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ABSTRACT: Next-generation displays and lighting technologies requiente
optical sources that combine brightness, color purity, stability, subsiidity.

Metal halide perovskites have potential use in a wide range of applications, for.
possess excellent charge transport, bandgap tunability and, in the most promisidg
optical source materials, intense andeat luminescence. This review links metal
halide perovskiteperformance as eient light emitters with their underlying
materials electronic and photophysical attributes.
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1. INTRODUCTION: OVERVIEW OF PEROVSKITES Halide perovskites also possess materials properties of
AND THEIR OPTOELECTRONIC PROPERTIES interest for optical sources: bright photoluminescence, narrow

Hybrid perovskites are an emerging class of semiconductII h;necrggsstohna:lng Vggi?értu&%%?@ﬁ't(:ﬂeb'gg'rrllg elr;ggg’ and
materials exhibiting outstanding optoelectronic properties. Trl) g ' y '

general chemical formula for perovskite is, ABXhich A Iésearchers applied layered structured halide perovskites

and B are cations and X are anions that octahedrally coordin ;g%esifg%lg)s ?r?;oopppeer;tggftelisq)uitg nﬁ?ggfn Lgﬁ;@:ﬂ?g
to B. The large A-site cations and the smaller B-site catio ! . X

. hi § . [N’ 2012, room temperature halide perovskite LEDs were
allowing [BX]*> octahedra to corner-share in a 3D frameworkr ported?In 2015, therst e cient perovskite LEDs (EQE

with th_e A-site cations Ioca_ted_ In thg framework cavities. T "506) were reportéd.Studies of perovskite optical sources
canonical perovskite material is calcium titanate, discoveredi

. . zgve similarly intensd in the past six years.
?1)/73%5;%50% in 1839 and named in honor of Lev Perovs This Revi){aw discusses IC;he strzctural and materials

rocessing degrees of freedom available in perovskites and

Diverse perovskite materials exhibit ferroelectricity, supey-_."" ; L . .
conductivity, and magnetoresistance, to name a few of thgf\?,ew impact on light emission and photophysical properties.

intriguing properties. Metal halide perovskites exhibit hig c disc_:uss_ cases for, and the challenges _in, the use of
absorption coecients (in CHNH.Pbl of order 10 cmél), erovskites in optical sources. We address device architectures

; PO it . &1 31, in perovskite LEDs as well as interface engineering therein. We
high charge-carrier mobilities (exceeding 10Tre™), long ooy "1 connect device performance with underlying photo-
minority carrier dusion lengths (1m and greater), and low

trap densities (lower than 4emS. These impressive physics and perovskitdistinctive optical properties.

properties make halide perovskites excellent semiconductors

for solar cells. Since Miyasaka and co-workers introducéd CHEMICAL AND STRUCTURAL DIVERSITY IN

halide perovskites in liquid-electrolyte solar cells in 2009, PEROVSKITES

thousands of researchers have turned their attention fhree lattice positions in perovskites are referred to as the A,
perovskite solar cells (PSC8)g(re )."°° The certied B, and X sites. The highest symmetry phase perovskite
power conversion eiency of PSCs has risen in nine yearsoccupies thema3mspace group in which the ions are perfectly
from approximately 3% to greater than'Z8%ure }. packed and their ionic radii folloy+ ry= 2 (ry+ ry)
wherer,, rg, andry are the ionic radii of A, B, and X. To study
the stability of perovskites, Goldschmidt proposed the

Visible light b)

70 tolerance factdrand the octahedral factar The tolerance

60 CHsNH;PbBrs factor indicates the state of distortion by
2 g CH;NH;Pbls t=(ra+ ry/ 2(ry+ ry and the octahedral factor is
% 30-' = determined by the ratio (:E‘ for the BX octahedron. In
T2 \ general, hybrid perovskites present 0.446:90 and 0.81

10 \ < 1.11. For the perovskite cubic structuials between 0.9

0 > and 1.0, whereas the G@00 range exhibits tetragonal and

_ oo 400 500 600 700 800 orthorhombic structuresFigure 3. Many properties of
Perovskite nanocrystalline sensitizers Wavelength / nm

perovskites are ected by structural distortions and, as a
Figure 1.Perovskites (a) sensitizers of ,Ti® solid-state dye- consequence, partial or full cation and/or_anlon substltutlc_)n
sensitized solar cells. (b) Incident photon to current quantuntan be used to tune the physical properties. In metal halide

conversion eciency spectra of GNH,PbBg and CHNH,Pbk.* perovskites, the B-site metal is typically a divalent cation (e.g.,
Reproduced with permission fromIre€opyright 2009 American  P#*, Si¥*, G&*, M¢?*, C&*, SF*, Ci¥*, Ni**), the A-site is a
Chemical Society. monovalent cation (e.g.,"CE€H,NH;" (MA), HC(NH,),"

DH\::MTI.‘S g s Top solar cells
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Figure 2.State-of-art perovskite solar cetliencies as a function of

bandgap ener§yReprinted with permission from gefCopyright Figure 3.Tolerance factor in ARfperovskites prohibits the use of

2017 AAAS. Na, K, and Rb as A cations; whereas Cs, MA, and FA are widely used,
and imidazolium (lA), ethylamine (EA), and guanidinium (GA)] are
too large tot into the 3D cag¥’ Reprinted with permission from ref
14. Copyright 2016 AAAS.
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Figure 4.(a) Schematic of the perovskite crystal structure.gtine depicts orientational disorder of organic cations in the centgr of Pbl
octahedral cage. (b) Geometry of methylammonium illustrating 3-fold and 4-fold jumping rotatiéfRlepodes] with permission from ref
24, Copyright 2017 Nature Publishing Group.
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Figure 5.Schematic illustration of crystal structure in MA@DIMolecular dipole orientation in perovskite lattice. (b) The molecular dipole of
MA is 2.3 D, distinguishing it from spherical/symmetric cations in inorganic perovskites sugit’ &e@sshiced with permission fromiLfef
Copyright 2014 American Chemical Society.
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(FA) and the X-site is a halide or pseudohalide anione.g., Iproperties and behavior of perovskite solar Ealisré 3.
Br°, CP, etc). For example, the dipolar disorder of MA cations contributes to
Accessing the lower-dimensional structural family, such kigh dielectric constants in MARbX fact that assists in
one-dimensional (1D) chained architectures and zero-dimesereening charged stafeBhe incorporation of MA does not
sional (OD) isolated octahedra, adds further tuning throughecessarily reduce the fation of defects, but the
chemical and structural engineering. Mation of compo-  incorporation of the dipolar MA cation in mixed cation
sition and structure in low-dimensional perovskites enablgfixed halide wide-bandgap perovskites heals deep trap defects,
tuning of electronic bandgaps, exciton binding energies, apdulting in a more defect-tolerant matériguasielastic
electronic transport properties. neutron scattering (QENS) measurements have directly
2.1. E ect of Organic and Inorganic Compounds measured the motions of MA ions within the inorganic lattice

To describe the symmetry of halide perovskites, one needsothe perovskite. Density functional theory (DFT) on lattice
consider the dynamic motion of organic A-sites and X-sitedynamics indicates that low-energy phonons are composed
Disordered A-site organic cations change hydrogen bondiftirely of the motion of metals and halitiésand that these

and thus aect symmetry variations. The spealignment of ~ are readily excited at lower temperatures and determine the
the A-site polar organic cation is induced by hydrogen bondig§isuing physical properties.

in the perovskite lattice, a fact that may result in bulk electric In an ideal cubic halide perovskite, the B-site divalent metal
ordering"> This electronic ordering is dependent on the dipolgs located at the body-centered position of the cube, and the
moments of the A-site and the strength of the hydrogen bonasions occupy the six face-centered locations, forming an
(Figure 4. Organic cations (MA ions) possess an electricabctahedral surrounding for the divalent metal, with the
dipole of 2.3D° an aspect that impacts the observedmonovalent cations situated at the cube vertices. The chemical
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Figure 6. Crystal structures of low dimensional perovskites havergntiorientations. (a) Thel0O -oriented layered perovskites
(RNH3) A 51BX3n.1. (b) The 110 oriented layered perovskitesABXsm.o. (C) The 111 -oriented perovskites,AygBoXsq 3. Reproduced
with permission from réf.. Copyright 2016 American Chemical Society.

bonding between the metal and the halogen determines the2.2.1. Three-Dimensional Perovskites.Early embodi-
bandgap and the dispersion of the energy bands in thments of perovskite solar cells were demonstrated using three-
material. Larger electronegativityerdinces correspond to a dimensional (3D) MAPblcompounds in 2009. The 3D
more ionic bond character, resulting in an electronic cloud legsrovskites exhibits a sharp optical absorption onset, with an
dispersed along the bond and located closer to the nuclei. absorption coecient () exceeding f@nr! near the band

The inorganic metal cation at the B site is often chosen to lge’.’ The bandgap of MARKE evaluated to be 18055
PI*in light of the superior optoelectronic properties and solagV using UV photoelectron spectroscopy. The MAiRgle
cell performance of the resultant material. There is interest énystals shows exceptionally low trap-state densities on the

nding ions to replace Pb in light of its environmental/order of 18 cn3 to 10° cn®, deep values comparable to
toxicological properti&SEngineering the choice of the B site those in crystalline silicon, and charge carriesiaii lengths
cation also &cts the dimensionality of the perovskiteon the order of 8310 m have been reportéd Charge
structure, particularly so in the case of trivalent and tetravalenpbilities in thin Im MAPb} were obtained as high as 0.5
metal cations. cnt/(V s) using eld-e ect transistor measurements (FETs).

