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Ipeamer: Mon6a 3a noxperame nocrynxka 3a u300p y 3Bam-e BHIIH HAYYHH CAPAAHAK

MOJIBA

Momum Hayuno Behe HnctutyTa 32 dusmky y Beorpamy na y cknaay ca ITpaBummHEKOM O
CTHUARY WCTPAKHBAYKMX H HAYYHMX 3Baka MHUHHMCTApCTBA 3a TIPOCBETY, HAyky H
TEXHOJIOIIKH Pa3Boj MIOKPEHE MOCTYNaK 3a MOj U300p y 3Bame BHLIH HayYHHU CapajHHK.

V npunory nocrasibam:
- Mumkene pykoBoAKOL Ca MPEIOroM 41aHoBa KOMHCH]E;
- buorpadcke nmogarke;
- Ilperaen Hay4He aKTHBHOCTH;
- EsneMeHTe 3a KBAIMTAaTHBHY OLleHY HayqHOT IOMPHHOCA;
- EnemeHTe 3a KBAHTHTAaTHBHY OLIEHY Hay4YHOT JOTPHHOCA;

- Cnmcax 06jaB/beHHX HayYHHX PajioBa H HOTOKOMHjE pasoBa 00jaB/beHUX HAKOH
TIPETXOHOT u300pa y 3Bamke;

- Ilomatke o uMTHpPaHOCTH;
- Komnjy pewera o nperxoaHom us6opy y 3pame;

2 IIOJI&THC TIPUJIOTE €a I0OKa3suma.
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2. BUOTPA®CKH MOJALIN KAHIUJIATA

Jp Mapko Mnanenosuh je pohen 2. cenremOpa 1988. y 3ajedapy. 3aBpuuno je MaremaTuuky
rumHaznjy y beorpany 2007. ronune kao Hocunan BykoBe mumimome. Mcre ronune ynucyje
Enextporexuuuku ¢akynrer y beorpany. dummommpao je Ha Opceky 3a ¢(uznuky
eJIEKTPOHUKY Kao cTyaeHT reHepanuje 2011. roqune. AuniaoMcku pan mojx Ha3uBoM “MoHTe
Kapno cumynanmje opranckux IMOJYNPOBOAHMKA” ypaauo je MoJ MEHTopcTBoM jp Mropa
CranxoBuha ca MuctutyTta 3a ¢usuky y beorpany. Mactep crynuje Ha ucToM (pakynrery
3apmmo je 2012. roguHe Ha Moxyny HaHoeneKTpoHWKa, ONTOENEKTPOHUKA M Jacepcka
TexHuKa. Mactep paa moa Ha3MBOM “ATOMCKa M €JIEKTPOHCKA CTPYKTypa TpaHuLa u3Mehy
KPUCTAJIHUX JOMEHa y HadTanuHy’ ypaauo je Ha MHctutyTy 32 Qusuky y beorpany mox
MeHTopcTBOM Ap Henana Bykmuposuha. McTe rogune ynucyje TOKTOPCKE CTYIM]e Ha MOIYITY
Hanoenekrponuka u (OTOHHKA.

Kangunat je 3amodyeo wucTpakuBauku paj Ha HMHcetutyTy 3a ¢usuky y beorpany y
JlaGopaTopuju 3a IpUMEHY payyHapa y HayIu noyetkoM aBrycra 2011. ronune, a 3amocieH je
on 1. nHoemOpa 2012. rogune. Tema uCTpaxuBamba HETOBE MAcTep, a MOTOM U JJOKTOPCKE
aucepranyje, Owia je MCIUTHBAkE AaTOMCKE M EJIEKTPOHCKE CTPYKType OPraHCKHUX
MOJYTIPOBOIHUKA. TOKOM CBOjUX JOKTOPCKHX CTyJHWja MPE3EHTOBAO je CBOje pe3yJsrtaTe Ha
Bure mehyHnaponnux xkoHdepenuuja. Ha xondepenunju EBpornckor apymrsa 3a mMarepujajie
(E-MRS Spring Meeting 2014) y Jluny HarpaleH je 3a HajOOJber MJIaJ0T HCTpaKMBaya y
okBHpYy cekuje Kommjyrepcko MopenoBame OpraHCKHX IOJYHpPOBOJAHHMKA. J[OKTOPCKY
auceprauujy mox HazuBoM “EnekTpoHCKa CBOjCTBA OPraHCKUX IMOJYNPOBOJHUKA Ha
rpaHuiiaMa JomeHa”, ypaheny noj pykoBojactsoM ap Henana Bykmuposuha, onbpanuo je 19.
janyapa 2017. na Enexrporexnnukom ¢akynrety y beorpamy. 3a paxg Ha cBOj JOKTOPCKO]
muceptauuju Harpahen je CtyneHckom HarpagoMm MHcTuTyTa 32 (DU3HKY, KOja je JojaesbeHa
2018. rogune (3a 2017. roguny).

On mapra 2017 no mapra 2021. roamHe KaHAMZAT je OOpaBHO Ha MOCTAOKTOPCKOM
ycaBpiaBamwy Ha IlIBajiapckom ¢deaepannoM TexHonomkoM uHCTUTYTY y Jlozanu (EPFL) y
rpynu npod. Ypcyine PormucOeprep. Tema mBeroBor nmocTIoKTOPCKOT UCTpakKMBama Ouia je
UCTIMTHBAKE TEPOBCKUTHUX MaTepHjaja 3a MpUMeHy y cojapHuM henujama. Kangunar je
TecHO capaljuBao ca eKCIepUMEHTAIHOM rpyroM mpod. Majkia I'periena Ha ICTOM UHCTHUTYTY,
Ka0 U ca eKCIEpUMEHTAIHOM IpynoM npod. Joakuma Majepa ca Makc [Inank UucturyTa 3a
ucIHUTHBamke yBpcror crama y Llryrrapry. On mapra 2021. rogune kanaugat OopaBH Ha
MOCTAOKTOPCKOM ycaBpmiaBamy Ha IlIBajiapckom ¢epepaqHOM TEXHOIOIIKOM HUHCTHTYTY Y
Mupuxy (ETHZ) y rpynu npod. Matjya Jlyusujea. Teme BeroBor Apyror moCTIOKTOPCKOT
aHraH)XMaHa Cy CHUMYyJIallije MEMOpPH]ja ca IIPOMEHOM BaJICHIIE Ha 0a3M OKCU/IA U UCITUTHBAKE
HenmHeapHor IlokencoBor edekra y oxcunuma. Ha mpBoj Temm kangupat capabyje ca
excriepuMeHTanHuM rpynaMa ca ETHZ u ca IBM-oBor neHTpa ca ucrpaxusama y Llupuxy,
JOK Ha Jpyroj Temu capalyje ca kommnanujoM Lumiphase. TokoM CBOjUX MOCTAOKTOPCKHUX
anraxxmana Ha EPFL u ETHZ xanaupatr je yd4ecTBOBAaoO y CYNEpBH3UjH jeIAHE MacTep
AHcepTalyje U oMarao MpuInKoM U3pajie jeIHe JOKTOPCKE ucepTalmje.

Hp Mapko MmanenoBuh je y cBOjoj mocajamimoj Kapujepu objaBuo 19 pamgoBa 'y
MelyHapoJHUM yaconucuMa. Y 3Bame HayqHU capagHuk Ha MHcTtuTyTy 32 dusuky y beorpany
n3abpad je 29.11.2017. ronune.



3. HPEI'VIEJl HAYYHE AKTUBHOCTH

Jlocaiammsy HayYHO-UCTpaXuBauku paj 1p Mapka MiagenoBuha npunana obnactu pusuke
KOHJICH30BaHE MaTepHje U MOXe Lie oAeTUTH y cienche 4 nenune:

"  CcuUMyJalyje ¥ MPOopadyH eJICKTPOHCKE CTPYKTYPE OPTaHCKHUX MOTYTPOBOTHUKA,

"  CcuUMyJalFje ¥ MPOpadyH EICKTPOHCKE CTPYKTYPE MEPOBCKUTA 3a TIPUMEHY Y
coiapHuM henujama,

" cuMyJalyje MEMOpHja ca MPOMEHOM BaJICHIIE Ha 0a3u OKCHa,

"  ucCnUTHBamkE HemuHeapHOT [TokencoBor edekra y mepoOBCKUTHUM OKCHIIUMA.

[IpBa menuHa ce OAHOCH Ha paj KaHAMIATa Ha MacTep M JOKTOPCKO] AMCEpTalUju Ha
Wuctutyty 3a ¢usuky y beorpanxy m oOyxBara mepuoj mnpe u3zbopa y MpeTXOAHO HAyYHO
3Bame. Jlpyra 1enmHa ce 0HOCH Ha MepuoJl Koju o0yxBarta paj KaHauaaTa Ha MIHCTUTYTY 3a
¢u3uKy HaKOH oJ0paHe TOKTOpCKE IHcepTaldje, Kao W pPaj TOKOM IOCTOAOKTOPCKOT
ucTpaxupama Ha llIBajuapckoM QeneparHoM TEXHOIOUIKOM HHCTUTYTY Yy Jlo3anu. [Tocneame
JIBe IeJIMHE ce OJHOCe Ha paja kaHauaara Ha llIBajuapckoMm (enepanHOM TEXHOJIOIIKOM
MHCTUTYTY y Llupuxy, mTO je 3amodero y meproAy Oj HEIITO BHILIE O] FOJUHY JaHa Ipe
MUcamba OBOT U3BEIITAja, T€ j€ pajJ HAa OBUM TeMama jOII yBEeK Yy MOYeTHO] (a3u.

3.1. CumyJaanmje H IPOPavyH eJeKTPOHCKe CTPYKTYpe OPraHCKHUX MOJYNPOBOAHUKA

Kanaunat je 3amodeo cBOj Hay4YHO-UCTPAXUBAYKHU paj Ha MHcTUTYTY 3a Qusuky y beorpany
y JlaGopaTopuju 3a npumeHy pauyHapa y Haymu 2011. romune. Tokom u3pazie cBor macrep
pana u JOKTOpPCKE IucepTanuje 6aBUO ce MCIUTHBAKHEM aTOMCKE U €NEKTPOHCKE CTPYKTYpe
OpPraHCKUX NOIXynpoBojgHHKa. KoHKpeTHHje, 0aBHO ce HMCIUTHBAKHEM Pa3IMYUTHX THUIIOBA
rpanuia u3mel)y 1oMeHa y opraHcKUM MOJTyHIpOBOJHUIIMMA M (PeHOMEHa KOju ce JelIaBajy Ha
rpanunama. tberoso ucrpaxxupame y oBoj obnactu o0yxsata 4 Teme:

" [pOpauyH EJIEKTPOHCKUX CTama Ha TPaHMllaMa MaJIMX YIJI0Ba y MOJUKPUCTAITHUM
OPTaHCKUM IOJIyTIPOBOAHUILIMMA HA 6a31 MaJIUX MOJIEKYJIa,

" JCNUTHUBaKE yTHLAja TEPMATIHE HEYpel)eHOCTH Ha eNeKTPOHCKe 0coOuHe ypeheHnx
KOHjYrOBaHUX MOJHMeEpa,

" [pOopadyH €JIEKTPOHCKUX CTama Ha TPAHULU KPUCTAIHOT U aMOP(HOT IOMEHA Y
KOHjYTOBaHUM IOJINMEPUMA H

" padyHame CIOHTaHEe MoJjlapu3allije HHAYKOBaHe OOYHHUM JIaHIIUMa y ypeheHoM moiu
(3-xexcuntuodeny) (P3HT).

3a no0ujame aTOMCKE CTPYKTYpe UCIIUTUBAHUX CUCTEMa KaHAMIAT je KOpUCTHO MoHTe
Kapno cumynanuje, 3a Koje je caM pa3BHO KOJ0BE. 3a IPOpPaUyH €JIEKTPOHCKE CTPYKTYpe
KOPHUCTHO je MeToe 0a3upaHe Ha TeopHju (QyHKIIMOHAJA T'yCTHHE.

Kanmunar ce Hajmpe 0aBHMO WCIHTHUBAKHEM EIEKTPOHCKE CTPYKType TpaHuile usmely
KPUCTAJIHUX JIOMEHA y OPTaHCKUM IOJYNPOBOAHUIMMA Ha 0a3u Malux MoJjekyia. PeamHu
OPTraHCKH TOJIyNIPOBOAHMUIM Ha 0a3u MaluxX MOJEKyJa Cy MNOJHKPUCTAHHU, Tj. CaapiKe
KpHUCTaJHE JIOMEHE Pa3IMYMTUX OpHjeHTanuja. ExcrepuMeHTanHo je yTBpheHO Aa rpaHuna
u3Mel)y KpHCTaJHUX JIOMEHa JIOIIe yTU4Ye Ha OCOOMHE MaTepHjajia ald MeXaHu3aM yTullaja
HUje 10 Kpaja pasjaurmbeH. Kao mpuMep opraHcKUX MoJTypoBOAHKKA Ha 0a31 MaIMX MOJIEKYJIa
koputtheH je HadTanuH. Ha ocHOBY mpopauyHa eNeKTpPOHCKE CTPYKTYpe 3a Maje CHCTEMe
3aKJbYUEHO j€ Ja Ha TPaHMLM JI0JIa3u A0 (opMHparma JOKAJTN30BAHUX CTamba 3aMKH Koja ce



HaJlaze Ha MmapoBUMa MoJsiekyna u3mely kojux je pactojame mano. Takohe, yrBpheno je na je
eHepruja CTama KopelnucaHa ca pactojameM u3mely momnekyna. Ta kopenaiuja je kopuirhena
3a MPOpavyyH I'yCTHHE CTamkba 3aMKH 32 BEJIUKE CUCTEME.

[To3naro je na ypeheHun KOHjyroBaHM MOJMMEpH HCKa3yjy 3HaudajHy HeypeheHocT aTomcke
CTPYKType Ha coOHOj TemnepaTtypu. Kanauaar je ucnuTuBao yTullaj TepMaine Heypehenoctu
Ha eleKTpoHcKke ocobune ypehenor momumepa P3HT. IlocebHo je pasmarpan yTulaj
HeypeheHocTn GOYHMX JlaHala, TIaBHUX JaHalla Kao M KyMyJaTHBHHU edekaT HeypeheHocTH
O0YHUX M TJaBHHX JaHala. YTUIAj jé KBaHTU(UKOBAH MPOPAYyHOM YKYIIHE JIOKaJIH3aluje
HOCWJIAlA, JIOKANu3alje Ha Pa3MUuMTUM JIAHIMMa M TYCTUHE CTama. 3aKJbY4eHO je Ja
HeypeheHOCT TIaBHUX JIaHaIa JJOBOIH 0 JIOKAIM3aIlije HOCHIIAlla Ha HEKOJIUKO, Hajuenhe 1Ba
nanua. Kanaunar je nonoBro cumynanuje Ha remnepatypu o 100 K, rioe cy nobujern cnuanu
pesynaratu oHuma 3a 300 K.

Peannu KOHjyroBaHu MOJIMMEPHU CaJpKe U3MEIIaHe KpucTanHe u amopdue nomene. Kanaunat
j€ UCTIUTUBAO €JIEKTPOHCKY CTPYKTYpY I'paHulle u3Mel)y KpucTaaHor U amopdHOr JoMeHa y
P3HT. Iloctynak moOujama aTOMCKE M €JIEKTPOHCKE CTPYKTYpe je OMO HCTOBETaH OHOME
KopuitheHoM 3a mpopauyH edekata TepMmanHe Heypehenoctu. Kanampar je pasmatpao
HEKOJMKO TunoBa rpanuue: (1) omrpy rpanuiy usmely gomena, (2) rpanully ca HeypeheHum
noMeHoM u3Mel)y kpuctaiaHor u amop@Hor foMeHa U (3) rpaHully Cauub-eHY O IPOTYKEHUX
JaHala KOjU MPHUIIAAAjy M KPUCTAIHOM M amMopdHOM aoMeHy. Pesynratu cy mokasanu Ja
HE3aBUCHO O] THUIIA T'PaHUIlC HajBHINA EJIEKTPOHCKA CTamba y BAJCHTHO] 30HH NPUIAAAjy
KPUCTAJIHOM JIOMEHY U Ja He JI0Jla3u 10 (opMHpama CTamba y €HEPrijCKOM MpOIeNy, HUTH
CTama K0ja MPHUIIAAA]y U JEAHOM U APYTOM JOMEHY.

KonauHo, kKaHIUAAT je MCTUTHBAO edeKTe CrioHTane nojapusanuje y ypehenom P3HT. Hajmpe
j€ U3BpIIEH MpOopayuyH CIIOHTaHe nojapusanyje y jeannnunoj henuju P3HT nmomohy teopuje
¢byHkunonana rycruHe. Kanaunar je 3akjbyyuo Jia je y3poK 3Ha4yajHe BPEIHOCTU CIIOHTaHE
nojlapu3aije Iy TJIABHOT JIaHI[a HEeCMMETpHuYaH pacrnopeln OouyHux naHauna. Ilotom je
KaHIUJAT U3pavyyHao CIIOHTaHy nojapu3anujy y jdanuny P3HT Ha ocHOBY Mojena rpaHuie
P3HT—sakyym. C 063upom Ja ce oBako 100ujeHa MoIapu3alyja ciaraia ca OHOM J1001jeHOM
nomohy Teopuje pyHKIIMOHANA I'yCTHHE, 3aKJbYyUEHO j€ J1a je Moryhe KOPUCTUTH OBaKaB MOJIEI
3a MpopavyH CIOHTaHe Mojapu3ainyje y Behum cucremuma. Kanaunat je moTom u3padyHao
CIOHTaHy noJjapu3anyjy y tepmaino Heypehenom P3HT na cobnoj Temneparypu. Ha kpajy,
KaHIMJAT je U3pauyHao eJIeKTPOHCKY CTPYKTYpy rpaHuiie usmely kpucraiHor u amop@Hor
P3HT y cnydajy kaga je rpaHuiia HOpMajdHa Ha IpaBall TJaBHHUX JIaHAlla y KPUCTATHOM
JIOoMeHy. 3aKJby4eHo je Jia 300r ehekara crioHTaHe NoJapu3aliyje, HajBUIIa CTamkba Y BaJICHTHO]
30HM Cy KOH(UHHpaHA ca jeTHe CTPaHe KPUCTAIHOT JIOMEHA.

Ha ocHOBY pe3ynTara oBUX HCTpaKHBamba KaHIUIAT je o0jaBuo cienehe mybmukaimje:

= M. Mladenovi¢, I. E. Stankovié¢: “Monte Carlo Simulations of Crystalline Organic
Semiconductors”, SJEE 10 (2013) 125-134

= M. Mladenovi¢, N. Vukmirovié, 1. E. Stankovic¢, “Atomic and Electronic Structure of
Grain Boundaries in Crystalline Organic Semiconductors”, Phys. Scr. T 157 (2013)
014061



M. Mladenovi¢, N. Vukmirovié, L. E. Stankovi¢, “Electronic States at Low-Angle
Grain Boundaries in Polycrystalline Naphthalene”, J. Phys. Chem. C, 117 (2013)
15741

= M. Mladenovi¢, N. Vukmirovi¢, “Effects of Thermal Disorder on the Electronic
Properties of Ordered Polymers”, Phys. Chem. Chem. Phys 16 (2014) 25950

= M. Mladenovi¢, N. Vukmirovié: “Charge Carrier Localization and Transport in
Organic Semiconductors: Insights from Atomistic Multiscale Simulations”, Adv.
Funct. Mater 25 (2015) 1915

= M. Mladenovi¢, N. Vukmirovi¢, “Electronic States at the Interface Between
Crystalline and Amorphous Domains in Conjugated Polymers”, J. Phys. Chem. C,
119 (2015) 23329

= M. Mladenovi¢, N. Vukmirovié, “Spontaneous Polarization Induced by Side Chains
in Ordered Poly(3-hexylthiophene)”, J. Phys. Chem. C, 120 (2016) 18895

3.2. CumyJanmje u IPOPavyH eJEKTPOHCKe CTPYKTYpe NePOBCKUTHHX jeIHIbemha 3
NpUMeHy y cojapHuM heanjama

Pan kanaunata y oBoj 06JacTu ce CacTOju Of HEKOJIMKO MO/I-TeMa:

"  CHMyJIalUje U IPOPauyH €JIEKTPOHCKE CTPYKTYPE TPOAUMEH3NOHATHUX
NIEPOBCKUTHUX jeTUHCHA

"  CHMyJIalUje U IPOpadyH €JIEKTPOHCKE CTPYKTYpe IBOIUMEH3MOHAITHUX
MIEPOBCKUTHUX jCTUHCHA

" [popaydyH eJIEKTPOHCKE CTPYKTYpe IpaHule u3Mel)y noMeHa y conapHoj henuju Ha
0a31 MEPOBCKUTHHX jCTUHCHA.

HcTpaxuBama y 000j 00J1aCTH ce 0JHOCE UCKJbYUYHBO Ha MEPHOJ] HAKOH U300pa y MPETXOTHO
3Bame, a 00aBJbeHa cy Ha MHCTHTYTY 3a pusuky y beorpany u Ha IlIBajuapckom denepanHom
TEXHOJIOIIKOM MHCTUTYTY Y Jlo3aHH.

[lepoBcKUTHHM MaTepHjasii Ha 0a3u XaJoreHux eneMmeHata (jon, OpoMm) MMajy MOTEHIHUjaHy
npUMeHy y cojapHUM henujama, jep uaMepHa eukacHocT cojapHux henuja Ha 6a3u OBUX
MaTepHjasia U3HOCH MpeKo 25 %, mTo je yImopeauBo ca TpaaulHOHATIHIM CoJapHUM henmujama
Ha 6a3u cunnnujyma. [loctoje 1Ba ocHOBHA pasiiora 3amITo cosapHe henuje Ha 6a3u XanoreHux
MEPOBCKUTA HHCY jOII YBEK JOCTyHHE Ha TpxHITY: (1) mHXoBa HECTAOMIHOCT HAa COOHO]
TeMmrepaTypu 1 (2) TOKCHYHOCT OJIOBA KOjH je Hajuelny METaIHU €JIEMEHT Y MEePOBCKUTHUM
coimapuuM henujama. Jla OM ce ymMamuO HEIOCTaTaK Be3aH 32 HECTAOMIIHOCT MEPOBCKHUTA,
MoTpeOHO je MeTajbHO UCIUTATH HUXOBO MOHAIIalke Ha coOHOj Temmeparypu. Kanouaar je
CBOj pax y oBaj oOnactu 3amovyeo Ha MHcTUTyTy 3a usuky y capaamu ca ap. Henagom
Bykmuposuhem. Tema uctpaxxupama je 6una uCuTuBame eekara TepMaiHor Heypehema Ha
eJIEKTPOHCKE OCOOMHE HEKOJHMKO MEePOBCKHUTA Ha 0a3u 0JI0Ba y3 MOMOh cuMmyanuja Ha 0azu
MoJieKyJicke nuHamuke. [loceOHO je ncnuTrBaH eekar poraiyje OpraHCcKUX KaTjoHa, Kao U
epekar TepmanHOr Heypehema 1mene cTpykType. 3akjbydeHO je na je edekaT poTanuje
OpraHCKHuX KaTjoHa Manu y nopehemy ca apyrum epexrom. Takole, yrBppheHo je na je edpexar
TepMaiHOT Heypehema Behn y Marepujaauma ca MarbOM KOHCTAHTOM peEIIeTKE, Y3 HU3y3eTKe



KOjH Ce MOTY TTIOBE3aTH Ca CTEIIEHOM CJI000/Ie pOTallije U TPAHCIIALKje OPraHCKOT KaTjoHa, Kao
U jauuHe HEroBOT JUIOIHOT MOMEHTA.

TokoM cBOT MOCTAOKTOPCKOT HCTpakuBama Ha llIBajuapckoM ¢eneparHOM TEXHOJIOMIIKOM
MHCTUTYTY Yy JI03aHU KaHAMAT ce MOoAPOOHH]je OaBHO MPOOIEMOM HECTAOMIIHOCTH IEPOBCKUTA
Ha 0a3M XaJoOreHuX eJeMeHaTa, Kao U MpoOJIeMOM TOKCHUYHOCTH OJIOBAa. Y BE3H Ca JIPYrHM
npobaeMoM, KaHAWJAT je MCIUTHBAO EJIEKTPOHCKE OCOOHE NMEepOBCKHUTA Ha 0a3u Mellama
0JIOBa M Kainaja, y3 MoMoh Teopuje (yHKIMOHANAa TycTHHE. YCIEBIIM Ja PENpoayKyje
pe3yaTare eKCIepUMEHTAIHUX ONTHYKUX MEpema, KaHIUIaT je UIeHTU(PHUKOBAO aABa edeKTa
KOja Cy MpUCYTHA MPUIIMKOM MeIIama 0JI0Ba U Kanaja: (1) 1ucTop3uja KpuUcTalHe penieTke u
(2) mpomeHa jaunHe CIUH-OPOMTHE MHTEpPAKIKje, 00jaCHUBILN THME HEIMHEAPHY 3aBUCHOCT
SHEePTUjCKOT MpoIlerna o1 KOJIMYMHE Kalaja y OBUM jeaumbebuMa. Takohe, kanauaar ce 6aBuo
WCTIUTHBAKEM TIOTEHIIMjaTHE IPUMEHE jeInberha Ha 0a3u cpedpa, OM3MyTa U joJ1a y CONapHUM
henujama, mTo Ou OMIIO penekhe 32 TOKCHYHO 0JIOBO. Y CTAHOBJBEHO j€, MpopauyyHUMa Ha 0azu
TeopHje PyHKIMOHATA T'yCTHHE U allpoKCUMAIje eeKTUBHE Mace, /1a jé y OBUM jeHbCHhUMa,
TPAHCHOPT €JEKTPOHA U LIYIJbMHA CIOp Y oAapeheHuM mpaBIMMa KPUCTAIHE PEUIeTKe, IITO
JOBOAM 10 JIOKaJIM3alMje HOCWiIala Ha CcoOHOj TeMmIeparypu M THME JIMMHUTHPama
epukacHoctn conapue henuje. Konauno, y capanmu ca UCTpaxuBauuma M3 Tpymne mnpod.
VYpcyne Potnucbeprep, 0aBMO ce M HUCIHUTUBAKEM YTHIAja WHKOpIOpalWje JPYTUX,
HECTaHIApAHUX OPraHCKHX KaTjoHa, MOMyT TyaHWAWHUjyMa U JIUMETHIAMOHHMjyMa Ha
CTaOMIIHOCT TIEPOBCKUTHOT jeInb-eha Ha 0a3u (opMaMUIMHN]yM-0JIOBO jOTUAA.

[To3naro je na ABOJMMEH3MOHAIHH MEPOBCKUTH Ha 0a3M XallOTEHHUX eJIEMEHTa UCKasyjy Behy
CTaOMIIHOCT OJl TPOAMMEH3MOHATHUX. MIak, muXxoBa CTPYKTypa Kao M YTHIA] OPTaHCKOT
MOJIEKyJla Ha LIEJIOKYIHO jeAUI-EHhe HHUCY JTOBOJbHO MO3HATH. KaHaumaT je y4ecTBOBaoO y
KpeHpamy OKBHpa 3a TEOPHjCKO HCITUTHBAKE OBUX MaTepHjalia, KOjU Cy Y TOM TPEHYTKY Omin
noTIyHo Hencnutanu. Hajmpe je uzBpiieno nopeheme Teopujckux pesynraTta Ha 6a3u Teopuje
(GyHKIMOHANMA TYCTUHE U MOJICKYJICKE JAWHAMHKE Ca EKCIEpPUMEHTATHHM pe3yJiTatuma y
MOTJIEZly CTPYKTYPHHUX U EJIEKTPOHCKHMX OCOOMHA JIBOAMMEH3MOHAIHUX IEPOBCKUTA.
[Topeheme je mokazano BeoMa BUCOK CTEIEH Cllarama oBa JiBa mpuctymna. [lotoM je kanauaar
MIPUMEHO MOJIeNl Ha JIBOJAMMEH3MOHAIHE MIEPOBCKUTE HA 0a3M 5-aMMHO BaJepUYHE KHCEIHHE
Ka0 OpPraHcKor MoJjeKkyja. YTBpheHa je 3aBucHOCT u3Mel)y AyOHMHE NeHeTpanuje OpraHcKor
MOJICKYyJla Y HEOPIraHCKy PpEILIETKYy M CHMETpHje HEOpPraHCKe pelIeTKe, a CaMUM THM U
eJIEKTPOHCKUX 0COOMHE MepoBcKkuTa. OBa 3aBUCHOCT j€ KacHHje MOTBpleHa aHAIM30M Koja je
YKJbYUHJIAa M Jpyre MOJIEKyJie Kao IITO Cy aJaTaMaHTHII-1-MeTaHaMOHHUjyM, aJaMaHTHII-
amMoHUjyM, Hadramuu-numua u (1,4-perunen)-numeranamonrjym. IlopenuBim noHamame
aJlaTaMaHTWI- | -METaHAMOHHjyMa M aJaMaHTWI-aMOHHjyMa Kao OpIaHCKUX MOJIEKyla Yy
JBOJMMEH3HOHATHUM MEPOBCKUTHMA, KaHAUAT j€ YCTAaHOBHO Aa Kpaha aMMHO rpyna JOBOAU
10 HeypeheHOCTH HeopraHCcKe pelieTKe, HITO je MOTBPHEeHO eKCIEpUMEHTATHUM MEpemhuMa.
Taxohe, yTBpheHo je Aa HEKM OPraHCKM MOJICKYJIH MOIMYT T'yaHWHAa W Ha(TaJIWH-TUMHIA
YUYECTBY]Yy AUPEKTHO Y TPAHCIIOPTY €JIEKTPOHA, 300T IEMOHCTPUPAHE JIOKATU3ALIH]€ eICKTPOHA
Ha OBHM MOJIEKYJIMMA. Y TOCIeH0] a3 CBOT MOCTAOKTOPCKOT aHrakmaHa Ha [1IBajimapckom
(benepaTHOM TEXHOJIOIIKOM HHCTUTYTY y JIo3aHH, KaHIUAAT ce 0aBUO U IBOAMMEH3NOHATHUM
NEPOBCKUTHMA Ha 0a3d MeEIIaBHHE XaJIOTeHUX eleMeHara (jona W Opoma), IMOKa3aBIIU
HECTaOMITHOCT jenumerma ca 50:50 ogHocoM joga u Opoma, ITO MOKE OUTH O0jalImbemhe 3a
JIEMOHCTPHPAHO pa3Jiarame OBOT jeIUbCHa HA YHCTA JeIUbeha OpoMa U joj1a MU U3Jaramy
OITUYKOj CTUMYNauuju. McrpaxkuBama nedekata y jeaumemuma ca 50:50 ognocom 6poma u
jona, xoja ce 0o0aBsbajy y capambH ca eKCIEpUMEHTATIHOM TpyrnoM mpod. Joakuma Majepa,
JOIII YBEK CYy Y TOKY.



KonauHo, y ckiomy CBOr MOCTIOKTOpCKOr aHraxmana Ha IlIBajuapckom ¢exnepanHoM
TEXHOJIOIIKOM MHCTUTYTY y Jlo3aHH, KaHIuAaT ce 6aBUO M UCIIUTHUBAKHEM IPAHUIIE IOMEHA Y
cojapHOj henuju, Koja je 4YeCTO HW3BOp pajMjaTHBHE M HEpaJHjaTHBHE peKOMOMHAIMje
Hocwiana. KoHKpeTHHje, MCIIMTHBAHA je TpaHuIa JoMeHa u3Mel)y IepOBCKUTHOT jeIUbCHha
METHIIAMOHH]YM-0JI0BO JOAUA U TUTAHU]YM AMOKCUIA, KOJU CIYXKH K20 TPAaHCIOPTU MEIUjyM
3a enekTpoHe. IIpopaduyHOM eJIeKTpOHCKE CTPYKType TpaHHIIE OBa JOMEHa yTBpheHO je
MIOCTOjambe EJICKTPOHCKUX CTamba y MPOLEIy EPOBCKUTA, KOja IIOTHYY OJ1 XeMUjCKUX Be3a joa
ca TUTAHH]yM-IMOKCHJIOM U 0/ Me)ypOCTOpHUX aToMa joAa, a Koja MOTEHIHjaTHO yMaby]jy
edukacHocT conapue henuje. [lopen Tora, uCIMTHBaHA je M YJI0Ta BaKaHIIMja aTOMa KHCEOHUKA
y TUTaHU]yM-JHOKCUY, IPH YEMY je MOKa3aHa HEONXOJHOCT BUXOBOT YKIbYUHBabha Y MOJEI
rpaHuile, Kako O ce J00HMO0 peaTrCcTUYaH OMUC EJEKTPOHCKE CTPYKType I'paHHIe OBa JIBa
noMmeHa. [TapanenHo ca OBUM UCTpaKUBAkEM, KaHANUAT je, Y Capa/iibi ca eKCIIEPUMEHTATHOM
rpynom npod. Majkna I'penena, ucnutubao nedekTe Ha MOBPIIMHU NEPOBCKUTA Ha 0asu
(bopMaMHUIMHH]yM-0JIOBO jJOJIU/1a, KA0 M HAUMHE 32 HbUXOBY IMacuBu3alyjy. EkcriepumenTanto
j€ TIOKa3aHo J1a ce MHKOPIOpaIMjoM KOMIUIEKca Ha 0a3u KpyHE eTpa MOCTHXe M0oOOoIbIIakhe
KapakTepucTuka cojapHe henuje. Kangupar je cumynanujoM MHTEpakldje MEPOBCKHUTA Ca
MOJICKYJIOM KpyHE eTpa, y3 mnomoh Teopuje (yHKIMOHAIa TYCTHHE, JAEMOHCTPHPAO
MHTEpaKIjy KpyHE Ha KaTjoHOM (GOopMaMHIMHHMjyMa, LITO je 3HA4ajHO YTULAIO Ha
EJIEKTPOHCKY CTPYKTYPY HEPOBCKUTA W JACIMMHUYHY IACHBU3ALM]y €JIEKTPOHCKHUX CTama y
SHEPTUjCKOM TPOLEy MEepOBCKUTA, HACTAINX MPUCYCTBOM JedeKTa BakaHuuje jona. [lopen
yJiore macuBu3anyje aedexara Ha MOBPIIMHH, KOMIUIEKCH KPYHE €Tpa U Ie3UjyMa pearyjy ca
MOBPIIMHOM NEPOBCKUTA, HCIIOPYUYyjyhH KaTjoHE 1e3HjyMa MEPOBCKUTHOM jEIUCHY, KOJU
MIOTOM MEHajy EJEKTPOHCKE OCOOMHE TMEepPOBCKHTA, IUTO Cy EKCIEpUMEHTalHa Mepema
nokasana. Kanauaar je cBojoM nmpopadyHMMa UCIUTUBAO YTHUIIA] pacropesia aToMa Le3ujyma
y TEPOBCKUTHOM jelumbelhy (OPMaMUIMHU]YM-0JI0BO jomunaa. Takohe, yTtBpheHo je naa
BakaHIMje (OpMAMUIMHMjyMa Ha MOBPIIMHM NEPOBCKUTA JOBOAE [0 IOjaBe CTama Y
€HEePIUjCKOM IPOLENy MePOBCKHUTA, IITO je MOryhe macuBU3MpaTH KaTjOHUMA IIe3HjyMa.

Ha ocHoBy pe3ynTara u3 oBe o0iacTi, KanauaaT je o0jaBuo cienehe pamose:

= M. Mladenovi¢, N. Vukmirovié¢: “Effects of Thermal Disorder on the Electronic
Structure of Halide Perovskites: Insights from MD Simulations”, Phys. Chem. Chem.
Phys. 20 (2018) 25693-25700

= Boziki, M. Mladenovi¢, M. Gritzel, U. Rothlisberger: “Why Choosing the Right
Partner is Important: Stabilization of Ternary CsyGUAxFA(1- y- x)Pbls Perovskites”,
Phys. Chem. Chem. Phys. 22 (2020) 20880-20890

= N. Ashari Astani, F. Jahanbakhshi, M. Mladenovi¢, A. Q. M. Alanazi, I. Ahmadabadi,
M. R. Ejtehadi, M. 1. Dar, M. Griétzel, U. Rothlisberger: “Ruddlesden-Popper Phases

of Methylammonium-based 2D Perovskites with 5-Ammonium Valeric Acid
AVA,MA,, 1Pbul34+1 with n=1, 2 and 3%, J. Phys. Chem. Lett 10 (2019) 3543-3549

= Alanazi, D. J. Kubicki, D. Prochowitz, E. Alharbi, M. Bouduban, F. Jahanbakhshi, M.
Mladenovié, J. V. Mili¢, F. Gioradano, D. Ren, et al “Atomic-Level Microstructure of
Efficient Formamidinium-Based Perovskite Solar Cells Stabilized by 5-Ammonium
Valeric Acid Iodide Revealed by Multi-Nuclear and Two-Dimensional Solid-State
NMR?”, J. Amer. Chem. Soc. 141 (2019) 17659-17669



L. Hong, J. V. Mili¢, P. Ahlawat, M. Mladenovi¢, F. Jahanbakhshi, D. J. Kubicki, D.
Ren, A. Ummadasingu, Y. Li, C. Tian, et al “Guanine-Stabilized Formamidinium
Lead lodide Perovskites”, Angewandte Chemie International Edition 59 (2020), 4691-
4697

= M. G.-Rueda, P. Ahlawat, L. Merten, F. Jahanbakhshi, M. Mladenovi¢, A.
Hinderhofer, M. 1. Dar, Y. Li, A. Ducinskas, B. Carlson, et al “Formamidinium-Based
Dion-Jacobson Layered Hybrid Perovskites: Structural Complexity and
Optoelectronic Properties”, Adv. Funct. Mater (2020), 2003428

= F. Jahanbakhshi, M. Mladenovi¢, L. Merten, M. G.-Rueda, P. Ahlawat, Y. Li, A.
Hinderhoffer, M. I. Dar, W. Tress, B. Carlson, et al “Unravelling Structural and
Photophysical Properties of Adamantyl-Based Layered Hybrid Perovskites”, J. Mat.
Chem. A 8 (2020) 17732-17740

= T.-S. Su, H. Zhang, F. T. Eickemeyer, F. Jahanbakhshi, M. Mladenovi¢, J. Li, J. V.
Mili¢, J. H. Yum, K. Sivula, O. Ouellete et al, “Crown Ether Modulation Enables over
23% Efficient Formamidinium-based Perovskite Solar Cells”, J. Amer. Chem. Soc
142 (2020) 19980-19991

= M. Hope, T. Nakamura, P. Ahlawat, A. Mishra, M. Cordova, F. Jahabakhshi, M.
Mladenovié¢, R. Runjun, B. Carlsen, D. Kubicki et al, “Nanoscale Phase Segregation

in Supramolecular n-Templating for Hybrid Perovskite Photovoltaics from NMR
Crystallography”, J. Amer. Chem. Soc 143 (2021), 1529-1538

= H. Zhang, F. T. Eickemeyer, Z. Zhou, M. Mladenovi¢, F. Jahanbakhshi,. O. Ouellete,
A. Hinderhoffer, L. Merten, M. Hope, A. Mishra et al, “Multimodal Host—Guest

Complexation for Efficient and Stable Perovskite Photovoltaics”, Nat. Commun
12, (2021) 3383

= Mishra, P. Ahlawat, G. C. Fish, F. Jahanbakhshi, M. Mladenovi¢, M. Almalki, M. A.-
R. Preciado, M. C. G.-Rueda, D. J. Kubicki, P. A. Schouwink, V. Dufoulon et al,

“Naphthalenediimide/Formamidinium-Based Low-Dimensional Perovskites”, Chem.
Matter 33 (2021) 6412-6420

= F. Jahanbakhshi, M. Mladenovi¢, M. Dankl, A. Boziki, P. Ahlawat, U. Rothlisberger
“Organic Spacers in 2D Perovskites: General Trends and Structure-Property
Relationships from Computational Studies”, Helv. Chim. Acta 104 (2021), €2000232

3.3. CumyJaanuje MmeMOpHja ca IPOMEHOM BaJieHIle HA 0a3M OKCUAA

LlenTpasiHa TemMa HOCTAOKTOPCKOT UCTpakuBama ap Mapka MnanenoBuha nHa IlIBajuapckom
benepamTHOM TEXHOJOWIKOM HMHCTUTYTY y Llupuxy y rpymy npod. Matjya Jlyusujea jecy
CHUMyJIalldje MeMOpHja ca MPOMEHOM BasieHIle Ha 0a3u okcuya. OBaj TUI MeMopHja je y
MOCTIeIIbE BpeMe MPHUBYKAO MaXiby HCTPaKUBada 300T HUXOBE MOTCHLHUjAIHE MPUMEHE Y
HEYpOMOp(OJOMKUM KoMIjyTepumMa. [IpuHIun pana oBOr TUma MEMOpHja ce 3acHUBA Ha
dbopMupamy TPOBOAHOT (HIAMEHTa CACTaBJLEHOT OJ BaKaHIMja KUCEOHHWKA Y OKCHIY.
VYxonuko je punameHT GopMupan nejaoM Ty>KHHOM OKCHAA, Taaa ce ypehaj Hamasu y cramy
HUCKE OTHOPHOCTH, JIOK C€ y CIy4ajy Ja je puaaMeHT NpeKuHyT y jelHOM CBOM Jieny, ypehaj



ce HaJIa3M y CTamy BUCOKE OTIOpHOCTU. KaHauaar je pa3Boj MoJen KOjUM Ce CUMYJIHMPajy OBU
ypehaju y 3 kopaka. IIpBu Kopak mpeacTaBiba pauyyHamke aKTUBALMOHUX EHEPrHja 3a mpoliece
KOjH ce JemaBajy y ypehajy, nonyt nudysuje BakaHIMja v jOHAa KUCEOHHKA, Kao U popMHpama
U aHUXWJAllMje BakaHIHMja-joH mapa. OBH mapamMeTpu Ccy JO0OHMjeHH NPHUMEHOM TeopHuje
¢byHKUMOHANa rycTuHe. JIpyru Kopak ce cacToju Y pa3BOjy M MPUMEHU KUHETHYKOr MoHTe
Kapno merona, koju kopuctehu napamerpe u3 npBor Kopaka, n3Bpiiasa jorahaje u gaje kao
M3Ja3HU MOAATaK JUCTPUOYIM]y BaKaHIMja M jOHA KMCEOHHWKA Ha JaTOj TEMIIepaTypu, IMpu
JaTOM MPHUMEHEHOM HAIOHY M HaKOH Aaror BpeMeHa. KoHauHo, y Tpehem kopaky ce Bpiu
IPOpavdyH TPAaHCIOPTHUX OCOOMHA CTPYKType J00HjeHe Yy ApYyroM Kopaky, moMohy merozaa
HEPaBHOTEXHOT MeToja Ha 0a3u I'puHOBUX (QyHKIHMja. Pa3BHjeHH MPOTOKOJ, MPUMEHEH U
TECTHpaH Ha Xa(MHjyM OKCHIYy YCIICIIHO PENpoAayKyje eKCIIepHMMEHTalHa Mepema u Ouhe
KopuirheH 3a HCIUTHBAkE IPYTHX OKCUAA U TUIIOBA ypehaja Ha 6a3u MpoMeHe BaJIeHIIE.

3.4. UcnuTuBame HesmHueapHoOr IlokencoBor edpexkTa y NepOBCKUTHAM OKCHAHMA

Kao apyru npaBar uctpaxupama y rpynu npod. Matjya Jlyusujea, np Mapko Mnanenosuh
ce 0aBU UCTIMTUBAKEM HeTMHEapHOT [lokencoBor edexTa y NepOBCKUTHOM OKCHIY OapujyM-
TUTaH AuoKcuay. KanaunmaTt je paauo Ha OBOM IPOJEKTy y CKIOIYy MEHTOPCTBAa MacTep
cryaenTta Bupxxunu 1” Mectpai. Y ToM nepuoay pa3BHjeH je Mojen 3a npopauyH [lokencoBux
KoeduIMjeHaTa IpUMEHOM TeopHje nepTypbaruje ¢pyHkmroHana ryctune. Jlok ce y ciyyajy
enekTpoHCcKor Jena [lokencoBux koeduuMjeHata aodujajy A0OpU pe3yiTaTd MPUMEHOM
Teopuje meprypOamuje (QyHKIMOHANa TycTUHe Oe3 yKJbyuunBama eQeKTa TepMalHOT
Heypehema, 3a moTpede nmpopadyHa joHckor nena [TokencoBux koedwuijeHata noTpedHo je
YKJBYUUTH e(eKaT TepMaJIHOT Heypehema mocpencTBOM CHUMYyIaluja Ha 0a3d MOJIEKYJICKE
nuHamuke. Pa3BujeHn mozen naje moOpe pesynrate y mnopehemy ca ekcrnepuMeHTaTHUM
MepemuMa 1 Ouhe mpUMemkeH Ha CTpakuBambe eeKTa BakaHIMja KuceoHrnka Ha [lokencose
KoeuuujeHTe y 0apujyM-TUTaH AUOKCUIY, Ka0 U Ha JIpyre OKCHJIE.

4. ENJEMEHTH 3A KBAJIUTATUBHY OLIEHY HAYUHOT JIOMPUHOCA
KAHJMJIATA

4.1 KpaqmTeT Hay4YHHUX pe3yJsarTa
4.1.1 Hayynu HUBO U 3Ha4aj pe3yJrara, yTHLIAj HAYYHHX PajaoBa

Jp Mapko Mnanenosuh je y cBoM focaaamimeM paay objaBuo 19 panoBa y mehyHapoaHum
yaconucuma ca ISI mucre, ox kojux 10 y xareropuju M2la, 6 y kareropuju M21, 1y
kareropuju M22, 1 y kareropuju M23 u 1 y kareropuju M24. V nepuoay HaKOH OJIyKe
Hayunor Beha o npeasory 3a cTuname NpeTxo HOT HAy4YHOT 3Bama, Ap Mapko MnajneHoBuh
je o6jaBuo 12 panosa y mehyHaponuum yaconucuma ca ISI nmucre on xojux 9 y xateropuju
M21a, 2 y xateropuju M21 u 1 y xareropuju M22. Kao ner Haj3HauajHHjUX pajioBa TOKOM
OBOT' MEpHOAa KaHIuAaTa MoOry ce y3eTu cieaehu pamoBu (O6poj murTata Ha OCHOBY 0aze
Scopus):

1. M. Mladenovié, N. Vukmirovi¢: "Effects of Thermal Disorder on the Electronic
Structure of Halide Perovskites: Insights from MD Simulations", Phys. Chem. Chem.
Phys. 20 (2018) 25693-25700 (DOI: 10.1039/C8CP03726D M21, IF = 4.123, 6poj
nurara: 12)



2. N. Ashari Astani, F. Jahanbakhshi, M. Mladenovi¢, A. Q. M. Alanazi, I. Ahmadabadi,
M. R. Ejtehadi, M. 1. Dar, M. Gritzel, U. Rothlisberger: “Ruddlesden-Popper Phases of
Methylammonium-based 2D Perovskites with 5-Ammonium Valeric Acid AVA2MA..
1Pbal3n+1 with n=1, 2 and 3", J. Phys. Chem. Lett 10 (2019) 3543-3549 (DOI:
10.1021/acs.jpclett.9b01111 M21a, IF = 8.709, 6poj urara: 27)

3. F. Jahanbakhshi, M. Mladenovi¢, L. Merten, M. G.-Rueda, P. Ahlawat, Y. Li, A.
Hinderhoffer, M. 1. Dar, W. Tress, B. Carlson, et al, “Unravelling Structural and
Photophysical Properties of Adamantyl-based Layered Hybrid Perovskites”, J. Mat.
Chem. A 8 (2020) 17732-17740 ( DOI: 10.1039/DOTA05022A M21a, IF = 12.732, 6poj
nurara: 6)

4. T.-S. Su, H. Zhang, F. T. Eickemeyer, F. Jahanbakhshi, M. Mladenovié, J. Li, J. V.
Milié, J. H. Yum, K. Sivula, O. Ouellete et al, “Crown Ether Modulation Enables over
23% Efficient Formamidiniumbased Perovskite Solar Cells”, J. Amer. Chem. Soc 142
47 (2020) 19980-19991 (DOI: 10.1021/jacs.0c08592 M21a, IF = 15.419, 6poj uurara:
51)

5. H. Zhang, F. T. Eickemeyer, Z. Zhou, M. Mladenovi¢, F. Jahanbakhshi,. O. Ouellete, A.
Hinderhoffer, L. Merten, M. Hope, A. Mishra et al, “Multimodal Host-Guest

Complexation for Efficient and Stable Perovskite Photovoltaics”, Nat. Commun
12, (2021) 3383 (DOI: 10.1038/541467-021-23566-2 M21a, IF = 14.919, Gpoj rurata: 9)

ITpBu HaBeneHu paj je o0aBibeH y 1enoctu Ha MHcTuTyTy 32 Qusuky y beorpany. Tema pana
j€ UCTIMTHBakE eeKTa TEPMATHOT Heypeherma NepOBCKUTA Ha HErOBE eNIEKTPOHCKE 0COOMHE
Kanaunat je camocTaino 01adpao METo/] MpopadyHa, Kao U u300p jeIumbemha Koja cy y3era y
aHaIM3y, M3BPLIMO CHMYyJalje Ha 0a3u MOJIEKYJICKE JWHAMHKE, U3payyHao CTaHIApIHY
JIeBHjalldjy EHEPrujCKOr MpoIena y CiydajeBUMa pOTaldje OPraHCKOr KaTjoHa Kao M
Heypehema 1ene cTpykrype. Takole je yaecTBOBao y MIMCKYCHjU U HHTEPIIPETAIIU]U PE3yITaTa
3ajeqHo ca ap. Henanom Bykmuposuhewm. Pag je mao 3Hauajan qonpuHoc pasymeBamy eekra
TepMaliHe Heypel)eHOCTH Ha EeNeKTPOHCKE OCOOMHE TEepPOBCKUTA, HW3/IBOJUBIIN edeKar
Heypel)eHOCTH OpraHCcKOT KaTjoHa, KOj! JI0 Ta/1a HUje OMO UCTIUTaH, U YCTBPAMBIIHT KOpPENIaInjy
u3Mely jaunHe edexrta TepMaIHe Heypel)eHOCTH M KOHCTaHTE PelIeTKe NePOBCKUTA.

[Ipeocranu panoBu cy ypahenu Ha IlIBajuapckom (emaepasHOM TEXHOJIOIIKOM HHCTHTYTY Y
Jlozanu, y rpynu npod. Ypcyne PoraucGeprep, y capaamy ca IpyrUM UCTPaXUBAYMMa U3
MIOMEHYTE TpyIle, Ka0 U ca eKCIepUMEHTAIHUM Tpynama. Kanaunat je TecHo capahuBao ca
UCTpaXMBaYeM Ha JJOKTOPCKUM cTyaujama Papiane JaxanOakIu, K0joj je moMarao y u3paau
JIOKTOpCcKe aucepranuje. Ilpunukom u3paze Apyror HaBeAEHOT paja, KaHIUAAT je UMao
3HaYajHy yJory y onabupy MeToJa, aKTHBHO j€ Y4eCTBOBAO j€ y NpOpadyyHHMa, U HUMao
omtydyjyhy ynory y HHTepmnperauuju pesyirara. Tema oBor pana cy CTPYKTypHE U
CJIEKTPOHCKE OCOOMHE [IBOJAMMEH3MOHAIHUX MEPOBCKUTa Ha 0a3M S5-aMHHO BaJlepUYHE
kucenuHe. HaBeneHux paa je jemaH oA TPBUX TEOPUJCKUX pagoBa Yy obiactu
JBOJMMEH3HOHATHUX MEPOBCKUTA Ha 0a3M XanoreHux enemenara. [TocebHo Tpeba u3nBojuTH
3Ha4aj pe3ysrarta Koju ce OJJHOCH Ha Kopelalyjy 1yOruHe neHeTpalyje OpraHcKor MOJIEKyJa y
HEOPraHCKY PELIeTKY U CUMETPHjy peleTKe, KOju TO JaTa HUje OO JOBOJHHO HUCTaKHYT.

VY ckiony Tpeher HaBeneHOT paja KaHIWAAT jé UMao 3Ha4YajHy yJory y omaOupy Merona,
M3BPILNO j€ CAMOCTAITHO BEJIMKH JICO MMpopadyHa ¥ UMao o1y4yjyhy yiory y uatepnperanuju
pesynrara. Pag ce 0aBM HCHUTHBAKEM KOMIUIEKCHE CTPYKTYpE JBOAMMEH3MOHATHUX
MEPOBCKUTA Ha 6a3M aJlaMaHTHIIa Ka0 OPraHCKOT Mosiekyina. CuMmyranyje Ha 0a3u MOJIEKYJICKE



IMMaHUKE KOje je KaHAWAAT MPUMEHHO Jajie Cy 3HayajaH JONPHHOC pa3yMeBamy OBOT
(deHoMeHa, ca MOCeOHUM OCBPTOM Ha pe3yJiTaT KOjUM ce MOoKasyje Ja AyKHMHAa aMHUHO TpyTie
MOJIEKyJIa yTHUYE Ha Heypel)eHOCT HeopraHCcKe peleTKe.

PanoBu mon Opojem 4. u 5. ganu cy BEJIHMKH JONpUHOC o0iacTu cojapHux henuja Ha 0aszu
MEPOBCKUTA jep MPeUIaxy 0 TaJa HeIO3HAT METO/I 3a TACUBU3UPabE NedeKaTa Ha MOBPLUIMHU
NEPOBCKUTA U TUMe noBehame epukacHOCTH conapHe henmje. Y oba ciyuaja KaHIuaaT je
KOHIICTITYyaJIM30Ba0 TEOPUjCKU A0 HCTpakKMBama, W3BpIIMO Behu aeo mpopadyHa U UMao
omtydyjyhy yiory y wuHTepnpeTauuju pesyiarata. Y paxy 4. KaHIumaT je CBOJUM
cHUMyJalijama JeMOHCTPHPAO MHTEPAKIN]y KPYHE €Tpa ca MOBPIIMHOM MEPOBCKHTA, LITO j€
MOTKPETJHEHO MPOPAUyHOM yTHIAja OBE MHTEPAKIIM]jE HA EIEKTPOHCKE OCOOMHE MEPOBCKUTA.
VY pagy 5. TEOpHjCKUM MpopauyyHMMa KaHAHMJIATa JIEMOHCTPUpPAH je YTHIaj BaKaHIM]ja
dbopmMamMUIMHMjyMa Ha MOBPLIMHU MEPOBCKUTA HA H-ETOBY EIIEKTPOHCKY CTPYKTYpPY, Kao U
edexaT nHKOpHopanuje aroma 1esujyma. [lopes tora, 1at je 3HayajaH JONPUHOC pa3yMeBamby
yTHIaja [e3UjyMa Ha €JIEKTPOHCKE OCOOMHE NMEepOBCKUTA Ha 0a3u (OpMaMUIMHU]YM-0JIOBO
jonuna.

4.1.2 Ilo3uTHBHA HUTHPAHOCT HAYYHHUX PAIOBA KAHIMIATA

[Tomanu o nuTHUpamy CBUX pagoBa kanauaara Ha naH 01. 05. 2022. cy cymupanu y HapeIHoj
Tabenu:

basa noparaka bpoj Bbpoj murara 6e3 camorurara h-index
UTaTa

Scopus 330 298 10

Web of Science 321 289 10

PanoBu xannuaara cy HUTUpaHu y BojaehuM yaconucuma, nomyt Science, Nature Chemistry,
Journal of the Americal Chemical Society 1 MHOTUM APYTHM.

4.1.3 IlapaMeTpH KBaJINTETa Yaconuca

[Tporena kBanMTeTa Yacomuca y KOjuMa je KaHaIuaaT 00jaBJbUBA0 C€ MOYKE YUMHUTH HA OCHOBY
umnakT ¢akropa. Umnakt ¢axrop (MP) ce Mewa U3 roquHe y roJuHy, Ma HUXKe HABOJUMO
Haj00JbY BPETHOCT U3 TIEPUO/Ia 10 ABE TOIMHE YHA3a]l O] Kajaa je paq o0jaBibeH. [logByueHUM
ce o3HayaBa Opoj pagoBa HakoH oanyke Hayunor Beha o mpemiory 3a cTuname IpeTXoJHOT
HAYYHOT 3Bamba.

1. 3 pana (0+3) y waconucy Journal of the Americal Chemical Society (kaTeropuja
M21la) (UD: 1. pan 14.695, 2. pan 15.419, 3. pax 15.419)
2. 2pana (1+1) y waconucy Advanced Functional Materials (xkateropuja M21a) (UD: 1

pan 11.382, 2. pan 18.808)
3. 1pan (0+1) y waconucy Journal of Physical Chemistry Letters (kateropuja M21a)

(UD: 1 pan 8.709)
4. 1 pan (0+1) y waconucy Angewandte Chemie International Edition (xateropuja

M21la) (U®D: 1 pan 15.336)
5. 1pan (0+1) y waconucy Journal of Materials Chemistry A (kareropuja M21a) (®:

1. pax 12.732)
6. 1pan (0+1) ygaconucy Nauture Communications (xkateropuja M21a) (U®D: 1. pan
14.919)




7. 1 pan (0+1) y waconucy Chemistry of Materials (kateropuja M21a) (U®: 1 pan
9.811)

8. 3 pana (3+0) y waconucy Journal of Physical Chemistry C (xateropuja M21) (U®D: 1
pan 4.835, 2. pan 4.509, 3. pan 4.509)

9. 3 pana (1+2) y waconucy Physical Chemistry Chemical Physics (kateropuja M21)
(N®D: 1. pan 4.493, 2. pan 4.123. 3. pax 3.676)

10. 1 pan (0+1) y waconucy Helvetica Chemica Acta (xkateropuja M22) (U®:_1 pan
2.309)

11. 1 pax (1+0) y waconucy Physica Scripta (xkateropuja M23) (U®: 1 pax 1.126)

12. 1 pan (1+0) y waconucy Serbian Journal of Electrical Engineering (kareropuja M24)
(ND: -)

VYxymnan ¢akTop yTHLaja pagosa kanauaara je 166.810, a y nepuony HakoH oanyke HayuHor
Beha o mpeIory 3a CTUllambe IPETXOAHOT HAY4YHOT 3Bama Taj ¢akrop je 135.956.

Yaconucu Journal of Americal Chemical Society n Advanced Functional Materials cy
HAPOYHUTO IICHCHU Y 00JIACTH UCTPaXKMBabha KaHIUIaTa.

JlogatHu OUOIMOMETPUjCKHU MTOKa3aTeJbl y Be3H ca 00jaBJbeHUM paJloBUMa KaHIUAAaTa HAaKOH
omtyke Hayunor Beha o mpeasiory 3a cTuname NpeTXoJHOT HAYYHOT 3Barba JIaTH CY Y J0H0]
tabenmu. Ona caapxku ummakT ¢akrope (MUD) pamoBa, M 06omoBe pamoBa IO CPIICKO]
KaTeropu3aliji HAyqHOUCTPAKUBAUKUX PE3yJITaTa, Ka0 M UMIAKT (aKkTOp HOPMaIM30BaH IO
umnakty nutupajyher wianka (CHUII) (kopuctumo HajO0OIby BPEIHOCT U3 MEPHUOJA A0 JIBE
rOAIMHE YHa3aj o/ o0jaBe pajaa). Y Tabenu cy JaTe yKyNHE BPEIHOCTH, Ka0 U BPEAHOCTH CBUX
(bakTopa ycpeameHux 1Mo 0pojy wiaHaka 1 1o 0pojy ayTopa 1o 4jaHKy, 3a paJoBe 00jaBbeHe
y KaTteropujama

no M CHMUII
YkynHO 135.956 111 23.27
Yepeamweno no wianky|11.323  9.25 1.94
Yepeameno no aytopy|9.899 11.747 11.96

4.1.4 CteneH caMOCTAJTHOCTH M CcTelleH y4yemha y peanusanuju paxoBa y HAy4YHUM
HEeHTPHUMA Yy 3eM/bH H HHOCTPAHCTBY

VY TOKy CBOT JIOCaJallber HAyYHO-UCTPAXUBAYKOT paja KaHAUIAT je 00jaBHo 8 pagoBa Kao
IIPBH ayTOp M jeJlaH paj Ha KOME je KoayTop ca jeAHakuM yuemheMm Kao U mpBu aytop. Ha
ocranux 10 pajgoBa, KaHIAUAAT je KOAYTOP.

Kanaunar je mokaszao BUCOK CTEIEH CAMOCTAIHOCTH Y TOKY M3pajie CBUX 00jaB/bEHUX pasioBa.
CBe mpopauyHe Be3aHe ca pagoBe obaBibeHe Ha MHCTHTYTY 32 ¢u3uky y beorpany kanauaar
j€ M3BPIIMO CaMOCTAJIHO, @ Y BEJIMKO] MEpH je M JONPUHEO M MHTEpPIpeTaluju pedynrara. Y
TOKY cBOT paja Ha llIBajuapckom (eaepaiHOM TEXHOIOIKOM HHCTUTYTY Y Jlo3aHu, KanaunaT
je decTo mpenjarao METOJ W TpaBal] UCTPaKMBamka M Y BEIHMKOM MEPHU YYECTBOBAO Y
NpopadyHUMa U MHTEPIPETALUju T00UjeHUX pe3yiTaTa.



4.1.5 Harpane

Kangunat je nooutHuk Crynentcke Harpazae MHctutyTa 3a pusuky y beorpany 2018. rogune
(32 2017. ronuHy) 3a Haj0OJbY TOKTOPCKY AUCEpTAIH]y ypal)eHy TOKOM MPETXOAHE TOANHE.

[Tpunor: u3Bemraj komucuje 3a noxeny CryneHtcke Harpage MHctutyTa 3a QU3UKY Y
beorpany 2018. rox.

4.2 AHra:xoBaHocT y GopMupamy HayYHUX KaJpOBa

Toxkom cBor anraxxkmana Ha IlIBajuapckoM ¢denepasHOM TEXHOJOIIKOM HWHCTUTYTY Y
Jlo3zaHu, KaHIUAAT je moMarao U3paau JoKTopeke aucepranuje dap3ane JaxamOaky.

[Tpunor: 3axBanHua 1okTopcke Teze dap3ane JaxamOakim.

Tokom cBor anraxkmana Ha l1IBajiapckom enepanHoM TEXHOIOMKOM HHCTUTYTY y Llupuxy,
KaHAuJaT je 6o MeHTop MacTep paga Bupxkunu 1’Mectpad.

Hanomena: Mactep pan Bupsxunu 1’ MecTpan HUje jaBHO JOCTYIIaH, 1a TPEHYTHO HUje Moryhe
NPUIIOKHUTHU T0Ka3 O MEHTOPCTBY.

Taxohe, kaHaUIAT je PYKOBOJIMO NMPOJEKTHUM 3aJallMMa CTyJeHaTa ca OCHOBHUX U MacTep
cryauja Ha IlIBajuapckoM (¢enepasHOM TEXHOJIOWIKOM HWHCTHTYTY Yy Jlozanm u Ha
[IBajmapckom ¢eaepaTHOM TEXHOJIOMKOM HHCTUTYTY Y Llupuxy.

4.3 Hopmupame 0poja KOayTOPCKHMX Pa/ioBa, NATEHATA M TEXHUYKHUX pelleHha

Hakon nperxoanor u3bopa y 3Bame, KaHaAuaar je objaBuo ykymHo 12 pamoBa. Ox Tora 9
panoBa je ypaheHo y capaamu ca Ipyr'MM €KCIEpUMEHTAJIHMM IpylaMa, Ia ce HaBelIeHH
panoBH MpU3HAJy ca ca MmyHUM OpojeM M GomoBa 1o cemam koayrtopa. IIpeocrana 3 pana
Crajajy y KaTeropujy pajoBa ca HyMEpUUYKUM CHMYyJalljama, KOju ce MPU3HAjJy ca IMyHUM
Opojem M 6oj10Ba 110 MET KOAyTOpA.

