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organiperovskitthin-filniEhron glpreciseon trod £
thperovskitgro wilond itionthep acinglicte ro ge -
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hund redanomete tseverdund redhicrofibe
crystallineegionsurroundinghesaucleieroundo

com priselusternhighly-orientedrystall omainexceed -
ing00 pmialiamete#Howerermd ene fici asborrela tion
wadoundetweenthe iz ofh esevell-orientedrain-clos-
temndhoptoelectro niperform andibio rmation

othp crovskitmicrostructuréea turesharacteristios £
bothlassical ndon-classicajrowtlnechanismiEhe
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INTRODUCTION
Sincdirsteported 1] solution-processedhybridbrganic-
inorganigerovskitehavegameredignificanittentionin
gangeburgeoningechnologicafieldinitiadtudies

intoorganic-inorganiperovskitecenteredtheinppli-
catioinhin-filmransistorangenerallyxploredhe
synthesiandharacterizatiombighly-orderediwo-di-
mensionaperovskitanateriald2 Theeabxpansiomf
thaesearclareahoweverwadriverbstudiedntoper-
ovskite-basedhotovoltaicandheipotentiabptoelec-
troniapplicationdgusseveryearsthehampioreffi-
cienciefomperovskite-basedsolarcell haveisenfromap-
proximatelyd%{3 |tovaluesxceedin @ 0% 4] Thisapid
ascensioniperforman cdunprecedentednhdieldf
photovolmicandplaceperovskitsolamelbfficiencieson
pamwiththe ommerciainulti-crystallinesiliconandCdT e
technologiesFurthermorehybridrganic-inorganiper-
ovskitehavalsbeerpromotedpromisingnaterials
fotight-emittingliode{ LEDshndnemonapplications
[5-7|Therarmoteworthishortcomin gassociatedvith
suchybridrganic-inorganiperovskitenaterial§8,9],
butheioptoelectroniperformancalondsufficiento
suggestbrighfuturdoperovskite-basedipplications.
Onothdrequentlioutedenefi ts ohybridrganic-
inorganiperovskite stheinmen abilitgosolutiopro-
cessing 10[Thiattributenapotentiallpermireduc-
tiomahotliabricatiom ostandnergyon sumption
duringnanufacturingrocessesasvehallowingon
highethroughpufeversttudiehavdulforusedn
thprocessabilitoferovskite-basednaterial syesearch-
ingheidepositionhroughrarietpfrintingnedia
[11 Howevertimportantmotdhatheleposition
ofhgerovskitprecursosolutionin extricabljinked
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tdheesultingnateriamorphologhdanptheapid
advancementinthareaperovskite-basedphotovoltaics
areessentiallydudothabiliytocon trothematerdalmor-
phologendnhapplicatiomfrocessingechniques
thatreapabloproducinglesirablahin-filnperovskite
structureswithoptimizedropertieSuccessfiulleposi-
tiontechniquehavdncludedwo-ste 12,13 solvenen-
gineering 14,15 |gas-assisted 16| solvent-solvenextrac-
tion17hot-castingnethod 18landracuuntlash-as-
sistednethodd 19 im amefewhlan wiheséabri-
catiommethodresulirsimilamicrostructuresal though
therarsubtldifferenceimhmucleatiomndrowth
mechanismareachcaselphizegardghoroughunder-
standingfnucleatiomn drrowthkineticd dmperativeo
thdormatiomhigh-performin gerovskitahin -films,
Modificationtdhéeterogeneounudeatiomatand
crystgrowtlynamidsavproducedin teresting
rangefierovskitthin-filmmicrostructuréEhewo
moswidelpdoptednicrostructurearéhplanasnd
mesoscopimorphologidon-conventiondkxtured
perovskitetructurehavbeedemonstratelpoth
one-step20hn dwo-stefp2l methodsindavbesn
shownteexhibienhancedightabsorptiommndharge ex-
tractiopropertisnnafmoimportant
connectionbetweethperovskitmicrostructurend
thoptoelectroniperformancearguablyelateddhe
perovskitgraisizendhargéransport/recombination
kinetiSevergtudiehaveevealedlearorrelations
betweetiperovskimicrostructureharge-carrier
maobilitieandharge -carretifetimesimplyinghatarge
perovskiterystalwithbowdensitofraitboundaries
aradvantageouk??-2 Ffhesindingarike ep-
ingvithheelativehigmobilitieandovwrap-state
densitiedservadn gle cry stakganic-inorganic
perovskitel2 fhccordancevithhesdiscoveries,
numercustudiehavdookeddnereasthsizeofrys-
tallingrainsvithintheerovskitdayeimrdetdolster
thevpteelectronidun ctional inofhamaterial.
Theresenstudgxplorethaucleationndrystal
growthdynamicthade finghdormatiombybridr-
ganic-inorganiperovskitehin-filmByontrollinghe
supersaturatiomatoperovskitsolutionswarabléo
accuratelycon trotheaveragedensityofiucleatiorsites as
welbthaizofrystallinee gionandhen suingrys-
tamorphologyCharacterizationebothth perovskite
materidndfinctionphotovol tziassemblye-
veathathperovskitenateriatatbgrownn tdarge
(100 pm polycrystallingrain -clusteruildingrthese
experimentalnsightswddentifiedlementoboticlas-
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sicllaMedynamicandon-classicabriented-attach-
menmechanismthatccoun tedothdormatiomthe
solution-processederovskitdayer.