The bandgap energy of perovskites is varied by thidowever, the volatile nature of MA cations in perovskites may
alternation of the anion (typicalfy and/or BF) and the cause instability against moisture and heat; evaporation may be
use of mixed anions. For example, the absorption spectrumpegsible at temperatures as low a3C8%nd indeed such
the MAPb},Br, perovskites blue-shifts as the bromidematerials have been seen to degrade after exposure to moisture,
concentration is increased, a fact related to the lowdeat, and light soaking.
electronegativity of the smaller halogen atoms. The opticalReplacing MA with other organic or inorganic cations tunes
absorption is therefore readily tuned, via bandgap engineerthg bandgap of 3D lead halide perovskites. A new choice of A
in halide perovskites, across the visible spectrum. site cation changes the bandgap because of theatiodiof
the lattice constant: FA is larger than MA, which in turn is
larger than Cs, resulting in an increase of bandgap going from
Reducing perovskite materidimensionality also modulates FA to Cs through MA. The A-site cation alsaénces the
their optical propertié§.The structural freedom in reduced extent of metal-halide orbital overlap. This change in metal-
dimensional perovskites creates the possibility to creaialide bonding has a direct impact on valence and conduction
tunable photophysical and electronic properties. Thg ABXand positions
structure has rigid structural constraints due to the corner-When one uses formamidinium (HC@§)l as the A cite
shared Bxoctahedral crystal structure, whereas the reduceshtion, the perovskite bandgap reduces by about 0.07 eV
dimensional perovskites allow for increased struaxral compared with MA perovskite, a fact that has been exploited in
bility, in uenced by the length of interlayer organic cations. Aschieving the most recent photovoltaic performance advances.
the ABX perovskite structure is cut into layers, the sizeBecause FA produces more thermally stable materials, FA-
limitation and the tolerance factor seen in the bulk perovskite&sed perovskites are also promising materials for high
can be widely engineered. In two-dimensional (2D) derivatives ciency photovoltaics. However, the phase instability of
of the perovskites, the interlayer A cation lengths are moFAPb} perovskites makes it @dult to maintain the desired
easily tuned, and in the zero-dimensional (OD) derivatives, sizkotoactive black phase at room temperature. This has led to a
restrictions are not applicable, as the isolatgdbdtdhedra  considerable recent focus on 3D perovskites in which the A
shift readily in relative positioRiure §. cation is replaced with Cand mixed triple cations (Cs/FA/

2.2. E ect of Dimensionality in Perovskites
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MA) are employed to improve phase/thermal stability and These low-dimensional materials are natural quantum-well

performance in devices. structures, and they possess large exciton binding energies
Mixed halide perovskites are of interest also in view of the®100 meV) due to strong elect8hole interactions
continuous bandgap tunability (approximatelyl197eV). originating from the distinct dielectric environment in the

Unfortunately, bandgap instability due to photoinduced iomell vs the barrier. This enhances photoluminescence intensity,
segregation occurs even when mixed halides are used in mixgdl the high quantum yield also bendrom diminished
cation perovskités. Recently, Stranks and co-workers forbidden electronic transitions. The strongrenent in a
demonstrated passivation of surface and grain boundariesnmidle range of structurallgxible, low-dimensional perovskites
perovskite Ims to mitigate both nonradiative losses andare well-suited to light-emitting applications.
photoinduced ion migratiGh. Bandgap instability was  Electroluminescence (EL) was observed from
substantially suppressed using interface approaches: REmgHsC:H4NH3)(CHNHZ)Pbl; in early 1990; however,
and co-workers reported a strategy to suppress halide s was observed only at 200 K and with the application of a
migration using long organic alkyl ammonium capping layet§ kV/cm electric eld” Thermal quenching of the exciton
to reduce perovskite grains at the nanometer siz& scale. Was the main reason for the reduction of EL near room

Substituting Pb with Sn in the halide perovskites has bedpmperaturé’ _ ) )
demonstrated to narrow the bandgap t811€eV. Mixed More re_cently, Iow—d|men5|ona_l pe_rovsklte_s h_ave attracted
Sn/Pb perovskites with the composition GsB8hIBr, have renewed interest for solid-state lighting apphcauons. Higher-
been fabricated via one-step antisolvent spin-coating mefimber layered compounds)is,PhXa..y) withn= 2, 3, 4,
0ds®® Sn substitution alters the driving force for phaseétC. are formed through mixture of cations efreht sizes,
segregation and increases the barrier for ionisiati, a ~ capable %1‘43form|ng ‘mixed>3and layered perovskite
factor that may contribute to enhanced phase stability. structure&.>** By making Ims consisting of a rangerpf

The remarkable performance of perovskite solar cells aRf€ ¢an produce energy funneling through a collection of
LEDs is correlated with their long excited state lifetimes ar@{@ins having dérent bandgaps. This has been found to
high photoluminescence (PL)aencies. High-quality peroy- €nhance luminescence properties at room temp&fafure.
skite Ims exhibit longer PL lifeimes, and it has been LOW-dimensional perovskites with the formula
demonstrated that grain boundaries play an important role KhA )2.(.CH3NH3)“§1Ph1X3n+1 have also been demonstrgted to
determining physical properties. Ginger and co-workers usgigPilize solar cell performance against moistureling
confocal uorescence microscopy correlated with scannin plained by the increased formation energy compared with

electron microscopy to resolve spatially the PL decay dynami &lr 3D bulk perovsk!te counterpé‘i“i‘é. The low-dimen-
of MAPbL(CI) perovskite Ims. They observed that PL sional perovskites typically featurerdit cuts from the 3-D

. . el : o - _ structure along thd00, 110, and 111 directions.100-
intensity and lifetime dir among the grains in the perovskite ~ . . ’ . .
Ims. T%/]e grain boundaries in t%e pe?ovslkitevere gimmer Oriented perovskites are obtained by removing the metal (Pb)

component from the inorganic framework. In contrast to the

3\/?,[?] exnéti)gzc;cfg\?i; dn?hn;?jgﬁ:'vfas]eggzhiﬂ%@'gﬁgtrfg\tlzgggbo -oriented perovskite hybrid that represents today the
Py tion that led to briaht 9 t&al P ost richly explored member of the reduced-dimensional
passivation that led to brighter matefials. perovskite family, thd10- and 111 -oriented perovskites

2.2.2. Two-Dmen_smnal Eerovsk|tes.|'_ong-cha|n glkyl have rarely been reporteti10-Oriented orgar&inorganic
ammonium organic/inorganic lead halide perovskites we rovskites have the formula [pBLC(1)]-

fabricated, early in perovskite studies, producing materials J(CHNH.) .S - &
: : A(CH3NH3) Snla1 (N = 1S4) and were reported by
the formula of AMX, and often known as two-dimensional \;i7i‘ang ‘co-workef&.These perovskites were stabilized via

(2D) perovskites. Here /s the long organic alkylammonium e incorporation of methylammonium and iodoformamidi-
cation, M a divalent metal cation, and X a halide anion. Mogfym cations. Derently dimensioned inorganic sheets are
reported 2D perovskite derivatives feature mono- angptained by modulating the proportions of the two ligands.
diammonium cations, with general formula offits)-  \Whenn> 2, the methylammonium cations occupy the channel
MX, or (RNH5),MX,, R represents an organic functional yosition dened by the corner-sharing metal halide octahedra.
group. The crystal structure is expressed with reference to %@e iodoformamidinium cations play an important role in
orientation and coguration of the orgariC. » directing the self-assembly 10 -oriented perovskites.
Low-dimensional perovskites are formed by slicing the 3DThe 111 -oriented perovskites are obtained with the
compounds in derent crystallographic directions, and thefgrmula of AA5BXsns Where Aand A are interlayer
organic cation and reaction stoichiometry play an importagfnd intralayer organic cations. An exampld member is
role in determining the crystal orientation. Tuning of the(H23-A|\/|P)2PbBE (AMP = (aminomethypyridinium).
dimensionality &cts physical properties: the bandgap of therhese have a higher presence of the more distorted PbBr
compounds increases as the dimensionality of the structureyiahedra, increasing the bandgap. Reporteéimembers,
reduced, as in thin quantum wells other semiconductors. Earlycluding (NH,;)3Sb,lg, (CH3NHj3)3Bi,Brg,
research on low-dimensional perovskites included pioneerf?ngH ,(CH3),] 3Sb,Clg, [NH(CH 3)3]3Sh,Clg, and
reports on the compound (CHz;NH )sShls, also feature small inorganic cations with
(C4HoNH3) 5(CH3NH3) 151SN 30122 The 3D perovskite CQ),SQIQ.E 52
CH3NH3Snk is a small-bandgap semiconductor, whereas the 2.2.3. Zero-Dimensional Perovskites.Structurally dis-
n = 1 compound (@HoNH3),Snl, is a larger bandgap torted perovskites can be considered zero-dimensional (0D)
semiconductof. Unfortunately, (§4oNH,),Snl, is sensitive analogues. Karunadasa and co-workers reported (NMEDA)-
to air, and degradation occurs within several hours. MaterRbBy, and (EDBE)PbX(N-MEDA = N1-methylethane-1,2-

synthesis to device testing must be carried out in an inediammonium, EDBE = 2,2-(ethylenedioxy)bis-
atmosphere. (ethylammonium)), materials that exhibited white light
E DOI:10.1021/acs.chemrev.9b00107
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Figure 7.Structural distortion induced 0D perovskites with white light effigajofransformation of-(DMEN)PbBRto -(DMEN)PbB in
the liquor solution. (b) Optical absorption spectra(BMEN)PbBy, -(DMEN)PbBj, (DMAPA)PbBY, and (DMAPA)PbLBr (c) Steady-state
PL emission spectra 6c{DMEN)PbBg, (DMAPA)PbBY, and (DMABA)PbRBrexcited at 355 nm. Reproduced with permission fréw ref
Copyright 2017 American Chemical Society.

emission>>* The wide PL line width was impacted by the tion mechanism and mediated by theeénce of the ligand
structural distortion, indicated by the distortion of the;PbBrshell environment on the crystal sufface.
octahedrori> White light emission was attributed to self- Because GRbBg shows a large bandgap, researchers
trapped excitons localized in the inorganic lattice. Mao et akcently explored the incorporation of Igerovskite NC emitters
reported white light-emitting perovskites with compositiointo another crystalline transport phas€sPbBy NCs
(DMEN)PbBy, (DMEN = 2-(dimethylamino)ethylamine), embedded in a robust and air-stablg’l§By microcrystal
(DMAPA)PbB; (DMAPA = 3-(dimethylamino)-1-propyl- phase resulted in high luminescence propertiescaieci
amine), and (DMABA)PbB(DMABA = 4-dimethylamino- PLQY exceeding 90% in the solid state. The authors
butylamineﬁe (Figure J. Among these compounds, demonstrated the ro_Ie of a lattice match between GsPbBr
(DMEN)PbBY, has the largest distortion dy,, = 17.4 x _and the C#bBg matrix. Chen et al. reported a re_Iated study
10°% and showed broad emission. involving C_:st@r_embedded in a (RbBE matrix and

The perovskite-related,BBBg structure, rst synthesized reported high eciency and wide color gamut prototype
in 1999 by Nikl et al® presents a zero-dimensional (0D) White LEDS
crystalline structure in which adjacent [RfBoctahedra do  2.3. Lead-Free Perovskites

n(;t sqarfe gqrne_rEi@ure 3 Manna %nd ;o-workers_, piofneered The regulated nature of lead (Pb) may limit the application of
a facile fabrication strategy to produgBli;, starting from  yhenyise promising perovskites. Therefore, there is consid-

CsPbBy nanocrystals (NCs): they addededent amines 10 grapje interest in identifying promising lead-free alternatives.
obtain OD Cg*bBE NCs at room temperatufeThe stability  one such case is a class of materials known as double
of these NCs in solution was rather low; the partide%erovskites, in which two metals (e.g., metals Watid13
aggregated in a few minutes. The optical properties measugséhjation states) are combined to yield the overall charge
after the transformation from CSRbBECs reveal a sharp pajance as seen in conventional single-metal-cation perov-
absorption at 317 nm, which indicates transformation to thekjte$5567 One example is the cubicBm double perovskite
CsPbBg phase. GBbBg NCs have also been prepared in a synthesized in the form of ,8gBiBg, having an estimated
Cs-rich environment via a hot-injection meth@hemical  indirect bandgap of 1.95 eV (as obtained frorSvisV
transformation from nonluminescenyPB¥ to emissive  spectroscopyy.