Bbpoj M GonoBa Koje je KaHAMIAT OCTBapHO HakoH ojiyke Hayunor Beha o mpemory 3a
CTHULIAEE TPETXOAHOT HAYYHOT 3Bama je 111, a HakoH HopManu3alyje ca OpojeM KoayTopa Taj
Opoj noctaje 48.343. Hopmupame yTuye 3Ha4ajHO Ha Opoj 00/10Ba 300T BeIHKOT Opoja ayTopa
Ha BehuHM pasioBa, a Koje Cy MociaeIuIe IUPOKE HHTEPIUCIUIUTMHAPHOCTH UCTPAKMBabha HA
KOjUMa je KaHauaat paano. TpeGa HAIOMEHYTH J1a KaHIUIaT U HAaKOH HOpMHUpama nma Behu
Opoj 60/10Ba 011 TOTPEOHOT 3a CBaKy KaTEropHjy.

4.4 PykoBoheme npojekTuMa, NOTNPOjeKTHMA U NIPOjeKTHUM 3aJaliiMa

VY ToKy cBor anraxxmana Ha MHcTUTyTy 3a prsuky y beorpany, kanauaar je ydaecTBoBao Ha
cieaehum mpojexkTuma:

* qmpojekaT MHMHHUCTapCTBa MPOCBETE, HAYKE U TEXHOJIOMIKOT pa3Boja Pemybmuke Cpouje
OH171017 “Mopnenupame U HyMEpUYKE CUMYJALHUje CIOKEHUX BHUILECYECTHUHUX
cucrema’” (HoBemOap 2012-jyn 2017),

= @II7 mnpojexar EBporicke komucuje “ENeKTpoHCKHM TpaHCHOPT Yy OpPraHCKUM
matepujanuma’ (aBryct 2011-jyn 2015),



= Jlpojekar “High-Performance Computing Infrastructure for South East Europe's
Research Communities” (HP-SEE), xopumheme KOMIjyTepcKUX pecypca Ha
cynepkomnjyrepy y Cereauny (HosemOap 2013 - jyn 2014).

VY okBupy OH171017 mpojexTa, KaHIUAAT je PyKOBOIHMO MTPOjEKTHUM 33/1aTKOM: ~VIcIuTHBame
edekra TepMarHOr Heypehema Ha eJIeKTPOHCKE OCOOMHE MEPOBCKHTA Ha 0a3u XallOTeHUX
enemeHara’”.

VY ToKy cBOr aHrakmaHa Ha llIBajiapckom QenepaaHoM TEXHOJIOMIKOM HHCTUTYTY Y Jlo3aHu,
KaHIUAAT je OMO aHTa)XOBaH Ha cienehuM MpojeKTumMa:

* qpojekar llIBajinapcke Haunonanue Hay4yHe ¢ponganuje “NCCR MARVEL- Materials’
Revolution: Computational Design and Discovery of Novel Materials” (mapt 2017-
anpun 2018),

* qpojekar [lIBajuapcke HanmonanHe Hay4yHe ¢oupanuje “NCCR MUST - Molecular
Ultrafast Science and Technology” (ampun 2018-jym 2018),

* qpojekar llIBajuapcke Haumonanne HaydyHe ¢onmanmje “EPISODE: Engineering of
advanced hybrid Perovskite for Integration with Slilicon photovoltaic Optoelectronic
DEvice ” (jyn 2018 - jym 2020).

VY ToKy cBor anraxxmana Ha llIBajiapckom (penepanHoOM TEXHOJIOMIKOM UHCTUTYTY Y Llnpuxy,
KaHJUAAT je OMO aHTa)XOBaH Ha cieneheM MpojeKTy:

* qpojekar llIBajuapcke Harmonanue Hay4yHe ponnanuje “Advanced Learning Methods
on dedicated nano-Devices” (mapt 2021 - mapt 2022).

4.5 AKTHBHOCT Y HAYYHHM U HAYYHO-CTPYYHUM JAPyIITBHMA

Jp Mapko Mnanenosuh je 6uo unan IlIBajiapckor xeMuuapckor apymTsa o Mapta 2017. no
Mmapta 2021. roguse.

Kanmunar je peuensupao jenan pan y yaconucy Physical Chemistry Chemical Physics.
[Tpuitor: kKomyja Mo3KBa Ha PEICH3U)y O] CTPaHE YPEIHUILITBA YaCOIHUCA.

4.6 YTHIajHOCT HAYYHHUX pe3yJaTaTa

VY THIIajHOCT HAYYHHX pe3y/ITaTa KaHIuaTa je HaBeieHa y ojesbiiuMa 3 u 4.1 0BOT TOKyMEHTA.
[TyH criucak pajoBa je AaT y o/ieJbKy 6, a moJany o IMTHPAHOCTH Ca MHTEPHET CTpaHuIe 0a3e

Scopus 1 Web of Scienece cy naTtu HaKOH CIMCKa CBUX pajoBa KaHIUIATA.

4.7 KoHkpeTaH JONPHHOC KAaHIMIATA y peaju3alju paJoBa y HAYYHUM LEHTPUMA y
3eMJ/bH U HHOCTPAHCTBY

Behuna panoBa oOjaBjbeHa HakoH M300pa y NPETXOAHO HAy4YHO 3Bame je ypehena Ha
[IIBajiiapckoM  QenepaaHOM TEXHOJOMIKOM HMHCTUTYTY y Jlo3amm y capanmu ca
eKCIIepUMEHTAIHUM IpynaMa, yriaBHoM u3 llIBajiapcke, anu u U3 Ipyrux 3eMasba. Jenan pan
je ypahen Ha MuctutyTy 32 dusuky y beorpany y capaamu ca np. Henagom Bykmuposuhem.



Kanaunat je 1ao 3Ha4ajaH JOMPUHOC CBUM 00jaB/LEHUM paioBUMa. UecTo je mpeamarao MeTos
U TpaBall UCTPaXXMBamka U YYECTBOBAO j€ y MPOpAauyHHMMa M HHTEPIIPETALUjU pe3yiraTa.
KoHkpeTHH NONpUHOCH KaHAWJAaTa HAJUCTAaKHYTHJUM paJlOBUMa HaKOH M300pa y MPEeTXOTHO
3Bame J1aTH Cy y oz1eJbKy 4.1.1.

4.8 YBoaHa npegaBama Ha KOH(epeHIMjaMa U Ipyra npeJaBama

Haxkon nmokperama mocTymka 3a u300p y NpeTxoHO 3Bame Ha ceaHu Hayunor Beha

WucturyTa 3a pusuky y beorpany, np Mapko MianeHoBuh je oapkao jeiHO MpeaBambe 1o
HO3UBY:

= M. Mladenovi¢, N. Vukmirovi¢ , “Electronic Properties of interfaces Between
Domains in Organic Semiconductors” Book of Abstracts, 6" International School and
Conference on Phononics 28 August — 1 September 2017, p. 43, Belgrade, Serbia
(2017)

[Tpunor: pacniopes KoH(pEpEHIMje U TO3UBHO MMUCMO OpraHu3aTopa

5. EJEMEHTH 3A KBAHTUTATUBHY OLIEHY HAYUYHOT JOIMMPUHOCA
KAHJMJIATA

OcTtBapeHnu pe3yJiTaTu y nepuoay HakoH oajayke Hayunor Beha o mpeasiory 3a ctuname
NPEeTXO0AHOT HAYYHOTI 3Bama:

KareropujaM 06onoBa o pany/bpoj pagoaYkynHo M 6onosaHopmupanu 6poj M 6011083
M2la 10 9 90 28.176

M21 8 2 16 16.000

M22 5 1 5 4.167

M32 1.5 1 1.5 1.5

M34 0.5 6 3 3

ITopeheme ca MUHUMAJHMM KBAHTUTATHBHUM YCJI0BHMA 32 H300p y 3Bam-€e BUIIHM
HAYYHM CApPaHUK:

Munumani 6poj M Go108a OctBapeno M 6o10Ba, OctBaperno M 60110Ba,
0e3 HopMHupama ca HOpMHPamkHEM
YkynHo 50/115.5 52.843
M10+M20+M31+M32+M33+M41+M42+M9040/115.5 52.843
MI11+M12+M21+M22+M23 30111 48.343

[Ipema 6a3u momaraka Scopus (Web of Science) na gan 01. maja 2022. roaune, pamoBU
kaHauTata cy mutupanu ykymHo 330 (321) myta, omHocHO 298 (289) myta He pauyHajyhu
camorurare. [Ipema o6e 6aze, XupmoB nunaekc kanauaata je 10.

6. CIIMCAK PAJOBA JIP MAPKA MJIAJIEHOBURhA

6.1 PagoBu y mehynapoauum yaconucuma u3y3eTHux Bpeanoctu (M21a)

Paoosu objaswenu nakon npemxoonoe uzbopa y 36arbe



N. Ashari Astani, F. Jahanbakhshi, M. Mladenovi¢, A. Q. M. Alanazi, I. Ahmadabadi,
M. R. Ejtehadi, M. 1. Dar, M. Griétzel, U. Rothlisberger: “Ruddlesden-Popper Phases

of Methylammonium-based 2D Perovskites with 5-Ammonium Valeric Acid
AVA,MA,, 1Pbul34+1 with n=1, 2 and 3%, J. Phys. Chem. Lett 10 (2019) 3543-3549

= Alanazi, D. J. Kubicki, D. Prochowitz, E. Alharbi, M. Bouduban, F. Jahanbakhshi, M.
Mladenovié, J. V. Mili¢, F. Gioradano, D. Ren, et al “Atomic-Level Microstructure of
Efficient Formamidinium-Based Perovskite Solar Cells Stabilized by 5-Ammonium
Valeric Acid lodide Revealed by Multi-Nuclear and Two-Dimensional Solid-State
NMR?”, J. Amer. Chem. Soc. 141 (2019) 17659-17669

= L.Hong,J. V. Mili¢, P. Ahlawat, M. Mladenovi¢, F. Jahanbakhshi, D. J. Kubicki, D.
Ren, A. Ummadasingu, Y. Li, C. Tian, et al “Guanine-Stabilized Formamidinium
Lead lodide Perovskites”, Angewandte Chemie International Edition 59 (2020), 4691-
4697

= M. G.-Rueda, P. Ahlawat, L. Merten, F. Jahanbakhshi, M. Mladenovi¢, A.
Hinderhofer, M. 1. Dar, Y. Li, A. Ducinskas, B. Carlson, et al “Formamidinium-Based
Dion-Jacobson Layered Hybrid Perovskites: Structural Complexity and
Optoelectronic Properties”, Adv. Funct. Mater (2020), 2003428

= F. Jahanbakhshi, M. Mladenovi¢, L. Merten, M. G.-Rueda, P. Ahlawat, Y. Li, A.
Hinderhoffer, M. 1. Dar, W. Tress, B. Carlson, et al “Unravelling Structural and
Photophysical Properties of Adamantyl-Based Layered Hybrid Perovskites”, J. Mat.
Chem. A 8 (2020) 17732-17740

= T.-S. Su, H. Zhang, F. T. Eickemeyer, F. Jahanbakhshi, M. Mladenovi¢, J. Li, J. V.
Mili¢, J. H. Yum, K. Sivula, O. Ouellete et al, “Crown Ether Modulation Enables over
23% Efficient Formamidinium-based Perovskite Solar Cells”, J. Amer. Chem. Soc
142 (2020) 19980-19991

= M. Hope, T. Nakamura, P. Ahlawat, A. Mishra, M. Cordova, F. Jahabakhshi, M.
Mladenovi¢, R. Runjun, B. Carlsen, D. Kubicki et al, “Nanoscale Phase Segregation
in Supramolecular n-Templating for Hybrid Perovskite Photovoltaics from NMR
Crystallography”, J. Amer. Chem. Soc 143 (2021), 1529-1538

= H. Zhang, F. T. Eickemeyer, Z. Zhou, M. Mladenovi¢, F. Jahanbakhshi,. O. Ouellete,
A. Hinderhoffer, L. Merten, M. Hope, A. Mishra et al, “Multimodal Host—Guest

Complexation for Efficient and Stable Perovskite Photovoltaics”, Nat. Commun
12, (2021) 3383

= Mishra, P. Ahlawat, G. C. Fish, F. Jahanbakhshi, M. Mladenovi¢, M. Almalki, M. A.-
R. Preciado, M. C. G.-Rueda, D. J. Kubicki, P. A. Schouwink, V. Dufoulon et al,
“Naphthalenediimide/Formamidinium-Based Low-Dimensional Perovskites”, Chem.
Matter 33 (2021) 6412-6420

Paoosu objaswenu npe npemxoonoe uzbopa y 36arve



= M. Mladenovi¢, N. Vukmirovi¢: “Charge Carrier Localization and Transport in
Organic Semiconductors: Insights from Atomistic Multiscale Simulations”, Adv.
Funct. Mater 25 (2015) 1915

6.2 PanoBu y BpxyHckuM MehyHapoanum yaconucuma (M21)
Paoosu objaswenu nakon npemxoonoe uzbopa y 36arve
= M. Mladenovi¢, N. Vukmirovié¢: “Effects of Thermal Disorder on the Electronic
Structure of Halide Perovskites: Insights from MD Simulations”, Phys. Chem. Chem.
Phys. 20 (2018) 25693-25700
= Boziki, M. Mladenovi¢, M. Gritzel, U. Rothlisberger: “Why Choosing the Right
Partner is Important: Stabilization of Ternary CsyGUAxFA(1- y- x)Pbls Perovskites”,
Phys. Chem. Chem. Phys. 22 (2020) 20880-20890

Paoosu objaswenu npe npemxoonoe uzbopa y 36arve

M. Mladenovi¢, N. Vukmirovié, L. E. Stankovi¢, “Electronic States at Low-Angle
Grain Boundaries in Polycrystalline Naphthalene”, J. Phys. Chem. C, 117 (2013)
15741

= M. Mladenovi¢, N. Vukmirovi¢, “Effects of Thermal Disorder on the Electronic
Properties of Ordered Polymers”, Phys. Chem. Chem. Phys 16 (2014) 25950

= M. Mladenovi¢, N. Vukmirovi¢, “Electronic States at the Interface Between
Crystalline and Amorphous Domains in Conjugated Polymers”, J. Phys. Chem. C,
119 (2015) 23329
= M. Mladenovi¢, N. Vukmirovié, “Spontaneous Polarization Induced by Side Chains
in Ordered Poly(3-hexylthiophene)”, J. Phys. Chem. C, 120 (2016) 18895
6.3 PagoBu y mehhynapoaguum yaconucuma (M22)
Paoosu objaswenu nakon npemxoonoe uzbopa y 36arve
= F. Jahanbakhshi, M. Mladenovi¢, M. Dankl, A. Boziki, P. Ahlawat, U. Rothlisberger
“Organic Spacers in 2D Perovskites: General Trends and Structure-Property
Relationships from Computational Studies”, Helv. Chim. Acta 104 (2021), €2000232
6.4 Panosu y mel)ynapoguum yaconucuma (M23)
Paoosu ob6jaswenu npe npemxoonoe uzbopa y 36arve
= M. Mladenovi¢, N. Vukmirovié, I. E. Stankovic¢, “Atomic and Electronic Structure of

Grain Boundaries in Crystalline Organic Semiconductors”, Phys. Scr. T 157 (2013)
014061



6.5 PagoBu y yaconucuma mel)ynapoaHor 3Hauaja Bepu(pMKOBAHUX MOCCOHUM
omitykama (M24)

Paoosu objaswenu npe npemxoonoe uzbopa y 36arve

= M. Mladenovi¢, I. E. Stankovi¢: “Monte Carlo Simulations of Crystalline Organic
Semiconductors”, SJEE 10 (2013) 125-134

6.6. IIpenaBame no no3uBy ca melynapoanor ckyna mrammnano y ussoany (M32)

Paoosu objaswenu nakon npemxoonoz uz6o0pa y 38aree

= M. Mladenovi¢, N. Vukmirovi¢ , “Electronic Properties of interfaces Between
Domains in Organic Semiconductors” Book of Abstracts, 6" International School and
Conference on Phononics 28 August — 1 September 2017, p. 43, Belgrade, Serbia
(2017)

6.7. Caonmrema ca Mel)yHapoaHor ckyna mrammnasa y uzsoay (M34)

Paoosu objaswenu nakon npemxoonoz uz6o0pa y 38aree

= M. Mladenovi¢, U Rothlisberger, “First-Principles Calculations of Halide Perovskites”,
10™ International Conference on Hybrid and Organic Photovoltaics, 28 - 31 May 2018,
Benidorm, Spain (2018) Session C1

= F. Jahanbakhshi, M. Mladenovi¢, U Rothlisberger, “Investigating the Interficial Effects
on the Performance of Perovskite Solar Cells”, 10" International Conference on
Hybrid and Organic Photovoltaics, 28 - 31 May 2018, Benidorm, Spain (2018) Poster
277

= M. Mladenovi¢, U Rothlisberger, “Lead-Free Materials for Solar Cells Applications”
E-MRS 2019 Spring Meeting, 27-31 May 2019, Nice, France (2019) Talk G.6.3

= F. Jahanbakhshi, M. Mladenovi¢, N. Ashari-Astani, U Rothlisberger, “The Role of
Spacer Molecules in Designing 2D Ruddlesden-Popper Perovskites”, E-MRS 2019
Spring Meeting, 27-31 May 2019, Nice, France (2019) Talk G.14.5

= A. Boziki, S. Meloni, M. Mladenovi¢, U Rothlisberger, “Atomistic Origins of the
Preferential Stabilization of Perovskite over Non-Perovskite Phases of Mixed Cation
Lead Halide Perovskites”, 10th Triennial Congress of the International Society for
Theoretical Chemical Physics. July 11-17, 2019. Tromsa, Norway (2019), Poster P2-
46

= M. Mladenovi¢, F. Jahanbakhshi, U Rothlisberger, “Ruddlesden-Popper Phases of 2D
Halide Perovskites”, SFKM 2019 7-11 October 2019, Belgrade, Serbia (2019)
Presentation contributed:62



Paoosu objaswenu npe npemxoonoe uzbopa y 36arve

M. Mladenovié, 1. E. Stankovi¢ , N. Vukmirovi¢ , “Atomic and Electronic Structure of
Grain Boundaries in Crystalline Organic Semiconductors” Book of Abstracts, 3rd
International conference on optical materials, 3-6 September 2012, p. 90, Belgrade,
Serbia (2012)

M. Mladenovi¢ , N. Vukmirovié, 1. E. Stankovi¢, “Simulations of Electronic States at
Grain Boundaries in Poly-crystalline Naphthalene”, DPG 2013 Conference, 10-15
March 2013, Regensburg, Germany (2013) Poster HL69.12

M. Mladenovié¢, N. Vukmirovié, 1. E. Stankovi¢, "Electronic Properties of Grain
Boundaries in Polycrystalline Naphthalene”, E-MRS Spring Meeting, 27-31 May 2013,
Strasbourg, France (2013) Poster PII-15

M. Mladenovié, N. Vukmirovi¢, I. E. Stankovi¢, "Electronic States at Grain Boundaries
in Polycrystalline Naphthalene”, Book of Abstracts, 6th ISFOE, 8-11 July 2013, p.14,
Thessaloniki, Greece (2013)

M. Mladenovi¢, N. Vukmirovi¢, “Effects of Dynamic Disorder on the Electronic
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1 Introduction

Organic/inorganic halide perovskite materials have attracted
enormous attention in the last several years due to their out-
standing optoelectronic properties.»* In particular, these mate-
rials can be used as low-cost active materials in solar cells®*
with power conversion efficiencies larger than 20%.° As a
consequence, there is a strong interest in understanding their
electronic properties and the factors that affect them.

The chemical formula of hybrid perovskites is ABX;, where A
is the organic cation (for example CH;NH;", HC(NH,),", NH, "),
B is the metal cation (for example Pb**, Sn*>*) and X is the halide
anion (Cl, Br-, I"). It is by now well established that the
highest states in the valence band and lowest states in the
conduction band originate from orbitals of inorganic elements.®**
On the other hand, there is a wealth of evidence that organic
cations have significant rotational freedom, especially at room
temperature or higher temperatures.'* > Consequently, a single
material combines a flexible organic part with a more inert
inorganic part.

The flexibility of organic semiconductors has a profound
effect on their electronic properties. Displacements of atoms at
room temperature are large enough to lead to variations of the
energies of the highest occupied and lowest unoccupied states
comparable to the bandwidths. This effect, termed as dynamic
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perovskites fall within the range exhibited in inorganic semiconductors.

or thermal disorder, often leads to localization of charge carriers,
and strongly affects the electrical transport properties.>**® While
it is a significant challenge to reliably calculate the charge carrier
mobility in thermally disordered materials,”” it is generally
understood that stronger thermal disorder leads to smaller
charge carrier mobility. On the other hand, in the case of
inorganic semiconductors atomic displacements have a weaker
effect and can be usually treated perturbatively as electron-
phonon interactions.*®*°

The main goal of this work is to understand the effect of
thermal disorder on the electronic properties of several of the
most widely used organic/inorganic halide perovskite materials.
We investigate these effects using ab initio molecular dynamics
(MD) simulations at finite temperature by tracking the evolution
of the conduction and valence band edge energies as a function
of time. Stronger variations of band edge energies produce a
more disordered potential for charge carriers and consequently
lead to smaller charge carrier mobility. To quantify this effect
caused by thermal disorder using a single parameter, we calcu-
late the standard deviation of the band gap during the evolution
of the system. It is expected that larger standard deviation of the
band gap will lead to slower electrical transport.

We compare the effects of different cations by keeping lead-
iodide (Pbl;) as the inorganic part and replacing the organic
cation methylammonium (MA, CH;NH;") with formamidinium
(FA, HC(NH,),") and ammonium (NH,"). Additionally, we investi-
gate the effects of metal and halide atom substitution by replacing
Pb with Sn and I with Br and Cl while keeping MA as a cation.
To isolate the effects of the organic part of the material we perform
two sets of simulations - in one set the atoms in the inorganic part
are fixed, while in the other set all atoms are allowed to move.
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While ab initio molecular dynamics was extensively used in recent
years to study the properties of perovskite materials,'*">820:22-28:30:50
very few of these studies have analyzed the effects of atomic
motion on band edge energies and energy gap'*?®** and these
studies were focused on a single or two perovskite materials. In
ref. 14 the authors reported the variations of the HOMO energies
of cubic MAPDI; at temperatures of 268 K and 319 K (which are
below the tetragonal to cubic phase transition and represent
hypothetical undercooled cubic structures) and found that
the standard deviation of these variations is respectively
54 and 78 meV. In ref. 20 the authors presented the results of
band gap variations for MAPDI; in three different tetragonal
phases and FAPbI; in the cubic phase at a temperature of 350 K.
They obtained standard deviation of the band gap in the range
from 15 to 40 meV. In ref. 23, a tetragonal phase of MAPbI;
at a temperature of 220 K was analyzed and a band gap standard
deviation of 90 meV was obtained. Other ab initio MD studies
were focused on different effects or properties, such as temporal
behavior of the cation orientation and positions,'*#242527 the
phase transition between the tetragonal and cubic phase,**?®
(anti)ferroelectric ordering of molecular dipoles,>**° and the
effects of material degradation by water.*®

In this work, we analyze the effects of thermal disorder on
the electronic structure in detail for a class of organic/inorganic
halide perovskite materials and establish and interpret the
trends obtained with substitution of a metal atom, halide atom
or organic group. We find that the variations of the band gap
when all atoms are allowed to move are somewhat smaller than
those in inorganic polar semiconductor GaAs and significantly
larger than those in Si. Variations in the band gap are highest
in perovskites with Br and Cl halide atoms and the smallest in
perovskites with ammonium as an organic cation. In the case of
a fixed inorganic part, the variations in the band gaps become
considerably smaller. We discuss the factors responsible for
such trends and the implications for material properties.

2 Computational methodology

To investigate the effects of thermal disorder on the electronic
structure of halide perovskites, we used ab initio Born-Oppenheimer
MD simulations. The simulations were performed using the
Quantum ESPRESSO package.>"*> Two sets of MD simulations
were carried out: (1) simulations without any constraints for
atomic positions and lattice parameters and (2) simulations
where only the organic cation is allowed to move freely. Starting
geometries for all investigated perovskites were 2 x 2 x 2
pseudocubic supercells, each containing 8 stoichiometric units,
with lattice parameters listed in Table 1. Most of the lattice
parameters are taken from ref. 53, which is the database of
lattice parameters used in several theoretical studies.'®”*3°
Lattice parameters for the initial structure of MASnI; are taken
from ref. 56. We note that a single unit cell of perovskites with an
organic group is not strictly cubic since orientation of the
organic cation defines a preferential direction in space and
slightly distorts the cubic shape of the cell. In real materials
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Table 1 Pseudocubic unit cell parameters for the initial structure of the
perovskites investigated in this work

a (A) b(A c (A)
MAPbI,** 6.29 6.27 6.30
MAPbBr;>* 5.92 5.92 5.92
MAPbCL;** 5.68 5.68 5.68
MASNI;*® 6.23 6.23 6.23
FAPbI,>* 6.41 6.27 6.34
NH,PbI,>* 6.21 6.21 6.21

different orientations of organic cations in different cells lead to
a cubic structure on average. The distortion of the cubic cell is
only slight in most materials, as can be seen in Table 1. Never-
theless, we refer to these cells that are used in our initial
structure as pseudocubic. We used norm-conserving pseudo-
potentials with kinetic energy cut-off 60 Ry, 2 x 2 x 2 ['-point
centered reciprocal points grid and local density approximation
(LDA) for exchange-correlation potential. To estimate the accu-
racy of LDA for quantities of interest in this work, additional
calculations using other levels of theory were also performed. In a
set of these calculations, we used the hybrid PBEO functional®”~®
with the effects of spin-orbit interaction taken into account.
In another set of calculations, we included the semi-empirical
DFT-D dispersion correction® in the functional.

The temperature was set to 7= 350 K in all simulations and
it was controlled via velocity rescaling. This temperature was
used to enable a fair comparison between the investigated
materials since all investigated perovskites with MA as an organic
cation exhibit a cubic structure at this temperature.>>*°%* On the
other hand, at room temperature, MAPbI; adopts a tetragonal
phase.>"®> For FAPbI;, both cubic'® and trigonal®® structures
are reported, whereas for NH,Pbl; there is no experimental
evidence of the structure and theoretical studies assume a
cubic structure.>*

MD simulations consisted of a 2 ps long equilibration run
followed by an 8 ps long production run. This time is larger
than the time necessary for organic cation rotation which
was estimated to be on the order of a picosecond.'®'719>7:63
Consequently, the organic cation can exhibit a variety of
different orientations during this time and it is expected that
this timescale is representative enough to reliably estimate the
effects of thermal disorder. The simulations without constraints
on atomic coordinates were performed at constant temperature
and pressure, which implies variable cell dimensions, while
simulations with fixed inorganic parts were performed at
constant temperature and volume, which implies fixed cell
dimensions. The time dependence of the simulated Kohn-Sham
band gap of halide perovskite materials investigated in this work
is presented in Fig. 1. As can be seen from the figure, for some
materials the band gap exhibits strong variations during the first
2 ps of MD simulation due to system equilibration. Conse-
quently, the first 2 ps of each MD simulation were excluded
from the analysis.

Next, we discuss possible effects of limited supercell size on
the results. Several previous ab initio MD simulations of halide
perovskites'**%%* were performed using the 2 x 2 x 2 supercell

This journal is © the Owner Societies 2018



PCCP

5: T
23010 LR s I TR | 1 M,
rdl i | | Bl — mAPbC,
? _ Y LTI | I T
—_ AR T AT I ! | )
-] | |-.I'|I| LTl ‘l L) L l'.r" F;‘.F‘I:-I_
LSl YRR T WA e,
w higd [y
1 i
k il W F i |
I LY ] I vl
0.5 v ‘hy 2
2% % § 10
Iips)

Fig.1 Time evolution of the simulated Kohn—Sham band gap of halide
perovskite materials investigated in this work.

and simulation time on the order of 10 ps, while longer
simulation times and larger supercells were employed in more
recent studies.'®?*?%?® It was pointed out in ref. 15 that the
limited supercell size may lead to a reduced decay of the dipole
autocorrelation function in the case of tetragonal MAPbI; at
room temperature. On the other hand, in ref. 26 nearly the
same distribution of organic cation orientation was obtained in
the simulations with a 2 x 2 x 2 supercell as in the simulations
with 4 X 4 x 4 and 6 x 6 x 6 supercells, while the dipole
autocorrelation functions are largely similar. Nearly the same
dipole autocorrelation function was obtained in ref. 24 from
2 x 2 x 2and 4 x 4 x 4 supercells for MAPDI; at a temperature
of 400 K. Consequently, we choose the 2 x 2 x 2 supercell as a
compromise between computational cost and accuracy. Since
the main focus of our study is on comparison between similar
materials, we believe that any possible systematic errors arising
from limited supercell dimensions would be nearly the same in
similar materials.

3 Results and discussion

Calculated band gaps and their standard deviations are sum-
marized in Table 2. Band gaps and the corresponding standard
deviations were calculated as average of the values obtained at
different MD steps. Calculated values for the MAPbI; and FAPbI;
band gaps are within the range of reported experimental values
(1.5-1.6 eV for MAPbI;**®* and 1.4-1.5 eV for FAPbI;**%®). In the
case of NH,PbI;, our band gap of 1.75 eV is higher than the

Table 2 Average values of band gaps (E4) and standard deviations of band
gaps in MD simulation without constraints (a(Eg)) and in MD simulation
with a fixed inorganic part (o¢(Eg)) for the studied perovskite materials

B, (eV) o(Eg) (V) oi(Ey) (eV)
MAPDI; 1.54 0.15 0.079
MAPDbBTr; 1.90 0.19 0.059
MAPDCI, 2.47 0.19 0.079
MASNI; 0.76 0.16 0.052
FAPDI; 1.41 0.15 0.032
NH,PbI; 1.75 0.088 0.054
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reported band gap of 1.13 eV calculated using the LDA
functional.>® This difference originates from the fact that the
gap in ref. 55 was calculated for a fixed cubic structure, while in
our simulation the structure becomes distorted, which, on
average, decreases the antibonding overlap between the Pb
and I atoms and increases the band gap. A similar observation
related to the structure of NH,PbI; was reported in ref. 11.
However, one should bear in mind that there is no experi-
mental evidence of perovskite phase of NH,PbI; and we use this
compound just for comparison with MAPbI; and FAPbI;. For
other compounds our band gaps are lower than the experi-
mental values (around 2.2 eV for MAPbBr;,°® around 3 eV for
MAPDCI;** and around 1.3 eV for MASnI,*®) expressing the
well-known problem of LDA band gap underestimation. In the
case of Pbl; perovskites, LDA (and other local functionals such
as PBE) gives good estimates for band gaps due to the cancella-
tion of the LDA error and the error of spin-orbit coupling effect
neglection.®” However, the goal of this work is to estimate the
effects of thermal disorder on the electronic properties of the
material and the focus was not on calculation of correct
absolute values of band gaps.

To check the accuracy of LDA in quantifying the degree of
variations of the band gap, we have performed electronic
structure calculations for 9 snapshots from the MD trajectory,
taken at ¢ = 2, 3,...,10 ps, in the case of the MAPbI; and MASnI;
material, using the hybrid PBEO functional with the effects of
spin-orbit interaction (PBEO + SOC), which we used because it
is known to give a rather accurate band structure of halide
perovskites.®® In the case of MAPbI;, the standard deviation of
the band gap estimated from these snapshots is 158 meV for
PBEO + SOC calculations, while it is 138 meV for LDA calcula-
tions. For the MASnI; material, the standard deviation calculated
from selected snapshots (8 snapshots taken at ¢ = 3, 4,...,10 ps
were selected because their standard deviation of the band
gap is very similar to full production trajectory) is 174 meV in
PBEO + SOC calculation and 154 meV in LDA calculation. These
results suggest that LDA gives rather similar values of standard
deviations of the band gap to the more accurate functional.

Another known deficiency of local functionals such as LDA
is the inability to treat dispersion interactions.®® The role of
dispersion interactions in organic/inorganic halide perovskites
was discussed in some recent studies.”””" To assess their role
when band gap variations are concerned, we have performed
additional MD simulations where dispersion correction®® was
included in the functional. These simulations were performed
for MAPDbI; and FAPbI; materials which contain different organic
groups and consequently significantly different dispersion inter-
action between the organic group and the inorganic cage. In
such simulations, we find that the standard deviation of the
band gap is 152 meV for MAPbI; and 167 meV for FAPbI;.
Therefore, these results only slightly differ from the values
obtained in the simulation based on LDA (146 meV for MAPbI,
and 154 meV for FAPDL;, see Table 2), suggesting that dispersion
interactions have only a minor effect on the results reported in
this work. A similar conclusion was obtained also in ref. 23
where the same band gap variations of tetragonal MAPbI; were
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obtained in simulations with a local functional and with a
dispersion-corrected functional.

Values for standard deviations of band gaps in the case of
MD simulations without any constraints are significant. They
are all within the range of (0.14-0.20) eV, except for NH,PbI;
which has a smaller standard deviation. We note that our
results yield larger values than previous similar studies of
MAPDI;. This is to a large extent expected since the work in
ref. 23 considered tetragonal MAPbI; at a low temperature of
220 K, while the simulations in ref. 14 and 20 were performed
with fixed Pb atoms and fixed unit cell. To compare the values
that we obtained with the corresponding values in inorganic
semiconductors, we also performed MD simulations of conven-
tional inorganic semiconductors Si and GaAs. The values that
we obtained for perovskites are somewhat smaller than that for
inorganic polar semiconductor GaAs that has a standard devia-
tion of the band gap of 0.30 eV, but are significantly larger than
those of Si where the standard deviation is only 34 meV.

Next, we also discuss variations of individual conduction band
minimum (CBM) and valence band maximum (VBM) energies.
In the simulation with a fixed inorganic part (and with fixed
supercell), we find for all materials that the standard deviations
of the CBM and VBM are rather similar (¢f®™ ~ oy °™) and that
these are approximately equal to of(Es)/v2. Such results
suggest that one can consider the total band gap variation
o¢(E;) to be composed of equal contributions from CBM
and VBM satisfying (of™)* + (of"™)* = o((E,)*. For these
reasons, throughout the paper we report only the total band
gap variation. On the other hand, within the current simulation
setup it is not possible to check if the same relations hold in the
simulation without any constraints when supercell dimensions
also vary. The reason for this is that the VBM and CBM values
obtained from different supercells have different reference
energies.

To understand the trends in standard deviations of the band
gaps among different perovskite materials, we first discuss
different factors that lead to these variations. Since the highest
states in the valence band and lowest states in the conduction
band originate from the inorganic part, thermal disorder
directly influences the band gap by modulating the transfer
integrals between relevant orbitals of metal and halide atoms
and consequently modulates the band gap of the material. This
is the same mechanism as in inorganic semiconductors. On the
other hand, organic cations create electrical potential that
varies with time and consequently modulates the energies of
orbitals of inorganic atoms, leading also to modulation of the
band gap. The following factors influence the strength of these
variations: (a) lattice constant of the material. For smaller
lattice constants, the organic cation is closer to the inorganic
atoms leading to stronger variations of the value of electrical
potential on the inorganic atoms. (b) The strength of the
organic cation dipole. Larger dipole moment of the organic
cation leads to larger variations of electrical potential on the
inorganic atoms. The MA cation has the largest dipole moment
of 2.2 D, and the dipole moment of FA is around 0.2 D, while
ammonium cation has no dipole moment.> (c) Rotational
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flexibility of the organic cations. If the organic cation has more
freedom to rotate, its dipole moment can be oriented in many
different directions, leading to stronger variations in the
potential it creates. (d) Translational motion flexibility of the
organic cation. If there is enough space for the organic cation to
move as a whole, its charge will create stronger variations of the
potential. A quantitative measure of the factor (a) is simply the
value of the lattice constant and the measure of the factor (b) is
the dipole moment of the organic cation. To quantify the factor
(c) we use the conformational entropy defined as

I o /(0,9)
s = —L sin 0 dGL dof(0,6)In {f—o] .

(1)

In eqn (1), the variables 6 and ¢ denote polar and azimuthal
angle that represent the direction of the orientation of the
cation, while f(0,¢) is the probability density describing
the probability of orientation of the dipole in different direc-
tions and f, = 1 rad > f(0,¢) is normalized to satisfy

Jo sin 0 d@jo dé f(0,¢) = 1. To quantify the factor (d) we follow
the position of the middle of the C-N bond for MA based
perovskites, the position of the C atom for FA based perovs-
kites and the position of the N atom for ammonium based
materials. Then, we use mean square displacement of this
position to quantify the flexibility of organic cation transla-
tional motion.

The results obtained for standard deviations of the band gap
are presented in Table 2. We first discuss the results of the full
simulation when there are no constraints on the lattice para-
meters or the motion of atoms. The overall trend is that
variations tend to decrease with an increase in the lattice
constant of the material, as can be seen in Fig. 2. This effect
is expected since for a smaller lattice constant the influence
of the organic cations on the band gap variations is stronger
[the factor (a) discussed in the previous paragraph]. However,
effects other than the lattice constant may lead to departures
from the main trend. The most pronounced departure occurs in
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Fig. 2 Dependence of the standard deviation of the band gap on the
lattice constant in the case of the simulation without any constraints
(circles) and the simulation with a fixed inorganic part (squares). Dashed
lines are given only as a guide to the eye.
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Table 3 Rotational entropy and mean square displacement of transla-
tional motion in MD simulation without constraints (s and 4) and in MD
simulation with a fixed inorganic part (s and 4y) for the studied perovskite
materials

S St A (A) Af (10\)
MAPDI; 1.59 2.29 0.52 0.66
MAPDbBTr; 1.37 2.25 0.55 0.58
MAPDCl; 1.77 2.03 0.55 0.52
MASNI; 1.56 217 0.50 0.62
FAPDI; 1.78 2.40 0.71 0.65
NH,PbI, N/A N/A 0.48 1.11
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Fig. 3 The distribution of orientations of a CN vector for the studied
MA-based perovskite materials in MD simulations without constraints and
the simulation with a fixed inorganic part.

the case of NH,PbI;. This departure occurs due to the fact thata
NH," cation has no dipole moment.

Next, we discuss the trends that arise with substitution of
halide anions, metal cations or organic cations. To understand
these trends we present in Table 3 the rotational entropy and
the mean square displacements that quantify the degree of
translational motion. In Fig. 3 we present the function f(6,¢)
that also quantifies the degree of rotational freedom of an
MA cation.

Halide anion substitution

In the sequence MAPDCIl;, MAPbBr;, MAPDI; the effects of
thermal disorder decrease (see the values of ¢(E,) in Table 2)
and are in-line with the trend arising from the change of lattice
constant. In addition, the rotational flexibility of MAPbCI; is
the largest in the sequence (see the values for s in Table 3),
which also suggests that it should have the largest thermal
disorder. Translational motion of the organic cations is similar

This journal is © the Owner Societies 2018
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in all three materials (see the values for 4 in Table 3) and does
not contribute to the differences in band gap variations.

Metal cation substitution

MASnNI; has somewhat larger variations of the band gap than
MAPDI; (see the values of o(E,) in Table 2). This difference may
arise from the slightly smaller lattice constant of MASnI;. On
the other hand, rotational and translational motion is slightly
larger in MAPDI; (s and 4 in Table 3). Nevertheless, due to small
differences in the results for the two materials, it is difficult to
reliably explain them.

Organic cation substitution

In the NH,PbI;, MAPbI;, FAPDbI; sequence, the smallest effects
of thermal disorder arise for NH,Pbl; (see o(E,) in Table 2).
The reasons for this are that NH," has no dipole moment and it
has the smallest translational freedom (smallest 4 in Table 3).
On the other hand, FAPbI; has slightly larger effects of thermal
disorder than MAPbI; mainly due to larger translational free-
dom of the organic cation (compare the values of 4 in Table 3).

Our aim is also to understand pure effects of organic cations
on the electronic properties of the material quantified by band
gap variations. To this end, we performed simulations where
the inorganic part is fixed. If the degree of rotational and
translational freedom of the organic part in such simulations
was the same as in the simulations without any constraints,
then such simulations would provide information about the
effect of the organic cation on the electronic properties of the
material. Interestingly, we find that the conformational rota-
tional entropy of organic cations is larger in simulations with a
fixed inorganic part, as can be seen from the fact that s > s in
Table 3 and from the more smeared dependence f(0,¢) in the
right part of Fig. 3. Such a result can be rationalized by taking
into account that the motion of inorganic atoms can occasionally
introduce barriers for organic cation rotation that are otherwise
not present when inorganic atoms are fixed. As a consequence of
larger rotational freedom of organic cations in simulations with
fixed inorganic parts, the results of these simulations over-
estimate the effect of the organic cation on band gap variations
in the real material. Therefore, the standard deviation of the
band gap obtained from these simulations, that we discuss
next, should be considered as the upper limit for the contribu-
tion of the organic cation to the band gap variation in the real
material.

The trends obtained in simulations with fixed inorganic
atoms can be rationalized as follows.

Halide anion substitution

We find that in the sequence MAPbCl;, MAPbBr;, MAPDI;, the
result for MAPbI; departs from the trend expected from values
of the lattice constants. MAPbI; has the largest translational
freedom of the organic cation (largest 4¢) and somewhat larger
rotational freedom (largest s;) than the other two materials,
leading to larger band gap variations than those expected
simply from the lattice constant trend.

Phys. Chem. Chem. Phys., 2018, 20, 25693-25700 | 25697
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Metal cation substitution

MAPDI; has somewhat larger translational and rotational freedom
of the organic cation (larger sf and 4f) than MASnI;, which
partially explains the larger band gap variations in MAPbI;.

Organic cation substitution

MAPDI; has the largest band gap variations due to the largest
dipole moment of the organic cation. Although the organic
ammonium cation in NH,PbI; has no dipole moment, it has by
far the largest translational freedom (largest 4y), which appears
to be the reason for the larger band gap variations in NH,PbI;,
compared to FAPbI;.

Our results indicate that band gap variations in simulations
with fixed inorganic atoms are significantly smaller than in
simulations without constraints. Taking into account that
these band gap variations actually overestimate the effect of
the organic cation in the material, we can conclude that the
contribution of the organic cation to thermal disorder in
electronic properties is much smaller than the contribution
of motion of halide and metal atoms. Consequently, to a good
approximation, one can think that these materials have similar
properties as inorganic semiconductors, although the effects of
the organic part cannot be completely neglected. It is also
important to point out that this does not mean that substitution
of an organic group will lead only to a small change in band gap
variations. Namely, the presence of different organic cations in
the two materials leads also to different motion of the inorganic
part which may also significantly contribute to differences in
band gap variations.

Finally, we make some comments on the implications of the
effects of thermal disorder on charge carrier mobility in the
material. Relevant energy scales that should be used to
compare different materials are the (conduction or valence)
bandwidth and standard deviation of the band gap or the
(conduction or valence) band edge. Namely, when the standard
deviation of the band gap becomes comparable to the band-
width, (dynamical) localization of carriers takes place which
significantly slows down the transport. On the other hand,
when the bandwidth is much larger than the standard devia-
tion of the band gap the carriers are delocalized and carrier
mobility is high. In this work, we found that standard deviation
of the band gap in the investigated perovskites falls within the
range exhibited in inorganic semiconductors being larger than
in non-polar Si, but smaller than in polar GaAs. Band edge
variations in ordered regions in organic semiconductors are
also of similar order’®*® as in perovskites or inorganic semi-
conductors. However, these three groups of semiconductors
exhibit quite different charge carrier mobilities. Inorganic Si or
GaAs may have mobilities even larger than ~1000 cm* V™' s,
while organic semiconductors rarely exhibit mobilities beyond
~1 ecm® V' s, The essential difference between these two
groups of materials is that bandwidths in inorganic semi-
conductors are much larger than band edge variations, while
in organic semiconductors band edge variations are comparable
to bandwidths, leading to strong effects of thermal disorder and

25698 | Phys. Chem. Chem. Phys., 2018, 20, 25693-25700

PCCP

poor charge carrier transport. Halide perovskites exhibit band-
widths somewhat smaller or comparable to the bandwidths of
inorganic semiconductors and we have established in this
work that band edge variations in the investigated perovskites
are comparable to those in inorganic semiconductors. As a
consequence, it is expected that organic/inorganic halide per-
ovskites should exhibit similar or somewhat smaller mobilities
than inorganic semiconductors. The fact that mobilities beyond
~100 em”® V' s7! were observed in perovskites’” is consistent
with this expectation.

4 Conclusions

In conclusion, we investigated in detail the effects of thermal
disorder on the electronic properties of organic/inorganic
halide perovskite semiconductors. We find that the trend in
the strength of thermal disorder can be largely rationalized by
considering only the lattice constant of the material. To under-
stand the departure from the main trend one has to take into
account the strength of the dipole of the organic cation or the
degree of its rotational or translational flexibility. We find that
the contribution of the organic cation to band gap variations is
considerably smaller than the contribution of the inorganic
part. The strength of these variations, as well as the bandwidths
of the material, are similar as in inorganic semiconductors, in
agreement with very good charge transport properties of halide
perovskites.
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ABSTRACT: S-Ammonium valeric acid (AVA) is a frequently used additive in the e
preparation of lead halide perovskites. However, its microscopic role as passivating, cross- - i
linking, or templating agent is far from clear. In this work, we provide density functional ]
theory-based structural models for the Ruddlesden—Popper (RP) phases of
AVA,(CH;NH,),_Pb,Ly,,, for n = 1, 2, and 3 and validate with experimental data on | b S 4
polycrystalline samples for n = 1. The structural and electronic properties of the AVA- [ | =1 B ™
based RP phases are compared to the ones of other linker families. In contrast to aromatic | e

and aliphatic spacers without additional functional groups, the RP phases of AVA are | L1 Gl TR g
characterized by the formation of a regular and stable H-bonding network between the % I Ty
carbonyl head groups of adjacent AVA molecules in opposite layers. Because of these W b 1 4
additional interactions, the penetration depth of the organic layer into the perovskite sheet R ;-
is reduced with direct consequences for its crystalline phase. The possibility of forming = -
strong interlinker hydrogen bonds may lead to an enhanced thermal stability. '

In view of the rapidly rising photoconversion efficiencies of
perovskite solar cells with current record values reaching
>23%," it becomes imperative to resolve some of the remaining
issues concerning their long-term stability under operating
conditions. One promising azp%)roach in this respect has been
the use of organic additives.”” The microscopic role of these
additives is not fully understood, but it has been shown that
they can act as passivating surface layers or form fully periodic
layered structures (so-called two-dimensional (2D) perov-
skites) or mixed 2D /3D constructs with enhanced stability. In
few cases, it has been possible to prepare and resolve crystals of
2D perovskites showing that they can form Ruddlesden—
Popper (RP)*¢ Ay Ap-yM, X, or Dion—Jacobson (D))
A”A(,,_l)M"X3n+17 phases where A’ and A are monovalent
organic cations and A” is a divalent organic cation, M a
divalent metal cation, and X a halide anion. Several RP
perovskites with an organic ammonium ion A’ = RNH;" acting
as a spacer between the 3D perovskite layers with A = MA or
FA; M = Pb**or Sn**, and X representing a halide anion have
been prepared. In particular, butyl ammonium (BA),*’
phenylethylammonium (PEA),'”'" hexylammonium
(Hex),"”" 4-ammonium butyric acid (ABA),"* AVA,"*~"7
anilinium (Anyl),"® benzyl ammonium,"” and a series of

- ACS Publications  © 2019 American Chemical Society

polycyclic aromatic hydrocarbons™ are some of the organic
linkers that have been incorporated thus far. Very recently, also
adamantyl-based ammonium linkers have been explored.”!
Despite the general agreement about the beneficial effects on
either efficiency”’" and/or stability,”” the molecular origin of
these effects is not clear yet. The space of possible linkers is
huge and has only just started to be explored. Currently, hardly
any structure—function relationships exist that could establish
links between the chemical nature of the organic spacers and
the resulting structural and electronic properties of the 2D or
even 2D/3D perovskite materials. One issue that further
complicates an understanding of the microscopic roles of
organic linkers is the fact that in many experiments, it is not
clear what type of structures are really present. Here, we focus
on a systematic investigation of the properties of fully periodic
RP phases with AVA as one of the most used additives to
detect characteristic signatures that can help in identifying the
presence of corresponding 2D RP perovskites experimentally.
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Figure 1. DFT (PBEsol)-optimized structures of BA, MA,_,Pb,L;,,; for n = 1, 2, and 3 viewed along the x and y axes.

Table 1. Characteristic Structural Features of BA,MA, ,Pb I, ., for n = 1, 2, and 3 Defined in the Text and in Figure 1¢

n dy (A) d, (A) d; (A) d, (&) ¢, (deg)

1 13.2 4.5 6.4 6.3 47
13.1 4.5 6.4 6.3 48

1* 14.0 4.3 6.3 6.4 16
13.8 4.3 6.3 6.4 17

1* 14.7 4.3 6.3 6.4 24

2 14.2 4.4 6.3 6.4 9
13.2 4.4 6.3 6.3 11

3 12.7 4.5 6.3 6.3 38
13.1 4.5 6.3 6.4 40

[+ - - 6.3 6.4 -

6.3 6.3

0, (deg), O, (deg), O (deg) NH.I (A) N..Pb (A)
—, 113.9, 113.9 3.61 2.5
- 1111, 1111 3.69 26
—, 120.0, 120.0 3.63 26
—, 114.5, 114.5 3.71 2.6
—, 1184, 1184 3.70 2.7
86.4 + 4.3, 102.2 + 15.1, 104.1 + 14.1 3.75 2.2
89.9 + 16.0, 90.0 £ 0.0, 90.0 £ 0.0 3.97 2.2
89.9 + 1.2, 963 + 4.8, 959 + 4.7 3.86 21
90.1 = 9.9,90.0 £ 1.1, 90.0 = 1.1 3.92 2.1

934 + 27,1174 + 1.3, 116.6 + 2.1
91.7 £ 0.0, 110.1 * 0.0, 110.1 * 0.0

“Values are averages over all corresponding distances, angles, and bonds with experimental values given in italics.

To this end, we use density functional theory (DFT)-based
static calculations as well as molecular dynamics (MD)
simulations. In particular, we predict structural models for n
=1, 2, and 3 and validate them with experimental data from X-
ray powder diffraction (XRD). The structural and electronic
properties of the AVA-based RP phases are compared to the
ones of the BA family. Because AVA and BA differ only by the
presence/absence of a carboxylic end group, such a
comparison can be helpful in trying to establish the direct
impact of H-bonding functionalities.

RP Phases of Butylammonium-methylammonium Lead Iodide.
We first tested the accuracy of our computational approach for
a system where single-crystal data on RP phases is available. In
the case of BA,MA,_Pb,l;,,,, crystal structures have been

3544

resolved for n = 1, 2, and 3.2*** For n = 1, two different
structures have been determined (“1” and “1*”). As a test, we
also generated an RP structure for n = 1 taking the n =2 and n
= 3 structures as the initial template (“1**”). The DFT-
optimized systems are shown in Figure 1 (full atomic
coordinates and crystal lattice parameters are given in the
Supporting Information) and are compared in Table 1 with the
corresponding experimental data. To trace the structural
changes as a function of n and compare them to the ones of
the full 3D perovskite structure of MAPDI; in the tetragonal
room-temperature phase, we define a number of characteristic
quantities (indicated in Figure 1). The properties of the
organic layer will be characterized by d; that measures its
thickness, d, that indicates the interspacer distance, and the

DOI: 10.1021/acs jpclett.9b01111
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Figure 2. DFT (PBEsol)-optimized structures for AVA, MA,_Pb,1;,,,, for n = 1, 2, and 3 viewed along the x and y axes. Correlation between
penetration depth of the spacers (into the inorganic layer) and octahedral tilting is demonstrated in the lower-right inset.

tilting angle ¢, formed by the axis defined by the average
position of the carbon atoms of the organic spacer and the
tetragonal axis (z). In addition, we monitor the length of the
hydrogen bonds between the hydrogen atoms of the
ammonium group and the neighboring iodide ions of the
perovskite layer, NH...I. The inorganic perovskite part, on the
other hand, will be characterized by the parameters d; and d,
(defined as the distance between iodide ions in opposing
octahedra corners in the xy plane and along the tetragonal axis,
respectively) as well as the angles ®—0@; between adjacent
Pbl*~ octahedra along the three crystallographic directions
that characterize the distortions with respect to a cubic lattice
(©, = ©, = ®; = 90°). Table 1 shows that the PBESol-
optimized structures are in overall good agreement with the
available experimental data. The computationally generated
structure (1**) for n = 1 deduced from n = 2 and n = 3 shows
properties similar to the ones of the crystal structure (1*). As a
function of n, the experimental thickness of the spacer layer is

3545

gradually decreasing from 13.8 A for n = 1* to 13.1 A for n = 3;
this trend is even more pronounced in the fully optimized 0 K
structures where the organic layer changes from 14 to 15 A at n
=1to 12.7 A at n = 3). Surprisingly, the tilting angle is subject
to a pronounced even—odd effect (Figure 1). While n = 3
shows a distinct tilting, the structure for n = 2 is characterized
by an almost perpendicular orientation of the organic chains
with respect to the perovskite layer, and for n = 1, both
structures, one with a smaller tilt around 20° and one with a
large tilt of ca. 50° exist. The rotational angle between
neighboring octahedra, on the other hand, starts out with
values close to the tetragonal 3D structure of MAPI with
rotational angles perpendicular to the tetragonal axis around
110—120° but reaches values resembling a fully cubic structure
for n = 2 and 3. Surprisingly, the presence of the organic layer
seems to stabilize a higher-symmetry perovskite structure. The
electronic structure as a function of n shows the typical trend
expected from a simple particle in a box model with a constant

DOI: 10.1021/acs jpclett.9b01111
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Table 2. Characteristic Structural Features of AVA,MA,_,Pb,I;,,, for n = 1, 2, and 3 Defined in the Text”

n d, (A) d, (A) dy (A) d, (A) ¢, (deg) 0, (deg), O, (deg), O (deg) NH..I (A) N.Pb (A) H.O (A)
1 17.5 4.4 6.4 6.4 16 —119.6 + 3.9, 119.6 + 3.9 3.90 2.7 1.5
2 16.7 4.5 6.4 6.4 30 944 + 22,1198 + 1.0, 119.7 + 1.1 3.68 2.6 1.6
3 17.1 4.4 6.4 6.4 27 929 + 89, 115.6 + 11.3, 116.2 + 10.2 3.63 2.6 1.6
0 - - 63 6.4 - 93.4 + 2.7, 1174 + 13, 116.6 + 2.1 - - -

6.3 63 91.7 % 0.0, 110.1 % 0.0, 110.1 + 0.0

“Values are averages over all corresponding distances, angles and bonds with experimental values given in italics.
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Figure 3. (a) XRD pattern of the experimental (upper panel) versus computationally (PBEsol+Grimme lower panel) predicted structure for n = 1.
(b) Absorption spectrum and corresponding measured band gap of AVA,Pbl,.

decrease of the calculated band gap from 2.8 eV (for 1 and
1%%) and 2.61 eV (for 1¥),2.17 eV for n =2, to 1.93 eV for n =
3 compared to experimental values of 2.43,”* 2.17,>* and 2.03
eV> forn = 1, 2, and 3, respectively.

RP Phases of AVA-methylammonium Lead Iodide. Figure 2
shows the DFT-optimized structures of
AVA,(MA)(,_)Pb,L;,,; RP perovskites for n = 1, 2, and 3,
and Table 2 summarizes characteristic structural features (full
atomic coordinates and crystal lattice parameters are given in
the Supporting Information).

To trace the structural changes as a function of n and
compare them to the ones of the full 3D perovskite structure of
MAPI in the tetragonal room-temperature phase, we are using
the same characteristic quantities as in the case of BA
(indicated in Figure 1). In addition, we also monitor the length
of the interspacer hydrogen bonds (between the O..H atoms of
adjacent H-bonded AVA molecules of opposite layers). As
expected because of the increased molecular length, the
thickness of the spacer layer is larger than in the corresponding
BA-based RP phases and decreasdes from 17.5 A for n = 1 to
17.1 A for n = 3. The compression is mainly caused by an
increase in tilting of the organic chains from 16° to 27—30°.
These more continuous trends are in contrast to the
pronounced even/odd alteration found in the case of BA. In
addition, in contrast to the RP phases of BA, the perovskite
layer keeps its tetragonal structure with a gradual diminution of
tetragonal distortion as indicated by the average angle between
octahedra in the xy plane that decreases from 120° to 116° at n
= 3, similar to the one observed for tetragonal 3D MAPI of
117°. Thus, while BA spacers seem to have a distinct
templating effect forcing the structure of the perovskite layer
into a more cubic phase away from the tetragonal room-
temperature structure of MAPI, this effect seems entirely
absent in the case of AVA. This is somewhat surprising,
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because the AVA spacers possess an additional functional
group to form strong intermolecular interactions. In search of
the origin of this effect, we examined possible correlations
between the octahedral tilting in the xy plane and the
penetration depths of the organic layer (defined indirectly by
the distance between the ammonium nitrogen atom and the
nearest Pbl, plane, reported as N..Pb in Tables 1 and 2 for the
RP phases of BA and AVA, respectively). As demonstrated in
the lower-right inset of Figure 2, a strong correlation is
observed between increased penetration depth and a more
cubic-like inorganic framework that can be rationalized by the
higher spatial demand of deeply penetrating ammonium
groups and the maximum of the interoctahedral space reached
for a perfectly cubic structure. It is notable that in the case of
BA, the absence of interlinker H-bonds allows for a deeper
penetration of the spacers into the inorganic layer, which
results in a more cubic framework. In the case of AVA, all three
structures from n = 1—3 show a regular network of H-bonds
between the carboxylic groups of oppositely oriented AVA
molecules (inset Figure 2) and the penetration depth is
significantly lower (indicated by an increased N..Pb distance),
preserving a tetragonal structure. Each AVA monomer
interacts with two other spacer molecules and the H..O
bond length experiences a subtle increase from 1.5 A (n = 1) to
1.6 A (n = 3) but indicates a strong acidic hydrogen bond in all
cases. Indeed, DFT-based MD simulations at room temper-
ature also indicate that the hydrogen-bond network is well
preserved (at least on the 8 ps time scale of the simulations).
This strong hydrogen-bond network clearly enhances the
cohesion between the two organic layers, increasing thermal
stability with respect to the case of BA.

To validate the computationally predicted structural models
of the 2D perovskites of AVA, the RP phase for n = 1 was
prepared experimentally and structurally characterized via X-
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ray powder diffraction (XRD). Figure 3a shows the calculated
and the experimental XRD pattern for AVA,Pbl,. The
measured spectrum is in excellent agreement with the
computationally predicted structure. The peak at 20 = 5.67°
corresponds to the 002 reflection and is a measure of the
thickness of the organic layer (15.6 A) defined by the distance
of Pb layers, and the corresponding experimental value (15.8
A) corresponds to the measured low-angle peak of 20 = 5.81°.

A similar comparison is not possible for the case of n =2 and
3 because in this case only samples containing coexisting RP
phases of n = 2, n = 3, and the 3D phase could be prepared in
spite of intense efforts to synthesize pure RP phases. The
measured XRD pattern as well as absorption and photo-
luminescence data corresponding to these mixed samples are
dominated by their 3D component (Figures S4—S6) and
cannot be used as a validation for the theoretically predicted
RP structures. However, the superb agreement for n = 1
provides confidence that the computational models for n = 2
and 3 are equally realistic. Furthermore, the calculated band
gap of 2.75 eV for AVA,Pbl, is also in excellent agreement
with the experimentally determined value of 2.75 eV (Figure
3b), while the predicted values for n = 2 and n = 3 are 2.36 and
1.99 eV, respectively, overall similar to the ones observed for
BA.>> Full details on electronic and transport properties are
given in the Supporting Information.

In summary, on the basis of DFT calculations, we predict the
structure of Ruddlesden—Popper perovskites
AVA,MA,_Pb,1,,., with the frequently used additive S-
ammonium valeric acid for n = 1, 2, and 3 and validate the
computational prediction with experimental powder diffraction
and absorption data for n = 1. In contrast to the corresponding
RP phases with butylammonium, no even/odd effects and no
pronounced templating of the inorganic layer is observed. We
demonstrate that there is a direct correlation between the
penetration depth of the organic layer and the extent of
tetragonal distortion of the perovskite layer; linkers with deep
penetration drive structural transitions to more cubic frame-
works. In spite of the rather different chemical nature of BA
and AVA spacers and the differences in the structures of the
RP phases, the overall electronic properties in terms of band
gaps and effective masses are similar. However, the strong and
persistent interspacer H-bond network may lend additional
structural stability to AVA-based RP phases at finite temper-
atures.

B COMPUTATIONAL METHODS

For the RP phases of AVA, the inorganic frameworks of the
initial structures were constructed from the crystal structures of
(BA),( CH3NH3)(H_ HPb, L, 1 while the initial spacer pattern
was inspired by the n = 2 member of the 2D RP ABA family."*
DFT calculations were carried out using the Quantum
Espresso suite of codes.”” Structural optimizations were
performed with the Perdew—Burke—Ernzerhof (PBE)*°
formulation revised for solids (PBEsol).”” Dispersion inter-
actions were taken into account with the empirical D3
dispersion correction.”® Band gaps were calculated with
PBEO0”” and spin—orbit coupling (SOC),* which yields values
in good agreement with GW.”" We used ultrasoft pseudopo-
tentials to describe the interaction between valence electrons
and ionic cores. Kohn—Sham orbitals were expanded in a plane
wave basis set with a kinetic energy cutoff of 40 Ry and a cutoff
of 280 Ry for the density. The Brillouin zone was sampled with
different grids of 4 X 1 X 4and S X 1 X Sforn=1,2, and 3
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tetragonal structures, respectively. These values were chosen
by checking the convergence of total energy, band gaps, and
atomic forces. Finite temperature simulations were performed
for n = 3 using Born—Oppenheimer MD. The system was first
equilibrated at room temperature and heated to higher
temperatures. The temperature was controlled using the
velocity rescaling implemented in Quantum Espresso.”
Computational XRD patterns and reflection data of our
DFT-optimized crystal structures are generated using Mercury
package.”® More details on the computational setup may be
found in the Supporting Information.

B EXPERIMENTAL METHODS

Materials. All materials were used as received: lead iodide
(PbL,) (>98% purity, Alfa Aesar), methylammonium iodide
(MAI) (>99% purity, Dyesol), S-ammoniumvaleric acid
hydroiodide (AVAI) (>99% purity, Dyesol), dimethylforma-
mide (anhydrous, Across), and dimethyl sulfoxide (anhydrous,
Across).

Perovskite Film Preparation. One molar (M) AVA,Pbl,
precursor solution is prepared by dissolving Pbl, and AVAI
in a 1:2 molar ratio in a dimethylformamide (DMF) and
dimethyl sulfoxide (DMSO) (4:1 v/v) solvent mixture.
Similarly, MAI and Pbl, (1:1 molar ratio) were dissolved in
a DMF and DMSO (4:1 v/v) solvent mixture to prepare 1 M
MAPDI; precursor solution. The AVA,Pbl, and MAPbI; were
mixed in different ratios to prepare AVA,MA,_,Pb,1;,,, (n=1,
2, ...) precursor solutions. Prior to mixing, both AVA,Pbl, and
MAPDI; precursor solutions were heated at 65 °C for 30 min.
Finally, MAPDbI; and AVA,MA, _Pb,I ., perovskite films were
obtained by spin coating S0 L of precursor solution on the
precleaned glass substrates at 3000 rpm. The resulting films
were annealed at 100 °C for 30 min. The perovskite precursor
solutions were prepared inside an argon glovebox, whereas
perovskite film deposition was carried out inside a dry air
(humidity <2%) glovebox.