EXPERIMENTABECTION

Materialsynthesis
Unlesstherwisspecifiediinaterialwerpurchased

fromith et [fA esaefigma- Aldrichndseds

receipdro-OMeT AT2,2 7.7 -tetrakis( NN -di-p-
meth-oxyphenylamine)-9,9-spirobifl uorengssr-
chasedroni uminescencd echnologCorftH SNH,I
wapreparedsingreviouslyeportednethodls ).

Thd8 nii0 , nanoparticlpastéCCIChsedthe

solacelll evicesvaslilutedrethanol1 :&rol prioto

spin-coating.

Perovskitd¢hin-filnfabrication
Perovskitehin-filnwerformedTi0
orine-dopeaimid#F T O)-glasabstrifhe
FTO-glasmbstratewere eanedsingy ree-stage
sonicatiomp rocesirhellman exwatenn dthanoThe

dendFi0 . layerdormebspragyrolysif
bis(isopropoxide)-bis(acetylacetonate)titanium (I'¥plu-
tiom&00° (hsin grrutomatedil tra - sonisprayjozzle
(SonoTec)Ti0 ;-coatedFTO-glassubstratesverauinto
rectanglesdp proximatel20 mm x 12.5 mriThélms
wertreatedising!V-ozoneyste i () miprior
tdilmdepositioTheperovskitpre cursogolutiomvas
formetmixingtoichiometriamoun taf H sNH.I
and’bl ; imombinatiowimeth yulfoxidd DMSO)

and N-methyl-2-pyrrolidonéNMB)7:3 vivifiorm

[ 46vt.% boncentratiomsol utiord lothgerovskite
precursosclutionvasppliedahsurfacefheub-

scoateflu-

stratpriotepin-coatinfhél mwerapin-coated

usingwo-stagprocesd:00Gpokod ssingme-
celerationflépm thed Mprio B0 msing
amcceleration® 008pns Poth¥{5vind
lmahgaflowaintrod uced frenpproximately
20dntahspin-coatingtepandustainedo28 drthe
high-velocitflowasand 0 imhkow-velocitflow
casehlfilmweranneal edid 00" Eod 0 minpnless
otherwisspecified ha{Sindlen dritefilmwere

ann ealedin coveredwithin » filledtlovebodhad

andfilmweranneal edvithinglaspetrlishyith
hlofdditionald MSO:NMHEZT 3 vivilepositedvithin
thepetrilistoghdfilmThdilmsvereemovedrom
thepetridishan dplacedlirecthonthéhot plateoncahey
hadullplackened.
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Materialand ptoele ctronicharacterization
Opticanicrograpimagewereapturedisingdikon
Eclipsd V100 OlsystemScann ingelectrommicroscopy
(SEMprofi les werperformedisingFEMagellanl 00
FE(microscopbmag ewereapturedisingmccel-
eratingotentiah§ KéndeammurrentEpA.

T ransmissioalectromicroscopfTE Mgamplewere
preparedmhirarbogridandmagedising EOL
2100FEG-TEMwithaGatard Tltrascancamerapperated
a00  kMcceleratingotentidwrdetoninimize
possibHectrobeam-inducadtefactaesead

low-dosT EMmagingonditionvithelectronlose
ratof B
ageserperformedisingronfocatnicroscopaystem

{WIT ecalpha30o Rwitl60 xandl 00 objectivdend N A
=09 mmbientonditionsTheperovskitsamplesvere
excitedisin§32 noasesourcéiWindample
translatiomwaperformedisingpiezo-crystabontrolled
scanningtagel ime -resolved® Imeasuremen torfilms
werperformedsingidinburgh strumentktd.
FL5PY2fime-correl atesinglphotomuntingl'C-
SPCipectrometerincorporatinglés nnpulsedliode
laserwithe- 10(ppulsavidtlandlaseirmdiancef
~4pWem  “pthexcitatiomourc¥ -radiffraction
(XRDperovskitsamplewerprepareddiO

FT O-glassubstrateandnalyzedisingd PH ASER
(BrukdZorh! ¥ -~vigpectroscopwaserformed
usingPerkinElmefambd®500V/ VIS/NI Bpectrom-
etdncperimen twerealibratedsing i s-coated
FTO-glassubstrate.