CsPbXwas triggered by chemical transformation, and this wasTin (Sn), closely analogous in many respects to Pb, has been
accompanied by increased air stability and tunable optigalestigated as a possible alternative to produce lead-free
properties. The extraction of CsX fromPG¥ can be  perovskites. Pb and Sn have a similar ionic radii (Pb 1.49 A
achieved either by thermal annealing (a physical approach)aid Sn 1.35 A) and analogous relativiséct®® Sn can

by a chemical reaction WwitPrussian Blue (chemical therefore substitute Pb with no sigant perturbation in the
approach§’ Alivisatos and co-workers have synthesizethttice structure. However2Scan be easily oxidized td"Sn
another derivative of CsPhBICs: they formed lead-halide- in air, and this can progress further to produce unacceptably
depleted perovskite derivative,F68g NCs. The trans-  high free carrier densities. Seok and co-workers reported a
formation is governed by a two-step dissofirorystalliza-  method to bind Spstrongly with pyrazine: the SriEcepts

F DOI:10.1021/acs.chemrev.9b00107
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Figure 8.Schematic crystal structure of (a) Cspaiat 0D CgPbBg (b) along and perpendlcularctaxs (c) Typical TEM image of CsRbBr
and CgPbBg NCs, and images of NCs dlspersed in hé&&eproduced with permission fromG@fCopyrlght 2017 American Chemical
Society. (d) Schematic illustration of change in the crystal structure goingPbiRt6<sPbBs®° Reproduced with permission frombtef

Copyright 2017, American Chemical Society.
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Figure 9.(a,b) Schematic structure of single-crystallin@ipB#. (c) Powder X-ray diaction (XRD) spectra of single crystakBiBr,. (d)
Transmission (solid) and PL (dashed) spectra gBbB% single crystal.Reprinted with permission from #&f Copyright 2016 Wiley-VCH.
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lone pairs from the N atoms in pyrazine, and this combinatidayered structure incorporating?'Cand SB' into layers r

of SnkSpyrazine reduces Sn vacariCigse additive SBF = 3).”® This material was a semiconductor with a direct
furthermore prevented 2Srfrom being oxidized to 8n bandgap 1.0 eV and a conductivity 1 order of magnitude
reducing the charge carrier density in RA®nbvskiteS: greater than that of MARbI

All-inorganic_CsSgXperovskites have been reported and Recently, M@Bi,X, (X = Cl, Br, 1) perovskite NCs were
applied to LEDS: Thin SnX and CsX Ims were sequentially synthesized by Tang and co-wofkefBigure 9. These
deposited by vapor deposition then annealed to form uniforguthors used a strategy based on reprecipitation assisted by
CsSnX Ims via interdusion. Smooth, uniformims of  ligands that enabled them to tune the PL emission peak
CsSnBy exhibiting full coverage and very small grain size (6@avelength from 360 to 540 nm via halide compositional
nm) were achieved; these exhibited an external quantugdntrol. The MABi,Br, NCs had diameter ca. 3 nm and, for

e ciency (EQE) of 0.34% in red-emitting diodes. ~ emission at 430 nm, the PLQY was an encouraging with 12%.
The 2D (PEA)Snl, exhibits superior PL properties

compared to conventional 3D BHHi;Snk, as reported by B PEROVSKITE PHOTOPHYSICAL PROPERTIES
Haque and co-workers. These authors found that the 2
(PEA),SNI, perovskite displays improved stability compared t&f critical importance in the operation of electronic devices are
CH,NH;Snk when aged in an air ambient in the dark. processes such as the generation of charge carriers, excitons
Kanatzidis and co-workers used Gg@ebvskites based on and also the diision and recombination of these photoexcited
the trigonal pyramidal [GEt building block by tuning A- states. The rates of recombination of electrons and holes are
cations’ Moreover, Ge-based perovskites exhibit a largewer than in prior singe-crystalline inorganic semiconduc-
second harmonic generation (SHG) due to the sp-hybritbrs/® Films based on polycrystalline perovskite constituents
orbitals of germanium and iodide. have shown impressiveudion lengthslg > 1 m) for
Ternary SH and Bf* have also attracted considerable minority carriers and correspondingly extended excited-state
interest in view of their structurakibility and low toxicity. lifetimes (1 s). They have combined these features with
The ABily perovskites involve a 1/3 bidient layered  excellent mobilities ( 15100 cmd V! ), "% even in the
perovskite with bioctahedral,{BFf° clusters surrounded by presence of realistic defect states (traps).
A" (Cs" or MA"). However, trivalent bismuth and antimony  Here we review the nature of photogenerated exciton/
perovskites result in 2D structure and show wider bandgaggrriers within perovskitésiqure 1)
than their 3D analo_gues. To maintain the 3D perovskltgl. Recombination Mechanisms
structure, an alternative approach was developed, one whereéin
PE?* was replaced to form a double perovskite structure &4sing transient absorption (TA) and time-resolved photo-
ALBB"X;, by combining a monovalent cation and a trivalentuminescence (TRPL) measurements, one may determine the
cation having an ordered metal site arrangéfiéotvever,  bimolecular recombination r&te’’” In MAPbL perovskites,
from Tauc plot measurements, the perovskite showed &me results of early spectroscopic investigations were accounted
indirect bandgap, indicating that it may not be well-suited ttor by invoking the charge separated states or excited charge
e cient light emission. Solis-lbarra and co-workers developgédnsfer staté$.lt is now widely held that excitons dissociate
Cs,CuShCl,, perovskite, a mixed-metdlll -oriented spontaneously into separated electrons and holes, a fact that

H DOI:10.1021/acs.chemrev.9b00107
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Figure 11(a) Schematic illustration of the BurSélioss eect in MAPb) perovskite$: Reprinted with permission fromgafCopyright 2014
Nature Publishing Group. (b) Normalized spectra (TA) of the band edge transition ip*f#@PBlseudocolor representation TA spectra
shows hot carrier thermalization in MAMxprinted with permission from €df Copyright 2015 Nature Publishing Group. (d) Time-
dependenT, with the samg, but varying ,,m, dashed lines are calculated cooling cuieprinted with permission from3&f Copyright
2015, Nature Publishing Group.

contributes to the impressive performance of perovskitdar recombination. The codent k, functions as the

devices. constant of proportionality informing the bimolecular elec-
The photophysics of perovskites depends on excitation leviebnShole recombination rate. Finatlyguanti es the Auger

When the conditions of photoexcitation produce low carrierate.

densities in the rangg 10"S10'° cnr3, these are of the Kamat and co-workers found that strong bitind-e ects

level relevant to solar cells, monomolecular trap-assistaad bandgap renormalization observed from MAPbigh

recombination or geminate recombination are each low pump uence§? Ultrafast relaxation processes in thirs of

e ciency. They have a lowst-order recombination the hybrid perovskite MARbindicated a carrier-density-

coe cient in the vicinity o, 10 %8 dependent blue-shift and broadening of the 760 nm photo-
In contrast, when the photocarrier densities are higger at generated ground-state bfeamdicating charge carrier
10'°510'® cn®, e ects associated with multiparticle accumulation and explained on the basis of a BSkts

processes, such as nongeminate recombination (bimoleculetjft (a dynamic one in this instance). The band edge states

and Auger recombination processes (trimolecular), gain igad to higher-energy optical transitions, a fact connected to

importance and indeed begin to dominate the excited stafige Pauli exclusion principledure 1).

lifetime?*° Yang et al., have quantitatively correlated the TA spectra
We write the rate equation for charge-carrier recombinatiagith photophysical properties including carrier density, the

in a way that takes account of both monomolecular and algs@rrier temperature, bandgap renormalization, and exciton

higher-order processes| (: binding energy, which demonstrated the interplay between
dn . . . . free-carrier induced bleaching of the excitonic and continuum
— =GS knS KAS kA= & nR)n @) transitions near the band edig€he carrier temperature can
dt be extracted from the TA spectra and help to illuminate carrier

In this equationG is the charge-density generation rate. Thecooling dynamics. Measurements have indicated slow hot-

termk; provides the coeient associated with monomolec- carrier cooling with high excitation density, attributed to a hot-

| DOI:10.1021/acs.chemrev.9b00107
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phonon bottleneck. The observed phonon bottleneck slov

hot carrier cooling above a critical injection carrier density «
5x 10 cnrl,

3.2. Exciton and Free Carrier Dynamics

Because hybrid halide perovskites at room temperature sh
free carriers, monomolecular recombination originating fro
trap-assisted processes areemced by crystal formation =t : "
processes and ensuing crystalline quality. In a direct bands etic field (T i
semiconductor, the bimolecular recombination process is : Y A P
intrinsic property, and its codent resides typically between ;[ ) A e
0.6 x 10°9 and 14 x 10°% cn? st at room temper- A
ature/88892

Photoinduced terahertz conductivity measurements
MAPbL and MAPbs,CL5® revealed the time-resolved
behavior of excitations in perovskites, igehés free charge
carriers. In the presence of free charges, the measured rele
change in THz electrield transmission is proportional to the
photoinduced conductivity in the material. The observe:
dynamics can be accounted for by invoking the photc
conductivity of free charges alone.

Auger recombination is a many-body process involvir

215

Energy (V)
.
.
.

19 - X i - N=1

charge carriers and momentum transfer to another electron ~ © 20 40 £0 50 190 0 140
hole?® The average range of Auger recombination values i Magnetic field (TJ
halide perovskite is aboky = (0.251.6) x 10°*® cnf Figure 12.Measurement of exciton binding energy as a function of
so1),788892 which is on average25 times higher than the increase in magnetield® Reprinted with permission from 160
Auger rate constant for GaAs. Copyright 2015, Nature Publishing Group.