Structural and Absorption Studies. X-ray diffraction (XRD)
data were collected on a Philips X-ray diffractometer with a
graphite monochromator, using Cu Ka radiation. The
absorption spectra of perovskite films were recorded with a
UV—vis—NIR spectrophotometer (CARY-S) in transmission
mode.
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ABSTRACT: Chemical doping of inorganic—organic hybrid
perovskites is an effective way of improving the performance
and operational stability of perovskite solar cells (PSCs). Here
we use S-ammonium valeric acid iodide (AVAI) to chemically
stabilize the structure of a-FAPbI;. Using solid-state MAS
NMR, we demonstrate the atomic-level interaction between
the molecular modulator and the perovskite lattice and
propose a structural model of the stabilized three-dimensional
structure, further aided by density functional theory (DFT)
calculations. We find that one-step deposition of the perovskite in the presence of AVAI produces highly crystalline films with
large, micrometer-sized grains and enhanced charge-carrier lifetimes, as probed by transient absorption spectroscopy. As a
result, we achieve greatly enhanced solar cell performance for the optimized AVA-based devices with a maximum power
conversion efficiency (PCE) of 18.94%. The devices retain 90% of the initial efficiency after 300 h under continuous white light
illumination and maximum-power point-tracking measurement.
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B INTRODUCTION physicochemical properties such as low band gaps, high

Hybrid organic—inorganic lead halide perovskites have
received considerable attention since their first application to
solar cells in 2009" and have recently reached a remarkable
power conversion efficiency (PCE) above 24%.” These
semiconducting materials have emerged as efficient light
harvesters due to their easy fabrication process and unique

- ACS Publications  © 2019 American Chemical Society

extinction coefficients, and high carrier mobilities.> ™ The most
widely used 3D perovskites are methylammonium (MA) lead
iodide MAPbI; and formamidinium (FA) lead iodide a-
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FAPDI; with band gaps of around 1.5—1.6 and 1.48 eV,
respectively.”® This alternation in band gap is very important
in view of the Shockley-Queisser efficiency limit,” which states
that materials with a band gap around 1.4 eV are expected to
have optimal light-harvesting ability in solar cell applications.
In this respect, @-FAPbI; is a very promising material since it
shows a near optimal band gap leading to maximal predicted
power conversion efficiency. However, a major disadvantage of
a-FAPDI, is its thermodynamic instability; the black perovskite
phase of a-FAPbI; is thermodynamically stable only above 150
°C and spontaneously transforms to the wide-band-gap
hexagonal, nonperovskite yellow OJ-phase at room temper-
ature.'’”"” These shortcomings have been tackled by composi-
tional engineering, for example, by mixing FA* with smaller A-
site cations such as MA**™" or Cs*,'°™'% and through the
introducing of mixed halide compositions.'””" Another
emerging approach to overcome the stability issue consists of
applying lower-dimensional perovskites (2D and 2D/3D
hybrids) formed by replacing the A-site cation with bulkier
molecules such as longer alkylammonium chains.”"** This
approach is particularly interesting in terms of enhancing the
stability of the structure against humidity, as these compounds
generally exhibit higher resistance to the incorporation of water
into the crystal structure.”’ Therefore, a number of large
aliphatic alkylammonium cations, e.g., cyclopropylammonium
(CA),”* poly(ethylenimine) (PEI),” phenylethylammonium
(PEA),”°"*® or butylammonium (BA)*’~*' have been
intercalated into MAPbI; crystal lattice forming 2D/3D (also
referred to as quasi-3D) hybrid perovskites with improved
ambient stability. Alternatively, large-sized organic molecules
with bifunctional groups can be utilized as additives to improve
the crystallinity and stability of Pb-based perovskites by
potentially cross-linking neighboring perovskite grains through
strong hydrogen bonding.>* >’ For example, the bifunctional
alkylphosphonic acid w-ammonium cation was hypothesized
to be a cross-linking agent for facilitating the growth of
perovskite crystals and forming high-performance and stable
perovskite solar cells (PCSs).”” The use of bifunctional
passivation ligands has also been demonstrated for perovskite
nanocrystals.”* In a similar vein, oleate-capped all-inorganic
perovskite nanocrystals have been demonstrated as a
passivation agent for microcrystalline MAPbI, thin films."
Recently, the incorporation of a bifunctional salt of S-
ammonium valeric acid iodide (AVAI) has been reported to
enhance crystallinity and stability of MAPbBr;>* and FASnl;.>
These cations are suggested to cross-link and as such play an
important role in reducing the surface energy and passivating
surface defects, which subsequently enhances the performance
and operational stability of the devices.

Here, we report an effective one-step solution deposition
method for the preparation of a high quality and stable a-
FAPDI; perovskite active layer using the bifunctional organic
molecule AVALI that acts as a structure-directing cross-linking
agent between adjacent grains in the perovskite structure.
Using solid-state NMR, we reveal that AVAI interacts with a-
FAPDbI; on the atomic level by binding to the 3D perovskite
through hydrogen bonding interaction and stabilizing it against
the detrimental a-to-0 phase transition. The introduction of
AVAI to the perovskite precursor solution leads to the growth
of highly crystalline films with large, micrometer-sized grains
and enhanced charge-carrier lifetime. As a result, the optimized
AVA-based mesoscopic heterojunction PSC yields a high PCE

of 18.94% and high operational stability after 300 h under
continuous illumination.

B EXPERIMENTAL SECTION

Materials. All materials were purchased from Sigma-Aldrich and
used as received, unless stated otherwise. Perovskite powders for
solid-state NMR studies were synthesized by grinding precursors in an
electric ball mill (Retsch Ball Mill MM-200, agate grinding jar with a
volume of 10 mL and 1 agate ball, diameter size 10 mm) for 30 min at
25 Hz. The precursors were packed in a glovebox under an argon
atmosphere. After milling, the resulting powders were annealed at 140
°C for 10 min to reproduce the thin-film synthetic procedure. FAPbI;:
0.172 g of FAI (1 mmol) and 0461 g of Pbl, (I mmol);
FAPbI,(AVAI)y,s: 0.172 g of FAI (1 mmol), 0.461 g of PbI, (1
mmol), and 0.029 g of AVAI (0.25 mmol).

Solar Cell Preparation. Fluorine-doped tin oxide (FTO) glass
substrates (TCO glass, NSG 10, Nippon sheet glass, Japan) were
etched from the edges by using Zn powder and 4 M HCI and then
were cleaned by ultrasonication in Hellmanex (2%, deionized water),
rinsed thoroughly with deionized water and ethanol, and then treated
in oxygen plasma for 15 min. A 30 nm blocking layer (TiO,) was
deposited on the cleaned FTO by spray pyrolysis at 450 °C using a
commercial titanium diisopropoxide bis(acetylacetonate) solution
(75% in 2-propanol, Sigma-Aldrich) diluted in anhydrous ethanol
(1:9 volume ratio) as precursor and oxygen as a carrier gas. A
mesoporous TiO, layer was deposited by spin-coating a paste (Dyesol
30NRD) diluted with ethanol (1:6 wt ratio) (4000 rpm, acceleration
2000 rpm for 20 s) onto the substrate containing the TiO, compact
layer and then sintered at 450 °C for 30 min in dry air.

Deposition of Perovskite Films. The perovskite films were
deposited using a single-step deposition method from the precursor
solution. The precursor solution ofFAPbI; was prepared in argon
atmosphere by dissolving equimolar amounts of Pbl, and FAI in an
anhydrous DMF/DMSO (4:1 (volume ratio)) mixture at a
concentration of 1.4 M. Next, we added AVAI into the FAPbI,
precursor solution using different molar ratios, resulting in several
FAPbI,(AVAI), compositions (x = 0.05, 0.10, 0.25, 0.50). The device
fabrication was carried out under controlled atmospheric conditions
with humidity < 2%. The precursor solution was spin-coated onto the
mesoporous TiO, films in a two-step program at 1000 and 6000 rpm
for 10 and 30 s, respectively. During the second step, 200 yL of
chlorobenzene was dropped on the spinning substrate 10 s prior the
end of the program. This was followed by annealing the films at 150
°C for 30—40 min. After preparing the initial perovskite layer
(control) as described above, the film was cooled down at room
temperature. For completing the fabrication of devices, 90 mg of
2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamine )-9,9-spirobifluorene
(spiro-OMeTAD) was dissolved in 1 mL of chlorobenzene as a hole-
transporting material (HTM). The HTM was deposited by spin-
coating at 4000 rpm for 20 s. The HTM was doped with
bis(trifluoromethylsulfonyl)imide lithium salt (17.8 uL prepared by
dissolving 520 mg of LiTFSI in 1 mL of acetonitrile) and 28.8 uL of
4-tert-butylpyridine. Finally, an ~80 nm gold (Au) layer was thermally
evaporated.

Solid-State NMR Measurements. Room temperature 'H (900.0
MHz) NMR spectra were recorded on a Bruker Avance Neo 21.1 T
spectrometer equipped with a 3.2 mm CPMAS probe. 'H and *C
chemical shifts were referenced to solid adamantane (6y = 1.91 ppm
and 8¢ = 29.45 (CH) and 3848 (CH,) ppm). '*N spectra were
referenced to solid NH,Cl (0 ppm) at 298 K. *H spectra were
referenced based on the 'H chemical shift of NH," in the
nondeuterated AVA,Pbl,. Recycle delays of 0.1 s (**N), 2.5-25 s
("H-"C), and 0.25-2 s (*H) were used. Longitudinal relaxation
times (T,) were measured using a saturation-recovery sequence.
"H-"H spin diffusion measurements at 20 kHz MAS were carried out
using a mixing period of 100 ms and a recycle delay of S s.

DOI: 10.1021/jacs.9b07381
J. Am. Chem. Soc. 2019, 141, 17659—-17669


http://dx.doi.org/10.1021/jacs.9b07381

Journal of the American Chemical Society

B RESULTS AND DISCUSSION

The hybrid perovskite films were prepared by solution
processing. The precursor solution of FAPbI; was prepared
by dissolving equimolar amounts of Pbl, and FAI in a DMF/
DMSO (4:1 v/v) mixture at a concentration of 1.4 M. Next,
we added AVAI into the FAPbI; precursor solution using
different molar ratios, resulting in several FAPbI;(AVAI),
compositions (x = 0.05, 0.10, 0.25, 0.50). We first evaluated
the photovoltaic performance of films fabricated by a one-step
antisolvent deposition method (for more details of perovskite
film formation, see the Experimental Section). The solar cells
were fabricated using the following architecture: glass/FTO/
compact-TiO,/mesoporous TiO,/perovskite/Spiro-OMe-
TAD/Au.

The characteristic J—V curves for the champion FAP-
bI;(AVAI),-based devices measured under reverse voltage scan
are shown in Figure la. The reference PSCs (x = 0) yielded

()

%
.
&
E -
% £
o1
[
[
& o | AP,
o | — AP AV
E - —_— R
£ ¥ FAPsd AR
FilkPsd Al
i T T
5.0 nz @ on o4 10
=] Wiela g |V
T S S S

IPCE %)

— A [AVAI

Infppratod Cu"n:nl-_rr.'-.-l:ﬁf:-

& s
Ay

-I!.'I aco nio o [ D]r] M

YWaveierghh {am)

Figure 1. Photovoltaic characterization of the devices. (a)
Comparison of the J—V curves for the champion FAPbI;(AVAI),
(x = 0, 0.05, 0.10, 0.25, 0.50) devices. (b) IPCE and integrated J,. of
the a-FAPbI; and FAPbI,(AVAI),,s devices.

poor device performance, with a maximum PCE of 7.26%, V.
of 0.88 V, J. of 15 mA cm™2, and fill factor (FF) of 55%. We
found that the device performance increases monotonically
with the amount of added AVAI up to 25% (abbreviated as
FAPbI;(AVAI),,;), achieving a maximum PCE of 18.94% with
a V.. of 1.07 V, J,. of 25.1 mA cm™2 and FF of 70%. The
integrated J,. calculated from the IPCE spectrum of the
FAPbI,(AVAI),,s device equals to 24.20 mA cm™2, which is
within 3% of the ], measured under AM 1.5G standard
irradiation (Figure 1b). A further increase in the AVAI content
up to 50% deteriorates all figures of merit with PCE declining
to 13.22%. Table 1 shows a summary of the photovoltaic
parameters for the champion devices with different AVAI
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Table 1. Comparison of Photovoltaic Parameters for
Champion FAPbI,(AVAI), Devices (x = 0, 0.05, 0.10, 0.25,
0.50) with Backward Scan Direction

perovskite Voo [V]  Jio [mA/cm?] FF PCE [%]
FAPbI, 0.88 15.0 0.55 7.26
FAPbI,(AVAI)g o5 0.89 17.2 0.55 9.15
FAPbI,(AVAI), o 0.89 23.9 0.52 11.67
FAPDI,(AVAI),s 1.08 25.1 0.70 18.94
FAPbI,(AVAI),5, 0.98 243 0.55 13.22

doping levels. The maximum power point (MPP) of the
FAPbI;(AVAI),,s device shows the stabilized PCE of 17.70%
after 300 s of continuous illumination (Figure S1). The
photovoltaic performance figures of merit are listed in Figure
S2 for the control FAPbI; and FAPbI;(AVAI), (x = 0.0S, 0.10,
0.25, 0.50) devices. The increase in PCE upon AVAI doping is
mainly due to the large improvement of all photovoltaic
metrics, ie, J, Vi, Jo and FF, which can be attributed to
improved phase purity, perovskite film morphology, and longer
charge carrier lifetimes, as well as reduced defect density (vide
infra). Notably, the efficiency of the champion FAP-
bIL;(AVAI),,s device is among the highest reported for a-
FAPbI;-based solar cells.”"** J—V hysteresis and its suppres-
sion have been important subjects of research in the field of
PSCs.”> We have found that both the reference and
FAPbI;(AVAI),,sPSCs display hysteresis (Figure S9 and
Table S2). We therefore conclude that AVAI does not lead
to its suppression.

To investigate the crystallinity of the AVAI-doped perov-
skite, we measured powder X-ray diffraction (pXRD) of films
deposited onto mesoporous-TiO,/compact layer TiO,/FTO
(Figure 2a). The reference a-FAPbI, and the FAPbI,(AVAI),
films have a very similar structure, with the peaks at ~14.0°
and ~28.0° originating from the (110) and (220) planes of the
3D perovskite phase. The reference a-FAPbI; film also exhibits
a strong peak at 11.6° along with a number of low-intensity
peaks in the 25—40° region, corresponding to the hexagonal
nonperovskite 5-FAPbI, phase.'” The &-phase peaks disappear
upon AVAI addition and are absent in all the FAPbI;(AVAI),
films. We note that AVA-rich iodoplumbate phases (yielding
peaks below 26 = 10°) are also absent.”* Furthermore, the
overall diffraction intensity is enhanced with increased
amounts of AVAI doping, indicative of improved crystallinity.
The relative intensity of the two perovskite peaks changes very
slightly as the AVAI content increases. This might be related to
preferred orientation effects which have been previously
observed in other amino acid doped perovskite thin films
and ascribed to amino acid-TiO, anchoring.44 We note that
there are no diffraction peaks corresponding to the AVA
dopant. This is consistent with the pronounced dynamic
disorder of AVA evidenced by ’H MAS NMR (vide infra).
This is correlates with the SEM measurements which show
that the average grain size in the FAPbI;(AVAI), films
systematically increases from a few hundred nanometers to
about a micrometer with increasing AVAI doping level (Figure
S3). This result suggests that AVAI interacts with a-FAPbI, to
facilitate crystal growth during annealing. We note that the
largest crystallite size was obtained for the 50% AVAI
composition which, however, showed a decrease in the Jg,
Voc, and FF. This translated to lower PCE, likely due to an
increase in the internal resistance of the devices with an
excessive AVAI content, analogous to the result previously
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Figure 2. Characterization of the FAPbI;(AVAI), perovskite films.
(a) Powder XRD patterns, (b) UV—vis absorption, and (c) steady-
state PL spectra.

observed for PEA.”® Further, we tested hydrophobicity of the
FAPbI; and FAPbI;(AVAI),,;s films by measuring the contact
angle of a water droplet (Figure S10). The contact angle
increases from 46.2° to $9.2° after AVA doping, indicating
higher hydrophobicity of the AVA-doped material.

The effects of the changes in the structural features and
morphology on the optoelectronic properties were assessed by
means of UV—vis absorption and photoluminescence (PL)
absorption spectroscopy. The UV—vis absorption spectra of
the FAPbI;(AVAI), films deposited on glass are shown in
Figure 2b. We find that the band edges of the absorption
spectra very slightly red-shift (~2 nm) when the content of

AVALI is increased. In addition, steady-state PL spectra show a
correspondingly small red shift for the FAPbI;(AVAI), 5, film
with respect to the reference FAPbI, (Figure 2c), consistent
with the UV—vis measurements. The red shift in both UV—vis
and PL spectra might be caused by the increased crystallinity
and larger grain size,* consistent with the SEM images, and/or
due to the formation of a new chemical compound. These
observations are qualitatively different from the previous result,
where the absorbance and PL peaks of AVA-doped perovskite
films blue-shifted with increasing AVABr amount due to the
introduction of Br into the perovskite structure.*®

To further confirm the beneficial effect of the addition of
AVAI to the FAPbI; composition, transient absorption (TA)
spectroscopy measurements were performed on both a
reference FAPbI; and FAPbI;(AVAI),,s films deposited on
glass slides. Figure 3a shows TA dynamics of the ground-state
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Figure 3. (a) Ground-state bleaching (760 nm) and stimulated
emission dynamics obtained by transient absorbance with I, = 390
nm, at an excitation fluence F = 250 nJ. (b) Transient absorbance
spectra of FAPbI;(AVAI),,; measured under the same conditions as

in (a).

bleaching (GSB) and stimulated emission (SE) signals, which
closely overlap in the band-edge region (760 nm) for both
films (Figure 3b). The GSB signal is related to the filling of the
bands due to photoexcitation with its decay corresponding to
the depletion of the conduction band and/or the filling of the
valence band by electrons. As such, it reflects both charge
recombination and charge extraction to a selective contact
layer. We note that GB bleaching recovery reflects contribu-
tions from both radiative and nonradiative carrier recombina-
tion. On the other hand, the dynamics of the SE signal
describes only radiative electron—hole recombination. Since
the samples were prepared with no extracting layers, it follows
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Figure 4. Solid-state MAS NMR characterization of the bulk mechanochemical materials. '"H-3C CP spectra at 21.1 T, 298 K, and 20 kHz MAS of
(a) neat AVAI (the structure is shown in the inset), (b) AVAI:Pbl, (2:1 mol/mol), (¢) AVAI:PbI, (1:1 mol/mol), (d) AVAIL:PbI, (1:2 mol/mol),
(e) 6-FAPbL,, (f) a-FAPbI, and (g) a-FAPbI; + 25 mol % AVAL The inset shows a horizontal zoom of the FA region in panels (e)—(g). "N MAS
NMR spectra at 21.1 T, 298 K, and S kHz MAS of (h) a-FAPbI;, and a-FAPbI; doped with (i) 25 mol % AVAL, (j) S0 mol % AVAI, (k) 75 mol %

AVAI, and (1) 100 mol % AVAL

that comparing the decay rates of the GSB+SE signals for
FAPbI, versus FAPbI;(AVAI),,;s is directly related to charge
carrier lifetimes in these materials. Clearly, the addition of
AVATI results in a significantly slower decay rate and the second
decay component is almost four times larger for FAP-
bI;(AVAI),,s than in FAPbI; (286 ps vs 76 ps) (Table S1).
We note that the long time contribution in the case of
FAPbI;(AVAI)y,; most likely arises from Shockley—Read—
Hall pseudo-first-order recombination via charge carrier
trapping states.

We employed X-ray photoelectron spectroscopy (XPS) to
verify if the surface of the FAPDI; film is modified during
treatment with AVAI The comparison of the Pb 4f, C 1s, N 1s,
and O 1s XPS peaks for the AVAI, AVA:Pbl, (2:1), a-FAPbI,,
and FAPbI;(AVAI),,;s films is shown in Figure S4.

The O 1s spectrum of the AVAI film shows a peak at 532.2
eV, which can be assigned to the binding energy of C—O and
C=0O0 in the carboxylate group of AVAIL The O 1s spectrum of
the 2:1 AVAI:PbI, film shifts toward lower binding energy by
0.41 eV (maximum at 531.82 eV), while the corresponding
peak of FAPbI;(AVAI),,;s shifts to a higher energy by 0.7 eV
(maximum at 532.9 eV) compared to the pure AVAI film. This
indicates that AVAI is involved in a new chemical interaction
with a-FAPbI; rather than exists as a separate AVA-based
iodoplumbate phase on the surface of the perovskite film. A full
discussion of the XPS data is given in the Supporting
Information.

In order to elucidate the atomic-level microstructure of the
AVA-doped a-FAPbI; compositions, we carried out multi-
nuclear solid-state NMR measurements on materials prepared
by mechanochemistry.'>***” We and others have recently
shown the broad applicability of solid-state NMR to lead
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halide perovskites**™®' and its utility in assessing the

interaction of small organic molecules with the hybrid
perovskite phases.”>”%*

Figure 4a shows a >C spectrum of neat AVAI which
contains five resonances corresponding to the following
molecular fragments: C=0O (182.4 ppm), 6-CH, (40.1
ppm), a-CH, (33.8 ppm), y-CH, (25.3 ppm), and S-CH,
(21.0 ppm). The material formed in a reaction between AVAI
and Pbl, has been hypothesized to be a 2D (AVA),Pbl,
perovskite;65 however, to the best of our knowledge, its crystal
structure has not been solved to date. A perfectly ordered
Ruddlesden—Popper (RP) (AVA),Pbl, structure would be
expected to possess exactly one type of carbonyl atom inside
the unit cell. Here, we find that, in the reaction between AVAI
and Pbl,, depending on the molar ration of the two
components, up to eight distinct C=O environments are
formed (Figure 4b—d for AVAI:Pb, ratios of 2:1, 1:1, and 1:2,
respectively). In addition, the aliphatic signals of AVA are
shifted with respect to neat AVAI in all three compositions,
confirming that AVAI has fully reacted in all three cases. This
type of structural complexity is expected in structures capable
of forming recombinant analogues (polytypes) with different
stacking sequences, with (f-alaninium),Snl, being a structur-
ally closely related example.”° We therefore highlight that the
AVAI-Pbl, phase system cannot be considered as a simple RP
phase, and further single crystal studies are necessary to
develop its full understanding.

3C MAS NMR also makes it possible to distinguish between
5-FAPbI, (156.8 ppm, Figure 4e) and a-FAPbI, (155.9 ppm,
Figure 4f).”’ The material formally corresponding to a-FAPbI,
mixed with 25 mol % AVAI (Figure 4g) reveals a new broad
signal (156.5 ppm) corresponding to a carbon environment in
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Figure 5. Solid-state MAS NMR characterization of the bulk mechanochemical materials. (a) "H—'H spin-diffusion measurement at 21.1 T, 298 K,
and 20 kHz MAS (mixing time of 100 ms). The aliphatic region has been magnified 16-fold. The asterisks mark trace aliphatic impurities. *H MAS
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(f) 245 K. (g) Structural model of the AVAI-modified a-FAPbI; proposed based on the solid-state NMR data.

which FA interacts with AVA on the atomic level. The aliphatic
signals of AVA are, again, shifted with respect to neat AVAJ,
confirming that the precursor has fully reacted to form a new
chemical compound. The C=0 signals are not visible in this
case due to dynamics, as discussed below. We subsequently
investigated whether or not the presence of AVAI leads to any
changes in the 3D perovskite structure of a-FAPbI,. "N MAS
NMR is a sensitive probe of cubooctahedral symmetry in 3D
perovskites, which determines the breadth of the '*N spinning
sideband (SSB) manifold, with narrower manifolds corre-
sponding to a more symmetric (closer to cubic) environment
of the A-site cation reorienting on the picosecond time
scale.’”® The YN MAS NMR spectrum of a-FAPbI; is
characterized by a central peak at 75.9 ppm, surrounded by 11
orders of spinning sidebands (Figure 4h). a-FAPbI; doped
with 25 mol % AVAI shows no change to the central peak
position but the number of visible SSB orders decreases to 7.
As the AVAI doping level is increased to 50, 75, and 100 mol %
(excess with respect to FAPbL;), the number of visible SSB
orders decreases to S, 4, and 3, respectively (Figure 4i—],
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respectively). This narrowing of the '*N SSB envelope upon
AVAI doping suggests that AVAI changes the intrinsic
cubooctahedral symmetry of the a-FAPbIphase so as to make it
closer to cubic. We have previously observed similar structure
directing effects in the case of 3-(S-mercapto-1H-tetrazol-1-
yl)benzenaminium iodide® and adamantylammonium io-
dide.”” On the other hand, the opposite effect (SSB manifold
broadening) is observed upon A-site cation mixing in lead
halide perovskites based on MA/FA,>® Cs/FA,>' MA/
guanidinium,”” and MA/dimethylammonium®® mixtures.

In order to corroborate the atomic-level interaction between
AVA and FA in AVAI-doped a-FAPbI;, we carried out a two-
dimensional "H—"H spin diffusion (SD) measurement, which
correlates NMR signals based on the atomic-level proximity of
the corresponding species for distances on the order of tens of
A through dipole—dipole couplings.”” Figure Sa shows a
"H—"H SD spectrum of a-FAPbI, doped with 25 mol % AVAL
The horizontal and vertical projections show a regular 1D 'H
spectrum with the structural assignments. Each peak in the 1D
spectrum has a corresponding diagonal peak lying on the
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dashed line. Off-diagonal cross peaks evidence close spatial
proximity of the species giving rise to a specific set of diagonal
peaks. The spectrum is symmetric around the diagonal. For
example, there are cross peaks between the —CH,—, —NH;",
and —COOH signals of AVA, corresponding to intramolecular
contacts. More interestingly, analogous contacts are visible
between the CH and NH, groups of FA and all the signals
belonging to AVA (indicated by arrows), unambiguously
evidencing that FA and AVA form a mixed phase and are
interacting at the atomic level. We note that AVA is too large to
be incorporated as an A-site cation. That said, it could
conceivably lead to a hollow perovskite structure characterized
by large [PbI;]*" octahedral vacancies.”*® However, hollow
perovskites exhibit significantly wider band gaps for a
comparable amount of dopant while in our case the band
gap remains nearly identical up to 50 mol % AVAI doping,
excluding the possibility of hollow perovskite formation.
Having investigated the microstructure of the mixed FA/
AVA phase, we now turn to the dynamics of AVA in this
material. To that end, we use *H MAS NMR which is an
excellent probe of dynamics in solids,”” since the shape of the
’H SSB manifold is determined by the available motional
degrees of freedom of the reorienting molecular fragment. For
example, the *H MAS NMR spectra of AVAI (Figure Sb) and
AVAIL:PbIL, (2:1) (Figure Sc) have an SSB manifold character-
istic of 3-fold (C;) jumps of the —ND;* group around the C—
N bond, with the backbone of the molecule being rigid. The
apparent quadrupolar coupling constant, C,, which can be
extracted by fitting the spectra, has a value of 53 and 37 kHz
for AVAI and AVAI:PbI, (2:1), respectively, and is typical for
—ND;* attached to an otherwise rigid molecular fragment.”"
Structural rigidity in the case of AVA is expected and
consistent with the strong intermolecular hydrogen bonding
of the COOH groups, analogous to that observed in (/-
alaninium),Snl,,”° and further corroborated by molecular
dynamics simulations of the n = 1 Ruddlesden—Popper phase
(vide infra). In contrast, the *H spectrum of a-FAPbI; doped
with 25 mol % AVAI (Figure Sd) consists of a single line
(apparent Cq ~ 0 kHz), which means that in this case the
—ND," group is reorienting isotropically (in a tetrahedral or
lower symmetry) at a rate greater than 10° jumps per second.”’
This scenario is only possible if the whole AVA backbone has
additional degrees of freedom, making it dynamically
disordered. We note that this implies that the hydrogen
bonding network is also labile and the H-bonds are cleaved and
formed at a rate greater than 10°/s. Rigidity can be gradually
reintroduced by cooling the material down to 275 K (Figure
Se) and 245 K (Figure Sf) (apparent Cq of 34 and 49 kHz,
respectively), at which point the only residual degree of
freedom is again the 3-fold —ND;" jump. Since dynamics
partly averages out the 'H—'C dipole—dipole couplings, the
cross-polarization efficiency in AVA is expected to be lower.”’
This is indeed the case, as the C=0 signal cannot be detected
at room temperature (Figure 4g) but is readily detected at
lower temperatures when rigidity is reintroduced (Figure SS).
To the best of our knowledge, this is the first demonstration of
unrestricted reorientation of a molecular modifier used to
stabilize a 3D perovskite. We believe that structural dynamics
and lability will become an important design criterium for
stable perovskites, once we have gained better understanding
of its effects on the resulting photophysics. Based on the above
results, we propose that the interaction between the perovskite
and AVA is surface-based, as shown in Figure 5g. AVA binds to

the surface of a-FAPbI; through the terminal amino group,
while the remaining carboxylate groups are dynamically
disordered at room temperature, leading to dynamic formation
and breaking of COOH---COOH hydrogen bonds between
adjacent AVA molecules. This type of interaction can also
conceivably lead to grain cross-linking.

While XRD does not provide insight into the long-range
ordering of AVA in the doped FAPbI,; structure, AVA has been
previously reported to form Ruddlesden—Popper (RP) 2D
structures with MA, AVA,(MA),_,Pbl,,,,.”> We therefore
investigated the structural and electronic properties of the
analogous RP series, AVA,(FA),_,Pbl,,, for n = 1,2, 3 and
00 as a potential structural candidate. For n = 2 and n = 3, the
AVA and FA cations are in atomic-level contact (5—10 A,
similar to the materials studied experimentally by 2D NMR SD
measurements) and we use these structures as model,
computationally tractable systems, to complement the
experimental findings. The initial structures were formed
based on the RP structures of BA,(MA),_,Pbl,,,,.”° The
spacer configuration was taken from the structure of
ABA,(MA),_,Pbl,,,; (ABA = 4-aminobutyric acid)’” with a
hydrogen bonding pattern between carboxylic groups of every
two adjacent AVA molecules of opposite layers along the x
direction (Figure S6b). Similar to the trend reported for band
gaps in BA,(MA),_Pbl,,;RP structure,”’ increasing the
inorganic layer thickness (higher n values) reduces the band
gap, which tends to the value of undoped a-FAPbI; as n
increases. Accordingly, the band gap of AVAI-doped a-FAPDI,
is essentially identical to that of neat a-FAPbI, (Figure 2b, c),
since it can be considered as a high n representative of the RP
AVA,(FA),_,Pbl,,,, family. To provide additional insight into
the experimental observation that AVA-doped a-FAPDbI; is
more cubic than a-FAPbI; (octahedral tilting angle closer to
90°), we calculated the distribution of octahedral tilting angles
of the computationally optimized structure of a-FAPbI; taking
also finite temperature effects into account. We performed 2 ps
simulations at 300 K and obtained a time-averaged mean value
of 89.9° with a standard deviation of 9.1°. Considering the
relatively large standard deviation, the subtle templating effect
of AVAI observed through '*N MAS NMR (Figure 4h—1) is
likely beyond the accuracy of the DFT MD runs. We in turn
addressed the propensity of AVA to form strong intermolecular
hydrogen bonds in the iodoplumbate AVA,Pbl, phase at room
temperature, experimentally evidenced by *H MAS NMR
(Figure Sc). To that end, we assessed the finite temperature
impact on the DFT optimized 0 K structure. We performed a 6
ps Born—Oppenheimer molecular dynamics simulation of the
material to investigate the motion of the spacer molecules, as
well as the rigidity of the inorganic layers to which the spacers
are anchored. We find that, on this time scale, the hydrogen
bonding pattern is mostly preserved at 300 K (Figure 6a),
consistent with the NMR result. To further understand how
the AVA spacers are confined between the inorganic layers, we
calculated the vertical penetration depth of AVA into the
inorganic sublattice (Figure 6b), as measured by the average
Pb—N distance along the normal of the closest Pbl, plane,
since this parameter has been reported to correlate with the
octahedral distortion and phase transition temperatures.”” We
find that the penetration depth is mostly below 3.17 A, which
corresponds to the average vertical Pb—I distance, confirming
that the spacers penetrate the inorganic sublattice. The rigidity
of the spacers was studied by calculating the distribution of
polar, 6, and azimuthal, ¢, angles of the spacers, excluding
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Figure 6. Thermal distributions at T' = 300 K from 6 ps first-principles
MD simulations. (a) Histogram of intermolecular O---H-bond
distances between COOH groups of adjacent spacers of opposite
layers, (b) Distribution of vertical penetration distances of NH;" into
the inorganic slab (measured as Pb—N distance along the normal of
the closest Pbl, plane). Distribution of (c) polar, 6, and (d)
azimuthal, ¢, angles of AVA in the spacer layers. The polar angle
(denoted in the inset) is defined as the inclination of AVA with
respect to the vertical ¢ axis, and the azimuthal angle indicates the
inclination of AVA (projection onto the ab plane) with respect to the
a axis.

translation. The polar angle refers to the inclination of AVA
with respect to the vertical axis, while the azimuthal angle is the
planar deviation of AVA from the x axis. The polar angle
distribution confirms that the spacers manifest a preferred
orientation with respect to the vertical axis (Figure 6c) while
showing a certain degree of rotation, yet maintaining their
initial H-bond pattern (Figure 6d).

The effects of these structural properties on the long-term
stability of the material were investigated by comparing the
reference and FAPbI;(AVAI),,s-based PSC under continuous
1.5 G irradiation (100 mW-cm™2) and maximum power point
tracking in a nitrogen atmosphere at room temperature. Figure
S7 shows that the ambient stability of the FAPbI;(AVAI),s-
based device is greatly improved as it retains 90% of its initial
PCE up to 300 h. On the contrary, the PCE of the undoped a-
FAPbI; device decays rapidly and reaches 10% of its initial
efficiency within 100 h.

Bl CONCLUSIONS

In conclusion, we have demonstrated that the bifunctional
organic molecule AVAI can act as a molecular modulator that
improves the stability of a-FAPbI;. We have elucidated and
illustrated the atomic-level interaction between AVAI and the
perovskite by applying multinuclear and two-dimensional
solid-state NMR spectroscopy. We have found that AVAI
displays a structure-directing role by forming hydrogen bonds
with the perovskite lattice through its NH;* group, while its
COOH end is involved in dynamic hydrogen bonding with
other AVA moieties, as further corroborated by DFT-based
molecular dynamics simulations of fully periodic RP phases.
These molecular features yield improved morphological and
optoelectronic quality of the films. In particular, transient
absorption measurements reveal significantly enhanced charge
carrier lifetimes in the AVA-doped perovskite. As a result, the
mesoscopic heterojunction photovoltaic solar cell demonstra-
ted a high PCE of 18.94% and high operational stability after
300 h under continuous illumination. Our work illustrates that

molecular modulation of 3D perovskites using bifunctional
modifiers is an effective way to simultaneously achieve high
performing and stable FAPbI;-based PSCs.
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B NOTE ADDED IN PROOF

While the article was in press, we became aware of a study
using BA, PEA, and 4-fluorophenylethylammonium hydro-
iodides to stabilize the 3D perovskite structure of FAPbI; in
nanostructures and thin films, which we have now referenced
for completeness.”*
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Abstract: Formamidinium (FA) lead iodide perovskite mate-
rials feature promising photovoltaic performances and supe-
rior thermal stabilities. However, conversion of the perovskite
a-FAPbI; phase to the thermodynamically stable yet photo-
voltaically inactive 6-FAPDI; phase compromises the photo-
voltaic performance. A strategy is presented to address this
challenge by using low-dimensional hybrid perovskite materi-
als comprising guaninium (G) organic spacer layers that act as
stabilizers of the three-dimensional a-FAPbI; phase. The
underlying mode of interaction at the atomic level is unraveled
by means of solid-state nuclear magnetic resonance spectros-
copy, X-ray crystallography, transmission electron microscopy,
molecular dynamics simulations, and DFT calculations. Low-
dimensional-phase-containing hybrid FAPbI; perovskite solar
cells are obtained with improved performance and enhanced
long-term stability.

Introduction

Hybrid perovskite solar cells (PSCs) are a new generation
of thin-film photovoltaic technologies featuring hybrid or-
ganic-inorganic perovskite semiconductors.' They are
based on AMX; stoichiometry composed of a monovalent
cation A (Cs*, methylammonium (MA) CH;NH;*, formami-
dinium (FA) CH(NH,),", or guanidinium (GUA) C(NH,);"),
ametal M (Pb*", Sn*"), and a halide X (Cl™, Br—, or I"). While
hybrid perovskites display remarkable solar-to-electric power
conversion efficiencies (PCE), practical applications are still
hampered by their instability towards ambient air and

moisture as well as thermal and light stress.>* PSCs featuring
highly polar MA organic cations (dipole moment of 2.29 D)
are more sensitive to moisture and polar solvents, posing the
risk of long term instability.”! Alternatively, hybrid perovskite
materials based on FA organic cation (dipole moment of
0.21 D) are characterized by a more homogenous distribution
of the electron density owing to resonance stabilization that
reduces their reactivity, rendering the corresponding material
more stable, in particular against thermal stress.”**) Moreover,
the larger FA cation size increases the lattice constant and the
degree of space filling,* and its perovskite structure is
further stabilized by stronger hydrogen bonding as compared
to the MA analogues. Bl However, FAPDI, exists in two phases,
namely the yellow 8-FAPbI;, which is more thermodynami-
cally stable at room temperature, and the high-temperature
black a-FAPDbI; perovskite phase that is of interest to
photovoltaic applications."' Stabilizing the black a-FAPbI,
perovskite phase without significantly altering its optoelec-
tronic properties remains an ongoing challenge that could
boost further optoelectronic applications. This has been
predominantly achieved by using Cs* cations,""*?l which
however increase their band gap. It has been recently shown
that a number of FA-based layered low-dimensional perov-
skites can stabilize FAPbI; perovskite solar cells via their
spacer layer.>1 However, these early examples mainly
employ electronically insulating organic spacers, such as the
prototypical butylammonium (BA) and phenylethylammoni-
um (PEA),l*1¥ as well as more elaborate analogues, such as
the 1-adamantanemethylammonium (ADA) and 1,4-phenyl-
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enedimethylammonium (PDMA),"™>!! with photovoltaic per-
formances that are inferior to the 3D perovskites. Alterna-
tively, a number of 2D/3D heterostructures have been
developed employing the 2D structures as stabilizing lay-
ers,"12 but this effort has been mainly focused on mixed A-
cation compositions. Moreover, the contribution of the low
dimensional layer to the overall performance is limited,
particularly as a result of the insulating character of the
organic spacer layers.'” Tt is therefore instrumental to set the
stage for the development of functionalized layered hybrid
perovskites comprising electroactive organic spacers that can
play a stabilizing role in hybrid perovskite heterostructures
while raising the device performance.

Herein, we demonstrate the utility of guaninium (G)-
derived low-dimensional perovskites in stabilizing the o-
FAPbDI; perovskite phase, which is assessed by solid-state
NMR spectroscopy, X-ray crystallography, molecular dynam-
ics simulations, and DFT calculations. Guanine is a biologi-
cally relevant organic molecule that plays an important role in
stabilizing the DNA structure (Figure 1a), while displaying
the propensity for the formation of conductive supramolec-
ular assemblies and functional materials."**!! We have there-
fore utilized its functional units to form a novel hybrid
perovskite structure based on the low dimensional G,Pbl,
composition, which was used to increase the performance and
stability of a-FAPbI; perovskite solar cells.
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Figure 1. a) Structure of guaninium (G) with its DFT-optimized
(B3LYP/6-31G(d)) geometry (left) and common supramolecular as-
semblies, such as the G-quadruplex (right). b) The interactions
between G and Pbl, in the G,Pbl, crystal structure. c) Crystal structure
of G,Pbl, along a, b, ¢ axis. Solvent molecules are omitted for clarity.

Results and Discussion

We synthesized G,Pbl, by mixing guaninium iodide (GI;
Figure 1a; Supporting Information, Figure S1) and lead
iodide (Pbl,) in 2:1 molar ratio in y-butyrolactone (GBL) as
a solvent and heating the solution to 70 °C until dissolved. The
experimental details are provided in the Supporting Informa-
tion, Section S1. Hydroiodic acid was added into the turbid
solution to fully dissolve the solute at concentration of 0.1m.
The crystal structure of the resulting solvated G,Pbl,
intermediate reveals intermolecular hydrogen bonding (HB)
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between the organic spacer layer and inorganic sheets
(Figure 1b,c). Formation of HB adducts was consistent with
the Fourier transform infrared (FTIR) spectra of the thin
films of GI, GI-Pbl,, and GI-PbL,-FAI (Supporting Informa-
tion, Figure S2 a) indicating that -=N—H and —NH," stretching
vibrations shift to higher frequencies for GI-Pbl, and
GI-PbL,-FAI Moreover, the differential scanning calorimetry
(DSC) and thermal gravimetric analysis (TGA) of GI-Pbl,,
Pbl,, and GI (Supporting Information, Figure S2b) show
different properties for the three species. During annealing up
to 400°C, there is no weight loss for Pbl, while GI displays
only one exothermic peak at around 290°C. In the case of
GI-Pbl,, two distinct exothermic peaks are observed at
around 257°C and 327°C, corresponding to the weight loss
in the range of 250-300°C and 300-350°C, respectively,
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Figure 2. *C CP MAS spectra at 21.1 T, 298 K, and 20 kHz MAS of

a) guanine, b) guanine hydroiodide (G-HI or GlI) in solid-state (upper)
and solution of [D]DMSO (lower), and bulk mechanochemical

¢) G,Pbl,, d) a-FAPbI, with 10 mol% Gl, e) a-FAPbl, and ) 8-FAPbI,.
N solid-state MAS NMR spectra at 21.1 T, 100 K, 12.5 kHz are shown
in the Supporting Information, Figure S3. g) Structures of some of the
tautomeric forms of Gl (atomic numbering is highlighted in red, with
alternative protonation sites being N7 and N9) in equilibrium. h) A
representative hydrogen-bonded (HB) dimer of two guanine molecules
with hydrogen-bond donating (red) and hydrogen-bond accepting
(blue) sites.
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further suggesting the presence of interactions
between GI and Pbl, in the G,Pbl, system.

To characterize these interactions at the
atomic level, we have prepared non-solvated
G,Pbl, by mechanosynthesis®?! and used 'H,
BC, and "N solid-state magic-angle-spinning
(MAS) NMR at 21.1 T to characterize it (for
more details, see Section S2 in the Supporting
Information). It has been shown that structural
properties of hybrid perovskites® " as well as
their modulated™ > and layered low-dimension-
al analogues™ can be assessed at the atomic
level by means of solid-state NMR spectroscopy
and that mechanochemically prepared samples
correspond well to those fabricated by solution
deposition. The *C CP MAS spectrum of un-
protonated guanine shows five well-resolved
resonances, corresponding to the inequivalent
sites of the purine ring system (Figure 2a).
Protonation of guanine with HI, yielding GI,
leads to changes in the chemical shift of all peaks,
as well as to the appearance of new peaks, which
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Figure 3. a) X-ray diffraction (XRD) patterns and b) UV/Vis spectrum of G,Pbl, films;
inset: corresponding steady photoluminescence (PL) spectrum. c) Pictures of the
corresponding perovskite films. d),e) XRD patterns for neat FAPbl; and mixed
perovskite films of G,FA,_,Pb,Pbls, , composition (formal stoichiometries of =10,
20, and 30) on FTO/c-TiO,/m-TiO, substrates d) immediately after preparation and
e) upon aging for 5 weeks, respectively. Enlarged XRD patterns are shown in the

are most likely due to the protonation of both the
primary and secondary amine group of guanine
(Figure 2b).5%3 The formation of G,Pbl, is
evidenced by changes in the *C NMR spectrum
as compared to neat GI (Figure 2¢), although peak assign-
ment is difficult due to the high level of disorder. Analogous
qualitative changes are visible in N (Supporting Informa-
tion, Figure S3a,b) and 'H (Supporting Information, Fig-
ure S3d-f) solid-state NMR spectra. This spectral complexity
may be partly associated with guanine adopting several
tautomeric forms (Figure 2 g).” Previous reports suggest that
G exists in the aqueous phase as a mixture of two tautomers
(Figure 2g), the N9H (85%) and a N7H form (15%).
Moreover, N7H has been shown to be more stable than
N9H form in solution, although the latter was found to be the
only tautomer in polar solvents or in the solid state.”"!
Protonation was reported to predominantly occur at position
N7, which is also suggested by the corresponding pKa
values.”!! As a result, hydrogen bonding of protonated G
units leads to the formation of regioisomeric dimers (Fig-
ure 2h), which further contributes to the broadening of the
NMR spectra of GI, G,Pbl,, and hybrid FAPbI; composites
with GI (Figure 2d-f).

For further structural insight, we analyzed the X-ray
diffraction (XRD) patterns of G,Pbl, films on FTO/compact
(c-)TiO,/mesoporous (mp-)TiO, substrates (Figure 3a). The
thin films were prepared by the hot-casting method (more
details are provided in the Supporting Information, Sec-
tion S1).P% XRD patterns show two characteristic diffraction
peaks at 20 of 6.0°, and 7.1°, which are located in the low-
angle region, typical for low-dimensional perovskites. The
broadening of the XRD signals is consistent with the presence
of disorder visible in solid-state NMR spectra. Another
unique signature of low-dimensional iodoplumbate phases is
the presence of excitonic features in their UV/Vis absorption
spectra.”® We have therefore measured the UV/Vis spectra of
the corresponding films (Figure 3b), which show two absorp-

Angew. Chem. Int. Ed. 2020, 59, 46914697

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure S2 of the Supporting Information. f) *N solid-state magic-angle-spinning
NMR spectra at 21.1 T, 298 K, 5 kHz of bulk mechanochemical a-FAPbl; (top) and G-
containing a-FAPbI; (10 mol % GlI; bottom) powders.

tion band edges at around 425nm and 525 nm, likely
corresponding to the excitonic peaks of the low-dimensional
phases. These spectral features are consistent with the results
of steady-state photoluminescence (PL; Figure 3b, inset) with
Stokes shifts of approximately 25 nm, which is further in
accordance with the formation of low-dimensional G,Pbl,
phase.

Having identified the formation of G,Pbl,, we probed its
effect on the stability of a-FAPbI;. The corresponding films
and devices were fabricated via a one-step deposition method
by spin-coating the precursor solutions without employing an
anti-solvent (as detailed in the Supporting Information,
Section S1). The mixed G/FA perovskite precursor solutions
were prepared based on the G,FA,_Pb,I;,,, formula (with
n corresponding to 1, 10, 20, 30, while n = oo indicates neat
FAPbDI;), which defines the stoichiometry of the precursors
without making any assumptions regarding the resulting
crystal structure. The changes in color of the thin films
deposited on FTO/c-TiO,/mp-TiO, substrates were indicative
of G-induced 3D perovskite stabilization, as films based on G-
containing compositions appeared darker and maintained
their color for a longer period in ambient conditions (Fig-
ure 3c¢), whereas neat FAPbI; films turned yellow during the
same period of time. This suggests that the presence of G may
stabilize the black a-FAPbI; phase. To corroborate this effect,
we analyzed the XRD patterns of the neat FAPbI; and
perovskite films based on the mixed G,FA,_Pb,Pbl;,,, (n=
10, 20, and 30) compositions on FTO/c-TiO,/mp-TiO, sub-
strates. The XRD patterns immediately after the preparation
(Figure 3d) reveal the presence of the hexagonal 8-FAPbI;
phase diffraction peak at 11.8° for neat FAPbI; perovskite
films, while this peak is not present in the G-containing
compositions. After 5 weeks of storage in the dark at 20-25°C
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in ambient air of relative humidity (RH) of about 40 %, the
peak intensity of 6-FAPDI; sharply increased compared to
that of a-FAPbI; for the neat perovskite films (Figure 3¢). On
the contrary, the phase transformation was suppressed in the
G-containing perovskite films, especially in the films based on
the n =20 composition. However, a strong diffraction peak of
0-FAPDI; was observed in the n=10 composition, which is
likely to be the result of poor film morphology owing to the
low solubility of GI in organic solvents. In this regard,
presence of secondary non-perovskite phases may be detri-
mental to long-term stability under ambient conditions,
facilitating perovskite degradation processes.*¥! Furthermore,
a low angle diffraction peak at 6.0° was observed for both
fresh and aged perovskite films of n=10 composition,
indicating the presence of a low-dimensional iodoplumbate
structure. In the case of n =20, this peak was not present in
the XRD pattern, presumably as a result of the lower
concentration of the low-dimensional phase. We have as-
sessed the structural changes by X-ray photoelectron spec-
troscopy (XPS) of neat and n =20 perovskite films (Support-
ing Information, Figure S4). The XPS spectra show a peak
centered at 399.0 eV in the N 1s spectral domain for the n =20
perovskite films, which can be ascribed to the C=N bond of G.
Furthermore, the Pb core level 4f,, and 4fs, peaks of n =20
systems shift to lower binding energies as compared to neat
FAPDI;, indicating changes in the structure, likely as a result
of the interaction with G. This interaction-induced structural
change that appears to be more stabilizing at lower concen-
trations of guanine suggests a structure-directing role,”>%)
which was also assessed at the atomic level by solid-state
NMR spectroscopy.

We analyzed the microstructure of bulk mechanochemical
FAPbI; doped with 10mol% GI by solid-state NMR
spectroscopy (Figure 2d-f; Supporting Information, Fig-
ure S3). ®C MAS NMR spectrum of this formulation contains
four well-resolved G peaks (Figure 2d-f) corresponding to
carbons 1 (107 ppm), 2 (142 ppm), 3 (150 ppm), 4 (153 ppm),
which are markedly different from those of neat GI or G,Pbl,
and therefore evidence the formation of a new G/FA-based
iodoplumbate phase (Figure 2b-d). The peak of carbon 5
overlaps with the FA signal of a-FAPbI; (155 ppm). This
change in the underlying atomic-level microstructure allows
to rationalize the change in the binding energies of the Pb
core levels observed by XPS. Moreover, we have previously
shown that '“N NMR can be used as a sensitive diagnostic tool
for structural changes of FAPbI,.[2%] Specifically, the width
of the spinning side band (SBB) pattern of “N NMR signals
are determined by the local cubooctahedral symmetry of FA,
which is tumbling in the ps regime. Consequently, narrower
"N SSB manifolds indicate higher cubooctahedral symmetry
(closer to cubic). a-FAPbI; containing with 10 mol % GI has
a narrower '“N SSB manifold than neat a-FAPbI;, which
shows that the crystallographic symmetry of the 3D perov-
skite is affected by the presence of GI such that it increases
the cubooctahedral symmetry (Figure 3 f). We suggest that
this may contribute to the improved electronic quality of the
thin films. To gain further understanding of this perovskite
structure, we analyzed the perovskite films of
G,FA,_Pb,Pbl;, ; (n=20) by transmission electron micros-
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copy (TEM; Figure 4). The representative TEM image of the
polycrystalline film shows a grain and its boundary (Fig-
ure 4a). A high-resolution (HR) image of the area (indicated
by a square in Figure 4 a) and its fast Fourier transform (FFT)
reveals an inter-planar spacing of 0.32 nm (Figure 4c), which

Figure 4. TEM images of G,FA,_,Pb,Pbl;,., (n=20) perovskite compo-
sitions: a) A lower magnification image and b) high-resolution image
of the marked area in (a) with c) the corresponding Fourier transform
(FFT) analysis. d) DFT-optimized structure of G,FAPb,l,. For more
details, refer to the Supporting Information, Section S3.

matches the (002) reflection of the cubic a-FAPbI; perovskite
phase. Furthermore, an interplanar distance of 0.74 nm is
revealed, which corresponds well to the size of the G spacer
(7.5 A) inside the G,Pbl, phase (Figure 1b). This suggests
that the low-dimensional G,Pbl, phase exists along the grain
boundaries of the o-FAPbI;, which can account for its
stabilization in the hybrid G-containing a-FAPbI; composi-
tions. This result is in line with the NMR analysis, which shows
the formation of new G environments modified by the
proximity of the 3D perovskite phase in the hybrid G-
containing a-FAPDbI; system.

A mechanistic model that could explain the formation of
such mixed hybrid perovskite structures must consider
a number of different tautomeric forms as well as their
propensity to dimerization via hydrogen bonding without
interfering with the formation of a low-dimensional phase
(Figure 2g,h). Furthermore, the resulting structures should
take into consideration the properties of the solvated G,Pbl,
intermediate revealed by single crystal XRD (Figure 1c). We
assessed the possible structural models by molecular dynam-
ics (MD) simulations based on both classical and DFT
calculations starting from the intermediary G,Pbl, solvated
crystal structure (for more details, refer to the Supporting
Information, Section S3). We analyzed a number of possible
low-dimensional structures based on G,Pbl, and G,FAPb,I,
compositions as model systems (Supporting Information,
Figures S7, S18), and compared them to the experimental
findings. As a result of this analysis, we identified a unique
and stable structure composed of alternating hydrogen-
bonded G dimers inside the spacer layer, oriented such that
both HB of the spacers and their interaction with the
perovskite slabs is possible (Figure 4d; Supporting Informa-
tion, Figures S11, S12). The structural properties of the
resulting system matched well the spacer dimensions revealed
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by both the TEM (Figure 4d) and XRD measurements
(Supporting Information, Figure S14). Moreover, DFT cal-
culations of the structures suggest that proton transfer occurs
between the molecules in the spacer layer, which supports the
existence of multiple tautomeric forms (for more details, refer
to the Supporting Information, Section S3). This suggests that
the formation of G-based low-dimensional structures involves
a reorientation of the spacer molecules to form HB within the
spacer (Supporting Information, Figure S13), while simulta-
neously binding to the inorganic slabs. In this fashion, the G-
based spacer layer could affect proton transfer along with
providing enhanced transport for electronic charge carriers. A
more detailed mechanistic insight requires extensive nuclea-
tion studies, which are the subject of an ongoing investigation.

To evaluate this model, we analyzed the optoelectronic
properties of neat FAPbI; and mixed G,FA,_,Pb,Pbl;, , (n=
10, 20, and 30) perovskite films on FTO/c-TiO,/mp-TiO,
substrates (Figure 5). The UV/Vis absorption spectra suggest
that the absorbance of the films of both n =20 and 30 is much
higher than that of neat a-FAPbI; films, which is presumably
due to improved phase purity and film uniformity (Figure 5a).
The films of n = 10 show absorbance that is lower than that of
n =20 and 30 perovskites, whereas top-view scanning electron
microscopy (SEM; Supporting Information, Figure S5) im-
ages indicate that the grain sizes do not evidently change with
the increasing n value. The effect of G,Pbl, perovskite on the
optical band gap was probed by analyzing the corresponding
Tauc plots (Figure 5b,c). For G,FA,_,Pb,Pbl;,,; (n=10, 20,
30) compositions, the band gap remained around 1.51¢V,
exceeding the value of a-FAPbI; by only 30 meV.[**) We can
thus conclude that the presence of G does not affect the band
gap of a-FAPbI; significantly, enabling the G-based perov-
skite composites to retain the advantages of the low band gap.
However, the steady-state PL spectra (Figure 5d) reveal
a minor blue-shift with certain asymmetry of the spectrum for
n=10, indicating that a higher ratio of low-dimensional
phases may affect the optoelectronic properties. The time-
resolved photoluminescence (TRPL) spectra of neat o-
FAPDbI; and mixed G,FA,_,Pb,Pbl;, , (n=10, 20, 30) films
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Figure 5. Optoelectronic properties of neat FAPbl; and mixed-perovskite films of
G,FA, 1Pb,Pbl;,,; (n=10, 20, and 30) compositions. a) UV/Vis absorption spectra,
b) normalized absorption spectra and the c) corresponding Tauc plots on FTO/c-
TiO,/m-TiO, substrates; d) steady-state and e),f) time-resolved PL (TRPL) spectra
for films on a microscope glass slide. The steady-state PL spectra of G,Pbl, is

shown in Figure 3 b.
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on glass microscope slides show a slightly longer charge
carrier lifetimes for n=20 as compared to the other
compositions, pointing at suppressed charge carrier recombi-
nation (Figure 3e). We further measured the TRPL spectra of
perovskite/spiro-OMeTAD structure on a glass slide to assess
the effect on charge-carrier transport at the interface between
the perovskite and spiro-OMeTAD. The mixed
G,FA,_Pb,Pbl;,.; perovskite materials were found to
quench the PL of the 3D perovskite phase faster, with the
n=20 system showing the most pronounced effect. This
indicates enhanced non-radiative charge carrier recombina-
tion at the mixed G,FA,_Pb,Pbl;,., perovskite/spiro-OMe-
TAD interface, an effect which is important for the photo-
voltaic performance.

This finding corroborates the calculated electronic prop-
erties of the layered G,Pbl, structure (for details, see the
Supporting Information, Section S3.5 and Figures S19-S20),
which suggest that the conduction band of the low-dimen-
sional structure is delocalized within the spacer layer. This has
been previously observed for a very few cases of low-
dimensional perovskite structures based on functional organic
spacers that can serve as a pathway for charge transport,
facilitating charge extraction.’”-*! Moreover, the calculated
hole effective masses along the three principal axes reveal
reduced hole effective masses for in-plane directions coincid-
ing with the m-stacking of the guanine moieties, suggesting
a possible pathway for hole transport. To clarify this, the
mobility of charge carriers and photoconductivity (product of
mobility and concentration of photo-generated charge car-
riers) were determined by time-resolved microwave conduc-
tivity measurements (Supporting Information, Section S4,
Figures $21-823).%”% The measurements revealed conduc-
tivities that increase for n=20 as compared to the n=1
compositions, which is accompanied by charge carrier life-
times in the order of ps that is of interest to the PV
applications. The photovoltaic metrics of neat a-FAPbI; and
hybrid G,FA,_,Pb,Pbl;,., (n=10, 20, and 30) PSCs with an
aperture area of 0.16 cm* (Figure 6) show that the n =20 PSCs
outperform those of neat a-FAPbI;. The improvement can be
ascribed to the stabilization of the a-FAPbI; in
presence of the G-based phase. With the highly
increased content of the low-dimensional compo-
nent, as in the n =10 compositions, however, the
PV performance decreases. This is in accordance
with the effect on the optoelectronic properties
(Figure 5a; Supporting Information, Section S4).
The comparatively poorer performance of the n =
30 compositions presumably results from the
decrease in the film uniformity and optical
properties as compared to the neat FAPbI;
perovskite. This suggests that the optimal con-
centration thereby lies in the range between the
ones defined by the n=10 and n =30 nominal
compositions. As a result, we achieved PCEs up to
16.04 % for hybrid G,FA,_,Pb,Pbl;, , PSCs based
on n =20 compositions with Ve of 1.08 V, Jsc of
22.08 mA cm 2, and FF of 0.67. These parameters
are superior to those of neat a-FAPbI;, yielding
a PCE of 842% with a Ve of 0.74V, Jgc of
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a) 2B charge transport through delocalization of the conduction
1.6 24 band across the spacer layer. These findings were used to
5 P e 'é a0l ’ design solar cells based on hybrid G,FA,_,Pb,l;,.; composi-
=3 T tion and obtain PCEs of over 16 %, highlighting the prospect
| ’ I g | = of this approach in metal halide perovskite photovoltaics.
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Figure 6. a) PV metrics of 32 solar cells based on neat FAPbI; and
mixed low-dimensional G,FA, _,Pb,Pbl;, , (n=10, 20, and 30) perov-
skite compositions; b) J-V curves and c) corresponding IPCE spectra
with integrated Jsc of the best performed solar cells based on neat
FAPbI; and perovskites of G,FA, ,Pb,Pbl;,,, (n=20) composition. The

aperture area of the devices is 0.16 cm™2.

18.59 mAcm™2, and FF of 0.61 based on the reverse scan
(Figure 6a). The hysteresis effects however remain apparent
in the PSCs (Supporting Information, Figure S6). The corre-
sponding incident photon-to-current conversion efficiency
(IPCE) spectra show that the integrated Jsc of n =20 PSC is
21.75 mA cm 2, comparable to the value derived from the J-V
curve, while the integrated Jy- of neat FAPbI; PSC is
13.87 mAcm 2, lower than the one derived from the J-V
curve. This is ascribed to the instability of untreated o-
FAPDI;, leading to its degradation during the measurement
(the maximum power point tracking is shown in the Support-
ing Information, Figure S6), which has been affected by the
presence of guanine moieties.

Conclusion

We introduce guaninium (G) moieties to tune the proper-
ties of a-FAPbI;. We used solid-state NMR to establish that G
interacts with the perovskite lattice at the atomic level,
leading to the formation of mixed G/FAPDbI; phases. We
report the crystal structure of a low-dimensional G-based
phase, which evidences the possible binding modes involved
in the stabilization of a-FAPbI;. Furthermore, we provide
a mechanistic model for the formation of the G-based
perovskite phase using molecular dynamics simulations and
DFT calculations, which show that the guanine moieties have
the propensity to enhance the transport of protons as well as
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Formamidinium-Based Dion-Jacobson Layered Hybrid
Perovskites: Structural Complexity and Optoelectronic

Properties

Maria C. Gélvez-Rueda, Paramvir Ahlawat, Lena Merten, Farzaneh Jahanbakhshi,
Marko Mladenovic, Alexander Hinderhofer, M. Ibrahim Dar, Yang Li, Algirdas Ducinskas,
Brian Carlsen, Wolfgang Tress, Amita Ummadisingu, Shaik M. Zakeeruddin,

Frank Schreiber, Anders Hagfeldt, Ursula Rothlisberger,*
Jovana V. Mili¢,* and Michael Graetzel*

Layered hybrid perovskites have emerged as a promising alternative to
stabilizing hybrid organic—inorganic perovskite materials, which are predomi-
nantly based on Ruddlesden-Popper structures. Formamidinium (FA)-based
Dion-Jacobson perovskite analogs are developed that feature bifunctional
organic spacers separating the hybrid perovskite slabs by introducing
1,4-phenylenedimethanammonium (PDMA) organic moieties. While these
materials demonstrate competitive performances as compared to other FA-
based low-dimensional perovskite solar cells, the underlying mechanisms

for this behavior remain elusive. Here, the structural complexity and opto-
electronic properties of materials featuring (PDMA)FA,,_;Pb,I3,,; (n =1-3)
formulations are unraveled using a combination of techniques, including
X-ray scattering measurements in conjunction with molecular dynamics
simulations and density functional theory calculations. While theoretical cal-
culations suggest that layered Dion-Jacobson perovskite structures are more
prominent with the increasing number of inorganic layers (n), this is accom-
panied with an increase in formation energies that render n > 2 compositions
difficult to obtain, in accordance with the experimental evidence. Moreover,
the underlying intermolecular interactions and their templating effects on the
Dion-Jacobson structure are elucidated, defining the optoelectronic proper-
ties. Consequently, despite the challenge to obtain phase-pure n > 1 com-
positions, time-resolved microwave conductivity measurements reveal high
photoconductivities and long charge carrier lifetimes. This comprehensive
analysis thereby reveals critical features for advancing layered hybrid perov-
skite optoelectronics.