? 5" Photoluminescencd PLinappingm-

z-coated

Solaxelfabrication

TiO-coal@BO - glanb straspetovskite
thin-filmwergpreparedstatedbovélhdiole-trans-
portinlgyergre paredfe positinglution
formedvdissolving0 mpipiro-OMeT AGS0GHL
ofhlorobenzenewith?. Sallithinnbis(trifluoromethyl-
sulphonylimidéncetonitrilé500 mgml'ind6.88
s tert-butylpyridi msdditivetirecthiine
perovskitmrfiBbepiro- OMe T ABolutiowas

spin-coated il O8prfodl withmcceleratiomf

3008pm A0 nngoldlectrodsvathemvapo-
ratedin tahelevices.
Solameltharacterization

Current-voltageharacterizationvaperformedising
solasimulatof Orel fittedvithiil tered 000 Wienon
lampaeplicated M 1.5] EWm ™ conditionThdlu-
minatiomfhdightourcevagalibratedisingsilicon
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referenceellPeccelT echnologiesvitlolofilteto
minimiz¢hspectralhismatchetweethealibration
diodendhgerovskitaolacell he J-V responsavas
recordedisingleithle 408ourceneteTheolar
cellsvereaskedvithnon-reflectivanetabperturof

0.16cm’ thatlefinedhectivaremfhaevicelncident
photon-to-currenefficiencyIP CEneasarementwere
performedising 50 Vienodami Orielfitte dvith
monochromatofComerston@6Whélumination
spot-sizeadigh theahathi 16 cm® aperture.
IPCEhotocurrentwereecordedndashort-circait
conditiomasineithledd (ouramefFhe
monochromatiphotorflosvasguantified  via acalibrated
siliconellPeccell’echnologiebhtensity-modulated
photovoltagepectroscopfl MV $heasurementwere
performedisingd3s  nmdioddlluminatiomourcepow -
erednd P21 (potentiostatAnA TperturbatiomES%
ofthsteady-statdntensitywasisedanod ulatehaliode
illuminatiomource?ahn efen niu nelectroch emical
workstation ECWIMéwausechsfrequencyesponse
analyzerand MVimeasuremen twergerformedrthe
S500kH#30  HirequencrangReslndmaginary
photovoltagdataveranal yzedisingievequivalent
circuimodellin goftward Scribner).

RESULTSANIDISCUSSION

Controllingnucleatiomndgrowth
Withimolution-processedybridrganic-inorganiper -
ovskitefundamentadontratfiperovskiterystal
growtkschievedrgel bregulatinghdensitpf
nudeandhaoncentratiomtherecursosolutionSo-
lution-processedrganic-inorganiperovskitthin-films
archaracterizedin trinsicallfovnucleatiomatesand
ifmperativtacceleratheatalfieterogeneous
nudleatioimrderestablisleompactaterialayer
[12Therarsubtl differenceithovhiiachieved
fodifferenperovskitenaterial howev erwpostulate
thatheverridingheorpresentedh ereinimpplicablao
alkolution-processedhybridnorganic -organiperovskite
filminhistudythdocubabeemnhéormation

afveth ylammoniurdeathi-iodidéCH sMNH;Pblie.,
MAPHL fromsolutionbubthesystemhavalsdeen
examinedisproofifoncep tThdasidabricatiomsteps
useddormtherariouperovskitmicrostructureana-
lyzednhistudwrehownFigldl hesstepwere
usedgproducdivdifferen perovskitenicrostructures:
perovskitelendrites,asshowninFigl b,anduniform
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Figure 1 {afchematizepresentatiomfhgperovakitahin- filmfabri-
catiorpre ceslThprocesizoughlyivide dntdhrest age flefto
right)thele positio mfhgerovskitgpre cusosolutionthapin-coat -
ingpd hsolutionandhe nne ding fhdilmThaesultingerovskite
microstri: turenth dend ritesL M n & film srahowrinthe

opticanicroscopimagedb—frespect ivelyOp ticsln icrographay ere
take doiransm issio mod andhpero vsld vl mw erdormedin

Ti0;-coatedFTO-glassubstrates.

plangrerovskitklmsom prisingrgd jnedium
(MkmaliSin dxtra-smalXSdrystallineegions,
ashowmespectivel Figc-Aovt. I APBI
precursosolutiofprmedyissolvingtoichiometric
amounishethylammonivmodidgd ABnlkad
iodidéPbl  JuiDMSONMRET:3 vivivarseddorm
tha{APHl , filnEhperovskiteolutiomamitially
cagint®@io coatelTO-glassubstratanthen
spin-coatedd 000pntgpromotsol venevaporation.
Intheasefhalendritdilmthspin-coatingrrocedure
waperformedvitmadditionadte fRothEM,
Andfilmmitrogegall owanseddurther
acceleratevaporatiomth DM SO/ NMRBolventaper
theras-assistedabricationmethod16] Thexiaperture
othgaflowrasariedprodu carelativebhigh-ve-
locitflowfotheasathe{Silmandcomparatively
low-velocitflovforhibin&ilmPhotographs
othdifferentas-coatedfilmarshowmf 1.

