IOP Publishing J. Phys. Phot oni 6s HTTPS DOI ORG /

+PVSOBM PG 1IZTJDT 1IPUPOJDT

30"%."1

SPBENBQ PO QFSPWTLJUF MJHIU EFNJL

:IMING #HENROBERT , : (YR ,AP 9IPADESH &IUZAE-ANEIRO

CrossMark

01&/"$%$&44

2esa:7an JAGO ,"PEZ &ERNANRAEZTERO -ARBHNVERARAYANAAVENMDBRGRDAL
ILESSANDRO -IIFGABHLINMMMUEL $ 3STRANKS UANGY I:I3HHEINGGUO 81AO

S ANUARY ,AKYUNG BIMWNNA +TWIUNGHA 3HINNQUANSBHENGXIA ,IMANPENG :HANG

ceseisass 0s10s0sHIYONG &AMES #50YANFENG *ARBY 0 2AMBIBUL !BRAIND 3AIKIA

-AY INGSHUMAN .ABEN :OUH 9 ,INENGYANG §MBG :ENGENGHUI ,IU

Lon-r4)a% 3HI *IANHENHUI ZARAGIZHENG :MONG 40N G 82Y@AMNG *UN 8IE

*uLY #HUNXIONGEANG "ABIANG 'MBIUANJIANBOUNG (OON +IM

AND -ATTHEW # "EARD

R G AL O N $EPXRTMENT OF #HEMISTRY AND #ENTRE FOR OROCESSIBLE %LECTRONICS )MPERIA
UNDER THE TERMS DEGREANIC #HEMISTRY ,ABORATORY $EPARTMENT OF #HEMISTRY 5NIVERSITY OF />
#REATIVE #OMMONSINGDOM

ITTRIBUTION  LICERSARTMENT OF -ATERIALS )MPERIAL #OLLEGE ,ONDON %XHIBITION20AD ,ONDON
INY FURTHER DISTBIBRARTNMENT OF -ATERIALS 3CIENCE AND %NGINEERING #ITY5NIVERSITY OF (ONG +
OF THIS WORKMUSEH|NA OEOPLE S2EPUBLIC OF #HINA

MAINTAINATTRIBU N
PAINTAINATTIRIBOIENIISE) OF %NERGY AND %NVIRONMENT #ITY 5NIVERSITY OF (ONG +ONG (ONG +ONG

OF THE WORK JOUREAUBLIC OF #HINA
CITATIONAND $/) $EPARTMENTOFOHYSICAL #HEMISTRY #AMPUS5NIVERSITARIO!S ,AGOAS -ARCOSE|!

#HEMISTRY ANDOHYSICS 'ROUP 61GO 3PAIN

$EPARTMENT OF #HEMICAL %NGINEERING AND "IOTECHNOLOGY 5NIVERSITY OF #AM
$EPARTMENT OFOHYSICS #!3+EY ,ABORATORYOF3TRONGLY #OUPLED 1UANTUM -AT
#HINA (EFEI !INHUI OEOPLE S2EPUBLIC OF #HINA

$EPARTMENT OF -ATERIALS 3CIENCE AND %NGINEERING +OREA!DVANCED )NSTITUT
2EPUBLIC OF +OREA

$EPARTMENT OF %LECTRICAL %NGINEERING 9ALES5NIVERSITY .EW (AVEN #4 51
%NERGY 3CIENCES )NSTITUTE 9ALES5NIVERSITY 7EST (AVEN #4 SNITED 3TATES
$EPARTMENT OF %LECTRONIC #OMPUTER %NGINEERING 4HE (ONG +ONG 5NIVERSIT
+OWLOON (ONG +ONG 3PECIAL!DMINISTRATIVE 2EGION OF #HINA OEOPLE S2EPUBL
$EPARTMENT OFOHYSICS ORINCETONSGNIVERSITY ORINCETON .* SNITED 3TATE
$EPARTMENT OF %LECTRICAL AND #OMPUTER %NGINEERING ORINCETONS5NIVERSIT
INDLINGER#ENTER FOR %NERGY AND THE %NVIRONMENT ORINCETONSNIVERSITY 0

JNDIAN)NSTITUTE OF 3CIENCE %DUCATION AND 2ESEARCH ))3%2 OUNE JNDIA
HEJIANG 5NIVERSITY (ANGZHOU :HEJIANG OEOPLE S2EPUBLICOF #HINA
S5NIVERSITY OF 7TASHINGTON 3EATTLE 7! SNITED3TATES OF!MERICA

-))4+EY ,ABORATORY OF !IDVANCED $ISPLAY -ATERIALS AND $EVICES )NSTITUTE OF/
B3CIENCE AND %NGINEERING .ANJINGS5NIVERSITY OF 3CIENCE AND4ECHNOLOGY .AN
BSTATE+EY ,ABORATORY OF ,UMINESCENT -ATERIALS AND $EVICES AND )NSTITUTE OF

#HINASNIVERSITY OF4ECHNOLOGY 7TUSHAN 20AD 'UANGZHOU OEOPLE S 2EI
-))4+EY ,ABORATORY FOR ,OW $IMENSIONAL1UANTUM3TRUCTURE AND $EVICES 3C
JNSTITUTE OF 4ECHNOLOGY "EIJING OEOPLE S2EPUBLIC OF #HINA

&UJIAN +EY ,ABORATORY OF BURFACE AND )NTERFACE %NGINEERING FOR (IGH OERF(
5NIVERSITY 8IAMEN OEOPLE S2EPUBLICOF #HINA

. ATIONAL ,ABORATORY OF 3OLID3TATE-ICROSTRUCTURES 3CHOOLOFOHYSICS .AN
#HINA

$EPARTMENTOFOHYSICS #HEMISTRY AND "IOLOGY )&- ,INK-PINGS5NIVERSITY ,IN
BSTATE+EY ,ABORATORY OF OOLYMEROHYSICS AND #HEMISTRY #HANGCHUN )NSTITU
#HANGCHUN OEOPLE S2EPUBLICOF #HINA

-ATERIALS #HEMICAL #OMPUTATIONAL3CIENCES .ATIONAL2ENEWABLE %NERGY ,.
$EPARTMENT OF % NERGY %NGINEERING (ANYANGS5NIVERSITY 3EOUL 2EPUBLIC OF
IUTHORS TO WHOMANY CORRESPONDENCE SHOULD BE ADDRESSED

E nai | :z. chen@nperi al . ac. ukober t . hoye@hem ox. ac. ukA NeDyi p@i t yu. edu. hk
Keywords: PEROVSKITE LIGHTPENRIOY SNGTEID,REISDER SCTEENTIAL APPLICATIONS

Abst r act

JNRECENT YEARS THE FIELD OF METAL HALIDEPEROVSKITE E!I
COMMUNITY INSOLID STATELIGHTING 4HEIREXCEPTIONAL OF
THE RAPIDRISEINEXTERNALQUANTUMEFFICIENCIES %1%S |

C 4HE!UTHOR S OUBLISHEDBY )/0OOUBLISHING ,TD


https://orcid.org/0000-0002-4755-0136
https://orcid.org/0000-0002-9920-6169
https://orcid.org/0000-0001-5002-9678
https://orcid.org/0000-0003-1714-7386
https://orcid.org/0000-0001-6845-0305
https://orcid.org/0000-0002-8364-7912
mailto:z.chen@imperial.ac.uk
mailto:robert.hoye@chem.ox.ac.uk
mailto:a.yip@cityu.edu.hk

I0OP Publishing J. Pnys. Phot oni 6s : # H EeNal

FRa@M IN TO OVER I'N ACROSSAWIDERANGE OF WAV
CHALLENGES STILLHINDERTHEIRCOMMERCIALIZATION INCLL
DEVICES LIMITED %1%SINLARGE AREADEVICES POORDEVIC
ACCESSIBLELEAD COMPONENTS AND THE SOLVENTSUSED IN T|
ROADMAP ADDRESSESTHE CURRENT AND FUTURE CHALLENGES:
RESEARCHAREAS BY SHARING THE COMMUNITY SPERSPECTI\
PRACTICALGUIDELINESTO ADVANCE OE,%$ DEVELOPMENT ANL



* OHYS OHOTONICS CH#HERT AL

#ONTENTS

JNTRODUCTION
$ $PEROVSKITETHINFILMS AND COLLOIDALNANOCRYSTALPERC
2ADIATIVE MECHANISM OF PEROVSKITE LIGHT EMITTING DIODES
-EASURING METHODS OF PEROVSKITELIGHT EMITTING DIODES
,ARGE AREAPEROVSKITELIGHT EMITTINGDIODESBASED ONSOLL
OEROVSKITELIGHT EMITTING DIODESBASED ONVACUUMDEPOSIT
JNTERFACIALENGINEERING OF PEROVSKITELIGHT EMITTING DIOL
IPTICALENGINEERING OF PEROVSKITELIGHT EMITTINGDIODES
STABILITY OF PEROVSKITELIGHT EMITTINGDIODES
,EAD FREEHALIDEPEROVSKITELIGHT EMITTINGDIODES
(IGH BRIGHTNESS PEROVSKITELIGHT EMITTINGDIODES
OEROVSKITEWHITE LIGHT SOURCES
OEROVSKITE BASEDHYBRIDLIGHT EMITTING DIODES
S5SING PEROVSKITESASFLUORESCENTPOWDERAND FILMS
$ISPLAY BASED ONPEROVSKITELIGHT EMITTING DIODES
IPTICALCOMMUNICATIONBASED ONPEROVSKITELIGHT EMITTING
LECTRICALLY PUMPED LASINGBASED ONPEROVSKITELIGHT EMI
#IRCULARLY POLARIZED EMISSIONOFPEROVSKITELIGHT EMITTIN

$ATAAVAILABILITY STATEMENT

ICKNOWLEDGMENTS

2EFERENCES




10P Publishing

J. Phys. Phot oni 6s : #HEeNal

1. Introduction

Ziming Chen , Robert LZHye andHn-LapYip

JMPERIAL #OLLEGE ,ONDON 5NITED +INGDOM

5NIVERSITY OF /XFORD 5NITED +INGDOM

#ITY5NIVERSITY OF (ONG +ONG (ONG +ONG 3PECIAL!DMINISTRATIV
#HINA

IVER THE PAST YEARS METAL HALIDEPEROVSKITES WITHTHEIR EX
COMPATIBILITYWITHLOW CAPITALFABRICATIONMETHODS HAVE SU
;= OEROVSKITELIGHT EMITTINGDIODES OE,%$%$S SHARE MANY SIMIL
INCLUDING PROCESSABILITYWITHSOLUTION AND VAPOR BASED TEC
POLYMER PAPER SUBSTRATES ANDPRINTINGTECHNIQUESBFfOR LARG
"UTACRITICALADVANTAGE OFOE, %$SOVER/,%$SISTHEIR MUCH NAI
PHOTOLUMINESCENCE 0, ANDELECTROLUMINESCENCE %, AND HI(
NEAR INFRARED WAVELHEREH®RRE ®ES%»$S ARECONSIDERED TO HAVI
INTONUMEROUSLIGHTING RELATED APPLICATIONS
#OMPARED WITH THE MATURE /,%$ AND QUANTUMDOT 1$ ,%$ 1,%9
OF DEVELOPMENT RESPECTIVELY THEHISTORY OFO0E,%$S WITH ROC
~ YEARS ASSHOWN LORETWHEEESS THE OE,%$ FIELD HAS GROWN R
PUBLICATIONS ALREADY EXCEEDS THATOFTHE 1,%$ FIELD FORMING
ARE TWO MAIN REASONSFOROE,%$S TO GAINSUCH CONSIDERABLE RI
FASTEST DEVELOPING TECHNOLOGY INTHE HISTOBY O4&H ANIKS N O BRIl
KNOWLEDGE ANDENGINEERING SKILLSDEVELOPEDINTHE/,%$ AND 1
THEIRDEVICES EXTERNAL QUANTUMEFFICIENCIES %1%8 FROMLE!
BECONDLY OE,%$SHAVEALOW MATERIALCOST AND SIMPLE SYNTHET
COSTOFREPRESENTATIVEEMITTERSBN OES% %S ISIABEGUHE GO B NTCAQRI
LAYERS (4,S ELECTRONTRANSPORTLAYERS %4,S ISLESSTHAN
MANUFACTURING ANDOVERHEAD COSTS MAKING THEM AN IDEAL CHC
PERFORMANCEINTHEFUTURE PARTICULARLY WHENCOMPAREDTO C
COSTSOFOVER G AND (4,S %4, S TRANSPORTLAYERCOSTS OF OVE
ILTHOUGH SUBSTANTIALPROGRESSINOE, %$SWITHVARIOUSCOLGC
WHITE AND FORMS ;I E THIN FILM PEROVSKITES AND SYNTHESIZEDF
MADEOVERTHE PAST BEEMDEB FIGHREB IS STILLALONG WAYTO GO T
COMMERCIALLEVEL 7TEHAVEEVALUATED THESTATUSOF THE CURRE
APPLICATIONS AND SUMM® R #ODEAITH NPAUEBENVREOF EFFORTS HAVE BEEN
MATERIALSBY COMPOSITIONAL ANDDIMENSIONAL ENGINEERING WH
PEROVSKITEEMITTERS WITH VARIOUS EMISSIONCOLORS FROMVIOL
THREE DIMENSIONAL $ BULKPEROVSKITES TWO DIMENSIONAL $
$ PEROVSKITE 1$S #HIH,THE ASSISTANCEOF ORGANICLIGANDS AN
EFFECT THE $ QUASI $PEROVSKITESANDPEROVSKITE 1$S .#S CAN
0,19S >0F ANDPOSSESSDECENTSTABILITY WHILEINGENERALTHEC
POORERSs )NTERMS OFDEVICES THEBESTGREEN OB BEBINGVEHAEACH I
DEMAND FORCOMMERCIALPROPDUBEESH1%S OF RED AND NEAR INFRATF
ARE ALSO APPROACHINGTHISCRITERION BUTTHE DEVELOPMENT OF
SIGNIFICANTLY WHPTH %DRSBOBEDNAWOR WHITE AQH3IEMEDE;IMPORTAN
THE OVERALL STABILITYOFOE,%$SISSTILLINFERIORATTHISSTAGE
> HFORBLUE HFORRED HFORGREEN ALTHOUGHTHEBESTGR
OE,%$S SHOWESTIMATEDOFALF HFETIME4AHEREFORE THE CURRENT (¢
OE,%$S IS MAINLYINTHEDEVICE AND APPLICATIONPARTS 4HELOWE
ASTHE POOR STABILITY OFOE,%%$S ARETHE MAINBOTTLENECKS TO A
ILLUMINATION OPTICALCOMMUNICATION ELECTRICALLY PUMPED L/
THEUSEOFTOXICLEADINOE,%$S COMMERCIALLY REMAINS CONTRO\
JNTHIS20ADMAP WE HAVE CATEGORIZED THEDISCUSSION AND PE
PEROVSKITEEMITTER MATERIALS |l 0OE,%$DEVICES AND Il POTEN
JNTHE PEROVSKITE EMITTAENNDSHWETSIBDAWSACODLONRFUL WORLD OF THI
ESTABLISHEDBY VARIOUS PEROVSKITEFILMS AND SYNTHETIC PERO\
MECHANISMWITHINDIFFERENTTYPES OF PEROVSKITES 4HEDIFFER
DIFFERENT CHARGE CARRIERDYNAMICS THAT AFFECT RADIATION
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Foguwel4HEDEVELOPMENTOF/,%$S 1,%%$S ANDOE,%$S A 4HENUMBEROF PUBLICATI
7EB OF SCYVEWWEWEBOFSCBY SERROMNG WITH KEYWORDS OF @ORGANICLIGHT EMITT
LIGHT EMITTING DIODES AND @PEROVSKITELIGHT EMITTINGDIODES UPDATED .0\
$ATACOLLECTED FROM4HE INSETINDICATES THEPRECURSOR MATERIALGOST OF RE

[ ]
Displays
Red PeLEDs - Stability
lllumination
3D Bulk - PLQY Stability Green PeLEDs - Stability
Optical Communication

2D/Quasi-2D _ Stability Blue PeLEDs Performance Stability

Electrically-pumped Laser

Polarised Emission
White PeLEDs Performance Stability
Others

Fogue2%FFICIENCY CHARTOFOE,%$SWITH A VARIOUSCOLORSAND B VARIOUS PER
n = C %VALUATIONOFPEROVSKITELIGHTINGFROMEMITTERS TO DEVI(
GREENTORED REPRESENTS THE STATUS OF EACHISSUE RANGINGFROMSOLVEDTO

JNTHE OE, %$ DEVICE SECTVORNPEPDCDI®ENS STANDARD MEASURING M
WILLHELPINSTITUTIONALIZETHE REPORTED %1%SINTHE FIELD 4HE
DEMONSTRATED TO EXEMPLIFY THE FEATURE OF SOLUTIONPROCESS
DEPOSITIONPROCESS RESPECTIVELY 4HE SUBSEQUENTDISCUSSIC
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LEVELNOWADAYS | E INTERFACIALENGINEERING AND OPTICALENG
IMPROVE THE PERFORMANCE OF 0OE,%$S ESPECIALLY FORTHEBLUE #/
FUNCTIONALDEVICES SUCHASHIGH BRIGHTNESSDEVICES 70E,%$S
THE VARIOUS RESEARCHDIRECTIONS POSSIBILITIESAND CONCEPTS
STABILITY ANDTOXICITY OF LEAD RETARDINGTHE COMMERCIALIZAT
ROUTEFORTHE PRACTICALUSE OF OE,%$S