The binding energies for excitoRg {n perovskites have
seen considerable investig(’;‘t’tki’ﬁjr?.3 At room temperature, In single grains of polycrystalline MARGh Ims, spatial

the , are typically lower than the thermal enlfgequired  heterogeneities on the nm length scale were investigated
to dissociate excitor.in MAPbL perovskites is sgiently  through study of free-carrier and exciton populatitissing

low to be classed as the Warsiott type €q 3: transient absorption microscopy, Harel and co-workers directly
* 4 observed shifts of the bandedge absorptioneredt grains.
E,=S _me 1_ S & Both excitons and free carriers were found to exist together but
8 0% ?n? n (5) segregated on the100 nm scale. In the case of low-

dimensional perovskites, the o@ment of excitons to the
wells can be accounted for via the sizabkredce in
dielectric constant for the organic barrier compared to the

L . ; > inorganic well. The exciton binding energies are high, 100s of
MAPDL, is in_good agreement with this, spanni8§22 meV, and the high radiative rate ensures that the low-

9799103 .
meV? The temperature dependence of Iumlnescenc'aimensional perovskites are of particular interest in light-

can also be use_d to dete_rmme_ the exciton binding enermission applications. Grozema and co-workers carried out a
Temperature-activated exciton dissociation induces a decregsg;io  temperature-dependent study of mobility and exciton
in photoluminescence by increasing temperature. Here val

4 1 ‘Wesociation in these matetf&land reported an increase in
gﬁ\éear??gheedr gg%g{ﬁ%”ﬁ&ﬁl 31%2me for MAPD} charge carrier mobility when the temperature was lowered and
9 Xt . .. _bound excitons were favored. They saw as a result a further
Another approach that one can use to obtain the excit

Ol . . .
binding energy utilizes analysis of the absorption spectr lHorease in the photoluminescence guantum yield (PLQY) at

u . . .
focusing especially near the band @dgeom knowledge of [Bwer temperatures. This interconversion process is governed

; . by E, that depends strongly on the number of inorganic layers
the bandwidth of the bandedge absorption, and also when ofjs "2 | . dimensional perovskites, ranging fréfi to 80

obtains _temperaturejdepelndc_ant measurements, one reache € as a function offrom 1 to 4.

conclusion of an exciton binding energy in the range2®b _ _

meV. A considerable diversityEjremerged again from the 3-3- Photoluminescence Quantum Yield

application of this method due to the incorporation of a lindMeasurements of the PLQY of high refractive index materials,

shape broadening process, which adtirig uncertainti€$> such as thinlms of polymeric semiconductors, take account of

An alternative approach basedterto the absorption spectra the angular distribution of emission, emtivity, and

near the onset and normalized to a particular energy, is sébbsorbance. Adding to this complication are optical interfer-

sensitive to line shape broadeffifig. ence eects and potential photon recycling (reabsorption of
Another way to measure the exciton binding energy hasnitted photons) that can occur in metal halide perovskites. A

been reported based on higid interband magneto- quantitative measurement of external Ptieacy®’ is

absorption measureméntgrigure 12 The measurements de ned as

allow determination of the reduce@ative mass, and this number of photons emitted

enables the study of multiple excitonic transitions for added =
precision. number of photons absorbed

From the aboveq 5 MAPb} with a bandgap energy ofl(6
eV) has an estimated exciton binding energy in the &2@e 2
meV. The range of experimentally reported vallgsfaf

J DOI:10.1021/acs.chemrev.9b00107
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The power-dependent PLQY of thims of MAPh,Cl, perovskite/poly(ethylene oxidelms also facilitated perov-
perovskites on glass were particularly revéaling PLQY skite Im formation, producing LEDs with relatively high
grew to an impressive 70% at high power excitation (100 m\Wtightness (4,064 cd®f''* As the presence of metallic Pb
cn?), a result of radiative outcompeting nonradiativeatoms in MAPbBIhas been @red as a cause of trap-induced
recombination: bimolecular radiative recombination domionradiative recombination, Lee and co-workers addressed the
nated at the higher excitation intensities and defects becamm nonuniformity issue by providing excess MABr, reducing

lled. grain size and suppressing exciton quendfimge 15>
A variety of approaches have been applied to maximiZée spatially comed MAPbBy grains (average diameter of
PLQY, including strategies seeking to incigased the 100 nm) were formed by a NC pinning process with

oscillator strengths of the excitons. Chargsement was  additional TPBi (2,2 -(1,3,5-benzinetriyl)-tris(1-phenifd-1

introduced in MAPbBrby reducing the grain size, which benzimidazole)) dissolved in the solvent used for the

increased the radiative rate, and 36% PLQY was achievedainisolvent quench. Perovskite LEDs based on this approach

the visible region at 530 Himin the 2D PEAPb, perovskites,  had a maximum current@ency of 43 cd %A corresponding

the PLQY was as low as 1% at room temperature, ascribeddoan EQE of 8.5%. Park et al. further investigated the

thermal quenching of excit8ii&. Mixed-phase low-dimen- introduction of TPBi diluted in a volatile nonpolar solvent

sional perovskites exhibit much higher PLQY and LERuring the perovskite NC pinning process.

performance at room temperaftfé?® Surface traps in Mixed Cs and FA cation perovskite LEDs developed by Cho

perovskite NCs can cause a low PLQY, and passivating haligle-al. incorporated Cscations in FAPbBrto reduce

ion pair ligands has been shown to improve perfortiiance. signicantly the average grain size (from a wid&§6D00

Near unity PLQY for CsRiperovskite NCs reported by Liu nm distribution to a more tightly controlled average of 200 nm

et. al were achieved by improving a synthetic protocol th&r FA:Cs = 90:10) and trap density and increased the PLQY

involves the use of trioctylphosphine, an approach that alsad PL lifetime in FA,CsPbBg Ims and, correspondingly,

improved stability for the resulting CsR( solutions:™ the device performance increased from 1.7 to 3.1%.
Incorporation of Cs also increased photostability of

4. PEROVSKITE LIGHT EMITTING DIODES (LEDS) FAsCsPbBg Ims due to the suppression of light-induced

_ _ o metastable states.
4.1. Perovskite Material Engineering for LEDs Further exciton and carrier coement was achieved using

Material engineering of perovskites is crucial to achieve highyv-dimensional perovskites, as reported by Yuan et al., who
luminescent PL properties; a materiatystal structure, Used a perovskite composed of a seriessoémulily quantum-
composition, domain size, and surface chemistryuatidges  Size-tuned grains that funneled photoexcitations to the lowest-
optical properties. Below, we discuss thet @f each on  bandgap emitters in the mixture upon photoexciation
fundamental optical properties and also device-level perfortirigure 1 Quasi-2D perovskites with a composition of
ance (able ). PEA(CH3NH3) «:Pbls.1 (PEA = GHoNH3) were used to

4.1.1. Modulating Dimensionality in Perovskite for tune the average layer numbersby changing the ratio
LEDs. In the early 1990s, the Nurmikko and Saitobetween PEAI and GNH3l. Transient absorption (TA) and
group$™*%**! reported LEDs based on layered perovskitesime-resolved PL spectroscopy enabled characterization of
The authors used a layered perovskite compositiofiansport and recombination dynamics at ultrafast time scales.
(CeHsC,H,NHJ),Pbl, and measured the electroluminescencelhese studies of excitation dynamics revealed how multi-
(EL) spectrum at liquid nitrogen temperaturés K (Figure phased perovskite materials channel energy across an
13). An increased scattering rate due to phonons at highéthomogeneous energy landscape, concentrating excitons
temperatures accounted for the observed thermal quenchingto the smaller-bandgap emitters (langer Perovskite

In 2014, Friend and co-workéreeported room-temper- LEDs with n = 5 perovskite exhibited the best performance
ature perovskite LEDs based ongN\HHPbke,Cl, having an  within this study, with an EQE of 8.8% and radiance of 80 W
EQE of 0.76% and radiance of 13.23nst2 at a current s> m°% emission at wavelength 750 nm.
density of 363 mA cth Lee and co-workers reported The energy landscape in quasi-2D perovskites was further
perovskite LEDs based on MARI&R exhibiting a current  engineered by manipulating the crystallization process. Quan
e ciency (CE) of 0.577 cd°A an EQE of 0.125%, and a et al. tailored the composition of mixed-bandgap perovskites to
maximum luminance of 417 cd?nfFigure 1%**? Multi- direct energy transfer into the lowest-bandgap minority phase,
colored LEDs were demonstrated by leveraging the mixing @fprocess that occurred faster than loss due to nonradiative
halides (CHNHPbCIBr5s,s,). The perovskite thinlms centers, thus helping to increase PL@¥. optimizing the
were thin enough to come electrons and holes for domain distribution, the authors achieved a high PLQY of 60%
bimolecular recombination, enhancing el&tiala capture  at low excitation uences (1.8 mW c®) in materials
and increasing radiative recombination. Making pinhole-frexhibiting green emission.

Ims containing crystalline particles, with overall thickness lesMultiple quantum well strategies explored by Wang et al.
than 50 nm, was a challenge. One method to overcome thised a mixture of 1-naphthylmethylammonium iodide
Im-formation challenge is to blend the perovskite precursodMAI) and formamidinium iodide (F,&%lu (Figure 1Y.
with a polymer that is also soluble in the solvents needed Thhe mixed material showed a high PLQY of 60% because
process the metal halide and ammonium halide salts. Hanotogenerated excitons in smajuantum wells (QWS)
example, Li et al. blended perovskites with insulating polyimidere e ciently energy-transferred to larg®##/'s. The mixed
and deposited uniform thinms'*® The perovskite grains QWs perovskite LEDs achieved narrow emission peaks at 736,
provided for charge transport and light emission, while th@85, 664, 611, or 518 nm via Br:l ratio tuning. The best-
dielectric polymerlled the surrounding pinholes and thus performing perovskite LEDs turned on at 1.3 V, and the
lled potential shunt paths. A similar approach with mixedevices achieved an EQE of 11.7% at 2.6 V with a current

K DOI:10.1021/acs.chemrev.9b00107
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Figure 13(a) Electroluminescence and photoluminescence spectra of perovskite InEDB hajtbred perovskites. (b) Current along the well
plane as a function of electritd for PhE-Pb, perovskite at derent temperaturésReprinted with permission from 36f Copyright 1992,
Elsevier.
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Figure 14.(a) Device architecture of GWH;Pbks,Cl, perovskite LEDs. (b) Electroluminescence spectrum of perovskite LED with
CH,NH4PbBEI.*? Reprinted with permission from &f Copyright 2014 Nature Publishing Group. (c) Photograph of perovskite LEDs on
exible PET substrate during bending. (d) Electroluminescence spectra of perovskite LEENHMRbGDB‘l‘ylgxgy.llz Reprinted with
permission from réfls Copyright 2015 Wiley-VCH.