Ferdinand C. Grozema,*

1. Introduction

Hybrid organic-inorganic halide perov-
skites have taken the leading role in the
research on thin film photovoltaics over
the past decade.'3 Their structural versa-
tility enables a wide range of applications
in various optoelectronic devices, such
as light emitting diodes, photodetectors,
photocatalysts, and others.'"3 However,
these materials have shown limited sta-
bility against oxygen and water,*® which
has increased the interest in low-dimen-
sional perovskite analogues.”" Layered
2D perovskites incorporate hydrophobic
organic cations between the hybrid perov-
skite slabs that are mainly defined by
S,A,_1Pb, X3, and S’A,_Pb, X3, formu-
lations, where S and S’ are mono- and
bifunctional organic spacers, respectively,
A is the organic cation in the perovskite
slab (such as methylammonium (MA)
or formamidinium (FA)), M is a divalent
metal (mostly Pb?"), and X is the halide
anion (Cl7, Br7, or I'), while n defines the
number of hybrid perovskite slabs.>I It
is worth noting that, although we refer
to these formulations as low-dimen-
sional perovskites in accordance with
the conventional nomenclature,®*) some
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of these materials might not strictly correspond to perovskite
structures and they could be more appropriately denoted as per-
ovskite-related structures.'”) In addition to their classification
by the number of slabs (n =1, 2, 3, etc.), two main archetypes
of layered perovskites are predominant to date, namely Rud-
dlesden-Popper (RP) and Dion-Jacobson (DJ) systems.*2% The
RP structural category is defined by the S,A,_,Pb,X3,,; formula-
tion, which comprises an organic double layer between the inor-
ganic layers featuring an offset per unit cell of the perovskite
slab.’?l The DJ systems are based on the S’A,_;Pb,X3,.,; com-
positions employing organic layers (S’) that stack in an almost
perfect alignment between unit cells, featuring smaller inter-
layer space.>"? Reducing interlayer distances and tuning their
mutual alignment are important parameters for controlling the
optoelectronic properties as they strengthen electronic interac-
tions between the inorganic layers and, consequently, facilitate
interlayer charge transport, rendering the DJ structures superior
to RP phases.>2%] Most of the developments of layered hybrid
perovskites are based on RP archetypes and there are very few
examples of hybrid DJ architectures to date.'>-2%] This is particu-
larly the case for FA-containing layered perovskites, which are
relatively unexplored despite the superior thermal stabilities of
FA-based hybrid perovskite compositions.[41416:21-25]

We have recently shown the possibility to form Dion-
Jacobson hybrid perovskites with 1,4-phenylenedimethanam-
monium (PDMA) spacer moieties (Figure 1).08 This system
has been proven effective in forming low compositional (n = 1)
layered structures, whereas featuring mixed phases for n > 1
representatives.'®l  Such phase mixtures are commonly
observed for 2D hybrid perovskites, where obtaining phase
purity is an ongoing challenge.l'2426-2] Nonetheless, materials
based on (PDMA)FA, Pb,Xj3,,; compositions (n = 1-3) have
demonstrated promising photovoltaic performances in conven-
tional mesoscopic (mp) n—i—p device architectures as compared
to other FAPbIs-based low-dimensional perovskite solar cells
with light-to-electric power conversion efficiencies exceeding
7%.1816221 This was accompanied by long-term stabilities, which
were achieved with thin (=200 nm) films of active materials
under room temperature deposition, thus surpassing the per-
formances of FAPbI;-based perovskite solar cells with 2D com-
positions reported to date.[10:22:24

In this work, we unravel the underlying structural complexity
and optoelectronic properties of Dion-Jacobson perovskites
based on (PDMA)FA, Pb,l3,; (n = 1-3) compositions. This
system was investigated by X-ray scattering measurements in
conjunction with molecular dynamics simulations and density
functional theory calculations, as well as UV-vis absorption and
photoluminescence spectroscopy and microwave conductivity
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measurements. We experimentally demonstrate the formation
of layered perovskite structures, although obtaining phase-pure
n > 1 compositions remains challenging. The latter is ration-
alized by our computational studies that show that increas-
ingly endothermic formation enthalpies with increasing
number of inorganic layers (n) obstruct the realization of n > 2
compositions. Combining the experimental and computational
results, we elucidate the intermolecular interactions associated
with Dion-Jacobson structures and show that subtle templating
effects involving both the organic and the inorganic component
are responsible for the structural properties. This results in
reduced distances and improved alignment between neighboring
layers, which directly affects the electronic properties. Accord-
ingly, despite challenges to obtain phase-pure n > 1 compositions,
time-resolved microwave conductivity measurements reveal high
photoconductivities and long charge carrier lifetimes that high-
light the promising use of these materials in optoelectronics.

2. Results and Discussion

We have analyzed thin films of (PDMA)FA, ;Pb,I;,,; (n = 1-3)
compositions that are prepared by solution deposition using

a)

R =
“‘“ o t"‘ ﬂ@f!

) L HyM

™

Figure 1. Schematic representation of Dion-Jacobson layered hybrid
perovskites. a) Envisaged structure of layered perovskites based on
(PDMA)FA,_1Pb, 3,4, composition incorporating 1,4-phenylenedimethan-
ammonium cations with b) structural details.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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stoichiometric amounts of the precursors (PDMAI,, FAI,
and PDI,) in ratios defined by the reported compositions (n).
The resulting formulations are based on the stoichiometry of
the precursors without assumptions regarding the resulting
crystal structure. The precursors are dissolved in a mixture
of N,N-dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO) in a 9:1 volume ratio in accordance with the previously
optimized procedure.'®! The precursor solution was spin-coated
at ambient temperature on the corresponding substrate, which
was followed by subsequent annealing at 150 °C, as detailed
in the Supporting Information. The analysis focused on two
substrates, namely fluorine doped tin oxide (FTO) coated with
either mp-TiO,, which has been previously employed in photo-
voltaic devices, or mp-Al,03, which is used as a nonelectroactive
mesoscopic analogue for the analysis of the optoelectronic
properties.['®24 Moreover, quartz substrates are used to reliably
assess photoconductivities of the materials.[3%31

Structural properties of thin films were investigated by
means of X-ray reflectivity (XRR) and grazing incidence X-ray
scattering (GIXS) techniques. XRR patterns of the thin films
of (PDMA)FA, Pb,I3,; (n = 1-3) compositions on FTO/
mp-TiO, substrates suggest formation of low-dimensional
hybrid perovskite structures, which are revealed by the pres-
ence of distinct signals in the g,-range below 1 A~ (26 < 10°),
that are commonly ascribed to the (001) planes (Figure 2a
and Figure S1, Supporting Information).'?131516 Films based
on n = 1 compositions revealed strong signals at g, = 0.5 A~
and g, = 1 A”, indicative for an out-of-plane layered struc-
ture. The n = 1 structure is characterized by the d-spacing of
12.5 A, that corresponds to the g-value of the first maximum,
which is in line with the layered phase stacked parallel to
the substrate (inset of Figure 2c). This feature is, however,
only weakly observed for n > 1 compositions (Figure 2 and
Figures S1 and S2, Supporting Information). Radial integration
of grazing incidence wide-angle X-ray scattering (GIWAXS)
patterns (Figure 3d) as well as grazing incidence X-ray dif-
fraction (GIXD) measurements (see Figures S1 and S2 in
the Supporting Information) reveal that n = 2 compositions
feature additional signals at g, = 0.33 A~' and g, = 0.67 A,
indicative of the formation of distinct n = 2 layered struc-
tures, whereas n > 2 compositions were closely comparable to
each other irrespective of the stoichiometry of the precursors
(Figure 3d and Figures S1 and S2, Supporting Information).
Moreover, for n = 2 composition, the n = 1 structure appears
to be present in addition to the newly formed 2D phase, while
the sample also features a cubic o~FAPDI; perovskite phase.
This is in accordance with the previously reported formation of
phase mixtures for n > 1 compositions in layered hybrid perov-
skites.[16:2426-29] The intensity of the cubic o+FAPDI; perovskite
phase in the diffraction pattern increases for n > 2 composi-
tions, along with the presence of hexagonal &-FAPDI; phase.
Furthermore, the diffraction patterns for n = 3 compositions
reveal presence of both n = 1 and n = 2 phases, along with
the 3D o~FAPDI; perovskite phase, possible traces of PbI,, as
well as FAPDI; phase, which additionally supports the com-
plexity of the phase mixtures (Figure 3d and Figures S1 and
S2, Supporting Information).'®2*l However, apart from signals
associated with the 3D o~FAPDI; and &FAPDI; phases, the
nominal n = 3 composition did not reveal presence of any addi-
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tional phases that can be directly ascribed to the formation of
n > 2 representatives (Figures 2 and 3; Figures S1 and S2, Sup-
porting Information).

To understand this absence of the apparent n > 2 phases
under applied experimental conditions, as well as to further
evaluate structural properties of these systems, we conducted
a theoretical investigation of their structural and optoelectronic
properties. For this purpose, classical molecular dynamics
(MD) simulations were performed, followed by density func-
tional theory (DFT) calculations for various perovskite composi-
tions (n = 1-3; for computational details refer to the Sections S2
and S3 of the Suporting Information). During the MD simula-
tions for n = 1 compositions, a transition from what appears
to be a mixed DJ-RP structural intermediate to a pure
DJ structure occurs at higher temperatures (>350 K; Figure S5,
Supporting Information). Furthermore, the rotation of the
spacer is significantly faster for n > 1 as compared to the n =1
compositions (Figure S6, Supporting Information). The opti-
mization process further suggests that n > 1 compositions do
not display any apparent temperature-dependent transition as
the system persists in a DJ structure, approaching a near-ideal
DJ structure with increasing number of inorganic layers (n).
This is the result of the complex interplay between the inor-
ganic and organic parts of the material. Unlike the alkyl-based
spacer groups that feature weaker van der Waals interactions,!'’]
the intermolecular interactions in the aromatic PDMA spacer
layer were found to adopt both T-shaped and parallel-displaced
stacking 7 interactions (Figures S7 and S8, Supporting Infor-
mation), leading to a more rigid inorganic framework, which
was assumed to be associated with the templating effect.>

To probe possible templating effects of the spacer layer on
the inorganic framework, we analyzed the average tilting angle
between Pb-I octahedra, as well as the penetration depths of
the spacers into the inorganic part by DFT calculations. The
latter was assessed by following the distance between the
nitrogen atoms of the amino group of the spacer (N) and
the nearest inorganic slab Pb positions. We further analyzed the
hydrogen bond length between amino group nitrogen atoms
of each spacer and the nearest iodide ions of the same inor-
ganic slab (N---I distance), which has previously been used
as an indicator of structural stability.33! Based on the DFT-opti-
mized structures, increasing the number of inorganic layers
(increasing n) leads to an increase in the penetration depth,
which corresponds to a decrease of the N- - - Pb distances. This
results in the inorganic layer becoming more cubic, which is
indicated by the interoctahedral tilting angles approaching
90°.34 Consequently, the voids between octahedra widen and
thus the iodide ions are placed further away from the ammo-
nium groups, leading to an apparent increase of the N---I
distances, further suggestive of a templating effect in the inor-
ganic layer.}¥l To inspect whether this leads in turn to changes
in the organic spacer layer, we analyzed its thickness by moni-
toring the average Pb- - -Pb distances between opposite layers
(dy) as well as the 77 distances between the aromatic rings
(d,) (Figure 2b, Figure S8 and Table S2, Supporting Informa-
tion). Similar to the behavior of alkyl-based BA and 5-ammo-
nium valeric acid (5-AVA) layered RP perovskite systems,?*
the interlayer distance (d;) was found to decrease upon deeper
incorporation of the organic cation into the inorganic layer,

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Structural properties of thin films based on (PDMA)FA,_;Pb,l3,; composition. a) XRR patterns on FTO/mp-TiO, substrates for n =1 (black),
n=2 (blue) and n =3 (red) compositions. b) DFT-calculated structure of n =1 composition (d; and d, are the characteristic intra and inter-layer dis-
tances). More details are shown in Sections S3 and S4 of the Supporting Information. c) Comparison of DFT-simulated (blue) with the experimental
XRD patterns of (PDMA)Pbl, (n =1) layered structure on either microscopic glass (green) or FTO/mp-TiO, (black) substrates. The inset shows sche-
matic representations of parallel (||) and perpendicular (L) orientations of the system with respect to the substrate, commonly associated with g, <1
A1 (26<10°) and around 1 A" (26 around 14°), respectively. Asterisks denote substrate peaks.

which also evidences a templating effect between inorganic
slabs and the spacer layer.?2l Moreover, the decrease of the
inter-layer distances is further pronounced for the D] phases as
compared to the RP ones,'%) particularly for spacer groups that
feature stronger noncovalent interactions, such as the mbased
interactions evidenced for the PDMA spacer. The effect that the
organic component has on interlayer distances and alignment
of the adjacent layers offers a particularly important approach

Adv. Funct. Mater. 2020, 30, 2003428
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to optimize the optoelectronic properties, as these structural
parameters are directly related to increasing orbital interactions
that facilitate inter-layer charge transport.>-2%

These structural changes are assumed to be apparent in the
experimentally obtained thin films. We thereby simulated the
XRD patterns for the calculated (PDMA)PbI, structures and
compared them to the experimental ones (Figure 2c). The pat-
terns were closely comparable, featuring lowest angle peaks that
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Figure 3. Crystal structure analysis and orientation in thin films. a—c) GIWAXS reciprocal space maps (¢; = 0.1°) for perovskite thin films based on
(PDMA)FA, _1Pb, 3,1 formulation with a) n=1, b) n=2 and c) n=3 compositions on FTO/mp-TiO, substrates. Spot patterns in a) suggest well-defined
orientations, while peaks from n =1 structure oriented perpendicular (parallel) to the substrate are indicated in black (white) circles. Ring-shaped fea-
tures with angular maxima in b) indicate preferred orientation, while black (blue) circles indicate layered n =1 (n = 2) structure. Uniform angular inten-
sity distribution in c) is in accordance with random orientation of crystallites corresponding to n =1 and n = 2 structures, which are indicated by black
and blue lines, respectively. d) Radially integrated intensities of the g-maps for nominal n=1 (black), n =2 (blue) and n =3 (red) composition. Signals
originating from distinct n =1and n = 2 structures are indicated by vertical dashed lines in black and blue, respectively. Yellow vertical dot-dashed lines
indicate a cubic perovskite structure, while + marks Pbl, phase. Angular intensity distributions can be found in Figure S3 (Supporting Information).

correspond to real space interlayer distances of 13 and 12.4 A
for calculated and experimental values, respectively. This con-
firms that the computational models are in good agreement
with experimentally obtained systems (Figure 2c).

In the experimental system, however, the anisotropic nature
of the layered hybrid perovskite structure enables forma-
tion of multiple orientations with respect to the substrate that
further affect the properties of these systems. In this regard,
two distinct orientations are important, namely the parallel
(I) and the perpendicular (1) orientations (Figure 2c, inset).
Lower compositional representatives (n = 1) are known to fea-
ture predominantly || orientations (Figure 2c), whereas higher
compositional representatives (n > 1) form L orientations that
are more relevant for photovoltaics.*'>!¥ The former orienta-
tions are commonly revealed through the appearance of (001)
plane reflections at g, < 1 A~ (26 < 10°), while the latter ones
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lead to the appearance of the reflections of the (111) plane at g,
around 1 A (26 of =14-15°). The predominant phase can be
further controlled by the experimental conditions (e.g., using
additives, hot-casting technique, and other methods).*2 The
orientations with respect to the FTO/mp-TiO, substrates were
analyzed by grazing incidence wide angle X-ray scattering
(GIWAXS; Figure 3 and Figures S2-S4, Supporting Informa-
tion), which indicates well-oriented layered structures for n =1
compositions with a certain number of disordered domains
(Figure 3a, Figures S3a and S4, Supporting Information).
Moreover, the n = 2 compositions show ring shaped features
with angular maxima, suggesting a preferred orientation
(Figure 3b and Figure S3b, Supporting Information. Con-
versely, n > 2 compositions feature uniform angular inten-
sity distribution that can be associated with a random ori-
entation of crystallites (Figure 3c and Figure S3, Supporting
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Figure 4. Optoelectronic properties of perovskite thin films. a) UV-vis absorption (solid lines, left) and photoluminescence (PL, dashed, right) spectra of
thin films based on (PDMA)FA,,_,Pb,ls,,,; formulation (n=1-3) on FTO/mp-Al,Oj; substrates in accordance with the previous report."® b) Calculated partial
density of states and c) Frontier molecular orbitals (top of the valence band (VB, bottom) and bottom of the conduction band (CB, top)) for (PDMA)Pbl,.

Information), featuring n =1 and n = 2 compositions. The well-
defined orientation of n = 1 compositions enables estimating
the unit cell parameters, which were found to match well
with the theoretical model, while featuring a minor deviation
of the unit cell angles from the ideal cubic structure (Figure
S4 and Table S1, Supporting Information). This provides fur-
ther validation for the theoretical model. However, the chal-
lenge lies in the formation of higher compositional (n > 2)
representatives, which have not been unambiguously evidenced
under the applied experimental conditions in this work. To scru-
tinize the lack of formation of n > 2 phases, we calculated the
formation energies by DFT calculations for theoretical models
of n = 1-3 systems with respect to the precursors (PbI, FAI,
and PDMAL,). We found the n = 1 structure exhibits the lowest
(essentially thermoneutral) formation energy (-0.00 eV per fu.),
which is higher for n > 1 compositions (0.21 eV per f.u. for n =2
and 0.30 eV per f.u. for n = 3), indicating relative instability of
higher (n>1) compositional representatives with respect the n =1
system and o~FAPbDI;, which exhibits the formation energy of
0.08 eV per f.u. (Figure S8, Supporting Information). This could
potentially be circumvented by introducing smaller ions in the
composition, such as Cs and Br, which can stabilize the perov-
skite (o) FAPDI; phase, and consequently, could facilitate the
formation of higher compositional (n > 2) representatives.?-!
The resulting structural features directly affect the optoelec-
tronic properties of the system, which were analyzed experi-
mentally by UV-vis absorption and steady-state photolumi-
nescence (PL) emission spectroscopy (Figure 4a). The spectra
reveal a trend in optical bandgap energy (E,) that has been pre-
viously reported and is typical of low-dimensional perovskites,
as it decreases with the increase in the relative number of
inorganic slabs (n, Figure 4a).l121426:35-37) Moreover, the UV-vis
absorption spectra show characteristic excitonic features, which
disappear with an increase in the number of inorganic layers
(n, Figure 4a) and is likely due to the increasing contribution
of the 3D perovskite phase.*38] These features can also serve
as a qualitative indicator for the presence of a certain struc-
tural phase and, in this regard, the n = 1 compositions show
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well-defined optical signatures (Figure 4a, black), whereas n > 1
compositions reveal multiple signals in the UV-vis absorp-
tion spectra accompanied by a large Stokes shift in the PL
spectra (Figure 4a, red and blue). This is in accordance
with the presence of a mixture of phases and the coexist-
ence of 3D FAPbI; perovskite phase,®?4 as confirmed by
the XRR and GIWAXS measurements. Accordingly, PL
spectra of the films based on higher n > 1 compositions dis-
play emission around 770 nm whereas those based on lower
n = 1 compositions feature the main emission at around
550 nm (Figure 4a), similarly to the other reported D]
phases.>V] DFT-calculated bandgaps (for details see Sec-
tion S3, Supporting Information) follow the expected trend
as a function of n and yield a value for (PDMA)PbI, of 2.8 eV,
which is 0.4 eV larger than the experimental optical gap due to
excitonic contributions (Table S3, Supporting Information).l®l
Indeed, this energy difference is consistent with the reported
exciton binding energies for 2D perovskites, which are in the
order of 380 meV.%38] Furthermore, the effective masses in
the in-plane directions decrease with increasing n (Tables S2
and S3, Supporting Information). As expected, significantly
higher values of effective masses are observed in the perpendic-
ular direction to the inorganic layer. However, the results of the
calculations of the partial density of states (Figure 4b), as well
as the frontier molecular orbitals (Figure 4c), exclude a direct
contribution of the organic part to the band edges. Neverthe-
less, the values for effective masses, especially in the perpendic-
ular direction, are smaller than some of the representative RP
phases.?¥l This is likely due to reduced interlayer distances and
better alignment of inorganic layers in the DJ structure, which
results in improved charge transport and optoelectronics.

The charge carrier dynamics were investigated by time-
resolved microwave conductivity (TRMC) measurements. In
these measurements, high-frequency microwaves are used to
probe the change in the conductivity of materials due to gen-
erated mobile charge carriers. Mobile charge carriers absorb
a fraction of the incoming microwave power (AP), which is
proportional to the change in the conductivity of the material
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excitonic wavelengths (500, 567, and 622 nm) of n=1 (black), n=2 (blue)
and n =3 (red), respectively.

(Ao). It is possible to generate charge carriers using either a
high energy electron pulse (pulse-radiolysis, PR-TRMC) or by
laser excitation (photoconductivity TRMC).?% PR-TRMC is
used to determine the mobility of charge carriers on materials
in crystal form. The high-energy electron pulse assures the
generation of free charge carriers (i.e., electrons and holes),
independently of the exciton binding energy of the material.?"!
The mobility of charge carriers was measured on powders of
layered hybrid perovskites of different compositions (n = 1-3)
synthesized mechanochemically. However, the powder samples
prepared by this method exhibit a large concentration of defects
that obscure the mobility and charge carrier dynamics on these
materials (Figures S10 and S11, Supporting Information).3!

In a separate experiment, we used the TRMC technique
together with photoexcitation with a nanosecond laser pulse to
analyze photoinduced conductivity in thin films based (PDMA)
FA, Pb,I3,,1 (n=1-3) compositions of =200 nm thickness. The
photoconductivity signal that is measured is directly influenced
by the exciton binding energy of the material.}% As a result, the
photoconductivity obtained from the TRMC experiment is the
product of charge mobility (¢) and quantum yield of free charge
carrier formation (¢) in accordance with the Equation (1).

o= (1)

Here, AG,,., is the maximum photoconductance, I, is the
number of photons per unit area per pulse, §is defined by the
dimensions of the microwave cavity, e is the elementary charge,
whereas F, is the fraction of photons that is absorbed by the
sample.

The samples were photoexcited at three different wave-
lengths that correspond to the excitonic peaks of the different
number of inorganic layers (Figure 4a), namely 500 nm (n = 1),
560 nm for (n = 2) and 622 nm (n = 3). The photoconductivity
was found to increase with the number of inorganic layers (n;
Figure 5b), which is in accordance with the reduction of the
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effective masses revealed by DFT calculations, as well as a
gradual decrease in the exciton binding energy, which will result
in an increase of the yield of dissociation of charge carriers
(¢).12% The photoconductivity for n = 3 compositions is found to
be at the order of magnitude of 3D FAPDI; films measured with
the same technique (8-60 cm? V! s7}; Figure 5b and Figure S11,
Supporting Information). However, the n = 3 composition con-
tains a mixture of FAPbI; with n = 2 and n = 1 layers, hence
the high photoconductivity is likely affected by the 3D FAPbI,
phase. The photoconductivity for the n = 2 composition is
around 4 cm? V7' 57, which is an order of a magnitude higher
than 2D Ruddlesden-Popper n =2 (e.g. BA,Pb,1,) phasel*¥ and a
value suitable for photovoltaic applications. The presence of 3D
FAPDI; is to a large extent responsible for this high, long-lived
photoconductivity signal (shown in Figure S11 of the Supporting
Information). In the case of the n = 1 material, the photocon-
ductivity is comparable to pure 2D Ruddlesden-Popper layered
perovskite systems (0.1-0.3 cm? V1 s71).50

We further analyzed the charge carrier dynamics in thin films
to find that the height of the photoconductivity and lifetime
signal for n = 1-3 compositions decrease as the photon inten-
sity increases, following a second order behavior (Figure S12,
Supporting Information). In addition, it is clear that the life-
time increases with the number of inorganic layers, exhibiting
a long-lived component for n > 1 compositions in the order of
20 ps for n =2 and 15 ms for n = 3 compositions (Figure 6). This
long-lived component is longer than the lifetime observed for
3D FAPDI; perovskites (Figure S11, Supporting Information). At
these longer time scales, the decay traces for n = 2 compositions
seem to show a second order behavior (Figure 6a), whereas for
n = 3 composition a first order behavior is apparent, the life-
time of carriers being independent of their initial concentration
(Figure 6b).

While the photoconductivity of the films could be improved
in pure phases, the corresponding photoconductivity and
long-lived component for n = 2 and n = 3 compositions are
quite remarkable under these conditions, in line with their
promising photovoltaic performance. These performances
presently remain inferior to the 3D and 2D/3D perovskite
solar cells, which can be ascribed to the challenges associated
with the phase purity as well as the lower conductivity of the
spacer layer that is particularly detrimental in the parallel ori-
entation of the perovskite phases. Therefore, further control of
the corresponding perovskite phase formation and orientation,
along with optimizing the device architectures, could lead to
improved photovoltaic performances of perovskite solar cells
incorporating D] phases in the future.

3. Conclusion

We investigated layered hybrid perovskites based on (PDMA)
FA, Pb,l3,,; (n = 1-3) compositions to unravel the underlying
structural and photophysical properties of these unique Dion-
Jacobson phases that determine their photovoltaic performances.
X-ray scattering measurements confirm presence of a layered
structure for n = 1 and n = 2 nominal compositions, whereas
mixtures of phases are apparent for n = 3 composition without
evidencing the formation of higher n > 2 representatives.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Molecular dynamics simulations and density functional theory
calculations of Dion-Jacobson structures complement the experi-
mental findings by elucidating intermolecular interactions and
revealing less favorable formation enthalpies with increasing
number of inorganic layers (n). Moreover, the subtle interaction
between the organic moieties and hybrid perovskite layers were
found to result in smaller interlayer distances and better align-
ment as compared to the Ruddlesden-Popper phases, resulting
in lower effective masses for charge carriers. Consequently,
despite the challenges in obtaining pure phases of n > 1 com-
positions, time-resolved microwave conductivity measurements
reveal high photoconductivities and long charge carrier lifetimes
in the order of hundreds of microseconds for n > 2 compositions
that can account for the promising photovoltaic performances
of these materials. This study thereby provides important new
insights for the design of hybrid low-dimensional perovskite
materials for optoelectronic applications.

4. Experimental Section

Synthesis and characterization of materials, as well as the corresponding
methods are provided in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the authors.
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Layered hybrid perovskites comprising adamantyl spacer (A) cations based on the A;FA,_1Pb,l3,.1 (n =1-3,
FA = formamidinium) compositions have recently been shown to act as promising materials for
photovoltaic applications. While the corresponding perovskite solar cells show performances and
stabilities that are superior in comparison to other layered two-dimensional formamidinium-based
perovskite solar cells, the underlying reasons for their behaviour are not well understood. We provide
a comprehensive investigation of the structural and photophysical properties of this unique class of
materials, which is complemented by theoretical analysis via molecular dynamics simulations and density
functional theory calculations. We demonstrate the formation of well-defined structures of lower
compositional representatives based on n = 1-2 formulations with (1-adamantyl)methanammonium
spacer moieties, whereas higher compositional representatives (n > 2) are shown to consist of mixtures
of low-dimensional phases evidenced by grazing incidence X-ray scattering. Furthermore, we reveal high
photoconductivities of the corresponding hybrid perovskite materials, which is accompanied by long
charge carrier lifetimes. This study thereby unravels features that are relevant for the performance of FA-
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Introduction

Hybrid organic-inorganic perovskite materials remain attrac-
tive for various optoelectronic applications.' Their layered two-
dimensional (2D) analogues have demonstrated superior
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based low-dimensional hybrid perovskites.

environmental stabilities.*® They are predominantly based on
S,Y, 1M, X3, compositions, where S represents a monofunc-
tional organic spacer cation, Y stands for the central cation
(commonly methylammonium (MA), formamidinium (FA) or
Cs"), M for a divalent metal (mainly Pb>* and Sn**) and X for
a halide anion (I", Br~, Cl7). This development has been
particularly important for FA-based hybrid perovskite systems,
since their perovskite phase stabilization remains chal-
lenging.®® In this regard, there have been very few examples to
date that involve low-dimensional perovskite systems incorpo-
rating FA as a central cation.'®** We have recently shown that
this can be achieved by using (1-adamantyl)methanammonium
(ADAM or A) as an organic spacer cation."® As a result, perfor-
mances of the corresponding solar cells that surpass those of
the state-of-the-art FA-based two-dimensional (2D) perovskites
under ambient preparation conditions were demonstrated,
which could not be achieved in absence of the methylene-linker,
as in the case of the l-adamantylammonium (ADA or A’)
analog.” However, the underlying reasons for this behaviour
have not been entirely understood, despite their importance for
the structure-property relationships that are critical for guiding
advanced molecular design.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic representation of adamantyl-based layered hybrid
perovskites based on the S;FA, 1Pb,lzh41 (N = 1-3; S = ADAM or A,
ADA or A’) composition. ADAM = (1-adamantyl)methanammonium;
ADA = 1-adamantylammonium.

Herein, we investigate the structural and photophysical prop-
erties of layered hybrid perovskites based on the A,FA,, ;1Pb, 13,1 (A
= ADAM) and A',FA,,_,Pb, 15, (A’ = ADA) compositions (Fig. 1) by
a combined methodological approach including grazing incidence
wide angle X-ray scattering (GIWAXS) and time-resolved microwave
photoconductivity measurements, which are complemented by
molecular dynamics (MD) simulations and density functional
theory (DFT) calculations. As a result, we scrutinize the phase purity
of different compositional representatives and their preferred
orientation, as well as the corresponding photoconductivity and
charge carrier dynamics, which provide important insights for the
advanced design of layered hybrid perovskite materials and their
applications.

Results and discussion

We investigated thin films of A,FA,,_1Pb,I3,.1 and A’,FA,, 1Pb, 3,4
(n = 1-3) compositions. The materials were prepared by solution
deposition methods of stoichiometric amounts of the corre-
sponding precursors (AI, A'T, FAL, and Pbl,) in accordance with the
previously reported procedures.”® The precursors were dissolved in
a (4 : 1 v/v) solvent mixture of N,N-dimethylformamide (DMF) and
dimethyl sulfoxide (DMSO). The precursor solution was spin-coated
on the substrates at ambient temperature, which was followed by
subsequent annealing at 150 °C for 15 min. The reported compo-
sitions (n) are based on the stoichiometry of the precursors, without
making assumptions about the resulting structure, and are thus
referred to as nominal. We employed two different substrates in the
study, either microscopic glass or fluorine doped tin oxide (FTO)
coated with mp-TiO,, which has been previously employed in
photovoltaic devices.” In addition, we used quartz substrates to
assess the photoconductivities of materials in thin films and
powders.*** The powders of the perovskite materials were accessed
mechanochemically by grinding the precursors in a ball mill based
on previously reported procedures.”*'**® The methods are detailed
in the Experimental section, as well as the ESL}

Structural properties

Thin films based on A,FA, ;Pb,Is,.; and A’,FA, 1Pb,l3,.; (1 =
1-3) compositions were investigated by using X-ray diffraction

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Structural properties of thin films. XRD patterns of (a) A,-
FA,_1Pbplz,41 and (b) A’>FA,_1Pb, 3,1 on FTO/mp-TiO, substrates for
n =1 (black), n = 2 (blue) and n = 3 (red) compositions in accordance
with the previous report® Inset shows DFT-optimised (B3LYP/6-
31G(d)) structures of the spacers (a) A and (b) A’

(XRD; Fig. 2) and GIWAXS (Fig. 3 and S1-S3, ESIf) for the
purpose of understanding their structural properties. Their
structure was previously assessed at the atomic-level by solid-
state nuclear magnetic resonance (NMR) spectroscopy, sug-
gesting the formation of new iodoplumbate phases that are
likely to be associated with layered perovskites.”* As reported
earlier, XRD patterns of A,FA, ;Pb,l;,,; on FTO/mp-TiO,
substrates reveal the appearance of signals in the 26 range
below 10°, which is indicative of the formation of low-
dimensional hybrid perovskite structures (Fig. 2a)."®** This is
particularly the case for films based on n = 1 compositions,
showing periodic patterns that are typical for layered 2D
structures (Fig. 2a).'*?> However, A’,FA, 1Pb,l3,.; analogues
feature a number of signals in the 26 < 10° range irrespective of
their composition (n = 1-3) as a result of the formation of
complex mixtures of various phases (Fig. 2b), which could
correspond to intermediate phases or other low-dimensional
polymorphs.”* Additional high resolution X-ray reflectivity
(XRR) for the layered structures of A,FA,_1Pb,ls,.; systems are
shown in the ESI (Fig. S1T). XRR was used to complement the
GIWAXS analysis in order to investigate the out-of-plane struc-
ture of the samples at g,, = 0 since GIWAXS cannot access the
true specular (out-of-plane) scattering due to a non-negligible
gx-component. All compositions show out-of-plane peaks that
correspond to low-dimensional perovskite structures. The n = 1
nominal composition features a signal at g, = 0.35 A~" that
corresponds to the two-dimensional n = 1 layered perovskite
structure (Fig. S1, ESIT), whereas the n = 2 nominal composi-
tion reveals the formation of distinct structures characteristic
for this composition. However, the XRR patterns for n > 2
nominal compositions show no clear indications of the
formation of distinct phases with n = 3 or n = 4 layered
perovskites. Instead, the n = 2 layered structure is still present,
in addition to 3D perovskite phase and the hexagonal FAPbI;
polytype. Intensities of the peaks corresponding to the 2D
layered phase gradually decrease with the increase of the
nominal concentration of the inorganic component (n) (Fig. S1,
ESIf). For the n = 4 nominal composition, the n = 1 phase and
the non-perovskite hexagonal phase of FAPbI; could be identi-
fied (Fig. S1 and Table S2, ESIT). Based on the g-value of the first
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Fig. 3 Orientation of thin films with respect to the substrate. GIWAXS
reciprocal space maps for perovskite thin films at angle of incidence
0.12°, based on A;FA,_1Pb,l3,, 1 formulations with nominal (a) n =1, (b)
n =2 and (c) n = 3 compositions on FTO/mp-TiO, substrates. Markers
denote calculated peak positions based on the structures obtained via
optimizing unit cell parameters, using DFT calculations as starting
values. Ring-shaped features at g-values of 1.88, 2.36 and 2.65 A% in
the reciprocal space maps originate from the substrate (TiO,). (d)
Schematic representation of face-on/parallel (blue circle), side-on/
perpendicular (red) and tilted (~49°) (black) orientations. Markers in (c)
correspond to the respective n = 2 structures depicted in (d), which
were found for the sample with nominal n = 3 composition. Specific n
= 3 structures could not be observed under these conditions.

strong maximum, we estimate that the n = 1 layered structure
can be characterized by an interlayer spacing of d = 18.0 A that
corresponds to the long unit cell axis of the 2D structure and is
in line with the layered phase stacked with perovskite slabs
oriented mostly parallel to the substrate (‘face-on’; Fig. 3d, blue
circle). In the sample with n = 1 nominal composition a second
co-existing n = 1 polymorph phase was observed, featuring
a weak, but resolvable signal at g, = 0.38 A" as well as higher
order reflections (Fig. S1 and Table S2, ESI), that correspond to
an interlayer spacing of 16.5 A. This might be ascribed to
another n = 1 layered polymorph featuring a slightly different
orientation of the organic spacer molecule. By analysis of the
dependence on the angle of incidence (i.e. penetration depth) of
our GIWAXS data (Fig. S3, ESIT), we find that the second n = 1
polymorph is located predominantly close to the substrate. For
n = 2 composition, GIWAXS measurements reveal that the long
unit cell axis is extended, whereas the short unit cell dimen-
sions remain similar for both n = 1 and n = 2 phases (Table S1,
ESIT). This is consistent with insertion of another perovskite
sheet into the unit cell of the layered structure.

The structural complexity was further analysed by consid-
ering the presence of various orientations for different compo-
sitions with respect to the substrate, which were evaluated by
GIWAXS (Fig. 3a-c and S2, ESIT).**?® The GIWAXS data forn =1
composition show the presence of Bragg reflections that indi-
cate a well oriented layered structure mostly parallel to the
substrate (‘face-on’), as well as weak rings that correspond to
randomly oriented layered structures (Fig. 3a). The system
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based on n = 2 composition is also well oriented ‘face-on’, as
suggested by the defined spot pattern (Fig. 3b), which shows no
rings that would indicate randomly oriented domains. The
nominal n = 3 composition, however, shows presence of the n =
2 structure with three different preferred orientations (Fig. 3c
and d).*******> This complexity has been previously indicated by
solid-state nuclear magnetic resonance (NMR) spectroscopy,
without the capacity to clearly distinguish between the n = 2
and n > 2 structures at the atomic level by means of *C, *N or
SN NMR spectra.’® Moreover, n > 2 compositions also feature
additional signals associated with the 3D perovskite a-FAPbI;
and 3-FAPbI; phases.

To further analyse the orientation complexity of the layered
structures quantitatively, we have calculated Herman's orien-
tation parameter based on the GIWAXS angular maps, which
agrees well with the qualitative description (Fig. S4, ESIf).
Complex phase mixtures were also obtained for A’,FA, ,Pb,-
I3,41 (n = 1-3) compositions (Fig. S2¢, ESIT), which supports the
previous reports.”® However, the additional phases cannot be
directly associated with new (e.g. n = 3) structural forms. This
apparent absence of the n > 2 structures under experimental
conditions, which was observed for both A and A’ spacers, was
evaluated by the theoretical analysis of their structural and
optoelectronic properties.

Theoretical insights

Towards better understanding of the properties of A,FA, ;-
Pb,l3,+; and A',FA, ;Pb,l;,. (n = 1-3) perovskites, classical
molecular dynamics (MD) simulations were performed in
conjunction with density functional theory (DFT) calculations
for different compositions (n = 1-3; for computational details
refer to the Sections S3 and S4 of the ESIT). The initial structures
for DFT calculations were extracted from the classical MD
simulations (Fig. S5-S8, ESIt), which suggest that perovskite
materials based on A and A’ spacers adopt a Ruddlesden-
Popper structure at ambient temperature (298 K). Classical MD
simulations at higher temperatures (>400 K) also provided some
information about the thermal stability of the systems. In case
of spacer A’, we find that the corner-sharing network of Pb-I
octahedra slowly transforms into edge-sharing configurations
upon increasing the temperature, which does not occur in the
case of spacer A. This suggests that the experimentally observed
structures for hybrid perovskites based on spacer A’ might be
a mixture of corner and edge-sharing octahedra, which could
lead to phase mixtures and unfavourable optoelectronic prop-
erties in comparison to those based on spacer A. This behaviour
could be the result of the steric effects of the bulky carbocyclic
backbones in the spacer layer and their interaction with the
inorganic framework. Specifically, presence of the flexible
methylene linker results in higher structural adaptability of the
spacer A, as well as higher penetration depth into the inorganic
framework, which was assumed to potentially result in tem-
plating effects.'*1%17>7

To probe the templating role of the spacer, the structures
obtained by MD simulations were subsequently optimized by
performing DFT calculations, which show that a layered

This journal is © The Royal Society of Chemistry 2020
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Ruddlesden-Popper structure is maintained, with ordered
stacking of the spacers along the out-of-plane a-axis in opti-
mized structures, whereas two different alignments with respect
to c-axis occur (denoted as «; Fig. 4 and S9, ESIT). Furthermore,
we compared the penetration depths of the spacers into the
inorganic slabs, which were estimated by the N---Pb distance
between the nitrogen atom of the amino group of the spacer (N)
and the nearest inorganic slab (Pbl, plane). The penetration
depth into the inorganic slabs was shown to be strongly corre-
lated with the average tilting angle between Pb-I octahedra,
which in turn determines the overall structural and optoelec-
tronic properties.'***** For A,FA, ;Pb,l3,+; (n = 1-3) the
structure gradually becomes more cubic for higher n values.
This is accompanied by larger penetration depths as reflected
by the N---Pb distances (Table S3, ESIf). On the contrary, the
A',FA,_4Pb,I3,., system (Table S4, ESIt) shows pronounced out-
of-plane octahedral distortions (Fig. S9, ESIt), as higher pene-
tration of the ammonium termini is counteracted by the steric
requirements of the bulky adamantyl core, preventing the
formation of a cubic structure. To evaluate the structural
stability of the resulting layered perovskites, we also analysed
the hydrogen bond lenghts between amino group nitrogens of
each spacer (N) and iodide ions (I) of the same inorganic slab
(N---Idistance), which were shown to be important indicators of
structural stability.****° In principle, a more cubic inorganic
slab with intra-octahedral tilting angles approaching 90°
provides a larger inter-octahedral space, and consequently
larger NH---I distances. The DFT calculations suggest that A and
A’ spacers show a subtle interplay between the interactions in
the organic and inorganic layers with a less pronounced tem-
plating effect of the inorganic framework towards a cubic phase
as compared to spacers featuring longer alkyl-chain-anchoring
groups.'®* This is in accordance with their bulky shape inter-
fering with the penetration into the perovskite slabs. In this
regard, the absence of the methylene group in A’ could be
attributed to considerably more distorted structures of A',(-
FA),_1Pb,l3,., systems, even for n = 1 composition. To assess
the effect of these structural features on the spacer layer, we
compared the thickness of the organic spacer layer defined by

miensiy (o)

a i B 1 10 12 ™ 1% LL- B 1

2871

Fig. 4 Structural properties of A,Pbl,. (a) Comparison of the XRD
patterns of the DFT-predicted structure (blue) of A;Pbly, (n = 1) with the
corresponding experimental data on microscopic glass (red). (b) DFT-
calculated structure indicating two characteristic distances, d; (inter-
layer distance measured by the average Pb---Pb distance between the
adjacent inorganic slabs) and d, (distance between the organic spacers
in the layer). For more details, refer to the ESI Section S3.1
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the Pb---Pb distances between the consecutive inorganic layers
(d4) as well as the distance between the adjacent spacers (d,)
(Fig. 4b, Tables S3 and S4, ESIt). The parameters (d,, d,) were
not found to exhibit a clear trend upon incorporating the
organic spacer cation into the inorganic layer. This indicates
a less pronounced templating effect of the inorganic slabs as
compared to other long-alkyl-chain-containing spacers, such as
5-ammonium valeric acid (5-AVA) and n-butylammonium (BA)
cations.'®*”*

The dynamics of the spacer molecules is further affected by
the interactions with the inorganic slabs as evidenced by the 5
ps long DFT-based Born-Oppenheimer molecular dynamics
simulations of A,Pbl, and A’,Pbl, as model systems, where we
monitored the changes of N---Pb distances and out-of-plane
tilting angles (Fig. S10 and S11, ESIT). Both A and A’ spacers
were found to rotate freely around their central axes, with
a preferred molecular orientation for the spacer A. The pene-
tration depth is preserved throughout the finite temperature
trajectory of A,Pbl, (Fig. S10, ESIT), which is in agreement with
the higher thermal stability of this system. In contrast, for the
A'-based system, a broader distribution of N---Pb distances is
observed, in accordance with the pronounced structural
distortion (Fig. S10, ESI{). Similarly, the out-of-plane octahedral
angles (Fig. 4b) for A,Pbl, and A’,Pbl, compositions reveal
a much broader distribution for the latter (Fig. S11, ESIf).

To validate the DFT-predicted structures, the XRD pattern
was simulated for A,Pbl, (Fig. 4a; details are provided in the
Section S4 of the ESIT). The patterns of the theoretically pre-
dicted structure for the n = 1 composition are in good agree-
ment with the experimentally observed data, with a minor shift
that can be ascribed to the different conditions under which the
experiment and the simulation are performed, e.g. finite temper-
ature effects and dispersion effects.* In particular, the lowest angle
peaks were found to correspond to 18.0 A and 18.4 A (Table S1,
ESIt) inter-spacer distances in the experimental samples and the
DFT-optimized fully periodic structures, respectively. This
evidences that the models are in a very good agreement with
experimentally obtained structures.

The absence of higher compositional representatives (n > 2)
under the applied experimental conditions can be rationalized by
calculating the enthalpies of formation (AH) for the obtained
structures,” which slightly increase with the increasing number
of inorganic layers (n) in A,FA,,_;Pb,I5,., systems (for details see
Section S4, ESIf). Similarly, positive values of formation
enthalpies for A',FA,,_1Pb,l;,.1 Systems suggest low stability of
their RP phases, in accordance with the experimental evidence.
This could potentially be circumvented for A,FA,_;Pb,I3,.; pha-
ses by employing smaller ions in the composition, such as Cs and
Br,"*'*>which can stabilize the perovskite (o) phase over the non-
perovskite (3) FAPbI; phase, and consequently, might facilitate
the observation of higher compositional representatives.®*

Optoelectronic properties

The effect of the structure on the electronic properties of the
system was analysed by UV-vis absorption spectroscopy
(Fig. 5a)."® UV-vis absorption spectra of A,FA,, 1Pb,I5,., systems
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suggest a gradual decrease in the optical band gap (E,) with
increasing number of inorganic slabs (n),>>?*** along with the
presence of typical excitonic features (Fig. 5a).*** Moreover, the
n = 1-2 compositions show well-defined spectral signals
(Fig. 5a, black and blue), whereas n > 2 compositions feature
multiple signals that appear to be in line with the previously
reported structural complexity (Fig. 5a, red).**2*** Similarly, the
A'-based A/,FA, {Pb,l3,.; systems show higher spectral
complexity for n > 1 compositions (Fig. 5b).

The electronic properties were calculated at PBEO level®®
including spin-orbit coupling (SOC) effects for the n = 1-3
compositions of A,FA, ;Pb,l3,,; and A',FA, ;Pb,l3,.; (Tables
S5 and S6, ESIT). Following the expected trend, increasing the
inorganic layer thickness (n) results in decreased band gaps
(Table S5, ESIt). The calculated band gap of 2.83 eV for A,Pbl,
system, in the absence of excitonic effects, exceeds the
measured optical band gap by 0.43 eV, which is in accordance
with the reported exciton binding energies of around 400 meV
for Ruddlesden-Popper phases (Fig. 5¢ and Table S5, ESIt).*
The calculated A’-based structures, however, exhibit larger band
gaps as compared to their A-based counterparts, presumably as
a result of the disruption of the corner-sharing Pb-I network
inducing a notable gap opening (Fig. 5b and Table S6, ESIt).

To characterize the transport properties, we calculated the
effective masses in the in-plane and out-of-plane directions for both
A and A'-based systems (Tables S5 and S6, ESIf). Similar to the
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Fig. 5 Optoelectronic properties of perovskite thin films. UV-vis
absorption spectra of perovskite thin films based on (a) A;FA,_1Pb,,-
l3n41and (b) A'5FA,_1Pb, 3,41 (N = 1-3) compositions on FTO/mp-TiO,
substrates in accordance with the previous report.** Calculated partial
density of states for (c) A,Pbl, and (d) A’;Pbl, with (e and f) the cor-
responding frontier molecular orbitals (top of the valence band (left)
and bottom of the conduction band (right)).
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previously studied layered hybrid perovskites,'**** effective masses
in the in-plane direction decrease with the increasing thickness of
the inorganic perovskite layer, indicating better charge transfer
consistent with lower band gaps for higher compositional repre-
sentatives (). However, large effective masses in the out-of-plane
direction imply a breakdown of the band transport model,
similar to other layered perovskite systems that were previously
investigated, such as those based on BA and 5-AVA.” The partial
density of states, as well as the frontier molecular orbitals, show no
contribution from the organic part to the band edges for either A-
and A'-based systems (Fig. 5¢—f). In general, however, the effective
masses for A'-based systems are larger than those of A-based
systems in all directions, which can also be rationalized by the
severely distorted structure that has been evidenced experimentally.
These electronic properties directly affect the charge-carrier
dynamics that is thereby hereafter investigated exclusively for the
A,FA,,_1Pb,L5,., systems.

Charge carrier dynamics

The charge carrier dynamics were studied by time-resolved
microwave conductivity (TRMC) measurements using high
frequency microwaves upon excitation.**** Under these condi-
tions, the change in conductivity due to generated free charge
carriers is probed with high frequency microwaves. If the charge
carriers are mobile, they absorb part of the incoming microwave
power (AGpay) which is proportional to the change in conduc-
tivity of the material (Ao).

The charge carriers in the material can be generated with
either a high energy electron pulse (pulse-radiolysis TRMC) or
by laser excitation (photoconductivity-TRMC). Generation by
irradiation with high energy electrons allows to determine the
mobility of charge carriers (u) directly in the material prepared
mechanosynthetically without considering the effect of orien-
tation or being influenced by the exciton binding energy of the
material (as is the case of photoexcited experiments).'*** The
mobility of charge carriers was probed in layered hybrid
perovskites of different A,FA,,_1Pb,I5,.; (n = 1-3) compositions,
which is expected to increase with the number of inorganic
layers (n)."* The mobility appears to be higher for n = 1 as
compared to n = 2-3 compositions of the corresponding
perovskite powders, and it is not substantially affected by
temperature in the range between 180-300 K (Fig. 6a), which
suggests presence of a large concentration of trap states across
compositions under these conditions. The dynamics of charge
carrier decays supports this hypothesis as featuring a rather fast
recombination at the ns timescale (Fig. S13, ESIt). The recom-
bination of charge carriers is not influenced by the initial charge
carrier concentration (10" to 10'® cm™?) at room temperature
(Fig. S13, ESI}). At lower temperatures, this behaviour is
consistent for n = 1 composition (Fig. 6a and S14, ESIY).
However, for n = 2 and n = 3 compositions, the conductivity
slightly increases after the pulse (Fig. S14 and S15, ESIt), which
suggests the existence of phases with higher conductivity within
the material. This agrees with the formation of different phases
in n > 1 compositions. The lifetime of charge carriers increases
with the number of inorganic layers from the order of hundreds

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Conductivities in layered hybrid perovskite powders and thin
films based on A FA,,_1Pb,lz,41 perovskite with different compositions
(n = 1-3). (a) Evolution of mobilities in powders at various tempera-
tures and (b) conductivities in thin films deposited on quartz substrates
at ambient temperature (298 K). The initial charge carrier concentra-
tion was estimated to be 10* to 10'® cm™3 at 298 K.

of ns for n = 1 to hundreds of ps for n = 2 and n = 3 compo-
sitions (Fig. S14, ESIT), with further increase at lower tempera-
tures (Fig. S16, ESIT).

The photoconductivity determined on thin films after laser
excitation is by definition the product of charge mobility (1) and
quantum yield of free charge carrier formation (¢), based on the
following eqn (1)

"2t Tgery (1)

where I, is the number of photons per unit area, ( is based on
the dimensions of the microwave cavity, e is the elementary
charge, and F, is the fraction of the absorbed light. As dis-
cussed, these measurements are influenced by the exciton
binding energy in the material which is usually large (~350
meV) in layered hybrid perovskites.'**>33

Thin films of A,FA, ,Pb,l3,. (n = 1-3) were photoexcited at
three different wavelengths corresponding to the excitonic
peaks of the different number of inorganic layers (Fig. 5a),
namely 500 nm for n =1, 560 nm for n =2 and 622 nm forn =3
compositions (Fig. 6b). The photoconductivity was found to
increase with the number of inorganic layers, which is in
agreement with reports on layered 2D perovskites in which the
exciton binding energy decreases with the number of inorganic
layers, increasing the yield of dissociation of charge carriers
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Fig. 7 Evolution of photoconductivities in hybrid perovskite thin films
based on AyFA,_1Pb,ls,,1 formulation with (@) n = 2 and (b) n = 3
nominal compositions as a function of photon intensity, highlighting
long charge carrier lifetimes in the order of ps. Photoconductivity is
defined by the eqn (1) as a product of charge mobility (1) and quantum
yield of free charge carrier formation (¢).
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(¢).** However, upon excitation at 622 nm, we can observe that
the photoconductivity is higher for the n = 2 than for n = 3
compositions, which is likely the result of higher phase purity
and better orientation of the n = 2 representatives.

Notwithstanding, the photoconductivity values for n = 3 are in
the order of magnitude of FAPbI; films measured with the same
technique (8-60 cm”® V' s™'; Fig. S17, ESIf), which is likely the
result of the presence of the 3D perovskite phase in the compo-
sition. For n = 1 composition, the conductivities are comparable
to other layered perovskite films measured with the same
technique (0.1-0.3 cm”® V' s71),* whereas the values for n = 2
composition are in the 0.5-5 cm®> V! s7* range that is relevant
for optoelectronics. The charge carrier dynamics in the films
suggests that the recombination kinetics follows a second order
behaviour (Fig. S18, ESIT). However, the lifetime gets longer as
the number of inorganic layers increases.

The lifetime of the decay for n = 1 compositions is around
400 ns, which is longer than for n-butylammonium or phenyl-
ethylammonium systems that decay at ~100-200 ns.'* The
longer components of the decay for n = 2 and n = 3 composi-
tions are in the order of 40 ps and 400 ps, respectively (Fig. 7),
which is longer than the lifetime for FAPbI; of about 2 ps
(Fig. S17, ESIt). At these longer time scales, the decay traces
show a first order behaviour, suggesting that there are two decay
regimes. This behaviour may potentially also be the result of the
transport of carriers in the perpendicular direction that results
in improved spatial charge separation, which is relevant for
future optoelectronic device applications.

Conclusions

We have investigated the structural properties of adamantyl-based
layered hybrid perovskites of A,FA, 1Pb,l3,,; compositions,
which were complemented by molecular dynamics simulations and
density functional theory calculations. Our study reveals the
formation of well-defined layered hybrid perovskite structures for
the representatives based on the (1-adamantyl)methanammonium
spacer in n = 1-2 compositions. On the contrary, higher compo-
sitional representatives (1 > 2) are proven to be based on mixtures of
lower-dimensional and 3D perovskite phases, which was evidenced
by GIWAXS measurements. This was further in accordance with the
decrease in the formation enthalpies for the increasing number of
inorganic layers (). Finally, we analysed the photophysical prop-
erties to observe high photoconductivities for layered hybrid
perovskite structures with (1-adamantyl)methanammonium-based
systems despite their structural complexity, while featuring longer
charge carrier lifetimes in the order of tens to hundreds of s that
can be accounted for their photovoltaic performance. This provides
an important incentive for the use of formamidinium-based layered
hybrid perovskites in optoelectronics.

Experimental
Materials and methods

Perovskite powders were synthesized by grinding the reactants
in an electric ball mill (Retsch Ball Mill MM-200) using
a grinding jar (10 ml) and a ball (¢10 mm) for 30 min at 25 Hz.
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The resulting powders were annealed at 150 °C for 15 min to
reproduce the thin film synthetic procedure based on the re-
ported conditions.*” Thin films were fabricated through a step-
wise preparation process in accordance with the reported
procedure.”® The quartz substrates were cleaned with oxygen
plasma for 15 min. The perovskite film was deposited by spin-
coating onto the substrate. The precursor solutions of A,-
FA,_1Pb,l3,.; and A',FA,,_,Pb,I5,., perovskite films (n =1, 2, 3)
of the concentration of 0.4 M were prepared in a nitrogen-filled
glovebox by dissolving the stoichiometric quantities of Pbl,,
FAI, and either ADAMI (AI) or ADAI (A'T) in the solvent
mixture comprised of N,N-dimethylformamide (DMF) and
dimethyl sulfoxide (DMSO) with the volume ratio of DMF/
DMSO = 4 : 1. The perovskite film spin-coating procedure was
performed in a glovebox under inert nitrogen atmosphere by
a consecutive two-step spin-coating process at first 1000 rpm for
10 s with a ramp of 200 rpm s~ and second 4000 rpm for 20 s
with a ramp of 2000 rpm s~ '. Subsequently, the sample was
annealed at 150 °C for 15 min. Further experimental details are
provided in the ESL{

X-ray scattering experiments

X-ray scattering experiments were done at beamline ID10 of the
ESRF with a photon energy of 22 keV under nitrogen atmo-
sphere. As a calibrant for the scattering experiments, LaBs was
used. The sample-detector distance was 295 mm, while the
beam size was 20 pm in vertical direction and 120 um in hori-
zontal direction. GIXD data was measured under an angle of
incidence of 0.12° with a Cyberstar point detector. GIWAXS data
was measured with a PILATUS 300k area detector under angles
of incidence between 0.02°-0.20°. Powder diffraction data was
calculated with Mercury software. Scattering data analysis was
performed with self-written Python and Matlab-based software.

Time-resolved microwave conductivity measurements

Time-resolved microwave conductivity measurements were
used to probe changes in conductivity of layered hybrid perov-
skites by using high frequency microwaves after the excitation
by either high energy electron pulse or a laser. The relative
mobility of charge carriers was estimated by pulse-radiolysis
TRMC. The samples prepared by mechanosynthesis were irra-
diated with short pulses of 3 MeV electrons from a Van de Graaff
accelerator. TRMC upon laser photoexcitation under conditions
specified in the corresponding figure captions was used to
analyse thin films.

Molecular dynamics simulations

Molecular dynamics simulations were performed by relying on the
methods described in detail in the ESL{ A fixed-point charge
interatomic potential was chosen for Pb and I from the literature.’®
The Generalized Amber Force Field (GAFF) was used to parame-
terize the ligand and formamidinium ions. We have chosen
a 1.0 nm cutoff for nonbonded interactions and three-dimensional
periodic boundary conditions were applied for each simulation.
Long range electrostatic interactions are treated with the particle-
particle-particle-mesh Ewald method. We employ the SHAKE
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algorithm™® to constrain the bond length of hydrogen atoms. The
time step used in all of the simulations is 2 fs. All simulations are
performed with the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) code (31 Mar 2017).* The systems
were first minimized with a conjugate gradient algorithm with
a tolerance of maximum residual force of 10> kcal mol ™" A",
After minimization, the systems were relaxed with an equilibrium
run which was carried out in the isothermal-isobaric ensemble.
We used a velocity rescaling thermostat* with a relaxation time of
0.1 ps. The Parrinello-Rahman barostat was used to keep the
pressure equal to the standard atmospheric pressure.*” The relax-
ation time of the barostat was set to 10 ps. We used a triclinic
variable cell barostat in all of our simulations. With this setup, the
temperature was slowly increased from 0 K to T (temperature) in 10
ns. Then we perform 30 ns simulations at the constant tempera-
ture. To calculate the autocorrelation function (ACF), we perform
MD simulations for five different temperatures (at 200 K, 250 K,
300 K, 350 K and 400 K). The simulations were run to verify the
stability and calculations of the dynamics of the spacers at
different temperatures, and for the final structure, they are
quenched to 0 K.

Density functional theory calculations

Density functional theory calculations were performed by relying
on the method described in detail in the ESI.T Ab initio calculations
based on the Generalized Gradient Approximation (GGA) of Density
Functional Theory (DFT) for A,FA,,_1Pb,I3,.; and A',FA, 1Pb, I,
(n = 1, 2 and 3) were performed using the Quantum Espresso
package.® The Perdew-Burke-Ernzerhof functional revised for
solids (PBEsol)* was selected, which has shown to well reproduce
measured electronic and structural properties of Ruddlesden—
Popper (RP) phases, such as the recently reported AVA,MA,, ,Pb,-
L+ Systems.'® Dispersion interactions were considered by
applying the empirical D2 dispersion correction.® To calculate the
band gaps, we employed a higher level of theory by applying the
PBEO functional® together with incorporating spin-orbit coupling
(SOC) effects.* Valence-core electron interactions were modelled
via ultrasoft pseudopotentials with a plane wave basis set of 40 Ry
kinetic energy cutoff for the wavefunction and 280 Ry for the
density. For band gap calculations, norm-conserving pseudopo-
tentials with 80 Ry wavefunction cutoff and 320 Ry density cutoff
were employed. The Brillouin zone was sampled by a 2 x 2 x 1 k-
point grid for all cases. A finite temperature (FT) analysis was
carried out by performing 5 ps of constant volume (NVT) Born-
Oppenheimer MD for A,Pbl, and A',Pbl,, excluding the first 1 ps of
equilibration. The initial temperature was set to 300 K and was
controlled by the velocity rescaling thermostat implemented in
Quantum Espresso.*”” The same Brillouin zone sampling as in the
static calculations was adopted for MD simulations. Charge carrier
effective masses were calculated using our in-house code.*®
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Why choosing the right partner is important:
stabilization of ternary Cs,GUA,FA;_, ,Pblsz
perovskitesy

Ariadni Boziki, i@ Marko Mladenovi¢,#® Michael Gratzel® and Ursula Rothlisberger*®
Lead halide perovskites with mixtures of monovalent cations have attracted wide attention due to the
possibility of preferentially stabilizing the perovskite phase with respect to photovoltaically less suitable
competing phases. Here, we present a theoretical analysis and interpretation of the phase stability of
binary (CHgN3),[HC(NH;)s];—Pbls = GUAFA;_Pbls and ternary Cs GUA,FA(;_,_, Pbls mixtures. We first
estimate if such mixtures are stable and if they lead to a stabilization of the perovskite phase based on
static Density Functional Theory (DFT) calculations. In order to investigate the finite temperature stability
of the phases, we also employ first-principles molecular dynamics (MD) simulations. It turns out that in
contrast to the FA*-rich case of FA/Cs mixtures, although mixing of FA/GUA is possible, it is not
sufficient to stabilize the perovskite phase at room temperature. In contrast, stable ternary mixtures that
contain 17% of Cs* can be formed that lead to a preferential stabilization of the perovskite phase. In
such a way, the enthalpic destabilization due to the introduction of a too large/too small cation that lies
outside the Goldschmidt tolerance range can be (partially) compensated through the introduction of a
third cation with complementary size. This allows to suggest a new design principle for the preparation
of stable perovskite structures at room temperature with cations that lie outside the Goldschmidt range
through mixtures with size-complementary cations in such a way that the effective average cation radius of

rsc.li/pccp

1 Introduction

Solar cells based on organic-inorganic lead halide perovskites'” are
achieving nowadays power conversion efficiencies (PCEs) exceeding
25%.% The unique properties of this kind of materials, including
high absorption coefficients,” small exciton binding energies,"’
large charge-carrier diffusion lengths,"" low-trap densities'” and
the low production costs when produced by low-temperature
solution processes,"* make them commerecially attractive for photo-
voltaic technologies. Nevertheless, in spite of their exceptional
performance, perovskite solar cells still face some unresolved issues,
one of them being their limited long-term stability.
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the mixture lies within the stability range.

Indeed, CH;NH;PbI; (MAPbI;), CsPbl, and [HC(NH,),]PbI,
(FAPbI;), the three most widely studied perovskite materials
exhibit limited stability for different reasons. More specifically,
MAPbI, films, with a band gap of 1.5 eV, which is close to the
single-junction optimum, (1.34 eV according to Shockley and
Queisser’s detailed balance considerations, for air mass coeffi-
cient (AM) 1.5 G illumination and 7' = 298.15 K),"*"> decompose
rapidly at 423 K, due to the high volatility of MAI which is prone
to be attacked by polar solvents, in particular water.” The
perovskite phase of FAPbI;, has a band gap that according to
different experimental measurements lies within the range of
1.43-1.48 eV,”'®" which is even closer to the single-junction
optimum, however at room temperature it adopts a non-
perovksite hexagonal §-phase (yellow phase) that is unsuitable
for photovoltaic applications due to the large band gap.'® This
d-phase only undergoes a phase transition to a black perovskite
a-phase at 333 K,'® but a metastable B-FAPbI; phase (P3 trigonal
space group) that FAPbI; adopts at 150 K has also been reported.'®
The y-phase of the purely inorganic CsPbl;, on the other hand,
has a band gap of 1.73 eV,"*"*? which is close to the optimum top
cell band gap for tandem solar cells of 1.7-1.8 eV.”* However, as in
case of FAPDI;, it crystallizes in a non-perovskite insulating
hexagonal &-phase (yellow phase) at room temperature.'®

This journal is © the Owner Societies 2020
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Consequently, to overcome the problems of limited thermal,
structural and phase stabilities, different strategies have been
proposed. Indeed, it has been shown that mixing two different
monovalent cations can result in a preferential stabilization of
the perovskite phase at room temperature.”*2® Many of the
devices that have achieved high PCEs include mixtures of
monovalent cations.>**>?” Pellet et al,** successfully added
MAPDI; in order to stabilize the perovskite phase of FAPDbI; at
room temperature, however at higher temperatures the com-
pound is prone to decomposition due to the presence of MA".
Additionally, Lee et al.,*® prepared mixtures of cesium and
formamidinium with enhanced thermal and humidity stability
achieving a PCE of 16.5% and in one of our previous works, we
have shown that Cs ,FA, gPbl, g4Bry 16 solar cells yield a PCE of
over 17% exhibiting excellent long term stability in ambient
air.”® This design protocol of using mixed cations has been
further extended. Saliba et al.,*® proposed that the incorpora-
tion of Cs" into mixtures of MAPbI; and FAPbI; results in an
improved thermal stability achieving a PCE of 18%.