JNTHE APPLICATION SECTWENSISEWTAWNBE RANGE OF POSSIBILITIE
OFOE,%%$S 7ITHTHEIRHIGHCOLORPURITY PEROVSKITEEMITTERS A
THE)NTERNATIONAL4ELECOMMUNICATIONS5NION2ECOMMENDATION
LIQUIDCRYSTALDISPLAYPROTOTYPEBASED ONPEROVSKITELIGHT
"HIJING .ANOTECH ANDH4#PINCALCOMMUNICATIONIS ANOTHER POTEI
DUETO THEIRHIGHBRIGHTNESS ANDRESPONSE SPEED &INALLY DE
AND POLARIZED EMISSION AREALSODISCUSSED WHICHDEMONSTRA

JNTHENEARFUTURE WEENVISIONACOLORFULOE,%$WORLD CON:
EMITTERS DEVICES ANDPOTENTIAL APPLICATIONS
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2. 20 3Dperovskitethinfil nsandcol | oi dal nanocr yst al perovskites

Nadesh H uza- Minei ro, |ago Lépez- Ferndndez, G araQ ero- Mt i nez and Lakshni nar ayana Pol avar apu
$EPARTMENTOFOHYSICAL#HEMISTRY #AMPUS5NIVERSITARIO!S /AC
61GO -ATERIALS #HEMISTRY ANDOHYSICS 'ROUP 61GO 3PAIN

Satus
To-di nensi onal / t hree-di nensi onal (203D halideperovskitethinfithE PREPARATION OF A UN
EMISSIVELAYERWITHEXCELLENT CHARGE CARRIERTRANSPORTPRC
LIGHT EMITTING DIODES ,%%$S .UMEROUSMETHODSINCLUDING SPI
SINGLE SOURCEEVAPORATION PULSEDLASERDEPOSITIONAND MEL
HALIDEPEROVSKITETHINFILMS 'MONG ALL THE SOLUTION PROCES
OBTAINTHINFILMS OF $ AND $PEROVSKITECSRNDRHBIRTMIXEDRHE B OI
THIS SUBJECT WERECOMMEND THE READER REFERTO APREVIOUSR

INEOF THEFIRSTREPORTS OF HALIDEPEROVSKITE ,%%$S O0E,%$S I
ELECTROLUMINESCENCE %, WITHEXTERNAL QUANTUMEFFICIENCIE
SOLUTION PROCESKSEROYSIKWBIES FWMSH GFUGWBENG PASSI¥ATION MO
BUBSEQUENTLY ALARGENUMBEROFSTUDIESWERE CARRIEDOUTTC
CONFINING THEINJECTED CARRIERSINNANOGRAINSORZ2UDDLESDE
TUNABLEBANDGAPAND THE %1%S HASSALREAP RN BRIQRPASITSES EXHIBIT
BINDING ENERGY ANDTHUSENHANCED RADIATIVEREEOYBOFATIRNGE
AMMONIUM CATIONSINTHEPRECURSOR SOLUTIONLEADSTOTHE FOF
THE MOLECULESARETOOBIGTOFIT! SITEANDTHUSBLOCKTHE $ CR
EITHERFORMORIENTED ORRANDOMSTACKSONTHE SUBSTRATESDE
2ESEARCHERS HAVE TRIED TOCONTROLTHE ORIENTATIONOF STACK.
SCATTERINGTECHNIQUES

4HE ORGANIC SPACER MOLECULES NOTONLY CONFINETHE CHARGE
PASSIVATES THE SURFACE OF $PEROVSKITESTO SUPPRESS NONRATI
FROM MOISTURE INDUCED DEGRADATION 4HUS THE ORGANIC MOLE(
2UDDLESDENNOOPPER PEROVSKITESWITHBLUE SHIFTED PHOTOLUM
COUNTERPARTSEONTROLLING THE RATIOBETWEENTHELONG CHAINO
METHYLAMMONIUM -!' ORFORMAMIDINIUM &! = THETHICKNESS OF
CONTROLLABLEDOWMEO OEEABALNNMDGEAHUERBAND GAPSTAAMNARGACH ENAE
FABRICATIONOF"R BASEDOE,%$SWITHEMISSIONTUNABLE FROM PU
REASONABLE $ARIDUS ORGANIC MOLECULE ADDITIVES THATDO NOT
PEROVSKITES INCLUDINGLONGAND SHORT CHAINALKYL ORCONJU
OXIDES SULFONATES ANDPOLYMERSHAVEBEENUSED FORTHE PASSES
FILMS EITHERBY ADDINGINPRECURSOR SOLUTIONORBYPOST SYN’
IMONG ALL PHENYLETHYLAMMONIUM 0%! CATIONHASBEENEXTENS
PEROVSKITE QUANTUM WELLS ASWELLASMIXEDDIMENSIONALINORC(

4HE PASSIVATION METHODS HAVEBEEN EFFECTIVELY EXPLORED T¢
THERMAL QUENCHING INPEROVSKITE FILMS 4HELIGANDS'™EITHER BI|
DEFECTSOFTHE SURFACEOFPEROVSKITES 4HE MIXED DIMENSIONA
DIFFERENTTHICKNESSES RANGING FROM MONOLAYERTOBULK 4HES
UNDERLOWEXCITATIONFLUENCES ANDSHOWENHANCEMENTINTHE
DUETOANENERGY CASCADEPROCESS | E ENERGY  TRANSFERFROM
ENERGY BANDGAP $PEROVSKITES FHROQAEBIHMNMG ERENCFENNEADNGT |V
4HE ORGANIC SPACES NOTONLY PASSIVATETHE PEROVSKITE SURFAC
THE STABILITY AGAINST MOISTURE ANDWATER 4HE SPACER MOLECU
INTERACTIONS IMPROVE THE WATER STABILITY OF PEROVSKITESBY /
THEIRPENETRATIONINTO PEROVSKITES $ESPITE SIGNIFICANT PROC
CHALLENGINGTO OBTAINPEROVSKITETHINFILMSWITHHIGHO0,19 AN
COMMERCIAL APPLICATIONS

@l I oidal halideperovskitenanocrystals NBE FIRST REPORT ONHIGHLY LUMINESC
PEROVSKITES WASFIRSTPUBLISHED INEARLY= 4BEFSYRHEHBDRIE TOBV
THE ACETONE INDUCED REPRECIPITACOQON OIPRPRPERRYSRSETIRN T EAE
LEAD HALIDEPEROVISXWINHH/\WER8 DEFINED CUBIC MORPHOLOGY AND
REPORTED BY¥tBROFEIFHERUHESE EARLY REPORTS THE RESEARCH Ol
DIFFERENT SHAPES ANDCOMPOSITIONS ! "AND8 HAS VIRTUALLY E>
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In-situ passivation

With organic molecules . o
Post-film passivation

i With organic molecules
Perovskite

Precursors
® PbX,
AX, A=Cs, MA
or FA

v

- ——

-

Spin coating Annealin,
i Rl X

Substrate

Fgue3d3CHEMATICILLUSTRATIONS OF THE MOSTCOMMONLY USED SPINCOATING APPF
FILMS AND THE ATOMIC VIEW OF SOMEOF THE POSSIBLE CONFIGURATIONS OF $ AND
!DIMETHYLFORMAMIDE SOLUTIONCONTAINING® BEERORSERTE PREGQUBR @8 SIS ®DROP CE
DESIRED SUBSTRATE FOLLOWED BY THERMAL ANNEALING LEADINGTOHOMOGENEO!
ENHANCEDBY INTRODUCING PASSIVATION MOLECULESEITHERINTHE PRECURSOR S

SYNTHESISMETHODS HASBEEN REPORTED FORTHE CONTROLLED SY
IMONG ALL HOT INJECTIONSYNTHESIS ANDLIGAND ASSISTED REPRI
ATTENTIONOWING TO THEIRVERSATILITYTOOBTAINHIGH QUALITY .
FIGUREHILETHE HOT INJECTION SYNTHESISINVOLVESHIGHTEMPER
REPRECIPITATIONSYNTHESISCOMMONLY CARRIED OUT AT AMBIENT
PEROVSKITE . #S WITHEXCELLENTCONTROLOVER SHAPEAND COMPO
OTHER HAND THEPRECIPITATION APPROACHISEASILY SCALABLETO
CONDITIONS )NBOTHTHESE SYNTHESES ANAMINE ACIDLIGAND PAI
USED EXTENSIVELY TOPROTECT THE METALHALIDEPEROVSKITE .#S
. #S AREEASILY TUNABLE ACROSS VISIBLETONEAR INFRAREDBY HAL
QUANTUM CONFINEMENTEFFECTS 4HE HALIDE AND! SITECOMPOSIT
ATROOMTEMPERATURE 4HE CAPPINGLIGANDS PLAYACRUCIALROLI
ISTUNABLEFROM $NANOCUBESTO QUANTUM CONFINED ZERO DIME
DIFFERENT THICKNESSES ANDNASI OW URSHR AQ A ENSHRGRIEREGF THE .#S
BY CONTROLLING SEVERALREACTIONPARAMETERS SUCHASREACTI(
RATIOOF! CATIONTOLIGANDS ANDLONG EGH/A NHB GHORR HAHNAD NDAOM
DIFFERENTTYAPHES !BB-Nt #U -G" #E 4B 9B ETC CANBEINTRODUCE
METAL HALIDEPEROVSKITE .#SVIAINSITU S¥NBTAEISIE ®BCOMSNTS YHA]
EXPLORED TOIMPROVE PHASE STABILITY ASWELLASTOINDUCE NEW
PEROVSKITE .#S )N ADDITION ASTHE STABILITY OF METAL HALIDE PI
CAPPINGLIGANDS DIFFERENTTYPESOFLIGANDSHAVEBEENSTUDIE
BINDING SITESHAVE GREATPOTENTIALFORENHANCED STABILITY

Qirrent andf ut urechal | enges

20 3DperovskitethinfiinP HEREAS SIGNIFICANT PROGRESS WAS MADE IN ACHII
GREENAND RED EMISSIVE ,%%$S BLUE EMISSIVE THIN FELMSWRE CURF
EMITTERS CANBE PREPARED EITHERWITH $#L PEROVSKITES ORUSI
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Fgued 3CHEMATICILLUSTRATIONOF T THE SHAPE CONTROLLED SYNTHESISOFHALIDE |
B APPROACHES 4HE SHAPEOFTHE .#SISCONTROLLABLE FROM $NANOCUBESTOQ
DIFFERENT THICKNESSES AS WELLAS NANOWIRESAND NANORODSANDBEYOND 4HE
REACTION PARAMETERS REACTIONTEMPERATURE REACTIONTIME PRECURSORRA
ASILLUSTRATEDINTHE FIGURE $OPED .#3s0/AN REDBIISIORO BRE UTGHE RMIRETYIN THE

(OWEVER BOTH SUFFERFROMLOWO0,19 7HILE #L PEROVSKITES ARE |
) PEROVSKITEEROVSKITE $ QUANTUM WELLSWITHOUTPASSIVATIC
THEHIGH SURFACE TO YOUHEVME RMPIEER,OVSKITES GENERALLY REQUIF
WITHORGANIC MOLECULESTO ACHIEVEHIGHO0,19 BUTTHEY CAN AFF
4HUS THEBLUE ,%%$S MADEOF $"R PEROVSKITES EXHIBITLOWER %1
"R PEROVSKIIHEEREFORE THE FABRICATION OF METALHALIDEPEROV
ASHIGHAS GREENAND REDEMITTERS IS EXTREMELY CHALLENGING |
THE THICKNESS OF THE QUANTUM WELLS PRECISECONTROLOVER TH
ISDIFFICULT ANDOFTEN LEADSTO MIXED DIMENSIONALFILMS WITH I
ASSOCIATEDWITH $PEROVSKITETHINFILMSISTHEIRTHERMAL AND
ORGANIC SPACER MOLECULES ACTASBARRIERSTOWATERMOLECUL
THECHARGE CARRIERS AND THUS AFFECTS THEEFFICIENCY OF ,%$S
WATERPROOFING "ESIDES REDUCINGTOXICITYUSINGOB FREEPER
PEROVSKITES AREEITHERINEFFICIENTEMITTERS E G DOUBLE PER
3N PEROVSXKITES ;

@lloidal halideperovskiteNBBIE CHALLENGES ASSOCIATEDWITH $ $THIN F
BLUEEMITTERS LONG TERM STABILITY ANDTOXICITY IS ALSO APPLIC(
CONTROLOVERTHE EMISSIVE WAVELENGTHOF QUANTUM CONFINED
SYNTHESISOFTENRESULTS IN .#SWITH MIXED DIMENSIONS WITH MU
ILTHOUGH VARIOUS SHAPES OF . #S HAVEBEEN REPORTED NANOCUB|
STUDIED REGARDING THEIR USE/TNSLEEWNANBDRS B\E 9WVRBE EFFICIENT AN
OBTAININLARGE QUANTITIES NANOPLATELET ,%%$S BLUE OR RED Gl
PROCESSTHEIRTHINFILMS AND SHOWPOOR S STABILITYCOMPARED T
ASSOCIATEDWITH .#SISTHEIR PROCESSINGINTO THINFILMS 4HIS S
SOLUTIONS THAT CANBEOBTAINED BY ANTISOLVENT INDWCED WASH
(OWEVER THESEPROCESSOFTENRESULTSINTHE REMOVAL OF SURF
EVENDEGRADAT+HOMNHEREBQRE ITISCHALLENGINGTOFIND STRONG
STABILIZE PEROVSKITE . #SWITHOUTAFFECTINGTHE CHARGE CARRI
MORPHOLOGIERASNALBEODBBES AND NANOPLATELETS HAVEBEEN SIGNIFIC
.# BASED ,%39TWOULDBEINTERESTINGTO MAKEUSEOF THE ANISOT
ACHIEVE POLARIZED EMISSION AND THE CORREMSROBBDENGA CAHIE VED E
NANOCUBES THE MAXIMUM %1%S OBTAINED FORNANOPLATELET ,%$
ORGANICNnINORGANICHYBRID PEROVSKITE .#S HAVEBEEN RELATIVEI
SYSTEMSDUETO THE CHALLENGES ASSOCIATEDWITHTHE STABILITY
DEMONSTRATED THEPOTENTIALOFHYBRID PERSGVWSKITH .48 HF BRAOAK
FORTHE EXPLORATIONOFHYBRIDSYSTEMSINTHE FUTURE
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IDVANCESINSCIENCEANDTECHNOLOGYTO MEETCHALLENGES

IVERTHE YEARS RESEARCHERS HAVE MADE GREATPROGRESS INUNTE
PEROVSKITE MATERIALS 4HE FABRICATIONMETHODS FORTHIN FILM
THE ORIGINOFLUMINESCENCE FROMTHESE MATERIALS AND THE DEG
INVESTIGATED 40 I MPROVETHE BLUELUMINESCENCE OF #L PEROVS
STRONGLY PASSIVATED WITH STRONGBINDINGLIGANDS )NTHIS REG
BLUE ,9$S WAS REPORTED THROUGH THEINCORPORATIONOFPHENY |
#SOB'HREROVSIKITHEEE;,ADDITIONO%!#L RESULTSIN $ $MIXED DIMENS

EFFICIENCY COULDBEIMPROVED TO THROUGH THE INCORPORAT!
PEROVSKITE 4HEYTTRIUMINCREASES THEBANDGAPAND CONFINES
RECOMBINATION REACHING %1% OF AND = FAHEDHS ABLLSIE ANDDB

THE FABRICATION OF $ QUARKISUWM WIRLRNS DHAWEMITS PUREBLUE 0, W
AS HIGH AS (OWEVER THE %1% OF THE ,%%$S MADE OUT OF THESE M
COMPARED TO $ CO¥U NHEREARPRE; FURTHER SCIENTIFIC ADVANCES F
THE ORIGINOFLOW %1% DESPITETHEHIGHO,190FTHINFILMS ASWE
DUETO THEHIGHDENSITY OF SPACERMOLECULESTHATBLOCKSTHE
LAYERS )TWOULDBEINTERESTINGTO STUDY CARRIERTRANSPORTV
LAYERSOFTHINFILMS ASWELLASQUANTUM CONFINED COLLOIDAL N

JNREGARD TOWATERPROOFING IMPROVING THEINTERMOLECULA|
IMPROVE THE STABILITY AGAINSTWATER LSO ITISIMPORTANTTO F
FORLONG TERM ADABEDIOCE THETOXICITY THEREISANEEDTODEVE
ASDOPEDDOUBLE PEROVSKITESYSTEMS THINFILMS ANDCOLLOIDA
$EVICEENCAPSULATIONCOULD HELP TO STABILIZETHE 3N BASED PE
STABILITY AGAINSTWASHING MULTIDENTATELIGANDS THATHAVE SI
COMPROMISING THE CHARGE CARRIER TRANS)PONRA UNCBR RETHRENOI
DEVELOP CONJUGATED ORGANIC MULTIDENTATE LIGANDS TO ENHAN(

