositional changes.®
Similar effects are likely for current injection, and it remains
to be understood how the refractive index changes under device
operation.

In materials with high luminescence efficiencies and inef-
ficient light outcoupling, photon recycling will occur.”” In
this process, a fraction of the photons that are generated in
the active layer is reabsorbed before leaving the device, which
then creates “recycled” photon emission. Therefore, a second
crucial aspect of light outcoupling that dictates the prominence
of photon recycling is the energetic alignment of absorption
and emission profiles. Measurements of the absorption spectra
of halide perovskites, which probe the imaginary part of the
dielectric function, are available with high sensitivity.[3%336%
These show a sharp absorption onset (cf. Figure 1a) that is
convoluted with a weak excitonic peak due to the low exciton
binding energies. The exact shape of the halide perovskite
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absorption onset further depends on many things, including,
among others, the halide perovskite composition, lattice
dimensionality, the energy and spatial distributions of defects,
grain size, and film nanostructure. The shape and ener-
getic alignment of absorption and emission levels control the
photon reabsorption in the active layer, which is a parasitic loss
in materials with low luminescence quantum efficiency. In
organic LED (OLED) devices, this problem typically is not very
relevant because the emission is sufficiently redshifted relative
to the absorption profile. In the hybrid perovskites, the absorp-
tion onset is exceptionally sharp, but reaches very high levels
(>10* cm™!) at energies above the absorption edge. Since the PL
is only very slightly shifted against the absorption (Figure 1a),
strong reabsorption of generated photons occurs. Based on
these reported properties for the optical constants of MAPDI;,
the outcoupling efficiency for this halide perovskite has been
calculated to be 6.7% for a flat film on glass,*® which sets the
upper limit for the maximum external quantum yields that
can be achieved in hybrid perovskites in the absence of photon
recycling or scattering.

Photon recycling allows for multiple outcoupling events
to occur in the halide perovskites and may explain the many
reported external photoluminescence quantum efficiencies
(PLQESs) exceeding the outcoupling limit of 6.7%, highlighting
the relevance of photon recycling for the luminescence of
halide perovskites. Even without detailed knowledge about the
dynamics of the recycling process, one can model the effect of
photon recycling on the external luminescence yields taking
into account the material's internal luminescence yields and
its outcoupling efficiencies!!? (Figure 2a,b). To achieve external
luminescence yields exceeding 20%, the outcoupling efficiency
of a flat halide perovskite film requires internal luminescence
yields to exceed 80%. On the other hand, by increasing the out-
coupling efficiency by a factor of 5, for example through surface
structuring, the value for the internal luminescence to exhibit
the same external yield drops below 40%. The viability of this
approach has been successfully demonstrated from a threefold
increase in external luminescence yields in microstructured
MAPDBr; thin films (Figure 2¢).'

6. Factors Limiting Performance in Devices

6.1. Photoluminescence (PLQE) and
Electroluminescence Quantum Efficiency (ELQE)

PLQE and ELQE are both key quantities to assess radiative
efficiency in films and devices, with both depending on carrier
density.[*l In devices, particular care is required to distinguish
between intrinsic material quantities and extrinsic quanti-
ties that are affected by sample properties (e.g., thickness,
architecture) and measurement (e.g., detection geometry)
properties.'2] Although it may seem trivial, it is necessary to
clarify that several important differences exist between PL
and EL, so that the discrepancy between PLQE and ELQE can
be understood. In contrast to the EL processes, PL proceeds
through initial photoexcitation (typically above the bandgap)
followed by rapid relaxation to near the band edges of the
semiconductor.

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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So, what causes EL and PL to have different quantum effi-
ciencies in nonideal devices? The first reason is the potential
charge imbalance in the EL process. Due to the nature of the
photoexcitation process (as in PL), the electrons and holes are
created simultaneously upon photon absorption. The local
ratio between the two carriers immediately after excitation
approaches 1:1. Under EL conditions, there can be spatial
imbalances in electron and hole densities in the active layer
upon electrical injection from electrodes at opposite sides of the
active layer. The carriers that have opportunities to recombine
are those that are captured by the local electrostatic potential
(e.g., in quantum well structures) or by the charge-blocking
layers. Second, under electrical excitation, the injected charges
(and the excitations they later form) preferentially occupy sites
with lower energies. In contrast, all possible states accessible
by the energies of the incoming photons are excited simultane-
ously under photoexcitation. This could be particularly relevant
for the quasi-2D/3D structures that have considerably more
energetic subgap broadening than their pure 3D counterparts.
Third, one or both processes (PL and EL) may be influenced by
additional factors such as spin and angular momentum of the
excitation, with photon emission from states (cf. triplet states
in OLEDs) that require a change in momentum to relax to the
ground state normally prohibited, reducing the maximum EL
efficiency.