T dullyemovehsolventngromotenicrostructure
developmenthas-coatefilmwerthemnnealedt
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100° Gritrogen-filledlovebofndurationf
10mimndethéollowingxperimentat onditionthe
dendrites{5ndilmsveralhnnealedrhot-plate
irthmitrogemtmospherevithoutnyoverTh dviilm
wasnnealedmhot-platénsideglaspetri-dishantil
thfilmturnedlackwhicstagiwaremovedrom
thpetri-dishnglacedirectlpnhbot-plat®he
Ihlnwaplacednsidglaspetri-dishlongrithn
additional plofheé:3 vivIDMSO:NMBolventwhich
washeplacedhbot platéincegaimvhethe
filmturnedlacktraremovedronthelaspetri-dish
andlacedlirectlprthéhot-plate.

Theesultindilms{Fig fomprisedrangofiucle-
atiomensitiesan dnateriamicrostructure dnth e asof
thelendrite{Figbkhaucleationlensitifovand
thmucleationitearapproximate 00 pm-1 moepart
withthamateriaFormingntodistinctiveneedle - likestruc-
turedhplanaperovskitenorphologied Mand
X BlmEFipr-fihovn creasedmc leationlensity
withth eucleationit espacedyd00 pmd0 s
2pmandS00  nmrpespectivelyThaliameteroftherys-
tallinareagrowingronth esmucleationitearap-
proximatelyequivalen tothepacinglistanceetweemnu-
cleatiorsitesSEMmageofhegmistructuravithirthe
X HlrerpresentediFigh Thaverag graindiam-
etef<500 nmvithinh& fhin -filmispproximately
equivalentdhosaeportedprevioushfofilmproduced
via gas-assistedindolvent-engineeringabricatiormeth-
odd15,16[ThdargestrystallineegiondepictednFig,
lardnexcesofl 00 pm{Figlc)Althoughprevioustud-
iehavaeportedimilamicrostructuresisinghot-cast-
ingechniquestl 70°(J18] fathédesobuknowledge
thisthfirstimahathitypofarggraimmorphol-
oghabeerproducedisingrelativel fow-temperature
(2007 Cprocess.

Thmajodrivertteesul tingueleatioden-
sigmgerovskitenorpholo gisachasdnked
teupersaturatiomthperovskitprecursosolution.
Nudeatiomsnlgxpectedoccuwh ettheolu tion
reachesu persaturation4 statedreviouslytheprimary
aimthappliedas-floweevaporateheolvent
andncreasehd I APbHI , concentrationmolutioThis
evaporatioprocedmrgelpovern elghboiling
pointtheolventndharelocitpthgas-flowlhe
subsequemnnealingrocedurthe removethee -
maindeotheolventvithighéilm eavingnlthe
precipitatedrerovskitsolut@ herefordtpossibleo
contraheesultingerovskitmicrostruct urkse g-
ulatinghemountfolventemovedlurin pothihe
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gas-blowingndnnealingtepdihanethodiepicted
ifigatheolventapopressurethatmosphere
surroundinghdilmwamodifiedmordetaontrothe
solvenevaporatiomateThevaporatiomratdselatively
higlwhenha ncovered 00° @l niexposedirectly
tehid  ; atmospherandhisvaporatiomateatre
reducedhrou ghhesafwealegetri-diskrith
additionatolven&omparablmethodéontrolling
theolvenevapomtiomatdthrouglregulatin gheem-
peraturethannealingproceskigilemonstrates
thagimilarontrobfheuc eationdynamicgatve
achieveth roughdjustinghirot-platemperature
betweerr(*Gand 10°CFurth ermorethlinbetween
theolven evaporatiorateandh mucleatiokin eticds
applicablemthezolution-processegerovskiteompo-
sition ThopticamicrograpimagesFigdands
illustratethathaucleationdensitimolution-processed
methylammoniunkeadromidendnixednion/cation
perovskitlmeanlsbeon trolledpdjustin phe
solvendvaporatiomafFhesebservationseveah e
broadpplicabilitpfontrollingha uceatiomensity
byuninghaoluticrsupersaturatiomatdmrarietypf
perovskitdhin-films.
Previoustudieslaimethatimilamicrostroctures
producedhot-castingnethodsomprissinglgrains
thabavdiametermexcesai() pril 8,2 Zhef-
fectivavapiestinghifhypothesisbromparinghe
crystallographicompositioménndividuag raimsing
TEMTEMmagewertakedodowucleationlen-
sitylargerystalline-regiomln{Fighdestwhether
theslrgerystallinareasomprisainglgraims
habeemeportegrevioushiChdilmweréormedn
garbon-coated EMridishowhfheetlectance
modepticamicroscopamagaFigabright-field
imagethd APbI s filmwithimnethtargerys-
tallizedegionipresen tediFigEighdiffraction
patternweracquiredromeparateegionsvithirihis
bright-fieldremrdetmapherystabrientation
ofachrespectiveegio T heomrespondin gliffraction
patterarg resentedfiglc-jwiththeegiomumber
showmtheopight-han dom esfachliffraction
patternThanossignifican piecaoinformatiomderived
fromthaiffractiorpatterndthatheighregionshare
similaery stallographiorentationl 10highlighted
biheommonpacingtheiffractiompot{ Fig6),
althoughhEMmapgeFighhowaleapoly-
crystallinamicrostructureHoweverwithireaclseparate
regiotherystalnisitherotated ightlihe
substratplanotiltedrelativetothesubstratmormal.
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Figure 2 (aDptcainicroscopimagethperovskitilmgde-
positedsthearb ol EMerid bl EMbrigh fieldm agedhper-
ovskitail mshownina ) These lect rearead iffra ciio npatte rngpresented
Inmaged c—j porrespo ndoh circe dre sdnd exe dithdrighfield