#ONCLUDING REMARKS

A4HE PREPARATIONOFHIGHLY LUMINESCENT THINFILMS AND COLLOIL
FABRICATIONOFOE,%$S 6ARIOUS METHODS HAVEBEENDEVELOPED
4HE FABRICATIONOF $ $PEROVSKITEFILMSISASINGLESTEP PROC
MULTIPLE STEPSINCLUDING SYNTHESIS PURIFICATION AND FILM FO
EXTREMELY CHALLENGINGTOTHE CONTROLOVERTHETHICKNESS OF
WAVELENGTHAND OFTENLEADINGTOTHE FORMATIONOF MULTIPLE C
CARRIEDOUTTO FABRICATE PHASE PURE $HALIDEPEROVSKITETHI
ENGINEERING CHEMICALCOMPOSITION=-AND DHPH OMIHLER IEARNB TAQ IAR
NANOPLATELETS OF DIFFERENT THICKNESSWITHHIGH MONODISPER
METHOBSSESPITE THIS NANOPLATELETOE,%$S STILLEXHIBITLOW %
$ $MIXEDPEROVSKITESWITHPROPERORGANIC SPACERS ARE EFFI
%1% FIGRRRESESPITE GREATPROGRESSINGREENANDRED ,%$S BLU
OF #L BASED PEROVSKITES ASWELL AS "R BASED QUAMNDM WELLS Il
RED EMITTIN#ASHSOBNBIT HIGH 0,19 BLUE VIQ#EEXWMIBITINGW 8 01B#H. A€
ARE RELATIVELY LESS BDHERETAREGISHER/ARIAL REPORTS DEMONSTRATII
0,19 0F #S0B8IBY DOPENGECENT STUDIES ON $ QUANTUM WELLS SHOV
HIGHO0,19 BUT THE %1% ISSTILLLOW "ESIDES 3N BASED ANDDOUBL
ALTERNATIVETOOBTO ADDRESSTOXICITYISSUES )NADDITION MOL
ENCAPSULATIONSTRATEGIES NEED TOBE EXPLORED FORLONS G TERN
ALREADY ACHIEVED FORPEROVSKITE .# BASED ,%$S THRBUGH APPR(
4HEREFORE STRONGBINDINGLIGANDS NEED TOBE EXPLORED FORE
PEROVSKITE . #S EVENAFTER THE ANTISOLVENT INDUCED WASHING P
PEROVSKITE . #S NEEDSTOBE ACCELERATED TO EXPLORETHEMWITH
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2ADIATIVEMECHANISM OFPEROVSKITELIGHT EMITTINC

.AVENDU -ONDAL AND :IMING #HEN
$EPARTMENTOF#HEMISTRY AND #ENTRE FOR OROCESSIBLE %LECTR
": SNITED +INGDOM

3TATUS
%WXTERNAL QUANTUMEFFICIENCY %1% WHICHISONEOFTHEC CRITIC
LIGHT EMITTINGDIODE ,%%$ CANBEDESCRIBEDBY THEFOLLOWING

%1%%"en ,en ,%%%,19

WHERE ,e HAND , %% DESCRIBE THE BALANCE OFINJECTED ELECTRON €
HOLES ANDLIGHT EXTRACTIONEFFICIENCY RESPECTIVELY WHICH A
DESIGN 7HILETHEELECTROLUMINESCENCE %, QUANTUMYIELD %,
EMISSIVEPROPERTIESOFTHEEMITTERUNDERELECTRICALINJECTIC
AND NON RADIATIVE RECOMBINATIONWITHINTHEEMITTER 4HEREFC
,%9$SISIMPORTANTTO IMPROVE THEIR OVERALLPERFORMANCE
(OWEVER INTHE PEROVSKITELIGHT EMITTING FIELD DUETO THE |
RESEARCHERS LARGELY RELYONUNDERSTANDING THE RADIATIVE M|
0, QUANTUMYIELD 0,19 4HEREFORE INITIALRESEARCHEFFORTS
KEY FACTORS THATCOULD ENHANCE O0,19SOFPEROVSKITES E G IMF
MITIGATING THE COMPETING NON RADIATIVEEMISSION LOSS PATHYV
SPECTROSCOPIESHAVEBEENIMPLEMENTED ONWIDE VARIETY OF PE
MECHANISM THROUGHUNDERSTANDINGTHEDYNAMICS OF CHARGE C
I WINGTOTHE LOW EXCITONBINDINGENERGY OF THREEDIMENSION
INTO FREE CARRIERS AT ROOMTEMPERATURE ANDTHEY ARETHE MA
4HEREFORE RADIATIVERECOMBINATIONBETWEENELECTRONNHOLE
UNDERGO COMPETITIONWITH VARIOUS CARRIER DENSITYDEPENDEN
TRAP ASSISTED ANDTHREE BODY IFGERIRECO MBWNBTMEN S;IONAL PE|
EXCITON ELECTROSTATICALLYBOUNDE ELECTRONNHOLE PAIR BEINC
EXCITONICRECOMBINATION FIRST ORDERINNATURE WHICHISINC
PROCESSES LIKEFIRST ORDER TRAP ASSISTED RECOMBINATION ANL
I UGERTYPE RECOMBINATIBN JNSHH O OVEFRFAGURHARGE CARRIER ORE
THUSBE REPRESENTEDBY THANOLREWPEG ViEKMYREREESENT THE D!
OFCHARGE CARRIERS ELECTRONKHIOANBOARNP R K S ENONM @ B S MEQEIVE
BIMOLECULAR AND!UGER RECOMBINA THQ A RN CRRBHRRASIHIS T R RAPE,
RECOMBINATION EXCITONRECOMBINATIONAND EXCITONNEXCITON ¢
n = )MPACTOFTHESEPROCESSESINOVERALLDYNAMICSISLARGE
GENERATEDINTHE SYSTEM. ASSBOMBNRINFFORBRBRFL9 ALSOBECOMES T
AS EXPRESSEDBELOW

DN KN
- = =+ . -
or KNt KN+ KN; 0,19 Kr KNF KN

D Ke x
= = Krkelex. + Kexex: 0,18 :
Dor RAPTEX XEX KrEPKEXT KEXEX

I TALOW CARRIERBENEMY RREGPMAESSISTED NON RADIATIVE RECOI
EXCITONIC RECOMBINATION GENERALLY DOMINATEIN $AND TWO DI
4HEREFORE UNLIKE $PEROVSKITES MAXIMIZATIONOF 0,19 VALUES
RELATIVELY HIGHER CARRIER DEBSANDA E§ EV I(CODBMWEVERO B FCHUER & L
DENSITN CM ISEVENHIGHERTHANTHATREQUIRED UNDER NORMAI
< CM 4HISPOINTSTOTHE FACT THATUNLIKEBULK $PEROVSKITE
PEROVSKITES WHEREIN EXCITONIC RECOMBINATIONDOMINATES CO
APPLICATIONS !ICCORDANDTOHERRHATILIOMING STRATEGIES CANBECO
IMPROVEMENT FORVARIOUS CLASS OF PEROVSKITES

2EDUGKIDIBGRAMPALAEET AL HALIDE PEROVSKITES KNOWNFOR THEIR DEFI
POSSESS SHALLOW T TRAPSINSTEAD OF DEEP TRAPS ILTHOUGH SHALI
THEY STILLINDUCE NON RADIATIVERECOMBINATIONLOSS &OR EXAN
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Recombination:

104 = Total
Monomolecular
Bimolecular

14 —— Auger

Decay Rate (ns™)
PLQY

0.00

1
1E15 1E16 1E17 1E18 1E19 1E20
Charge-carrier Density (cm™)

Fgure5. A 3SCHEMATICDESCRIPTIONOFTYPICALRELAXATIONPATHWAYS OF CARRIERE
PHOTOEXCITAION B #ARRIER DENSITY DEPENDENTO0,19 FOR $#ND QUASI $PERO
3IMULATED CURVES FORCOMPLETEDECAY RATE COMPRISES THREE DOHRNERERY ORL
3ONS C 7),%9 6#( 6ERLAG 'MB( #O +'A! 7TEINHEIM D 6ARIATIONSOFO0,19IN $P
MONOMOLECULARRECOMBINATION RATEEONSTANT 2EPRODUCED FROM ;

FIGURE THAT SIGNIFICANT REDUCTIONOF MONOMOLECULAR RECOM|
DENSITY ISAKEYSTRATEGY TOWARDS ACHIEVING MAXIMIZED 0,19 IN
REGIME

Inprovingk orkgyalue 'S THE SPATIAL CONFINEMENTOFTHE CHARGE CAR
EFFICIENT FASTER RADIATIVERECOMBINATION THISHASBEEN ADOEF
RECOMBINATIONINPEROVSKITES 5NLIKE $PEROVSKITES $POLYC
FROMPOORPERFORMANCEINOE, %$SDUETOITSLOWEXCITONBINDI
FREE CARRIERS ATROOMTEMPERATURE AND SLOWELECTRONNRHOL
ISSUE SEVERALSTRATEGIES WEREDEVELOPED TOWARDS REDUCINC
THAT SPATIALCONFINEMENT OF THECHARGE CARRIERS CANBEATTA
WELLFOR $PEROVSKITESANDTYPE )CORENSHELLSTRUCTURE FOR
WOULDBETHE KEY METHODS TO CONFINEEXCITONS SPATIALLY AND E

Reducingthe&k or kexgyalue 7THEN ITUGER RECOMBINATIONIS DOMINANT UND
CARRIERS EXCITONS INTHEOVERALL CARRIER EXCITONDYNAMICS
EFFICIENCY ROLL OFF /INTHEOTHERHAND ALTHOUGH CONFI®EMEN
ke ALUES THEGREATERELECTRONNHOLE WAVEFUNCTIONOVERLAP
4HISEFFECTBECOMES MORE OBVIOUS AT RELATIVELYLOWEREXCITA
BINDING ENERGIES 4HEREFORE EFFICIENCY ROLL OFFFOR $ QUAS
THRESHOLD COMPARED TO $PEROV3KITEWEASENIRENEMROMIOWARE
IJUGER RECOMBINATIONTO WEAKENTHE EFFICIENCY ROLL ©FF IS STI

Qirrrent andf ut urechal | enges

%VENTHOUGH MEASUREMENTOF 0,19 AND ASSOCIATED IDENTIFICAT
IMPORTANT CHARACTERISTIC MARKERS TO PREDICTTHE %,19 OF OE, ¢
%,19 VALUES AND MEASURED 0,19S MAYOCCURDUE TO SEVERAL REAS

| 4AHE DISCREPANCY OF %, ANDO,BEHAVIORDUETO THE ELECTRONT
IDENTICALELECTRONANDHOLEPOPULATIONIS ALWAYS GENERAT
THEIRPOPULATIONRATIOHIGHLY DEPENDSONTHE RESPECTIVE I
DEVICE &ORINSTANGEaAREGCBOBNWSIMAAHAEPMAHAT %, INTERMITTENC)Y
DIFFERENT FROMTHEO,INTERMITTENCY INSINGLEPEROVSKITE N
CHARGE INJECTION ACCUMULATIONINTHE PEROVSKITELAYERS |
CONDITFOMHIS IMBALANCE OF CHARGES RESULTING TO ADDITION/
ASSOCIATEDWITHVARIOUS CHARGED EXCITON ALSO KNOWN AS "~
BRIGHTNESSOFTHE EMITTER
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Il 4HE CHARGE CARRIERDYNAMICS OFTHEEMITTING LAYERUNDER
OPERANDO CARRIERDYNAMICSUNDERELECTRICALINJECTION &
BECRITICALIN %, ASALLINJECTED CARRIERSHAVETOPASS EVER
WOULDBELESSOBVIOUSINO, ASCARRIERSHAVETO SUCCESSFUL
FUNNELING OF CHARGES FROMLARGE BANDGAP TO SMALL BANDG
QUASI $PEROVSKITEUNDERPHOTOEXCITATION WHILE SUCH PR
AS MAJORITY OF THE CARRIERS SHOULD BEDIRECTLY INJECTED IN
LOWELECTRICRESISTANCE

I11T4HE RATIO OF SINGLET AND TRIPLET EXCITONS GENERATED BY Pt}
DIFFERENT )NTYPICALORGANIC MATERIALS THE RATIO OF SINGI
BASEDONTHE COMPETITIONAMONG SINGLETDECAY RATE INTER
CROSSING RATE WHILESUCHRATIOORIGINALLYBECOMES UNEL
STATISTICS ALTHOUGHPROCESSES LIKETHERMA:AXMRCTIVATED
TRIPLET TRIPLET ANNIHILATION COUI4BIEBEFBARE ASWENDATHIISGRRAE
BECOME MORE OBVIOUSINTHE PEROVSKITESYSTEMS CONTAININ
AND ZERO DIMENSIONAL PEROVSKITES ESPECIALLYINTHE CASE
PEROVSKITE AND ORGANICCOUNTERPARTISEXPECTED

4HE LACKOFPROPERCHARACTERISTICTECHNIQUESANDTHE INFE
RETARD THE FIELDINSTUDYING THE AFOREMENTIONED AREAS 4HER
MECHANISMIN OE,%$ WORKINGDEVICES REMAINS FAIRLYUNEXPLORI

' DVANCESINSCIENCEANDTECHNOLOGYTOMEETCHALLENGES
'FTERWELLESTABLISHINGTHE RADIATIVEMECHANISMUNDERPHOTC
PEROVSKITEEMITTERS RESEARCHINTERESTISENCOURAGEDTO SH
UNDER ELECTRICALINJECTIONFORTHEOE,%$DEVICES 40 MEET THI
TOBEDEVELOPED

STEADY STATEANDTIME RESOLVED OPTICALSPECTROSCOPIESIN
BEONEOFTHEPOTENTIALOPTIONS &ORINSTANCE ACOMBINATION
TIME RESOLVED %, ELECTRICALPUMP OPTICALPROBE ELECTRICAL
CHARGE CARRIERDYNAMICSUNDERELECTRICALINJECTION WHICH /
TOWARDSDEVICEPHYSICS

'DDITIONALLY WECONSIDERFOLLOWING RESEARCHASPECTS WOL
WHOLE PICTURE OF THE RADIATIVE MECHANISM OF OE,%$S

| $SEVELOPMENTOFPROPERDEVICESTRUCTURETO MITIGATE THE C
SUPPRESS REGULATERECOMBINATION FROMVARIOUS OTHER UN/
SHORT CAREFULCONSIDERATIONTOWARDSBAND EDGEENERGE
FUNCTIONALLAYERSINTHEDEVICEISESSENTIALTO ACHIEVE ADI
+LIMOV CO WORKERSINTHEIRFINDING ONQUANTUMDOT ,%$S ;

Il -ORESYSTEMATIC EFFORTS TOWARDS EXPLORINGTHEPHOTOPHY
CONFINEMENT SPACE AREREQUIRED TOUNVEILTHE CRITICAL ROI
TUNING THEEXCITONBINDING ENERGY 4HISWOULD ALLOW FINDII

IIH$SEVELOPMENT OF APPROPRIATEKINETIC MODELS BEYOND THE C(
ISOLATE VARIOUS OTHER NON RADIATIVEEVENTSLIKEEVIDENCE
7 =IN $PEROVSKITES ILSO EXISTENCEOFBOTHCARRIERS AND |
WEAKLY CONFINED PEROVSKITE NANOCRYSTALS MAY ALSOCOMP
LIKEEQUAANINS

IVISDISCUSSED PREVIOUSLY PRESENCEOFTRAPCENTERS OFTEN I
TRAP ASSISTED NON RADIATIVERECOMBINATIONPROCESSES W
TRAPPING DETRAPPINGEVENTS FOUND TO FACILITATETHE RADIA
0,;, = 4HEREFORE CAREFULCONTROLOFENERGETICPOSITIONIN
BEBENEFICIALFORREALIZATIONOFOE,%$S ANALOGOUSTO TYPI(

V %XPLORING THE TRIPLET EXCITONOFPEROVSKITESFOR 4!$& COL
THATLOW LYINGTRIPLETEXCITONS OFPEROVSKITESAREINVOLYV
FORMINGAHYBRIDCOMPOSITEWITHILOEWI HFREG ORE AWAGQ MPRIPAE
SINGLET TRIPLETEXCITONENERGY SPACINGINWIDERANGE OFP
COULD PROVIDETHE DESIGN GUIDELINES FORHYBRID 4!$& MATER
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SENDERSTANDING AND CAREFULLY CONTROLLING THE RADIATIVE AND
PEROVSKITESISTHEPREREQUISITE TOWARDS OBTAINING EFFICIENT
SIGNIFICANT PROGRESSTOWARDSINTRODUCING CONFINEMENT EFF/|
VARIOUS NON RADIATIVETRAPCENTERSTOEVENTUALLY ENHANCET
INMANAGING THE EFFICIENCY ROLL OFFTHROUGH MANIPULATING 'U
INCONSISTENCYBETWEENO0,19 AND %,19 VALUESURGESINTENSE EFI
PHOTOPHYSICS ANDCOMPARINGTHEMWITHTHE INTRINSICPHOTOPF
BRIDGETHE EXISTING KNOWLEDGE GAP 40 MEETTHISEND EFFORTS
DEVICEDEVELOPMENT AREHIGHLY ENCOURAGED ANDSOME OPEN RE
FORCOMPREHENSIVEUNDERSTANDING OF RADIATIVE MECHANISM OF
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4. Measur i ng net hods of perovskitelight-emttingdi odes