6.2. Nonradiative Recombination Mechanisms in Neat Films
and Interfaces

Typical external PLQE values of perovskite bulk thin films
such as MAPDbI; or (Cs,FA,MA)Pb(lygsBrj5); under illu-
mination intensities comparable to 1 sun are on the order
of 1-10%, which translates to internal PLQE values typi-
cally <50%0>78] (cf. Figure 2b). These values increase with
higher carrier density yet internal values still plateau well
below 100%. This is consistent with a nonnegligible density
of subgap states (typically =10'3~10'> cm™ in polycrystalline
filmsl742*3)) that dominate the nonradiative, monomolecular
recombination and set the values for the SRH recombina-
tion constants in Figure 2a. These states can be saturated
at carrier densities beyond the trap densities in which case
recombination is primarily radiative and bimolecular.-12>1]
The trap densities are spatially heterogeneous, with sizeable
differences grain to grain when luminescence is visualized
on the microscale.[62:63]

Although many defects in halide perovskites result in
shallow trap states® or states that lie within the bands, pro-
viding at least in part an explanation for the apparent defect
tolerance, the substantial nonradiative losses present in these
structures suggests there is still a density of deeper states.[®]
The specific origin of these trap states is still unclear but it is
likely that halide vacancies, particularly at the grain bounda-
ries and surfaces, are playing a key role.®1% This proposition
is further evidenced by recent discoveries of approaches that
can effectively mitigate nonradiative decay by passivating or
removing these defects. Recently, we showed that the addi-
tion of potassium iodide to the precursor solutions increased
the internal PLQE of the resulting films to over 95%.8 The KI
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acts to manage halides: it acts as both a source of halide, filling
halide vacancies, but also immobilizes the excess halide into
benign potassium species. Indeed, recent record-performing
perovskite PV devices have been achieved through composi-
tional halide management.!'*l Chemical passivation approaches
have also been utilized in which post-treatments with Lewis
bases such as pyridine and tri-n-octylphosphine oxide (TOPO)
have significantly increased the PLQE and PL lifetime, with
the latter treatment leading to carrier lifetimes in excess of
8 us and internal PLQE exceeding 90% for MAPDI; films, with
similar improvements for quasi-2D films.[>2>6266.67] Here, it is
proposed that the electron-donating moieties bind to the unco-
ordinated lead sites arising from halide vacancies.[®®”] We and
others have shown that illuminating the films or crystals in
the presence of atmospheric molecules can lead to substantial
increases in the PLQE and PL lifetimes, with internal PLQE
again exceeding 90%.110686% Here, it has been proposed that
oxygen is able to bind strongly to surface halide vacancies and,
in the presence of photoexcited electrons, forms superoxide,
which is effective at passivating the vacancy sites.[®7"]

Similarly high PLQE values are reported in perovskite
nanocrystal structures such as CsPbX;, in which a combination
of charge confinement and surface passivation with ligands
yields external PL quantum efficiencies >90%. It is important
to also note here that outcoupling can reach values close to
100% in nanosized structures with dimensions below the emis-
sion wavelength. Layered 2D and quasi-2D structures including
nanoplatelets can achieve reasonable emission yields through
similar arguments and could reach external PLQEs as high as
their quantum dot counterparts./’]