As a rule of thumb, ions that are within the range of the
Goldschmidt tolerance factor, #° ((Ra + Rx) = tv2(Rg + Rx),
where Ry, Rx and Ry are the ionic radii, of the monovalent cation
(A), anion (X) and divalent cation (B), respectively); (¢ ~ 0.8-1.0),
are potential candidates for forming a stable perovskite structure.
In the case of lead/iodide systems, this allows for a selection of
monovalent cations with radii that are roughly 164 to 259 pm.*°
This rule has been extended by Kieslich et al,**** to organic
(molecular) cations assuming a rigid sphere model and full free-
dom for rotation around the center of mass leading to a set of
effective ionic radii for mixtures of monovalent cations.””®
CHgN;" (guanidinium-GUA") for example is an organic cation
with a zero dipole moment and a Goldschmidt tolerance factor
which is slightly above the upper limit for forming a stable lead
iodide perovskite structure.*'”* Indeed, no perovskite phase
formation has been reported so far for pure CHgN3;Pbl; (GUAPDI;);
a tetraiodide GUA,PbI, is formed instead for which a continuous
phase transition at 307 K takes place and a low-dimensional (1D)
triiodide GUAPDI; that undergoes two phase transitions at 255
and 432 K has also been reported.***®

Following the design protocol of mixing two different mono-
valent cations in order to form a stable perovskite phase at room
temperature, GUA" has been mixed with MAPbI;.*”*® The devices
based on this mixed GUA,MA;_PbI; solar cells resulted in an
average PCE of 19.2% and enhanced stability, breaking in that
way new ground in the exploration of cations with radii beyond
the tolerance factor limit.*® Originally, it has been proposed that
upon mixing, GUA" is not directly incorporated into the perovskite
structure but acts as a passivating agent,”” however, a later study
demonstrated an increased micro-strain and distortions of the
lattice upon GUA" doping of MAPbI; providing evidence for direct
incorporation.*® This was further confirmed by recent solid-state
nuclear magnetic resonance (NMR) measurements that supplied
atomic-level evidence that GUA" is directly incorporated into the
MAPDI, lattice.®®

Nevertheless, in spite of the formation of stable room
temperature perovskite phases in the case of MA/FA, FA"-rich
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FA/Cs and GUA/MA mixtures, GUA/FA mixtures follow another
trend. Kubicki et al,*® through solid-state NMR studies
revealed that although black GUAFA;_,Pbl; is initially
formed, it is thermodynamically unstable, turning yellow
within hours after annealing. Furthermore, mixtures of guani-
dinium with cesium, in different stoichiometries, are adopting
layered crystal structures (CsGUAPbI,, CsGUAPbBr, and
Cs,GUAPD,Br) that are thermally stable and do not decompose
up to 573 K.*° In addition to this, a 2D perovskite structure of
a mixture of formamidinium and guanidinium (FAGUAPbL,),
is thermally stable up to 528 K, exhibiting photoluminescence
at room temperature and pronounced photoconductivity.*'
In an attempt to stabilize GUA/FA mixtures in the perovskite
phase, compositions of triple cation mixtures have been
proposed.*>** For instance FAq33GUAg19CS0.47Pb(Ig.66Br0.34)3
and FA, 53GUA 10Cs.3.Pb(Io.73Br¢ )3 have been proposed as
possible candidates for tandem multijunction devices, since
they have band gaps of 1.84 eV and 1.75 eV, respectively.** In
addition, the incorporation of 2% of GUA" into FA g;Cs, 1,Pbl;
resulted in an increase of the device efficiency from 14% to 17%
under one sun illumination.** Thermal stability tests performed
in the same study, predicted an enhanced stability for 5% to 10%
GUA" doping. However, for concentrations higher than 20% of
GUA" doping, secondary &-like phases are formed.**

In this work, through a theoretical analysis, we investigated
the relative stability of binary GUA,FA(;_,PbI; mixtures with
GUA" up to 50% and ternary Cs,GUAFA(,_,_,PbI; mixtures
with Cs" up to 17%. The relative stability of the mixtures with
respect to the pure FAPbI;, GUAPbI; and CsPbl; phases was
calculated by estimating the free energy of mixing. In addition
to this, we estimated the phase stability of the mixtures by
calculating the relative energetics between the different phases.
Our approach differs from the one followed by Giorgi et al.,**
where the stability was calculated through the relative substitu-
tion energies suggesting that the binary GUA/FA mixtures are
not stable with respect to demixing while our approach that takes
the mixing entropy into account predicts stable mixtures. Further-
more, we also consider the d-phase and we observe that there is a
preferential stabilization of the §-phase over the perovskite phase
for the binary GUA/FA mixtures, in agreement with experimental
studies that do not only show that §-phase is more stable but also
that the mixture is not demixing (in contrast to Giorgi et al,
suggestions).>® For all mixed compounds the structural characteri-
stics as well as the electronic properties have been determined.

2 Results and discussion
2.1 Stability

DFT*** calculations using the Perdew-Burke-Ernzerhof (PBE)*®
functional have been employed to determine the relative stability
at 0 K of the perovskite over the non-perovskite phase for
GUA,FA(;_PbI; mixtures with up to 50% of FA" substituted
by GUA". In addition, we investigated triple cation mixtures
Cs,GUA,FA(;_,_,PbI; with 8% or 17% Cs" when up to 50% of
the FA' cations in the FAPbI; lattice were substituted by GUA".
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The DFT-optimized structures of the pure compounds are
shown in Fig. 1.

The small energy difference among various substitution
pattern that is of the order of 0.005 eV for the f and 0.006 eV
for the d-phase, respectively, justifies the use of the analytical
formula for ideal alloys for the estimation of the mixing entropy
contribution to the free energy as given by eqn (1).*

N
TASnix = —kgT Z ¢ In ¢ (1)

i=1

View Article Online
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where kg is the Boltzmann constant, T is the temperature, N is
the number of components and ¢; is the atomic fraction of
component i. Eqn (1) leads to eqn (2) in case of the triple
Cs,GUAFA(;_,_Pbl; cation mixture.

TASphase(CsyGUAFA(;_y_PbI;) = —kgT{yIny + xInx
+(1 =y —x)n(1 - x —y)] (2)

where y is the concentration of Cs', and x is the concentration
of GUA" incorporated in the FAPbI; structure. On the other
hand, the relative energetics of the mixtures with respect to the

() 1]

1 S

Fig. 1 DFT-optimized structures. (a) a-FAPbIs. (b) B-FAPbIs. (c) 8-FAPDIs. (d) y-CsPbls. (e) 3-CsPbls. (f) 3D perovskite structure of GUAPDbI3 that has been
constructed by substituting FA* by GUA* in the a-FAPDI3. (g) §-GUAPbI3. (h) MA cation. (i) FA cation. (j) GUA cation.
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Fig. 2 Variation of the free energy of mixing, which is expressed as AF =
AE — TAS (black line), the internal energy, AE (red line), and the mixing
entropy contribution, —TAS (green line), as a function of x GUA™ ratio in
GUAFA;_xPbls mixtures, for the B and & phases, respectively.

pure FAPbI;, GUAPbI; and CsPbl; compounds is computed by
eqn (3). In both eqn (2) and (3), the subscript phase corre-
sponds to one of the two, B or & phases.

AEpnase(Cs;GUAFA; , Pbls) = Eppase(Cs,GUAFA; _, »Pbls)

— [YEphase(CSPbI3) + XEphase(CSPbI;) + (1 — y — x)Ephase(FAPDIL;)].

(3)

As one can see in Fig. 2 where the energetic and entropic
contributions to the free energy of mixing are plotted as a
function of x for the two phases, the replacement of FA"
with GUA" cations leads to an energetic destabilization in the
B-phase for all GUAFA(;_xPbl; compositions. However, the
overall mixing free energies are essentially zero (certainly when
considering the accuracy of the calculations and the variations
due to different substitution pattern that are of the order of
0.005 eV). On the other hand, the d-phase is energetically
stabilized and the mixing entropy further favors the stabili-
zation of the mixtures, leading overall to negative mixing free
energies. These observations are in contrast to FA™-rich FA/Cs
mixtures where mixing leads to a preferential stabilization
of the perovskite phase and a distinct destabilization of the
3-phase.”

To estimate the relative stability of perovskite versus non-
perovskite phases, the 0 K relative energetics per stoichiometric
unit between the 3 and the B phases are shown for binary
GUA,FA(;_Pbl; mixtures (Table 1). Mixing is affecting the
relative stability of the two phases in the direction of further
stabilization of the d-phase.

We next investigated how the 0 K stabilities are changing at
finite temperature, especially due to the inclusion of vibrational
entropy. However, in the case of lead halide perovskites the
calculation of such corrections is not trivial. Indeed, the initial
calculations of harmonic and quasi-harmonic phonons led to
imaginary modes.*® This contradiction seemed to be resolved in
the case of double perovskites, by calculating the finite-temperature
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Table 1 Relative energetic stability expressed by AEgs = Eg — Es per
stoichiometric unit of the B-phase with respect to the §-phase upon
substituition of FA* by GUA" in the FAPbIz structure

Fraction of FA" substituted by GUA"
in the FAPDI; structure (%)

Energy difference at 0 K with
respect to d-phase (eV)

0 0.12
8 0.15
17 0.16
25 0.16
33 0.17
42 0.18
50 0.19

phonon-spectrum, including the anharmonic phonon-phonon
interaction, showing that phonon entropy at finite temperatures
plays a critical role in phonon spectrum renormalization.*>*°
However it has been shown that for all-inorganic lead halide
perovskites vibrational instabilities are present and are associated
with octahedral tilting in the high-temperature and symmetry
phase.”® Finding the actual minimum and using frozen phonon
calculations, Marronnier et al.,>* abolished the soft modes at the
I point of the highly symmetric high-temperature cubic phase of
CsPbl;, however the remaining phonon instabilities at the M and R
points at the edge of the Brillouin zone did not disappear.

Therefore, to assess the relative phase stability at finite
temperature, we opted for another approach and performed
instead MD simulations at 300 K for both  and & GUA 4.
FA, g3PbI; phases. As shown in Fig. 3 where the potential energy
for both the B and the § phases is shown, we observe that at
300 K the mixture is more stable in the &-phase. This is
consistent with the observations from solid state NMR mea-
surements, where although black mixed-cation GUA,FA(;_Pbl;
phases do form temporarily, they are thermodynamically unstable
and become yellow within hours from annealing.*

In contrast to FA'-rich FA/Cs mixtures, where mixing leads to a
stabilization of the perovskite phase at room temperature,”® we
conclude that the addition of GUA" into FAPbI; does not lead to a
sufficient stabilization of the perovskite phase and the §-phase

1885.4| §ohase

Energy per stolchiometri: unit (V)
g §F °§
ra = -]

0 05 1 15 2 25 3 45 4
Time (ps)
Fig. 3 Potential energy per stoichiometric unit for both p and & phases
from first-principles based MD simulations in the NVT ensemble at 300 K.
The §-phase is always lower in energy.
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Fig. 4 Variation of the free energy of mixing expressed as AF = AE — TAS (black line), the internal energy, AE (red line), and the mixing entropy
contribution, —TAS (green line), as a function of x GUA" ratio in Cs,GUAFA(;_,_,Pbls mixtures, for the B and & phases, respectively. (a) The concentration

of Cs™ is 8% (y = 0.08). (b) The concentration of Cs* is 17% (y = 0.17).

remains the thermodynamically most stable form. We also
explored if this trend can be reversed through the addition of a
third cation. In particular, we tested the hypothesis if the energetic
penalties induced by substitution of a large cation such as GUA"
could possibly be balanced through addition of a small cation
such as Cs'. For this reason, we probed the possible stabilization
of the perovskite phase in ternary Cs,GUA,FA;_,_,Pbl; mixtures,
where we expect the permutational entropy to induce a further
stabilization due to the addition of an additional species, helping
to stabilize the mixtures over wider concentration ranges albeit
not directly affecting the relative phase stability.

Fig. 4(a), shows that in the &-phase, addition of 8% Cs" to
GUA,FA(;_»PbI; mixtures with different GUA" content leads to
an energetic destabilization over all the GUA" range, but for
17% of GUA" where the calculated mixing energy is so small
that the value is below the variations due to different substitu-
tion pattern that are of the order of 0.006 eV. However the
energetic destabilization is compensated by the mixing entropy
contribution. For the B-phase, on the other hand, mixing is
energetically disfavorable for x > 0.17, and for lower GUA"
concentrations the mixing energy is below the variations due to
different substitution pattern that are of the order of 0.005 eV
for the B-phase. However, permutational entropy induces a
further stabilization, leading to an overall negative mixing free
energies for the B-phase. In contrast to the binary GUA/FA
mixtures the stabilization in the perovskite phase is similar to
the d-phase counterpart and is thus not able to induce a
reversal in the relative stability order. The trends are further
enhanced by adding 17% Cs (Fig. 4(b)). For the 3-phase, mixing
leads to an energetic destabilization that the mixing entropy
contribution can no longer compensate, in the sense that
the mixing free energy is essentially zero. In contrast, in the
B-phase, mixing leads even to an energetic stabilization for the

20884 | Phys. Chem. Chem. Phys., 2020, 22, 20880-20890

lower GUA" concentration range (up to 17%) and adding the
mixing entropy contributions leads to a free energy that has
negative values for all B-Cs 1;GUAFA( s3—xPbl; mixtures. It is
worth mentioning that the pronounced stability of the ternary
Cs,GUAFA(;_,_,PbI; mixtures in the perovskite phase is con-
sistent with recent experiments on GUA" doping into
FA, g3Csg.17PbI3. According to these measurements, a remark-
able enhanced thermal stability of the perovskite phase is
observed for 5% and 10% GUA"' doping content. For higher
concentrations than 20% GUA" doping, X-ray diffraction (XRD),
Ultraviolet-visible spectroscopy (UV-VIS) and scanning electron
microscope (SEM) measurements show the formation of sec-
ondary d-like phases, that due to lack of structural information
have not been considered in this study.*’

2.2 Structural characteristics

In FA"-rich FA/Cs mixtures,?® the preferred stabilization of the
perovskite phase upon mixing has been rationalized in terms of
the structural similarity or dissimilarity of the perovskite and
the 6 phases of the pure compounds, respectively. Here, we
employed a similar analysis and traced the evolution of the
volume per stoichiometric unit and average Pb-I-Pb angles
upon mixing for different binary and ternary GUA/FA mixtures
plotted in Fig. 5, 7, 8 and 9, respectively.

As a function of x, the volume is increasing for the B-phase,
while it is oscillating for the §-phase, leading to an overall
volume increase when 50% of FA" is substituted by GUA". The
overall volume increase is consistent with the incorporation of
a larger cation into the lattice. Especially, in the case of the non-
perovskite phase, the crystal structure consists of edge-sharing
octahedra that are surrounded by monovalent cations. For low
GUA" concentrations, the volume hardly changes due to the
available space between the rods and expands to a new value
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Fig. 5 Volume evolution of GUAFA;_,Pbls mixtures, when FA* is sub-
stituted by GUA" in the FAPbIs lattice.

when a critical concentration is reached. In the case of the
perovskite phase on the other hand, the lattice expands iso-
tropically. In Fig. 6, the DFT optimized structures of pure
FAPbI; and mixed GUA, sFA, sPbl; in the B-phase are shown.
Upon mixing, the space between Pb-I octahedra of the B-phase
which is originally characteristic for an orthorhombic phase,
tends towards a more cubic like behavior (Fig. 6). This is
consistent with the trend of the volume evolution in the
orthorhombic like phases, where the incorporation of a larger
cation leads to an expansion of the lattice and an increased
population at ~0 tilting angle.>® This observation is also
supported by the average Pb-I-Pb angles. Fig. 7 shows that
for the B-phase, the average Pb-I-Pb angles tend to a more
cubic like behavior with increasing GUA" content. The pro-
jected density of states (PDOS) of several systems shown in
Fig. S1-S6 (ESIt) reveals that the valence band maximum (VBM)
consists of an antibonding overlap between the I 5p and Pb 6s
orbitals and the conduction and minimum (CBM) of an anti-
bonding overlap between the Pb 6p and I 5s orbitals. We also
observe that the character of the band edges is preserved
for a wide range of different chemical and crystallographic
variations.>>”? Because of the antibonding character of the
VBM, the reduction of the lattice distortion leads to an increase
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Fig. 7 Average of Pb—I-Pb angle of B-GUAFA;_,Pbls mixtures, when
FA* is substituted by GUA" in the FAPbIs lattice.

of the antibonding overlap between the I p and Pb s orbitals
which in turn leads to an energy increase (destabilization) of
the mixed perovskite phases.

For the ternary Cs,GUA,FA(;_,_Pbl; mixtures, the volume
evolution upon substitution of FA" by Cs' and GUA" in the
FAPDI; lattice for both Cs* concentrations also leads to an
overall increase of the lattice volume, as shown in Fig. 8. This is
consistent with the incorporation of a larger cation, however, it
is important to note that the incorporation of both Cs* and
GUA'" cations counterbalances the overall volume increase to
some degree, since the space required for the larger GUA" is
compensated by the smaller space required by Cs'. This seems
to be only effective when the concentrations of GUA" and Cs*
are in a similar range. For GUA" concentrations that are higher
than the ones of Cs’, the change of the volume as a function of
concentration is dominated by the incorporation of the much
larger GUA".

The volume increase is accompanied by a widening of the
average Pb-I-Pb angles, as shown in Fig. 9 proposing again
that the substitution of FA" by Cs* and GUA" leads to a more
cubic-like structure at high GUA" concentrations. However, in
contrast to the binary GUA/FA mixtures, for a concentration range
which is similar for both cations (low GUA" concentration) the

(bl

Fig. 6 DFT optimized (a) B-FAPbls and (b) B-GUAq sFAq sPbls structures, illustrating that the structure becomes more cubic upon mixing.
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Fig. 8 Volume evolution of Cs,GUAFA;_,_,\Pblz mixtures for Cs™ concentrations of 8% and 17%. The volume evolution of the binary B-GUA,FA(_,Pbls

mixture is replotted for the sake of comparison.

average Pb-I-Pb angle is lower for Cs,GUA,FA; _,_,)PbI; mixtures,
(this behavior is more pronounced for 17% of Cs") indicating that
the incorporation of a smaller cation such as Cs" leads the system
to adopt a more orthorhombic-like structure. In this case because
of the antibonding character of the VBM, the increase of lattice
distortion leads to a decrease of the antibonding overlap between
the I p and Pb s orbitals which in turn leads to an energy decrease
(stabilization) of the mixed perovskite phases.

2.3 Optical properties

Although the perovskite phase of some of the mixtures might
only be metastable, it is of interest to understand how mixing
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Fig. 9 Average of Pb-I-Pb angles as a function of x for Cs,GUA,.
FA(—,—xPbls mixtures, upon substitution of FA* by Cs* and GUA" in the
FAPDbI3 lattice. The corresponding values of the binary B-GUAFA;_,Pbls
mixtures are replotted for the sake of comparison.
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affects the optical properties. The use of the hybrid functional
PBEO in combination with explicit spin orbit coupling (SOC)
effects®® calculated for PBEsol optimized geometries,> has
been shown to be a successful protocol for an accurate descrip-
tion of the band gaps of halide perovskites.***’ In addition, our
benchmarks shown in Table S1 (ESIt), demonstrate that the
above mentioned protocol is indeed superior for an accurate
description of the band gaps compared to other schemes and
functionals. The results using this protocol are summarized
in Table 2. The band structures of a few systems are shown in
Fig. S7 and S8 (ESIY).

The calculated band gap for pure FAPbI; is in good
agreement with the experimental results, that according to
different experimental measurements lies within the range of
1.43-1.48 eV.”'>" In case of B-GUA,FA(;_,)Pbl; mixtures, the
band gap remains almost unaffected upon mixing and stays very
close to the single-junction optimum. However, as shown above,
mixtures in the B-phase are thermodynamically unstable with
respect to the d-phase, and thus of limited practical interest.

We also calculated the band gaps of the triple cation
Cs,GUAFA(;_,_,PbI; mixtures. As can be seen in Table 3, as
for the binary mixtures, the band gaps are close to the single-

Table 2 Band gaps of binary GUA,FA(_,)Pbls mixtures

B-GUAFA;_»Pbl,
Band gap (eV)
(PBEO + SOC)

Fraction (x) of FA" substituted by GUA" in the
FAPDI; structure (%)

0 1.47
8 1.46
17 1.48
25 1.43
33 1.44
42 1.44
50 1.45
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Table 3 Band gaps of ternary B-Cs,GUA,FA;_,_Pbls compounds in the
B-phase for y = 0.08 and 0.17

Fraction (x) of

FA" substituted B-Csg.0sGUAFA(g.02—»Pbl; B-Co.17GUAFA( 53 xPbI;
by GUA" in the Band gap (eV) Band gap (eV)

FAPbI, lattice (%) (PBEO + SOC) (PBEO + SOC)

0 1.47 1.41
8 1.48 1.47
17 1.48 1.47
33 1.44 1.43
50 1.46 1.44

junction optimum and are essentially unaffected upon substi-
tution of FA" by GUA" for both Cs" concentrations considered.
Given that for B-Csg.1;GUAFA g g3 PbI; systems, mixing in the
perovskite phase seems favorable for low GUA" concentrations,
these compounds could be potential candidates for efficient
solar cell applications. Recent experiments on GUA" doping
into FA,g3Cs.17PbI3, showed that the incorporation of less
than 10% of GUA" into FAgg3CSo1,PbI; resulted in a band
gap around 1.54 eV, which is suitable for single-junction solar
cells and especially the incorporation of 2% of GUA" resulted in
an increase of device efficiency from 14% to 17% under one sun
illumination.** However, for concentrations of GUA™ higher
than 20%, an additional absorption peak at ~ 600 nm has
been observed due to the formation of secondary § phases.*?
If under certain preparation condition CsyGUA,FA(;_,_xPbl;
mixtures can be stabilized, their optical properties are very
interesting and these materials should be further investigated
as candidates for solar cell applications.

3 Conclusions

We have demonstrated that in contrast to FA'-rich FA/Cs
mixtures,” in binary GUAFA(;_,Pbl; mixtures, the addition
of GUA" alone into FAPbI; does not lead to a sufficient
stabilization of the perovskite phase and on the contrary, a
further stabilization of the §-phase is observed. Consistently,
MD simulations performed at room temperature revealed that
the binary mixtures are more stable in the d-phase, in agree-
ment with experimental results.>® At difference to MA/FA, FA'-
rich FA/Cs, and GUA/MA mixtures, mixing with one additional
monovalent cation is not sufficient for stabilising the perovs-
kite phase, for this reason we also examined the phase stability
of triple cation Cs,GUA,FA(;_,_Pbl; mixtures for both 8% and
17% of Cs". It turns out that for 8% of Cs’, mixing is favorable
in both B and & phases. However, for 17% of Cs’, mixing only
favors the perovskite phase, suggesting that the inclusion of a
third cation into an unstable or metastable binary mixture
could pave the way for materials that are thermodynamically
stable in the perovskite phase at room temperature at least
for a concentration range which is similar for both substituted
cations.

Analyzing the resulting structural characteristics upon mix-
ing (volume and average Pb-I-Pb angle evolution), we con-
cluded that the inclusion of a larger cation leads to a volume
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increase and structures with cubic-like characteristics. How-
ever, in the case of ternary mixtures and for a concentration
range which is similar for Cs* and GUA", the incorporation
of Cs' leads to a distortion of the lattice towards a more
orthorhombic structure, which in turn lowers the antibonding
overlap of the I p-orbitals with the s-orbitals of Pb of the VBM
and thus leads to a lower energy and an overall stabilization.
This observation allows us to propose a design principle for the
preparation of stable mixed cation lead halide perovskites at
room temperature according to which mixing monovalent
cations that would be outside the stability range with cations
that can compensate the size, so that the average radii of the
mixed cations lies within the suitable Goldschmidt tolerance
range can lead to ternary perovskite mixtures with enhanced
stability.

Calculations of the band gaps showed that for both binary
and ternary mixtures, the band gap remains unaffected upon
mixing and close to the single-junction optimum. Taking into
account the pronounced stabilization of the perovskite phase for
mixtures with 17% of Cs", solar cells based on these materials can
constitute possible candidates for single-junction solar devices as
also demonstrated in recent experiments.*’

4 Computational details

DFT calculations***> have been performed using the Quantum
Espresso suite of codes.”®> The generalized gradient approxi-
mation (GGA) to DFT in the PBE*® formulation has been used
for geometry and cell relaxations. The Kohn-Sham orbitals
have been expanded in a plane wave basis set with a kinetic
energy cutoff of 40 Ry and a density cutoff of 240 Ry. The
Brillouin zone has been sampled with a Monkhorst Pack
k-points grid® that varied from 2 x 2 x 2 points for the B-phase
to 2 x 2 x 1 for the §-phase, respectively. All these values have
been chosen after performing convergence tests for the total
energy, the band gap, the pressure, the stresses and the atomic
forces. Ultrasoft pseudopotentials have been used for the
interactions between valence electrons, core electrons and
nuclei.®" To compare the absolute energy of Kohn-Sham orbi-
tals and total energies, we followed the protocol suggested by
Meloni et al., in which the energies were aligned with respect to
the energy of the Pbsy semicore state.® For an accurate
description of the band gaps, the band gaps of the pure phases
and binary and ternary perovskite mixtures were calculated
using the hybrid functional PBEO** on the PBEsol*® geometries,
taking SOC effects (PBEO + SOC) into account. In this case, fully
relativistic norm-conserving pseudopotentials®® have been used
and the Kohn-Sham orbitals have been expanded in a plane
wave basis set with a kinetic energy cutoff of 80 Ry and a density
cutoff of 320 Ry.

For the pure perovskite phase of FAPbI; our 0 K static DFT
calculations revealed that among the o and B FAPbI; phases,
B-FAPDbI; has a lower energy, for this reason, the p-phase was
considered in our analysis. For the preparation of the mixtures,
FA" has been successively replaced by GUA". In particular, for
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each concentration when allowed by the composition in both
the B and the & phases, we considered 10 different possible
replacements for the substituted cations, starting from the best
configuration at the energetically most favored previous next
lower GUA" content, in order to find the structure with the
lowest energy. The maximum standard deviation of the differ-
ence in energy per stoichiometric unit for different substitution
pattern for each composition is of the order of 0.005 eV for the
B and 0.006 eV for the & phase, respectively. We also performed
calculations with different GUA" and FA" orientations, where
the maximum standard deviation of the difference in energy
per stoichiometric unit was of the order of 0.007 eV. Once the
lowest-energy B-GUA,FA(;_,Pbl; and 6-GUA,FA(;_,)Pbl; struc-
tures were found, FA" was replaced by Cs*, for the construction
of ternary Cs,GUA,FA(; _,_)PbI; mixtures. One should mention
here that to estimate the relative energetics of the different
phases at 0 K, the alignment procedure requires an identical
number of stoichiometric units. For this reason, the 6 and the
B phase superlattices contain 12 stoichiometric units since the
crystal structure of B-phase consists of 12 stoichiometric units
(144 atoms). To this end, it was not possible to employ the
experimental §-GUAPDI; structure®**®” in order to compare
the mixed compounds with the corresponding pure ones in our
calculations since there is no way to create supercells that could
have the same number of stoichiometric units with the -phase.
For this reason, we prepared 3-GUAPDI; structures starting
from the known 8-FAPbI; and 3-CsPbl; structures by substitut-
ing FA" or Cs" by GUA". We have concluded that the pure §-
GUAPDI; structure, constructed from 6-CsPblI; by substituiting
Cs" with GUA" is the lowest energy structure and in turn the
structure that was used in our calculations. One should also
mention here that both experimental 5-GUAPbI; and 3-CsPbl;
structures are similar since they consist of edge-sharing octa-
hedra that are surrounded by cations. Finally, to compare
the mixed perovskite compounds with the corresponding pure
ones, we considered different 3D perovskite GUAPbI; phases
that we constructed by substituting FA" by GUA" in the o
and B FAPbI; phases, considering also different orientations
of the cations. We concluded that the structure with the lowest
energy and thus the most stable one at 0 K is arising from the
o-FAPbI;, with each GUA" molecule having the same orientation.

Car-Parrinello MD simulations for a trajectory of 6 ps in the
NVT ensemble at 300 K were performed using the CPMD code®
for systems of 150 atoms. The wavefunction cutoff was set to
90 Ry and Goedecker normconserving pseudopotentials were
used.®*®® A time step of 3 a.u. was used with a fictitious mass
parameter of 550 a.u. The temperature was controlled by five
different Nosé-Hoover thermostats, one for each species,
with a coupling frequency of 1500 cm™'.%”"*° The analysis of
the relative energetics has been performed for an equilibrated
trajectory of 4.3 ps.
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ABSTRACT: The use of molecular modulators to reduce the defect o P —————————
density at the surface and grain boundaries of perovskite materials has =~ ol .
been demonstrated to be an effective approach to enhance the 5 - T P
photovoltaic performance and device stability of perovskite solar cells. & -

Herein, we employ crown ethers to modulate perovskite films, affording %— - WW
passivation of undercoordinated surface defects. This interaction has & [

been elucidated by solid-state nuclear magnetic resonance and density = 44 pa - & -
functional theory calculations. The crown ether hosts induce the "@"w '%' '?"'
formation of host—guest complexes on the surface of the perovskite & & R PR -

films, which reduces the concentration of surface electronic defects and (A e e MO Erbii ki
suppresses nonradiative recombination by 40%, while minimizing al ¥ kg A =
moisture permeation. As a result, we achieved substantially improved Viitags (V)

photovoltaic performance with power conversion efficiencies exceeding

23%, accompanied by enhanced stability under ambient and opera-

tional conditions. This work opens a new avenue to improve the performance and stability of perovskite-based optoelectronic
devices through supramolecular chemistry.

B INTRODUCTION nated metal cations on the surface of perovskite films can be
passivated by Lewis bases containing lone pairs of electrons on
oxygen, nitrogen, or sulfur (e.g, pyridine,m thiophene,m
benzoquinone ). In addition, some electronic trap states can
be passivated by Lewis acid molecules, such as bis-phenyl-Cq;-
butyric acid methyl ester (PCBM) mixed isomers, which accept
electrons from the Lewis base type defects on the perovskite
surface."* The charged surface sites can also be neutralized by
molecular or atomic ions, such as phenethylammonium
cations'® or chloride anions;'® in some cases, both the cation
and anion have been shown to be active (e.g., choline
chloride'”). Based on these previous results, molecular

Metal halide perovskites have attracted tremendous attention
mainly because of their excellent optoelectronic properties.' ™
The power conversion efficiency (PCE) of solution processed
perovskite solar cell (PSCs) has increased from an initial 3.8% to
a certified 25.2%, which renders them promising candidates for
next-generation photovoltaic devices. However, numerous
crystal defects including anion vacancies and undercoordinated
lead cations, formed mostly at the surface and grain boundaries
of the perovskite layer,” impair the stability and performance of
PSCs.”” The vacancy defects provide a pathway for ion

migration, which results in fast degradation of PSCs under dul fFecti P Kite def
operational conditions.® Furthermore, several studies have modulators are aneffective strategy for perovskite detect

indicated that surface defects and grain boundaries can serve passivation;A nevetheless, desigging new and more effective
as carrier recombination sites and thus result in PCE loss.”' modulators is required to further improve the efficiency of PSCs

Some organic molecules are capable of passivating the defect

sites at the surface and grain boundaries via coordinate bonding Received: ~ August 12, 2020 |4 LS
or ionic bonding.11 For example, a tailored organohalide Published: November 10, 2020 -
molecule (ie., 1,2,4,5-tetrafluoro-3,6-diiodobenzene'”) has ﬁ
been proposed to coordinate with under-coordinated halide k- '_
anions on the perovskite surface, passivating them and thus e

significantly increasing the PSC performances. The uncoordi-
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Figure 1. Morphology and structural characterizations. (a) Molecular structure of benzannulated crown ethers used in this study. Top-view high-
resolution SEM images of (b) control and (c) crown-ether-treated perovskite films (some of the possible new species are highlighted). The scale bar
represents 1 ym. (d) GIWAXS two-dimensional reciprocal space maps of control sample and treated sample at incidence angles of @; = 0.1° (more
surface sensitive) and ; = 0.30° (more bulk sensitive). (e) Radially integrated intensity of GIWAXS data in (b) and (c). (f) Attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectra of pristine perovskite film, crown-ether-treated perovskite film, and crown ether (DB24C8) powder.
X-ray photoelectron spectroscopy (XPS) core-level spectra of pristine perovskite film and crown-ether-treated perovskite film for O 1s (g) and Pb 4f

(h). The asterisk (*) indicates metallic Pb species.

toward their efficiency limit (~31%),"® as well as to enhance
their operational stability.

Crown ethers are well-known cyclic molecules containing
ether groups. This results in a highly electronegative cavity,
which can selectively complex different cations, whereby the
selectivity is based on the size of the ring structure.'” As a result,
crown ethers are widely used as complexation reagents and
phase-transfer catalysts.”

Herein, we employ crown ethers to modulate hybrid
perovskites, affording passivation of undercoordinated metal
or organic cation defects. This interaction has been elucidated
by solid-state nuclear magnetic resonance spectroscopy (NMR),
attenuated total reflection Fourier-transform infrared spectros-
copy (ATR-FTIR), X-ray photoelectron spectroscopy (XPS),

19981

and density functional theory (DFT) calculations. We show that
the crown ether modulation reduces the trap state density at the
interface with the hole conductor and grain boundaries of the
perovskite film, thus greatly suppressing nonradiative recombi-
nation. As a result, the crown-ether-modulated PSCs exhibit
improved PCE exceeding 23%, accompanied by enhanced
stability under ambient and operational conditions.

B RESULTS AND DISCUSSION

Double cation, double halide, FA,¢,MA ;;Pbl, o;Bry o3 perov-
skite layers (FA" = formamidinium = CH(NH,),"; MA*
methylammonium = CH;NH;") were prepared and deposited
onto the mesoporous TiO, (mp-TiO,) layer by a one-step
method using chlorobenzene as an antisolvent (see Exper-
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Figure 2. Atomic-level insights into the crown ether modulation by NMR. (a) 2’Pb echo and (b) '"H—'*C CP NMR spectra of FAL Pbl,, and FAPbL,,
with and without ball-milling with DB24C8 crown ether, recorded at 15 kHz MAS. (c) *’Pb —'H HETCOR spectrum of DB24C8—FAPbI, recorded
at 113 K and 30 kHz MAS. (d) "H—"H spin diffusion spectrum of DB24C8— FAPbI,, recorded at 40 kHz MAS with a mixing time of 10 ms. The

asterisk (*) indicates polypropylene from the ball-milling jar.

imental Section in the Supporting Information). In a preliminary
study, two crown ethers were examined with comparable cavities
that were either aliphatic or benzannulated, ie., 18-crown-6
ether, 18C6, and dibenzo-18-crown-6, DB18C6, respectively.
The devices with DB18C6 treatment were found to exhibit
better photovoltaic performance than those with 18C6 (Figure
S1 and Table S1). Moreover, DB18C6 has a higher reported
hydrophobicity than 18C6,”" which might enhance the moisture
tolerance of the perovskite materials in air. Based on the
prospect of increased device efficiency and hydrophobicity,
benzannulated crown ethers were selected for the second round
of screening: DB18C6; dibenzo-21-crown-7, DB21C7; dibenzo-
24-crown-8, DB24C8; and dibenzo-30-crown-10, DB30C10
(Figure 1a). The ring size of the crown ether was optimized with
respect to the overall photovoltaic performance. The open
circuit voltage (V) and power conversion efficiency (PCE) of
PSCs modulated by the benzannulated crown ethers augmented
substantially with increasing the size of the macrocycle from
DB18C6 to DB24C8 (Figure S2 and Table S2). Further
increasing the size of the macrocycle (e.g,, DB30C10) leads to a

reduction of V¢, with DB24C8-modulated PSCs showing the
best overall photovoltaic performance. We therefore used
DB24C8 for further studies.

Morphology and Structural Characterization. The
morphology of the perovskite surface was analyzed for control
and crown-ether-treated perovskite films by scanning electron
microscopy (SEM; Figure 1b,c). Both control and treated
perovskite films are uniform and highly crystalline with similar
compact textures and grain sizes in the range of hundreds of
nanometers. Excess Pbl, (located at the grain boundaries’)
disappeared upon crown ether treatment in the films. We further
analyzed the structural properties of the perovskite films by
grazing incidence wide-angle X-ray scattering (GIWAXS; Figure
1d) at two different angles of incidence, i.e., 0.1° (more surface
sensitive) and 0.3° (more bulk sensitive). Both the control and
treated perovskite films show identical Bragg reflections and a
preferred orientation for the perovskite phase (100). Compared
to the control films, two additional low-q signals (~0.39 and
~0.73 A™") appear in the treated films; the relative Bragg peak
intensities decrease with increasing penetration depth (Figure

https://dx.doi.org/10.1021/jacs.0c08592
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le), implying that the new species are located predominantly at
the surface of perovskite film, consistent with the species
observed in the SEM image (Figure 1b). These species could be
formed by the host—guest complexation of the crown ether with
cations on the perovskite surface.”

The effects of crown ether treatment on the perovskite surface
were further investigated by ATR-FTIR and XPS. The FTIR
spectrum of pristine crown ether (DB24C8) powder reveals two
characteristic peaks of the C—O stretching vibration at ~1121
and ~1219 cm™" (Figure 1f), while the control perovskite film
does not exhibit these peaks. For the crown-ether-treated
perovskite film, these C—O stretching vibrations are still present,
but slightly shifted to 1131 and 1211 cm™, respectively,
indicating an interaction between the functional groups of the
crown ether (i.e, the oxygen atoms in the ring) and the
perovskite film. Changes in the XPS spectra of the perovskite are
also observed upon crown ether treatment (Figure 1g, h). First, a
new peak in the O 1s level range at 533.0 eV (Figure 1g) that is
associated with the C—O bond suggests that the crown ether is
adsorbed on the surface of the treated perovskite film.
Furthermore, the two peaks related to Pb 4f,,, and Pb 4f;,,
shift to lower energies of 138.1 and 142.8 eV, respectively.
Finally, the metallic Pb peaks located at 136.4 and 141.4 eV
vanish in the crown-ether-treated films. These results suggest
that the crown ether is not just adsorbed but reacts with the
perovskite film, presumably through coordination between the
oxygen atoms of the crown ether and cations on the perovskite
surface.

Mechanistic Study of Crown Ether Modulation. Further
insight into the mechanism of crown ether modulation was
gained by studying bulk mechanosynthesized samples™ with
solid state NMR. As an element-specific probe of local structure,
NMR is a powerful tool to determine dopant incorporation and
surface modification in perovskite systems.”*">’ In particular,
BC NMR* and *7Pb NMR*”*’ are sensitive to the local
environment of the organic and inorganic cations, respectively,
while '"H—'H spin diffusion experiments can be used to
demonstrate atomic-scale proximity (up to ~10 A).*°

To investigate the possibility of complexation of FA* and Pb**
by DB24C8, bulk samples of 1:1 molar ratio FAI:DB24C8 and
Pbl,:DB24C8 were investigated. For DB24C8—Pbl,, there is no
change observed either in the Pbl, structure as measured by the
27pb spectrum (Figure 2a) or in the DB24CS8 as probed by the
13C spectrum (Figure 2b), and no additional reflections are seen
in the XRD pattern (Figure S3). This shows that the crown ether
cannot form a complex with Pbl, under these conditions, most
likely due to the high lattice energy of the Pbl, salt. In contrast,
for DB24C8—FAl, clear changes are seen for the 3¢ signals of
the crown ether (Figure 2b), most notably an upfield shift of the
phenyl-ether environment from 158.3 to 156.9 ppm. The FA*
signal also shifts from § *C = 164.8 ppm for FAI to ~168 ppm in
DB24C8—FAl, concomitantly with a shift in the FA" 'H signal
from § 'H ~ 8.1 ppm in FAI to 8.5—9.0 ppm in DB24C8—FA],
depending on the recycle delay used (Figure S4); these shifted
FA* *C and 'H signals are correlated in the '"H —'*C HETCOR
spectrum (Figure SS). Finally, atomic scale proximity between
the crown ether and FA" is demonstrated by cross peaks in the
"H—'H spin diffusion spectrum (Figure S6). Together, these
results indicate the formation of a DB24C8—FAI complex. In
the XRD pattern (Figure S3), additional low angle reflections
are seen including a low angle reflection at 26 = 7.1° (g = 0.51
A™"), supporting the formation of a complex; notably, this

reflection was not observed for the treated films, indicating that
the major species formed there is not the same as this DB24C8—
FAI complex, although polymorphism cannot be ruled out.

Subsequently, the interaction between DB24C8 and bulk
FAPDI; perovskite was studied, as a model system for the double
cation, double halide perovskite, due to the greater spectral
resolution. a-FAPbI; was prepared by ball-milling Pbl, and FAI
and annealing at 150 °C, before ball-milling with 10 atom %
DB24C8. Immediately, following ball-milling, the ~1520 ppm
*Pb signal is indistinguishable from that of neat a-FAPbI,
(Figure 2a); however, after annealing at 95 °C for 15 min, a new
signal is observed at ~900 ppm, which is ascribed to a 207pp
environment interacting with the crown ether. We note that the
relative ratio of the two signals is not quantitative due to fast
transverse decay during the echo pulse sequence, and the high
intensity of the new signal is most likely due to a longer T,
relaxation constant (see Figure S7). The e spectrum (Figure
2b) again shows significant changes to the crown ether signals,
with an even greater upfield shift of the phenyl-ether
environment to 155.9 ppm, confirming a reaction with the
ether, as well as the appearance of a shifted FA" signal at 168.2
ppm, similar to DB24C8—FA], in addition to the a-FAPbI; peak
at 164.5 ppm. The atomic-scale proximity of the FA* and the
crown ether is confirmed by "H—"H spin diffusion (Figure 2d),
where the correlation between the aliphatic signal of the crown
ether (6 'H = 4.2 ppm) and the perovskite FA* signal (6 'H =~
7.7 ppm) can be distinguished from correlation with the
aromatic ether signal (6 "H = 6.5 ppm). A minor signal can also
be observed at § 'H = 9.3 ppm, assigned to FA" interacting with
the ether (denoted FA*), as also observed for DB24C8—FAI
(Figure S3); this signal also correlates with the DB24C8 crown
ether, which can most easily be seen by taking the 4.1 ppm row
from the 2D (Figure SS). The new *’Pb environment correlates
with the ether and modified FA* 'H signals between 3—10 ppm
in the *”Pb —'H HETCOR spectrum (Figure 2c), whereas the
a-FAPbI; *’Pb signal correlates only with the major FA" signal
at § '"H=7.5 ppm. The HETCOR spectrum was recorded at 113
K since only the a-FAPbI; correlation could be observed at
room temperature, presumably due to dynamics of the ether;
consequently, all the *”Pb signals are observed at lower
frequencies than at room temperature due to the strong
temperature dependence of *’Pb chemical shifts.”” A minor
component of 5-FAPbI; can also be observed since its *’Pb
signal is significantly sharper than a-FAPDI; at low temperature
(Figure S8). Taken together, the NMR results clearly indicate
the formation of a mixed perovskite—DB24C8 phase, with
atomic proximity between FA, Pb, and the crown ether. The
formation of a new phase is also supported by XRD
characterization (Figure S3), with additional major low-angle
peaks at 20 = 5.6° and 9.3° (g = 0.40 and 0.66 A™"), although the
low-angle reflections observed for the treated perovskite film at
20 = 5.3° and 10.5° (g = 0.38, 0.75 A™") can also be observed,
albeit with lower intensity and wider peak width. This suggests
that similar species are formed in both cases, perhaps with some
polymorphism.

To shed further light on the crown ether modulation effects,
DFT calculations were performed on DB24C8—cation com-
plexes and treated perovskite surfaces (the procedure is outlined
in the Experimental Section in the Supporting Information).
The likelihood of formation of the two complexes, DB24C8—
FA* and DB24C8—Pb*', was determined by calculating the
corresponding complexation energies between the gas phase
reactants and the complexes. The complexation energies of
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DB24C8—Pb** and DB24C8—FA" indicate that the formation
of both complexes is favorable (Table 1), which suggests that

Table 1. Complexation Energies of DB24C8—Pb*" and
DB24C8—FA"*

reaction complexation energy (eV)®
DB24C8 + Pb** — DB24C8—Pb** —-8.79
DB24C8 + FA* — DB24C8—FA* -1.79

“The more negative values indicate the more stable complex.

undercoordinated surface Pb*>" or FA" ionic defects (e.g., FA
cations that are in stoichiometric excess, present at interstitial
lattice sites or grain boundaries) could be passivated via crown
ether complexation. However, the favorable formation of
DB24C8—Pb*" from the gas phase ion does not imply that the
complex would form from crystalline Pbl,, as discussed above.

To reveal the changes in the interfacial properties of the
crown-ether-modulated perovskites, a comparative study was
carried out on the electronic properties of pristine FAPbI,,
FAPDI; slabs containing an iodide vacancy, and FAPbI; slabs
containing an iodide vacancy in the presence of the crown ether
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Figure 3. DFT calculations. FAI-terminated slabs of FAPbI; containing an iodide vacancy without (a) and with (b) crown ether-treatment, where H
atoms of the crown are omitted for clarity. The purple, green, orange, red, gray, and blue spheres indicate I, Pb, N, O, C, and H, respectively. Pbl,-
terminated slabs of FAPbI; containing an iodide vacancy without (c) and with (d) crown ether-treatment. Density of states of the FAl-terminated (e)
and Pbl,-terminated (f) slabs of pristine FAPbI,, FAPbI, containing an iodide vacancy, and crown-ether-modulated FAPbI, with an iodide vacancy.
For readability purposes, the density of states has been mirrored for the modulated systems. (g) Schematic illustration of possible crown ether

modulation mechanism and potential interaction sites.
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Figure 4. Effects of crown ether treatment on optical and electrical properties of perovskite films. (a) UV—vis spectra, (b) Kelvin probe force
microscopy (KPFM) images, and (c) ultraviolet photoelectron spectroscopy (UPS) spectra of secondary electron cutoff and valence band (VB)
regions, for the control and treated perovskite films. Cathodoluminescence (CL) mapping of the control (d) and treated (e) perovskite films deposited
on the FTO (1.1 mm) glass substrates. The spatial distribution of band edge emission intensity was normalized for both samples to the highest intensity
in the treated sample, recorded from 800 to 850 nm. The nonemissive dark spots in the treated sample are likely to arise from the crown ether complex.

(DB24CS8), for both FAI-terminated (Figure 3a,b) and Pbl,-
terminated (Figure 3c,d) slabs of FAPbL;. The iodide vacancy
defect was selected to study the effect of crown ether
modulation, due to its lower formation energy compared to,
e.g, Pb vacancies and Pb—I antisite defects.”’ Comparing the
FAl-terminated pristine and iodide defected FAPbI; slabs (as
observed in Figures 3 and S9), the iodide vacancy introduces
localized shallow states at the conduction band minimum of the
perovskite. Upon crown-ether treatment of FAPbI;, two sharp
peaks belonging to the crown ether molecules at the surface of
FAPDI; are predicted close to the valence band edge of the
perovskite. This suggests the possibility of the crown ether
acting as a barrier for the hole transport. It is however worth
noting that the absolute positioning of the energy levels of the
crown ether molecule is largely dependent on the electrostatic
potential at the surface of the perovskite and the dipole moment
imposed by the configuration of the crown ether molecule.
Comparing the untreated and treated FAPbI, (as highlighted in
the inset of Figure 3e), a shift in the conduction band minimum
takes place upon treatment with crown ether. This shift implies
the presence of shallower trap states compared to the case of the
untreated slab, which is beneficial for obtaining a higher V. In
addition, hydrogen bonding between the H atom of the FA* and
the crown ether molecule is observed, which is also reflected in
the high binding energy between the FAPbIj slab and the crown
of —3.03 eV. In the case of the Pbl,-terminated FAPDI, slab, low-
density shallow states are now observed in the valence band,
instead of the conduction band, upon creating the iodide
vacancy (as shown in Figures 3f and S9). Contrary to the FAI-
terminated case, a rather insignificant shift in the valence band

maximum takes place upon modulating the surface with the
crown ether. Additionally, unlike the FAI-terminated case, a
relatively weak crown-slab binding is observed (—0.65 eV); the
lower binding energy suggests that the crown ether may
preferentially bond to undercoordinated FA* cations at the FAI-
terminated perovskite surface, rather than Pb*'. Furthermore,
crown ether modulation effects on the Pb—I antisite (Pb
occupying an I site; Figure S10) were studied where a significant
effect on the deep trap states was observed.

In summary, on the basis of the NMR and DFT calculation
studies, we propose that the crown ether modulation is via
coordinating metal and organic cation interaction sites
(illustrated in Figure 3g). The crown ether effectively passivate
the uncoordinated Pb** defects and interact with FA* on the
perovskite film to modulate its surface properties.

Optical and Electronic Properties. We further inves-
tigated the optical and electronic properties of perovskite film
with and without crown ether modulation. The ultraviolet—
visible (UV—vis) absorption spectra (Figure 4a) show that the
crown ether treatment did not change the optical properties (i.e.,
optical band gap) of the perovskite films. Kelvin probe force
microscopy (KPFM) of the crown-ether-treated perovskite film
(Figure 4b) revealed a higher (+300 mV) and more
homogeneous surface potential than that of the untreated film,
which indicates fewer grain boundaries upon crown ether
treatment (the corresponding atomic force microscopy (AFM)
images are presented in Figure S11). Ultraviolet photoelectron
spectroscopy (UPS) also shows that the band structure of the
perovskite surface has changed upon crown ether treatment
(Figure 4c), since the work function decreases by 0.44 eV from
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Figure 5. Device performance and stability. (a) Cross-sectional SEM image of a typical crown-ether-treated PSC. The scale bar is S00 nm. (b)
Photovoltaic metrics with and without treatment. (c) J—V curves of the champion PSC devices with and without treatment (antireflection film was
used). The inset shows the maximum power point tracking data. (d) Plots of the ratio of the Pbl, 20 = 12.69° and a-FAPbI; perovskite 20 = 13.97°
XRD peaks for perovskite films stored in an ambient environment as a function of time. (e) Ambient stability of PSCs based on the evolution of the
average PCE change. The temperature and humidity were 25 #+ 1 °C and 60 + 10%, respectively. (f) Operational stability measured by maximum
power point tracking under full solar illumination (AM 1.5 G, 100 mW/cm? in N, 25 °C). F = Forward scan; R = reverse scan.

Table 2. Summary of the Photovoltaic Parameters for the Best Control and Crown-Ether-Modulated PSCs

cell scan direction Voc (V) Jsc (mA/cm?)
control reverse 1.089 25.50
forward 1.069 25.51
crown-ether-treated reverse 1.154 25.80
forward 1.122 25.73

FF PCE (%) stabilized PCE (%) hysteresis index (HI)
0.773 21.50 19.40 0.165
0.672 18.33
0.795 23.70 22.85 0.05
0.753 21.74

4.84 to 4.40 eV (Figure 4c; left), as schematically represented in
the energy-level scheme for the perovskite film with and without
passivation (Figure S12). These changes in the band structure of
the perovskite surface are in good agreement with the shift of the
surface potential probed by KPFM and DFT calculation results
(Figure 3e,f).

The lower concentration of defects at the film surface or grain
boundary has been reported to reduce the trap state density and
charge carrier recombination.”” This was evaluated via CL
mapping of the perovskite deposited on thin (1.1 mm) FTO-
coated glass substrates. Before CL characterization, the
perovskite films were kept inside a vacuum chamber for a few
hours in the dark, to avoid unintended light-induced
degradation, and the CL mappings were recorded from regions
of the sample that were previously unexposed, except when
specifically indicated. The CL intensity for both samples was
normalized to the peak value in the treated sample. The treated
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perovskite film showed brighter luminescence (higher CL
intensity) than that of the control film (Figure 4d,e), which
indicates that charge carrier recombination was suppressed via
crown ether modulation.”® The steady-state absolute intensity
photoluminescence experiments presented below further
confirmed and quantified the suppression of surface defects
that enhance nonradiative charge carrier recombination by the
crown ether treatment.

Photovoltaic Performance and Stability. A cross-
sectional SEM image of the employed PSC structure based on
fluorine-doped tin oxide (FTO)/compact-TiO, (c-TiO,)/
mesoporous TiO, (mp-TiO,)/perovskite/2,2',7,7'-tetrakis-
[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (spiro-
OMeTAD)/Au (depicted in Figure Sa) shows the thicknesses of
the perovskite absorbers is about 700 nm, which is typical for
conventional PSCs. It is hard to observe the DB24C8 layer on
the cross-sectional SEM image as it is very thin. The

https://dx.doi.org/10.1021/jacs.0c08592
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Figure 6. Optoelectronic characterization. (a) Absolute photon flux ®p; (E) measurements of complete devices at 1 sun excitation from which the
PLQY is determined. (b) Light intensity dependence of V¢ The ideality factor ny is calculated from the slope of the linear fit of the semilogarithmic
plot. (c) Photovoltaic performance losses due to nonideal absorption (yellow), nonradiative recombination (dark and light green) and charge
transport (blue). (d) TRPL measurements of control and treated samples. The layer architecture is FTO glass/c-TiO,/mp-TiO,/perovskite/spiro-

MeOTAD. The solid lines are fit curves according to the model described in the main text. For the latter, an absorption coefficient of 1 X 10° cm™

Lat

the laser excitation wavelength (510 nm) and an effective perovskite thickness of 640 nm (Leqse-im + O.SLmesopomus_mm) were used.

concentration of DB24C8 treatment solution was optimized
with respect to the photovoltaic performance (see details in
Figure S13 and Table S3). The photovoltaic metrics of the PSCs
fabricated with optimized DB24C8 treatment and control PSCs
(Figure Sb) shows the average PCE values of the PSCs improved
from 20.14 + 0.55% (control) to 21.51 + 0.61% for optimized
DB24C8 treatment, mainly due to an increase in V5 from 1.090
+ 0.014 V to 1.142 + 0.009 V, while exhibiting slightly higher
short-circuit current density (Jsc) and fill factor (FF) values. The
current density—voltage (J—V) curves of champion devices (the
front glass was coated with an antireflection film) with and
without DB24C8 treatment are shown (Figure Sc), along with
the summary of the photovoltaic parameters (Table 2). The
control device measured with a reverse scan shows a typical PCE
of 21.50% with a Js¢ of 25.50 mA cm™, a Vo of 1.089 V, and a
FF of 0.773. The treated device exhibited a Vo 0f 1.154 'V, a J5¢
of 25.80 mA cm™2, a FF of 0.795, and a PCE of 23.70%. The
integrated current density derived from the external quantum
efficiency (EQE; Figure S14) matches the Ji value obtained
from the J—V curve, excluding any significant spectral mismatch
between our simulator and the AM1.5G solar source. We further
ascertained these values by recording maximum power point
tracking tests (Figure Sc, insert) corresponding to PCEs of
19.40% and 22.85% for the control and DB24CS8 treated PSCs,
respectively. In addition, we quantified the hysteresis effect for
differentsiievices by using a modified hysteresis index (HI) given
by eq 1:
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I = ]R(OSVOC) - ]F(OSVOC)

Jx (0-8Voc) (1)
where J (0.8 Vo) and Ji: (0.8 Vo) represent the photocurrent
density at 80% of the V. for the reverse scan (from open circuit
to short circuit) and forward scan (from short circuit to open
circuit), respectively. The calculated HI of the DB24CS8 treated
device (0.05) is much smaller than that of the control device
(0.16S; Figure Sc and Table 2), which indicates that DB24C8
treatment greatly reduces the hysteresis. The suppression of
hysteresis caused by DB24C8 treatment may be attributed to the
decrease in the level of electronic surface defects at the
perovskite/hole conductor interface,” and it may be further
reduced by addressing other interfaces present in our PSCs, in
particular the contact between the perovskite and the electron
conductor.

In addition to the photovoltaic performance, we examined the
stability of perovskite films and relevant devices. The
composition change of pristine and DB24C8 treated perovskite
films was investigated by XRD (Figures 5d and S15). The much
slower decomposition of FAPDI; to Pbl, in the DB24C8 treated
perovskite films further demonstrates the superior moisture
resistance enabled by the crown ether modulation (Figure S16).
Furthermore, the shelf-life time measurement for the DB24C8-
treated devices shows slower average PCE drop than that of
control devices after 23 days kept in the ambient conditions
(Figure Se). The long-term operational stability of the PSCs was
also probed by maximum power point (MPP) tracking on
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unencapsulated devices under constant simulated AMI.S
illumination (100 mW cm™2). The DB24C8-treated devices
maintain over 80% of their initial PCE after 300 h continuous
tests, whereas the control devices degraded to 50% of their initial
PCE after S0 h (Figure Sf). The enhanced ambient and
operational stability can be attributed to the enhanced
hydrophobicity and the decreased surface defect density in the
perovskite absorber through crown ether treatment.

Device Physics and the Origin of the Performance
Improvement. The crown ether treatment is expected to have
an impact on the quasi-Fermi level splitting (AEg) which
represents the upper limit for the V. We investigated this by
measuring steady-state absolute photoluminescence (PL)
photon fluxes ®p; (E) of complete devices in an integrating
sphere setup (Figure 6a). From this, we could determine the
photoluminescence quantum yield (PLQY), which was 0.12%
for the control and 0.85% for the treated device. From the PLQY
one can determine AEg and the radiative limit of Voc (Vocraa)
as explained in detail in the Supporting Information. The results
of the Vi ,q calculation (Table 3 and Figure S17) are similar for

Table 3. Summary of the Optoelectronic Parameters for the
Control and Crown-Ether-Treated Device

control treated
Vocma (V) 1.266 1.277
PLQY (%) 012 0.85
AE; (eV) 1.093 1.155
measured V¢ (V) 1.089 1.154

the control and the treated films, the small difference being
attributed to the statistical compositional batch-to-batch
fluctuations. The comparison of the calculated AE; with the
measured V¢ of the same device (Table 3) also shows that the
two values are in excellent agreement, which confirms that the
Voc improvement originates mainly from a AEg increase and
thus from a reduction in nonradiative recombination.

The origin of the performance improvement is further
analyzed in terms of the devices’ diode characteristics. First,
we evaluated the ideality factor (ny) by measuring the
dependence of Vo on the incident light intensity (Figure 6b).
Upon crown ether treatment, the #;4 decreases from 1.83 to 1.35,
indicative of suppressed nonradiative recombination channels.*
Accordingly, we fit the J—V curves of the champion control and
treated devices to a single-diode equivalent circuit model*®
(Figure S18a,b and Table S4). Following the analysis proposed
by Guillemoles et al.”” and Stolterfoht et al,*® the main loss
mechanisms can be analyzed (Figure 6c). First, the Shockley—
Queisser limit is calculated from the band gap which we
determined from the inflection point of the EQE spectrum, as
recommended by Kriickemeier et al.*” (Figure S18¢,d). For the
control device, we obtain a band gap of 1.559 eV and for the
treated device, 1.564 eV, which are similar as expected. In the
next step, the radiative limit J—V curve is calculated using V¢ 1
and the measured Jsc of the champion cells, again assuming an
ideal diode behavior (1 = 1, with series and shunt resistances of
R, = 0 and Ry, = oo, respectively). The performance losses
related to the radiative limit with respect to the Shockley—
Queisser limit account for 1.6% (Vo loss) + 5.2% (Jsc loss) =
6.8% for the control and 1.1% (V¢ loss)+ 3.6% (Jsc loss) =
4.7% for the treated film, mainly stemming from Jsc losses due to
nonideal absorption. The contribution of nonradiative recombi-
nation in the bulk, at grain boundaries, and at the interfaces is

further evaluated by calculating a J—V curve using the measured
Jsc» Voc, and ideality factor while maintaining ideal resistances.
Since this J—V curve does not take into account any losses
stemming from nonideal charge transport, it is called the
transport limit. Note that this transport limit is similar to the
pseudo-J—V curve obtained from the Jic—Vyc method
introduced by Wolf and Rauschenbach®® to evaluate the series
resistance of solar cells. In agreement with the previous findings,
a significant improvement in nonradiative losses is observed,
decreasing from 14.0% (Vo loss) + 8.3% (FF loss) = 22.3% in
the control device to 9.6% (Vo loss) + 3.9% (FF loss) = 13.5%
in the treated device. This shows that solar cell performance
losses by nonradiative recombination are reduced by 40%,
confirming the role of the reduction of nonradiative
recombination as the main driver for performance improvement
in our study. Thereafter, the losses due to charge transport
characterized by nonideal series and shunt resistances and a
further increased ideality factor are obtained from the measured
J—=V curve. Transport losses manifest themself in a further
reduction of FF. The transport-related FF losses of the control
and treated samples are 6.6% and 8.4%, respectively.
Interestingly, the crown ether treatment did slightly impair
charge transport which suggests that the DB24C8 complex
creates a charge transport (hole transfer) barrier between the
perovskite and the HTL.

This loss in transport can also be seen in time-resolved PL
(TRPL) measurements on treated and untreated perovskite
films with HTL (as shown in Figure 6d). To simulate this data,
we used a model which we explain in detail in the Supporting
Information. Two regimes can be distinguished: a fast decay
within the first 5 ns followed by a significantly slower
monoexponential decay. From the simulations, we find that
the fast decay is dominated by carrier diffusion which leads to a
fast equilibration of the initially narrow exponential carrier
concentration profile. The slower decay is mainly due to hole
injection into the HTL. We also find that k,, with an upper limit
of 10° s™! as determined from TRPL measurements without
HTL (Figure S19),*" has a negligible effect on the TRPL traces
of the samples with the interface perovskite/HTL. For the best
fits, we obtained a carrier mobility of y = %D= 4 cm?/(V's),

which is in good agreement with literature,”*" and a hole

transfer velocity for the control and treated samples of S 01 =
1500 cm/s and Siqeq = 400 cm/s, respectively. The more than
three times lower hole transfer velocity of the treated film
indicates an impaired charge transport through the perovskite/
HTL interface which is in good agreement with the observed FF
losses discussed above. Note that the FF losses referred to here
are with respect to the respective transport limits. Overall, due to
the improvement in nonradiative recombination losses, the FF
of the treated device is higher than that of the control device.

B CONCLUSION

In summary, we employ crown ethers to modulate perovskite
films, affording passivation of undercoordinated surface metal or
organic cation defects. This interaction has been elucidated by
solid-state NMR, ATR-FTIR, XPS, as well as DFT calculations.
The crown ether surface modulation reduces the trap state
density at the absorber/hole transporting material interface, thus
greatly suppressing solar cell performance losses due to
nonradiative recombination by 40%, as quantitatively deter-
mined by a concerted evaluation of PL, PLQY, and device
performance measurements. As a result, the crown-ether-
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modulated PSCs exhibit improved operational stability and
power conversion efficiency exceeding 23%. Despite this
performance improvement, the crown ether treatment creates
a small charge transport barrier between the perovskite and the
HTL, as analyzed by TRPL measurements, which leaves room
for further performance advancements of this interface through

improved material design. Consequently, this work opens a new

path to enhance the performance and stability of perovskite-
based optoelectronic devices.
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ABSTRACT: The use of layered perovskites is an important strategy to improve
the stability of hybrid perovskite materials and their optoelectronic devices.
However, tailoring their properties requires accurate structure determination at
the atomic scale, which is a challenge for conventional diffraction-based
techniques. We demonstrate the use of nuclear magnetic resonance (NMR)
crystallography in determining the structure of layered hybrid perovskites for a
mixed-spacer model composed of 2-phenylethylammonium (PEA*) and 2-
(perfluorophenyl)ethylammonium (FEA') moieties, revealing nanoscale phase
segregation. Moreover, we illustrate the application of this structure in perovskite
solar cells with power conversion efliciencies that exceed 21%, accompanied by

enhanced operational stability.

B INTRODUCTION

Hybrid perovskite photovoltaics rival other solar cell
technologies with their high performance at competitive cost.
These systems are based on the AMX; composition that
defines a corner-sharing crystal structure (such as the cubic
lattice shown in Figure 1a) consisting of A cations, mainly Cs®,
methylammonium (MA*, CH;NH;*), or formamidinium
(FA*, CH(NH,),"), as well as their mixtures, along with
divalent M cations (such as Pb** and Sn’*) and halide anions
(I, Br-, CI)."”® Their photovoltaic performances and
widespread adoption are, however, compromised by limited
stability. This can result in degradation due to reactivity with
oxygen and water as well as internal ion migration under
operating conditions of voltage bias and light irradiation."*>
One of the emerging strategies to address these instabilities is
based on the incorporation of layers of hydrophobic organic
cations between the hybrid perovskite slabs to form layered
two-dimensional (2D) perovskites. One example of this
approach is the Ruddlesden—Popper perovskite phases based
on the S,A,_ M, X;,,, composition, where S* is a spacer cation
(Figure 1b).°~” These materials have shown greater resilience
to degradation, yet their photovoltaic performance is impaired
by the poor electronic properties of the spacer layers and by
the lack of ordered supramolecular packing, which impedes
overall crystallinity.””'" The interactions between the organic
moieties that form the spacer layer directly affect the structure
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of the resulting materials and, consequently, their optoelec-
tronic properties.”'' While progress has been made in the
search for new organic moieties that can form layered
perovskites, their assembly can only be controlled by having
a thorough understanding of the noncovalent interactions
which direct the supramolecular structure, such as hydrogen

-1 16 )
S 916 metal coordina-

20—-23

bonding,12 van der Waals interactions,
tion,"” halogen bonding,ls’19 and 7z-based interactions.
Furthermore, to unravel these interactions, it is vital to
accurately determine the atomic structure. This is a challenge
for conventional diffraction techniques, due to polycrystallinity
and the presence of heavy atoms.”’