A essandroMrabel i, Mguel Anayaand Sanuel DS ranks
$EPARTMENT OF #HEMICAL %NGINEERING AND "IOTECHNOLOGY 5NIV
S5NITED +INGDOM

Satus
ISANEMERGING CLASSOFLIGHT SOURCES PEROVSKITELIGHT EMIT
INTERESTFORTHEIRPRECISECOLORCONTROL BRI(IGMIBEWVESRS AND CH
MEASUREMENTPROTOCOLSINUSEFOROTHER , 3$ TECHNOLOGIES D(
BEHIND THE WORKING NATURE OF HALIDEPEROVSKITEDEVIGES SUC
4HERE HAS NOTBEENCONSISTENTUSEOFMEASUREMENTPROTOCOL
FIGURES OF MERIT AND SETUPSEMPLOYED TO ASSESSTHEIR RPRERFOR
THISLACKOFUNIFORMITYHASCOMPLICATED COMPARISONSBETWEE
ACCESSIBLEGUIDELINEFORTHE CHARACTERIZATIONOFOE,%$S WH
ENSURE ARIGOROUSANDHASTENED DEVELOPMENTOFTHE TECHNOL
INIMPORTANT PARAMETER FORASSESSINGTHE QUALITY OF AOE,%
4HIS DIMENSIONLESSMETRICISDEFINEDASTHE RATIOOFPHOTONS
CARRIERSFLOWING THROUGHTHEEXTERNALCIRCUIT 4HISVALUE S|
DENSIMYCM OVER MANY ORDERS OF MAGN hT UMD'EGM B T ILBRGREM M OINET O
OBTAINTHEPEAK %1% VALUE AT RELATIVELYLOWVOLTAGEEM.OW CU
DUETOACOMBINATIONOF FACTORS INCLUDINGTHE FACTTHATINTEH
IJUGER RECOMBINATION EVENTS OCCURRING GOODCHARGE INJECTI
4HEREFORE WHILETHISMETRIC GIVES VALUABLEINFORMATION ON T
LITTLEABOUTHOWUSEFULTHEDEVICEISINTERMSOFBRIGHTNESS
EMISSIVITY OFAOE,%%$ 4HISCANBEDONE BWCALWHICHIENGHEP RADC
POWEREMITTED PERUNITOF AREAPERUNIT SOLID ANGLE (OWEVER
LUMINANCE E®DRWEVICESEMITTINGINTHE VISIBLE RANGE WHICH AC
THEHUMANEYE &OLLOWING THIS REASONING ITISALSOCONVENIEN
CD! TOEVALUATETHE ABILITYOFADEVICETO ACHIEVEAPRACTICA
FORMODERNOUTDOORDISPLAYSAND LIGHT APPLICATIONS &INALLY
INTERMS OF THE CHROXWMADET ERIOREIDNBRYHHE #OMMISSION )NTERNA™
#)% ANESTABLISHED SYSTEM THAT TAKESINTO ACCOUNT THE BEH/

Qirrent andf ut urechal | enges
(ALIDEPEROVSKITES ARE SENSITIVETODIFFERENTEXTERNAL AGEN"
NEGATIVEIMPACTONTHEEMITTERASTHEY ACCELERATETRANSIENT
DEGRADATIONAND STABILITYISSUES &0R THIS REASON ITISIMPOR
ATMOSPHEREIELEDMLGLOVEBOX ORAFTERBEINGENCAPSULATEDBY
THEENCAPSULATIONISROBUST THISAPPROACHNOMINALLY ELIMIN
ARTEFACTSINTHEMETRICS AND OTHERWISELIMITACCESSTOTHE Fl
A4HE IONIC NATURE OF HALIDEPEROVSKITES MAKESHALIDE SEGREGA
THATAFFECT STRUCTURALSTABILITY ANDDEVICEINTEGRITY OFQOE,¢
STRUCTURAL PROPERTIES CANBEDIFFICULTBECAUSE SUCHTRANSI
APPLIED AND GIVENTHERE IS CURRENTLY NOSTANDARDIZED STRESS
THISCOMPLICATES DRAWING OF CONCLUSIONS *OULEHEATINGIS AN
PEROVSKITEEMITTERS ITCONTRIBUTESTO THE %1% ROLL OFFPHEN
DENSITIES AND THEINCREASED TEMPERATURE NEGATIVELY IMPACT S
ACTIVE MATERIALLAYERTHICKNESSISUSUALLYINTHE ORDEROFAF
DISSIPATION THE AFOREMENTIONED TRANSIEN ¥ DEHERAFOBRD NWPHRIQ
SWEEP CANREVEALTHE CURRENT VOLTAGECHARACTERISTICS OF Al
OPERATION -EASUREMENTS MUSTCONSIDERTHISPOTENTIALEVOLU
DURING ACQUISITION $ETERMINING THE OPTIMALVOLTAGE RANGE F
CONDUCTINGBOTHAFASTSCANFOLLOWEDBY ASLOWERO ONE SAY AT
HIGHLIGHT EVENTUAL MATERIALSTRUCTURALISSUES !'KEY NOTE HE
AVOIDINDUCING MEASUREMENT ARTEFACTS FROMTHE IONIC MOVEM
INOTHER PRESSINGISSUE CONCERNSTHE TRANSIENTNATURE OF T
COLORSTABILITY 4HEOE,%%$ %, SPECTRUM SHOULD BE REPORTED AT
ATTHE MAXIMUM LUMINANCE WHICHTYPICALLY ARENOTATTHE SAM
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Fgue6. A /PERATING VOLTAGE DEPENDENTCHANGES OF THE %, PEAKWAVELENGTH IN
BLACK POLY . . BISMETHYL . ETHYLAMMONIUM PROPRYL FLOURENE ALT

0&."R MODIFICATION B 4EMPORALEVOLUTIONOFTHE %, PEAKWAVELENGTHINTH
MODIFICATION OPERATINGUNDERACONSTANT VOLTAGE OF 6 C /PERATIONALLII
WITHOUTO0&."R MODIFICATION MEASURED UNDER A CDNSENAIKE GRR RENTCOTEUNRE T2EC R
FROM=## "9

IMPORTANTTO EVALUATECOLOR STABILITYINBLUEOE,%$S THATTYF
OPERATION ANEXAMPLE OF WHIFCH HE SHME D ENVFCEWRORJLD MAINTAIN
< NM AT 6 BUTTHE SPECTRUMALREADY SHIFTSTO GREEN EMISSI
OFITSCOLORSTABILITY 4HEREFORE WHENREPORTING PARTICULA
REPORTTHE LUMINANCE ASAFUNCTIONOF TIME ANID HT GNHE A HA HINCRH
THE , %$ HAS DROPPED TO AND OFITSINITIALLUMINESCENCE RE
2EPORTING THESE LUMINANCE METRICSCHONR ARPRMBRDELCEMDUTDOOF
DISPLAY APPLICATIONS RETURNSACOMPREHENSIVEOVERVIEWOFT

Advances i nsci ence andt echnol ogy t o neet chal | enges
6ARIOUS METHODS ANDEQUIPMENTEXISTTO PROPERLY ASSESSTHE
SUGGESTTHATTHEBESTROUTEINVOLVES COLLECTIONOFEMITTED
ANINTEGRATING SPHEREINCOMBINATION WITH A S B & INNTERAENDBVTEETRRAYN
WHERE THE ,%9$ IS PLACED TANGENTIALLY TOTHE SURFACE OF THE SF
GLOVEBOX STRAIGHTFORWARD COMPARED TO APPLYING @LEG CONT
MEASURING THEEMITTED PHOTONSWITHAPHOTODETECTOR AND SU!
ANGLE 5SINGANINTEGRATING SPHERE ALONGWITHCAREFULLY OBT
READBY THE SPECTROMETERINTONUMBER OF PHOTONS AS ONE CAN
LIGHTISOTROPIC ANDTHE SAME FRACTIONOFLIGHTISCOLLECTED /
AND CALIBRATIONSUNDER THE SAME CONDITIONS TOAVOIDINCORR
EMITTED 4HESETHREE COMPONENTS ALLOW TH®B/UGSHERRIACCHERCS $ EQ..
%, SPECTRAOFTHE MEASURED OE, % $

JTISALSOPOSSIBLETO CARRYOUTAMOREDETAILED CHARACTERI
THEEMITTED PHOTONS ,AMBERTIANEMISSIONPROFILES AREUSUAL
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Figurel5.#ROSS LINKING STRATEGYINAGREENOE,%$INTERFERESDIRECTLY WITHION
IMPROVEMENT INREPEATED RUNSTABTLIOF ANEREABS7TTOFAN R BWIECEQWLIMERAY STALLIN

CROSS LINKING BRIDGES THE BOUNDARIES WITHA LARGELY INERGHMRIRIER TBHATSR E
C 7ILEY 6#('MB(

OPTIONSBECOME AVAILABLE WEEXPECTITINCREASINGLY LIKELY T|
STRATEGIES )TISCLEARLY WORTHWHILE THATASTHESEPOTENTIAL

BETTERCLARIFYTHE MECHANISMS OFIMPROVEMENT ANDHOW THEY
COMPLETE WORKING DEVICE
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10. Lead-freehal ideperovskitelight-emttingdi odes
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Satus
,EADHALIDEPEROVSKITES AREWONDERFULOPTOELECTRGIEIC MATE
EXISTINGWISDOMMEIGEETR®ONSINTHE OUTERMOST ORBITAL ELECT
COUPLINGIORNGE O MIRACLESINELECTRONICBAND STRUCTURE LEAI
PROPERTIES 4HESE FINDINGS RAISEOBVIOUS FUNDAMENTAL CURIO
HALIDE PEROVSKITESWITHELECTRONICBAND STRUCTURE SIMILAR T
LEAD FREEMATERIALS MIGHT HAVE ADVANTAGES OFBEING ENVIRON
LEAD HALIDEPEROVSKITES COMBINATIONOFTHISFUNDAMENTALUC
THE EXPLORATIONOF VARIOUSLEAD FREEHALIDEPEROVSKITES FOF
,EAD FREEHALIDEPEROVSKITES HAVEBEENEXPLORED FORBOTH |
PHOTOLUMINESCENCE 0, BASED PHOSPHM R=CQINGVERESHID WS TRA T, %
#S3NY, , %S THATEMIT NEARINFRARED LIGHT PEAKAT NM 4HE RAI
RADIANCEAFTEROF OPERATIOEN.LNEDIBEOY EEYAP;TIMIZING THE FILM Q
DEVICESTRUCTUREAND CONTROLLED CHARGE INJECTIONINTHE DE\
ISACHIEVEDWITH MAXIMUM RMDIAQCMRFORFOVE TSHRE STABILITY $ L/
3N HALIDEPEROVSKITES AREUSED INCRHA 8ISN GH HEEEHDAGZ EOMEB D MM B |
REDUCEDTO AND THE EMISSION PEAK WNAW E EE RESOENBTHS/BEBHIFTEL
BASE , %$ WITHPHENYLETHYLAMMONIUMIODIDE ANDSITAMIN" HAS A
4HEOTHER STRATEGYISTODEVELOPLEAD FREEHALIDEPEROVSK
COMMERCIALULTRAVIOLETORBLUE ,2%3$GHNRPAND B)INHREROOPEKIDES
WITH SUITABLE METALIONS YIELDINGPC ,%%$S BF DIESPFRE® $ |GIHETCHN
"t 3B D ELECTROR ENECTROINBS B®M#E YIELDSEMISSION OF AWID
VISIBLELIGHTS WITH DESIRED CrOL® R MNDREREC NE A% TE D # R
DOPEDINDOUBLE PEROVSKITESYIELDS SHORT WAVEINFRARED RAD
n NM AND SPECTRALWIDTHINTHE RAINGE OHESEOCRESHBL,TS PROV |
SCOPEFORDEVELOPINGPC , %% PARTICULARLYINTHE SHORT WAVE
.OTETHATTHERE AREPEROVSKITE DDERRVIASBVE ST RMCURREB IO K E
DOPED B8MWSBSAND #8#LTHAT SHOW INTENSEEMISSIONSINTHE#UBIBLE F
HAVE 0,19 CLOSEdFBUCHMETAL HALIDES AREALSOGOODC CANDIDATE

Qirrrent andf ut urechal | enges
%, ,%% 0OOORSTABILITY AND ORPOORCHARGETRANSPORTISTHE MA
CURRENT WOIERERMN #L "R ) RAPIDLY OXIDIZNEIS TAOLENDOEEEINTS RED !
BOTHO, AND %, EFFICIENCY AND SUBSEQUENTLY SUFFICIENT OXIDAT
THREE DIMENSIONAD ZERLE DNBENS BINBRERBVSKITE DERIVATIVE STR
STRUCTURES SUFFERSFROMPOORCHARGE  TRANSPORT #UHER PERC
#S:R#IAND #8 8=#L "R ) ALSOPOSSESSTHELOW DIMENSIONAL STR
TRANSPORT $OUBLE PERONERIFE S RREE8ESS THE $ PEROVSKITE ST
EXHIBITBOTHWIDE EANEBNGDAPOOR CARRIER MOBILITY ILLTHESE REA
OFLEAD FREEHALIDEPEROVSKITESFOR %, ,%$ XRPUESARE®MINAHE (
SIGNIFICANTLY INFERIORCOMPARED TOLEAD HALIDEPEROVSKITES
PC , %% 7THITEANDOTHER VISIBLELIGHTEMITTINGPC ,%$S HAVE B
PEROVSKITES ANDMETALHALIDESWITHLOWERDIMENSIONALPEROYV
HUGE NUMBERS OF OXIDE NITRIDE AND PHOSPHATE BASED PHOSPHC
EXISTS;)NTERNALO,190F LEAD FREEPEROVSKITEPHOSPHORS COM|
PHOSPHOR MATERIALS "UTTHEHIGHQUANTUMYIELDIS NOTTHE SUF
PEROVSKITEPHOSPHORSNEEDTOREMAINSTABLEUNDERPROLONGE
#n # &ORHIGHPOWERPC ,%9%$S THE O, SPECTRAL SHAPE AND QU
REMAIN STABLEATHIGHEXCITATIONPOWERBB EXANP RANGIECRO MM EF
SUCCESSFULRHOSEH@DR®ME SHOW 0, QUANTUMYIELD 0,19 AT ROC
WHICHDECREASES BYYQAMNIDYSTABILE WITHEXCITATIONPOWER=UP TO A
BUCHAHIGH STABILITYISATTRIBUTED TOHIGH S STRUCTURALRIGIDIT
$EBYETEMPERATURES 5NFORTUNATELY SUCHRIGOROUS STABILIT®
PEROVSKITES 'CHIEVING SIMILARSTABILITYISAKEY REQUIREMENT
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(a) = Electroluminescence LEDs
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Figurels. A SCHEMATICSOFCRYSTAL STRU€ #$REWH ICRITHAOSRBIEEWBU S B AGKATTIVE LAY
AN %, ,%$ DEVICE 4HERIGHT PANEL SHOWS THE RADIANCE STABILITY OF THEDEVICE
7 =*OHN7ILEY 30NS C 7ILEY 6#('MB( ™B,NNCHNEMBTIERS CODCP EBMBUBLE

PEROVSKITEPHOSPHOR THATCANBE COATED ONANULTRAVIOLET CHIP FABRICATI
NARROW SHORT WAVE INERAREDRANIASTOGS ¢ 7TILEY 6#(6ERLAG 'MB( #O +'A! 7

REALPC ,%%$S !NOTHERISSUEISTHATTHEDOPED DOUBLE PEROVSK|
EXCITEDBY ULTRAVIOLET ,%$ CHIPS #ONSEQUENTLY THE ELECTRIC
TERMED ASTHE WALL PLUGEFFICIENCY ISLESSFORTHESEPEROVS

