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Abstract:Theemergenceofperovskitesolarcells(PSCs)basedonall-inorganicmetalhalide(IMH)hasgenerated
enormousinterestinthephotovoltaicresearchcommunity,andthepowerconversionefficiency(PCE)hasexcee-
ded13%.Despiteitsoutstandingperformanceinthermalstability,PSCsbasedonIMHstillfaceproblemssuchas
thelackofasuitablebandgapandtheinabilitytogeneratelargeareas.Inthisreview,wewillsummarizethelatest

progressofPSCsbasedonIMH.
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0 Introduction

Organic-inorganicmetalhalide(OMH)per-
ovskitesdrawnextremeattentionsincetheirtuna-
blebandgap,largeabsorptioncoefficient,longe-
lectron-holediffusion,andhighchargecarrier
mobility[1-11].Afteraboutnineyearsofdevelop-
ment,thepowerconversionefficiency(PCE)of
OMHperovskitehasreached22.7%[12-26].De-
spitethehighperformances,becauseofunstable
organicmonovalentcations,theOMH perovs-
kitessufferedfrompoorstabilityunderphoto,
thermal,andmoisturestresses[27-38].Soreplacing
theorganiccations withinorganic monovalent
cationsintheperovskitestructurewasputfor-
wardbecauseinorganicmaterialsusuallyexhibit
higherstabilitythanorganicmaterials,especially
athightemperature.

Perovskitesgenerallycompose withthree
differentspecieswiththeformulaofABX3(Fig.1
(a)),whereAisamonovalentcation(methyl-
ammonium,CH3NH+

3 ,MA+;formamidinium,

CH3(NH2)+2 ,FA+;Cs+),Bisadivalentmetal
cation(Pb2+;Sn2+;Ge2+),andXisahalideani-
on(Cl-;Br-;I-)[39-42].Thereisaveryimpor-

tantparametertermedinatypicalABX3perovs-

kitestructure,astolerancefactor:t= RA+RB

2RX+R( )B

whereRA,RB,andRXaretheionicradiiofthe
A,B,andXions,respectively.Andiftheinor-
ganicmonovalentcationswhichtakeplaceofthe
organiccationscanmakethevalueoftrangefrom
0.8to1.1,thecubicperovskitecrystallinestruc-
turewillnotbecollapsed.AstableCs+/MA+

mixedperovskitewasputforwardbyChoiandhis
co-workers,however,therecordPCE wasjust
7.68%[43].Furthermore,byadjustingtheratio
betweentheorganicandinorganiccations,the
PCEhasreached21.1% withagoodstability
whenexposedinambientatmosphere[44-46].

Further,all-inorganicmetalhalide (IMH)

perovskitewithoutanyorganiccomponentswas
proposedanddevelopedrapidlyinthepastthree
years,andthePCEhasexceeded13%[46-53].By
adjustingtheproportionofhalideanionsandin-
corporateotherions,thebandgapsofPSCscould
beadjustedtoanacceptablelevel.Andchangesin
HTMsandETMscanfurtherimprovePCEand
thermalstability.Althoughitstillfacesproblems



Fig.1 ThestructureandpropertiesofthePSCsbasedonIMH

suchastheinabilitytoproducelargeareas,itstill
hasexcellentbusinessprospectsandroomforde-
velopment.Followingthislineofthought,inthis
review,wewillsummarizethelatestprogressof
thesolarcellsbasedonIMHperovskites.

1 PreparationofStandardPSCs

TherewereavarietyofPSCarchitectures
thathavebeenstudiedandthestructureofF-
dopedtinoxide(FTO)/compactTiO2(c-TiO2)/

mesoporousTiO2(m-TiO2)/IMH/holetransport
material(HTM)/Auexhibitedthebestperform-
ance(Fig.1(b))[47,48].Moreover,variousHTM
materialswereemployedinthisstructure,inre-
sult,poly[bis(4-phenyl)(2,4,6-trimethylphenyl)

amine](PTAA)presentedthehighestPCEof
5.95% withalargeopen-circuitvoltageof1.28
eV(Fig.1(c)).AndFigs.1(d)—(e)compared
theproperties,especiallythestabilitybetween
thePSCsbasedonMAPbBr3andCsPbBr3.