Solid-state nuclear magnetic resonance (NMR) spectrosco-
py has previously been used to determine the local structure of
hybrid perovskites and their composites with various organic
molecules.”*™*’ In particular, NMR crystallography, where the
structure is determined by comparing the experimental NMR
parameters to those calculated for trial structures, is a powerful
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Figure 1. Supramolecular material design. (a) Schematic of the perovskite solar cell with the hybrid perovskite absorber material (AMX;). HTM =
hole transporting material; ETL = electron transporting layer; TCO = transparent conductive oxide. (b) Schematic representation of the structure
of Ruddlesden—Popper phases of hybrid 2D perovskites based on the S,A,_;M,Xs,.,, formula (n = 1, 2, etc.) comprised of an organic spacer (S*)
bilayer. (c) Top: Overview of possible 7—7 interaction modes between two arenes with comparable electron-density surfaces, with different
interaction strengths (7p & 74 > IZ’P). Lower: Arene—fluoroarene 7—r interaction (ﬂ'p) and the spacer cations used in this study: PEA* and FEA".
The 7, and 7, interactions of model systems are illustrated by the corresponding ESP maps (also shown in Figure S4 of the SI).

tool for analyzing the organic assemblies and their templating
effects in hybrid perovskite materials.'”*®

One of the most widely employed organic moieties for
layered perovskites is 2-phenylethylammonium (PEA*; Figure
1c), which interacts with the hybrid perovskite slabs via ion
pairing and hydrogen bonding through the ammonium termini
(=NH;*).”***"*" The assembly of the organic layer is directed
by weaker van der Waals and z-based interactions between the
organic moieties (Figure 1c),"***% which determine the
relative orientation of the aromatic rings according to their
quadrupole moments.””*> The quadrupole moment of a
benzene ring and the corresponding dispersion interactions
stabilize two orientations, T-shaped (7;) and parallel displaced
(74), which are more favorable than the parallel orientation
(ﬂ'P; Figure 1c, top).32 This is due to areas of positive and
negative potential of the aromatic core, which can be visualized
by the electronic density distribution or electrostatic potential
(ESP) maps (Figure 1c and Figure S4, Supporting Information
(SI)). Fluoroarenes, such as 2-(perfluorophenyl)-
ethylammonium (FEA*, Figure 1c), feature a reversed
quadrupole moment due to the higher electronegativity of
fluorine substituents, which favors parallel 7z interactions ()
in benzene—perfluorobenzene systems (Figure lc, bottom).””
Parallel 7—7 stacking of the spacer cations could thus, in
principle, be directed by employing alternating arene—
fluoroarene moieties.””" In addition, the presence of
fluoroarene moieties could further contribute to the hydro-
phobicity of the material, improving its resilience to moisture,
while fluoroarene anion—7 interactions®” could reduce halide
ion migration, increasing the stability under device operating
conditions.” Therefore, supramolecular z-assemblies of arenes
and fluoroarenes could be used to control the properties of
hybrid perovskites and their composites, although they remain
underexploited in this context.

Here, we use NMR crystallography in combination with
molecular dynamics (MD) simulations, density functional
theory (DFT), and X-ray diffraction to elucidate the atomic-
level structure of the spacer cations in a model system that
consists of PEA* and/or FEA" spacers (S*) in a typical layered
2D perovskite of S,Pbl, (n = 1) composition. Contrary to
previous reports, we reveal that the arene—fluoroarene
interactions of the systems studied here do not lead to

1530

templating of a uniform alternating structure, but instead the
spacer layers form nanoscale phase-segregated domains.
Furthermore, we find that this nanoscale supramolecular
structure with mixed-spacers enhances the performance of
perovskite solar cells as compared to either of the components
alone, which is accompanied by enhanced operational stability.
We suggest that nanoscale segregation provides a new route for
the design of layered hybrid perovskite systems. This new
understanding is provided by the capacity of NMR
crystallography to determine the atomic-level structure of the
materials, which thus enables rational structure—activity-based
design strategies applicable to other hybrid materials.

B RESULTS AND DISCUSSION

Hybrid Perovskite Thin Films. This study focuses on the
n = 1 model system with PEA* and/or FEA" spacers (S*) in a
S,Pbl, layered 2D perovskite composition. Higher composi-
tional representatives of Ruddlesden—Popper S,A,_ M, Xs,.;
systems (n > 1) commonly form mixtures of phases (known as
quasi-2D perovskites) and are thus not well-defined.”""
Moreover, we assessed 2D/3D composites with overlayers of
the organic spacer(s) on the 3D perovskite, which form a thin
layer of a 2D phase upon annealing and are relevant for
photovoltaic applications.'”** For these materials, we have
based our investigation on compositions comprising FA* as the
central A" cation due to its higher thermal stability.***°

Thin films of layered perovskites were prepared based on
n = 1 S,Pbl, compositions (S* = PEA*, FEA*, and 1:1
PEA*:FEA* denoted PF) as well as 3D (CsyosFAgosMAg,)-
(Pbl;), o5 perovskite thin films with a spacer overlayer of PEA],
FEAI or 1:1 PEAIL:FEAI to form 2D/3D perovskite
compositions on the surface, in accordance with the previous
reports.34

The structural properties of the resulting perovskite films
were analyzed by X-ray diffraction (XRD) in the Bragg—
Brentano configuration. XRD patterns of S,Pbl, compositions
evidence the capacity of all of the spacers to form well-defined
layered perovskite structures (Figure 2a). This is revealed by
the presence of characteristic periodic patterns and low-angle
reflections in the 26 region below 10° that are associated with
the basal (h00) planes.6 The (FEA),Pbl, films also show
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Figure 2. Structural and optical properties of the perovskite thin films.
XRD patterns of (a) layered 2D perovskite films of S,Pbl,
composition and (b) 2D/3D perovskites (S* = PEA*, FEA*, and
1:1 PEA":FEA" denoted PF) on glass microscope slides. (c) UV—vis
absorption spectra and (d) steady-state PL spectra of 2D/3D
perovskite films on microscopic glass slide. n.u. = normalized units;
cont. = control.

additional reflections (e.g, around 20 of 12.6°) that are
associated with residual PbL,.

For the 2D/3D perovskites (Figure 2b), the overlayers of
organic spacers do not substantially change the crystal
structure of the 3D perovskite, as the characteristic signals
remain unaltered. The PEA-based system features additional
low-angle reflections in the region of 26 below 10°, which are
1nd1cat1ve of the formation of low-dimensional perovskite
phases.’ These signals were not apparent for FEA- and PE-
treated perovskite thin films. The low-angle signals could be
seen, however, for both the PEA* and FEA" treated samples
using grazing-incidence wide-angle X-ray scattering (GI-
WAXS) and X-ray reflectivity (Figure SS). The assemblies of
the FEA* and PF spacers on the 3D perovskite surface were
also probed by X-ray photoelectron spectroscopy (XPS),
which confirms the presence of FEA" on the surface of the
hybrid perovskite through the appearance of F 1s core level
signals (Figure S6 shows XPS data for control and treated
samples). The F 1s binding energies for FEA- and PF-treated
samples of 686.89 and 688.09 eV, respectively, indicate that
the organic moieties engage in different binding modes on the
surface of the hybrid perovskite. However, the spacer layers
were not found to significantly alter the optical properties of
the 3D perovskite, as demonstrated by the UV—vis absorption
and photoluminescence (PL) spectroscopy of the correspond-
ing films (Figure 2c,d). This is beneficial for maintaining
favorable optoelectronic features relevant to their application.

In summary, the analysis of perovskite films of S,Pbl, (n =
1) composition indicates that the spacer moieties (PEA*,
FEA®, and their 1:1 mixture, PF) form layered 2D perovskite
structures. Moreover, the presence of the spacer overlayer does
not substantially affect the optoelectronic properties of the
resulting 2D/3D perovskite films, which is beneficial for their
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application. Although XRD determines the layered 2D nature
of the inorganic lattice, it is not sensitive to the structure of the
organic spacer cation. The atomic-level structure was therefore
investigated by solid-state NMR spectroscopy”™ " in
conjunction with MD simulations and DFT calculations.

Elucidating the Supramolecular Structure. To analyze
the bulk properties of the materials, powders of S,Pbl,
composition (n = 1; S* = PEA*, FEA*, and PF) were prepared
mechanochemically.'” XRD reveals that the crystalline low-
dimensional perovskite structure is formed for all composi-
tions, exemplified by the low-angle reflections at around 26 =
5.2° (Figure 3). These correspond to layer spacings of 16.5,
17.5, and 16.7 A for (PEA),PbL,, (FEA),Pbl,, and (PF),Pbl,
respectively, consistent with the trend observed for calculated
structures (Figure S3). Many more reflections are seen than for
the thin-ilm samples, due to the lack of preferred orientation.
The pattern for (PEA),Pbl, is in good agreement with the
previously reported crystal structure,” and similar patterns are
observed for the other samples. The reflections at 26 values of
~14—15° are consistent with in-plane Pb—Pb distances of
~6.1 A. The (FEA),Pbl, and (PF),Pbl, samples show an
additional reflection at 26 of 12.6° which is ascribed to
unreacted Pbl,, as also observed for the thin-film (FEA),Pbl,
sample.
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Figure 3. PXRD patterns of mechanosynthesized layered hybrid
perovskites of S,FA,_Pb,I, composition (S* = PEA*, FEA" and 1:1
PEA":FEA"* denoted PF). The simulated pattern for (PEA),Pbl, is
shown for the previously reported (twisted) crystal structure.*® The
major Pbl, reflection is marked with an asterisk.

Comparison of the 'H/’F—"C cross-polarization (CP)
and direct '’F NMR spectra in the aromatic regions of the
spacer cations for the pure PEAI and FEAI precursors and for
the layered 2D perovskites (Figure 4) shows that the spacer
environment changes upon formation of layered 2D perov-
skites. The '°F spectra for pentafluorophenyl derivatives are
well-known.”" The assignment of the '3C signals for FEAI was
determined by '’F—"3C heteronuclear correlation (HETCOR)
spectroscopy (Figure S8), whereas the assignment of the "*C
signals for PEA" was found by comparison with the calculated
shifts, vide infra. Ball-milling a 1:1 mixture of PEAI and FEAI
under comparable conditions to the mechanochemical
preparation of the layered perovskite systems causes only
relatively minor changes to the NMR spectra (Figure 4, red
spectra, bottom panels). This indicates that the sample adopts
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Figure 4. Solid-state NMR spectra of the spacer cations. (a) Structure of PEA* and FEA" cations with the corresponding ">C and 'F sites labeled.
(b) 'H-"C CP, (c) YF—"C CP, and (d) direct ’"F MAS NMR spectra. The top half of the panels are spectra from the layered hybrid
perovskites, whereas the bottom half are from the neat spacer salts and their 1:1 mixture, following ball-milling. PF = 1:1 PEA":FEA". Signals arising
from PEA" in the '?F—"3C CP spectra are highlighted in dashed boxes. Experimental parameters are given in Table S1. Full *C spectra are shown

in Figure §7.

a similar structure to the neat spacer precursors. The atomic-
level mixing between the phenyl moieties of the two
components in the PEAL:FEAI sample is nevertheless clearly
evidenced by the signal arising from the PEA* carbons (labeled
a—c, Figure 4a) in the YE-1BC CP spectrum (Figure 4c,
dashed box). The F spectrum for PEAT:FEAI (Figure 4d)
exhibits slightly different shifts compared to pure FEAI, due to
the sensitivity of the '°F shifts to the modified structure. For
the layered perovskites, clear differences are observed in the
NMR spectra of the spacer cations, implying the formation of a
new supramolecular structure (Figure 4b—d, top panels). The
spectra for (PF),Pbl, (n = 1) and (PF),FAPb,I, (n = 2)
compositions are comparable, which implies that the organic
structures are also very similar. This is expected, since the
presence of a second layer of lead iodide octahedra should not
significantly influence the spacer cations. Furthermore, for both
systems, the PEA* carbons can be observed in the '’F—'*C CP
spectra (Figure 4c, dashed boxes), indicating atomic-scale
mixing of the spacer cations, since CP transfer relies on
through-space dipole—dipole interactions at the subnanometer
length scale. However, the layered perovskites containing only
a single type of spacer cation, namely (PEA),Pbl, and
(FEA),Pbl,, exhibit very similar spectra to the samples with
mixed spacers. These observations can be explained by
nanoscale segregation due to self-recognition or “narcissistic”
self—sorting,42 which would result in the local environments
remaining similar to the individual spacer structures, while still
affording the atomic-level contact observed by "F—'*C CP.
The broader signals in the mixed samples may thus correspond
to the broader distribution of slightly different possible local
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environments experienced within nanodomains of the different
spacer cations.

To test whether the results obtained for the bulk
mechanosynthesised samples are also applicable to solution-
processed thin films, the "H—"3C spectrum was recorded for a
thin-film sample of (PF),Pbl, after scraping off the substrate
(Figure S7, top). Although the signal-to-noise ratio is relatively
low due to the low sample mass, the aromatic signals for the
spacer cations are observed with the same shifts as for the bulk
(PF),Pbl, sample, within a root-mean-squared error (RMSE)
of 0.45 ppm. This indicates that the same supramolecular
structure is adopted here for both the bulk and thin-film
layered perovskites.

To illuminate the atomic-level structure using the NMR
data, the predicted chemical shieldings were calculated using
DEFT for different trial structures. These were then converted
to chemical shifts using a regression obtained from a set of
reference organic structures containing fluorine and iodine (for
details refer to Sections S3—S5). The n = 1 structure was used
for the comparison, since the structure of the organic layer is
shared by higher order 2D/3D homologues. Trial structures
were generated by selecting low-energy structures from
molecular dynamics simulations (detailed in Section S3),
some of which were based on previously reported crystal
structures,”*>**** prior to geometry optimization using DFT.
Structures with two different relative orientations of the spacer
cation aromatic rings were considered: the “twisted” structure
(Figure Sa), with a twist between the aromatic rings in the two
opposing layers, resulting in predominantly 71 interactions
(Figure 1c) and the “parallel” structure (Figure Sb), with
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and FEA* (F) moieties on the two opposing lattices representing the spacer bilayer within the layered perovskite.

aromatic rings from opposite layers aligned in parallel planes at
180° between the layers, allowing displaced parallel 7y
interactions (Figure 1c). For (PEA),Pbl,, the experimental
B3C shifts agree with the calculated shifts for the twisted
structure better than for the parallel structure (Table S4). This
observation is in agreement with the previously reported single
crystal structure (CCDC no. 1542461)*° and the slightly lower
calculated DFT energy (Section S3). For this analysis, only the
aromatic carbons in the spacer cations were considered
because the aliphatic carbons are close to the heavy Pb and I
atoms and may require full relativistic treatment to obtain
accurate shieldings. In contrast, for (FEA),Pbl,, the calculated
BC and F shifts for the parallel structure are in better
agreement with experiment (Table S$4), in accordance with the
fact that the DFT energy is lower for the parallel structure
(Section S3).

For the mixed (PF),Pbl, layered perovskite, there are many
possible arrangements of the PEA™ and FEA" spacers. Each
lead iodide layer contains an array of tilted corner-sharing
octahedra, resulting in a square lattice of rhombic interstices on
each face in which the spacer cations reside (Figure Sc). We
have considered the simplest representative examples of tiling
the spacer cations over the two opposing lattices to form five
trial structures (1—S, Figure Sd). In structure 1, each face
comprises only a single type of spacer, while structures 2 and 3
have “checkerboard” arrangements of the cations on each face.
In structure 2, the arrangements are offset so that unlike
spacers are opposite each other (i.e, PEA* is opposite FEA"),
while structure 3 has like spacers opposing. Finally, structures 4
and $ have striped arrangements of the spacers on each face
with unlike- and like-pairing arrangements of the opposing
spacers, respectively. In addition, we also consider a segregated
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model, where the shifts are calculated for the separate pure
twisted (PEA),Pbl, and parallel (FEA),Pbl, structures, to
imitate the environments in a nanoscale segregated structure
that would form as a result of predominantly narcissistic self-
sorting.

Figure 6 compares the experimental and calculated "*C and
F chemical shifts for the five mixed (PF),Pbl, structures and
the segregated model with the shifts from the pure (PEA),Pbl,
and (FEA),Pbl, structures. The best agreement was found for
a segregated model, and this is the only case for which the
RMSEs between the calculated and experimental chemical
shifts (Figure 6, insets) are less than the expected RMSE in
DFT calculated shifts: 2.32 and 1.98 ppm for *C and "F,
respectively, as estimated by the error in the calculated shifts
for the external reference set (Section S5.2). Bayesian analysis
of the data with the Bayesian NMR tool™ indicates that the
segregated system matches the experimental data with 99.9%
probability, which is also consistent with the experimental
shifts for (PF),Pbl, being very similar to those for (PEA),Pbl,
and (FEA),Pb,

We therefore conclude that the layered hybrid perovskite
structure formed by mixed PEA* and FEA" spacers comprises
segregated domains of the two spacer moieties; however, since
the PEA" C signals are observed in the "F—'*C CP
spectrum (Figure 4c), the domains must be limited to the
nanoscale. Although the opposite quadrupolar moments of the
aromatic systems were expected to favor PEA'—FEA" 7
interactions, the segregation may reflect the differing
preferences of the two spacer cations to form twisted and
parallel aromatic contacts, respectively (Figure Sab). Never-
theless, nanoscale mixing of the two spacers is observed, which
may be entropically driven and is further supported by the
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single basal reflection observed by XRD (Figure 3), despite the
pure layered 2D perovskites having different layer spacings
(vide supra). As a result, the photovoltaic performance of the
mixed system could be affected as compared to the pure
system (vide infra) through a synergistic effect

Photovoltaic Performance and Stability. The photo-
voltaic performance of hybrid perovskites with overlayers of
layered perovskites with the different spacer cations was
investigated using devices with the conventional fluorine-
doped tin oxide (FTO)/c-TiO, (40 nm)/ mp-TiO, (250
nm)/ perovskite (450 nm)/2,2’,7,7'-tetrakis(N,N-di-4-me-
thoxyphenylamino)-9,9’-spirobifluorene(Spiro-OMeTAD; 180
nm)/Au (80 nm) configuration to probe their utility (Figure
7a—d). The layer thicknesses were estimated by cross-sectional
SEM imaging (Figure 7c and Figure S9), and the photovoltaic
(PV) metrics were extracted from the current—voltage (J—V)
characteristics (Figure 7a,d and Figure S10). The differences
between the short-circuit currents (Jsc) for different
compositions were found to be rather small, in the range of
approximately 1%. This is in accordance with the minor
changes in the optoelectronic properties of the 2D/3D
perovskite films (Figure 2c,d). DFT-calculated band gaps of
S,Pbl, systems (S* = PEA*, FEA*, and PF; Figure S1) revealed
that nonfluorinated systems have lower gaps, which coincides
with their less pronounced octahedral tilting compared to the
fluorinated systems (Figure S2) as well as lower interlayer
distances (Figure S3). The current density obtained by
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integrating the incident photon-to-current efficiency (IPCE)
as a function of wavelength for the champion device, 24.4 mA
cm™?, is in good agreement with the values obtained from the
J-V data (24.8 mA cm™?), excluding any mismatch between
the simulator and AM 1.5G light source (Figure 7b and Figure
S11). Unlike the Jgc, the open-circuit voltages (Vi) of treated
devices increased on average for PEA" and PF systems by 30
mV and 45 mV, respectively, which is likely to be associated
with the role of the spacer overlayer in passivating the surface
defects. The improvement in V¢ resulting from a low-
dimensional overlayer is in agreement with numerous previous
studies.”>***” However, while the fill factor (FF) of FEA*-
treated devices decreased relative to the controls, it increased
for PF-treated devices. As a result, the mean PCEs of control,
PEA*, FEA*, and PF-treated devices were 19.6%, 19.6%,
18.7%, and 20.8%, respectively, with the champion device
reaching an efficiency of 21.6% for the PF-treated system
(Figure 7a and Figure S10).

Notably, the performance of the mixed-spacer treated
device, which we have determined to have a nanoscale-
segregated structure of the spacer cations, shows a higher
power conversion efficiency than with either spacer individu-
ally. We note, however, that the photovoltaic performances
were not the primary objective of this study and were instead
analyzed to illustrate the utility of this class of hybrid
perovskites; therefore, further optimization of the correspond-
ing devices can be envisaged. We further examined the effect of
the overlayer on the operational stability of unencapsulated
devices by monitoring the evolution of their maximum power
point (MPP) under continuous irradiation of 1 sun in a
nitrogen atmosphere (Figure 7e), which has previously been
found to play a role in suppressing the degradation under
operational conditions.”®** While the initial performance of
the control devices dropped to values below 80% after just 20
h of operation, the treated devices showed improved stability
during this period of time, maintaining around 90% of their
initial performance value after 100 h of operation. These
performance and stability improvements indicate the potential
of such mixed-spacer layered perovskites in perovskite
photovoltaics, which should stimulate further investigations.

B CONCLUSION

In summary, we present a systematic NMR crystallography
approach based on solid-state NMR spectroscopy and
computational analysis to elucidate the supramolecular
structure of the organic spacer layer for layered hybrid
perovskites. Specifically, a mixed arene—fluoroarene model
system was studied, for which we find that although there is
atomic-level contact between the spacers, the structures most
closely resemble those of the end-members, implying nano-
scale segregation. We illustrate the application of this system in
enhancing the performance and stability of perovskite solar
cells and demonstrate that the performance is greater than for
either of the spacers individually. In general, we envisage that
NMR crystallography will play an important role in
determining the supramolecular structure of layered hybrid
perovskites, facilitating molecular design of spacer systems
driven by an understanding of their assemblies, thereby
advancing the properties and applications of hybrid materials.

B EXPERIMENTAL SECTION

Layered perovskite thin films were deposited on microscope glass slides
from a 0.5 M precursor solution by spin-coating, followed by
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Figure 7. Photovoltaic performance and operational stability. (a) PV metrics of representative control and treated devices with aperture areas of
0.16 cm* under full solar intensity at ambient temperature in reverse (from Vi to Jsc) and forward bias with the PV metrics. J—V curves were
recorded at a scanning rate of 50 mV s™' under standard AM 1.5G solar radiation. (b) IPCE spectrum of the champion device with the projected
photocurrent derived by integrating the IPCE over the spectral emission. (c) Cross-sectional SEM image of the photovoltaic device of FTO/cp-
TiO,/mp-TiO,/perovskite/Spiro-OMeTAD/Au architecture. (d) J—V curves of champion control (left) and PF-treated (right) devices. (e)
Evolution of the MPP over time upon 1 sun illumination in nitrogen atmosphere at 60 °C.

annealing at 120 °C for 15 min. 2D/3D thin films were similarly
prepared by spin-coating with a 1.5 M perovskite precursor solution,
followed by annealing at 120 °C for 10 min and 100 °C for 40 min,
before spin-coating an overlayer with a 30 mM solution of the spacer
precursor in isopropanol at ambient temperature, followed by
annealing at 110 °C for 5 min. Full details are provided in Section
S1. Details on device characterization are given in Section S2.

Bulk layered perovskite powders were prepared by mechanosynthesis
according to previous protocols.’*°

Solid-state NMR spectra were recorded at 9.4, 11.7, or 21.1 T. Full
details are given in Section S2 and Table S1. Samples were annealed
at 150 °C before recording the NMR.

Trial structures for the layered perovskites were determined from
MD simulations and DFT calculations following an analogous
procedure as previously reported.’’ Details are provided in Section
S3 and $4.

NMR crystallography was used to determine the structure of the
organic spacers, and the chemical shifts were calculated for the
different trial structures using DFT (Section SS).
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Multimodal host-guest complexation for efficient
and stable perovskite photovoltaics
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Formamidinium lead iodide perovskites are promising light-harvesting materials, yet stabi-
lizing them under operating conditions without compromising optimal optoelectronic prop-
erties remains challenging. We report a multimodal host-guest complexation strategy to
overcome this challenge using a crown ether, dibenzo-21-crown-7, which acts as a vehicle
that assembles at the interface and delivers CsT ions into the interior while modulating the
material. This provides a local gradient of doping at the nanoscale that assists in photo-
induced charge separation while passivating surface and bulk defects, stabilizing the per-
ovskite phase through a synergistic effect of the host, guest, and host-guest complex. The
resulting solar cells show power conversion efficiencies exceeding 24% and enhanced
operational stability, maintaining over 95% of their performance without encapsulation for
500 h under continuous operation. Moreover, the host contributes to binding lead ions,
reducing their environmental impact. This supramolecular strategy illustrates the broad
implications of host-guest chemistry in photovoltaics.
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version efficiencies (PCE) and show the potential for low-cost
fabrication, positioning them as one of the leading candidates

for the next generation of thin-film photovoltaics!~®. They never-
theless still suffer from poor operational stability and degradation
under ambient conditions, while presenting a potential negative
environmental impact from the toxic lead component®. Moreover,
the performance is still limited by defects and impurities that
enhance non-radiative recombination of photogenerated charge
carriers’~12. Conventional passivation is an effective strategy to
remove defects from the surface of films®13-1>, yet a number of
defects remain in the bulk and it is vital to mitigate both types of
defects. Formamidinium lead iodide (FAPbI;) and FAPbIs-rich
perovskites are particularly preferred for photovoltaic applications
due to their superior optoelectronic properties and thermal
stability>. However, the photoactive black phase (3C, a) readily
transforms to the undesired wide-bandgap (2H, §) phase under
ambient conditions. Moreover, several polytypes (i.e., 2H, 4H, and
6H) can be formed, as evidenced both experimentally and
theoretically!®, with the & polytype being the most thermo-
dynamically stable at ambient temperature (Supplementary Fig. 1).
To address the thermodynamic instability of a-FAPDIS, it has been
previously shown that using alkali metal cations could be an
effective strategy to stabilize the black phase!”>!8, However, this bulk
approach results in homogenous doping that comes at the expense
of increasing the bandgap and hampering the formation of high-
quality films without addressing the detrimental lead impact®16-18,
Here, we introduce an unprecedented concept of multimodal
host-guest-complexation of dopants to simultaneously modulate
the surface and bulk composition of perovskite films through a

P erovskite solar cells (PSCs) presently attain high power con-

synergistic effect of the host, guest, and the host-guest complex,
which we demonstrate for the case of Cs* metal ions. The polar
solvents that are commonly used (e.g., water, dimethylformamide,
dimethyl sulfoxide, etc.) for dissolving metal halide salts could
dissolve or damage the perovskite film!7. This prevents the use of
these solvents to dissolve metal halide salts for the treatment of
FAPDI;-based perovskites. Crown ethers are known to serve as
vehicles for different ions, for example in phase-transfer catalysis!®,
forming host-guest complexes via ion-dipole interactions between
the oxygen atoms of the macrocycle and the metal cation, with
remarkable selectivity for certain alkali metal ions due to the
complementary size?021, We exploit this key property of crown
ethers and their molecular assemblies to infuse Cs™ ions onto the
perovskite film without damaging them, by dissolving the complex
in an orthogonal non-polar solvent (e.g., chlorobenzene). We have
employed dibenzo-21-crown-7 (DB21C7) as a proof of concept due
to its strong affinity for Cst ions2®2l, forming a well-defined
host-guest complex (Fig. 1a). This complex is soluble in chlor-
obenzene, which is compatible with the perovskite solution-
processing. This strategy was found to substantially decrease
defects and improve the morphology of perovskite films without
significant change in the optoelectronic properties, resulting in high
performance and stability. The synergistic effect of the host, guest,
and their complex enables simultaneous passivation of the surface
and bulk defects, while reducing the environmental impact of lead.

Results and discussion
Surface modification of perovskite films. FAPbI;-based per-
ovskite films were deposited on mesoporous (mp) TiO, substrates
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Fig. 1 Effect of crown-ether-mediated interfacial Cs doping on the properties of perovskite films. a Molecular structure of the Cs|-DB21C7 complex. b
Schematic representation of the gradient and homogeneous Cs doping of perovskite films. XPS core-level spectra for Cs 3d (¢) and Pb 4f (d). The asterisk
(*) indicates metallic Pb species. Top-view SEM images of control (e) and target (f) perovskite films revealing surface nanostructures upon treatment. The
scale bar represents 500 nm. KPFM images of control (g) and target (h) perovskite films. i UPS spectra of perovskite films.
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via a one-step method using an antisolvent (see the Methods
section). After thermal annealing, the perovskite film was treated
with a solution of the CsI-DB21C7 complex. The control films
were based on FAPbI; or a FAPbI;-rich composition of (FAP-
bl3)0.07(MAPbBr3)0 05 unless otherwise noted. The synthesis of
the CsI-DB21C7 complex is detailed in the Methods section and
its complexation by cesium cations was subsequently verified by
nuclear magnetic resonance (NMR; Supplementary Fig. 2). An
additional annealing step was then carried out to promote the
infusion of CsT into the bulk of the perovskite film, to form a
gradient-doped structure, which increases stability without
compromising the optimal optoelectronic properties, unlike
homogeneous doping (Fig. 1b). The treatment conditions (i.e.,
concentration, annealing temperature, annealing duration, and
counter ion) were optimized (as detailed in Supplementary Fig. 3)
and samples with the optimized condition were studied further,
labeled as target below.

The surface composition of the perovskite films was investi-
gated by X-ray photoelectron spectroscopy (XPS). The XPS
spectra in the Cs 3d level range (Fig. 1c and Supplementary
Fig. 4a-d) show two signals in the treated film with binding
energies of 739.0 and 725.0 eV that can be ascribed to Cs 3d;/,
and Cs 3ds,, levels, respectively, whereas no signals are observed
in the control perovskite film. This confirms that Cs™ has been
successfully transferred to the target perovskite film. Moreover,
the XPS spectra in the Pb 4f level range (Fig. 1d) reveal two main
peaks associated with Pb 4f,,, and Pb 4f5/, at 138.5 and 143.3 eV,
respectively, attributed to Pb-I species, along with two smaller
peaks located at 136.6 and 141.6 eV that arise from the presence
of metallic Pb. The metallic Pb peak vanishes in the treated film,
which suggests the host crown binds to the undercoordinated
Pb2* ions which are responsible for the formation of metallic
Pb?2. This would greatly benefit the operational stability of the
PSCs which suffer severely from the presence of elemental Pb7-12.
Moreover, the peaks in the O 1s level range at 533.1eV and C 1s
at 286.3 eV (Supplementary Fig. 4a, b) that are associated with
C-O binding energies suggest that the crown ether ligands
remain on the surface of the film. In the attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectra (Supplementary
Fig. 5), the shift of the characteristic C-O stretching vibration
peaks of DB21C7 after treatment of the perovskite is consistent
with the interaction between the crown ether and Pb2* in the
perovskite phase.

The morphology of the perovskite surface was then analyzed by
scanning electron microscopy (SEM; Fig. le, f and Supplementary
Fig. 6). The target Cs-doped perovskite film shows larger grain
sizes compared to the reference, with the appearance of needle-
like structures and fewer grain boundaries due to increase of the
size of the grains upon treatment?2. This could be the result of
preferential binding of the DB21C7 at the boundaries, similarly to
other molecular modulators that contribute to reducing grain
boundaries?3. Elemental mapping of the treated perovskite films
by energy-dispersive X-ray spectroscopy (EDS) further suggests
that the needle-like structures contain carbon and Cs (Supple-
mentary Fig. 6a), and are thus likely to be the CsI-DB21C7
complex, in accordance with the XPS analysis.

In addition to these structural changes, Kelvin probe force
microscopy (KPFM) and ultraviolet photoelectron spectroscopy
(UPS) demonstrate that the electronic structure at the surface of the
treated perovskite film differs from that of the control samples. The
target Cs-doped perovskite surface exhibited a higher and more
homogeneous electrochemical potential than that of the control
film, in accordance with a decrease in the number of grain
boundaries upon treatment (Fig. 1g, h). The UPS results also show
that the surface band structure has changed (Fig. 1i), since the work
function decreases from 4.14 to 3.83eV, ie, by 0.31leV, as

determined by a linear extrapolation of the secondary electron
cutoff (Fig. 1i; left). This change is consistent with the shift of the
surface potential probed by KPFM. Moreover, the logarithmic
extrapolation of the leading edge (Fig. 1i; right) provides a value of
1.45¢€V for the valence band maximum (VBM) of the control
perovskite and 1.71 eV for the treated perovskite24, The VBM of the
treated sample surface is slightly larger than the bulk bandgap of
1.56 eV24, which is an indication of a possible bandgap widening at
the perovskite surface due to Cs incorporation upon treatment.
Such surface bandgap widening can be helpful in suppressing
interface recombination, and the corresponding structural origin of
these interfacial changes is further investigated below.

Structural properties of perovskite materials. The structural
properties of the perovskite films were analyzed by grazing inci-
dence wide-angle X-ray scattering (GIWAXS; Fig. 2a-d and
Supplementary Fig. 7a, b)?>. Apart from the perovskite phases,
unreacted Pbl, (g =0.9 A1) and, in some cases, even hexagonal
phases, can be detected on the surface of the control films (Fig. 2a,
Supplementary Fig. 7a). Conversely, in the treated sample, the
Pbl, peaks almost completely disappear while additional low-q
signals appear located at g =0.5A~1 and below (Fig. 2b, Sup-
plementary Fig. 7b). These low-q signals might be ascribed to new
unknown surface species, the CsI-DB21C7 complex. The new
peak at g= 0.5 A—1 also occurs in the powder X-ray diffraction
pattern (pXRD; Supplementary Fig. 7c) of perovskite films after
treatment. Since a broad peak around g = 0.5 A~ has also been
observed in the pXRD pattern of CsI-DB21C7 powder, this peak
might therefore arise from the formation of crystals of
CsI-DB21C7. To verify this hypothesis, we generated a crystal
structure of CsI-DB21C7 based on previously reported crown
ether crystal structures?® (Supplementary Fig. 7d) and optimized
it by using density functional theory (DFT) calculations (com-
putational details provided in the Methods). The simulated XRD
patterns reveal that the first peak is positioned at g =0.5 A~!
(Supplementary Fig. 7¢) in good agreement with the experimental
observations. Therefore, we propose that the new peak at g =
0.5 A~ (Fig. 2b) corresponds to the CsI-DB21C7 complex, while
the three peaks below g = 0.5 A~1 could arise from slightly dif-
ferent polymorphs, i.e., different complexes in the solid state,
which are known to occur?0.

We further analyzed the GIWAXS as a function of the incident
angle to assess the structural properties at the surface as well as
the bulk (Supplementary Fig. 7a, b). Lower incidence angles imply
a smaller probing depth in the material and thus increased surface
sensitivity (Supplementary Fig. 7e). For the target Cs-doped film,
the intensities of the perovskite peaks increase with the probing
depth, indicating that the modified surface has a lower perovskite
content than the bulk of the material (Fig. 2c). In contrast, the
control sample shows only a slight increase in the perovskite
signal with increasing probing depth (Fig. 2c), which is much less
pronounced than the target sample, indicating a homogeneous
perovskite composition. Moreover, much more Pbl, is found in
the control sample than in the treated sample. In the former,
there is more Pbl, near the surface than in the bulk; however, in
the latter, the Pbl, content increases with incident angle in a
similar manner to the perovskite signal, indicating a homo-
geneous distribution throughout the perovskite film, and the total
amount is greatly reduced upon surface modification. This is
expected to enhance the stability of the Cs-doped perovskite
films!!. The peak intensity of the surface species associated with
the CsI-DB21C7 complex remains approximately the same
throughout the probed range of incident angles (Fig. 2c), in
accordance with it being located exclusively on the surface of the
film. This is not surprising considering that the complex is too
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Fig. 2 Structural characterization of perovskite films. a-b GIWAXS two-dimensional reciprocal space maps of a control sample, b treated sample at an
incidence angle of 0.12°, probing the surface of the material. Low q signals of the new surface species are marked with a green circle. Measurements were
done under vacuum conditions. ¢ Peak intensities of different crystal phases as a function of the estimated probing depth, normalized to their respective
maximum value for control and treated samples. The intensity of surface species is approximately the same for the probed depth (red). d Relative change
in pseudo-cubic unit cell parameters as a function of probing depth. Values were calculated from radial profiles of reciprocal space maps and averaged over
two sets of samples. GIWAXS probing depth was varied by changing the angle of incidence of the X-ray beam from between 0.12 and 0.3°. The error in the
probing depth (horizontal error bars) was estimated from the angular error due to the surface roughness of the sample. The vertical error bars were
determined from the standard deviation from repeated measurements on two sets of samples.

large to diffuse into the perovskite lattice. The X-ray reflectivity
(XRR) scans (Supplementary Fig. 7f) yield an estimated
minimum thickness of the surface layer (i.e., crystallite size in
the vertical direction) of approximately 15 nm.

The hexagonal 4H phase of FAPbI; can also be found near the
film surface of some of the control samples, but in none of
the target samples (Supplementary Fig. 7a, b). This might
originate from incomplete conversion to the perovskite (a) phase,
since the structure of the 4H phase is a combination of § (face-
sharing) and a (corner-sharing) phases, suggesting that the 4H
phase could constitute a possible intermediate during the
conversion from § to a phase. The 4H polytype, however, is
converted into the a-phase perovskite structure at the Cs-rich
surface of the treated samples. To understand the effect of Cs™
incorporation on the 4H polytype, we calculated the relative
energies of the 4H polytype and the a phase as a function of Cs*
concentration (Supplementary Fig. 8a). The calculation reveals
that Cs™ doping with increasing concentrations significantly
decreases the stability of the 4H phase as compared to a-FAPbI;.
Therefore, the formation of a Cs-rich surface benefits the
stabilization of a-FAPbI;. The formation of a wider-bandgap
Cs-substituted perovskite at the interface between the bulk
perovskite and the hole transporting material would also be
beneficial for the hole extraction and inhibition of charge

recombination. Furthermore, with increasing angle of incidence,
ie, increasing penetration depth, the perovskite unit cell
parameter increases (Fig. 2d). This effect is much more
pronounced in the target sample, which indicates a smaller unit
cell near the surface than in the bulk due to the higher
concentration of Cs™, which is smaller than FA™, corroborating
the gradient of incorporation of Cs™. The XPS (Supplementary
Fig. 4c, d) and time-of-flight secondary ion mass spectrometry
(TOF-SIMS; Supplementary Fig. 6¢) depth profiles further verify
the infusion of Cs* ions (as detailed in Supplementary Note 1).

Elucidation of the Cs doping and passivation at the atomic
level. To gain atomic-level insight into the effect of Cs™ ion-
complexed crown ether on hybrid perovskite materials, we per-
formed solid-state nuclear magnetic resonance (ssNMR) experi-
ments. Previously, various key phenomena in hybrid perovskite
systems have been unraveled using ssNMR, such as halide
mixing?’, phase segregation?8, cation incorporation?829, as well
as the effect of larger organic moieties’*-32 on these complex
organic-inorganic photovoltaic materials. In the present case, the
chemical shift of 133Cs NMR can distinguish the incorporation of
Cs ions into the perovskite® from its association with the crown
ether33, and the quadrupolar coupling of 14N in FA cations®* is
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Fig. 3 Atomic-level effects of Cs doping on the properties of FAPbIs. Solid-state NMR measurements at 21.1T recorded with a Hahn-echo pulse
sequence: a 133Cs spectra at 20 kHz magic angle spinning (MAS) of crystalline Csl, the CsI-DB21C7 powder, the FAPbI5 thin film treated with Csl-DB21C7
(thin film) and a sample of FAPbl; mixed with CsI-DB21C7 complex (bulk). b 4N spectra at 5 or 10 kHz MAS and ambient temperature of the treated
samples and powders prepared by mechanochemical synthesis of pure FAPbIs. ¢ Schematic representation of inhomogeneous (1x 4 and 2 x 2) and
homogeneous (4 x 1) models (M1-M3) of Cs-doped FAPbI; structures and their DFT-calculated band gap (E;) values associated with each configuration.
The difference in the bandgap between the experimental and theoretical values is mainly due to finite temperature effects (more details provided in the
supplementary materials). d Density of states of FAl-terminated pristine FAPbls, FAPbI3 containing a FAT vacancy and CsT-treated FAPbI3 with a FAT
vacancy. For readability purposes, the density of states has been mirrored for the treated system.

extremely sensitive to the symmetry of tumbling of the organic
cation and hence to distortions of the cuboctahedral cavity3%-31,

The 133Cs spectrum of CsI shows a single sharp peak at 271
ppm indicating that the Cs ion is in a well-defined cubic
environment, whereas upon reaction with DB21C7 a broad 133Cs
resonance is observed with several spinning sidebands (Fig. 3a,
CsI and CsI-DB21C7). This is consistent with a distribution of
asymmetric local Cs* environments arising from coordination by
the crown ether. The 133Cs and 1N NMR spectra of mechan-
ochemically prepared’> FAPbl; with 10 at% CsI-DB21C7
demonstrate incorporation of Cs* into the perovskite. Specifi-
cally, a sharp 133Cs resonance is observed at 15 ppm (Fig. 3a,
bulk). Using the linear dependence of the 133Cs shift on the Cst
concentration of § = 122x + 0.6 ppm based on the previous data
(Supplementary Fig. 9)%8, a concentration of 12 at% is predicted
from the experimental shift. There is no evidence of the signal
corresponding to the Cs* in the crown ether complex
(CsI-DB21C7; Fig. 3a) although, due to its broadness, the
intensity of this signal would be far lower. The 4N spectrum
exhibits a spinning sideband manifold with a full width at half

maximum (FWHM) of 76 kHz (Fig. 3b), compared to pure
FAPbI; which has a FWHM of 19 kHz at room temperature. This
indicates that the cuboctahedral cavity is more distorted upon
exposure of the FAPbI; film to CsI-DB21C7, which is consistent
with the incorporation of Cs™ ions into the perovskite lattice. For
the thin-film sample with gradient Cs doping, ssNMR further
confirms the incorporation of Cs*. Specifically, a sharp 133Cs
signal can be observed at 8 ppm, which would correspond to a
lower Cs* concentration of 6 at% (Fig. 3b, thin film). The FWHM
of the 1N sideband manifold is 48 kHz; this is intermediate
between those of pure FAPbI; and the sample mechanosynthe-
sized with CsI-DB21C7, which again is consistent with an
intermediate Cs™ concentration.

The concentration of CsT in the doped layer of FAPbI; is
further determined by the propensity for release of Cst from
CsI-DB21C7 into the perovskite, which was assessed by DFT
calculations. The complexation energy of CsI-DB21C7 was
calculated and compared to that of FAI-DB21C7 and
PbI,-DB21C7 (Supplementary Table 1). Complexation energies
of DB21C7-Cs™t (—2.22 eV) and DB21C7-FA+ (—1.68 V) show

NATURE COMMUNICATIONS | (2021)12:3383 | https://doi.org/10.1038/s41467-021-23566-2 | www.nature.com/naturecommunications 5


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

a higher stability of the Cs™ complex with respect to the FAT
complex, yet indicate that the formation of a crown ether-FA™
adduct, DB21C7-FA™, is also energetically favorable. In addition,
the large complexation energy of DB21C7-Pb2T (—8.93¢€V)
strongly suggests that such complexes could form on the surface
of FAPbI;, which would be further beneficial for the suppression
of uncoordinated Pb defects.

The dissociation of Cs* ions from the crown ether and its
incorporation into the perovskite phase are expected to cause
changes in the electronic structure of FAPbI;, which are further
analyzed via DFT calculations to assess the benefits of the gradient
doping. Accordingly, we considered 2 x 2 x 6 supercells of 16.7%
Cs-doped FAPbI; with three distinct distributions of Cs™ (models
M1-M3) (Fig. 3c, Supplementary Fig. 8b-e), which closely
corresponds to the experimental concentrations while enabling a
comparison of different distributions and pure FAPbI;. Although
the compositions are slightly different and we recognize the
limitation of the periodic models, the effect of the different doping
distributions can nevertheless be inferred. The M1 (1 x 4) model
was constructed by replacing an entire 2 x 2 layer of FAT by Cst.
Similarly, the M2 (2 x 2) model was constructed by replacing 2 FAT
cations in each of two adjacent layers by Cs™ ions. Lastly, the M3
(4 x 1) model was constructed by replacing one FA™ cation by Cs™
in each of the 4 layers. Models M1 (1 x 4) and M2 (2 x 2) represent
inhomogeneous surface treatment of FAPbI;, which do not show a
significant difference in the bandgap (1.28eV and 1.31eV,
respectively, as shown in Fig. 3c and Supplementary Fig. 8e)
compared to the pure FAPbI; (1.32€V), in accordance with the
experimental findings. The compositions represented by models
M1-M2 feature an FA-rich and a Cs-rich domain. The band edges
are found to be dominated by the Pb and I contributions from the
FA-rich region, which remains undistorted, hence maintaining the
band gap of FAPbI;. However, the bandgap of the Cs-rich region is,
as demonstrated by the corresponding projected density of states
(Supplementary Fig. 8¢, d), larger than that of the FA-rich region,
allowing for a more efficient charge extraction and lower
recombination. On the contrary, in the case of the more
homogeneously Cs-doped model M3 (4 x 1), a significant increase
in the bandgap is observed (Fig. 3d) due to considerable structural
distortion (octahedral tilting away from 90° to more orthorhombic
environments), which leads to shifts of both the VBM and
conduction band minimum (CBM; Supplementary Fig. 8e).

To investigate potential benefits of Cs™ incorporation for
defect passivation at the atomic level, we performed a DFT study
of a FAT vacancy-containing surface of FAPbI;. When the FAT
vacancy is present at the perovskite surface (Fig. 3d, Supplemen-
tary Fig. 8f, g), localized trap states were introduced in the vicinity
of both the VBM and the CBM, as a result of strong structural
distortions of the surface induced by the vacancy. Upon the
vacancy passivation by CsT, the VBM and the CBM states
delocalized and the gap became larger, resulting in a direct
passivation effect of the surface defects by CsT. In a similar
fashion, incorporation of Cs™ ions in the bulk of the perovskite
can passivate defects, thus hindering the recombination and
improving the photovoltaic performances. However, the gradient
structure enables this without compromising the resulting
optoelectronic properties, which is more beneficial for photo-
voltaic applications.

Photovoltaic performances and device physics. The device per-
formance of the corresponding perovskite solar cells was investi-
gated using the conventional configuration of FTO/compact TiO,
(~60 nm)/ mesoporous Li-TiO,:perovskite composite layer (~150
nm)/perovskite upper layer (~650nm)/ spiro-OMeTAD (~150
nm)/Au (~70 nm)36. The perovskite layers were based on both

FAPbI; and a more widely used FAPbI;-rich composition of
(FAPDI;)097(MAPbBr3) 03, to illustrate the generality of the
approach. The DB21C7-Csl target treatment is compared with
undoped control samples, homogeneously Cs* doped samples and
DB21C7 treated samples. Experimental details are provided in the
Methods and photovoltaic (PV) performance is illustrated in Fig. 4
and Supplementary Figs. 10-12. The treatment significantly
improves the performance of PSCs compared to that of the controls
(without doping; Fig. 4a). This is particularly reflected in the Voc,
which is improved from 1.08 +0.01 V to 1.17£0.01 V and the fill
factor (FF), which improves from 75.7+0.9% to 79.7 +£0.9%,
resulting in a significant improvement of the power conversion
efficiency (PCE) (average) from 20.56+0.21% to 23.62 +0.43%.
Current density-voltage (J-V) curves of the champion devices
(Fig. 4b and Supplementary Fig. 10) show that the target (gradient-
Cs-doped) device exhibited a Vo of 1.17 'V, a short-circuit current
(Jsc) of 25.50 mA cm 2, a fill factor of 81.9%, and a PCE of 24.30%
for (FAPDbI;)y9,(MAPDbBr3)g03 composition, while the control
device showed an overall PCE of 21.20% with a Vo of 1.09V, a Js¢
of 25.60 mA cm™2, and a FF of 75.9%. We further ascertained these
values by recording scan-speed-independent maximum power
point tracking (MPP) measurements (Fig. 4b, insert) corresponding
to PCEs of 20.5% and 23.9% for the control and target PSCs,
respectively.

The target PSCs show much higher performance than for the
homogeneous Cs-doped perovskites!”-18, which further demon-
strates the advantages of the approach (Fig. 4a). Furthermore,
after releasing the Cs™ ions, the remaining crown ether
assemblies also play a passivating role as a modulator of surface
defects, further improving the PSC performance (Fig. 4a). This is
in accordance with the binding mode previously assessed by
solid-state NMR spectroscopy and DFT calculations. Conse-
quently, the synergistic effect of the Cs' gradient structure and
crown ether surface modulation contribute to the significant
improvement of photovoltaic performances through a multi-
modal host-guest complexation approach, i.e., beneficially
affecting both bulk and surface properties. This strategy could
also be employed in the delivery of other alkali metal cations!%20,
which we demonstrate by using Rb' ions (Supplementary
Fig. 11); however, we note that since, unlike Cs*, Rb* has been
shown not to incorporate into bulk perovskites by occupying A
cation sites, rather passivation of grain boundary defects by Rb*-
rich phases is the most likely mechanism in this case, as
previously indicated®’. Moreover, we further illustrate the
generality of the approach by fabricating different perovskite
compositions, both Br/MA-based and Br/MA-free FAPbI;
(Supplementary Fig. 12a). We note that the perovskite composi-
tions based on excess A-cations (such as FAI) are not the subject
of this investigation. The Jsc value obtained from the J-V
characteristics matches (within 2%) the integrated currents
obtained from the external quantum efficiency (EQE; Supple-
mentary Fig. 12b), excluding any significant spectral mismatch
between our simulator and the AM1.5 G solar source.

We further investigated the origin of the improved photo-
voltaic performance by performing time-resolved photolumines-
cence (TRPL) measurements to study the carrier transport and
recombination at the perovskite layer deposited on microscope
glass substrates. To evaluate the TRPL data we applied a kinetic
model described in our previous study?’. Assuming a negligible
surface recombination rate, we calculate the average monomo-
lecular bulk recombination constant k; to be 2.3 x 105 s~! for the
control and 1.4 x 10° s~! for the target Cs-doped film (the TRPL
data and the fit curves are shown in Supplementary Fig. 13). This
indicates that the nonradiative recombination channels in
perovskite films have been suppressed by the treatment, which
was further demonstrated by the increased perovskite emission in
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Fig. 4 Photovoltaic device performance. a Photovoltaic metrics of devices without Cs doping (control), with homogeneous Cs doping, after treatment with
DB21C7-Csl (target) and after just crown ether (DB21C7) treatment. b J-V curves of the champion control and target PSCs. The inset shows the maximum
power point tracking data. An anti-reflection coating was used for the champion devices. ¢ Photoluminescence spectral photon flux ® measured on full
devices. d Breakdown of losses derived from the J-V curves in b; radiative Jsc and V¢ losses are shown in green and grey, respectively; non-radiative Voc

and FF losses in black and red; transport losses affecting FF in blue.

the cathodoluminescence (CL) mapping (Supplementary Fig. 14)
and decreased ideality factor n (from 1.51 to 1.41; Supplementary
Fig. 15). These changes are expected to be further reflected by the
quasi-Fermi level splitting (AEg) which represents the upper limit
for the Vo383, For this we measured the absolute spectral
photon flux @ in an integrating sphere (Fig. 4c) and derived the
PL quantum yield (PLQY) according to the method described in
de Mello et al.%0, AEg was determined by AEp = q Ve raa + ks T In
(PLQY), where g is the elementary charge, V. .4 the radiative
limit of Voe, kg the Boltzmann constant, and T the device
temperature (25°C). The determination of Vi...q from the
absorbance spectrum (Supplementary Fig. 16) is described in
detail in our previous work®” (the values are shown in
Supplementary Table 2). AEg for the control device is 1.09 eV
and for the target device 1.17 eV which is in very good agreement
with the measured V¢ (Fig. 4a). This confirms that the Voc
improvement originates mainly from a AEg increase, and thus
from a reduction in non-radiative recombination. Further
analysis of the PL spectra*! reveal no significant contribution
arising from Urbach energy and radiative-recombination V¢
limit differences (Supplementary Fig. 16 and Supplementary
Table 2).

The origin of the performance improvement is further
analyzed by investigating the devices’ diode characteristics (as
detailed in Supplementary Note 2, Supplementary Figs. 17 and 18,
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and Supplementary Tables 3 and 4). The analysis of performance
losses (Fig. 4d) shows that a significant improvement in non-
radiative losses is observed, decreasing from 20.2% in the control
device to 12.6% in the target device, confirming the role of the
reduction of non-radiative recombination as the main driver for
the performance improvement observed here. Meanwhile, a
notable improvement in transport losses (10.7% to 5.2%) is also
observed, arising from decreases in series resistance and ideality
factor, which are both traced to the suppression of interfacial
defects or barriers*2. The suppression of interfacial defects is also
relevant to the overall stability of the resulting devices.

Stability and environmental impact. We investigated the stabi-
lity (shelf life) of the perovskite films and the corresponding
devices by exposing the films to an ambient air environment of
60 £10% relative humidity and temperature of 25+1°C,
respectively (Fig. 5a-b). The monthly average humidity during
the aging test is presented in Fig. 5b. The Cs-complex surface
treatment was found to significantly enhance the stability under
these conditions, as the target perovskite film was stable in air for
more than one year (380 days), while the control film degraded
completely within 5 days. In addition, we probed the long-term
operational stability of the unencapsulated PSCs under one-sun
illumination by maximum power point tracking (Fig. 5¢c). The
target device exhibited very high photostability, maintaining
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Fig. 5 Stability and enviromental impact. a Ambient stability of the control perovskite film (left) and target perovskite film (right) based on the evolution
of the XRD patterns of the perovskite films stored in an ambient environment for various times. b The average relative humidity during the aging process in
Lausanne, Switzerland. € Maximum power point tracking measured with the unencapsulated device under full solar illumination (AM 1.5 G, 100 mW cm~—2
in Ny, 25 °C). d Thermal stability of perovskite devices at an elevated temperature of 85 °C. e Assessment of lead leakage upon immersing solar cells into
water. The PCE refers to the steady-state efficiency. The concentration of lead in water was determined by inductively coupled plasma optical emission

spectroscopy (ICP-OES) measurement.

>95% of its initial PCE over 500 h of illumination, whereas the
control device degraded to 80% of initial PCE in the first 300 h.
The enhanced ambient and operational stability can be attributed
to a lower concentration of defects at the interface between
the hole transport material and the perovskite absorber, as well
as to fewer impurities (including excess PbL!! and non-
perovskite polytypes) on the surface and in the bulk of FAPbI;,
caused by CsT infusion via the host-guest complexation and the
corresponding nanostructures. Finally, the devices maintain
>90% of their operational stability over 300 h at elevated tem-
peratures of 85°C (Fig. 5d). Under these accelerated aging con-
ditions, the stabilities of the control and treated devices are
comparable, which is likely due to the bulk becoming
more homogeneous, whereas the surface still retains a local Cs-
rich gradient structure as indicated by the elemental mapping
(Supplementary Fig. 19). Moreover, the capacity for competitive
complexation of Pb cations (Supplementary Table 1) enables lead
leakage to be suppressed, which has been probed by immersing
the solar cells in water and quantifying the lead content, showing
that presence of the crown ether hosts mitigates the detrimental
environmental impact of lead (Fig. 5e). This has been shown for
the optimal concentrations of the crown ether used in the solar
cell fabrication, which is rather low, and increasing this content is
likely to further suppress the environmental impact of lead.
Treatment with Cs-crown ether complexes therefore provides a
versatile approach for the enhancement of performance and
stability of perovskite-based devices, while reducing their envir-
onmental impact by virtue of multimodal host-guest complexa-
tion, suggesting wide-ranging applications.

Methods

Materials. Lead iodide (Pbl,) is purchased from Alfa Aesar. Formamidinium
iodide (FAI) and titanium dioxide paste (TiO,—30 NRD) are purchased from
Greatcell. 2,2/,7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino] —9,9’-spirobifluorene
(Spiro-OMeTAD) is purchased from Xi’an Polymer Light Technology Corp.
Methylammonium lead tribromide (MAPbBr;) purchased from Share Chem.
Ultra-dry dimethylformamide (DMF), dimethyl sulfoxide (DMSO), ethanol
(EtOH), and chlorobenzene (CB) are purchased from Acros. Dibenzo-21-crown-7
(DB21C7), cesium iodide (CsI), cesium bromide (CsBr), cesium fluoride (CsF),
cesium chloride (CsCl), 4-tert-butyl pyridine (TBP), lithium bis(trifluorosulfonyl)
imide (LiTFSI), acetonitrile (ACN), acetyl acetone, titanium diisopropoxide bis
(acetylacetonate) 75 wt.% in isopropanol, and methylammonium chloride (MACI)
are purchased from Sigma-Aldrich. Fluorine-doped tin oxide (FTO) (10 Q/sq)
conductive glass is purchased from Nippon Sheet Glass (NSG). All the chemicals
are used as received without further purification.

Synthesis of CsX-DB21C7 complex. CsX-DB21C7 complex (X=F, Cl, Br, I) is
synthesized by mixing DB21C7 and CsX with 1:1.2 mole ratio in 1 mL dry
chlorobenzene and stirring at 50 °C for 7 days. The solution was filtered to obtain a
nearly quantitative amount of the complex, which was used for device fabrication.
The concentration of CsX-DB21C7 solution is controlled by the amount of
crown ether.

Preparation of perovskite precursor solution. For (FAPbI;),,(MAPbBr3) 3
precursor solution preparation, a mixture of Pbl, (735 mg), FAI (252 mg),
MAPbDBr; (21 mg), and MACI (30 mg) is dissolved in 1 mL mixed solution of DMF
and DMSO (volume ration of DMF/DMSO of 4:1). For the homogeneously doped
perovskite, 50 gL CsI solution (390 mg/mL in DMSO) is added to the 1.1 mL above
(FAPDI3)0.97(MAPbBr3)003 precursor solution to prepare ~4 at% Cs-doped per-
ovskite film. For pure FAPDI; precursor solution preparation, a mixture of Pbl,
(755 mg), FAI (252 mg), and MACI (40 mg) is dissolved in 1 mL mixed solution of
DMF and DMSO (volume ration of DMF/DMSO of 4:1).
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Device fabrication. FTO substrates are cleaned using 2% Hellmanex aqueous
solution, deionized water, acetone, and ethanol consecutively by sonicating for 20
min for each solvent. After drying with compressed air, UV-Ozone treatment for
15 min is applied for further cleaning. Compact TiO, (c-TiO,) is deposited on top
of FTO using spray pyrolysis method: the substrates are preheated to 450 °C; a
precursor solution of titanium diisopropoxide bis(acetylacetonate), 75 wt.% in
isopropanol is diluted with ethanol with a volume ratio of 1:9 and the addition
of 4% volume ratio of acetylacetone. After spray pyrolysis, the FTO/c-TiO, sub-
strate is allowed to heat at 450 °C for 30 min before cooling down to room tem-
perature. Mesoscopic TiO, (mp-TiO,) is applied by spin-coating a diluted solution
of 30 NR-D paste (mass ratio of paste:ethanol = 1:10) at 4000 rpm with the
acceleration of 2000 rpm/s, followed by sintering at 450 °C for 60 min to obtain
mp-TiO, substrate. 0.1 M LiTFSI solution is then coated on the mp-TiO, according
to our previous report3®. Another sintering process at 450 °C for 30 min is per-
formed. The Li-treated mp-TiO, is transferred to dry box for device fabrication
intermediately. The perovskite active layer is deposited using antisolvent method.
The corresponding perovskite precursor solution is deposited on the freshly pre-
pared FTO/c-TiO,/mp-TiO, substrate with a two-step spin-coating method at
1000 rpm for 10 s and followed by 5000 rpm for 25s. 200 pL of diethyl ether is
applied at the last 10 s. After spin-coating, the substrate is allowed to anneal at 150 °C
for 10 min, then 100 °C for 10 min. The whole procedure is done in a glovebox filled
with dry air. The CsX-DB21C7 treatment is conducted by coating the as-prepared
perovskite with a solution of CsX-DB21C7 complex solution (100 pL) with various
concentration. The solutions are kept on surface of the perovskite film for 2's, and
substantially spin-coated at 4000 rpm for 30s. The treated perovskite films are
annealed at 100 °C for 5 min. The optimized concentration is 8 mg/mL. Later, the
perovskite films are washed with 100 uL CB five times (the effects of the antisolvent
are excluded by comparison in a control experiment; Supplementary Fig. 20). The
doped spiro-OMeTAD solution was spin-casted on the surface of the perovskite at
4000 rpm with acceleration of 2000 rpm/s for 30s. Spiro-OMeTAD is dissolved in
chlorobenzene with a concentration of 90 mg/ml, which is doped by 23 ul LiTFSI
(520 mg/mL in CH;CN) and 39.5 pl 4-tert-butyl pyridine, and 10 ul FK209 (375 mg/
mL in ACN). The whole procedure is carried out in a glovebox filled with dry air
(temperature < 28°C; relative humidity <15%). The device fabrication is completed
with deposition of gold electrode (~70 nm) by evaporation.

Photovoltaic performance measurements. The prepared perovskite solar cells
were measured using a 300 W Xenon light source from Oriel. The spectral mis-
match between AM 1.5 G and the solar simulator was calibrated by a Schott K113
Tempax filter (Prazosopms G; as & Optik GmbH). Before each measurement, the
exact light intensity was determined using a calibrated Si reference diode (certified
and calibrated by Newport Corporation PV Lab, Bozeman, MT, USA) equipped
with an infrared cut-off filter (KG-3, Schott). Keithley 2400 is used for the
current-voltage scan by applying an external voltage bias and measuring the
response current with a scan rate of 50 mV/s. The device area was 0.25 cm?

(0.5 cm x 0.5 cm). The cells were masked with a black metal mask with an area of
0.16 cm?. No preconditioning (e.g., bias and light soaking) was used for the pho-
tovoltaic measurement. External quantum efficiency (EQE) was recorded with a
commercial apparatus (Aekeo-Ariadne, Cicci Research s.r.l.) based on a 300 W
Xenon lamp. Stability of the cells was measured under a white light-emitting diode
lamp with biologic MPG2 potentiostat and was performed under open air. The
device area is masked to around 0.13 cm?2. The spectral mismatch between AM 1.5
G and the solar simulator was calibrated by a Schott K113 Tempax filter, whose
light intensity is calibrated with a silicon diode. The light intensity is around

100 mW cm~2, and the actual current is adjusted according to in-time calibration
result from the silicon diode. The stability data is acquired from MPP tracking of
unencapsulated device under a continuous nitrogen flow at 25 °C.

GIWAXS and pXRD measurements. X-ray scattering experiments were done at
beamline P08 at PETRA III (DESY) with a photon energy of 18 keV under nitrogen
atmosphere. The beam size was 100 um in vertical direction and 500 pm in hor-
izontal direction. GIWAXS data were measured with a PerkinElmer XRD1621 area
detector under various angles of incidence. Powder X-ray diffraction (pXRD)
spectra were recorded on an X’Pert MPD PRO (PANanalytical) equipped with a
ceramic tube providing Ni-filtered (Cu anode, A = 1.54060 A) radiation and a
RTMS X’Celerator (PANalytical).

SEM and EDX measurements. The morphologies and element mapping of the
films were characterized using high-resolution scanning electron microscope (Zeiss
Merlin) with an in-lens detector.

STEM-EDX measurements. Transmission electron microscopy (TEM) investi-
gations were undertaken to study the microstructure and chemical composition
using a Thermo Fisher Tecnai Osiris electron microscope under 200 kV accel-
erating voltage. Energy dispersive X-ray spectroscopy (EDX) elemental mapping
were carried out using the TEM-attached 4 super-detectors, combining with high
angle annular dark field (HAADF) images in scanning transmission electron
microscopy (STEM) mode with a spot size of 0.5 nm and step size of 1.0 nm. TEM

lamellae are extracted and thinned down using Focused Ion Beam (Gemini NVi-
sion 40) at 30 kV and finally polished at 5kV.