Advances i nsci ence andt echnol ogy t oneet chal | enges
A4HE MOSTIMPORTANT SCIENTIFIC ADVANCEMENT REQUIRED IS IN THE
HALIDEPEROVSKITECOMPOSITION THATCOMBINES | HIGHO0,19 Il
STABILITY REQUIRED FOR ,%$ OPERATION ISSTILLNOTAVAILABLE )
PERFORMANCEISHIGHLY CHALLENGING 6ARIOUS ADDITIVE LOW DIN
BEING EXPLORED TOADDRESSTHE CHALLENGES ASSOCIATEDWITHT
OXIDATIONAOID3MNHE FILM QUALITY ISORERBAYIBPEE TINRGOMPENSATE FOI
GENERATED DURING FILOVM AORPMAVEOMNRENENTS OX+DAVEN DFNSNHE S E
STRUCTURE MODIFICATIONS AREBEING EXPLOREDTO STABILIZELEA
EXPLORED FORSTABLE %SWWS$BBLY DESIGNED QUASI $ $STRUCTUR
COMBINEIMPROVED STABILITYWITHREASONABLECHARGETRANSPO
4HE MAJORITY OFHALIDEDOUBLE PEROVSKITES FEATURE CHLORIL
AND POORCHARGE  TRANSPORT &UTUREDEVELOPMENTS SHOULD FO
GAPS AND REASONABLE CHARGE TRANSPORT POTENTIALLYBY EXPL(
$EVELOPING PC , %3S OFLEAD FREEPEROVSKITES APPEARS TO BE
NOTAREQUIREMENTFORPC ,%%$ 4HEREFORE MANY LEAD FREE PER(
VISIBLETO SHORT WAVEINFRARED REGIONS CANBEEXPLORED 40 U
ENHANCE THEIRPERFORMANCE UNDERHIGHTEMPERATURES AND HIC

LATTICEISDESIRED
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&S&URTHERMORE SINCETHEPHOSPHORSEMITTING SHORT WAVE INI
VISIBLE LIGHT PHOSPHORS DEVELOPINGLEAD FREEHALIDEPEROV!
BECOME MORE RELEVANTFOR APPLICATIONSINNEARFUTURE .OTE T
APPLICATIONSINOPTICALFIBERCOMMUNICATION FOODPROCESSIN

4HE FIRST CHALLENGEISTOIMPROVE THE EXTE RPNOAFLEQ WDAONJBLM Y | E
PEROVSKITES THATEMIT SHORT WAVEINFRARED RADIATION )NDIF
HASBEENFOUNDTO BE RAFHERBDDEOAFANTTONCENTRATIONINTHE PR
ISABOUT TIMES MORETHANTHE DOPANT CONCENTRATIONINTHE F
EFFICIENT DOPING MAYBEBYINTRODUCING MORE REACTIVEDOPAN
NUCLEATION GROWTHRATEOFHOSTLATTICE ISREQUIRED INOPTIN
OFDOPANTSINTHEDESIRED LATTICE SITESENHANCINGTHE EXTERN
PRECURSORS

ISHORT WAVE INFRARED PDOEPG)INRSHERES %@ BE EXCITED WITH HI(

E6 NM ANDEMITS ATVERY LOW ENERGEREE®RE WAMLL PLUGE
PC ,%%$ MADEBY SUCHPHOSPHORS WILLBELESS 40IMPROVE THE WA
WITH NARROWER BEBDNGEAFSS TO BE DOPED WITH LANTHANIDEIONS O
o+ E6 ANDTHENNON RADIATIVELY EXCITETHE LANTHANIDE EMITT
MADE TO MAKETHE LATTICE ASRIGIDASPOSSIBLE IMPROVING THE T

$EVELOPING ANEASY STRATEGYTOCOATTHE PHOSPHORS OF DESI
ALSO REQUIRED OREPARINGCOLLOIDAL . #SOFTHEPHOSPHOR MATE
MIGHT BECOME HELPFUL FOR FABRICATIONOFPC ,%$S

@oncl udi ng r enar ks

4HERE AREDIFFERENT METALIONSDOPED ANDUNDOPEDLEAD FREE
INTENSEO,INTHEWIDE RANGEOFBLUETO SHORT WAVEINFRARED
ALSOBE TAILORED FROM E6 FORWHITE LIGHT EMISSIONTO E6 F
PEROVSKITES AREVERSATILEO, MATERIALS 5NFORTUNATELY THE O
NOTENOUGH !LSO STABILITYUNDERHEAT LIGHT AND WATER MOIST
DIRECTIONMIGHTBE TO ADDRESS THE STABILITYISSUES ALONG WIT
PC , %8S OF LEAD FREEPEROVSKITESBECOME VIABLE CANDIDATES F
STABLE %, ,%%$S OF LEAD FREEHALIDBPERORIHKIAE SOWTTEOI RMHE BO X |
STRATEGIES AREREQUIRED

Acknow edgnent s
(ABIBUL!'RFIN AND 3AJID 3AIKIAACKNOWLEDGE 5NIVERSITY 'RANT #0

2ESEARCH &ELLOWSHIP 0-2& )NDIA RESPECTIVELY FOROH$ RESEA
3CIENCE %NGINEERING 2ZESEARCH"OARD 3WARNAJAYANTI&ELLOW



10P Publishing

J. Phys. Phot oni 6s : #HEeNal

11. Hgh-bright ness perovskitelight-emttingdi odes

GenZou andLihYLin
"HEJIANG 5NIVERSITY (ANGZHOU :HEJIANG OEOPLE S2EPUBL
S5NIVERSITY OF TASHINGTON 3EATTLE 7! S5NITED 3STATES OF 'ME

Satus
3INCETHE FIRSTREPORTOFPEROVSKITELIGHT EMITTINGDIODES O
ACHIEVED EXTERNALQUANTUMEFFHEIENCY QR OE | %W$ HAS BEEN |
PROGRESS )NTHEDIRECTIONOFIMPROVED% 1% D MOAWE BR B N | ROENP
; = &0OR THE APPLICATIONS OFOPTICALDISPLAYSANDLIGHTING AN
RADIANCEOFTHE , %% %SPECIALLYINLIGHTING APPLICASY IUDSNLBA IALM ||
REQUIRED !LTHOUGHOE,%$S HAVE ACHIEVED HIGH %1%S THEIR BRI
AND THE CORRESPONDINGINJECTIONCURRENTDENSITY ISSTILLNO
SOLUTION PROCESSED MATERIALS SUCHASORGANIC ,%%S /,%%$S AN
OE, %$S DECREASES RAPIDLYUNDERHIGHINJECTIONCURRENTDENS
@QEFFICIENCYDROOP ORROLL OFF &OR MANY OE,%$S THE CURRE!
THE RANGE M!ICM B3UCHALARGEEFFICIENCYDROOPLIMITSTHEIR AC
CDM )NADDITION LOWBRIGHTNESSOFOE,%$SFURTHER RESTR
SEVERALHUNDRED HOIMRPEATINGCIMMMERCIALIZATIONOFOE,%$S IN
AND LIGHTING 7I THAHIGHER CARRIER MOBILITY AND EASIER FABRIC
INOVERCOMING THE CHALLENGE OFEFFICIENCY DROOPCOMPARED T
EFFORTS HAVEBEENDEVOTEDINTHISDIRECTIONTHROUGHPEROVS]
BALANCE DEVICESTRUCTUREAND OPERATACHIENEDTUOWEESIGNEN
OE, %3S BYINCREASINGTHEQUANTUMWELLWIDTHINQUASI $PERO\
4HISWORKATTRACTED MUCHATTENTION AND MORE STUDdES WERE D
EMPLOYEDP FLUOROPHENETHYLAMMONIUMAS ORGANIC SPACERTO
IMPACTOF!IUGER REEONMBICANSEDRUENCE AHIGHLUMWARANCHIEGNED I
TO SUPPRESSED EFFICIENCY ROLL OFF "YREPLACING QUASI $WITEH
INJECTIONTHROUGH MODULATING ENERGY LEVELSWMAIEE ECTRON TR,
BREAKTHROUGHWITHANEXTREMELY HIGH LYWMGGASTENGGFGREATP OIT
PEROVSKITES FORHIGH BRIGHTNESS ,%%$S )NTHISSECTION WEDIS
SUPPRESSINGEFFICIENCYDROOPAND ACHIEVINGHIGH BRIGHTNES:
BEEN MADE

Qirrrent andf ut urechal | enges
IVERCOMING THE CHALLENGE OF EFFICIENCY ROLL OFFANDDEVICE /I
ESSENTIALTO ADVANCING THELUMINANCE PERFORMANCE OF OE,% $ S
STILLBEINGINVESTIGATED BUTINGENERALITISBELIEVED THATTH
FIGURE )MBALANCED CHARGEINJECTIONAND TRANSPORT y,UMIN
NON RADIATIVEI!IUGER RECOMBINATION -ATERIALANDDEVICE DE(
MIGRATIONINPEROVSKITES 4HEY AREBRIEFLYDISCUSSED BELOW
| nibal anced chargeinjectionandtranspdg HE MOBILITY OF HOLESISLOWER THAN TH
PEROVSKITES &URTHERMORE FORMOSTNON INVERTED OE,%$S TH
AND PEROVSKITELAYERS WHILEHOLEINJECTIONISNOTEFFICIENTD
TRANSPORTLAYERS (4,S ANDPEROVSKITELAYERS "OTHCANLEAD
WITHOUT FORMING ELECTRONNHOLE PAIRS ASWELLASNON UNIFOR
Non-radi ati ve Auger reconbi natiodHE INJECTED CARRIERS RECOMBINE THROUG
PROCESSES"TRAP ASSISTED MONOMOLECULAR BIMOLECULAR AND!
DENSITY IUGERRECOMBINATIONWHICHINVOLVES THREEPARTICLES
THROUGHRECOMBINATIONOFANELECTRONNHOLE PAIREXCITESATI
RESULTINGINLUMINESCENCE QUENCHING AND REDUCTIONOF %1%
JouleheatingL THOUGH THE CARRIER MOBILITYINOE,%$ISHIGHER THAN
SIGNIFICANTLY LOWER THANTHATIN SINGLE CRYSTALLINE SEMICON
SUCHASQUANTUMDOTS TWO DIMENSIONAL $ ORQUASI $PEROVS
ISFURTHERIMPEDEDDUETO THEEMBEDDED INSULATINGLIGANDS !
SOLUTION PROCESSED MATERIALS UNDER THE SAMEINJECTIONCUR
POORER STABILITYUNDERELEVATED TEMPERATURES FOR SOLUTION
MAKESITIMPERATIVETO FIND NOVEL WAYSTO MANAGE THIS CHALLE!
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Fourel7#HALLENGES FORACHIEVING OE,%$S WITHHIGHLUMINANCE IMBALANCED CHZ
I UGERRECOMBINATION *OULEHEATING ANDION MIGRAFO®N RRAEMRINT E D MH R HCPARNR M
#HEMICAL 3OCIETY

lonmgration4 HE HALOGEN IONS IN PEROVSKITES HAVELOW ACTIVATIO|
LIGHTILLUMINATION HEATINGORELECTRICFIELDS 4HISRESULTS|
PEROVSKITECRYSTALSTRUCTURE #OMPAREDTO COVALENTCOMPO
REASONFORPEROVSKITE SPOORSTABILITY 5SNDERCONSTANTDIRE
MIGRATE ACROSSTHE INTERFACESINTOTHE CHARGE TRANSPORTLA
REDUCTION AND CATHODIC CORROSION

Advances i nsci ence andt echnol ogy t o neet chal | enges

6ARIOUS APPROACHES HAVEBEEN EXPLORED TO ADDRESS THE CHALL
INFIGURE; = THE AUTHORS INVESTIGATECETHEBENBE ROR DENSEBELE
EXCITATION AND OPERATED THEDEVICE UNDER SHORT PYUHENE DRIVE
FOUND THATINTHE HIGH CURREN MD ENrSE DYEREGENMEH OWED LESS HY S™
CONCLUDED THATEFFECTOFIONMIGRATIONISLESS SIGNIFICANT Tt
CAUSING %1% ROLL OFF 4IME RESOLVED PHOTOLUMINESCENCE O,
RECOMBINATIONLOSS /INTHEOTHERHAND INANOTHER WORKEFFIC
THROUGH TIME RESOLVED 0, MEASUREMENTS UNDER VARIOUS=ELECT
4HE AUTHORS CONCLUDED THATLUMINESCENCE QUENCHING WAS LIK
SUPPRESSING THE EFFECTBY INCREASING QUANTUM WELL WIDTHS 4
~ UNDERACURRENTDENSHUANBEFIFFEREMCE INTHE PEROVSKITES
QUASI $ MIGHT RESULTINTHESETWODIFFERENTCONCLUSIONS 4H
IN; = WHERETHE AUTHORS OBSERVED BULK $PEROVSKITES EXHIBIT
RECOMBINATION RATECOMPARED TOTHATOF QUASI $PEROVSKITE!
AND %1% ATHIGM FROMBULK $0E,%$%$S )NTHISWORK DIFFERENTC
ALSO EXPERIMENTED TOACHIEVE ANENERGY LADDERFORHOLES IN
OPTIMIZING THE THICKNESS OF CHARGE TRANSRGRT HAYERK A N'IHE O!
WITH BALANCED CHARGE INJECTION SHOWED SIGNIFICANTLY LESS %
HEATING ASTRATEGY OF APPLYING A SMALLCURRENTINJECTION AP
THE SURROUNDING REGION 4HEDEVICES WEBRPEABEEWWDRTWEANBY P UD
CYCLE TOFURTHERREDUCE *OULEHEAH NGNAND IOWBVINERARFERN URE
COULD BEOPERAKTEMWITBOUT FAILURE AND A LU MWMSNCEHOEV EDQD |
J~ ICM "YATTACHINGHEAT SPREADER AND HEAT SINKAS WELL ASTL
GEOMETRY AMAXIMUMOPERATING C WRARSEQIBTDAH N B DTY NOOFE R #4KU CSIE D
4HROUGHOPTIMIZING THEDEVICE STRUCTURE FER BRGIHWREED OPE
ACHIEVED AT UKINCOMELECTRICAL PULSESWITH NS RISETIME ;
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Fourel8. % XAMPLE STRATEGIES FORIMPROVING OE,%$ LUMINANCE A $ESIGN (4,STOF
CURRENTINJECTION APERTURES AND PULSEDDRIVING C %MPLOY HEAT SPREADERF
WITH PERMISSIFONGROMIGHT IMERICAN #HEMOHAL BIQEYE BYONG ¢ 7),%9 6#(
6ERLAG '"MB( #0O +'A! 7TEINHEIM

@ncl udi ngrenar ks
JNLESS THANADECADE OE,%$SHAVE MADEIMPRESSIVEPROGRESS |
BEEN ENABLED BY MANY RESEARCHEFFORTS AIMINGATIMPROVINGT
WELLASEXPLORING VARIOUS OPERATING CONDITIONS 4HEDEMONS
PEROVSKITELIGHTEMITTERS FORAPPLICATIONSINLIGHTING OPTIC
FOCUSONTHEISSUEOFACHIEVINGHIGHLUMINANCE ANDBRIEFLY DI
EXAMPLE SCIENTIFIC AND TECHNICAL ADVANCEMENTSINTHISDIREC
PAVING THEPROGRESSIONPATHOFOE, %$STHAT CANNOTBEINCLUD
40 REALIZEBROAD ADOPTIONOF PEROVSKITELIGHT EMITTINGTEC
DEVICES NEEDSTOBEDEMONSTRATED 4ECHNIQUESUSEDIN ACHIEV
OPERATIONALLIFETIMEIMPROVEMENT OF 0E,%$S 4HE RESEARCH CC
THISDIRECTIONAND THEPROGRESSISNOTINCLUDEDINTHIS SECTIC

Acknow edgnent s
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12. Rerovski tewhite-Iight sources

Hengyang X ang and Hai bo Zeng

-))4+EY ,ABORATORY OF 'DVANCED $ISPLAY -ATERIALS AND $EVICES
. ANOMATERIALS #OLLEGE OF-ATERIALS SCIENCE AND %NGINEERING
.ANJING OEOPLE S2EPUBLIC OF #HINA

Satus
7THITE LIGHT SOURCES ASACOMMONBASISFORLIGHTING DISPLAY .
OFHUMANBEINGS .OWADAYS THE MOST MAINSTREAMLIGHT SOURCH
WHICH AREATAKEY STAGEOFINNOVATIONTO MEETNEWDEMANDS S
FLEXIBILITY WEARABHEHREFORE SOMELIGHT EMITTING MATERIALS /
POTENTIALS HAVE RECEIVE B EOCETREONEI KETATISEONONGNDERED AS A STAN
ITSLOW COSTSOLUTION PROCESSABLEPROPERTY ANDTUNABLE SP
WHITE PEROVSKITELIGHT EMITTING DIODES 70E,%$S MAINLY COME
QUANTUMDOT ,%%$S 4HEIRLIGHT EMITTING MECHANISM MAINLY INCL
FIGURE AND FULLELECTROLUMINESEENRE TWE DERNECEISTURECTURE
RED GREEN BLUE 2'" MIXED SINGLE LAYERAND 2'"STACKED MULTIL,
DEVELOPMENTINRECENT YEGBRSISLISTEDINFIGURE