CsPbX), with shorter ligands, remains a challenge: it iglimethylammonium bromide (DDAB)), a relatively short
imperative to achieve this without degrading or destabilizinigand that facilitates carrier transport in Nf@s and
perovskite NCIms. Pan et al. realized increased stability oénhances thereby LED device performi@hdde ligand-
CsPbX NCs capped by using a halide ion pair (didodecykexchange strategy included an intermediate step to desorb
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Figure 15(a) Device structure of perovskite LEDs and (b) cross-sectional SEM image of perovskite LEDs. (c,d)i€hayaanrictluminance
e ciency as a function of voltage in perovskite LEDs based on grainsized controlled &) ARfrectra of perovskite LEDs. (f) Photograph
of a exible perovskite LEDs and (g) its device strdctReprinted with permission from 1&f Copyright 2015 AAAS.

protonated OAm. As a result of new ligand-exchange strategied, to LEDs exhibiting an increased luminance of 55000 cd
halide-ion-pair-capped CsRHBEs have enabled fabrication m°2 and a current eciency exceeding 10 cefA

of LEDs with the device structure indium tin oxide (ITO)/  Most recently, cofshell CsPbBr Ims were created using
PEDOT:PSS/poly(9-vinylcarbazole)/NCs/TPBI/LiF/Al and one-step precursor coafifijThe QDs were of small size (4.5
achieved a maximum EQE and luminance of 3% and 330 oth) and thus comed injected electrSholes. This enables
m°2, respectively. green perovskite LEDs with EQE exceeding 15%.

Further progress toward CsRhj&grovskite NC LEDs was Red-emitting CsPANCs have shown phase transformation
made by Zeng and co-workers, who balanced surfaggo a nonluminescent, wide-bandgap 1D polymorph phase,
passivation and carrier injection by controlling ligand densignd MAPb] exhibits poor chemical stability. Seeking to
on perovskite NCS$? Using a hexane/ethyl acetate mixed overcome this issue, Kovalenko and co-workers pursued a
solvent system, the authors controlled the surface ligafakile colloidal synthesis that led to FABhH FA-doped
density: excess ligands had previously Idchsowith poor CsPb} NCs having a uniform size distribution. These
carrier injection and transport in devices, while dénesut exhibited dramatically higher robustness than the correspond-
ligands caused the NCs to have low PLQY and poor stabilitpg MA and Cs, with only perovskites having similar sizes and
The mixture of hexanel/ethyl acetate was found to achieveorphologie’° The FAPb NCs have shown a cubic crystal
improved control over the ligand density on NC surfacestructure, while the FACs bk NCs had an orthorhombic
mainly due to the relationship between the polarity of solvenssructure and the PLQY reached 70% and spanned the red
and the ionicity of perovskites. Perovskite NC LED perform(690 nm, FACs JPbk) and near-infrared (780 nm, FAJPbI
ance reached >6% in EQE and an emission peak of 512 magions. The PLQY was stable for several months, both in the
Mixed-cation strategies in perovskites have also employed Nfo#loidal state and inms. An EQE of 2.3% at current density
based on Fax, CsPbBg:**“the composition RACS, PbBs 0.67 mA cri? was achieved in these FARC LEDs.
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a n=1 n=3 n=5 n=10 n=0oo and/or Im morphology or composition, have relied on
improving electron and/or hole injection. We discuss strategies
that improve perovskite LEDs by engineering interfacial layers
in device structures and eliences of perovskite LEDs
compared with alternative thitm quantum dot LEDs
(QLEDSs) and organic LEDs (OLEDSs).

4.2.1. Engineering Interfacial LayersIn the early stage
of developing perovskite LEDs, device architectures were
inspired from perovskite solar cells: they often employed ITO/
TiO,/perovskite/F8(poly(9,9dioctyl uorene)/MoQ/Ag
and also leveraged inverted structures such as ITO/

(CHLCHNH,)(CHNH,) Pb I, ,———> PEDOT:PSS/perovskite/ TPBI/LiF/AlF{gure 2). Wide-
bandgap ZnO NCs have been employed as electron-trans-
b porting/hole-blocking layers in solar cells and LEDs because of
[ 20 the combination of high electron mobility, excellent optical
- transparency, and a deep valence-band energy level. However,
m 371 R perovskites deposited atop ZnO decompose due to the residual
hydroxgll groups and acetate ligands on the surface of alkaline
(CH.C.HNH,)(CHNH,)_ Pb |, L ZnO.13
- Wang et al. developed perovskite LED structures that
W 523 f 52 527 57 I incorporate a multifunctional polyethylenimine (PEI) inter-
w layer between the electron transporting layer (ETL) and the
ﬂ I perovskite layét! Deposition of the PEI interlayer on top of
=0 (ne40 In=10 [BES| “n=3 ZnO following washing withN-dimethylformamide (DMF)
enhanced the quality of the perovskite during crystal-
lization. The structure ultately combined (ITO)/PEI-
Figure 16. (a) Schematic illustration of modied zinc oxide (ZnO, 20 nm)/GNH;Pbks,Cl, (50
(CgHgNH3)(CH3NH3) 151Phyl 3041 perovskite structure with erent nm)/poly(9,9-dioctyl-uoreneecN-(4-butylphenyl)-
n values, from 2Dn(= 1) to 3D (0= ). (b) Electronic  ginhenylamine)(TFB, 25 nm)/molybdenum oxide (MoOx, 8
bandstructure of perovskites witterént n_values, and electronic nm)/gold (Au, 100 nm). Using this interfacial engineering
bandstructure of each layer used in LEDglectric potentiat. ! . . .
Reprinted with permission from &t Copyright 2016 Nature approach,. t.h_e authorsl achleved. gree_n-emlttlng perovskite
Publishing Group. LEDs exh|b|t|ng a maximum luminoustiency of 4.0 Im
WSt at a maximum luminance of 20 000 ¢d amd a low
voltage of 2.8 V.

OrganiSinorganic hybrid based NCs have also been The low e ciency observed in perovskite LEDs was traced
advanced in LEDs. Perovskites based on formamidinium Idachigh leakage current due to poor perovskite morphology and
bromide perovskite (FAPgBnanoparticles were improved also to high nonradiative recombination at interfaces and
with the aid of surface engineetiigVork with the surface  perovskite grain boundaries that led to imbalanced charge
ligand in nanocrytals allowed researchers to improve tligection. Zhang et al. incorporated a small amount of MA into
charge injection in LEDs. They provided a curraniéecy of ~ the CsPbBr lattice and also deposited a hydrophilic and
9 cd/A in an LED, an important milestone. Researchers alsasulating polyvinylpyrrolidine atop the ZnO electron-injection
advanced MAPbBnanoparticles having dimensions exceedlayer, all to overcome these isstieBerovskite LEDs that
ing the exciton Bohr diameter (BD, regime beyond quantumsed this strategy exhibited a high brightness of 91080 cd m
size) by using a multifunctional uhole injection layet: and an EQE of 10.4% when the mixed-cation perovskite
These led to PLQYs exceeding 60% and did not rely oBs,gMA,,PbBgwas used as the emitting layer. The polymer
complex post-treatments nor multilayers. They gave @u er layer and the MABr additive sigantly reduced the
impressive current eiency of 15.5 cd/A. injection current in device, suppressed current leakage, and

Self-assembly of 3D FAPPRCs of graded size (mixed enhanced charge injection balance. The turn-on voltage was
microplatelets of octylammonium lead bromide perovskiteglso slightly increased after inserting a (thin but insulating)
were synthesiz_ed by _Chin_ et z_il., enabling an energé cascgggmer buer layer.
that yielded high eciencies in green-emitting LEDs A suitably designeetype semiconductor consisting of Ca-
(Figure 2 Transient optical spectroscopy revealed an energypped zZnO nanoparticles was then developed for use as the
cascade from high-bandgap 2D (£0))ns:Pb,Bra.s electron transport layer in perovskite NC LEDs. The
platelets into progressively lower-bandgap FARMER,  pandstructure of ZnO was modulated via Ca doping, creating
giving rise to high luminescenceeiency. Mesoscopic thin - 5 cascade of conduction energy levels from the cathode to the

(')fRS FCAO'T'IF;”BSi”Q large %la_tﬁ'gkg tdomailnst Ofherovskite. The electron mobility was observed to increase
(OA)(FA)s1PaBrs, were sandwiched between electron s qqressively with increased doping of Ca in the ZnO

and hole transporting layers that enabled an EQE of 13.4% "’ﬁﬁoparticles. The carrier mobility in undoped ZnO was
56000 cd fif luminance. found to be 2.4 10°% cn? V! s°! and increased with the Ca
4.2. Engineering Perovskite LEDs toward High E ciency doping level to a peak valuegf,= 5.7x 10°?cn? VS st at
Numerous approaches used to improve perovskite LEBD% doping. Red-emitting perovskite LEDs exhibited signi
e ciency, in addition to those focused on enhancing PLQ¥antly improved luminance with 19 ¢d @nd EQE of 5.8%.
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Figure 17(a) Schematic representation of layered lead halide perovskitesiwith 2, anch= . (b) Schematic of cascade energy transfer in
multiquantum well perovskites. Excitation energy is transferred downhill fromcgraatiem wells to largeguantum wells, and the emission
is mainly from largerguantum wells. (c) EL spectra of MQW LEDs based on thgBMgPIims,y=0, 2, 3, 4, 5, 6, and 7, respectively. (d) EQE
and energy conversionaéency versus current derf$itiReprinted with permission from 4&f Copyright 2016 Nature Publishing Group.

Figure 18(a) Device structure of perovskite LEDs with nanometre-sized perovskite grains. (b,c) Energy diagram of I-perovskite and Br-perovskif
LEDs. (d) Device performance of I-perovskite LEDs witedt BAI:MAPRImolar ratios. (e) Device performance of Br-perovskite LEDs with
di erent BABr:MAPbBmolar ratio4” Reprinted with permission from 4&f Copyright 2016 Nature Publishing Group.