Although the PLQE and PL lifetime of a film on glass or
quartz substrates is an important quantity, a more relevant quan-
tity to assess its performance in a device is when the material is
interfaced with device electrodes. These contacts are likely to
introduce additional nonradiative decay pathways through inter-
facial defects®’?l as well as additional constraints on photon
in- and outcoupling. A device with ideal contacts would not
introduce any reduction in PLQE or quenching of the carrier
lifetimes; indeed, at open circuit, all recombination should be
radiative and occur in the perovskite layer itself. In Figure 3a,
we show that a neat (Cs,FA,MA)Pb(I,g5Brj15); film on glass
has an external PLQE of =20%, but when it is interfaced with
typical solar cell n-type (TiO,) and p-type (Spiro-OMeTAD)
contacts this value drops to =1%.18] By adding passivating
potassium halide additives, which decorate the grain bounda-
ries and interfaces, this loss is substantially reduced, with the
PLQE of the full device stack retained at =15% and reduced
open-circuit voltage loss from the radiative limits (0.11 V) much
lower than the unpassivated case (0.26 V).l This is also seen in
retention of longer PL lifetimes with the potassium passivation
even in the full solar cell device stack (Figure 3b). PeLEDs with
quenching TiO,/spiro-OMeTAD electrodes exhibit low external
quantum efficiencies, despite high external PLQEs in the neat
film on a nonquenching substrate,'>?173 which agrees with the
presence of extra losses at the interfaces.

Nonradiative interfacial losses have been reduced through
the use of thin, insulating polymers between the injector
and perovskite, e.g., polystyrenel’? and polyvinyl pyrrolidone
(PVP).”l Tt has been shown that the use of PVP between the

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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substrate used in the device.BY Another
approach is to use electroabsorption spectros-
copy to measure the injection barriers present
] in a device stack.®?83 In electroabsorption
l]  spectroscopy, the effect of an internal elec-

Perovskite

] tric field on the transmittance is measured.
e 1 According to one-electron Franz-Keldysh-
Aspnes (FKA) low-field theory, the change in
transmittance depends on the square of the
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Figure 3. a) External PLQE of (Cs,FA,MA)Pb(lygsBrg1s); perovskite thin films with 0% and
10% Kl (x) added, measured under 60 mW cm™2 with a 532 nm CW laser (=1 sun). b) PL decays
of the same perovskite films sandwiched between standard n-type (TiO;) and p-type
(Spiro-OMeTAD) solar cell electrodes. Adapted with permission.8l Copyright 2018, Macmillan

Publishers Limited.

ZnO electron injector and Cs, gy MA, 13PbBr; perovskite emitter
improves the PL intensity by a factor of =5, with the external
PLQE of the emitter reaching 55% on PVP and the EQE of the
LED device increasing to 10.4%.7°! Amine interfacial layers
(e.g., polyethlylenimine® and ethylenediaminel’)) have also
been shown to improve the external PLQE of neat films and
the EQE of the resulting LEDs. These improvements were
attributed to the nitrogen atoms from the amine bonding with
undercoordinated lead ions’® and reducing the density of
recombination centers in the films. Similar mechanisms have
been proposed for passivation by TOPOI® and other Lewis
bases such as pyridine.’”] In each of these approaches, there
may be a necessary compromise between improved passivation
and potential charge injection barriers.

6.3. Charge Injection and Balance in LEDs

Charge balance in an LED is influenced by the injection
efficiency for electrons and holes. This depends on the energy
barrier between the electron (hole) injector and the conduction
(valence) band of the perovskite. For visible-light emitting perovs-
kites, the lower electron affinities and higher ionization poten-
tials that result from the wider bandgap result in larger injection
barriers with conventional charge transport materials (e.g., ZnO
or PEDOT:PSS). The electron injection efficiency has been
improved by lowering the electron affinity of the electron injector
(e.g., by alloying ZnO with Mg”’}) or by using an interfacial layer
between the injector and emitter (e.g., polyethyleneiminel?).
Similarly, to reduce the hole injection barrier, the hole injec-
tion level has been increased through doping (e.g., by adding
a perfluorinated ionomer or MoO; into PEDOT:PSSI"®) or by
substitution with a higher-HOMO hole injector (e.g., 4,4",bis(N-
carbazolyl)-1,1"-biphenyl or CBPI"?). Further details of efforts to
tune injection barriers are given in ref. [80].

The injection barrier is typically determined by measuring
the band positions of individual layers in the device through
photoemission spectroscopy. However, the band positions of
the perovskite layer are influenced by the work function of the
substrate and care needs to be taken to perform photoemis-
sion spectroscopy of the perovskite deposited on the precise
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applied electric field,#*#) and this has been
found to be applicable to MAPDI; and other
bulk semiconductors.® Modulating the
internal electric field with a DC bias allows
the internal field to be measured;?338% how-
ever, the impact of ionic screening must be
carefully considered.