JNTERMS OF DOWN CONVERSIONTYPE PEROVSKITES CANBE USETL
TUNABLEEMISSIONCHARACTERISTICAND HIGHPHOTOLUMINESCENC
HAVEBEENDEVELOPED ASTHE EXCITATIONNDODERME 06 RCHU BV B Y @E,
STRATEGY ISTO STACKTHE 2= "ORFERIOVISKKEME 8! ;A SIN GL ENLTAHYEE RBFO VI
CASES THE MANUFACTURINGOFTHESEDEVICES MAINLY FACES THRE
PEROVSKITES ENERGY TRANSFERBETWEEN2 ' "PEROVSKITES
2 ' "MIXED 70E,%%$S HAVEASIMPLEDEVICESTRUCTURE BUTTHE ION
COMPARISON 2 ' "STACKED DEVICES CANISOLATE2 ' "PEROVSKITE
)#, AND THEN REGULATE INHIBITENERGY TRANSFER (OWEVER THE
BRINGS ABOUTPROCESS COMPATIBILITYISSUES 4HUS SEEKING SUI
UNDERLYINGLAYERSISACHALLENGE

"ESIDES THE ABOVE 2 ' "PEROVSKITEEMITTERS SOME PEROVSKIT
PROPERTIES BECOME ACANDIDATE FOR REALIZINGWHITE LIGHT SO
INDUCED PEROVSKITES AND BHEIRUMIRIE/ATEWEE ;BASED ON 34%S HAS
LARGE 3TOKES SHIFT ANDBROAD SPECTRALEMISSION THEREFORE S
OEROVSKITES HAVE SOFTLATTICECHARACTERISTICS AND THE ELECT
CAUSE LATTICEDISTORTIONANDBE T TRAPPEDBY THELATTICE TO FOF
SUCCESSFULLYIMPLEMENTED INOGINFBLEPERBDVILIINESTR W RSRED
PEROVSKITHESOHE) G= AND PEROVSKITE DERIVWSIUYES £ G #S#U

%LEMENTDOPINGISANOTHER PATHWAY FORPEROVSKITE SBROAL
OFTEN ABLETO FORMNEWENERGY LEVELSINTHE PEROVSKITE STRU!
PEROVSKITES THE DOPING ELEMENT CANPROVIDEEXTRALIGHT EMI
LUMINESCENCE OF THE PEROVSKITE HOSTTO REALIZE 70E,% $ ;
Qirrent andf ut urechal | enges
ISWELISTINTHETIMELIMETHGUR®H AVARIETY OF 70E,%$S HAVE BEE|
FACING CHALLENGESINDEVICEEFFICIENCY ANDOPERATIONSTABIL
COMMERCIALIZATION DEMANDS OFLIGHTING AND DISPLAY 4HE KEY F
PEROVSKITE MATERIALS PERBVIAKLINEBY PUCTAQU'GH THEY PERFORM W
OE,%$S; THEIRIONICCRYSTALCHARACTERISTICS AND MIXED HALOG
7T0E,%$S

INTHE ONEHAND SOLVENTSENSITIVITYISSUES ANDIONMIGRATIC
2'"MIXED ORSTACKED 70E,%$S )NTHE SINGLE LAYER MULTI COLOR|
MULTI COLORPEROVSKITESISPRONETOPHASE SEPARATION RESUL
COLOR &ORVERTICALLY STACKEDDEVICES THE STACKING OF MULT|
SOLVENT COMPATIBILITY INCLUDING THE EROSIONOFTHE SOLVENT
PEROVSKITES

INTHEOTHER HAND STABILITYISANISSUE INCLUDING SPECTRAL
CRYSTAL THEIONICBONDENERGYISWEAKAND T THEIONVIBRATION /
THEELECTRICFIELD 4HESEIONS BEHAVIORS ESPECIALLY IN MIXED
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@ Down-conversion type c )
| > Single EL (STEs) > Single EL (STEs)
{ 2020, CsCu,l,@Cs;Cuyls, L: 145 cd/m?, EQE: 0.15%.[220] | 2022, o5 ~CsPbl, L: 12200 cd/m? EQE: 6.5%.[219]
Phosphor ;
o > Single EL (lon-doping)
Bue EL ; I |
12020, Sm* doped CsPbCl,, L: 938 cd/m?, EQE: 1.2%.[221]
7} Y
b Full EL type W RGB stacked EL

> Single EL (STEs) i 2023, CsPb(Br/CI),+ CsPbBr,+CsPb(Brl),

- 2018, Cs,Ag,¢Nag 4InClg, CE: 0.11 cd/A. [198] ! EQE: 0.5%, 130% NTSC. [215]
RGE L v

mixed EL T, O Down-conversion WPeLED

2021, sky blue PeLED + red phosphor

L: 2000 cd/m?, EQE: 12.2%. [35]
RGB = — ]

B RGB stacked EL
stacked ElL @ —— @ RGB mixed EL

2018, CsPb(Br/Cl);+ PA,CsPb,l,
EQE: 0.22%. [214]

2020, CsPb(BrCl), + CsPb(Brl),
L: 30 cd/m?, EQE: 0.008%. [216]

f_

Single EL Timeline of the development of WPeLEDs

AN \ /

Fourel9.2ESEARCH STRATEGIES ANDPROGRESS OF 70E,%$S $EVICESTRUCTURES FOR
OF DOWN CONVERSIONTYPE A FULL%,TYPE B AND C THETIMELINEOFTHE 70E,?9

SHIFT -OREOVER THESEESSENTIALFLAWSLIMITTHE OPERATIONAL
HOURS IN CURREMMHEREMHO,RE IMPROVING THEIONICBONDENERGYC
TASK 7THENTHE STABILITYOF2 ' "PEROVSKITESISENHANCED THE 7
STACKED STRUCTURES WILLBEEASYTOIMPLEMENT AND GAINBETTIE

&OR 34% TYPED PEROVSKITES THEIRPOORELECTRICALPROPERTI
CARRIERINJECTION CAPABILITIES AREANOTHERISSUE FORDEVICE

Advances i nsci ence andt echnol ogy t oneet chal | enges
JNORDERTO SOLVETHE ABOVEISSUES SOME STRATEGIES AREBEIN(
ESPECIALLY FORENHANCINGIONICBOND ENERGY &0REXAMPLE US
ENHANCING METAL HALOGENBONDSTO FORMMORE STABLEOCTAHE
STRATEGY WASDEMONSTRATED INBLUEOE,%$SBY AMINE GROUP E
#OLOR STABLE SKY BLUEOE,%$S WERE REALIZEGWN HO UfHaN FT UN
PROPOSEDATRANSITIONMETAL E G .IARERDVBEPTHG S ERATAENGE H
METAL HALOGENBONDS %VENWITHIMENERGP BNA\RIRHEFRIFOR ION M| (
INCREASED FOURFOLDBY -N ANDHESEESTRAUEGINS TECHNOLOGIES ¢
AND IMPROVE THE OPERATIONALLIFETIMEAND WILLPLAY ANIMPORT
PEROVSKITES BASED ONES "ESIDES SURFACE INTERFACEENGINEE
HALOGEN MIGRATION AND PEROVSKIT Et BIEXCTORVIPIOUSG E DOAN S )N B L E AUWA B
THEPEROVSKITEAND THE TRANSPORTLAYER )TBLOCKED THE PATH ¢
WITH THE TRANSPORTLAYER RESULTINGINANEFFICIENTGE,%$WIT
"ENEFITFROMTHE ABOVEIONMIGRATION SUPPRESSIONSTRATEGY A
STACKED 70E,%$ WAS REALDESDGNED )#, 0/ 4 4 ,1& 'GASITANIARD
2 ' "PEROVSKITE BASED MONOLITHIC MULTICOLOR  70E,%$S CANBEF
A#)% COORDINATE OF AND APROMINENTCOLOR GAMUT

40 FURTHER PREVENTTHE CONTACTBETWEEN PEROVSKITES SOMI
STABILITY AREPROPOSEDTO SEALTHEPEROVSKITEINTO THE PORES
SUCHASPEROVSKITE METAL ORGA#IO0BBRAVE"R O R KMLIABSGIEISAR SIEV
COMPOSIF¥ESSOBQBANTUM DOS IN ,4E2AENDLMEETHACRYLATE CROSSLINE
; = 4HESEULTRASTABLEANDHIGHLY EFFICIENTPEROVSKITES CAN
DOWN CONVERSION 70E,%$S ANDBACKLIGHTDISPLAYS

&ORTHE 34% TYPED PEROVSKITES THEIMPROVEMENTOFTHEELE
IMPROVING THEWHITE LIGHT %, STABILITY )NADDITIONTO THE PHA
ad #SOBPURFACE INTERFACEENGINEERING CANIMPROVE CARRIER I
REACHTHE 34% TYPED %-, THEREBY IMPROVING THE EI&INNT EMDUI N |
AN ADDITIVE 4WEEN) INFO)THES#SEYER BOND HAS A STRONG@HETERAC
SYSTEM ;/NTHE ONEHAND ITCANDELAY T THECRYSTALLIZATIONPRO!
DEFECTS /NTHEOTHERHAND ITCANINCREASETHE SURFACEPOTEN
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ISBENEFICIALTOIMPROVING THEINJECTIONAND TRANSPORT OF CAT
PREPARED WARM WHITE 70E,%$ ACHIEVED AN %1% DMAT AND ABRIGHI

#ONCLUDING REMARKS

OEROVSKITES HAVE OUTSTANDING OPTOELECTRONICPROPERTIES Al
SOURCES (OWEVER THEIONICCRYSTALCHARACTERISTICS OF PERC
MIGRATION AND PHASE SEPARATION WHICHLIMITTHE SPECTRAL ST/
4HEREFORE THEIMPROVEMENTOFTHE PERFORMANCE OF 70E,%$S IS
STRATEGIES ELEMENTDOPING SURFACEINTERFACEENGINEERING
IMPROVEMENT 7E CAN EXPECTTHATTHELUMINOUSEFFICIENCY AND
QUICKLY AND GRADUALLY MEET COMMERCIALIZATIONREQUIREMENT
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13. Rerovski te-basedhybridlight-emttingdi odes

Denghui Li uand Shi-Jian QU

S3TATE +EY ,ABORATORY OF ,UMINESCENT-ATERIALS AND $EVICES AN
-ATERIALS AND $EVICES 30OUTH#HINASNIVERSITY OF4ECHNOLOGY
OEOPLE S2EPUBLIC OF #HINA

Satus

2ECENTLY METALHALIDEPEROVSKITESHAVEATTRACTED CONSIDER
OPTOELECTRONICPROPERTIESINBOTHLIGHTING ANDDISPLAY APPL
NATURE OF PEROVSKITES AND CORRESPONDINGHYBRIDCOUNTERPA
PEROVSKITE BASEDHYBRIDLIGHT EMIZFORNIGI STANEE SABSLLEOBGRE
FIGURE ORPOLYMERSCANBEINTRODUCED ASFUNCTIONAL ADDITIY
RECOMBINATION OFPEROVSKITE |%$06 PERCINSSKITES CANBE HOSTEI
HIGH TRIPLETENERGY AND APPROPRIATEENERGY LEVELTOEFFECTI
ENHANCED LIGHT EMBSS)IGN)NFADWDREIONTO THE PEROVSKITEEMITTET
MATERIALS BFOBUWEE WITHHIGHCARRIER MOBILITY CANPOTENTIALL
(4, FORENHANCEDHOLEINJECTIONAND TRANSPOREATDEGN OFHIRE £
7, %% ISVERY LIKELYTOBETHEDEVELOPMENTDIRECTIONOFPEROV
BOTHLIGHTING ANDDISPLAY APPLICATIONS !'LTERNATIVELY PEROV
INACHIEVING TUNABLE MYANIDCGOWHLOR DWEST,O THE EXTENSIVE SELECT
NEEDTOCONSIDERTHE HALOGEN EXCHANGE REACTFOANWNDIHFARKS TO T
ACCUMULATIONOFMATURE 'A. ,%%$S /,%3S ANDQUANTUMDOT ,%$S 1
PROGRESSES HAWEaBE ENSMAECTESSFULLY FABRICATED AOE '"A. TANDE
LUMINANCE ANDCOLORVIAVERTICALINTEGRATING ABRIGOEL®%NMD ST
FIGURE /WINGTOTHEDEVELOPED PEROVSKITE BASEDHYBRID 7,%
EXCITATIONPROCESSANDTHUSATHEORETICALLYHIGHERENERGY (
MORE SIMPLIFIEDDEVICESTRUCTURE COMPARED WITHTHE TRADITIC
4HEREBY WHITEELECTROLUMINESCENCE FROKNNERPVERKOUENKD IR
HAVEBEENEXPLORED ANDPROVEDTOBE FEASIBLE "ESIDES INTEGTF
ORGANICUNITSINTOADELICATEDEVICECONFIGURATIONIS ALSO AN
EMISSION SUCHANORGANICUNITCOULDBEPHOS P QOURRNIOUBMNWE ULL
CHARGE CONFINEMENAINDIERGANREP, | NHETEHRO JUNOERO\NV FKGTUR E
MATERIALS EXHIBITTHE CHEAPESTCOST WIDESTCOLOR GAMUT AND
WITH'A. /|, %%$S AND 1, %$STECHNOLOGIES BUTEXTREMELY POOROP
COMMERCIALGROWTH 4HEDEVELOPED PEROVSKITE BASEDHYBRID
RESPECTIVE SHORTCOMINGS DUETO T THE EXTENSIVE SELECTION OF F
SHOWUNIQUE SUPERIORITIESINCOSTREDUCTION STABILITYIMPRC

Qirrent andf ut urechal | enges

4HUS FAR THERESEARCHONPEROVSKITE BASEDHYBRID ,%%$S HAS O
EXPLORATIONS DEMONSTRATED AHUGE POTENTIALAND FEASIBILITY
HIGH EFFICIENCY DISPLAY ANDLIGHTING SOURCE ITALSOREVEALS
COMMERCIALIZATION $ESPITEHIGH EFFICIENCY OE,%$S CANBE ACH
POLYMER ADDITIVES BUTTHEINNER MECHANISMS AND PRINCIPLES €
UNDERSTOOD NEWTECHNOLOGIES ANDINTUITIVEEVIDENCES ARE U
JNADDITION ORGANICHOST PEROVSKITEGUESTSYSTEMS SHOW GR
PERFORMANCE .EVERTHELESS ASLIMITEDBY THEIRINCOMPATIBLE
COMPLETED WITHVACUUMEVAPORATIONTECHNOLOGY -OREOVER F
AND MATCHED ENERGY LEVELS AREUSED AS (4,SOF/,%%$S EXHIBITIN
ONESUSINGTRADITIONALORGANIC (4,S (OWEVER THEIROPERATIO
THE NEXTCOMMERCIAL APPLICATION !'SFORTHE PEROVSKITE BASEI!
REPORTED OE 'A. TANDEM ,%$S VERTICALLYINTEGRATEDBY 'A. ,%$A
EXPENSIVE EPITAXYGROWTHTECHNIQUES 4HEINTEGRATION OF PEI
EMITTERSWITHCOMPLEMENTARY SPECTRUMWITHINANELECTROLU!
FEASIBLE APPROACH WHILETHE RELATED PROCESSINGCOMPATIBIL
MATCH ANDENERGY TRANSFERREGULATIONSTILLNEED TOBE COMP/|
SINGLE EMISSION LAYER %-, PEROVSKITE BASED HYBRID 7,%%$S MIC(
SIMPLIFIEDDEVICESTRUCTURE ANDPROCESSINGROUTE (OWEVER



10P Publishing

J. Phys. Phot oni 6s : #HEeNal

{ (a) 7 7 (c) wgoonm  (d) LiF/AI |
1 [o] :
g WU V. Cs (0.5nm) TPB l !
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EQE: 1.3% .i Blue perovskite + Ir(BT),(acac) | |
i EQE: 10.81% L
) 1

Pure-red perovskite + Firpic ! . @

EQE: 7.35% :

Fgure20.4YPICALPEROVSKITE BASEDHYBRID ,%%$S A OEROVSKITEINCGRWORATING W
PERMISSION FROM3PRINGER .ATURE B %NERGYDIAGRAMOFORGANICCO HOST P
; #OPYRIGHT IMERICAN #HEMICAL 30OCIETY C $EVICESTRUCTUREOF/,%$S

; WITHPERMISSION FROM3PRINGER .ATURE D $EVICESTRUCTURE OFEPEROVSK
##"9 E $EVELOPMENTOFPEROVSKITE BASEDHYBRID7,%$S

AND CURRENTLY ONLY TRADITIONALFLUORESCENT MATERIALS WITF
OF WERE ADOPTED TO ACHIEVEWHITEEMISSION ILSO MOREDEFE
PROCESS MIGHTBEINTRODUCEDINTOTHE COMPLEXBLENDED SYSTE
%-, PEROVSKITE BASEDHYBRID 7,%$S CHALLENGING %XTERNAL QU/
IMPROVED BY INCORPORATING PHOSPHORESCENTEMITTERS WITH

STRUCTURE TO FULLY HARVESTTHE EXCITONSINSIDEOFTHEDEVICE
COMPLICATED PROCESSAREREQUIREDFORTHEDEVICE FABRICATIO
BY THELARGEDIFFERENCEINTHE REFRACTIVEINDEXBETWEEN THE |
WITH PARASITIC ABSORPTIONOF PEROVSKITELAYERWITHHIGH EXTI
AND THUS DECREASED %1% LOWLUMINANCE ANDPOORDEVICE STAB