Consideringthebandgapandstability,CsPb-
Br3isthemostsuitableoneasthestandardPSCs
basedonIMH.Andasforthepreparationofper-
ovskitethinfilms,theycanbefabricatedbysolu-
tionprocessesorphysicaldepositionmethods.A
varietyofdepositiontechniques,includingspin-
coatingofprecursorsinone-ortwo-stepsequen-

tial methods,spraying,vapor-assisted deposi-
tion,gas-assisted solution process,and dual
source thermal evaporation were devel-
oped[47,54-56].Amongthem,one-ortwo-stepse-
quentialmethodsarethemostcommonlyused
methods.Atwo-stepsequentialmethodinvolves
spin-coatingthesolutionofPbBr2 ontothem-
TiO2substrateandputtingitintothesolutionof
CsBrorspin-coatingthesolutionontoitafterbe-
ingdried[57].Andone-stepsequentialmethodin-
volvesspin-coatingthesolutionofCsPbBr3onto
the m-TiO2substratedirectly.Compared with
two-stepsequentialmethod,thetemperatureof
annealingofone-stepsequentialmethodcouldbe
lower,whichmakesiteasierforfabricationand
application based on aflexible polymersub-
strate[58].However,theproblemofinsolubility
ofBr-richperovskiteisstillunsolvedwhenthe
one-stepspin-coating methodischosen.There
arealsosomestudiesworkonchemicalvapor
deposition(CVD)method,butthereisnoout-
standingperformance[59].

2 AdjustmentofStandardPSCs
2.1Thechoiceofhalideanions

TheCsPbBr3 basedPSCsshowedexcellent
stability,however,intermsofthelightabsorp-
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tionrange,CsPbBr3wasnotanidealabsorberfor
PSCsduetoitslargebandgap(about2.3eV).
AmongCsPbCl3,CsPbBr3andCsPbI3,thebest
choice should be CsPbI3 with the smallest
bandgapofabout1.73eV.However,asmen-
tionedabove,CsPbI3intheblackcubicperovskite
phaseisunstableinambientatmosphereandwill
rapidly convert to yellow non-perovskite
phase[60-62].Socombiningthegoodstabilityof
CsPbBr3andthesmallbandgapofCsPbI3,the
halidemixedperovskitesofCsPb(I1-xBrx)3were
proposed.Byadjustingthecomposition,theCsP-
bIBr2basedPSCsdisplayedastabilizedPECof
10.56% withnegligiblehysteresiswithanalike
bandgapof1.9eV[54-56,58,63,64].Actually,the
bandgapofCsPbIBr2wasstilllargetobeusedas
theabsorbermaterialsinPSCs.

DespiteCsPbIBr2 exhibitssmallerbandgap
thanCsPbBr3,thePCEsoftheCsPbIBr2based
PSCsarenotveryhightillnow,andthestability
intheambientatmosphereisstillpoor.Byvar-
yingthestoichiometricratioofK+,theproper-
tiesoftheCs1-xKxPbI2Brfilmcanbeadjusted.
Whenx=0.075,theCs0.925K0.075PbI2Brfilm
showedasignificantincreaseinabsorbanceinten-
sityovertheentirewavelengthandexhibitedthe
maximumandaveragePCEsof10.0%and9.1%
inPSCs.Furthermore,thePSCsbasedonCs0.925
K0.075PbI2Brfilmsdisplayedmuchhigherstability
thanthosebasedonCsPbI2Br[65].

Actually,thebandgapofCsPbIBr2wasstill
toolargetobeusedastheabsorbermaterialsin
PSCs.Anotherstrategytoenhancethestability
ofCsPbI3istoreducethesizeofCsPbI3nanocrys-
tals.ItwasreportedthatwhenthesizeofCsPbI3
nanocrystalswasreducedtoabout5nmtheywill
becomemorestable[52].AndthePSCsbasedon
CsPbI3quantumdots(QDs)exhibitedgoodsta-
bilitywhenexposedintotheambientatmosphere
for60d,whosePCEhasreached10.77% witha
perfectopencircuitvoltageVocof1.23V[66].