400

7. Opportunities to Move beyond Existing
Technologies

7.1. High-Brightness Operation

An important advantage of perovskite LEDs is their potential
to operate under ultrahigh-brightness conditions similar to
what can be achieved in conventional inorganic LEDs. This
is partly because halide perovskite thin films have reason-
able carrier mobilities on the order of 10 cm? V! 57!, with
relatively balanced bipolar charge transport.*#%”] This can
allow high currents (on the order of 100 mA cm™ or higher) to
flow through the diode without causing detrimental processes
such as excessive heating and charge accumulation, offering
possible advantages over organic and colloidal quantum-dot
semiconductors for high-brightness operation. Peak luminance
exceeding 10° cd m™ has been achieved”®! and a recent encour-
aging report of LEDs utilizing 2D perovskites showed operation
without considerable droop at current densities on order
A cm 288 However, high-brightness operation in perovskite
LEDs is currently hindered by other factors including the insta-
bility of the ionic material under electric field (ion migration),®”!
unbalanced carrier injection, as well as nonradiative and Auger
recombination losses which occur predominantly under low/
high injection conditions, respectively,®” and may further
contribute to heating-related degradation.

7.2. Photon Management in LEDs and Solar Cells

While the internal luminescence yields of the perovskites are
yet to approach their full potential, large gains are possible
from outcoupling approaches, in particular for LED efficien-
cies. Management of the emitted photon flux is an established
approach in other LED technologies.’>! The required multi-
layer architecture in operating devices introduces additional
outcoupling challenges, but also opportunities due to the
electric field distribution in the active layer.

To improve photon extraction in PeLEDs, several general
strategies are considered. First, significant optical losses in
lateral waveguided substrate modes can be minimized by
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introducing patterned structures with appropriate refractive
indices on the air-side of the glass substrate. Such approaches
have been shown to lead to outcoupling enhancements of up
to twofoldsP®! for OLEDs. Second, a simpler alternative to
the above strategy is the use of index-matched substrates and
outcoupling films which improves light coupling by increasing
the photon escape cone without altering the shape of the
substrate surface. This method provides additional advantages
for display applications that require nonscattering surfaces.
Third, the application of microcavity or photonic structures
such as distributed Bragg reflectors (DBRs)®? in the LED
structure alters the spatial and spectral distribution of the
electromagnetic field in the device structure, leading to poten-
tial enhancements in the outcoupling efficiency. This offers
opportunities to use imbalances in charge distribution profiles
over the active area, for example through control of charge
transport and injection, to steer the position of the emission
layer in the active material to enhance outcoupling efficiencies.
The fourth option is the enhancement of optical scattering via
the use of nanostructures in any layer of the device stackl®’
provided they can be efficiently contacted. Recent reports of
nanodot-in-matrix structures highlight the viability of this
approach.[?>94

Photon management is also critical for reaching the efficiency
limits in a solar cell. One strategy to reach the highest open-cir-
cuit voltage is to maximize the photon and charge-carrier densi-
ties in the absorber material. The capability of perovskites to
efficiently recycle photons with low loss (high internal lumines-
cence yield) facilitates high carrier densities and therefore large
quasi-Fermi Level splitting. Indeed, strong photon recycling is
widely viewed to be a critical factor in GaAs achieving such a
low open-circuit voltage loss.?l Such performance improve-
ments with photon management can be considered to be a
similar approach to concentrated photovoltaics; a recent study
suggested that, based on charge-carrier recombination and
extraction rates in the devices, halide perovskite performances
will substantially benefit from solar concentration.” Counter-
intuitively, efficient photon outcoupling is also important in
a solar cell. In order to minimize entropic losses, one would
ideally design the solar cell such that all of the radiative recom-
bination is emitted into a narrow cone back in the direction
of the sun with a very high external luminescence yield,?
although in practice this is harder to achieve.