Advances i nsci ence andt echnol ogy t o neet chal | enges

40 ADDRESS THE CHALLENGES TOACHIEVELOW COST HIGH EFFICIE]
INSEPARABLEWITHTHE ADVANCESINCORRESPONDING SCIENCE ANL
OVERCOME THE AFOREMENTIONED CHALLENGES INVOLVEDINTHEPE
COMPATIBILITY REFRACTIVEINDEX MATCH SPECTRUM SUI&KMBITLIYY
FILM SURFACEMODIFICATION AND MATURE VACUUMEVAPORATIONTE
PROCESSING COMPATIBILITYISSUESOFM %-, ARCHITECTURE ENAB
WETANDDRY PROCESSES )NADDITION NOVELEMITTERSWITHAPPR
EXCITONSCANBEDESIGNED AND SYNTHESIZED TO MAXIMIZE THE E X
SINGLE %-, CONFIGURATION 3ECONDLY THE ADVANCESINFULL COL
VACUUMEVAPORATED ORGANICHOST PEROVSKITEGUESTSYSTEMS
EFFICIENCYWITHOUTUSINGLIGHTEXTRACTIONTECHNOLOGY &ORT
ULTRA THINPEROVSKITEFILMS THEPHOTONSFROMTHE PEROVSKIT
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Processing
compatibility
Energy
transfer Challenges irﬁle:;ar;t:tlsh
regulation
Spectral
suitability

Fgure2l.!DVANCES INSCIENCE ANDTECHNOLOGY TOMEET CHALLENC

THEOPTICALBARRIERAND FURTHEROUTCOUPLED TOTHE AIR &0OR T
SYSTEMS THE TOTALINTERNALREFLECTIONINDUCEDBY THELARGE
LEADINGTOTHELOSSOFPHOTONS CANBEINHIBITEDBY THE SIMILAR
LAYER AND ADJUSTABLETHICKNESS 4HE &-RSTERENERGY TRANSFE
BETWEENTHE ABSORPTIONOFEMITTER ANDPHOTOLUMINESCENCEC
CONNECTEDWITHTHE SPECTRAL SUITABILITY 4HECOMPLEMENTARY
ENABLEWHITEEMISSION AND SUFFICIENT ANDINSUFFICIENTENERG"
LIGHT EMISSION RESPECTIVELY )NVIEWOFTHEINTRINSIC CHARAC"
HIGH PERFORMANCE PEROVSKITE BASEDHYBRID ,%%$S CANBE EXPEC
TRANSFERPROCESS AND SPECTRAL SUITABILITYTO MAXIMIZE THE E

@oncl udi ng r enar ks

JNABRIEFSUMMARY DUETOTHE ADVANTAGEOUSPHOTOELECTRONI
ATTEMPTS HAVEBEEN MADETO ACHIEVEPEROVSKITE BASEDHYBRID
PEROVSKITE ORGANICCO HOST PEROVSKITEGUEST PEROVSKITE (¢
AND PEROVSKITE BASEDHYBRID 7,%%$S BUT THE OBTAINEDDEVICE P
REQUIREMENT OF PRACTICAL APPLICATION -ANYCHALLENGESAND I
PASSIVATION MECHANISM PROCESSING COMPATIBILITY REFRACTIV
ON 4HE FEASIBLE SOLUTIONS AREALSOGIVENTO RESOLVE THE CURH
OF MATERIALSYSTEMS AND RATIONALDESIGNOFDEVICEARCHITECT
LIGHTING ANDDISPLAYEQUIPMENTCANBE EXPECTED
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SSINGPEROVSKITESASFLUORESCENTPOWDERAND FIL

#HENHUI 7ANG AND (AIZHENG :HONG
-))4+EY ,ABORATORY FOR ,OW $IMENSIONAL 1UANTUM3TRUCTURE A
%NGINEERING "EIJING )NSTITUTE OF 4ECHNOLOGY "EIJING OE(

3TATUS
OEROVSKITES QUANTUMDOTS 1$S SHOWGREATPOTENTIAL ASALTE
DUETOTHEIRINTRINSICIONICCHARACTERISTICSWITHULTRA LOWF
RESULT PEROVSKITE1$S CANBE FABRICATED ATROOM FEWR BRRATJUF
SYNTHESIS IN POIORUEIRASSE SMWHRCK ,ENABLES THE FABRICATION OF
HIGH FLUORESCENTPEROVSKITE1$SEMBEDDED COMPOSITES FORL

OEROVSKITE1$ ENHANCEMEX & HAMBEENSWRDELY USED INLIQUID C
FORTHEENHANCEMENT OF COLORPERFORMANCE ANDPERCEIVED BF
THER SFABRICATION STRATEGY OF PEROVSKITE1$SBY CONTROLLING
DURING THE FORMATION © HPOE YNMNEORVIAATW E STRATEGY SOLVED THE |
WHENUSING TRADITIONAL #D3EOR )N01%$S 4HEHIGHTRANSPARENC
NANOCOMPOSITES SUGGESTTHE FORMATION OF UNIFORMLY DISTRIE
SEPARATION WHICHAVOID SEVERALISSUES SUCH AS SEVERE SCATT
WITH GREEN138BBARD RED RAREEARTHPHOSPHORS OBTAINED AWIDE

71 THTHE SUCCESS OF REDEMISSIVEPEROVSKITE1$S THEINTEG
WITHBLUE -INI ,%%$S ACHIEVES AHIGHCOLOR QUALITY ,#3 WITH A COl
BYSTEM #OMMITTEE .43# AND MATEHING RATE OF ;

2ECENNLSFABRICATION STRATEGY HASBEEN SUCCESSFULLY EXTE]
INCLUDING TAPE CASTINGLFIEBEUREJ SBO NANDGWPREAY DR YCN GWH BOHRAER
MORE SUITABLEFORCOMMERCIALIZED SCALEUP FABRICATION 4HE /
GAMUT ANDMEETTHE REQUIREMENT OF APPLICATIONSWITHA STABL

HACCELERATIONTEST )N AND TWOBATCHES OF MASS PRO
BEENACCOMPLISHEDBY 4#, AND :HIJING .ANO4ECH 5P TO *ANUARY
PRODUCTS APPROACHUPTO

OEROVSKITE1$ COLOR CONE MRNIAR UREIZS#H ON OF CONVENTIONAL ,
TREND FOREMERGING VIRTUAL REALITY AUGMENTED REALITY AND U
CANBEARRANGEDINTO MICROSCALEPIXELSUSING VARIOUS PATTERF
DEVELOPMENT OF ADVANCED MICRO /,%$S OR-ICRO ,PA$SIHFOMPARE]
PATTERNING STRATEGY OF PEROVSKITE1$SISONEOFTHE MOST PRA
OPTICALDENSITY ANDHIGHRESOLUTION

IVERTHE PASTFEW YEARS VARIOUS PATTERNINGEHNEEHNIRGERAON
UNIQUE IONIC CHARACTERISTICS ANDLOWFORMATIONENERGY OF PI
IN SPRUNTED ONTO APOLYMERICLAYERAND PEROVSKITE 1$S PATTEF

ANDTHEY SHOW BROAD APPLICABILITY TO AVARIEREOF PERPN BRI
ALSO AN EFFICIENT AND SIMPLEMETHOD FORPATTERNING®PEROVSKI
OHOTOLITHOGRAPHYISANOTHERPATTERNINGTECHNIQUEWITHHIG
THROUGHPUT 2ECENTLY ADIRECTPHOTOLITHOGRAPHY METHOD TO
ONPOLYMERIZATIONCATALYZEDBY LEADBROMIDE COMPLEXES WAS
RESOLUTIONUPTO PIXELSPERINCH 00) ASWELLASEXCELLENT

#URRENTAND FUTURE CHALLENGES
STABILITYOFNHBEE$®%& BASED ,#% BY APPROPRIATEENCAPSULATION
PEROVSKITE 1$S BASED MATERIALS HAS ALREADY METTHE INDUSTRI
PEROVSKITE1$S ARESTILLKEYISSUESTO MAKEFURTHER DEVELOPNM
THEDEGRADATION MECHANISMOFCPERQUMINATUDIMERYE BEEN INVE:!
GREAT CHALLENGETOIMPROVE THEPHOTOSTABILITY AGAINST T THE H
APPLICATION

OATTERNING'THEONIQHZARIOUS PATTERNING TECHNIQUES HAVE B
1$S FABRICATTIDINEERE ARE STILL REMAIN GREAT CHALLENGES &OR INI
UNITSWITHKAMDBEIEHO NOZZLE SIZELIMITATION INHERENT CAPILLA
ISDIFFICULT TOMEET THE RESOLUTION REQUIREMENTS OF MINIATUFR
HIGH RESOLUTIONPATTERNS HOWEVER LASER INDUCED DEGRADA"
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&UJIAN +EY ,ABORATORY OF BURFACE AND )NTERFACE %NGINEERING
-ATERIALS S8IAMENSNIVERSITY 8IAMEN OEOPLE S2EPUBLIC OF

S atus

4HE RAPIDDEVELOPMENTOFFIFTH GENERATION MOBILE COMMUNIC/
THINGS HAS OPENED UP A NEWERAOFINFORMATIONTECHNOLOGY )N
HAS CHANGED FROM SIMPLETEXTANDPICTURESTOULTRAHIGH RESC
4HEREFORE DISPLAYS SHOULD HAVEOUTSTANDING PERFORMANCES
GAMUT FASTRESPONSE HIGHCONTRASTANDBRIGHTNESS AND LON
DISPLAYS ,#$S HAVE POORCOLORSATURATION WHILEORGANICLIC
BY THEIR SHORTLIFETIME ANDHIGHCOST 4HUS TODEVELOP LOW C

-ETALHALIDEPEROVSKITES EXHIBITEXCELLENT OPTOELECTRONIC(
PHOTOLUMINESCENCE 0, QUANTUMYIELDS 0,19S NARROW BANDE
TOLERANCE ANDHIGHCHARGE CARRIERMOBILITY WHICH ARE SUPEF
1S ANDORGANIGEMIERERSRE PEROVSKITESHAVEBEENEMPLOYE
SANDWICHED BETWEEN THE HOLE TRANSPORTLAYER (4, ANDTHE EL
PEROVSKITE ,%$S= OEHESUGH ELECTROLUMINESCENCE %, WAS SEE
TEMPERATURE AS EsAREVYRST LY DEAMNMONSTRATED INFRARED AND VISIB
TEMPERATURE IN 7ITHEXTENSIVEINVESTIGATIONS ONPEROVSK
QUANTUMEFFICIENCIES %1%S OFSTATE OF THE ARTOE,%$S HASR
AND PURE RED n NM EMISSION ARESJRRODIMEOX FHFHEEUIRENARROW |
MAXIMUM &Z(-NM ANDHIGHCOLORPURITY LEADTOANULTRAWIDEC
NATIONALTELEVISION STANDARDS COMMITTEB .£3¥N BB HEREPORERA @
5($ DISPLAYSWITHTHE BROADCASTING SERVICES TELEVISION 2EC
JNTERNATIONAL4ELECOMMUNICATIONSNION 2ADIOCOMMUNICATION
OXIDESEMICONDUCTORORTHINFILM TRANSISTORBACKPLANES -OF
OPTOELECTRONICPROPERTIESBUT ALSODEMONSTRATEG@ONSIDER/#
FABRICATED GREEN OE,%$SBOTHHAVE AMAXIMUM %1% OF AND A
7 = 4HESE RESULTS BRINGLIGHTTO THEPOSSIBILITYOFTHE COMME

Qirrent andf ut urechal | enges
ILTHOUGHOE,%$S HAVE ACHIEVED CONSIDERABLEPROGRESSESINQ
OE,%$S THEY STILLSUFFERFROMMANY FUNDAMENTALLIMITATIONS

#OLORINSTABILITY
OURE RED ANDBLUEEMISSIONARETYPICALLY REALIZEDBY MIXINGH
PEROVSKITES WHICH SHOWS POOREMISSIVE SPECTRAL STABILITY D
SEGREGATION AND SENSITIVE SURFACESLEADING TO MORPHOLOGIC

OOOR %1% OF PUREBLUEOE,%$S
4HE %1%S FIGUREEPURE RED AND PURE GREENOE,%$S HAVE INCREAS
PUREBLUEOE,%$SWITHANEMISSION MAXIMUM OF n NM STILLHA
FARBELOWTHE REQUIREMENTS GF COMIMIESRS IMA IINISPARYRIBALPED T
WIDE BAND GAPPEROVSKITES DIFFICULTYINCHARGEINJECTION RE
CONVERSIONEFFECTS;

%FFICIENCY ROLL OFF
B3IMILARTO/,%%$S AND QUANTUMDOT ,%%$S 1, %$S THE %1% TENDS TC
BRIGHTNESS ORCURRENTDENSITY OF PURE2'"0E,%$%$S WHICHIS TEF
ISORIGINATED FROMTHE PEROVSKITEEMISSION QUENCHING DUE TO
ORUNBALANCED CHARGE INJECTION

SHORTOPERATIONLIFETIME
!LONG OPERATIONLIFETIMEIS ONEOFTHE PREREQUISITES FORCOM
#URRENTLY STATE OF THE ARTREDTGREEN BLARED2'" H B AN INAVIERA,
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IPTICALCOMMUNICATIONBASED ONPEROVSKITELIGHT

HHUNXIONGNTALENG 'AO

.ATIONAL ,ABORATORY OF 30OLID3TATE -ICROSTRUCTURES 3CHOOL
OEOPLE S2EPUBLICOF #HINA

$EPARTMENTOFOHYSICS #HEMISTRY AND "IOLOGY )&- ,INK-PING

3TATUS

,JIGHT HAS BEEN WIDELY USED ASASIGNALCARRIERFORCOMMUNICA
SOCIETY (IGH CAPACITYOPTICALCOMMUNICATIONHEAVILY RELIES
MODULATIONRATES AND SUBSTANTIALLIGHTEMISSIONPOWER )NPA
ANOTHER CATEGORY OFPIVOTAL SOLID STATELIGHT EMITTERS HAV
INDICATION ANDINFORMATIONDISPLAY APPLICATIONS )NRECENT D!
LIGHT SOURCESFOROPTICALCOMMUNICATIONDUETO T THEIRCOST E
OCULARHEALTH !SEMERGING LIGHTEMITTERS PEROVSKITES HAVE
MATERIALS FOROPTICALCOMMUNICATION MAINLY ASCOLGR CONVE

OEROVSKITE NANOCRYSTALS .#S USUALLY HAVEA SHORTFLUORE
COLORCONVERTERSINWHITELIGHT SO URGE $FORSUBNTRODCCHE B U N |
#SOB"RS ASACOLORCONVERTERINAVISIBLELIGHT CAO M;MU I$ IICEATTOO N
THE SHORTFLUORESCENGE DHEA#STEMBIBDOTBRAND®HDTH OF MEGAF
-(Z WHICHISMUCHLARGERTHANTHE CONVENTIONAL9!" #EBHOSP|
"ASEDONALASERDIODESKDIEBR £€90/RRTER THEY DEMONSTRATEL
KEYING MODULATION SCHEME WHICH EXHIBITED AHDTAANARRBEBNEHMDS S|
PEROVSKITE . #SBOTHAS RED ANDYELLOWCOLORCONVERTERS FOR
6,# SYSTEM AHE RED PEROVSKITE .#S SHOWODM A REIODRBDARND WIDTH OF
COMBININGWITHTHEBLUE MICRO ,%$CHIP AND YELLOW PEROVSKITI
#OMMISSION)NTERNATIONALEDE, %CLAIRAGE #)% COORDINATESC
AND A FINALSYSTEMDATATRANSMISSIONRATE OF 'BPS -EANWHIL
EXHIBITTHEPOTENTIALAPPLICATIONS IN UNDANRINWME E R ONITILIALYCFQ
OPTICALCOMMUNICATTION SYSTEM ;

OEROVSKITE ,%%$S O0E,%$S WITHPEROVSKITES ASELECTROLUMINE
SOURCESFORCOMMUNICATION 4WO DIMENSIONAL OB"RNAROPSRERN
BASED DEEP BLUE CENTER AT NM ,%$S WEREINTRODUCE® ASLIG
WHITELIGHT WITH #)% COORDINATE OF WAS OBTAINED BY US
RED PHOSPHORASCOLO®CBANEWRWTERS @RD K(ZWAS OBTAINED BASE
SOURCE #ONSIDERING THE SHORT FLUGRBRNSCENCEIEOMEHEEME OF T
SOURCECANBEATTRIBUTED TOTHE RESISTANCE CAPACITAQEE 2#
THEDEVICES !INOTHERINTERESTING ADVANTAGE OF OE,%$S FOR COll
FUNCTIONALITIES OF TRANSMITTER ANA RECE#VERRHE ROIETEDVAREO B
BASED OE,%$ EXHIBITINGHIGHPERFORMANCE ASBODHRAGBWEMTHTO

-(ZAND -(ZWEREOBTAINRREARIGHWIMEMITTING ANDDETECTION
;7 = -EANWHILE FLEXIBLEOE,%$FIBERSBASED ONPEROVSKITE .#S
TRANSMITTER AND RECEIVERFORCOMMUNICATION ;