i ageEsc hmage dredd enoted thanumb einthatopight-kand
cornepthdiffrac tiorpatte riTh FEMifractio ppat ternalie -
scribahef 1 10 Facetashow iiFif Sndidentfiegreviewsly,

withthed iffere nelimum ento fhgat termndhadiffe ringpotntens-
tiebeingludarystatotatiomndilting.
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Thesslighthangemrystallographiorientatiode -
tweemeighboringrystallinamitaccounfothaninor
rotatiomtheiffractiopattermsvelbth ehanging
intensitpindividualliffractionpotfFurthermorethe
splittingn droadeningfliffractionpotfe.g Figd)
providevidencdomultiplerystalsbein gpresentwithin
thenndiffractiomegion.
Fromheseesultthlrgerystallinareaformed
undelvwmucleationondition{Fipjaheon -
cludeddvpolycrystallinegn dlmotomprissingle
graifiivenhatheshrgerystallinareasomprise
clusterofimilarhorientedlomain sthewrhenceforth
referredmperovskité grain-clusters " Thisonclusion
ifurthesubstantiated EMmag esyhichlepict
500 nngraingsellrevealingleadomaibound -
aridsetweenry stalegi onSHE heimilar
geometriesxhibitedmeighboring rystaomain {Fig.
S7peflecthsimilarlwrientediaturethperovskite
grainwithinhirelativelfarpgrain-clustei hitin
contrastahgoorly-orente® BlniFig2 where
therin aleaprientatiomelationshiptheurface
fringebetweem eighboringrminindeedhersav-
idencedomaiboundariewithim ot -casBlmgFig.
S8)implyinghasimilamicrostructureproducedising
alternativamethodalsaomprisanultiples 00
grainand othd 00 pminglerystagdrainshat
havbeexlaimedrevioushil 8W suspecthafilms
formedndenot-castingond itionsharthei milar
preferentiabrientedrrowttmechanismihasraevealed
inthpresenstudfronbotiTEMiffractiopatterns
(Figknd EMHarliel dmage§ Fi 9Hencethe
larggrrainobservedmpticalnicroscopdmagesppear
tdbvanerelrlusterofimilarly-orientedrystadomains
rathethamniformsinglerystals.

nnsized

Nucleatiomnderowthmodels
Nucleatiomngrowthnolutionghiefldeterminghe
particlsizandnorphologwofnaterialsandhespro-
cesseargovernedrpothh ermodynamiandinetic
factorBase dwexistingxperimen tansigh tintdhe
nucleatiomngrowtkineticofolution-processediy-
bridrganic-inorganicperovskitesiipossibldéopropose
anucleatiorandrrow thmodebvhichformalizeghesstab-
lishmenothesgperovskitanicrostructureshthdeart
ofhigrowttmodeithdnitisformatiombieteroge-
neounucleatiomitesmtheolution/substratdnterfacel t
ismportantagaintresthantrinsicalbfovheteroge-
neoumnucleatiomratecharacteristiohybridrganic-in -
organiperovskitsolutiondnthabsencofiudeation
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controltheelativelhigherystafrowtlrateendemido
thiclasoperovskitsolutiornevitabljeaddhpoor
surfaceoveragethanderlyingubstratbhize-
gardxarefubalan cérequiredetweenthaucleation
andrrowtlratesThelassicalaM exurvd 28 [ Figia)
describethmucleatiomrndrowtlkineticofolutions,
largelpdunctiomtheolu tiomupersaturationan d
relatedirectitahgrowtloperovskitghin-filmsThe
curvadypicalhdividedn tahreaegionselatin gofl)
thdnitialncreasdncon centratiomfhsolution {ITthe