Inconclusion,PSCsbasedonCsPbI3could
haveabetterbandgapbutpoorstability,andits
stabilitycouldbeincreasedbyadjustingthevalue
ofxinCsPb(I1-xBrx)3,incorporatingothercat-

ionsorreducingthesizeofCsPbI3nanocrystals.

2.2 Thechoiceofdivalentmetalcation

Inadditiontoadjustingtheproportionofhal-
ideanions,itisalsoagoodstrategytoincorpo-
rateotherionsindivalentmetalcations.Liang
andhisco-workershavereportedthesynthesis
ofa novel Cs-based inorganic perovskite,

CsPb0.9Sn0.1IBr2,throughaconvenienttwo-step
sequentialsolution-phaseprocessinambientair
withouttheneedforagloveboxorhumiditycon-
trol,anditexhibitsahighVocof1.26Vandare-
markablePCEupto11.33%.Moreover,theall-
inorganicPSCsshowgoodlong-termstabilityand
improved endurance against heat and mois-
ture[67]. And Li demonstrated a series of
CsPb1-xSnxIBr2 perovskitealloys via one-step
anti-solvent method (Fig.2(a)), the
CsPb0.75Sn0.25IBr2withhomogeneousanddensely
crystallizedmorphologyshowsaremarkablePCE
of11.53%andahighVocof1.21Vwithamuch
improvedphasestabilityandilluminationstabili-
ty.And Laureportedalow-temperature-pro-
cessedPSCs,CsPb0.98Sr0.02I2Br,achievedastabi-
lizedefficiencyat10.8%[68].Furthermore,Liang
droppedMn2+intoperovskiteCsPbIBr2tocom-
pensatetheirshortcomingsinband,andfound
thattheencapsulatedCsPb0.995Mn0.005I1.01Br1.99
cellsexhibitgoodstabilityinambientatmosphere
(Fig.2(b))withthehighestPCEof7.36%.

Ontheotherhand,consideringthatleadis
notenvironment-friendly,the PSCs based on
lead-freeIMH perovskiteswereinvestigatedas
well.Bycalculationsofbandgapof260IMHbe-
longingtotheclassABX3,withA=Li,Na,K,

Rb,Cs,B=Pb,Sn,andGe,Maoandhisco-
workersfoundthreepotentiallead-freeIMHin-
cludingcubic-KSnCl3,cubic-RbSnCl3,andtrigo-
nal-NaGeBr[69]3 .Andtherewasalotofinvestiga-
tionaboutPSCsbasedonCsSnX3.Thebandgap
ofCsSnCl3andCsSnBr3are1.27eVand1.75eV.
However,whenexposedintotheambientatmos-
phere,Sn2+ionswilltransfertoSn4+ionsrapid-
ly.Byadjustingtheconditions,suchasadding

056 TransactionsofNanjingUniversityofAeronauticsandAstronautics Vol.35



Fig.2 TheperformanceofthePSCsbasedonCsPbI-
Br2,CsPb0.995Mn0.005I1.01Br1.99 andaseriesof
CsPb1-xSnxIBr2perovskite

SnF2intoCsSnBr3IMHperovskites,thisproblem
canbealleviated.However,theVoc ofPSCs
basedonCsSnX3isnotideal.Andduetolow
Voc,theyexhibitPSCsofuptoarecordvalueof
about3%[70-74].Gaoandhiscolleaguesproposed

replacingPb2+ with Ag+ andBi3+,andPSCs
basedonCs2AgBiBr6exhibitsthepowerconver-
sionefficiencyof2.23% withVoc= 1.01 V,

short-circuitcurrentJsc=3.19mA/cm2,filefac-
torFF = 69.2%[75].Andreplacingleadcation
byFe2+andCu2+ werealsoinvestigated.Howev-
er,therewasalmostnosuccessfulcase.