#URRENTANDFUTURECHALLENGES
4HE RESPONSE SPEED OF , %$SISESSENTIALTOTHEDATATRANSMIS!
OEROVSKITE .#S COLOR CONVERTERS BI"AB/ANIEVE NDR HFOOFRHTEND DER-EDVS | |
MUCHLARGER THANCOMMERCIALPHOSPHORS ANDCOMPARABLE WIT
ORGANICFLUOROPHORES ANDCOLLOIDALQUANTUMDOTS (OWEVEF
DIODE OR ,%9%$ CHIPS THE RESPONSE SPEED OF PEROVSKITE .#COLO
DATARATE FURTHERIMPROVEMENT OFTHE RESPONSE SPEED OF PEI
COMMUNICATION APPLICATION &ORPEROVSKITEELECTROLUMINESC(
MORE SEVERE 4HE SYSTEMATICALSTUDY OF THE RESPONSE SPEED C
D"BANDWIDTHOFOE,%$SISSTILLFARBEHIND THATOFTHE INORG!/
40 REACHDECENT SIGNAL NOISERATIOINTHE RECEIVER END ADE
TRANSMITTER !ISTHEHIGHRESPONSE SPEED CANBE USUALLY OBTAI
CONSTANT AHIGHLIGHTEMITTING POWER REQUIRESAHIGHEFFICIE
OBVIOUS ROLL OFFOFTHE EFFICIENCY ATHIGHDRIVECURRENT DEN
SOURCEFORCOMMUNICATION
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-(ZzTO -(ZVIAREDUCING THE DEVITE ARBRIBRIGME ; =MMHE
DECREASEOFDEVICE AREAISASIMPLEANDDIRECT WAYTO REDUCE
INEVITABLY INCREASETHEINTERNAL SERIESRESISTANCE 7HEN THE
THANTHE EXTERNAL SIGNAL READENREBREB SIS GAINEME CEE BREA WILL NOT
TIMECONSTANT 'MEASURETO REDUCE THEINTERNAL SERIES RESIS
TRANSPORTLAYER #4, ANDOPTIMIZETHEINTERFACE=SHOULDBET
2# TIMECONSTANT 7HENTHE 2# TIME CONSTANT WASULTIMATELY RE
RADIATIVEDECAY TIMEWOULD TURNTO THE MAINSPEEDLIMITING FA
PEROVSKITE AND OPTIMIZING THE ENERGY LEVELALIGNMENT ARE EF
RADIATIVEDECAY TIMECANBEDECREASEDUSINGTHE AFOREMENTIC
%, DEVICESFORCOMMUNICATION HAVEJUSTEMERGED RECENTLY Tt
OE,%$S HAVEBEEN RARELY REPORTED 4HE RECENTBREAKTHROUGH
PROVIDED AN EXAMPINFC RE S SEMATBHHENDWIDTH OF ORGANIC ,%$S TO
COMBINING SERIES OF MEASURES SUCHASREDUCINGDEVICES ARE/
DOPING THEEMITTER ;

JNCREASING THEEMITTED LIGHT POWER OF THE OE,%$S REQUIRES
USUALLYLIMITEDBY THE EFFICIENCY ROLL OFFPHENOMENON !UGEI
THEHIGHINJECTIONHAVEBEENDEMONSTRATED ASTHE MAIN FACTO

= ICCORDINGLY THEREHAVEBEENEFFORTSTO MANAGETHE *OUL
OE,%$S WITH RADIANOE OF = EfTGRBY INCREASING THEDIMENSION OF
THE CHARGE CARRIERDENSITY ANDTHUS RELIEVINGTHE!UGER REC(
#4,S OPTIMIZINGDEVICEGEOMETRY ANDATTACHINGHEAT SPREADE
OPERATIONSTABILITY ANDLEADISSUESARECOMMON CHALLENGE F(
HAVEBEENINTENSELY STUDIED ANDDISCUSSEDINOTHER SECTIONS

@ncl udi ngrenar ks

OEROVSKITES HAVEATTRACTED ATTENTIONS ASLIGHT SOURCE MATE
CONVERTERS PEROVSKIFED#8 AMD®W ADCTTH BWFBHDUNDREDS OF -(Z AS %,
HAVEJUSTEMERGED IN REGENT BEARSVANDHSGIO WHEDSAOF -(Z 7EEMPH
POTENTIALOFOE,%$S TO REALIZETHEINTEGRATIONOFLIGHT EMISS
APPROACHTOINEXPENSIVE ANDINTEGRATED OPTICALLINKS (OWEV
PRACTICAL APPLICATIONS PEROVSKITELIGHT SOURCES ARE FACINC
LOWEMISSIONPOWER LOW QUALITYWHITE EMISSION INSTABILITY ¢/
HAVEBEEN DEVELOPED ORBORROWED FROMOTHEREMERGING LIGHT
,OOKING FORWARD WEBELIEVETHATCONTINUED BREAKTHROUGH W
ALTERNATIVES FOROPTICALCOMMUNICATION
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X ang Go and Chuanj i angQ n
B3TATE+EY ,ABORATORY OFOOLYMEROHYSICS AND#HEMISTRY #HAN!
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I'SEMICONDUCTOR LASERISAKINDOFDEVICETHATCANEMITCOHER
DIRECTIONALITY CONSISTING OF GAINMEDIUM PUMP SOURCE AND O
BEENPROVENASEXCELLENT GAINMEDIUM FOROPTICALLY  PUMPED U
ADVANCES INOE,%& 3 BENORNSINNGATED THE FIRST AMPLIFIED SPONTAI
-10B8 BASED PEROVSKITETHIN FILEMSARIOWS NYPES OF PEROVSKITE
TOEXHIBIT!3% AND LASINGUNDEROPTICALEXCITATION (OWEVER T
PEROVSKITELASERSHAVENOTBEENREALIZED YET
INEOFTHECRITICALSTEPS TOWARDELECTRICALLYPUMPEDPERO
OPTICALLY PUMPED !3% ABPAPSRAGBH#HN®RPRTOBALLY PUMPED DISTRIBUTED
WITHTHRESHOLD BRS KFENVACHIEVED FROM TETRAGONAL PHASE GU
ORTHORHOMBICHO®STMATRIEBTDES #7 OPTICALLY PUMPED !3% FRO
ALSOBEENOBSERVEDIN $PEROVSKITEFILMS AT TEMPERRDTIRHET AR
SUPPORTS #7 LASINGATROOMHAEMWMPERATWNRESCCURS WHENTHE FIR!
OPTICALLY PUMPED LASING AREREALIZEDINQUASI $PEROVSKITES
FACTOR AND MANAGING THELONG LB/ EDTRLRLEHEEBECAEQDN 8 SKIIG H RE
WORKWELLASEMITTERSINTHEPEROVSKITELIGHT EMITTINGDIODE
AHE INTEGRATION OF WELL ESTABLISHED OE,%$ ANDDESIGNED OP
REALIZEELECTRICALLY PUMPED LASING (IGHLY LUMINESCENT THIN
USING QUASI TWO DIMENSIONAL QUASI $ PEROVSKITES AND STATE
OF ATLOWC CURRENTDENSITIESHtCHWAMREDMIO OE,%$S CONSIDERAB
DENSITIES HUNDREREREQUMED TOATTAINPOPULATIONINVERSION
PEROVSKITE LASERDIODE 4HEOPTICALLYPUMPEDLASINGFROMCO
ACHIEVED ASSHOVNANDIGURHEE SECOND ORDER,3®$'S'@BN LASE UNI
OPTICALPUMPINGWITH THRESHADRD®OMSTEOMW BEBATURE 4HESE ADVAI
PUMPED LASERS ANDOE,%$S HAVE PAVED THE WAY TOWARD THE DEVE
LASERDIODES

Qirrent andf ut urechal | enges
' WELL KNOWN ISSUEWITH ORGANICLASERSUNDERELECTRICAL EXC
MATERIAL ANDANEXTREMELYLOW LOSSRESONATORDESIGNUNDER
ACHIEVE LASERDEVICESWITHVERY LARGECURRENTINJECTION AND
EXHIBITBOTHHIGHCARRIERMOBILITY ANDHIGHFLUORESCENCE QU.
BEOVERCAMETOACHIEVEELECTRICALLYPUMPED LASERS 4HE DEM(
OE, %3 DEVICEBY USING PEROVSKITEASANACTIVELAYERSTILLREM{
BECAUSEOFTHE INTRINSICALLY DEGRADATIONOFPEROVSKITESIN
TRAP ASSISTED NON RADIATIVERECOMBINATION
ISMENTIONEDINTHE FIRSTSECTION ANELECTRICALLYPUMPEDUP
COMBINING OPTICALRESONANT CAVITYWITHAWELL DESIGNED OE, %
ARCHITECTURES HAVEDEMONSTRATED LASINGUNDEROPTICAL PUMI
PROBLEM THAT NEEDSTOBE SOLVEDINTHE LASERDEVICES BECAUS
RELATIVELY LOW CURREWTIDEQNSUBE SERIOUSDETERIORATIONOFTH
ANDINCREASETHE THRESHOLD CURRENTDENSITY &0RTHE PEROVS
*OULE HEATING MIGHT MAINLY ORIGINFROMTHE POORC CONDUCTIVIT
LAYERS ANDHIGHCONTACTRESISTANCEBETWEEN ADJACENTLAYER
INJECTION BARRIERS AND THEDIFFERENCESINCARRIER MOBILITIES
IMBALANCED INJECTIONAND RECOMBINATIONOFELECTRONSANDHC
CANUSUALLYBE OBSERVED AT HIEBS5CURRENGCPERECIOMB|NATION A
NONRADIATIVEPROCESS WASPROVED ASONE SOURCE OF EXTERNAL
WILLBECOME THE MAINCOMPETITORWITHPOPULATIONINVERSION A
PUMPED PEROVSKITEHRABENGRE THEEFFICIENTINJECTION AND REC!
ISSUES THATNEED TOBE ADDRESSED FORELECTRICALLY PUMPED PE
LASINGLIGHT ANDPHONONSOFTHENONRADIATIVERECOMBINATION
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#IRCULARLY POLARIZED EMISSIONOFPEROVSKITELIG!

90UNG (OONNDMATTHEW # "EARD

-ATERIALS #HEMICAL #OMPUTATIONAL 3CIENCES .ATIONAL 2ENEW
STATES OFIMERICA

$EPARTMENT OF % NERGY %NGINEERING (ANYANGS5NIVERSITY 3EO

3TATUS
SINCEERREPORTED THE FIRSTBRIGHT PEROVSKITELIGHT EMITTING
EXTERNAL QUANTUM=EF FICRE\REE NoBRESSIONORNEAR INFRARED EMI
;= OE, %$S HAVE GROWN DRAMATHCALIFPRONDPARDIETEID B P®LYCR
FILMS AND FROMCOLLOIDAL PERONMEKIMMB N¢BO THE RAPID GROWT
OE,%$S OE,%$S WHICHCANEMITCIRCULARLY POLARIZEDLIGHT #0,
BECAUSEPOLARIZED LIGHT CANBE APPLIEDTO VARIOUSTECHNOLOC
QUANTUM COMRBURINRE,CIALLY #0, EMITTING FROMHALIDE PEROVSKI
NARROWEMISSIONLISNEWM TAHNRZRWI-DE CCLORNG2EMUT STANDARD W
HIGHO, EFFICIENCY AFFORDEDBY THE SYNTHES I8 DIFZE LRV DDAH. NHAR
POTENTIAL OF #0, EMITTING OE,%$SINDEMONSTRATIONOF T THREE D
VIRTUAL REALITY 62 AUGMENTED REALITY !'2 ANDESTENDED REAL
)N 7TANGBEMONSTRATED THEFIRSTCIRCULARLY POLARIZED EL
FROMMETHYLAMMONIUMLEAD BROMIDE FILMSINOE,%$SBY INJECTII
METALLIC FERROMAGINEETUECARODES AT +UNDER MAGNETJC#FIELD
OE,%$S ACHIEDWEmMO LARIZATIO N BWRIEE %W ALCULATED USING THE

Ovo o= LEFTDRIGHT
O Y e dRricHT
W HBRBNR cARE THE %, INTENSITIES OF LEFT ANDRIGHT #0, RESPEC
DEMONSTRATED THATOE,%$S CANHAVETHE POTENTIALTO EMIT #0,
)N +BVrf REPORTED THE FIRST #0 %, OF ANY TYPE THAT OPERATE
EXTERNAL MAGNETIC FIELDS ORFERROMAGMETRAMEWAOL CTIANETNAST DN .
METALHALIDEPEROVSKITES WHICHINCORPORATECHIRAL ORGANIC
> SPIN POLARIZED HOLE CURRENTINJECTEDINTO ANON CHIRAL
SPINSELECTIVITY #)33 EFFECT 4HE SPIN ORIENTATIONAND RESUL
HANDEDNESSOFTHE CHIRALORGANICMOLECULES 4HE RESULTING ¢
NON CHIRALMETAL HALIDEPEROVSKITE . # EMITTING LAYER AND SUB
ELECTRONSWITHPROPERLY ALIGNED S&jNeDIRE GHIBMO B IATT RND@H0
TEMPERATUREWITHOUTEXTERNAL MAGNETICFIELDSORFERROMAG
INFUTURE $ HOLOGRAM 62 !2 82 DISPLAYSWHICHCANVISUALIZE M|
USING #0,

#URRENTAND FUTURE CHALLENGES
4HE MOSTIMPORTANT FACTOR THAT DETER MJN & SLPTEHFROAOR-MHAINGEGHE © F
SPIN POLARIZED CHARGE CARRIERS SWHRPEONARCZEDION EHFE IEEM ENIC
OE,%$S THROUGH THE #)33 EFFBG.ES THEWB|ZHISHORVEEBDLOW THAT OF
,%$S BASED ON'AIS MULTI QUANTQ M oW ELLTEHMITC ONNGT BKANERDESIRAB
ELEMEN¥G:¢n% NOE,%$SISDIRECTLY RELATEDTO T THE RATIOOFTHE S
LIFETIMESArRrRiEr= WHICHINDICATES THATLIGHT EMITTING MATERIAL
LIFETIMECOMPARABLETO T THELUMINESCENCELIFETIMEIN ORDER T(
PEROVSKITE .#S ARE REPORTBEDPISONMHAYCH IS MNUCHESHMETER THAN TH|

n NS ;= LIMITIMGANBDE,%$S ATROOMTEMPERATURE

I!SECOND CHALLENGEISTOENHANCE THE %1% O FO#4Q.%L UH QABSHM N
PREVIOUSLITERATURGQRGEBWEMAMNORENSEBD XED HALIDE ON THE .# EMI
INCREASE THE SPINTHEERHEBEBLTING %1% WASLIMITED DUETO ION MIC
PEROVSKITEPOLYCRYSTALLINEFILMS ANDEMITTING PEROVSKITE .#
OE,%$S %1% ; =

OOORDEVICE STABILITY OF #0 %, OE,%$S SHOULD ALSOBE ADDRES
"ECAUSE HALIDEPEROVSKITES AREFORMED INBRITTLEIONICBONDI
EASILYUPON EXPOSURETOJOULEHEATINGDURINGDEVICEOPERATI
&URTHERMORE IONMIGRATIONACCELERATED UPONELECTRICFIELL
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AND INCREASETHE SPINLIFETIME #ONTRODLMNE® E KCN-MONNDBHR D I DN B SE
= ALSOINFLUENCETHE SPINLIFETIMEANDTHUS CANINCREASE SP
&URTHERMORE INSPIREDBY THEDEVELOPMENTOF #0 %, ORGANIC
ASSEMBLED PEROVSKITE . #SINEMITTIR& LBYEECEN FIWE TSHER MNERR E
BIREFRINGENCEINTHE EMITTING LAYERS WHICHALIGNTHE LUMINES
MEDIUM ORBY ADDITIONAL SPINSELECTIONINTHEEMITTING LAYERS
METHODS IMBEDDING .#INTOCHIRALORGANICHOST MATRIX G
NANOHELICES ORCHERALINEMRPORATING CHIRALORGANIC AMMON [
PEROVSKITECRYSTALSORASASHELLMATERIAKOURTHERERBY SWETE
THAT #0 %, CANBE ENHANCED BY ADHERING CHIRALORGANICLIGAND

@ncl udi ngrenar ks

JNADDITIONTO THEUNPRECEDENTEDLY FASTGROWTHOF %1% INOE,
LIGHT EMITTING SOURCE OF #0, DUETO THEIR CHEMICAL TUNABILITY
ANALOGY WITHINORGANIC SPIN ,%%$S BASED ON 'A!S BASEDLIGHT EMN
RESULTOFLIGHT SCATTERINGINTHE CHIRALEMITTING MEDIUM WE
STRATEGIESTO FURJTH.ER INCREASENGIEPIN LIFETIMEINTHE EMITTIN
CHIRALORHELICALASSEMBLY OF PEROVSKITESINTHEEMITTING LAY
THE POSSIBILITYOFOE,%$SINFUTUREDISPLAYS INFORMATIONSTO

Cataavai | abi | ity st at enent
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