Huchaalion 5
______________________ e
A —— .. - = G“l-l

g N Larga grain

- M clusber

1 e

______________ ——————
;§ [ AP |
|
Grorth by
diffusian
I [N 11

-
- Micleation

Grain »
clistars

Rale
Chisier sage

-
-

Degree of supersaturation

Figure 3 Nudeatiomndirowthn odelosedad escribahaelation-
shifee tweenthaolutionco noen trat o mnd ha wcleationde nsita )
Thelassic sl aM erurvg 28 fividetherystaprowthnteiistinct
phasesThesahrephaseargre sentedoth Sredrace) [ purple
traceanadendritedgre yrace flmase duthgpresenstudinhe

firsplas{l iathsolventvaporatesthaoncentratio urvarosses
theshtselubiligdimif  Ciendspproachesupersaturationl ntheec-
ondhasd [Ntheoltioreac hesupersaturationandhe nauingu-
cleationdensitppro portionstah ere s nde thaeurvenclose de-
tweenthaninimun — Cmepndnaimun O pe bupersaturatiodimits
Intht hirdphasd I ither once ntra tionou rven ove be lovt hsuper -
saturationminimuman dheprecpitationofol utanateriabringabout
durthedecressdnthsolution once ntrationbT heucleation red
traceangrowthbludracerat easun tion fhaupersaturation
degrecandvowthithend et erminethgrain-custesizddashedblack
trace Tlspe nomisprogressiomtheudestionndrow thates,
asfuncticnofhsupe saturationhadeenwy elbstablishediprevious
studief4s].
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formatiomfiucleatheoncentratioreachesupersat-
urationand 11 theubsequentrystafrowtmecompa-
niedweductionnolutiomoncentratioT heom-
petitiorbetweemucl eatiomn drrowtlkin eticdsfunc-
tiomfheolutiomupersaturatiomndargelWetermin es
theesultingizofac krystallineegior Figibln
thepresenstudythdegreatheolutionsu persatura-
tiomroadldictateshelensitpfincleationiteform-
ingtheubstrate/solutionnterfacel hpurposothe
M. gaflovirthgas-assistedpin coatingnethodso
acceleratevaporatiomthaoclventshorteningh éime
fothsolutionaeacksupersaturatiormn dnain taining
theoluticrimtatefupersaturatiofodongedu-
ratiodredracefigaltamlsbringheclution
closadhgoin pEupersaturationpurplarace Figia)
followedamnnealin gprocestopusttheolutioninto
statedupersaturatio®othheegremfupersatu-
ratioren dheduratiorthath solutiorisupersaturated
definghmumbenndhaizoinitishucleithsolu-
tionH eteroge neousmucleatiomocuronthe 0
Thesmuclethepgrovthrougholutprecipitationntil
thigrrowthdmpingediporbwmeighboringrainsEffec-
tiveontrobfheclutiomu persaturationtherimary
methodprhicltheesultingerovskitmicrostructure
isblédbeontrolledshoul batressedhatlper-
ovskiterystaformatiorhappendnthepresencefolvent
onthsubstratephichisrad uallremove duringlrying
andnnealingAthipointtherystaf minprecipitate
amesulpfupersaturatiorithgrecursosol ntiomn
thsubstrateandherefordheonditionfodaMerrys-
taformatiomrdulfi  1led.

Tiw stpproximationheassicilaMemnirve
[28providesatisfactordescriptiomfiucleatiomnd
growthinetidmolution-processegderovskiteys-
temEime-lapsepticanicroscopemagefFigl )
accuratebrapturehpoinefiucleationndhensu-
ingry stfrowtlresultinghlnrggrain clusters
seeiFifdowevemlassicalnodeldictatehat
growthndolutprecipitatiowilominateftethe
initishu cleationtapandn ewucleationitewill
formnlestheolutiongaipeachesupersaturation.

T himdthatbn rgerystallinee gionseeifig,
1constitutel ust eraf ell-orien tegrainm steadf
mono-crystallindomainindicateshatlassicanodels
aloneannotccounfothgrowtlofolution-processed
hybrigerovskitthin-film¥on-classicatheoriede-
scribingriented-attachmerd 29 -3 grovidetter
accoundtheubsequengrowtbthevell-oriented,
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polycrystallingrain-clustedindethiinterpretation,
solution-basathnopartickgglomeratesapable
ofnchoringexistinperovskiterystalandhifting
theirrystallographiorientatioinrdetmin imize
theurfacreenergPrevioustudiehaveeported
theurfacenergyeductionassociatedvitithstrong
surfacadsorptiomharacteristicobriented-attachment
mechanism§32,3 Ariented-attachmenprocesseap-
peat daonsistenwitithevell-orientedpolycrystalline
microstructuresbservednhistudyal thoughheris
currenthonhlimitedvidencasuggesthaparticlag-
glomeratesxistwithinthsolutionpriotdilmformation
[34,35|Therdzl sestrongvidencesuggesthainter-
mediatphaseand ewis-basedductplagprofound
rolétherystallizationlynamicefrganic-inorganic
perovskite-basedilm§36,37].