In the inverted device structure, TPBi is a widely employe@PBi as an ETL, the low electron c:onductivity>(4].la§10 S
electron injection layer. Yan and co-workers used the blendmiél) and high energy barrier for electron injection caused by
electron injection layer B3APYMPM (4,6-bis(3,5-di(pyridin-3the high LUMO level of TPBi led to a higher driving voltage
yl)phenyl)-2-methylpyrimidine) and TPBi to tune the energythan in the B3PYMPM ETL device. Perovskite LEDs
barrier between the ETL and the perovsKita.devices with  (PeLEDs) with mixed ETLs showed reduced driving current

Q DOI:10.1021/acs.chemrev.9b00107
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and interface engineering provided an attractive approach. Kim
et al. used a multifunctional HIL to minimize exciton
quenching at the perovskite/HIL interf&€eWith the
above strategies, a high PLQ80%) in compact perovskite
particle Ims was achieved without further post-treatment, and
LEDs based on colloidal perovskite NCs reached a high
current e ciency of 15.5 cd/A.

Other attempts at transport layers include the use of
inorganic NiOx as a HIL. Chih et al. reported that g NiO
electrode interlayer enhances emission from a MARhBr
active layer, thisnding attributed to suitable hole level
alignment and improved electron blocking, together, that
increased the probability of radiative recombination in the
active layer’® Conjugated polyelectrolytes have been
employed as the hole injection layer by Friend and co-
workers?* PCPDT-K (poly[2,6-(4,4-bis-potassium butanyl-
sulfonate)-H4-cyclopenta-[2,;3,4b ]-dithiophene)]) polye-
lectrolytes transfer holescgently, block electrons, and reduce
luminescence quenching at the perovskite/PCPDT-K inter-
face. Perovskite LEDs with PCPDT-K demonstrated a factor of
approximately 4 increase in EQE compared to control devices
that used PEDOT:PSS, reaching EQE of 5.7%, and with
improved device stability.

4.2.2. Comparison of Perovskite LED with QLED and
OLEDs.We turn now to a discussion of traditionaVI|
guantum dots (QDs) and organic materials compared to
perovskites in light-emitting applicatiomable 3. QDs
tunable bandgap, as governed by the quantumesizeatso

Figure 19.(a) Schematic of the perovskite structure. (b,c) poses challenges, for it mandates a high monodispersity in the

Transmission electron microscopy (TEM) images of GIRGBr population of QDs.

(d) Representative PL spectra oftént halide perovskite NES. A precisely tailored spectrum can be used to generate a

Reproduced from ref23 Copyright 2015 American Chemical specic color temperature of white light. The quality of white

Society. light is measured via the correlated color temperature (CCT)

and color rendering index (CRI). For lower-CCT illumination

18 . : at high temperature, high luminousiency and color quality

WThat h'%h brlghtnelss ?boveflcr)]O(l) éé: m ina | .are hard to achieve: the red luminophores require a very
€ judicious selection of hole transporling 1ayers Ix, g emission line width. Conventional red phosphors have

important to balance charge injection and to form an ohmi¢_. .
contact with the active layer. The polymer F8, which has %mssmn spectra that are very broad (>60 nm fwhm). The

deep ionization potential and a shallow electroitya was riarrow spectral emission30 nm fwhm) of QDs @r more
used to come holes within the perovskite active layer select|ve_ optlcgl down-co_nvers!on ofa portion of a basklight
blocking electron losses. The high-work functionyMgO 'blue emission into red-shifted light, leading to a CRI of >90%

anode provided ohmic hole injection into the d&Vidgany and. a superior CC;I;; Of.2700 K while maintaining a high
perovskite LEDs and solar cells rely on expensive, unsta linance emency:l. This allows QDS. to Increase colqr
and low-conductivityuorenes for charge transport, such asduality while lowering power consumption in solid state light
spiro-OMeTAD (2,27, 7-tetrakisl,N-dip-methoxyphenyl- ~ SOUrces. Q_Ds can als_o be utilized as backlights in high-color-
amine)-9,9spiro-biuorene) or F83® Exploring new elec- duality liquid-crystal displays. .
trode materials that overcome these limitations is an importantQDS_ do come with challenges. The importance of
challenge. Dan and co-workers used atomic Iayer-deposif@H”Od'Spers'ty in QDs for electronics arises because a rou_gh
ZnO Ims that formed at 60 and were deposited directly €nergy landscape impedes transport and enhances recombina-
onto MAPbBy perovskité®® The electron injection barrier tion due to the presence of small-bandgap inclusions. Charging
with the perovskite was reduced by incorporating Mg int§&n occur when under current injection, and this charging
ZnO to produce Zg,MgO. This decreased the electron retards further injection, reducing Elciency. The time
a nity from$3.6 t0$3.35 eV relative to vacuum and reducedscales_associated with QD charging range from minutes to
the LED turn-on voltage. days®® While the PLQY of QDs solution routinely often
Insertion of a buer layer between electrode and semi-e€xceeds 95%, QDs deposited in a close-packdthteihibit
conducting layers is a widely employed strategy to contrgiwer (often by 1 order of magnitude) luminescenciercy.
interfacial properties and ultimately improve device charact&mbedding QDs into an insulating polymer matrix decreases
istics. Perovskite NGms on conventional PEDOT:PSS hole QD emission quenching?®> however, the electrical
injection layers (HILs) often led to an inhomogeneous surfaggnductivity in these QD-polymer composites is impeded by
morphology. Pinholes and aggregated nanoplatelets redutieel low conductance of the wide bandgap polymesgerFo
LED device eciency. Also, exciton quenching at theresonant energy transfer (FRET) between closed-packed QDs
PEDOT:PSS/perovskitém interface needed to be addressed,can also reduce the PLQY of Qms*®°

density and an EQE;of 12.9%, with a high,.0f 30.4 Im

R DOI:10.1021/acs.chemrev.9b00107
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Figure 20(a) Band diagram of perovskite NC LEDs with energy cascade materials. (b) The energy cascade from 2D microplatelets to FAPbBI
NCs of graded size, where the deconvolution of the steady-state PL spectrum clearly digptysRhedntribution at varying NC sizes. (c)

Current e ciency/EQE versus luminance efible (3 mrf) and large area (95.2 MrhED devices. (d) Characteristic currentiency/EQE

versus luminanc¢& Reprinted with permission from 182 Copyright 2018 Royal Society of Chemistry.

While QDs are beginning to be deployed in applications.3. Stability of Perovskite LEDs

such backlights in displays, organic LEDs (OLEDs) are alreaglje device stability in QD LEDs exhibit on the order & 100

a multibillion dollar industry, with applications in displaysggoo h when operated at relatively modest brightness (1000 cd
lighting, and consumer devi¢€sMost applications of  m2).275|n contrast, the device stability of state-of-art OLEDs
OLEDs could bené from a solution-processed approachis in the range of 10000 to 100000 h. Instability in early
(instead of the prevailing vacuum sublimation process), whegeneration OLED was triggered by dark-spet® however,
roll-to-roll solution-processing and inkjet printing coulddevice encapsulation and optimization enabled the community
potentially be employéd©°* To achieve this, new high- to overcome these issti€sThe stability of lead halide based
performance active materials that are solution-processap@fovskite LEDs remains a major issue in this early stage
would accelerate adoption. diency roll-o represents materials pIatforFﬁ.S Here we will discuss this challenge
another remaining area for improvement in OLEDs. Thigcluding recent studies toward increased device stability.
corresponds to both a lowered power conversitiarey as 4.3.1. Status and Mechanisms Underpinning Stability

well as added electrical stress to achieve a given brightndtd;erovskite LEDs.Perovskite solar celievice lifetimes
which works against device lifetime. now exceeds 1000 h under continuous operation while biased

Perovskites @r pathways to color-saturated emission irét e maximum power polfit Perovskite LEDs are at a less
view of their narrow emission line widths (<30 nm) angmature stage from the point of view of reliability: often devices

manfest he possibiy for fure hgh-coorpurly emiter 2V, WML cnssien operation under contnucue
Ready wavelength tuning, andcient charge injection/ g 2

: , . brightness level higher than 100 ¢4 m
transport property with perovskites, have been studied a5Some issues in perovskite LEDs are likely shared with

promising features to enable next-generation light emitte. ., skite solar cells. From PV, it became clear that some
Perovskite LEDs also have shown sub-bandgap turn-ggmnositions of thinIms lack chemical and structural
voltages, implying the possibility of achieving low operatingapijity, especially in the presence of moisture or heat. The
voltages and high power conversioniencies in display strong™ ionic character of perovskites is linked to phase
applications. Perovskite LEDs, because they can be procesggffegation and ion migration as well as to various electro-
from the solution phase, can potentially be inkjet printecchemical reactiofis>*° (Figure 2

Processing temperatures will likely be quite low (less than 150n early 2014, stability issues in perovskites for PV gained
°C), making fabrication compatible wigxible and light- the attention of a number of research groups. Fundamental
weight plastic substrates. studies on instability in perovskite thims in the presence of
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Figure 21.(a) Flat-band energy level diagram of perovskite LEDs usingch#id using PEP! Reprinted with permission from t&f

Copyright 2015 Wiley-VCH. (b) Energy diagram of perovskite devices usasya\HIL:*> Reprinted with permission from1@f Copyright

2016 Wiley-VCH. (c) Device structure of perovskite LED with graphene electrode ang eviAfRiEY Reprinted with permission from ref

136 Copyright 2017 Wiley-VCH. (d) Schematic illustrations of perovskite LED devices with various conjugate polymers as HIL and (e) related
energy diagram¥' Reproduced from réB7 Copyright 2018 American Chemical Society.