PL, TRPL, and UV-Vis measurements. UV-Vis absorptions were measured using
Varian Cary 500 spectrometer (Varian USA). Photoluminescence lifetime (TCSPC)
was measured using an Edinburgh Instruments lifespec II fluorescence spectro-
meter; a picosecond pulse diode laser (EPL-510, excitation wavelength 510 nm,
pulse width <60 ps, fluence <3 nJ/cm?) was used. Photoluminescence spectral
photon flux was measured using an Andor Kymera 193i spectrograph and a 660
nm continuous-wave laser set at 1-Sun equivalent photon flux (1.1 pm beam full-
width half-maximum, 632 uW); photoluminescence was collected at normal inci-
dence using a 0.1 NA, 110 pm-diameter optical fiber.

XPS measurements. XPS measurements were performed with a PHI VersaProbe
II scanning XPS microprobe using a monochromatic Al Ka X-ray of 24.8-W power
with a beam size of 100 mm. Core-level signals were obtained at 45° take-off angle.
All peaks were calibrated using C 1s peak at 284.8 eV to correct charge shift of
binding energies. Curve fitting was performed using the PHI MultiPak software.
Depth profiling etching speed was calibrated using Si as standard. The Cs diffusion
length is estimated by combing the I 3d level XPS depth profiles and cross-sectional
SEM image of treated perovskite film. In detail, the average thickness of treated
perovskite film is calculated to be 820 + 80 nm from the cross-sectional SEM in
Supplementary Fig. 4b. The I 3d signal can only be detected at layer 22 in the XPS
depth profiles. So, the sputtering thickness for each layer is 37.3 + 3.7 nm. Con-
sidering the Cs 3d signal can only be detected at layer 13, the Cs diffusion length in
the treated perovskite is calculated to be 484 + 49 nm. An ultraviolet photoelectron
spectrometer (UPS) equipped with a He-I source (hv = 21.22 eV) (AXIS Nova,
Kratos Analytical Ltd, UK) was used to determine the valence band energy and
Fermi-level.

Solid-state NMR measurements. Room temperature 133Cs (118.04 MHz) and
14N (65.37 MHz) NMR spectra were recorded on a Bruker Avance 400 MHz Neo
21.1 T spectrometer equipped with a 3.2 mm low-temperature CPMAS probe.
133Cs shifts were referenced to 1 M aqueous solution of CsCl, using solid CsI (6 =
271.05 ppm) as a secondary reference. 133Cs spectra were recorded with a Hahn
echo and the following recycle delays: Csl, 5s; CsI-crown ether complex, 1s;
mechanosynthesised and thin film perovskite samples, 15s. 14N spectra were
acquired with a Hahn echo and a repetition time of 53 ms. 14N spectra were
referenced to solid NH,CI (0 ppm) at 298 K.

Liquid TH NMR measurements. !H NMR spectra of Cs-DB21C7 complex was
conducted on a proton nuclear magnetic resonance spectrometer (NMR, Avance
400, Bruker) using dichloromethane-d, as solvent at ambient temperature (300 K).

TOF-SIMS measurements. The TOF-SIMS measurements (Model TOF-SIMS V,
ION-TOF GmbH) were performed with the pulsed primary ions from a Csp

(10 keV) for the sputtering and a Bi™ pulsed primary ion beam for the analysis
(25 keV).

Cathodoluminescence (CL) measurements. CL spectra were acquired on the
Attolight ROSA 4634. CL SEM operating at 2 keV with the sample held at stage
temperature of 10 K in a vacuum of <10~7 Torr with probe current of a few 100 s
pA. CL signal integrated for 1 ms per pixel. The spectrometer centered at 900 nm
with spectral range from 622 to 1176 nm. Sample is kept slightly out of focus to
even out the dosis distribution in each pixel. Because the sample is very sensitive to
beam damage, we ensure to expose each area only once with the electron beam,
during acquisition of the CL map. SE images to retrieve morphology are acquired
posteriori. Hyperspectral maps were acquired with 128 x 128 pixel resolution, a
pixel size of 104 nm, and a pixel dwell (spectrum exposure) time of 1 ms. The
average center emission wavelength for each sample type was determined and false
colored CL emission maps were reconstructed from deconvoluted CL intensity
counts in the pixel spectra by subtracting the background and fitting the center CL
emission peak with a Gaussian function.

Lead leakage test. A piece of a perovskite solar cell (substrate size: 14 x 17 mm)
was immersed into 40 ml deionized water. The concentration of the Pb>* were
determined using a ICP-OES 5110 (Agilent) instrument.

Computational methods. For calculating the relative energies between polytypes,
we used supercells of 144 atoms for each poly-type of FAPbI;. To understand the
effect of Cs on stabilization of cubic phase, we computed the relative energies
between the cubic phase and 4H polytype by doping different Cs concentrations
into cubic phase and 4H. All the structures are reported in the Supplementary
Figs. 21-23. For calculating energies, we performed variable-cell DFT calculations
with Perdew-Burke-Ernzerhof (PBE)*? functional with D3-vdW*#* dispersion
corrections. The Quantum Espresso?> package is used for the DFT calculations
with ultra-soft pseudo-potentials for valence-core electron interactions with k-
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point sampling (3 x 2 x 1 grid for delta phase, 3 x 1 x 2 grid for 4H, 3 x2x 1 grid
for 6H and 1 x 1 x 2 grid for cubic phase) with a plane wave basis set of 60 Ry
kinetic energy cutoff and 420 Ry density cutoff. To obtain DFT-optimized structure
of CsI-DB21C7, we have used PBEsol#¢ functional with D2-vdW dispersion
corrections* using the ultra-soft pseudopotentials for valence-core electron
interactions and a k-point sampling (8 x 3 x 4) with a plane wave basis set of 40 Ry
kinetic energy cutoff and 280 Ry density cutoff. Complexation energies of
DB21C7-Cs*, DB21C7-FA™, and DB21C7-Pb%* were calculated for the gas
phases of the reactants and the products, based on Generalized Gradient
Approximation (GGA) of density functional theory, employing the PBE
functional®* within the CPMD package*’. Valence—core electron interactions were
modeled via norm-conserving pseudopotentials in a simulation box of 50 x 50 x 50
A3 together with a 100 Ry kinetic energy cutoff. The structures of Cs-doped cubic
FAPbI; were optimized at DFT level using the PBEsol functional*® within the
Quantum Espresso suite?®. To study the effect of different doping models, 2 x 2 x
6 supercells of cubic FAPbI; were used. The model 1 x 4 was constructed by
replacing an entire 2 x 2 layer of FA* by Cs™. Similarly, the model 2 x 2 was
constructed by replacing 2 FA™ cations in 2 layers by Cs™ ions. Lastly, the model
4 x 1 was constructed by replacing one FA™ cation by Cs* in each of the 4 layers.
To study the effect of CsT on defects at the perovskite surface, FAI-terminated
slabs of cubic FAPbI; were employed. FAT vacancy-containing slab was created by
removing one FA™ from the surface. Cs*-treated slab with a FAT vacancy was
created by filling the FA™ vacant site by a Cs* ion. A vacuum gap of 25 A was used
for all slab structures to prevent interaction of the slab images. A k-point grid of
2x2x1 (4x4x1 for post processing analyses) and ultra-soft pseudopotentials for
valence core electron interactions with a plane wave basis set of 60 and 420 Ry
kinetic energy cutoff for the expansion of the wavefunction and the density,
respectively, were employed for both bulk and slab structures. The hybrid PBEO
functional*® was utilized to calculate band gaps taking also spin orbit coupling
(SOC) effects into account, with norm-conserving pseudopotentials of 80 Ry
wavefunction cutoff and 320 Ry density cutoff. To compare valence band max-
imum and conduction band minimum of different configurations, energy levels
were aligned with respect to the energy levels of 5d orbitals of Pb atoms.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Data that support the findings of this study are available in Supplementary Data Files in
the Supplementary Information section. All relevant data are available at https://doi.org/
10.5281/zen0d0.4768098 under the license CC-BY-4.0 (Creative Commons Attribution
4.0 International). Source data are provided with this paper.
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Organic Spacers in 2D Perovskites: General Trends and Structure-
Property Relationships from Computational Studies
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Addition of large organic molecules to halide perovskites has been shown to provoke dimensionality
reduction and formation of two-dimensional phases that demonstrate improved long-term stabilities.
Optoelectronic properties of the resulting 2D layered perovskites are strongly influenced by the chemical nature
of the additive molecules, which opens immense possibilities for preparation of materials with tailored
properties. However, given the huge chemical space of possible organic spacers, a systematic and exhaustive
search for optimal compounds is impossible and general structure-property relationships that could guide a
rational design are still largely absent. Here, we provide an overview of a series of recent computational studies
from our group on different types of spacers. We first develop a simplified universal monovalent cation model to
map out approximate structural stability maps as a function of the van der Waals radius and the magnitude of
dispersion interactions to monitor the possible emergence of 2D phases. We further provide structural and
photophysical insights from classical and first-principles molecular dynamics simulations and density functional
theory calculations on 2D hybrid perovskites based on a wide range of spacers with different chemical nature
and varying conformational properties. Our computational predictions are validated through comparison with
powder diffraction, conductivity and optical measurements. Such comparative study allows for providing some
general structure—property correlations, which can serve as design guidelines in the search for optimal 2D and
mixed 2D/3D perovskite photovoltaic materials.

Keywords: 2D hybrid perovskites, ab initio calculations, ab initio molecular dynamics, compositional engineer-
ing, density functional theory, organic additives, perovskite phases.

emerging routes to improve the stability of these

Introduction materials, is the introduction of 2D layered Hybrid

Hybrid Organic-Inorganic Halide Perovskites (HOIHP)
of the general formula ABX;, with A being a
monovalent cation (Cs*, methylammonium (MA™)
CH3NH;3 *, formamidinium (FA™') CH(NH,), ", or guani-
dinium (GUA™) C(NH,); "), B representing a divalent
cation (Pb?Tor Sn®™), and X featuring a halide anion
(I", Br~, or CI7), have been known now for nearly a
decade as promising candidates for solar cell applica-
tions with outstanding electronic and transport
properties. Meanwhile, their limited stability presents
an unsolved issue that currently prevents their large-
scale commercialization.'"3! One of the recently

Perovskites (2DHP) that are formed upon addition of
cationic organic ligands of larger size and/or bulkier
shapes than the commonly used organic cations (i.e.,
MA* and FA1)."*7 This increase in size of the
monovalent cation evidently leads to an interesting
transition from 3D to 2D semiconductors in two most
commonly formed phases of the Ruddlesden-Popper
(RP) (Y)»(A),_1B,X3,,¢ or the Dion-Jacobson (D))
Y(A),_1B, X3, 1 type.”""" RP systems are composed
of double layers of organic ligands that anchor to and
impose a relative offset of adjacent inorganic slabs
consisting of n layers of Pb—| octahedra (Figure 1,a).
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AVA

Figure 1. Investigated organic spacers (a), and representative examples of an RP of AVA,(MA),_,Pb,ls, ., for n=1-3 (b) and a DJ

phase of BFA,Pbsl;, (c).

In DJ phases on the other hand, a single layer of bi-
functional ligands (Y) separates two consecutive
inorganic frameworks (Figure 1,b) resulting in general
in a thinner organic layer, and consequently higher
orbital overlap, and improved transport properties
compared to their RP counterparts.''~">! 2D layered
materials in general present longer carrier lifetimes
compared to their pure 3D analogues, as a conse-
quence of spatial confinement and image charge
effects as well as higher exciton binding energies (for
the lower n values), which offers possibilities for
tailoring the exciton-binding energies (EBE) by play-
ing with the thickness of the inorganic framework
and the nature of the organic ligand.>'6-8

Extensive research has been conducted in an
attempt to unravel different characteristics of both RP
and DJ phases of 2DHPs ranging from structural to

electronic and finite temperature properties as a
function of n.”#11-13 Some of the ligands that have
been examined so far include ammonium ions of
aliphatic or aromatic hydrocarbon molecules with
either linear or more bulky shapes, such as butylam-
monium (BA),®'”! phenethylammonium (PEA),2°-22
hexylammonium  (Hex),'”>?*  anilinium  (Anyl),!*
benzylammonium,'?®! (adamantan-1-yl)methanammo-
nium (A), adamantylammonium (A—prime),[27'28] or
(1,4-phenylene)dimethanammonium (PDMA),12*3% as
well as functionalized spacers with hydrogen-bond-
ing possibilities such as 4-ammonium butyric acid (4-
ABA),*" and 5-ammonium valeric acid (5-AVA),132-37]
guanine,®® and naphthalene diimide (NDI).B* It is
however worth noting that in many of the cases
listed above, pure 2-dimensional perovskites have
been observed to form merely in the case of lower n
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values, i.e., in a limited range of inorganic layer
thickness (or in some cases even only for n=1)
whereas mixed 2D/3D phases are evidently formed
for higher n.?7-3%4% This can be rationalized by a
direct correlation between the thickness of the
inorganic layer and the enthalpies of formation of
2DHP,12839 that becomes increasingly unfavorable
with respect to the 3D counterpart as a function of n.
In addition to the interplay between the inorganic
layer thickness and the enthalpies of formation, EBEs
of these systems also vary with the inorganic thick-
ness as formerly mentioned (e.g. for BA-based
systems, EBEs vary between 470 and 125 meV for n=
1-4)#142 |ncreasing n also leads to a considerable
charge mobility increase,**! in agreement with ab
initio calculated hole and electron effective
masses.?®3% |n addition, mixing MAPbI; with t-BA-
based 2DHPs has been reported to help mitigate
moisture instability.*? A band gap opening accom-
panied by octahedral distortion away from cubic
symmetry was observed in BA-based 2D systems
upon fluorination of the spacers,! as well as in
Pb—Sn 2DHP systems.8! Charge transport properties
of 2D halide perovskites have been characterized by

time-resolved  microwave  conductivity (TRMC)
measurements,***”! and modeled by calculating the
effective  masses through the band transport

model.223% Owing to the mostly insulating nature of
the organic spacer layer, charge transport in the
direction perpendicular to the inorganic layers (out-
of-plane direction) through the organic layer is found
to be an order of magnitude slower than within the
inorganic sheets (in-plane direction).”! Accordingly,
reported effective masses for the out-of-plane direc-
tion largely suggest the break-down of the band
model of transport. The effective masses in the in-
plane directions on the contrary, are comparable to
those in 3D halide perovskites and decrease as the
thickness of the inorganic layer increases.®283C
Notable exceptions to this trend are cases where the
organic spacer directly contributes to the band
edges, such as in the NDI molecules, some oligothio-
phenes and pyrene.53%48 Despite recent improve-
ments of the performance of 2D layered perovskites,
for instance by suitably orienting perovskite crystal-
lites, the power conversion efficiencies of such
systems remains in general much lower compared to
3D perovskites, due to shorter diffusion lengths
orthogonal to the inorganic plane and consequently,
large band gaps.['>4*°% Despite lower efficiencies, 2D
systems exhibit substantial stability improvements. In
particular, moisture and thermal stability increases
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have been reported for lower n values of FA-based
2DHP 16203549 |5 addition to the formation of pure 2D
systems, organic ligands can form mixed 2D/3D
structures and can also act as surface passivating
layers. In this regard, the emergence of one-year
stable AVA-based 2D/3D perovskite in 2017 is partic-
ularly notable.’®*

Organic ligands have also been utilized for
anchoring the perovskite material to the electron
transporting layer (ETL) as well as cross-linking
perovskite grains leading to substantial efficiency
improvements from 8.8% to 16.7% that are attrib-
uted to a more uniformly crystallized perovskite.>" 5-
AVA for which we recently reported structural and
optoelectronic properties of MA-based RP phases,>”
was early on employed as anchoring component on
TiO, (ETL) in perovskite devices. An efficiency of 12%
due to improved retardation in charge recombination
was attained for the HOOC-(CH,);-NH;* anchoring
ligand.B®!

In a nutshell, 2DHPs have opened new avenues
towards a next generation of efficient and more
stable HOIHPs by providing a tailorable length of the
quantum well and a tunable degree of hydrophobic-
ity through an appropriate selection of both size and
type of the organic ligands.*'#%3%53 However, de-
spite numerous studies on the efficiency and stability
of 2DHPs, general designing guidelines for producing
materials with desired properties are mostly lacking.
Herein, we summarize computational results on
different 2DHP systems (with n=1-3), studied pre-
viously by our group, composed of both monovalent
(BA, 5-AVA, A and A-prime) and bivalent (PDMA)
ligands, including aliphatic (BA), aromatic (PDMA)
chains, bulky ligands (A and A-prime), as well as
ligands containing functional groups (AVA; Figure 1,c),
that result in different structural and electronic
properties. We present a general computational
methodology to predict structures of 2DHPs, which
can also be used in turn to help resolve the complex-
ity of experimentally observed samples. Eventually,
we provide a series of designing principles based on
structure—property correlations in 2DHPs.

Methods
Structural and Electronic Properties of 2DHPs

Classical molecular dynamics (MD) simulations were
performed to predict initial structures using the
Generalized Amber Force Field (GAFF),®**! for mod-
eling interactions between the ligands and the
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previously reported parameters for Pb and [,°7)

within the LAMMPS suite of codes (31 Mar 2017).°®
Trial structures were first optimized with a conjugate
gradient (CG) algorithm followed by an equilibrium
run in an isothermal-isobaric ensemble at higher
temperatures (up to 500 K). After the system reaches
the finite temperature, a 30 ns constant temperature
run was performed and quenched to 0 K. More details
on the MD computational scheme can be found.[283%
To calculate the electronic properties, the Generalized
Gradient Approximation (GGA) of Density Functional
Theory (DFT) was employed to find the lowest-energy
configurations of the structures obtained from classi-
cal MD with the Quantum Espresso package.®? To
optimize the cell and the coordinates, the Perdew-
Burke—-Ernzerhof  functional revised for solids
(PBEsol),'®” was used. Dispersion corrections, that are
influential for systems containing large organic mole-
cules, were treated with the empirical D3 dispersion
correction.®” To calculate the electronic band gaps,
we employed a higher level of theory in form of the
hybrid PBEO functional with explicit incorporation of
spin-orbit coupling (SOC) effects.%*®3 For further
details of the electronic structure calculations includ-
ing k-points sampling, pseudopotentials and plane
wave wavefunction and charge density cutoffs that
vary depending on the specific spacer and the
corresponding 2D system, we refer the reader to the
detailed studies.?23%371 Additionally, to evaluate
transport properties, charge carrier effective masses
for each spacer-based system were calculated using
our in-house developed code based on a quadratic fit
of the 3D band structure.[%%

Structural Exploration of o-€ Space

Motivated by the fact that the introduction of large
monovalent cations triggers the emergence of 2D
layered perovskites,*~ " we first performed a purely
exploratory study to see what type of structures are
induced when the size of the monovalent cation is
systematically increased. To this end, we constructed a
simplified universal monovalent cation model, in the
form of a cationic spherical particle with a constant
charge + 1 but varying size described by the Lennard-
Jones parameter o (defined as the distance where the
interatomic Lennard-Jones potential is zero) and
different strengths of dispersion interactions, typified
by the parameter ¢ (representing the potential energy
well depth for van der Waals interactions). Naturally, in
this highly simplified model, interactions of the
monovalent cation are purely isotropic in contrast to
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the anisotropic nature of real cation/spacer systems.
The choice of a purely isotropic zero order model can
however, at least to a certain extent, be justified by
the fact that at room temperature, the anisotropic
nature of typical counterions such as MA and FA is
averaged out due to almost free rotation.6>66!

To construct a structural map in o-€ space, i.e., as a
function of the van der Waals radius and the
magnitude of dispersion interactions. a series of MD
simulations were performed within the LAMMPS
package,” for discrete combinations of o and «. Initial
cell dimensions and coordinates were constructed by
replicating unit cells of cubic-CsPbl;, 6-CsPbl; and &-
FAPbI; to construct fully periodic supercells of 1715,
1280 and 1620 atoms, respectively. To model Pb-I
interactions, a fixed-point charge potential initially
parametrized for CsPbl; was chosen,®”! which is
reported to well reproduce the corner-sharing Pb—I
octahedra of the perovskite phase, the edge-sharing
Pb—l octahedra of the 8-CsPbl; as well as the face-
sharing Pb—| octahedra of 8-FAPbI;. For the discretiza-
tion of the parameter space, eleven o values in the
range of 1.82-6.84 A were picked on a linear scale,
which covers ionic radii smaller than K™ and larger
than GUA™. For the € values a set of eleven points in
the range of 0.34-70 kcal/mol was scanned on a
logarithmic scale. LJ interactions between atoms of
different kind were calculated from Lorentz-Berthelot
mixing rules. Long-range electrostatic interactions
were treated through the Ewald summation with a
real-space cutoff of 6 A. The cutoff for van der Waals
interactions, however, was set to 17 A for supercells of
1715 and 1280 atoms, and 11 A for the supercell of
1620 atoms. Initial systems were primarily optimized
through CG, followed by NPT equilibration and around
10 ns production runs with a time step of 0.1fs. A
Nosé—Hoover thermostat that keeps the average
temperature equal to 300K and a Martyna-Tobias-
Klein (at 1 bar) with relaxation times of 50 fs were
employed.

Results and Discussion

As a preamble, we first discuss some general trends
obtained from the simple isotropic cation model. In
order to explore potential 3D as well as 1D and
possibly 2D phases composed of monovalent cations
with different ionic radii and intermolecular interaction
strengths, we performed MD simulations based on
a(cubic)-CsPbl;, 6-CsPbl; and &-FAPbI; crystal struc-
tures as starting points. The results are summarized in
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Figure 2. Remarkably, even with this simple model,
various experimentally known 3D phases can be
reproduced. In an intermediate 0 and € range, the
cubic perovskite structure (dark blue area in Figure 2)
is a (meta)stable minimum that transforms into a more
distorted orthorhombic phase for either smaller cation
sizes (as known experimentally) or stronger dispersion
interactions. Furthermore, a large portion of the
existence region of the perovskite structures is over-
lapping with the one of &-phases (green areas in
Figure 2), derived from CsPbl; for smaller cations,
respectively from FAPbI; for larger cation sizes. Fig-
ure 2 also shows that the d-phases further extend to
higher € regions than the 3D perovskite structures
that have a much more limited stability range. Very
interestingly, over the scanned parameter space two
distinct overlapping regions of emerging (meta)-stable
2D phases were found, which originate either from &-
CsPbl; with edge-sharing Pb—| octahedra or from &-
FAPDbI; with face-sharing Pb—I octahedra, respectively.
The &-FAPbI; analogous 2D phase spans over cation
sizes corresponding to K* up to FA™ and for € values
ranging from 30-45 kcal/mol, whereas the 8-CsPbl;
like 2D phase exists in a smaller range of cation sizes,
yet over a larger range for €. As shown in the insets of
Figure 2, both phases consist of alternating layers of
cations and Pb—| networks, a characteristic feature of
2D perovskite phases. Therefore, when designing 2D
perovskite structures, the choice of cations with

£ NCRLYNH

Figure 2. (Meta)-stable structures for cations with varying size
(0) and vdW interaction strength (€) showing the approximate
existence ranges for crystal structures of cubic-CsPbls, 6-CsPbls
(edge-sharing) and 0-FAPbl; (face-sharing) as well as the
emergence of 2D layered structures. The symbols on the right
side indicate the approximate size range of realistic systems
from K™ to GUA™.
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respect to size and vdW interaction strength is
expected to fall into these regions located at the
borders of the stability range of the 3D perovskite
structure towards larger cations and/or higher dis-
persion interactions.

After these general considerations based on the
simple universal cation model, we will discuss the
properties of 2D perovskites in the case of various
realistic spacer molecules shown in Figure 1,a.

The prerequisite for any property calculation is an
atomic structure model. Unfortunately, in the case of
2D perovskite systems, only few atomically-resolved
crystal structures are available,®® and in the majority
of the cases reviewed here, the detailed structure is
unknown. To search for the most stable structures
computationally, we therefore first use classical finite
temperature MD simulations based on parameterized
force fields. The power of this approach is illustrated in
Figure 3 that shows that even starting with a structural
model that is not the most stable arrangement, MD
simulations of 2D phases with the A spacer are able to
predict a transition from the initial DJ-type structure to
a lower-energy RP-like arrangement through a gradual
annealing process as discussed in the Methods section.
Thus, starting from different initial trial structures in
combination with multiple simulated annealing runs
at the force field level, generates likely candidate
structures that then can be further validated and
refined at the ab initio electronic structure (DFT) level.
Depending on the chemical nature and possible
conformations of the spacers, a variety of prototype
configurations may be observed as the lowest-energy
2D phases. In the case of BA-based systems (an
example of aliphatic linear spacers and one of the few
cases where atomically-resolved crystal structures are
available!), different packing patterns were observed
and shown to slightly influence the electronic proper-
ties. On the contrary, in the case of functionalized
aliphatic spacers, the presence of a carboxyl group
results in the formation of an inter-spacer H-bonding
pattern that influences the inorganic framework and
the electronic properties of the system.”! Aromatic
linear spacers on the other hand may exhibit different
stacking patterns (e.g. -t sandwich or T-shape) that
further allows for tuning the structure and the
resulting properties. This feature was however not
observed for bulky spacers such as A and A-prime.

To validate our computational methodology for
predicting structures of 2DHPs, computationally ob-
tained structural and electronic properties were com-
pared with experimental results including X-ray pow-
der diffraction (XRD), GIWAX, Nuclear Magnetic
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Figure 3. Time evolution of the transition of A,Pbl, from a DJ-type to an RP-like arrangement from classical MD simulations.

Resonance (NMR) and optical measurements. In addi-
tion to excellent agreements between the measured
and the calculated XRD pattern, a maximum deviation
of only 10% from the GIWAX data was obtained for
the calculated cell parameters for B- and A-based
2DHPs.1283% An example of a perfect match particularly
for the low angle peaks, between measured and
calculated XRD, obtained for the AVA,(MA),_,Pb,ls,
(n=1),%" is illustrated in Figure 4,a. A detailed compar-
ison between experimental and calculated structural
properties (d;-spacing, penetration depth and octahe-
dral tilting) is given in®*”. We further verified the
proposed computational methodology by comparing
the calculated rotational dynamics of the spacers with
NMR findings. To this end, the autocorrelation function
(ACF) for the spacer orientation was calculated for the
A and B-based systems and found to agree with
measured quantities.[283C

Once validated, the properties of these structural
models have been evaluated and classified by a set of
unified structural, electronic, and transport parameters
that include: in-plane octahedral tilting (- angles in
two directions within the inorganic layer), thickness of
the spacer layer (d;) and penetration depth of the
organic layer into the inorganic network (given as
distance between the N atom of the ammonium
anchoring group and Pb atoms of the inorganic layer),
band gaps, and effective masses. Looking for possible
correlations between different properties of 2DHPs, we
first consider the two structural parameters penetra-
tion depth and in-plane octahedral tilting. These two
parameters are indeed found to have a strong and
essentially linear correlation as demonstrated in Fig-
ure 5 that shows the more cubic the structure of the
inorganic layer is (with octahedral tilting angles
approaching 90°) the deeper the organic spacer is
penetrating into the perovskite layer (i.e., the smaller
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Figure 5. Dependence of the in-plane octahedral tilting angles
on the N—Pb vertical distance (penetration depth) for MA and
FA based 2DHP.

the N—Pb distances are). This can be rationalized by
the fact that the interoctahedral space that hosts the
ammonium group of the spacer is largest for a
perfectly cubic arrangement and allows for a deeper
penetration. FA-based systems are more cubic than
MA-based 2DHPs as the 3D phase of FAPbI; is cubic at
room temperature, while MAPbI; adopts a tetragonal
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structure under ambient conditions. This difference is
reflected by the different slope found for MA-
compared to FA-based systems and is vanishing for
the n=1 structures that do not contain any of these
smaller organic cations. A parallel trend is found in the
corresponding electronic properties. As discussed
below, the band edges of 2DHP systems considered
here (that do not contain electroactive spacers>48)
are in general determined by the inorganic layer and
are of similar nature (i.e., the top of the valence made
up by antibonding iodide p and lead s orbitals and the
bottom of the conduction band consisting of anti-
bonding lead p and iodide s orbitals) as in their 3D
analogues.® Since the antibonding overlap between
e.g. p-orbitals of iodide and s-orbitals of lead in the
TVB is largest in a perfectly cubic structure (perfect
alignment) leading to a destabilization of the TVB and
thus to smaller band gaps. Therefore, the more cubic
the structure, the lower is the band gap. The
correlation between the penetration depth of the
organic spacer and the resulting phase of the
inorganic layer thus also provides an indirect guideline
for tuning the electronic properties of 2DHPs. How-
ever, specific systems can deviate from the general
trend shown in Figure 5, such as A-prime systems that
exhibit strong structural distortions or electroactive
spacers that directly contribute to the band
edges.[39'48]

2DHPs are usually modeled as a multiple quantum
well [16-1841.4253] \yhere the number of inorganic layers
(n) in the out-of-plane direction corresponds to the
width of the well and the organic layer represents a
barrier of thickness d; (shown in Figure 1,b) that
depends on the spacer.’ It is therefore intuitive to
probe a possible correlation between d; and the
geometric length of the fully extended organic spacer
molecule, that could however be obscured by addi-
tional factors such as the specific packing of the
organic layer, its tilt or the mutual penetration of
adjacent spacer layers in RP structures. It turns out
that these latter factors seem to be secondary since a
nearly linear trend between d; and the geometric
length can be observed for BA, AVA and PDMA spacers
(Figure 6) confirming a strong correlation between the
geometry of the isolated spacer molecule and the
thickness of the resulting organic (double or single)
layer. A larger deviation from this general trend is
however observed for A and A-prime spacers that can
be attributed to their bulky shape that does not allow
for close packing resulting in an unexpectedly larger
thickness of the organic spacer layer (Figure 1,b).
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Figure 6. Distance d, between adjacent inorganic layers as a
function of geometric length of the fully extended spacer
molecule. To make a fair comparison between RP and DJ
structures, the lengths of the monovalent spacers (BA, 5-AVA, A
and A-prime) were multiplied by 2 and compared to that of a
bifunctional ligand (B).

To further investigate the trends in the electronic
properties of the different 2D systems, the evolution of
the band gaps as a function of n is calculated and
shown in Figure 7,a. All the systems exhibit a trend
typical for 2DHPs that is consistent with a simple
quantum well model: the band gap decreases upon
increasing the thickness of the inorganic layer and
converges gradually towards the band gaps of the 3D
crystals of MAPbI; respectively, FAPbI;. In accordance
with other reported studies,® for the spacers consid-
ered here, we find that the band edges (top of the
valence band and bottom of the conduction band) are
dominated by the inorganic layers (Figure 7,b and 7,c),
while the organic spacers mostly act as indirect
modulators that influence the structural properties (e.g.
octahedral tilting and d,) that in turn impacts the band
gaps. That is reflected in the general finding that the
n-dependence of the gap is more pronounced than
variations induced by the specific chemical nature of
the different spacers. One exception to this general
trend are e.g. NDI-based systems where the bottom of

Table 1. Hole (my, . My, My, ;) and electron effective masses (mg,,, m
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Figure 7. a) Calculated band gaps of the investigated 2D halide
perovskite systems as a function of n. Frontier molecular orbitals
for BPbl, (top of the valence band (b) and bottom of the
conduction band (c)). lodide, lead, carbon and nitrogen atoms
are shown in purple, gray, brown and silver, respectively.

the conduction band is found to be dominated by the
spacer itself®% In addition, the n=1 member of A-
prime-based systems exhibits an unusually large band
gap (3.25 eV) which can be explained by the strong
structural distortion that disrupts the corner-sharing
network of Pb—| octahedral.?”?8 For all studied systems,
the calculated single-particle band gaps are in a good
agreement with the experimentally measured gaps
showing a maximum deviation of 300-400 meV that
can be attributed to the exciton-binding energies that
is not included in the calculations.*'?

To investigate transport properties of 2DHPs, we
calculated effective masses for the in-plane directions
(x and y) within the inorganic layer, as well as the out-
of-plane direction (z) as listed in Table 1. Not surpris-
ingly, the 2D nature of the systems is clearly reflected
in the anisotropy of the calculated values: while the in-
plane effective masses are within the typical range for
3D halide perovskites, large values in the out-of-plane
direction demonstrate hindered transport through the
spacer layer. Effective masses along x and y directions

eyy Mez2) for the investigated 2DHP systems along three

principal axes (x, y and z). Hole effective masses are marked in bold, and effective mass values > 10 are considered out of validity of

the band model of transport and are noted as > 10.

Spacer n=1 n=2

n=3

PDMA 0.30, 0.34, >10, 0.31, 0.38, > 10
A 0.39, 0.44, >10,0.13,0.17, > 10

A-prime 0.46, 6.22, >10, 0.19, 7.34, > 10
AVA-MA 0.32, 0.32, >10,0.37,0.37, > 10
BA 0.08, 0.08, >10, 0.14, 0.14, > 10

0.29, 0.32, 2.7, 0.12, 0.81, 4.2
0.32, 0.33, >10, 0.12, 6.40, 8.8
0.34, 0.52, >10, 0.14, 0.58, 3.3
0.23, 0.23, > 10, 0.28, 0.28, > 10

0.21, 0.24, 2.1,0.12, 1.18, 6.5
0.19, 0.19, >10, 0.10, 0.64, 3.6
0.22, 0.23, >10, 0.10, 0.99, 2.4
0.28, 0.28, >10, 0.15,0.15, > 10
0.09, 0.09, >10, 0.14, 0.14, > 10
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mostly follow the band gap behavior with the
exception of the systems where organic spacers have
an active role in charge transport®¥ for which the
hopping transport model would provide a better
description. Finally, to quantify the transport in the
out-of-plane direction, we estimate charge -carrier
tunneling probabilities through the spacer layer (T7)
using the following equation:

T ~ exp(—2al)

where o is a function of energy level difference
between the inorganic and the organic layers (V)

through o= —Vz,.,m‘)v‘) and L is equal to d;. The probabil-
ities plotted in Figure 8 were computed for d; and V,
values that correspond respectively to the typical thick-
ness and potential barrier heights of the organic layer
in the investigated systems. The rather small probabil-
ities shown in Figure 8 reflect the rather insulating
nature of the organic layer in 2DHPs.

Conclusions

In this work, we presented a general approach towards
modeling 2DHP systems also for the cases where
experimental structural data is missing and gave an
overview of computational results for a range of
prototypical spacers. Specifically, we performed a
comprehensive study on 2D systems based on both
monovalent (BA, 5-AVA, A and A-prime) and divalent
(PMDA) spacers, including aliphatic chain (BA), ali-
phatic bulky (A and A-prime), aromatic (PDMA) and

T e T T SR ———

Turmedineg probaiy

aly BA) .

Figure 8. Tunneling probabilities for charge carriers through
the spacer layer.

Helv. Chim. Acta 2021, 104, €2000232

HELVETICA

functionalized (5-AVA) spacers as characteristic repre-
sentatives. We validated the structural models by
available XRD, absorption and transport measure-
ments. Performing DFT calculations on top of the
energy-minimized structures obtained from classical
molecular dynamics simulations led to the prediction
of lowest energy structures that are in very good
agreement with the experimental observables. Some
general trends emerged from these studies that also
allowed to derive first structure—property relationships
as guides for the search of optimal spacers:

7) In most cases, the thickness of the organic layer is
directly correlated to the geometric length of the
spacer.

2) The penetration depth of the organic spacers into
the inorganic layer determines the octahedral
tilting and thus the phase and band gap of the
perovskite layer.

3) With the exception of systems with electronically
active spacer molecules that directly contribute to
the band edges, the electronic gaps are mainly a
function of the thickness of the inorganic layer (n)
and can be further fine-tuned by the nature of the
organic ligand through indirect structural effects.

4) Transport properties are found to be a direct
function of the thickness of the inorganic layer and
the organic layers with the exception of electroni-
cally active spacers with localized orbital contribu-
tions to the band edges.
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ABSTRACT: Low-dimensional hybrid perovskites have emerged as promising materials for
optoelectronic applications. Although these materials have already demonstrated enhanced
stability as compared to their three-dimensional perovskite analogues, their functionality has been
limited by the insulating character of the organic moieties that primarily play a structure-directing
role. This is particularly the case for the layered (2D) perovskite materials based on
formamidinium lead iodide (FAPbI,) that remain scarce. We demonstrate a low-dimensional
hybrid perovskite material based on a SPbl, composition incorporating an electroactive
naphthalenediimide (NDI) moiety as an organic spacer (S) between the perovskite slabs and
evidence the propensity of the spacer to stabilize the @-FAPbI; perovskite phase in hybrid low-

dimensional SFA,_|Pb,I;,., perovskite compositions. This has been investigated by means of
solid-state nuclear magnetic resonance spectroscopy in conjunction with molecular dynamics simulations and density functional
theory calculations. Theoretical calculations suggest an electronic contribution of the organic spacer to the resulting optoelectronic
properties, which was confirmed by transient absorption spectroscopy. We have further analyzed these materials by time-resolved
microwave conductivity measurements, revealing challenges for their application in photovoltaics.

B INTRODUCTION

Hybrid perovskites are one of the leading thin-film materials
for optoelectronics.'~ They are defined by the AMX formula,
where A represents the central A cation (commonly
methylammonium (MA), formamidinium (FA) or Cs*), M
the divalent metal (mainly Pb** and Sn**), and X the halide
(I, Br™, or CI7)." Despite their extraordinary optoelectronic
properties, the challenges associated with stability hamper their
commercial applications.” This obstacle stimulated the
development of layered two-dimensional (2D) perovskite
materials that incorporate hydrophobic organic cations
between inorganic perovskite slabs.”> They form structures
that can be expressed by S’,A,_Pb,X;,,; and SA,_;Pb X, .,
formulas, where S’ and S are either mono- or bifunctional
organic spacers, respectively. Although this class of materials
demonstrates enhanced stabilities against the environmental
factors, the resulting performances remain inferior as compared
to conventional three-dimensional (3D) hybrid perovskites."
One of the underlying reasons for this limitation relates to the
insulating character of the organic moieties that have been
employed to date,* which form natural quantum well structures
with organic moieties as barriers to charge extraction (Figure
1a, top). This role can be tailored by introducing functional
electroactive organic moieties as spacer units, which could

© 2021 American Chemical Society

7 ACS Publications

change their electronic structures (Figure la, bottom).’
Although the potential for this approach has been demon-
strated theoretically, practical realizations of functional low-
dimensional perovskites remain scarce.®™ Moreover, the effort
for the development of layered 2D hybrid perovskites and
other low-dimensional (e.g., one-dimensional, 1D) analogues is
predominantly focused on MA-based perovskite compositions,
whereas FA-based analogues are underrepresented despite
their higher thermal stability.'"*""* One of the underlying
reasons is that FAPbI; exists in two forms, the room-
temperature-thermodynamically-stable yellow J-FAPbI; and
the photoactive @-FAPbI, phase.'”"” Stabilizing the a-FAPbI,
perovskite phase hence remains an ongoing challenge that
could further stimulate optoelectronic applications, particularly
in conjunction with electroactive spacer moieties.

Herein, we demonstrate low-dimensional hybrid perovskite
materials based on an SFA,_,Pb,I;,., composition that
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Figure 1. (a) Schematic representation of the electronic structure
based on typical Type I (top) and Type II (bottom) quantum well
structures of layered perovskites with the gray area representing the
HOMO and LUMO levels of the organic spacer and blue area the
band edges of the inorganic slabs. (b) Schematic representation of the
layered perovskite material (left) incorporating electroactive NDIEA-
based moieties (right) used in this study. NDIEA = 2,2'-(1,3,6,8-
tetraoxo-1,3,6,8-tetrahydrobenzolmn][ 3,8 ]phenanthroline-2,7-diyl)-
bis(ethylammonium); HOMO = highest occupied molecular orbital;
LUMO = lowest unoccupied molecular orbital; CB = conduction
band; VB = valence band.

incorporate electroactive naphthalenediimide (NDI)'®™"?
units as spacer moieties (S) that are linked to the perovskite
via ethylammonium anchoring groups (Figure 1b). A
comparable system has been described by Proppe et al
based on MA and MA/FA cation compositions, suggesting
low-dimensional phase formation.'"® We provide a compre-
hensive analysis of the FA-based hybrid perovskite materials by
means of molecular dynamics (MD) simulations and density
functional theory (DFT) calculations that reveal the capacity
to form 2D perovskite structures in which spacer orbitals
actively contribute to the band edge, which was complemented
with the experimental characterization of the corresponding
films. We demonstrate that low-dimensional perovskite phases
contribute to stabilizing the a-FAPbI; phase, which was
evidenced by solid-state NMR spectroscopy. Moreover, we
evidence electron transfer between the perovskite slabs and the
organic spacer with transient absorption spectroscopy. We
further probe the utility of hybrid composites by time-resolved
microwave conductivity measurements, which reveal obstacles
to their application due to a high level of structural disorder
with respect to the low-dimensional (1D, 2D) and composi-
tional (n) phase mixtures and their orientation in the material.

B EXPERIMENTAL SECTION

Materials and Methods. Reactions were performed in standard
glassware under an ambient atmosphere unless otherwise specified.
Commercially available chemicals were used without further
purification. Purification was performed using dry flash chromatog-
raphy on SiO, 60 (particle size 0.040—0.063 mm, 230—400 mesh) at
a maximum head pressure of 0.2 bar. The procedures are detailed in
the Supporting Information (SI) Sections S1 and S2.

Synthesis of the Spacer. ) tert-Butyl-N-(2-aminoethyl)carbamate
(1.5 mL, 37 mmol) was added to a suspension of naphthalene-1,4,5,8-
tetracarboxylic dianhydride (1.00 g, 3.73 mmol) in DMF (30 mL).
The mixture was stirred for 15 h at 75 °C. The product was extracted
by CH,Cl,, dried over anhydrous MgSO,, and concentrated under
vacuum. Dry flash chromatography (SiO, CH,CL/CHOH 9:1)
yielded a di-tert-butyl((1,3,6,8-tetraoxo-1,3,6,8-tetrahydrobenzo| Imn]-
[3,8]phenanthroline-2,7-diyl)bis(ethane-2,1-diyl) )dicarbamate inter-
mediate (1.7 g, 83%) as an orange solid. HI (1.67 mL, 12.6 mmol,
57%) was added to its suspension (1.7 g, 3.08 mmol) in ethanol (15
mL) at 0 °C. The mixture was stirred for 12 h and the resulting
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solution was concentrated, resuspended in diethyl ether (10 mL),
filtered, washed with diethyl ether and isopropanol, and dried under
vacuum to yield 2,2'-(1,3,6,8-Tetraoxo-1,3,6,8-tetrahydrobenzo[ lmn]-
[3,8]phenanthroline-2,7-diyl)bis(ethylammonium) iodide (NDIEAI,)
(0.7 g, 75%) as a yellow solid. '"H NMR (400 MHz, (CD,),SO): 6 =
8.74 (s, 4H), 7.81 (s, 6H), 4.35 (t, ] = 5.9 Hz, 4H), 3.20 (q, ] = 5.9
Hz, 4H) ppm; *C NMR (101 MHz, (CD;),SO): § = 163.73, 130.88,
127.06, 126.68, 38.35, 37.98 ppm; HRMS (ESI+/QTOF): m/z (%)
353.1241 (100, [M]", caled for CyH,N,O,": 353.1244); (ESI-/
QTOF): m/z (%) 126.9055 (100, [M]™, caled for I: 126.9050).

Synthesis of (NDIEA)Pbl, and (NDIEA)FA,_Pb,l5,., Thin Films.
The perovskite precursor solutions were prepared by dissolving
stoichiometric amounts of Pbl, (TCI), FAI (GreatCell Solar), and
NDIEAI, according to the molecular formula of (NDIEA)-
FA,_,Pb,L;,,, in the dimethyl sulfoxide (DMSO)/N,N-dimethylfor-
mamide (DMF) mixture (1:4, v/v) at 0.4 M concentration of Pbl,.
The perovskite film was deposited by spin-coating at S000 rpm for 20
s (ramp rate 2000 rpm s~') on the glass substrates. The films were
then annealed at 150 °C for 15 min. The preparation of the perovskite
layer was carried out in a dry air-filled glove box with a relative
humidity of <2%.

Mechanosynthesis of Perovskite Powders. Mechanosynthesis of
perovskite powders was performed by grinding the reactants in an
electric ball mill (Retsch Ball Mill MM-200) using a grinding jar (10
mL) and a ball (#10 mm) for 30 min at 25 Hz. The powders were
packed into 3.2 mm zirconia rotors and annealed at 150 °C for 15 min
to reproduce the thin-film synthetic procedure, before transferring
into the probe. The measurements were carried out under a dry
nitrogen atmosphere.

Solution NMR Spectra. Solution NMR spectra (Figures S1—S2,
SI) were recorded on a Bruker DRX 400 instrument operating at 400
MHz at 298 K. *C NMR spectra were recorded on a Bruker DRX
400 operating at 100 MHz. Multiplicities are reported as follows: bs
(broad singlet), s (singlet), d (doublet), and m (multiplet). Chemical
shifts 5 (ppm) were referenced to the internal solvent signals.

X-ray Diffraction Patterns. X-ray diffraction (XRD) patterns were
recorded on an X'Pert MPD PRO (PANanalytical) diffractometer
equipped with a ceramic tube providing Ni-filtered (Cu anode, 4 =
1.54060 A) radiation and an RTMS X'Celerator (PANalytical)
system. The measurements were performed in the BRAGG-
BRENTANO geometry. The samples were mounted without further
modification and the automatic divergence slit (10 mm) and beam
mask (10 mm) were adjusted to the dimensions of the films.

Grazing Incidence Wide-Angle X-ray Scattering. Grazing
incidence wide-angle X-ray scattering (GIWAXS) of (NDIEA)-
FA,_PbI;,,, thin films on glass slides was measured at a 2°
incidence angle with a D8 Discover Plus TXS (Bruker) equipped with
rotating anode (Cu), a Dectris Eiger2 2D detector, and a point-
collimated beam of approx. 300 ym, at a power of 5.4 kW.

Scanning Electron Microscopy. Scanning electron microscopy
(SEM) images were recorded using a high-resolution scanning
electron microscope (Gemini-SEM 300). An electron beam
accelerated to 3 kV was used with an in-lens detector. The images
were measured with the perovskite infiltrated mp-TiO, films
supported by FTO.

UV—Vis Absorption Measurements. UV—vis absorption measure-
ments of (NDIEA)FA,_,Pb, ., films were performed using a Varian
Cary5 UV—visible spectrophotometer.

Steady-State Photoluminescence. Steady-state photolumines-
cence (PL) spectra were recorded by exciting the layered perovskite
films deposited onto glass slides. The emission between 460 and 830
nm was recorded with a Fluorolog 322 spectrometer (Horiba Jobin
Yvon iHr320 and a CCD) within with a bandpass of 5 nm upon
excitation at 420 nm with a bandpass of 5 nm. The samples were
mounted at 60° and emission was recorded at 90° from the incident
beam path.

Solid-State NMR Spectroscopy. Solid-state nuclear magnetic
resonance (NMR) spectroscopy for 'H (900 MHz) and *C (225
MHz) was performed at a low temperature on a Bruker Avance Neo
21.1 T spectrometer equipped with a 3.2 mm low-temperature
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CPMAS probe. N (36.1 MHz) magic angle spinning (MAS) spectra
were recorded on a Bruker Avance IIT 11.7 T spectrometer equipped
with a 3.2 mm CPMAS probe. 'H and '>C chemical shifts were
referenced to solid adamantane (5; = 1.91 ppm and §¢ = 29.45 (CH)
and 38.48 (CH,) ppm) at 298 K. "*N spectra were referenced to solid
NH,CI (0 ppm) at 298 K. A recycle delay of 0.3 s was used for the
"N measurements.

Transient Absorption Spectra. Transient absorption (TA) spectra
were measured using a femtosecond (fs) pump—probe spectrometer
based on an amplified Ti:sapphire laser (Clark-MXR, CPA-2001)
delivering 778 nm pulses with a pulse width of 150 fs and a repetition
rate of 1 kHz. For excitation at S10 nm, the pump beam was
generated by passing a portion of the fundamental beam through a
two-stage non-collinear optical parametric amplifier (NOPA-Plus,
Clark-MXR) resulting in an excitation wavelength of 510 nm. For
excitation at 390 nm, the fundamental beam was passed through a
BBO (f}-BaB,0,) crystal in order to generate the second harmonic at
390 nm. The probe beam was a broadband white light continuum
generated by passing part of the fundamental beam through a 5§ mm
thick oscillating CaF, plate. The pump and probe beams were set at
magic-angle polarization and were spatially and temporally over-
lapping with respect to one another using a delay stage. A chopper, set
at 500 Hz, was used to modulate the frequency of the pump beam,
allowing for the absorption with and without the pump to be
obtained. The probe beam was split before the sample into a reference
and signal beam in order to account for shot-to-shot variations. The
signal and reference beams were dispersed in a grating spectrograph
(SpectraPro 2500i, Princeton Instruments) and detected at 1 kHz by
a 512 X S8 pixel back-thinned charge-coupled device camera
(Hamamatsu S07030-0906).

Density Functional Theory Calculations of the Spacer Moiety.
Density functional theory (DFT) calculations of the spacer moiety
were conducted with the Gaussian 09 Rev. D suite of programs.*”*!
The geometry optimizations were performed at the B3LYP/6-31G(d)
level of theory (Figure 1).

Molecular Dynamics Simulations and Density Functional
Theory Calculations of Perovskite Structures. A detailed description
of the molecular dynamics (MD) simulations and DFT calculations
procedure are provided in the Supporting Information Sections S3
and S4, respectively.

B RESULTS AND DISCUSSION

We investigate hybrid perovskite materials incorporating
naphthalenediimide (NDI) moieties, employed to facilitate
electron transport, which is functionalized with two ethyl-
eneammonium linkers as anchoring groups for inorganic
perovskite slabs that form 2,2'-(1,3,6,8-tetraoxo-1,3,6,8-
tetrahydrobenzo[lmn][3,8]phenanthroline-2,7-diyl)bis-
(ethylammonium) (NDIEA; Figure 1b). This system is
envisioned to form Dion—Jacobson-like (SFA,_;Pb,l;,.;)
perovskite phases (n = 1—3)**7>" and we thus studied these
nominal compositions of the materials where (n) refers to the
stoichiometry. We have primarily focused on lower composi-
tional representatives ((n) = 1—3) as {(n) = 1 compositions are
known to form better defined 2D phases, whereas (n) > 1
compositions commonly form mixtures of different (n) 2D/3D
phases.4’5’22’23'27 We analyzed the morphology, structural, and
optoelectronic properties by a multi-technique approach
including both theoretical and experimental analysis.
Molecular Design and Theoretical Analysis. We have
based our investigation on NDI-based electron acceptors that
are commonly used in organic electronics and supramolecular
chemistry due to high electron aflinity, good charge carrier
mobility in the solid-state, and excellent thermal and oxidative
stability.'°™'® Since haloplumbates based on NDI are
characterized by a high degree of structural disorder (i.e.,
formation of both 1D and 2D phases),"®"” we first assess the
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possibility of NDIEAI, to form layered (2D) perovskite
structures by classical molecular dynamics (MD) simulations
(more details are provided in Section S3 of the SI). We base
the simulations on a supercell with a Dion—Jacobson structure
by placing NDIEA moieties between layers of corner-sharing
Pb—I octahedra of different compositions (the specific
procedure is detailed in the SI).'* As a result, we obtain
stable and highly ordered 2D perovskite structures from
classical MD (Figure S3, SI) that were subsequently relaxed at
the DFT level to evidence the propensity to form a well-
defined Dion—Jacobson structure. We find that the structure
adopts the conformation in which the Pb—I—Pb angles are
close to 180° (Figure 2). Moreover, the NDIEA spacer

BE Sy SETRE S N
IR Bk SR B

f
Figure 2. Simulated structure of (NDIEA)PbI, perovskites obtained
by molecular dynamics simulations followed by DFT (PBEsol)
calculations with characteristic interlayer distances (d,, d,). Exper-
imental details and other compositions are detailed in Sections S3 and
S4 of the SL

molecules are assembled via both hydrogen bonding and 7z—x
interactions in the spacer layer (Figure 2, inset). As a result of
these interactions, a rigid framework forms between the
corresponding perovskite slabs (Figure 2).

To probe the templating effects of the spacer and the
inorganic framework, we analyzed the average tilting angle
between the octahedra (calculated as Pb—I—Pb angles), as well
as the penetration depths of the spacers into the perovskite
slabs by DFT calculations.'*® We found that increasing the
number of inorganic layers (1) leads to a decrease in the N--
Pb distances and, consequently, an increase in the penetration
depth.'***™** This leads to changes in the average Pb---Pb
distances between opposite layers (d;) as well as distances
between the spacer moieties (d,) (Figure 2; Figure S4 and
Table S1, SI). Similar to the behavior of other layered hybrid
perovskite systems, the interlayer distance (d;) decreases upon
deeper incorporation of the organic cation into the inorganic
layer, evidencing templating effects through an interplay
between the inorganic and organic layers that define the
resulting structure.'”*® The spacers adopt a preferred
conformation that remains unchanged during S ps of ab initio
MD simulations at temperatures of 200, 300, and 400 K, which
points to structural stability as a result of interactions in the
spacer layer. Such structural preferences stimulated further
investigation of these materials and their structural and
optoelectronic properties.

Structural Properties. NDIEA-based films of
SFA,_,Pb,1,,,, compositions ({(n) = 1—3; S = NDIEA; Figure
3a) are prepared by solution-processing of stoichiometric
quantities of precursor materials followed by subsequent
annealing at 150 °C for 15 min (as detailed in the
Experimental Section, as well as Section S1, SI). The
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Figure 3. Structural representation and morphology. (a) Schematic of layered Dion—Jacobson structures based on (NDIEA)FA,_Pb,I; .,
compositions ((n) = 1—3) with structural features of the compositional elements. The feasibility of these structures was confirmed theoretically, yet
they were not experimentally evidenced since mixed low-dimensional phases form instead. (b) SEM images of perovskite films based on
(NDIEA)FA,_,Pb,l,,,; compositions ({(n) = 1—3). (c) Integrated diffraction patterns (from 2D GIWAXS images) for thin films of
(NDIEA)FA,_,Pb,l,,,; ({(n) = 1-2) compositions on microscope glass slides. Further details are provided in Section S5 and Figure S6 of the SI.

morphology of NDIEA-based films was investigated by
scanning electron microscopy (SEM) of the film surface
(Figure 3b). The SEM images show complete coverage of the
surface of the film with relatively small nanometer-scale grain
sizes that increase with increasing (n) up to 200 nm for (n) =
3, with improving homogeneity.

The structural properties were further investigated by X-ray
diffraction (XRD) measurements of thin films. XRD patterns
(Figure S6, SI) of thin films show a signal at low reflection
angles 26 < 10°, which we attribute to the low-dimensional
perovskite phase associated with a d-spacing of around 10 A
((ny = 1) and 11-12 A ((n) = 2)."***’' However, integrated
diffraction patterns of grazing incidence wide-angle X-ray
scattering (GIWAXS) images (Figure S6, SI and Figure 3c)
indicate a nearly complete absence of periodicity, even for (n)
= 1 phases, which is related to the low crystallinity under these
experimental conditions. This is in accordance with the
observations by Proppe et al. who have recently shown that
films of NDI-based haloplumbates are highly disordered,
containing 1D and 2D phases,'® although single crystals of 2D
phases have also been reported. X-ray scattering measure-
ments suggest low-dimensional phase formation for (n) = 1
and (n) > 1 compositions revealed by the signals in the g,-
range below 0.7 A™" (26 < 10°) that are commonly ascribed to
the (00!) planes (Figures 3c and $6, SI)."”'*'*'? Films based
on the (n) = 1 composition feature a signal at 0.63 A~
whereas those based on the (n) = 2 composition show signals
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at 0.56 and 0.52 A™' that indicate distinct low-dimensional
phases (Figure S6, SI). The signals associated with the (n) = 2
composition more closely correspond to the calculated n = 2
phase (Section $4, SI). We do not observe other signals for (1)
= 3 compositions, which is in accordance with the previous
reports suggesting that the formation of 2D FAPbI;-based n >
2 phases is rather challenging.”” In addition, the lack of
preferential orientation in the (n) = 1 composition has been
evidenced by GIWAXS (Section SS, Figure S6, SI) that display
ring-shaped features with uniform angular intensity distribu-
tion that is associated with the random orientation of
crystallites, whereas there is some preferential out-of-plane
orientation for the distinct phase of the (n) = 2 composition.
Such differences in preferential orientation between the n
phases are not uncommon and have been reported
previously.'#”” Owing to this high degree of long-range
disorder, we turn to solid-state NMR to investigate the local
structure and atomic-level mixing,*' >3~

We have performed echo-detected '*N as well as 'H — C
and 'H — "N cross-polarization (CP) magic-angle spinning
(MAS) NMR measurements (Figure 4). We compared the
corresponding spectra of bulk mechanochemical a-FAPbI; as a
model perovskite compound to those of the neat NDIEAI, and
mechanochemical (NDIEA)FA,_Pb,l,,,; perovskite compo-
sitions (experimental details are provided in the Experimental
Section and Section S1, SI). The N CP NMR resonances
revealed the presence of new environments in the spectral
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Figure 4. Structural properties determined by solid-state NMR
spectroscopy. "N MAS NMR spectra at 21.1 T, 100 K, with 12.5 kHz
MAS of (a) a-FAPbL,, (b) 5-FAPbL,, (c) neat NDIEAI, and (d, e)
(NDIEA)FA,_Pb,L,,,; ({(n) = 1, 3). 3C CP solid-state MAS NMR
spectra at 21.1 T, 100 K, with 12 kHz MAS of (f) a-FAPbI,, (g) 6-
FAPbL,, (h) neat NDIEAL, and (i—k) (NDIEA)FA,_,Pb,1,,., ((n) =
1,2, 3). "N MAS NMR spectra at 21.1 T, 100 K, with 12.5 kHz MAS
of bulk (1) a-FAPbI, and (m, n) (NDIEA)FA,_,Pb,1,,.; ((n) =2, 3).
Asterisks mark spinning sidebands, whereas the red asterisk in (k)
indicates residual 6-FAPDI,.

region of both FA (100—120 ppm) and NDIEA (40—60 ppm)
cations for all (NDIEA)FA,_,Pb,L;,,, perovskite compositions
(Figure 4a—e), which are indicative of the formation of new
iodoplumbate phases containing FA/NDIEA moieties formed
upon the atomic-level interaction of —NH;" moieties and
FAPDI; perovskite lattice through hydrogen bonding. A
comparison with the neat NDIEAI, spacer precursor reveals
full consumption of the spacer, as suggested by the
disappearance of the spacer resonances at ca. S0 ppm (Figure
4c—e). The (n) = 2—3 compositions further indicate the
stabilization of the a-FAPbI, phase (Figure 4ae) with the
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corresponding signal at ca. 115 ppm. Similarly, the *C CP
NMR spectra (Figure 4f—k) of the corresponding mechano-
chemical mixtures reveal the formation of new phases that can
be associated with the presence of the NDIEA and FA cations
in new environments that are closely related to the a-FAPbI,
phase, with a minor residual 6-FAPbI; phase in the (n) = 3
composition (Figure 4k). These environments may be ascribed
to the interaction of the spacer with the surface of the Pbl, and
a-FAPbI; perovskites in a low-dimensional perovskite phase,
which yields **C and "*N resonances that are not substantially
shifted from the neat components, suggesting that the large
NDIEA cation does not incorporate into the A-cation site of
the 3D perovskite lattice and remains at the surface. As a result
of this interaction, changes in the underlying crystallographic
symmetry can be observed, as revealed by '*N NMR spectra
(Figure 4l-n). The width of the '*N spinning sideband (SSB)
manifolds is related to the local symmetry of FA reorienting
inside the perovskite cavity.'”**™>° In this regard, narrower
"N SSB manifolds indicate a higher symmetry of the local
environment that is closer to the cubic one. The comparison of
the N MAS NMR spectra of a-FAPbI; and (n) = 2, 3
perovskite compositions feature an SSB pattern that is broader
than the neat a-FAPbI;, which suggests lowering of symmetry
upon low-dimensional structure formation. In summary, solid-
state NMR spectroscopy measurements confirm the formation
of new structures by the interaction between NDIEAI, and
either Pbl, (for (n) = 1 compositions) or a-FAPbI; (for (n) =
2, 3 compositions) that could be ascribed to the formation of a
low-dimensional phases and stabilization of the black a-FAPbI;
perovskite phase, which is relevant for the optoelectronic
properties.

Optoelectronic Properties. To further understand hybrid
materials formed with NDIEA, their optoelectronic properties
were assessed by means of UV—vis absorption spectroscopy.
The gradual color change from dark yellow to black with the
increasing number of inorganic layers (n) is indicative of the
possible effect of the spacer on the stabilization of the black a-
FAPbI; perovskite phase (Figure Sa). UV—vis absorption
spectra for films with (n) = 1—-3 compositions (Figure Sb)
shows an excitonic peak at around 400 nm for the (n) =
compositions, which is typical for low-dimensional perov-
skites.”'* Moreover, additional absorption peaks are apparent
in the region between 500 and 650 nm (Figure Sb), which
might be related to the electronic exchan§e between the
organic spacer and the inorganic slabs.'®"” This further
corroborates with the significant quenching of the steady-
state PL spectra (Figure S8, SI), in accordance with the
observations of Proppe et al.'® For (n) = 2 compositions, a
much broader absorption spectrum is observed with an onset
above 700 nm, which is suggestive of the formation of mixed
3D perovskite phases. Possible excitonic peaks corresponding
to various n phases may be visible at higher wavelengths (500—
650 nm, Figure Sb, dashed lines), suggestive of potential 2D
subphase formation. However, broad absorption signals are in
accordance with the structural disorder that can be attributed
to mixed phase formation.

To understand the optical properties, the band gaps of the
DFT-optimized (NDIEA)FA,_,Pb,1;,,, structures were calcu-
lated (details are provided in Section S4 of the SI). The
calculated band gap for (NDIEA)PbI, is found to be in a
reasonable agreement with the experimental optical gap
estimates of around 2.37 eV (Table S2, SI and Figure Sb).
The band gap is lower as compared to other Dion—Jacobson
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Figure S. Optical properties. (a) Images of the perovskite films on
microscope glass slides and (b) UV—vis absorption spectra for
(NDIEA)FA,_,Pb,L;,,, compositions ({n) = 1-2). (c, d) Calculated
molecular orbitals (highest occupied molecular orbital, HOMO and
lowest unoccupied molecular orbitals, LUMO) for (c) n=1and (d) n
= 2 phases. The partial density of states and further details are
provided in the SI, Section S4. (e—h) Transient absorption spectra for
thin films of the (e, f) (NDIEA)FA,_,Pb,1,,,; composition ({n) = 1—
2) and (g, h) NDIEAL: upon excitation at 510 nm (e, f, h) and 400
nm (g). The spectral shape does not change over time and the
generated species are long-lived.

systems, which could be the result of either the symmetry
being closer to cubic that would enhance orbital overlaps or a
more substantial overlap between the organic and inorganic
phases. Moreover, orbitals of the organic moieties directly
contribute to the bottom of the conduction band (CB)
(Figures Sc,d and SS, SI), resulting in significant lowering of
the CB with respect to the inorganic layer, in accordance with
the Type-II quantum well structure (Figure 1b, bottom). The
projected densities of states (Figure SS, SI) corroborate the
contribution of the organic moieties to the band edges for all
perovskite compositions. Furthermore, calculated orbitals
(Figures Sc,d and SS, SI) indicate localization of the bottom
of the CB as well as higher states on the NDIEA spacer
moieties, while the top of the valence band (VB) is delocalized
over the inorganic part. As a result, the effective masses in the
in-plane directions decrease upon increasing n for both
electrons and holes, while significantly higher values for
electrons prevail in the perpendicular direction to the inorganic
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layer (Table S2, SI). Although some of the in-plane calculated
effective hole masses tend to be somewhat lower than those of
1,4-phenyldimethanammonium (PDMA)-based Dion—Jacob-
son structures,* the effective masses for electrons are
significantly increased with respect to other 2D perovskites®’
due to the localized nature of the spacer-dominated CB, which
could affect charge transport in these hybrid materials.