Previoumsnalysidrge- graihybridrganic-inor -
ganigerovskigrowtinechanismisasevealethe
formatiow¥ olmer-W ebbetikéislandsv hiclemerge
fromwentrahucleatiomitd? 7] hesdslan dgrown
wadiafashionhroughadatom- adatominteraction suntil
theigrowtliEmpinged pobmeighborin gland,
resultingmiistinctivé’ oronopolygommicrostructure.
Howeveclassicat om-mediategrowtinodelre
unablésatisfactorilexplaithpolycrystallinenature
dfwesul tinperovskitmicrostructumebserveih
thpresemvofkolycrystallinmicrostructurehave
similarlpeembservedybridrganic-inorganiper-
ovskitedendritefl 6,2 5Hespittheomparative Jow
heterogeneounudeatiomateddtherecenstudiehave
alsrevealelighly-orientedrowthferovskitdo-
mainwithisdendritimorphologie§3 8 involvin ghe
growthmechanismassociatedvitlperovskiteendrites
thatp peatbe eryimilatthoseutlinedbove.
Comparisonbetweerthgrowtloplanasndlendritic
perovskimorphologiasdiscussefhirthdihe
Supportingnformatiof Fighl in&12Givernhese
observationsitunlikel thaperovskit¢hin-filmsvith
singlerystallingrainirexcesafl HOEATDEr oW
directliromolutionpon trassritthformation
ofillimeter-sizperovskiteinglerystalimolutions,
whergrainardregdounderge quiaxedrowtt{ 26,349].
Increasin ghin -plandimensionsindividugrains
ith ifilmmighiibe stchievethroughdstwald
ripeningechanismi () th oughven
mechanismtheesultingraidiamet emmaytilie
restricted mpproximatelyonlythree-timeshdilnthick-
nes§41].

via ripening
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Materiatharacterization
Onethdeweporteditiributefodarg eperovskitesin-
glerystaliweductionnthdensitpparasititrap
stated 26 [Areffectivanethodombservinghaelative
influen cafraptatenthoptoelectroniperforman ce
ighroughnalyzingh® IresponsofmaterialV ithin
thepristingerovskit @il marel ativelfow hargdnjec-
tiodevelsfree-carriersraypicalhlimitedaecombin-
inghrougheitheradiativiimolecul aonon-radiative
trap-mediated-hannelsTheelativd’lintensitprovides
arndicatiomfhproportiomtharge - carriersecom-
bininghrougleachespectivehan nellmapothe
XSSMEndgrain-clusterarshowniFiga-dre-
spectivelyRegionofontrastingntensitbetweemeigh -
boringrainandrrain-clustersarbelearhseenrthe
PImapsaidentifiedrevioushi2 5,42 Firstlyitim-
portantmotdhalifferingntensityscaleforachimage
irFipfT halifferentcaledoeac P limagaeveathat
thelsignalvomparativelstrongeirthé $ilmn d
significantlweakeinhévbndgrain-clustersThize-
sultalsaeflectedtha ormalize PImapyFigh13).

Wi ithirth & Figlbxnad\{ Figlcprain lustersthe
highesobservedlintensitienccumvithirtherelatively

0.6 x 10° 2.1 x10° 0.2 x 10°
counts counts  counts

Figure 4 Spatially-resolve 8napeth faX b cMind
(dCH . NH.PbL, filvBhintensitycalforschespectiviL

mapshowibeneaththémagd P lresponswvageneratedsing
5§32 niksercitaticsourdatensitpormalizeBnapare
presentediFighla.
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smalfrain-clusterswhil ¢hdargerlusterexhibitom-
parativelfowePlin tensitieTheelationshippetween
thegrain-clustesizan Plintensitymirrortheverall
trendrtheé lintensitpwherromparinghdgrain clus-
tefilni Figl dyoth & Filnd Figla)W ithirthdarge
grain-clusterffilnd FipdthPEigndelearly
non-uniformerossheurfacethel ustenyitbhe
cententherrain-clustemppearingrelativehdarkethan
thdringesThinbservatioripartiallpugodifferen ces
imhehicknesethperovskittayeHoweverark
ridgeextendingromtherain -clusteboundartowards
thaentemthelusteprovidevidencdothexistence
oflefectand rystallographigmperfection&iverihe
sheesizoth farggrain-clusterandhenergetically
strin gemequiremenisfaintainidgi ghly-oriented
crystagrowthilsonceivabléh g rominendisloca-
tionemergalurin ghgrowtlprocessleadingaregions
oheightenedratepfion-radiative harparappingThe
acceleratedreatiompoin defectstwinsstackingaults,
dislocationanerisorientationrindicativediate-
riakormethroughriented -attachmemechanisms
[31,43.44].
IthePImapoilfoufilmsthdoundariebetween
grain-clusterdisplagomparativ tensities.
Previouseporthavalsa otethbo W Intensities
characteristigfraiboundariesi2qnHavhigh -
lightethdel eteriowffecgraihon ndariasn
theharge- carriekifetimef2 A Hecayioeachf
thesmorphologpypesrpresen tediFifindhe
valuesthéittingarameterforachlecaprgiven
il ablAhPlifetimefromthfoudifferent
grain-clustemorphologieshowimilatrendthat
observedronth® nappingntensiticEha{§lm
(redrace pxhibitedweigh tednearfree- carrietifetime
o .6pswhichsignificantlfongethanh 8. 2s
lifetimeneasurefothkrrggrain- clustefilngpur-
pleac@hshortelifetimeandowerel ativie L
intensitiesthbarg grain-clustefilnwbserve from
PHecayandmagesespectivelysuggesthahigher
degremfrystallographiorientationdoenonecessarily
cormrespondvitbhighede gremfnateriafualitiis
likelthathébuil din g-blockissemblpynon ymousvith
oriented-attachmengrowtleadsaddition llomain
boundarieparallekthainderlyingubstratesvhictmay
alspromotaon -radiativeecombinatioWhdiffrac-
tiopatternseeniFigndi§Yreerregular
ansrellefinedndicatingelativelhighegreaf
crystajual itwithithbuilding-block themselves.
Theelativel fowePlintensitwihdargarrain-clusters
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thdfittingrarameterargresentedil ablé 1.