7.3. PeLEDs versus OLEDs

Based on realistic device architectures modified from a recent
work,128 a theoretical EQE limit of =20% in the forward
direction of the planar LED structure can be calculated by
assuming 100% IQE in the emissive layer and using optical
models similar to those used for planar OLEDs (unpublished
results). In the OLED model in which photon recycling is
negligible because of minimal overlap between absorption
and emission, light is predominantly wave-guided laterally; in
materials where photon recycling is significant, more of the
light can instead be emitted in the forward direction out of
the device (Figure 4). By taking photon recycling effects into
consideration, a very optimistic estimate of the EQE limit for
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Figure 4. Simplified schematic to compare the light outcoupling in an
OLED (top) and PeLED (bottom), with the arrows denoting photon
trajectories. In an OLED, the large redshift of the emission peak from the
absorption onset (Stokes shift) means there is negligible reabsorption
and hence minimal photon recycling. Therefore, a large fraction of the
photons is waveguided laterally in the film and thus the outcoupling in
the forward direction is limited to 20-30% in a system with 100% internal
quantum efficiency. In a PeLED, photon recycling events are prominent
due to the significant overlap between absorption and emission. This
means a larger fraction of the waveguided photons have the opportunity
to be remitted and outcoupled in the forward direction.

the LED structure is =75%, as such effects are in principle
useful in extracting the trapped optical modes from the perov-
skite layer. Here, the fractional optical power is assumed to be
up to =55%, which refers to the ratio of the power of a given
optical mode (e.g., waveguided photons) in the LED structure
to the total (maximum) optical power of the photon source in
the emissive layer. It should be emphasized that reaching this
efficiency level requires an IQE of very close to 100%, which
assumes complete elimination of nonradiative losses. Another
challenge for fully utilizing the effect of photon recycling is that
the isotropic reabsorption/re-emission processes can induce
depolarization of the polarized light required to minimize
contrast loss due to reflections. This depolarization effect is
undesirable for LED display applications and therefore a trade-
off may exist between EL efficiency and image clarity.

Overall, compared with conventional OLEDs, perovskite
LEDs arguably offer several potential advantages: 1) as discussed
earlier, the excellent charge transport properties of halide perov-
skites allow for higher brightness to be achieved at relatively low
driving voltages. These also lead to improved power efficiencies;
2) the color purity of perovskite LEDs, typically characterized
by the spectral narrowness of the EL, is superior to most of the
high-efficiency OLEDs. Typical FWHM of the EL spectra from
perovskite LEDs!?!"%l and OLEDs[® are 20-30 and 50-100 nm,
respectively. 3) Due to the broad bandgap tunability of perov-
skite emitters in the visible spectrum,®”l they offer prospects
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to achieve a wider color gamut. 4) The design flexibility for
achieving high-efficiency perovskite LEDs is greater than that
for OLEDs, thanks to the relatively small electron-hole binding
energy and the strong spin-orbit interactions in the hybrid
perovskite materials.’® In OLEDs where the electron-hole pairs
exist in the form of excitons, high EL efficiencies have been
hindered by spin statistics which renders spin-triplet excitons
nonemissive, leading to an IQE limit of 25% for conventional
electrofluorescence. Materials and mechanisms for surpassing
this limitation, including phosphorescencel® and delayed
fluorescence via reverse intersystem crossing® or triplet
fusion,!'% have been extensively explored in the past decades.
In particular, electrophosphorescence has been widely used
in commercial OLEDs. However, these approaches typically
require specialized molecular design and synthetic procedures.
PeLEDs are not limited by such design considerations due to the
reduced excitonic nature of carrier interactions.?140:%I

While OLED displays have emerged to become a major
industry worldwide, perovskite LEDs are still very far from
practical applications mainly due to issues including toxicity
associated with lead (discussed below), reproducibility and
operational stability that must be resolved. Moreover, the EL effi-
ciencies of perovskite LEDs, with maximum EQEs of around 14%
reported, ! are still low compared to state-of-the-art OLEDs.®
Difficulties in developing reliable and high-throughput solu-
tion processing methods that rival vacuum-deposited OLED
technology hinder further development. If these drawbacks can
be fully overcome, perovskite LEDs are likely to compliment or
challenge the position of OLEDs in commercial applications.