Table 2. Comparison of Perovskite LED, QD LED, and

OLEDs
PeLEDs QD LEDs OLEDs
fwhm (nm) 20 28 >70
ELQY® (%) 1374 20.57° 29'7¢
Luar®d (cd/m?) 82 WsPl m32*®  4200087° 10000087°
ELQY™"(%) 147 14877 7310078
LaJreen 91203°" 1000077 27878
(cd/m?)
ELQY'" (%) 1.87° 10.777 36.75°
LpalVe (cd/m?)  24807° 400677 10000%°
operational 108t 1000067° 600006°2
stability (h)

color tunability 400 nSnear IR 400 n@near IR 408700 nm

Figure 22.Structural degradation in MAPYP Reprinted with

. . . permission from ré&f62 Copyright 2017, Wiley-VCH.
moisture and the surrounding environment were reported hy

Niu et. af°° Device fabrication needs to be carried out under

controlled atmospheric conditions and with a humidity of <19 N réaction IMAPbk decomposes into MAI and il the
as shown by Gratzel and co-wofkérZhe degradation presence of J (Figure 2R In this process, the equilibrium

; } constant i&(1) = dMAI) and the Gibbs free energy i§(1)
process was proposed to follow this route: = SRTIn k(2). In reaction 2MAI solution decomposes into

MAPbE  MA+  Pb} 1) MA solution and HI solution. Then the equilibrium constant is
k(2) = dMA)x HI)/ dMAI) and Gibbs free energy is

MAI MAHI @ G(2) = SRTInk(1). In reaction 3, there are two ways for HI
4HI + O, 2 2HLP (3-1) to react. Reaction 3-1 represents the redox reaction and can
move forward readily. Reaction 3-2 represents the photo-
2HI Hx 1, (3-2) chemical reaction, experimental evidence revealed that HI can
T DOI:10.1021/acs.chemrev.9b00107
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easily decompose intg Bhd |, under optical excitation. Ab
initio molecular dynamics simulations further predicted surface
reconstruction and light-assisted formation of hydrated species
of MAPbL-H,0, a nding that agrees with the observation that
exposure to water and light accelerates the degradation of
perovskites.#293
Charge trapping at the interface between perovskites and
charge extraction materials are responsible for irreversible
degradation due to moistd?@To understand charge-driven
degradation mechanisms, it was important to develop
controlled stability experiments both for commonly used
MAPbE, which is known to form structurally distorted
tetragonal crystals, and also for mixed perovskite materials
having more enhanced structural stability. It was found that the
mixed perovskite MA&A, Pbb By ; still degraded, although
its degradation speed was slower than that of conventional
MAPDL. It was further shown that the irreversible degradation
of the perovskites was triggered by trapped charges.
Oxygen, in addition to moisture, can also trigger
degradatiof® Darkening in PL also involved interaction
with photogenerated carriers. The dynamics of PL in MAPbI
Ims were studied under continuous photoexcitation. The
activation and darkening of the PL intensity was observed, and
this was found to depend strongly on optical pump
characteristics. When the optical photoexcitation intensity
was increased, the perovskites PL increased linearly, and both
] ) o ) _activation and darkening dynamics increased.
Flgurq 23.Hydration and light-induced degradatlon of perovskite photoactivationlls subgap trap states that otherwise limit
maten?(l_f. I(a) "(*l?)SOTrP“O“ Sple?ra a?d S'Ct“rt‘?s of th? MAPé"the PL of the perovskit® These states can be either shallow
erovskite im. Ime evolution Oof absorption spectra an . . . . .
Bictures of MAPKI(h) before and (i) after degra?dation Fl)mder light or deep, anq photpactlvatlon IS mor(_alent in the presence
soaking at 20% R Reprinted with permission from fef7 of O, thalmllt is with M. When_and if the photoactivation
Copyright 2016, Nature Publishing Group. process is in fact relevant to thieg of charge traps, oxygen
plays a role in the process. Perovskite under prolonged

Figure 24 (a) Perovskite LED spectral sta3ititgnd (t5d) device operational stability under constant®i=8>* Reprinted with permission
from refl85 Copyright 2018 Wiley-VCH. Reprinted with permission frdd @dpyright 2018 Wiley-VCH. Reprinted with permission from ref
12Q Copyright 2016 Nature Publishing Group. Reprinted with permission ft86 @afpyright 2017 Wiley-VCH.
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Figure 25(a) PL intensity of MAPBI Im as increase the pumpence. (b) ASE wavelength tunability across a wide visible wavelength range for
the case of halide perovskite thins??* Reprinted with permission from t68 Copyright 2014 Nature Publishing Group.

optical excitation may photodarken, a fact attributed to thBEA layers. Using a density functional theory (DFT) approach,
decomposition of the perkites under excitation. The Quan et al. proposed that the introduction of PEA layers can
hydrated compounds are easily formed upon photoexcitationgcrease quantitatively van der Waals interactions. These
and this leads to a weakening of hydrogen bonds between Ppiovide an increased formation energy corresponding to
and organic cations. This ultimately promotes the formation dhproved materials stabifity.
complexes between® and Phy?°“*°® Further research is ~ Recently, quasi-2D perovskite/poly(ethylene oxide) (PEO)
required to understand the mechanisms@fafd Q in the composite thinlms were reported as the light-emitting layer
photoactivated processes. in work by Ma and co-wor Figure 2). Controlling the

The mechanistic process of degradation has been studi@@lar ratios of organic (benzylammonium iodide) to inorganic
using super-resolution luminescence microspectrdScopy Salts (Csl and P| the group obtained luminescent quasi-2D
The degradation of the MARktystal structure starts locally Perovskite thinlms exhibiting tunable emission colors from
due to the collapse to the layered, Bblcture; and then red to NIR. LEDs with an emission peaking at 680 nm
spreads across the crystal. The migration of MA ions c&hibited a brightness of 1392 ¢t and an EQE of 6.2%.
distort the perovskite lattice, and this leads to the loss of tHd€ EL intensity dropped by 20% relative following 4 h of
crystal structure. continuous operation, and these devices exhibited enhanced

In addition to instabilities in perovskite materials, devic&Pectral stability.

instabilities can also come from interfacial layers and eIectricdfim et a]., reported the charg.e c_arrier recomb_ination and ion
stress during operation of device. lonic processes, such"¥gration induced by photoexcitation by analyzing steady-state
Q transient PL and photoresponsivity in perovbkié

halide segregation, can destroy perovskites and gene?ﬁ - L M : .
defectl® some of which are voltage-induced and otherd "eS€ results indicate organic ligands in perovitkite
ciently prevent ion migration and ion-migration-induced

spontaneous. Some examples include the corrosion/oxidation h ; lectréol X d
of electroded- 21 degradation of charge-transport I3yers, efects. These eient connement of electr&hole pairs an

and the formation of charge-accumulated intéf oS preventior] _of ion migration in perovskites induced high
iSn junctions:>%?*®218 Eyrthermore, the dision of metallic photostability, PLQY of the perovskites.

species from electrodes, the origin of which is still unclear, C8N bEROVSKITES EOR LASING
cause a sigmiant decrease in devicecency and accelerate
the degradation of perovskite LEDs. 5.1. Optical Ampli cation Using Perovskites

4.3.2. Strategies to Improve LED Stability.To improve  gtimylated emission is the coherent photon emission process
perovsk'|te LED stability, several'approaches have been ug@tkrein an incident photon is amedi (gain) via downward
Inorganic CsPhXbased perovskites have been shown tQagiative transitions from excited state levels. By studying
improve LED stability compared with MA-based perovgharge transfer process in perovskite solar cells, reseatchers
skites*> a nding associated with their enhanced thermalgphserved stimulated emission in MAPWXh the aid of
structural, and chemical stability. The high thermal stability @ftrafast puntpprobe spectroscopy.

CsPbBy may improve the operational stability of perovskite Qptical amplication, measured via gain per unit length (in
LEDs by suppressing degradation caused by thermal stresggf!), can be studied by measuring the absorption spectra
including Joule heating. Schaller and co-workers reportg@@m the photoexcited gain medium. In perovskite Ithis)
temperature-dependent PL below 450 K, which stronglyptical gains have been repdfieith the range 3208 800

a ected by halide compositfdn. cnrl. This value is comparable to that of single-crystal GaAs

Another strategy to improve perovskite stability involves thend agrees with the known high absorption cieet of
use of layered perovskite structures. Perovskites of composifi@novskite. Gain has been shown to be as long as 200 ps, with a
(PEA),(MA) ,[Phyl,d have shown increased stability againstthreshold of 16 J cn¥?. When one varies the pumgence,
moisture, attributed in part to the hydrophobic nature of théhe emitted spectral intensity yields a threshold for adpli

\% DOI:10.1021/acs.chemrev.9b00107
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Figure 26.(a) Lasing from a single low-dimensional perovskite microplate.uenggdependent PL spectra of a single microplate. Left inset:
Optical image, scale barb, and schematic illustration of lasing measurements of microplate on a substrate pumped by a 400 nm laser excitatior
( 150 fs, 1 kHz). (b) Normalized lasing spectra from 3D perouskitequasi-2D perovskite microplateReprinted with permission from ref

195 Copyright 2018 Wiley-VCH.

spontaneous emission (ASE). The luminescence beconresonator, such as silica microspheres, have enabled the

narrows and sharply increases above the ASE threshaservation of whispering-gallery-mode lasing.

Reported ASE thresholds for halide perovskites are rang

from 12 J cn¥? under femtosecond excitatfdrto 60 J - _ B _

CITFZ Under nanosecond photoexcitation Cond%ﬁ%)asd 7.6 MAPblg exhibits a _I’everSIble phase tranS_Itlon b.eFWeen Its
J cn¥? at pulse durations as long as 5 ns with a liquid crysti§tragonal and cubic phases &880 K and is sensitive to

re ector?2® oxygen, moisture, and heat. As a result, all-inorganig CsPbX
5.1.1. Original Reports of Perovskite LasingSolution- ~ has also been explored as an optical gain medium due to their

processed MAPhXYerovskite Ims were studied with an eye Narrow gain prdes and wavelength tunabifity:

to lasing by Xing et.?af (Figure 25 An increased pump A Im consisting of close-packed CsPhBEs was
uence lead to the transition from spontaneous emission (SBjiotoexcited using a wavelength 400 nm in a stripe

to ASE in MAPAhIthin Im. Using the thresholdience (12 con guration. A narrower emission band located at 524 nm

2 J cnt?) and absorption coeient ( = 5.7x 10* cn? at with fwhm of 5 nm appears on the longer wavelength side

600 nm), the ASE threshold was calculated td fex 10'8 when the pump intensity excee@@ J cn¥®. These optical

cm™® The Auger recombination process in perovskitesgain properties in CsPRBICs suggest a material of interest

dominant at high pumpuence, leads to lifetimes in the inlasing, especially in the green and blue spectral range, where

range of a few ps to ns, depending on the photogeneratd&VI group quantum dots show lower gain performance than

charge carrier density. The low ASE threshold in perovskitegheir red counterparts’ Nonradiative Auger recombination

attributed in signcant part to the low trap density in the best occurring at high excitation intensities has been recognized to

such Ims. be the main channel dissipating population inversion in
The PLQY as a function of excitationence in  quantum dots, hindering optical anegliion. Excitation-

CH3NH3Pbks,Cl, perovskite Ims was, as previously dis- intensity-dependent time-resolved PL measurements were

cussed, an impressive 70% at high excitation density. Frigt&iformed on CsPhBNCs to explore Auger recombina-

and co-workers constructed and demonstrated the operatiortioh.”*° The PL decay of the CsPbBrrelatively slow single-

vertical cavity lasers that employed a perovskite layexciton recombination under low excitation intensities (4.5

sandwiched between a dielectric mirror and a metal'ffiirror. cm =), then a fast decay process emerges as the excitation
The relation between the phase-transition of the perovskitetensity increases, corresponding to the Auger recombination,
Im, and ASE mechanisms, was investigated by studyipigthe 100 ps time scale.

behavior in dierent phase states$.A sharp ASE peak with ASE in the optically pumped FAPId MABr-stabilized

the maximum spectral intensity occurs at the temperature BAPb} Ims showed an impressively low threshold o/1.6

120 K. PL emission spectra show a notable variation of tise?. FAPb} Ims displayed more durable lasing emission than

spectral characteristics when moving from temperatures 120MéPbL.>** The lasing threshold improved in FAPHins

160 K, in which range the structural phase transformation frodiwe to their low defect density and high thermal stability.

orthorhombic to tetragonal occurs. As the temperature exceddigh-quality low-dimensional single crystals with lower defect

120 K, the lasing threshold continues to increase becausedefisities and reduced scattering will support further lowering

thermal broadening of the gain peak. Low-threshold ASE atiteshold.