Inconclusion,incorporatingotherionsindi-
valentmetalcationscaneffectivelyreducethe
bandgap,improve stability,reduce annealing
temperature,improvesolubility,andincrease
PCE.Inaddition,thePSCsbasedonlead-free
IMHperovskitesstillhavehugeresearchspace.

2.3 AdjustmentofHTMsandETMs

Thoughtheall-inorganicPSCsshowedaper-
fectstabilityandPCE,theorganicHTMwastoo
expensive.Jinetal.proposedthedesignofall-in-
organicPSCs[50,51],inwhichtheorganicHTMs
andnoblemetalelectrodeswerecompletelyelimi-
nated,asshowninFig.3(a).AndFigs.3(b)—
(e)showsthePCEofPSCswithcarbonelectrode
anditsstabilities.
  AnewkindofETMcomparedwithanew
HTMalsocomesupthisyear.ZnO@C-60bilay-
erwasutilizedastheelectron-transportinglayers

Fig.3 ThestructureandpropertiesofCsPbBr3/carbonbasedall-inorganicPSCs
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thatdemonstratedahighcarrierextractioneffi-
ciencyandlowleakageloss.AndthenewPSCar-
chitecturesisFTO/NiOx/CsPbI2Br/ZnO@C-60/

Ag.Consequently,ityieldedaPCEashighas
13.3% with an open circuit voltage Voc of
1.14V,short-circuitcurrentJscof15.2mA·

cm-2,andfillfactorFFof0.77[53].
  Insummary,ETMsandHTMsusingall-in-
organicmaterialsnotonlyimprovestability,but
alsosignificantlyreducecost,makingiteven
closertoindustrialproduction.

3 Conclusions

Insummary,wereviewedtherecentad-
vancesofPSCsbasedonIMHandasummaryof
thePSCsbasedonIMHperovskites.PSCsbased
onIMHshowsaperfectstabilityandlowercost
thanPSCsbasedonOMH.Andinordertoim-
provethePCEsandstability,andreducetheband
gapandannealingtemperature,wecanadjustthe
proportionofhalideanionsandincorporateother
ions.Despiteofalotofeffortsonitrecently,

thereisalotofroomforimprovement.Andthere
arethreedirectionstoimprovetheperformanceof
thePSCsbasedonIMHperovskites.Firstly,to
enhancethestabilitywhenexposedintotheambi-
entatmosphere,whichisthebiggestenemyfor
mostkindsofperovskites.Then,toreducethe
bandgapasmuchaspossible.Andtoreplacelead
byothermetalmoreenvironment-friendly.And
whenweoptimizethestructureandcondition,we
musttaketheIMH advantagesintoconsidera-
tion,includingcostandstability.Meanwhile,

strengtheningthebasictheoreticalresearchof
IMHperovskitesisnecessaryaswell.Todate,

manyexperimentalresultsonIMH perovskites
havebeenreported,however,systematictheoret-
icalsimulationsonthemarenotenough.Inaddi-
tion,currentlyproducedhigh-PCEPSCsareall
small-area,unabletoachievelarge-scaleindustri-
alproduction,andthereisstillaconsiderabledis-
tancefromrealcommercialization.
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Fig.S1 (a)Illustrationofthedepositionprocesson(1)FTOwith(2)c-TiO2,(3)m-TiO2,and(4)PbBr2.(b)Mul-

tistepsolution-processeddepositionofCsBr.(c)Top-viewSEMimagesoftheall-inorganicleadhalidefilm.(d)

Cross-sectionalSEMimagesoftheFTO/c-TiO2/m-TiO2/cesiumleadbromidestructures[1]



Fig.S2 (a)SchematicdiagramofthePSCsbasedonCs0.925K0.075PbI2Br.(b)AbsorbancespectraofCs1-xKxPbI2Br

films(x=0to0.1).(c)J-Vplotsand(d)IPCEspectrumofthePSCsbasedonCs0.925K0.075PbI2Br.(e)Pho-

tovoltaicparametersasafunctionofthetime.Copyright2017,AmericanChemicalSociety[2]