7.4. Lead-Free Emitters

Owing to their rapidly rising performance, halide perovskite
emitters are a promising alternative to cadmium-based quantum
dot emitters. Halide perovskites can replicate the highly desired
properties of quantum dots for display applications, such as
sharp electroluminescence and solution processability.l1%!]
Cadmium-free emitters for display and lighting products are
important because European regulations restrict the cadmium
content in electronic products to 0.01 wt%, and the previous
exemption for quantum dot displays is due to expire in 2019.112
However, the same regulations also restrict the lead content in
electronic products to 0.1 wt%, which is exceeded in Pb-based
perovskites (36 wt% Pb in MAPDI;);!1! we note that there are
exemptions for PV technologies installed by professionals. As
such, there is effort to find Pb-free alternatives. Although most
of the effort has been in PVB1% an increasing number of
groups are investigating Pb-free alternatives to perovskites for
emitters.['%] One approach is to chemically substitute Pb in the
ABXj; structure with Ge, Sn, or Bi. However, these materials
have typically exhibited low PLQEs. For example, methylam-
monium tin iodide has a reported PLQE of 5.3%,!%! pheneth-
ylammonium tin iodide up to 0.24%,1%1 methylammonium
germanium-tin iodide up to 2%,1%! and methylammonium bis-
muth iodide =0.4%.0197] There are therefore only few examples
of room-temperature electroluminescence from these materials
and, in the examples that exist, the external quantum efficiency
is 1ow.195:198] Other approaches to find lead-free alternatives to
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the perovskites identify materials that can replicate the crystallo-
graphic or electronic structure of established halide perovskites.
The former has led to the exploration of double perovskites,
which is comprised of two superimposed perovskite lattices
based on 1+ and 3+ B-site cations (e.g., Cs,AgBiBry1%%). The
latter has led to the exploration of compounds based on par-
tially oxidized p-block cations, e.g., In*, Sb3*, and Bi**. These
“perovskite-inspired” materials include Bil;M%nd BiOZ,[M!Y
which have been found to replicate the electronic structure of
lead-halide perovskites.['%* Although room-temperature photo-
luminescence has been found in double perovskites and per-
ovskite-inspired materials, the PLQEs are low (<1%) in most
currently reported cases.[10*112]

Recently, Tang and co-workers have achieved orders of magni-
tude higher PLQEs by investigating A;B,Xy quantum dots (A is
a monovalent cation, B is Bi or Sb, and X is a halide). PLQEs of
12% were observed for (CH3NH3);Bi,Bry (423 nm emission),'3]
15% for (CH3NH3);Bi,Cly (360 nm emission),'3l 19.4% from
Cs;3Bi,Brg (410 nm emission),4 26.4% from Cs;Bi,Cly (393 nm
emission),'**land 46% from Cs;Sb,Bry (410 nm wavelength).'”]
These materials therefore have potential for blue emitters, where
the EQE of PeLEDs are low (below 1% at the time of writing).['1¢!
However, electroluminescence has yet to be demonstrated from
these materials, although Cs;Bi,Bry quantum dots mixed with
YAG have been used as a phosphor over GaN LEDs, resulting
in white emission with CIE coordinates of (0.29, 0.30).14 The
inorganic quantum dots have also been shown to be more stable
in water than methylammonium lead iodide. For Cs;Bi,Bry,
water exposure has been found to be advantageous, with the
PLQE increasing over time; this is similar to the beneficial
effects of humidity in MAPbI; with short exposure times.[1*117]
The passivation of Cs;Bi,Bry has been attributed to the forma-
tion of a BiOBr layer on the surface.''

Although there is a huge family of lead-free perovskite emit-
ters that can be explored, we have yet to see emitters with com-
parable luminescence efficiencies to the lead-based materials.

8. Conclusion

Metal halide perovskites are exciting materials for a range of
light harvesting and emission applications. Their proper-
ties lend them to excellent optoelectronic performance: high
intrinsic luminescence yields and tolerance to passivation
approaches mean that nonradiative losses can be significantly
suppressed, and photon recycling effect opens the door for
strong outcoupling in the forward direction in LEDs, as well
as high photon and charge-carrier concentrations in solar cells.
Although a number of challenges must be overcome before we
see their large-scale commercialization as solar absorbers or
light emitters in panel lighting or displays, metal-halide perov-
skites have the potential to significantly disrupt both the power
generation and lighting industries.
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