¥19 > E ects of Perovskite Crystal Structures

lasing has also been reported from colloidal €9RBX The solution growth of high-quality single-crystal phase
having a 10 nm siz&. Optical amplication in perovskite ~FAPDb} nanowires led to black-phase FARIBY nanowires
NCs was obtained with low pump thresholds {5mJ crf) in the cubic perovskite phase. These were made by
and across the visible spectral rangeSE3® nm). incorporating a small amount of MABr into FAPDI

Conformally coated perovskite NCs on a higisse  Optically pumped lasing was reported from MABr-stabilized

W DOI:10.1021/acs.chemrev.9b00107
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Figure 27.(a) TEM images and selected-area electroaction patterns along the [110] zone axis (ZA). (b,c) SEM images of perovskite
nanowires. (d) Transient decay kinetics of perovskite nanowiresengtfit éxcitationruence P 0.8%, blue;P  1.1Py, red). (e) Emission
spectra of perovskite nanowires near the lasing thféSRelprinted with permission from 286 Copyright 2015 Nature Publishing Group.

FAPDb} perovskites at room temperature with near-infrareé.2. Laser Cavity Structures in Perovskite Lasers

(NIR) emission at 800 nm, low lasing thresholds of a f#w | semiconducting nanowires, waveguiding is provided along
cnt, and high quality factors ofl500. These FA-based the axial direction, and the two end facets form &Rt
perovskite NWs displayed pimved photostability and cavity. The growth of high-quality single-crystal nanowires
wavelength tunability compared to MA-based perovskifeom low-temperature solution-processing of MARXv-
NWs?34 skites was reported by Zhu and co-wotkeFhie perovskite
Solution-processed lead-free Sn-based halide perovskitegsowires exhibited low lasing thresholds (2007%)/&igh
such as CsSgXxhibit relatively poor photovoltaic perform- quality factors@  3600), near-unity quantum yield, and
ancez,35238 however, '[hey possess remarkable optica| gama}velength tunability from the NIR to the visible Wavelengths
properties in the NIR up tol m. Ultralow-threshold 6 J (Figure 2J.

Cméz) large-gain (200 &Jr) stimulated emission was seen in  Perovskite nanoplatelets were grown on mica substrates and
o - ormed whispering gallery mode (WGM) cavities as a result of
20% SniCsSnj samples, providing performance comparablﬁae growth procedufé Individual perovskite nanoplatelets

to Pb counterparts. Transient absorption spectroscopy ; .

CsS Kit led that Sagditi dt were photoexcited using avfemtosecond-puls_ed laser, and a
nj perovskite revealed that sagidition suppressed trap lasing threshold of 37J cn¥? was achieved in MARDI

state and that lasing originated from b|molegglar f?,e?fmb'nﬁénoplatelets. Solution growth of MARIpBrovskite micro-

tion of free electr@holes with a high rate 0f10°® e disks (also a means to WGM microresonators) exhibited a

(i.e., B2 orders larger than MARbIStable (>20 h), room-  quality factor of 430%*® Single-mode lasing at 558 nm was

temperature NIR coherent light emission§2000 nm) was  achieved in a2 2 x 0.6 m®square microdisk and exhibited a

achieved as a reult. The ASE wavelength was tuned from #Bfeshold of 3.6 0.5 J cn?>. WGM lasers from planar

to 950 nm by varying bromide:iodide composition to obtairperovskite nanoplatelets exhibit tunable optical modes and

CsSnBy, CsSnBf, CsSnBgl and CsSalthin Ims. impressive optical gain an@ioa pathway to integration with

Although multiqguantum well structures of layered perovSi technologies.
skites exhibit strong ligimatter interactions, room temper-  In distributed feedback (DFB) cavity structures, optical
ature optical gain in layered perovskites have not been seerfeggiback is provided via Bragg scattering from an interference

far, likely a consequence otient nonradiative trapping of g.rqti_ng built either directly into the ac;tiv_e medium_ or in the
free excitons and/or biexcitéis. vicinity of the resonator through periodic alternation of the

, : _refractive index. Jia et. al, reported a metal-clad, second-order
Recently, (OAIMA)5:PbBIs.; based mixed lower DFB perovskite laser with a threshold of 5 ki/fom

dimensional perovskite layers (with larger bandgaps aGrations 25 ns. The work demonstrated that the substrate
smaller refractive index acting as cladding layers) provid(egn be used to .dissipate heat aretenl thus a step in the
enhanced exciton and photon ewment for higher-dimen-  gjrection of future electrically driven architect(t&aliba et
sional perovskite layers (the active I&Je¢jgure 2 The 5| ‘reported perovskite DFB cavities made by nanoimprinting a
achievement of low-threshold@ (8 J cn¥?) lasing from near-  corrugated structure onto a polymer template, after which they
3D to quasi-2D perovskites is related teient exciton  then introduced a conformal perovskite fAyeignicant
localization from lower-dimensional perovskite layers to thearrowing of the line width of the ASE peak was observed with
active layers in microplatelets. increased excitationence, and the wavelength red-shifted as

X DOI:10.1021/acs.chemrev.9b00107
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Figure 28.(a) Streak camera image of emission from the WARbUnder the pump intensity 37.5 kW#éwith InGaN diode laser with
instantaneous intensity. The substrate temperature is loweretDi® K. In this case, ASE from the orthorhombic phase of NgAdtslerved
at early times but evolves withB00 ns. (b) InpBoutput characteristic of the laser under continuous excitatios B#5 nm InGaN pump
diode at a substrate temperature of 102 K, demonstrating a clear threshold akW/cm?*’ Reprinted with permission from 24f
Copyright 2017 Nature Publishing Group.

the grating periodicity of the DFB cavity increased. The In optical sources, one central theme in perovskite light
uence threshold diminished from 2.1 to 0.8n%? as the emission has been the move from the bulk (3D) materials
grating period decreased from 420 to 400 nm. widely used in solar cells toward instead the application of
A new hybrid perovskite vertical cavity surface-emitting lasedduced-dimensional structures. Taken together with judicious
(VCSEL) was microfabricated based on a uniform perovskit@mpositional engineering, this has advanced perovskites
thin ( 300 nm) Im placed between two higheetivity across a wide range of emission wavelengths to near-unity
( 99.5%) distributed Bragg eetors (DBRs]° This work PLQY. The same defect-tolerance that serves these materials
leveraged gallium nitride semiconductor process innovatiogs well in photovoltaics is a major factor enabling their bright
wherein a nanoporous-GaN (NP-GaN) provides the low-index__. It will be important to improve further the photostability
layers in a NP-GaN/GaN (electrically conducting) multilayebf reduced-dimensional perovskites. The passivation of grain
stack. The perovskite VCSEL device enabled the study of ggtundaries is a particularly important priority.
dynamics on excitation time scales that are much longer thamramong these reduced-dimensional perovskite emitters,
typically reported in femtosecond experiments in the perogpjioidally synthesized nanometer-scale NCs have shown
skite literature. VCSEL lasing output as a function of pumpingcellent quantum yield and combine with other classes of
uence indicated a lasing threshold of F&w?. solution-processed materials, such as polymers and small
Continuous-wave (CW) operation of a perovskite methylmgjecules, to enhance optical and electronic functionalities. It
ammonium lead iodide (MARPI'" laser was recently il be essential to apply high-PLQY NCs in displays and
reported Figure 2§ Under constant blue optical photo- generating new Pb-free materials options that exhibit excellent
excitation, devices emitted near-infrared (785 nm wavelengiiyhission properties is a high priority as a result. Possibilities
laser light over the course of an hour when operated at 100 kq5eq upon Sn, Ge, Cu, Bi, and Sb have been explored, but
To achieve CW lasing, the authors sought a strategy [Qaq.free perovskites today perform well below Pb-based device

generate exciton/charge-trapping sites in the material. The,qs  Accelerated computational-experimental approaches
took advantage of the phase transition in MAWDEN the .14 hotentially contribute to addressing this important
temperature is decreased to 160 K, the crystal structure allenge

MAPb}, changes from tetragonal phase to the orthorhombiC G en the soft nature of the hybrid perovskite materials
phase. A distributed feedback laser fabricated With;MRBDI o' srapility against moisture, he)allt, ox;/)gen, and efsdtric
operated at 100 K, hence in orthorhombic phase. With a hi Il continue to be an area of intense activity. Here the

excitation power (>17 kW &fj the tetragonal phase can : : : = . .
transform tF()) the oSthorhombi?llattice With?n a fevF\)/ 100 ns, du\e/e.ﬁszt"el Chemls'([jry of tﬂyb”d tr? r?ﬁnfno;(ﬁanlc perovskﬂss t
to local heating, and this provides a local heterostructure insi\gg € leveraged on the path 10 Turthér progress. Recen
the perovskiteim. advances on this front are encouraging, mqludmg operating
stability of 1000 h under 1 sun illumination. Integrated
encapsulation strategies have increased stability against
6. CONCLUSIONS AND OUTLOOK external humidity and heat. Compared with solar cells, though,
The e ciencies of perovskite solar cells have advanced frdfzDs still rely on charge injection rather than extraction; and
3.8 to a certed 24.2% in less than a decade of concertedlso see higheelds in light of the >3 V often used to drive
worldwide eort. The materials rely upon facile low-temper-devices. It will therefore be of urgent importance to enhance
ature processing. Their structurakibility and excellent further the operational stability of perovskite LEDs.
optoelectronic properties have yieldedent LEDs as well as Progress in perovskite LEDs has been uneven as a function

lasers. of emission wavelength: the EQE in the green rapidly exceeded
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