Fig.S3 (a)XRDpatternsofthinfilm withstructuralevolution.(b)Schematicviewoftwo-steptemperature-control

processtofabricateCsPbI2Brthinfilm.(c)Top-downSEMimageofas-preparedCsPbI2Brthinfilm[3]
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Materials Structure Voc/V
Jsc/

(mA·cm-2)
FF PCE/% Reference

CsPbBr3 FTO/d-TiO2/m-TiO2/IMH/HTM/Au 1.28 6.24 0.74 5.95 [4]

CsPbBr3 FTO/d-TiO2/m-TiO2/IMH/HTM/Au 1.25 6.7 0.73 6.2 [5]

CsPbBr3 FTO/c-TiO2/m-TiO2/IMH/C 1.24 7.4 0.73 6.7 [6]

CsPbBr3 FTO/c-TiO2/m-TiO2/IMH/C 1.308 7.46 0.773 7.54 [1]

CsPbIBr2 — 0.96 8.7 0.56 4.7 [7]

CsPbIBr2
FTO/c-TiO2/m-TiO2/IMH/spiro-

OMeTAD/Au
1.13 7.8 0.72 6.3 [8]

CsPbI2Br — 1.06 10.9 — 6.8 [9]

CsPbI2Br FTO/c-TiO2/IMH/spiro-OMeTAD/Au 1.11 11.89 0.75 9.84 [10]

CsPbI2Br ITO/c-TiO2/IMH/spiro-OMeTAD/Au 1.10 13.99 0.67 10.34 [11]

CsPbI2Br FTO/c-TiO2/IMH/spiro-OMeTAD/Ag 1.13 13.61 0.68 10.56 [12]

CsPbI2Br FTO/NiOx/IMH/ZnO@C60/Ag 1.14 15.2 0.77 13.3 [3]

CsPbI3
FTO/c-TiO2/m-TiO2/IMH/spiro-

OMeTAD/Au
0.8 12 — 2.9 [13]

CsPbI3 FTO/c-TiO2/IMH/spiro-OMeTAD/Ag 0.66 11.92 0.52 4.13 [14]

CsPbI3
ITO/PEDOT:PSS/IMH/PCBM/

BCP/LiF/Al
0.95 8.26 0.67 5.38 [15]

CsPbI3 — 1.23 13.47 0.65 10.77 [16]

CsPb0.9Sn0.1I2Br FTO/c-TiO2/m-TiO2/IMH/C 1.26 14.30 0.63 11.33 [17]

CsPb0.75Sn0.25IBr2 ITO/SnO2/C60/IMH/spiro-OMeTAD/Au 1.21 12.57 0.76 11.53 [18]

CsSnI3
FTO/c-TiO2/m-TiO2/IMH/spiro-

OMeTAD/Au
0.24 22.7 0.37 2.02 [19]

CsSnI3 ITO/NiOx/IMH/PCBM/Al 0.52 10.21 0.63 3.31 [20]

CsSnBr3 FTO/c-TiO2/m-TiO2/IMH/PTAA/Au 0.37 13.96 0.59 3.04 [21]

CsSnBr3
FTO/c-TiO2/m-TiO2/IMH/spiro-

OMeTAD/Au
0.42 9.1 0.57 2.17 [22]

Cs0.925K0.075PbI2Br FTO/bl-TiO2/IMH/spiro-OMeTAD/Au 1.18 11.6 0.73 10.0 [2]

CsPb0.98Sr0.02I2Br FTO/c-TiO2/m-TiO2/IMH/P3HT/Au 1.043 15.3 0.69 11.2 [23]

CsPb0.995Mn0.005I1.01Br1.99 FTO/c-TiO2/m-TiO2/IMH/C 0.99 13.15 0.57 7.36 [24]

Cs2AgBiBr6 ITO/Cu-NiO/IMH/C60/BCP/Ag 1.01 3.19 0.692 2.23 [25]
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