comparedahavthamalleprainishereforenore

likel ydudothdargenumbeminterfacedetweenthefine
crystallindomaindrh dargeclustersFurthermorethe
Plresultimplghathgprominentl 10 acetseerfrom
TEMiiffractiompattern{Figndig9anXRD
measurement{ Fifl 2)mapoluminescaintensely
amlternatarystallographiorien tationsA nin vestigation
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intdheelationshifbetw eethery stallographiorienta-
tiomndumin escencéntensitpoutsidehacopathe
currenworlputvibexploredsubsequenttudies.
MNeverthelesstheombinedpatially-resolvedindime-re-
solved®Imeasurementsupporthoriented-attachment
interpretatiomfhperovskitehin-filngrowthandlo
noduppopredictionsbtainedrornlassicggrowth
models.

Theerformancoperovskite -basedolarell formed
fromifeumaterishorph ologidn vestigateih
thpresentu deflecmandlishservations
determinedhroughhmaterialeharacterizatiomea-
suremen BackebompriseddFTO -glassubstrate
coatedvitblensTiO : layem 100  nothicmeso-
porouTi0 ; layethe350 nmhicdCH  NH:PbL film,
4l50 nepiro-OMeT AByersdvaporated
85nnthiclk oldontact heseellsercharacterized
byurrent-voltagé/-V  jneasurementsshownfig,
Fronthe J-V characteristiciimpparenthathere
insignificanperformancaifferencbetweenthdour
respectivenorphologieswithchampiondeviceforach
celipechievingficienciasfpproximatei7%.

Flgure & Photovwoltagarame terdot hepe rovskitesolac dlforme dysingh &8 red )b lue )Migre en jend{ purple Blmmorpholeglesl 8- 19
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clencWPCE prahow miplotda—d respectivelyDevice sveraneasuredunded -sunlluminaticowithd. 16
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foybothPL{ Figshn & pndntensity-modulatedho-
tovoltagepectroscopf IMV 5[Figldmeasurements.
Likewisethéhighemveragshort-circuitumrentdensities
(Jsc bbwwednh%d.mh:euiﬁﬁb]:mbf

accoun tedob T V-vispectroscoppndncidenpho-
ton-to-currenefficdencl [IPCEmeasurementy Figs15).
Thémplicatiomthere senttudwnhefficiencof
perovskiteolarellithaextendin graimize beyond
severamicrometermawmohavesignifican bearingpn
solarelbfficienciesinten auan tunefficiencieare
alreadylostarnity45[nhizegardsffortsam-
provgperovskiteolacelbfficiencieardesdirectedo-
wardgproducingigh-crystallinitygrainssfifewmicrom-
eterimliameterathethamttemptingalevelomil-
limeter-scalgrains.

CONCLUSION
Theresemstudflustratdhatmocleatiomnd
growtkineticwhichrfnndamen tdestablishing
théilmmorphologycabeontrolledmodifyinghe
conditionsndewrhicthmlution-processellybrid
perovskitbayedormeThroughthmanipulatiomf
theolutiomon centratiomndlegremfupersaturation,
itpossibleorarthepacingetweemucleatiomsites
fronefewhundredhan ometersofewh undredmicrons.
Crystallin€H  ,NH,Pbl, regionmxcesaf00 iy
diametemergroducedexercisinghicontrobvethe
perovskitgrowtionditioniEheserystallineegions
werdoundaom prisanultiplavell-orientegrainand
couldhobaescribedsinglerystaldespitehaela-
tivelglovgrowtlratemndeshidiheserystalform,
theperovskitdilmdeaturingdarg grain-clusterexhibited
companativelpoarptoelectronicharacteristicepn-
sistentvitlpreviousescriptionsfunctionanaterials
formedhroughriented-attachmerThiworkeveals
thdikeljnvolvemenofion-classicainechanisminhe
growthdblution-processegerovskitthin-filmand
providesqualitativenodeheframeworifothalesign
ofuturgperovskitmorphologies.
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