The electronic properties and interactions between the
organic spacer and the perovskite slabs were thereby probed by
transient absorption (TA) spectroscopy (Figures Se—g and S7,
Section S6 SI). Upon excitation of the films with the
(NDIEA)FA,_,Pb,1,,,; composition ({n) = 1—2) at 510 nm
a positive feature appears within the first 100 fs between 450
and 550 nm (Figure Se,f). The TA spectra of the neat NDIEA
film at 400 nm (Figure Sg) confirm that this feature seen in the
spectra of the hybrid material corresponds to the formation of
NDIEA-based radical anions."®™"® This is, however, not
observed in the NDIEA-based films upon excitation at 510
nm (Figure Sh), confirming that it originates from the electron
transfer between the organic spacer and the perovskite layers.
This exchange process does not take place in systems
incorporating electronically inactive spacers, such as the
PDMA-based systems (Figure S7, SI), which have been
previously shown to form Dion—Jacobson perovskite phases.”’
Although the reference PDMA-based system also involves a
bleach at 520 nm characteristic for layered 2D perovskites,18
we do not observe such a feature in the NDIEA-based films,
which is likely covered by the signal at around 510 nm (Figures
Se,fand S7). The spectral shape does not change over time and
the generated species are long-lived, in accordance with the
formation of radical anions. Furthermore, the TA spectra of
(n) = 2 compositions reveal an additional bleaching signal in
the 625—750 nm range that is characteristic for the 3D
perovskite phase (Figure 5f).*

Having evidenced a rapid charge transfer between the
organic and the inorganic components of the hybrid
composite, time-resolved microwave conductivity (TRMC)
measurements were used to probe changes in the conductivity
of hybrid perovskites by using high-frequency microwaves after
the excitation by either a high energy electron pulse or a laser
(Section S7, SI).””'*3% The generated free charge carriers
absorb part of the microwave power and this fraction of the
absorbed microwave power (AG) is proportional to the
change in conductivity of the material (Ac), which, in turn, is
defined as the product of charge mobility (4) and quantum
yield of free charge carrier formation (¢).”” Therefore, TRMC
upon laser photoexcitation was used to analyze films of
approximately 200 nm thickness with different compositions
({n) = 1-3; Figure S9, SI). The photoconductivity of (n) = 1
compositions was rather low, accompanied by a long lifetime
on the us timescale, while the photoconductivity was found to
increase by 2 orders of magnitude for (n) = 2 compared to (n)
= 1 compositions, and by another order of magnitude for (n) =
3 as compared to the (n) = 2 composition, with lower lifetimes
than for (n) > 1 systems (below 400 ns). In contrast to the
predicted theoretical structures, the photoconductivity values
are found to be lower for these materials compared to
conventional layered perovskite phases,7’9’1Ar which is likely the
result of the structurally disordered low-dimensional structures,
as suggested by solid-state NMR and X-ray scattering
measurements. The level of disorder may also be the result
of stronger noncovalent interactions in the spacer layer, which
could compromise its adaptability in the formation of 2D
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perovskites, leadlng to mixed low-dimensional phases and their
orientations.”” In addition, the highly localized nature of the
CB revealed by theoretical analysis is likely to affect the charge
transport. This was further confirmed by trial tests of
photovoltaic performances in conventional solar cell devices
(detailed in Section S8, SI) that suggest lower performances
under several conditions as compared to other 2D and 2D/3D
perovskites (Tables S3—SS, Figure S10, SI). These limitations
stimulate further investigations towards minimizing the level of
disorder in the compositions with enhanced phase purity,
which could enable the effective incorporation of such
functional materials into other optoelectronic devices in the
future.

B CONCLUSIONS

We have investigated hybrid FA-based perovskites incorporat-
ing 2,2'-(1,3,6,8-tetraoxo-1,3,6,8-tetrahydrobenzo[Imn][3,8]-
phenanthroline-2,7-diyl)bis(ethylammonium) (NDIEA) moi-
eties to assess the possibility to develop low-dimensional
perovskite materials with enhanced charge transport. Molec-
ular dynamics simulations complemented by density functional
theory calculations suggested the existence of well-defined
Dion—Jacobson perovskite phases based on (NDIEA)-
FA,_,Pb,L;,.; ({(n) = 1-3) compositions, which were analyzed
experimentally in powders and thin films. X-ray scattering
measurements and solid-state NMR spectroscopy confirmed
the formation of low-dimensional phases and the stabilization
of the black a-FAPbI; perovskite phase, yet with a higher level
of structural disorder without exhibiting well-defined layered
perovskites. Furthermore, DFT calculations predicted the
formation of Type II quantum well structures in layered
perovskites, which is assumed to contribute to the narrowing of
the band gaps and facilitate charge transfer. However, the
calculated effective masses for electron transport turn out to be
significantly increased due to a highly localized nature of the
spacer-centered bottom of the CB. Accordingly, transient
absorption spectroscopy confirms the electronic exchange
between the organic moieties and hybrid perovskite slabs that
corroborates with the significant quenching of the steady-state
PL spectra, whereas time-resolved microwave conductivity
measurements reveal lower photoconductivity that is attributed
to structural disorder in the mixed low-dimensional phases and
highly localized nature of the bottom of the CB, which affect
optoelectronic properties. This study thereby unravels critical
features of these low-dimensional electron-transporting perov-
skites, stimulating further investigations to enable their utility
in optoelectronics.
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l-aminium); NMR, nuclear magnetic resonance; PDMA, 1,4-
phenyldimethanammonium; PL, photoluminescence spectros-
copy; TAS, transient absorption spectroscopy; TRMC, time-
resolved microwave conductivity; XRD, X-ray diffraction
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17.50-18.05 CT10
18.05-18.20 CT11

18.00 — 20.00 Excursion

(boat trip and
18.30 -20.00 Cocktail 18.15 2.0 00 Posters sightseeing from 18.20 Closing

&Industrial talks .

Belgrade rivers)

20.00 ---- Conference
dinner (bohemian
quarter Skadarlija)

Tutorial | 2x35 Invited 30 Special 30 Progress 20 Contributed 15
lecture | min lecture  min invited min report min talk -CT min

lecture
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International Conference on Hybrid and Organic Photovoltaics
(HOPV18)

Benidorm, Spain, 2018 May 28th - 31st
Conference Chairs: Emilio Palomares and Rene Janssen

Conference Program

16:30 - 17:30  Registration

17:30-19:00 welcome reception

08:00 - 08:45  Registration
08:45 - 08:50 Announcement of the day
08:50 - 09:00 Opening

09:00 - 09:45 Harald Ade (North Carolina State University)
G1.1-K1 Nonfullerene Organic Solar Cells: Importance of Molecular Interaction and Vitrification

09:45-10:15  Juan Bisquert (Institute of Advanced Materials (INAM), Universitat Jaume 1)

G1.1-11 10 years of Hybrid and Organic Photovoltaics

10:15-10:45 Tsutomu Miyasaka (7oin University of Yokohama)

G1.1-12 Metal oxide-based perovskite solar cells and their superior tolerance in the space environment

10:45-11:15  Coffee Break

11:15-11:45  Laura Herz (Department of Physics of University of Oxford)

G1.2-11 Fundamental charge conduction and recombination mechanisms in hybrid perovskites operating near the
intrinsic limit

11:45-12:15  Vincent Artero (Université Grenoble Alpes)

G1.2-12 Molecular-based H2-evolving photocathodes

12:15-12:45 Mohammad Nazeeruddin (Group for Molecular Engineering of Functional Materials, Ecole Polytechnique
G1.2-13 Fédérale de Lausanne, Valais Wallis, CH-1951 Sion, Switzerland), Kyung Taek Cho, Giulia Grancini, Yonghui
Lee, Manuel Yonghui, Sanghyun Paek
Growth of layered perovskites for stable and efficient photovoltaics
12:45-13:00 Luca Sorbello (Greatcell Solar S.A.)
G1.2-S1 GreatCell Solar S.A.

13:00- 14:30  Lunch

14:30- 15:00 Carolin Sutter-Fella (Lawrence Berkeley National Laboratory)
A1-1S1 Optoelectronic Properties and Halide Demixing in Br-Containing Metal Halide Perovskites
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15:00 - 15:15
A1-O1

15:15 - 15:30
A1-02

15:30 - 15:45
A1-0O3

15:45 - 16:00
A1-06

16:00 - 16:30
16:30 - 16:45
A1-04

16:45 - 17:00
A1-0O5

17:00 - 17:15
A1-07

17:15-17:30
A1-08

14:30 - 15:00
B1-1S1

15:00 - 15:15
B1-O1

15:15- 15:30

B1-02

15:30 - 15:45
B1-0O3

15:45 - 16:00
B1-0O6

Sagar Jain (SPECIFIC IKC, College of Engineering, University of Swansea, Swansea, U.K), Gerrit Boschloo,
James Durrant

Vapour assisted morphological tailoring by reducing metal defect sites in lead-free, (CH3NH3)3Bi219 perovskite
solar cells for improved performance and long-term stability

Pavao Andricevic (Laboratory of Physics of Complex Matter (LPMC), Ecole Polytechnique Federale de
Lausanne), Xavier Mettan, Marton Kollar, Balint Nafradi, Andrzej Sienkiewicz, Tonko Garma, Laszl6 Forrd,
Endre Horvath

Vertically Aligned Carbon Nanotubes as Electrodes in Perovskite Single Crystal Light Emitting Electrochemical
Cells

Shuzi Hayase (Kyushu Institute of Technology, Japan), Nozomi Ito, Muhammad Akmal Kamarudin, Qing Shen,
Yuhei Ogomi, Satoshi likubo, Kenji Yoshino, Takashi Minemoto, Taro Toyoda

Pb free perovskite-SnGe mixed metal perovskite solar cell with 7.5 % efficiency and enhanced solar cell stability
at air without encapsulation

Giulia Longo (Department of Physics, Oxford University), Henry J. Snaith
Vapour deposited lead free double perovskite for photovoltaic applications

Coffee Break

Lissa Eyre (Cavendish Laboratory, University of Cambridge, JJ Thomson Avenue, Cambridge CB3 OHE, United
Kingdom), Robert Hoye, Pablo Docampo, Hannah Joyce, Felix Deschler

Ultrafast spectroscopy of lattice-charge carrier interactions in bismuth-based perovskites

Aslihan Babavyigit (/nstitute for Materials Research (IMO-IMOMEC), Hasselt University, Wetenschapspark 1,
3590 Diepenbeek, BE), Melissa Van Landeghem, Bert Conings, Nobuya Sakai, Etienne Goovaerts, Hans-Gerd
Boyen, Henry Snaith

Estimating oxidised Sn4+ species at the precursor stage: on the effect of reducing agents in Sn-based
perovskites.

Lukas Kinner (A/T Austrian Institute of Technology, Center for Energy, Photovoltaic Systems, Gieffinggasse 4,
1210 Wien), Neha Bansal, Martin Bauch, Felix Hermerschmidt, Emil List-Kratochvil, Theodoros Dimopoulos
Highly transparent and conductive embedded silver nanowire electrode for use in flexible solar cells

Sascha Feldmann (University of Cambridge), Jasmine PH Rivett, Tudor H Thomas, Mojtaba Abdi Jalebi, Stuart
Macpherson, Sam D Stranks, Michael Saliba, Felix Deschler

Cation substitution reduces non-radiative losses in hybrid lead-halide perovskites

Session B1

Chair: Annamaria Petrozza

Room: Spectroscopy of Perovskite Materials

Felix Deschler (Cavendish Laboratory, University of Cambridge, JJ Thomson Avenue, Cambridge CB3 OHE,
United Kingdom)

Understanding carrier recombination and luminescent yields in metal-halide perovskites

Ramoén Arcas, Elena Mas-Marza, Alberto Garcia-Fernandez, Francisco Fabregat-Santiago (/nstitute of
Advanced Materials (INAM), Universitat Jaume 1)
Photoluminiscence of dual ion perovskite monocrystals

Arvydas Ruseckas (Organic Semiconductor Centre, SUPA, School of Physics and Astronomy, University of St
Andrews, St Andrews, U.K.), Oskar Blaszczyk, Jonathan R. Harwell, Lethy Krishnan Jagadamma, Ifor D. W.
Samuel

Charge recombination in methylammonium lead triiodide at low temperatures

Xiaofeng Tang (/nstitute of Materials for Electronics and Energy Technology (i-MEET), Department of Materials
Science and Engineering, Friedrich-Alexander-Universitét Erlangen-Ndrmberg, Erlangen, 91058, Germany.),
Gebhard Matt, Christoph Brabec

Topography-dependent phase-segregation in mixed-halide perovskite

Dengyang Guo, Roberto Brenes, Zahra Andaji Garmaroudi, Eline Hutter, Samuel Stranks, Tom Savenije
(Department of Chemical Engineering, Delft University of Technology, 2629 HZ Delft, The Netherlands.)

How Charge Carrier Dynamics are Affected by Light Soaking in (Mixed) Halide Perovskites
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16:00 - 16:30
16:30 - 16:45
B1-O4

16:45 - 17:00
B1-O5

17:00 - 17:15
17:15-17:30

14:30 - 15:00
C1-181

15:00 - 15:15
C1-01

15:15 - 15:30
C1-02

15:30 - 15:45
C1-03

15:45 - 16:00
C1-04

16:00 - 16:30
16:30 - 16:45
C1-05
16:45 - 17:00
C1-06

17:00 - 17:15
C1-07

17:15-17:30
C1-08

14:30 - 15:00
D1-I1S1

15:00 - 15:15
D1-O1

Coffee Break

Hernan Miguez (/nstituto de Ciencia de Materiales de Sevilla (ICMS-CSIC)), Miguel Anaya, Mauricio Calvo, Juan
Galisteo, Juan Pedro Espinos

Origin of Light Induced lon Migration in Organic Metal Halide Perovskites in the Presence of Oxygen

Robert Westbrook (/mperial College London, Department of Chemistry and Centre for Plastic Electronics), Jose
Marin-Beloqui, Irene Sanchez-Molina, Hugo Bronstein, Saif Haque

llluminating Charge-Transfer at the Absorber/Hole Transport Material Interface in Perovskite Solar Cells

Session C1

Chair: Dieter Neher

Room: Theory

Ardalan Armin (Department of Physics, Swansea University, Single Park, Swansea SA2 8PP, United Kingdoms)
Shockley-type versus Transport-limited Organic Solar Cell

Eline Hutter (Department of Chemical Engineering, Delft University of Technology, 2629 HZ Delft, The
Netherlands.), Rebecca Sutton, Yinghong Hu, Michiel Petrus, Pablo Docampo, Samuel Stranks, Henry Snaith,
Tom Savenije

The Role of the Monovalent Cation on the Recombination Kinetics in Lead lodide Perovskites

Juan A. Anta, Jesus ldigoras, Lidia Contreras-Bernal (Departamento de Sistemas Fisicos, Quimicos y Naturales,
A&#769;rea de Quimica Fisica, Universidad Pablo de Olavide), Antonio Riquelme, Susana Ramos-Terréon

Small perturbation analysis of perovskite solar cells: feature extraction and modelling

Alessio Gagliardi, Ajay Singh, Waldemar Kaiser (Technische Universitaet Muenchen)

Simulation of ion migration in perovskite solar cells using a kinetic Monte Carlo/drift diffusion numerical model
and analysis of the impact on device performance

Gregory Kozyreff (Université libre de Bruxelles), Marina Mariano-Juste, Jorge Bravo-Abad, Guillermo Martinez-
Denegri, Jordi Martorell

Light trapping by intermittent chaos in a Photonic Fiber Plate

Coffee Break

Sebastian Miller (School of Mathematics, University of Bristol, Bristol BS8 1TW, UK)

Continuum limit of the Gaussian disorder model for organic solar cells

Juan F. Galisteo-Lopez (Instituto de Ciencia de Materiales de Sevilla (ICMS-CSIC)), Alberto Jiménez-Solano,
Hernan Miguez

Absorption and emission of light in optoelectronic nanomaterials: the role of the local optical environment
Pascal Kaienburg (/EK5-Photovoltaics, Forschungszentrum Jiilich, 52425 Jiilich, Germany), Paula Hartnagel,
Bart E. Pieters, David Grabowski, Jiaoxian Yu, Thomas Kirchartz

Impact of Non-linear Shunts from Pinholes on Device Performance

Marko Mladenovic (Laboratory of Computational Chemistry and Biochemistry, Dept. of Chemistry, Ecole
Polytechnique Fédérale de Lausanne), Ursula Roethlisberger

First-principles calculations of halide perovskites

Session D1

Chair: Jianhui Hou

Room: Organic Photovoltaics

Monica Lira-Cantu (Catalan Institute of Nanoscience and Nanotechnology (ICN2), CSIC and The Barcelona
Institute of Science and Technology, Campus UAB, Bellaterra, 08193 Barcelona, Spain)

Novel Metal Oxides as Transport Layers in Halide Perovskite Solar Cells

Chang He (Institute of Chemistry,Chinese Academy of Sciences)
Optimized molecular orientation and domain size enables efficient non-fullerene small-molecule organic solar
cells
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08:55 - 09:00

15:15-15:30 Z.J.W.A. Leijten (Laboratory of Materials and Interface Chemistry, Department of Chemical Engineering and
D1-02 Chemistry, Eindhoven University of Technology, Groene Loper 5, 5612 AE Eindhoven), G. de With, H. Friedrich
Mapping of oxygen and water related degradation across P3HT:PCBM interfaces
15:30 - 15:45  Wenchao Zhao (Institute of Chemistry,Chinese Academy of Sciences), Sunsun Li, Yun Zhang, Shaoqing Zhang,
D1-03 Jianhui Hou
Over 13% Efficiency in Blade-coated Organic Solar Cells
15:45-16:00 Huifeng Yao (/nstitute of Chemistry,Chinese Academy of Sciences)
D1-04 Modulation of Intramolecular Charge Transfer Effect in Highly Efficient Non-fullerene Acceptor
16:00 - 16:30  Coffee Break
16:30 - 16:45  Fallon Colberts (Molecular Materials and Nanosystems, Eindhoven University of Technology, Netherlands),
D1-O5 Martijn Wienk, Vincent Le Corre, Lambertus Koster, Rene Janssen
Processing of polymer solar cells on a water substrate
16:45-17:00 Vikas Negqi (Molecular Materials and Nanosystems, Eindhoven University of Technology, Netherlands), Olga
D1-06 Wodo, Jacobus Franeker, Rene Janssen, Peter Bobbert
Full 3D simulation of phase separation in solution-processed organic solar cells
17:00- 17:15  Mengmeng Li (Molecular Materials and Nanosystems, Institute for Complex Molecular Systems, Eindhoven
D1-07 University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands), Martijn Wienk, Rene Janssen
Impact of Device Polarity on the Photovoltaic Performance of Polymer Solar Cells
17:15-17:30  Jiaying Wu (Imperial College London, Department of Chemistry and Centre for Plastic Electronics), James
D1-08 Durrant
Towards OPV devices scaling up: understand the loss mechanisms for thick devices
17:30-19:00 Poster session

Announcement of the day

11:15-11:45
G2.2-11

11:45-12:15
G2.2-12
12:15-12:45
G2.2-13

09:00 - 09:45  Michael Graetzel (Laboratory of Photonics and Interfaces, Ecole Polytechnique Fédérale de Lausanne,
G2.1-K1 Switzerland)
Molelcular Photovoltaics and Perovskite Solar Cells
09:45-10:15  Jenny Nelson (Department of Physics and Centre for Plastic Electronics, Imperial College London, London, SW7
G2.1-11 2AZ, UK.)
The impact of chemical and physical structure on charge pair generation and solar energy conversion in
molecular photovoltaic materials
10:15-10:45  Jianhui Hou (Bejjing National Research Center for Molecular Sciences, Institute of Chemistry, Chinese Academy
G2.1-12 of Sciences, Beijing 100190, China)
Material Design for Fullerene-free Polymer Solar Cells with Over 14% Efficiency
10:45-11:15  Coffee Break

Maria Antonietta Loi (Photophysics and OptoElectronics, Zernike Institute for Advanced Materials, University of
Groningen, Njjenborgh 4, 9747 AG, The Netherlands)
Sn-based Hybrid Perovskites: from solar cells to hot electrons

lain McCulloch (/mperial College London, Department of Chemistry and Centre for Plastic Electronics)
Non-fullerene acceptors for high performance organic photovoltaics

Gerasimos Konstantatos (/CFO-Institut de Ciencies Fotoniques, The Barcelona Institute of Science and
Technology)

Near and Short-wave Infrared Colloidal Quantum Dot Solar Cells
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12:45-13:00 Taro Tanabe (7C/ Europe NV)
G2.2-S1 TCI Chemicals
13:00- 14:30  Lunch
14:30-15:00 Xiongfeng Lin, Udo Bach (ARC Centre of Excellence in Exciton Science, Monash University)
A2-1S1 Back-Contact Perovskite Solar Cells
15:00 - 15:15  llker Dogan (Holst Centre/TNO — Solliance), Francesco Di Giacomo, Santosh Shanmuham, Valerio Zardetto,
A2-O1 Henri Fledderus, Harrie Gorter, Gerwin Kirschner, Ike de Vries, Weiming Qiu, Wiljan Verhees, Robert Gehlhaar,
Yulia Galagan, Herbert Lifka, Tom Aernouts, Sjoerd Veenstra, Pim Groen, Ronn Andriessen
Towards roll-to-roll production of perovskite solar cells: sheet-to-sheet slot-die processing of high efficiency cells
and modules
15:15-15:30  Florian Mathies, Gerardo Hernandez Sosa, Fabian Schackmar, Bryce S. Richards, Ulrich Lemmer, Ulrich W.
A2-02 Paetzold (Light Technology Institute, Karlsruhe Institute of Technology, Engesserstr. 13, 76131, Germany)
Inkjet Printed Perovskite Photovoltaics
15:30 - 15:45  Wallace Choy (Department of Electrical and Electronic Engineering, The University of Hong Kong, Pok Fu Lam
A2-03 Road, Hong Kong SAR, China), Jian Mao
Solution-based and Microfabrication-free Approach to Form Ordered Nanostructured Perovskites for
Photovoltaic and LED Applications
15:45-16:00 Daniel Perez-del-Rey, Pablo P. Boix (Universidad de Valencia - ICMol (Institute of Molecular Science)), Benedikt
A2-04 Danekamp, Jorge Avila, Cristina Momblona, Michele Sessolo, Henk Bolink
Working mechanisms of vacuum-deposited perovskite solar cells
16:00- 16:30  Coffee Break
16:30 - 16:45  James Blakesley (National Physical Laboratory)
A2-05 Introducing energy rating standards and their implication for Perovskite modules
16:45-17:00 Trystan Watson (7SPECIFIC, College of Engineering, Swansea University Bay Campus, Fabian Way, SAT 8EN
A2-06 Swansea, United Kingdom), Francesca De Rossi, Jenny Baker, David Beynon, Katherine Hooper, Simone
Meroni, Zhengfei Wei, Dave Worsley, Daniel Williams
Design and development of all printable perovskite solar modules with 198 cm2 active area
17:00-17:15  Clara Aranda, Juan Bisquert, Antonio Guerrero (Institute of Advanced Materials (INAM), Universitat Jaume 1),
A2-07 Wei Peng, Osman Bakr, Germa Garcia-Belmonte
lonic Diffusion Quantification in Lead Halide Perovskite Single Crystals
17:15-17:30  Juliane Borchert (Clarendon Laboratory, Department of Physics, University of Oxford, Parks Road, Oxford, OX1
A2-08 3PU, United Kingdom), Rebecca L Milot, Jay B Patel, Christopher L Davies, Adam D Wright, Laura Martinez
Maestro, Henry J Snaith, Laura M Herz, Michael B Johnston
Co-evaporated Formamidinium Lead lodide Solar Cells
Session B2
Chair: Maria Antonietta Loi
Room: Spectroscopy of Organic Materials
14:30- 15:00 Tracey Clarke (Department of Chemistry, University College London), Kealan Fallon, Michelle Vezie, Jenny
B2-1S1 Nelson, Artem Bakulin, Hugo Bronstein
Ultra-low band gap polymers for organic electronic applications
15:00- 15:15  DOUGLAS YEBOAH (Charles Darwin University), Jai Singh
B2-O1 Correlative Influence of Charge Carrier Recombination and Extraction Processes on the Fill Factor in Bulk
Heterojunction Organic solar Cells
15:15-15:30 Mohammed Azzouzi (Department of Physics and Centre for Plastic Electronics, Imperial College London,
B2-02 London, SW7 2AZ, UK.), Jun Yan, Thomas Kirchartz, Jenny Nelson

Non-Radiative Energy Losses in Bulk-Heterojunction Organic Photovoltaics
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15:30 - 15:45
B2-03

15:45 - 16:00
B2-O4

16:00 - 16:30
16:30 - 16:45
B2-0O5

16:45 - 17:00
B2-0O6

17:00 - 17:15
B2-O07

17:15-17:30
B2-08

14:30 - 15:00
C2-1s1
15:00 - 15:15
C2-01

15:15 - 15:30
C2-02

15:30 - 15:45
C2-03

15:45 - 16:00
C2-04

16:00 - 16:30

16:30 - 16:45
C2-05

16:45 - 17:00
C2-06

17:00 - 17:15
C2-07

17:15-17:30
C2-08

Yanting Yin (Chemical Physics and Nanotechnology Research Leader Flinders Centre for NanoScale Science
and Technology School of Chemical and Physical Sciences, Flinders University)

Within few Nanometres-the Way to Characterise Dipoles and Reconstruct Energy Bands at Metal Oxide/Organic
Interface

Michael Price (Optoelectronics Group, University of Cambridge), Xu-hui Jin, George Whittell, Richard Friend, lan
Manners

Efficient exciton transport in conjugated polyfluorene nanofibers

Coffee Break

Adam Pockett (SPECIFIC, Swansea University), Harrison Lee, Wing Chung Tsoi, Matthew Carnie

Studying degradation in OPV devices using a combination of frequency and time domain optoelectronic
techniques

Mustapha Abdu-Aguye (Photophysics and Optoelectronics, Zernike Institute for Advanced Materials, University
of Groningen, The Netherlands), Nutifafa Doumon, lvan Terzic, Vincent Voet, Katya Loos, Jan Anton Koster,
Maria Antonietta Loi

Photophysical properties of semiconducting-ferroelectric block copolymers for organic photovoltaics

Jose Manuel Marin-Beloqui (Department of Chemistry, University College London), Kealan Fallon, Hugo
Bronstein, Tracey Clarke
Donor and Acceptor Character in a Cross-Conjugated Polymer: a Transient Absorption Spectroscopy Study

Blaise Godefroid (Université libre de Bruxelles), Gregory Kozyreff
Organic solar cell design as a function of internal luminescence quantum efficiency

Session C2

Chair: Gerasimos Konstantatos

Room: Perovskite Nanocrystals

David Tilley (Department of Chemistry, University of Zurich)
Earth-Abundant Materials for Solar Water Splitting

Ilvan Mora-Serd (Institute of Advanced Materials (INAM), Universitat Jaume 1)
The next step forward: Halide Perovskite Nanocrystals

Junsheng Chen (Chemical Physics and NanoLund, Lund University, P.O. Box 124, 22100 Lund, Sweden), Pavel
Chabera, Maria E. Messing, Kaibo Zheng, Tonu Pullerits
Photophysics of two-photon absorption in CsPbBr3 perovskite quantum dots

Marina Gerhard (Chemical Physics and NanoLund, Lund University, P.O. Box 124, 22100 Lund, Sweden), Boris
Louis, Rafael Camacho, Aboma Merdasa, Jun Li, Alexander Dobrovolsky, Johan Hofkens, Ivan Scheblykin
Non-radiative recombination in organo-metal halide perovskites: Seeing beyond the ensemble-averaged picture
with temperature-dependent photoluminescence microscopy

Satoshi Uchida (Research Center for Advanced Science and Technology (RCAST) The University of Tokyo),
Tae Woon Kim, Ludmila Cojocaru, Tomonori Matsushita, Takashi Kondo, Hiroshi Segawa

Superlattice inside the perovskite solar cells

Coffee Break

Mauricio Calvo (Multifunctional Optical Materials Group, Instituto de Ciencia de Materiales de Sevilla, Consejo
Superior de Investigaciones Cientificas-Universidad de Sevilla), Andrea Rubino, Miguel Anaya, Juan Francisco
Galisteo, Hernan Miguez

ABX3 perovskite nanocrystals templated in porous matrices

Zahra Zolfaghari, Seog Joon Yoon (Institute of Advanced Materials (INAM), Universitat Jaume [), lvan Mora Seré
Photoinduced Charge Transfer Processes of Cesium Lead Halide Perovskite Quantum Dots in Optoelectronic
Devices

Meltem F. Ayguler (Department of Chemistry and Center for Nanoscience (CENS), Ludwig-Maximilians
Universitdt (LMU)), Bianka M. D. Puscher, Thomas Bein, Ruben D. Costa, Pablo Docampo

Light-emitting Electrochemical Cells based on Inorganic Metal Halide Perovskite Nanocrystals

Erik M.J Johansson (Uppsala University, Sweden)
Efficient, low-weight and semitransparent quantum dot solar cells
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08:55 - 09:00

14:30 - 15:00  Kevin Sivula (EPFL)
D2-1S1 Engineering semiconductor materials for robust photoelectrochemical solar fuel production
15:00 - 15:15  Yan Hao, Wenxing Yang, Gerrit Boschloo (Department of Chemistry- Angstrém Laboratory, Uppsala University)
D2-01 Fine-tuning of redox intermediates for highly efficient dye-sensitized solar cells
15:15-15:30  Marina Freitag (Uppsala University, Sweden)
D2-02 Copper Complexes for Dye-sensitized Solar Cells
15:30 - 15:45  Qingqging Miao (/nstitute of Process Engineering, Chinese Academy of Sciences), Suojiang Zhang
D2-03 Hybrid/Tandem Strategy for High-efficient Solar Cell Systems
15:45-16:00 Hannes Michaels (Uppsala University, Sweden)
D2-04 Highly-stable Cu(l)/(Il) oxazoline-bipyridine complexes
16:00 - 16:30  Coffee Break
16:30 - 16:45  Antonio Alfano (Center for Nano Science and Tecnology, Istituto Italiano di Tecnologia), Alessandro Mezzetti,
D2-05 Franceso Fumagalli, Chen Tao, Maria Rosa Antognazza, Emilio Palomares, Annamaria Petrozza, Fabio Di
Fonzo
Tandem Hybrid Organic-Inorganic Photocathode-Perovskite Solar Cell For Unassisted Water Splitting
16:45-17:00 Ingrid Rodriguez-Gutiérrez, Manuel Rodriguez-Pérez, Rodrigo Garcia-Rodriguez, Alberto Vega-Poot, Geonel
D2-06 Rodriguez-Gattorno, Bruce A. Parkinson, Gerko Oskam (Departamento de Fisica Aplicada, CINVESTAV-IPN
Mérida)
CuBi204 for solar water reduction: an IMPS analysis
17:00- 17:15  Roger Jiang (Department of Chemistry- Angstrém Laboratory, Uppsala University), Gerrit Boschloo
D2-07 Overcoming The Mass Transport Limitations of Dye-Sensitised Solar Cells
17:15-17:30  Bo Xu (Physical Chemistry, Department of Chemistry—/ingstrém Laboratory, Uppsala University, Box 523, SE-
D2-08 751 20 Uppsala, Sweden), Haining Tian
High Performance All-Solid-State Dye-Sensitized Solar Cells
19:00-22:00 Social Dinner and party

Announcement of the day

09:00 - 09:45  Antoni Llobet (/C/Q-BIST. Avda. Palsos Catalans, 16. Tarragona. E-43007. Spain)
G3.1-K1 Hybrid molecular photoanodes for water splitting
09:45-10:15  Koen Vandewal (/nstitute for Materials Research (IMO-IMOMEC), Hasselt University, Wetenschapspark 1, 3590
G3.1-11 Diepenbeek, BE)
The open-circuit voltage of organic photovoltaics
10:15-10:45 He Yan (Department of Chemistry, The Hong Kong University of Science and Technology, Clear Water Bay,
G3.1-12 Kowloon, Hong Kong)
Temperature dependent aggregation enables efficient fullerene and non-fullerene organic solar cells -- A new
path toward next generation organic solar cells
10:45-11:15  Coffee Break
11:15-11:45  Neil Greenham (Cavendish Laboratory, University of Cambridge, JJ Thomson Avenue, Cambridge CB3 OHE,
G3.2-11 United Kingdom)

Singlet Fission to Enhance Photovoltaic Efficiency
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11:45-12:15  Annamaria Petrozza (Center for Nano Science and Technology @ Polimi, Istituto Italiano di Tecnologia, via
G3.2-12 Giovanni Pascoli 70/3, 20133, Milan, Italy.)
Defect Physics and (In)Stability in Metal-halide Perovskite Semiconductors
12:15-12:45  Filippo De Angelis (CNR-ISTM Perugia)
G3.2-13 Origin of high open circuit voltage in lead-halide perovskite solar cells
12:45-13:00 Filippo De Angelis (/stituto di Scienze e Tecnologie Molecolari del CNR (CNR-ISTM))
G3.2-S1 Introducing next HOPV edition in Rome, Italy
Lunch

13:00 - 14:30

14:30- 15:00  Antonio Abate (He/mholtz-Center Berlin for Materials and Energy Kekuléstral3e 5 12489 Berlin Germany)
A3-1S1 Active materials for stable perovskite solar cells
15:00 - 15:15  Alessandro Senocrate (Max Planck Institut for Solid State Research), Tolga Acartirk, Gee Yeong Kim, Rotraut
A3-01 Merkle, Ulrich Starke, Michael Gratzel, Joachim Maier
Mechanism of oxygen interaction with halide perovskites
15:15-15:30  Amjad Farooq (/nstitute of Microstructure Technology, Karlsruhe Institute of Technology, Hermann-von-
A3-02 Helmholiz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany), |hteaz Hossain, Jonas Schwenzer, Bryce
Richards, Efthymios Klampaftis, Ulrich Paetzold
Ultra-Violet Light Driven Degradation in Perovskite Solar Cells
15:30 - 15:45  Dechan Angmo (Commonwealth Scientific and Industrial Research Organisation, Australia), Xiaojin Peng,
A3-03 Chuantian Zuo, Youn-Jung Heo, Mei Gao, Doojin Vak
Translating gas/solvent-assisted perovskite film formation from spin-coating in the glovebox to scalable
manufacturing methods under ambient conditions
15:45-16:00 Bardo Bruiinaers (Molecular Materials and Nanosystems, Eindhoven University of Technology, Netherlands),
A3-04 Eric Schiepers, Christ Weijtens, Stefan Meskers, Martijn Wienk, René Janssen
The importance of oxygen exposure of perovskite solar cells with a PEDOT:PSS hole transport layer
16:00 - 16:30  Coffee Break
16:30 - 16:45  Ute Cappel (Applied Physical Chemistry, Dept. of Chemistry, Royal Inst. of Technology (KTH)), Sebastian
A3-05 Svanstrom, Hakan Rensmo
Composition dependence of photo-induced chemical changes in mixed-ion perovskite materials
16:45-17:00 Francesca De Rossi (Swansea University - SPECIFIC), Jenny Baker, James McGettrick, Trystan Watson
A3-06 The influence of 5-AVAI content on the stability of all printed perovskite solar cells and modules
17:00-17:15  Ajay Jena (7Toin Univeristy of Yokohama, Kanagawa, Japan), Youhei Numata, Masashi lkegami, Tsutomu
A3-07 Miyasaka
Strategic Compositional Changes at MAPbI3/spiro-OMeTAD Junction to Improve Thermal Stability of The Solar
Cells
17:15-17:30  Emilio J. Juarez-Perez (Energy Materials and Surface Sciences Unit (EMSS), Okinawa Institute of Science and
A3-08 Technology Graduate University (OIST), 1919-1 Tancha, Onna-son, Okinawa 904-0495, Japan)
Mitigation of photodecomposition processes in lead halide based solar cells to improve operational stability
Session B3
Chair: Carolin Sutter-Fella
Room: Perovskite Solar Cells
14:30-15:00 Gustavo de Miguel (Departamento de Quimica Fisica y Termodindmica Aplicada, Instituto Universitario de
B3-1S1 Investigacion en Quimica Fina y Nanoquimica IUQFN, Universidad de Cdrdoba, Campus de Rabanales, Edificio

Marie Curie, Cordoba, Spain), Alexander Davis Jodlowski, Cristina Roldan-Carmona, Luis Camacho Delgado,
Mohammad Khaja Nazeeruddin

Guanidinium/Methylammonium Lead lodide Perovskite: An Unexplored Avenue for Stable and 20% Efficient
Solar Cells
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15:00 - 15:15
B3-O1

15:15 - 15:30
B3-02

15:30 - 15:45
B3-03

15:45 - 16:00
B3-O4

16:00 - 16:30
16:30 - 16:45
B3-0O5

16:45 - 17:00
B3-06

17:00 - 17:15
B3-07
17:15-17:30
B3-08

14:30 - 15:00

C3-181

15:00 - 15:15
C3-01

15:15-15:30
C3-02

Yongyoon Cho (UNSW School of Photovoltaic & Renewable Energy Engineering), Arman Mahboubi Soufiani,
Jae Sung Yun, Jincheol Kim, Da Seul Lee, Jan Seidel, Xiaofan Deng, Martin A. Green, Shujuan Huang, Anita
W.Y. Ho-Baillie

Mixed 3D-2D passivation treatment for mixed-cation lead mixed-halide perovskite solar cells for higher efficiency
and better stability

Matthieu Manceau, Muriel Matheron, lbrahim Bulut, Noélla Lemaitre (Univ. Grenoble Alpes, INES, CEA, LITEN,
DTS), Solenn Berson

From Perovskite-based Solar Cells to Large area Modules for Indoor Applications

Yinghong Hu (Department of Chemistry and Center for NanoScience (CeNS), LMU Munich, Butenandistr. 11,
81377 Munich, Germany), Eline M. Hutter, Philipp Rieder, Irene Grill, Jonas Hanisch, Meltem F. Ayguler,
Alexander G. Hufnagel, Matthias Handloser, Thomas Bein, Achim Hartschuh, Kristofer Tvingstedt, Vladimir
Dyakonov, Andreas Baumann, Tom J. Savenije, Michiel L. Petrus, Pablo Docampo

Understanding the Role of Cesium and Rubidium Additives in Perovskite Solar Cells: Trap States and Charge
Carrier Mobility

Endre Horvath (EPFL SB IPHYS LPMC , station 3, 1015, Lausanne), Massimo Spina, Balint Nafradi, Eric
Bonvin, Marton Kollar, Andrzej Sienkievicz, Anastasiia Glushkova, Alla Arakcheeva, Zsolt Szekrényes, Hajnalka
Toéhati, Katalin Kamaras, Richard Gaal, Laszl6é Forré

Organic-inorganic lead halide perovskite nanowires: formation mechanism and optoelectronic applications

Coffee Break

Riva Alkarsifi (Aix-Marseille University, Centre Interdisciplinaire de Nanosciences de Marseille CINaM, UMR
CNRS 7325, Marseille, France), Florent Pourcin, Pavlo Perkhun, Mats Fahlman, Christine Videlot-Ackermann,
Olivier Margeat, Jorg Ackermann

Doped Metal Oxide Nanocrystals for Solution-Processed Hole Extraction Layers in High Efficient Organic Solar
Cells

Petra Cameron (Department of Chemistry, University of Bath), Dominic Ferdani, Samuel Pering, Isabella Poli,
Peter Baker
Understanding the Changes Introduced by Cation Substitution in Perovskite Solar Cells

Luis Pazos-Outon (University of California, Berkeley, US), T. Patrick Xiao, Eli Yablonovitch
Fundamental efficiency limit of lead iodide perovskite solar cells

Fabio Matteocci (C.H.O.S.E-Univ. Tor Vergata), Emanuele Calabro, Luigi Vesce, Alessandro Lorenzo Palma,
Valentina Mirruzzo, Enrico Lamanna, Aldo Di carlo
Perovskite solar modules: a new era for thin film PV technology

Session C3

Chair: Udo Bach

Room: Multi-junction Solar Cells

Henk Bolink (/nstituto de Ciencia Molecular, Universidad de Valencia, C/ Catedratico J. Beltran 2, 46980
Paterna, Spain), Lidon Gil-Escrig, Pablo P. Boix, Cristina Momblona, Jorge Avila, Daniel Perez del Rey, Michele
Sessolo, Benedikt Daenekamp

Fully Evaporated High Efficiency Single Junction and Tandem Perovskite based Solar Cells.

Mehrdad Najafi (ECN — Solliance, High Tech Campus 21, 5656 AE, Eindhoven, The Netherlands), Valerio
Zardetto, Dong Zhang, Maarten Dorenkamper, Francesco Di Giacomo, llker Dogan, Wiljan Verhees, Herbert
Lifka, Alessia Senes, Paul Poodt, Bart Geerligs, Tom Aernouts, Sjoerd Veenstra, Ronn Andriessen

Stable semi-transparent perovskite solar cells for 26.1%-Efficiency Perovskite/c-Si 4-Terminal tandem cell

César Omar Ramirez Quiroz (Friedrich-Alexander University Erlangen-Nlrnberg, Institute of Materials for
Electronics and Energy Technology (I-MEET), Department of Materials Science and Engineering, Erlangen,
Germany.), Pierre J. Verlinden, Xueling Zhang, Martin A. Green, Anita Ho-Balillie, Loic M. Roch, Michael
Salvador, Steve Albrecht, Tobias Unruh, Andreas Hirsch, Alan Aspuru-Guzik, Christoph J. Brabec, George D.
Spyropoulos, Bernd Rech

From 4T to 2T solution processed silicon/perovskite tandems solar cells
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15:30 - 15:45
C3-03

15:45 - 16:00
C3-04

16:00 - 16:30
16:30 - 16:45
C3-05

16:45 - 17:00
C3-06

17:00 - 17:15
C3-07
17:15-17:30
C3-08

14:30 - 15:00
D3-1S1

15:00 - 15:15
D3-01

15:15-15:30
D3-02

15:30 - 15:45
D3-03

15:45 - 16:00
D3-04

16:00 - 16:30
16:30 - 16:45
D3-05

Dario Di Carlo Rasi (Molecular Materials and Nanosystems, Eindhoven University of Technology, Netherlands),
Martijn Wienk, Rene' Janssen
Quadruple-junction polymer solar cells with four different complementary absorber layers

F. Javier Ramos (/PVF, Institut Photovoltaique d’lle-de-France, 30 RD 128, 91120 Palaiseau, France), Sebastien
Jutteau, Jorge Posada, Adrien Bercegol, Amelle Rebai, Thomas Guillemot, Romain Bodeux, Nathanaelle
Schneider, Nicolas Loones, Daniel Ory, Cedric Broussillou, Gilles Goaer, Laurent Lombez, Jean Rousset
Efficient MoOx-Free Semitransparent Perovskite Solar Cell for a 22.4% 4-T Tandem with a 3% Boost over
Commercially-Available Al-BSF Si Cell

Coffee Break

Peter Fiala (Ecole Polytechnique Feédérale de Lausanne (EPFL), Institute of Microengineering (IMT)
Photovoltaics and Thin-Film Electronics Laboratory (PV-Lab), Rue de la Maladiere 71b, 2002 Neuchétel,
Switzerland.), Terry Chien-Jen Yang, Jérémie Werner, Florent Sahli, Matthias Brauninger, Brett A. Kamino,
Gizem Nogay, Fan Fu, Raphaél Monnard, Arnaud Walter, Soo-Jin Moon, Loris Barraud, Bertrand Paviet-
Salomon, Laura Ding, Juan J. Diaz Leon, Mathieu Boccard, Matthieu Despeisse, Sylvain Nicolay, Bjoern Niesen,
Quentin Jeangros, Cristophe Ballif

Hybrid Fabrication Method for High Efficiency Monolithic Perovskite/Silicon Tandem Solar Cells

Miguel Anava (Institute of Materials Science of Seville, CSIC-US), Gabriel Lozano, Mauricio Calvo, Hernan
Miguez

Optical design to boost the performance of perovskite based tandem solar cells

Benjamin Smith (SPECIFIC / Swansea University), Trystan Watson

Semi Transparent Perovskite Solar Cells with Transparent Back Contacts

Tobias Abzieher (Karlsruhe Institute of Technology, Light Technology Institute (LTI), Engesserstrasse 13, 76131
Karlsruhe, Germany), Jonas A. Schwenzer, Florian Sutterliiti, Michael Pfau, Erwin Lotter, Michael Hetterich, Uli
Lemmer, Michael Powalla, Ulrich W. Paetzold

Upscalable All-Evaporated Perovskite Solar Cells Based on Inorganic Hole Transport Layers

Session D3

Chair: Koen Vandewal

Room: Electrical Characterization of Perovskites

Dieter Neher (nstitute of Physics and Astronomy, University of Potsdam), Christian Wolff, Martin Stolterfoht
Hybrid Multilayer Design for Efficient Perovskite-based Solar Cells

Tereza Schonfeldova (Laboratory of Nanostructures and Nanomaterials, Institute of Physics, Academy of
Sciences of the Czech Republic, v. v. i., Cukrovarnickd 10, 162 00 Prague, Czech Republic), Jakub Holovsky,
Zderika Hajkova, Lucie Abelova, Neda Neykova, Ha Stuchlikovd, Jan Kocka, Stefaan De Wolf, Antonin Fejfar,
Martin Ledinsky

Study of Static and Dynamic Disorder in Organic-Inorganic Halide Perovskites

Andreas Baumann (Bavarian Center for Applied Energy Research, Magdalene-Schoch-Str. 3, 97074 Wiirzburg,
Germany), Mathias Fischer, Kristofer Tvingstedt, Vladimir Dyakonov
Doping profile in planar perovskite solar cells

David Kiermasch, Andreas Baumann, Mathias Fischer, Vladimir Dyakonov, Kristofer Tvingstedt (Experimental
Physics VI, Julius Maximillian University of Wiirzburg, 97074 Wiirzburg, Germany)

On the assignment of carrier lifetimes in high absorption coefficient thin film solar cells via electrical transient
methods

Anna Todinova (Molecular Materials and Nanosystems, Eindhoven University of Technology, Netherlands), Lidia
Contreras-Bernal, Manuel Salado, Shahzada Ahmad, Neftali Morillo, Jesus Idigoras, Juan Antonio Anta

Choice of equivalent circuit for impedance spectra of perovskite cells: Universal approach and empirical analysis.
Coffee Break

Matt Carnie (1SPECIFIC, College of Engineering, Swansea University Bay Campus, Fabian Way, SA1 8EN
Swansea, United Kingdom), Adam Pockett, Jenny Baker, Francesca De Rossi, Trystan Watson

Recombination and lon Migration in Triple Mesoporous Perovskite Solar Cells
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16:45-17:00 Tian Du (Department of materials, Imperial College London), Weidong Xu, Jinhyun Kim, Matyas Daboczi, Ji-
D3-06 seon Kim, James Durrant, Martyn McLachlan
Charge extraction limits open-circuit voltage in inverted planar perovskite solar cells
17:00-17:15  Meltem F. Ayguler (Department of Chemistry and Center for Nanoscience (CeNS) University of Munich (LMU)),
D3-07 Alexander G. Hufnagel, Philipp Rieder, Michael Wussler, Wolfram Jaegermann, Thomas Bein, Vladimir
Dyakonov, Michiel L. Petrus, Andreas Baumann, Pablo Docampo
The Influence of Fermi Level Alignment with Tin Oxide on the Hysteresis of Perovskite Solar Cells

17:15-17:30  Philipp Rieder (Experimental Physics VI, Julius Maximillian University of Wiirzburg, 97074 Wiirzburg, Germany),
D3-08 Yinghong Hu, Meltem F. Aygliler, Alexander G. Hufnagel, Michiel L. Petrus, Pablo Docampo, Kristofer
Tvingstedt, Andreas Baumann, Thomas Bein, Vladimir Dyakonov
Reduced defect density in triple and quadruple cation perovskite solar cells by incorporation of Cesium

17:30-18:00 Closing ceremony

Poster Contribution

003 Saeid Rafizadeh (Fraunhofer Institute for Solar Energy Systems ISE), Karl Wienands, Laura E. Mundt, Alexander J. Bett,
Patricia S.C. Schulze, Ludmila Cojocaru, Lucio Claudio Andreani, Martin Hermle, Stefan Glunz, Jan Christoph
Goldschmidt
Record Stabilized Efficiencies Exceeding 18% for Hybrid Evaporation-Spincoating Planar Perovskite Solar Cells

005 Haining Tian (Physical Chemistry, Department of Chemist/y-A’ngstrdm Laboratory, Uppsala University, Box 523, SE-751
20 Uppsala, Sweden), Lei Tian, Jens Fdhlinger
Solid State p-Type Dye Sensitized Core-Shell Solar Cells

006 Yue Hu (Michael Grétzel Center for Mesoscopic Solar Cells, Wuhan National Laboratory for Optoelectronics), Yaoguang
Rong, Hongwei Han
Improved Performance of Printable Perovskite Solar Cells with Bifunctional Conjugated Organic Molecule

007 Yaoguang Rong (Michael Grazel Center for Mesoscopic Solar Cells, Wuhan National Laboratory for Optoelectronics,
Huazhong University of Science and Technology,), Yue Hu, Xiaomeng Hou, Mi Xu, Hongwei Han
Ambient-processed efficient and stable printable mesoscopic perovskite solar cells

008 Cho Fai Jonathan Lau (Australian Centre for Advanced Photovoltaics, School of Photovoltaic and Renewable Energy
Engineering, University of New South Wales, Sydney 2052, Australia), Xiaofan Deng, Jianghui Zheng, Jincheol Kim,
Zhilong Zhang, Meng Zhang, Jueming Bing, Benjamin Wilkinson, Long Hu, Robert Patterson, Shujuan Huang, Anita Ho-
Baillie
Enhanced Performance via Partial Pb Replacement with Ca for CsPbI3 Perovskite Solar Cell exceeding 13% Power
Conversion Efficiency

010 lIsabella Poli (Centre for Sustainable Chemical Technologies, University of Bath), Salvador Eslava, Petra Cameron
Simple solution-processing strategy for halide perovskite solar cells with enhanced stability towards moisture

030 Lidia Contreras-Bernal (Area de Quimica Fisica, Universidad Pablo de Olavide, E-41013, Sevilla, Spain), Clara Aranda,
Marta Valles-Pelarda, Thi Tuyen Ngo, Susana Ramos-Terrdn, Juan Jesus Gallardo, Javier Navas, Antonio Guerrero, lvan
Mora-Serd, Jesus Idigoras, Juan A Anta
Homeopathic Perovskite Solar Cells: Effect of Humidity During Fabrication on the Performance and Stability of the Device

036 Alejandra Maria Castro Chong (Departamento de Fisica Aplicada, CINVESTAV-IPN Mérida), Tom Aernouts, Gerko
Oskam, Weiming Qiu, Joao Bastos
Influence of the Presence of a Mesoporous Electron Extraction Layer on the Stability of Hybrid Perovskite Solar Cells.

045 Markus Kohlstadt (University of Freiburg, Freiburg Materials Research Center (FMF)), Mohammed A. Yakoob, Jan P.
Herterich, Laura E. Mundt, Uli Wrfel
From cell to mini-module — blade coating and controlled drying for planar inverted perovskite solar cells

046 Bart Roose (Cavendish Laboratory, University of Cambridge, JJ Thomson Avenue, Cambridge CB3 OHE, United
Kingdom)
Engineering metal oxides for UV-stable perovskite solar cells
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050 Dominic Ferdani (Centre for Sustainable Chemical Technologies, University of Bath), Andrew Johnson, Simon Lewis,
Peter Baker, Petra Cameron
Investigating Mixed Cation Perovskites with Muon Spin Relaxation

051 Samuel Pering (Department of Chemistry, University of Bath), Petra Cameron
A-site Cationic Additives: What Do They Do?

053 Joel Smith (The University of Sheffield), Onkar Game, Michael Wong-Stringer, Melissa McCarthy, Benjamin Freestone,
Claire Greenland, Thomas Routledge, lan Povey, David Lidzey
Electron beam evaporation of tin oxide layer for planar perovskite solar cells

054 Sunsun Li (Institute of Chemistry,Chinese Academy of Sciences), Wenchao Zhao, Long Ye, Harald Ade, Jianhui Hou
Rational Molecular Design of Non-fullerene Acceptor towards High-efficiency Polymer Solar Cells

055 Dong Ding (Imperial College London, Department of Chemistry and Cenitre for Plastic Electronics)
Recent Advances in Solution-Processed Hybrid Nanostructured Tin Monosulfide Solar Cells

069 Luis Lanzetta (/mperial College London, Department of Chemistry and Centre for Plastic Electronics), Sozos Michael,
Chloe Wong, Saif A. Haque
Layered Organic Tin Halide Perovskite: Interfacial Charge Carrier Dynamics and Device Applications

073 Karen L. Valadez-Villalobos (Department of Applied Physics, CINVESTAV-IPN, Mérida, Yuc. 97310, México), Jesus
Idigoras, Lilian Pérez, Juan A. Anta, Gerko Oskam
Effect of Different Materials as Electron Selective Contacts in the Performance of Perovskite Solar Cells

078 Su Htike Aung, Lichen Zhao, Kazuteru Nonomura, Shaik M. Zakeeruddin, Nick Vlachopoulos (Laboratory of
Photomolecular Science, Department of Chemical Science and Engineering, Swiss Federal Institute of Technology in
Lausanne, EPFL--ISIC-FSB-LSPM, Station 6, CH-1015 Lausanne, Switzerland), Anders Hagfeldt, Michael Gratzel
Electrochemically deposited blocking underlayers in efficient n-p-i perovskite solar cells

082 Yi-Bing Cheng (Monash University, Department of Materials Science and Engineering), Jinbao Zhang, Quentin Daniel,
Tian Zhang, Xiaoming Wen, Bo Xu, Licheng Sun, Udo Bach
Effects of dopants in hole transport material (HTM) for perovskite solar cells

084 Yinghong Hu (Department of Chemistry and Center for NanoScience (CeNS), LMU Munich, Butenandistr. 11, 81377
Munich, Germany), Meltem F. Ayguler, Michiel L. Petrus, Thomas Bein, Pablo Docampo
Impact of Rubidium and Cesium Cations on the Moisture Stability of Multiple-Cation Mixed-Halide Perovskites

086 Sandy Sanchez (University of Fribourg, Adoiphe Merkle Institute)
Flash infrared annealing for perovskite solar cells

090 Lei Tian (Uppsala University, Sweden)
Charge transfer kinetics in a Core-Shell NiO-Dye-TiO2 Mesoporous Film

094 Liang Wang (National Center for Nanoscience and Technology), Fengjing Liu, Xiaoyong Cai, Chao Jiang
A New Strategy of Methylamine lodide Solution Assisted Repair for Pinhole-Free Perovskite Films in High-Efficiency
Photovoltaics under Ambient Conditions

097 Bart Saes (Molecular Materials and Nanosystems, Eindhoven University of Technology, Netherlands), Michael Patzel,
Martin Herder, Martijn Wienk, Rene Janssen, Stefan Hecht
Photochromism in Bulk Heterojunction Organic Solar Cells

098 Bowon Yoo (Department of Chemistry, Imperial College London, South Kensington Campus, London SW7 2AZ, United
Kingdom), Dong Ding, Luis Lanzetta, Jose Marin-Beloqui, Xiangnan Bu, Saif Haque
Thin layer for efficient charge separation of bismuth iodide thin films for improved carrier transportation for photovoltaic
application

103 Sebastian Svanstrdm (Uppsala University, Sweden), Jesper Jacobsson, Hakan Rensmo, Ute Cappel
In-situ chemical characterisation of perovskite interfaces using XPS

105 Konstantins Mantulnikovs (Laboratory of Physics of Complex Matter, Ecole Polytechnique Fédérale de Lausanne, CH-

1015 Lausanne, Switzerland), Anastasiia Glushkova, Péter Matus, Luka Ciri¢, Marton Kollar, Laszlé Forrd, Endre
Horvath, Andrzej Sienkiewicz
Morphology and photoluminescence of CH3NH3PbI3 deposits on non-planar, strongly curved substrates
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Artiom Magomedov (Department of Organic Chemistry, Kaunas University of Technology), Ernestas Kasparavicius,
Kasparas Rakstys, Sanghyun Paek, Natalia Gasilova, Kristijonas Genevicius, Gytis JuSka, Tadas Malinauskas,
Mohammad Khaja Nazeeruddin, Vytautas Getautis

Pyridination of Hole Transporting Materials in Perovskite Solar Cells

115

Wanning Li (/nstitute of Chemistry, Chinese Academy of Sciences), Long Ye, Sunsun Li, Huifeng Yao, Harald Ade, Jianhui
Hou

A High Efficiency Organic Solar Cell Enabled by Strong Intramolecular Electron Push-Pull Effect of Non-Fullerene
Acceptor

118

Jan-Henrik Smatt (Laboratory of Physical Chemistry, Abo Akademi University), Muhammad Talha Masood, Syeda
Qudsia, Simon Sandén, Oskar J. Sandberg, Mathias Nyman, Paola Vivo, Peter D. Lund, Ronald Osterbacka
Utilizing the Dip Coating Method to Prepare Uniform Contact Materials for Perovskite Solar Cells

121

Runnan Yu (/nstitute of Chemistry, Chinese Academy of Sciences (ICCAS)), Jianhui Hou
Two Well-miscible Acceptors Work as One for Efficient Fullerene-free Organic Solar Cells

123 Wallace Choy (Department of Electrical and Electronic Engineering, The University of Hong Kong, Pok Fu Lam Road,
Hong Kong SAR, China)
New Class of Green Low-Temperature Solution-Processed Metal Oxides for High Performance Organic Solar Cells

126  Blaise Godefroid (Université libre de Bruxelles), Gregory Kozyreff
Multi-resonance tandem geometry for an improved light trapping at long-wavelength in thin-film solar cells

127 Sebastian F. Hoefler (Institute for Chemistry and Technology of Materials (ICTM), Graz University of Technology,
Stremayrgasse 9, 8010 Graz, Austria), Thomas Rath, Mathias Hobisch, Nadiia Pastukhova, Egon Pavlica, Gvido Bratina,
Dorothea Scheunemann, Sebastian Wilken, Gregor Trimmel
Assessing the Role of Polymer Molecular Weight for High-Performance Indacenodithiophene-Based Fullerene-Free
Organic Solar Cells

135 Waldemar Kaiser (Technical University of Munich), Alessio Gagliardi
Enhanced thermodynamic efficiency study of excitonic solar cells

144  Atanas Katerski (Department of Materials and Environmental Technology, Tallinn University of Technology, Ehitajate tee
5, 19086, Tallinn, Estonia.), Jako Siim Eensalu, Erki Karber, llona Oja Acik, Arvo Mere, Malle Krunks
TiO2/Sb2S3 by ultrasonic spray method for rapid fabrication of a hybrid solar cell

145 Catherine Suenne De Castro (Applied Photochemistry Group, SPECIFIC, Materials Research Centre, College of
Engineering, Swansea University, Bay Campus, Fabian Way, Swansea SA1 8EN, United Kingdom)
Photophysical Characterisation of Perovskites

150 Viresh Dutta (/ndian Institute of Technology Delhi, New Delhi-India)
Synthesis of Bismuth lodide Perovskite Thin film by Spray Technique for Solar Cell Applications

155  Yuriy Luponosov (Enikolopov Institute of Synthetic Polymer Materials of Russian Academy of Sciences, Moscow, Russia),
Alexander Solodukhin, Sergei Ponomarenko
Alkyl-free D-A small molecules based on triphenylamine and phenyldicyanovinyl blocks as promising class of stable
materials for organic solar cells

160 Denys Shevchenko (Solomya)
Mass Spectrometry Analysis of Hybrid and Organic Solar Cells

166 Robert Baker (Centre for Sustainable Chemical Technologies and Department of Chemistry, University of Bath), Xinxing
Liang, Petra Cameron
Controllable Synthesis of Perovskite Quantum Dots using Flow Chemistry

177 Pedro Rodriguez-Cantd (INTENANOMAT S.L, C/ Catedratico José Beltrdn 2, 46980 Paterna, Spain.), Eduardo Aznar,
Juan P. Martinez-Pastor, Rafael Abargues
Novel transparent conducting polymeric materials suitable for hole transport in perovskite-based devices

178 Sixto Gimenez (Institute of Advanced Materials (INAM), Universitat Jaume [), Drialys Cardenas-Morcoso, Miguel Garcia-

Tecedor, Roser Fernandez-Climent
Solar fuels production with metal oxide semiconductor materials
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183 Enrico Lamanna (CHOSE (Centre for Hybrid and Organic Solar Energy), Department of Electronic Engineering, University
of Rome - Tor Vergata), Emanuele Calabro, Fabio Matteocci, Aldo Di Carlo, Luca Serenelli, Mario Tucci, Paola Delli
Veneri, Vera La Ferrara, Antonella De Maria
Enhancing IR transmittance of Perovskite Solar Cells for 2-terminal Silicon/Perovskite tandem devices

185 Emanuele Calabro (Centre for Hybrid and Organic Solar Energy (CHOSE), Department of Electronic Engineering,
University of Rome TOR Cenire for Hybrid and Organic Solar Energy (CHOSE), Department of Electronic Engineering,
University of Rome TOR VERGATA), Fabio Matteocci, Enrico Lamanna, Aldo Di Carlo
Improving the efficiency of Low temperature planar MAPbI3 Perovskite Solar Cells using a Cesium doped SnO2

189 Sigalit Aharon (The Hebrew University of Jerusalem, The Institute of Chemistry, Casali Center for Applied Chemistry,
Jerusalem, Israel), Lioz Etgar
The effect of the alkylammonium cation on the optical and physical properties of organic-inorganic perovskite
nanoparticles

196 Narges Yaghoobi Nia (CHOSE. (Centre for Hybrid and Organic Solar Energy), University of Rome “Tor Vergata”, via de/
Politecnico 1, Rome 00133, ltaly.), Fabrizio Giordano, Mahmoud Zendehdel, Alessandro Lorenzo Palma, Lucio Cina,
Fabio Matteocci, Shaik Mohammed Zakeeruddin, Michael Graetzel, Aldo Di Carlo
A Scalable Crystal Engineering Approach for Fabrication of Efficient and Stable Multi Cation/Anion Perovskite Solar Cells
and Modules Via Sequential Deposition in Ambient Condition

198 Neeti Tripathi (Department of Physics, School of Physical Sciences, Doon University, Kedarpur, Dehardun, Uttarakhand
24800, INDIA), Masatoshi Yanagida, Yasuhiro Shirai, Kenjiro Miyano
Reduced recombination losses in planar perovskite devices via amine based polymer

201 Petra Matunova (/nstitute of Physics ASCR), Vit Jirasek, Bohuslav Rezek
Effects of different nanodiamond surface terminations on HOMO/LUMO separation in complexes with polypyrrole: a DFT
study.

207 Marius Franckevi€ius (Center for Physical Sciences and Technology, Saulétekio Av. 3, LT-10257 Vilnius, Lithuania),
Rokas Gegevicius, Marius Treideris, Vidmantas Gulbinas
The Role of Oxide Layer on the Gain Enhancement in Hybrid Perovskite Photodetectors

208 Jimmy Mangalam (/nstitute for Chemistry and Technology of Materials (ICTM), Graz University of Technology,
Stremayrgasse 9, 8010 Graz, Austria), Thomas Rath, Stefan Weber, Birgit Kunert, Gregor Trimmel
Functionalized benzylphosphonic acid SAMs for modification of nickel oxide hole transport layers in lead halide perovskite
solar cells

210 Ningning Liang (/nstitute of Chemistry, Chinese Academy of Science, Beijjing 100190, PR China), Kai Sun, Jianhui Hou,
Zhaohui Wang
Near-Infrared Non-Fullerene Electron Acceptors Based on Terrylene Diimides for Organic Solar Cells

211 Simone Meroni (SPECIFIC, Swansea University), Katherine Hooper, Francesca De Rossi, Jennifer Baker, Trystan
Watson
Design and Optimisation of Fully Printable Perovskite Solar Modules by Scribing Method

213 Osbel Almora (Institute of Materials for Electronics and Energy Technology (i-MEET), Friedrich-Alexander Universitét
Erlangen-Ndmberg, Martensstr. 7, 91058 Erlangen, Germany), Kyung Taek Cho, Sadig Aghazada, Iwan Zimmermann,
Gebhard J. Matt, Christoph J. Brabec, Nazeeruddin Mohammad Khaja, Germa Garcia-Belmonte
Discerning Recombination Mechanisms in Perovskite Solar Cells including 2D/3D Interfaces and Mixed Anions/Cations
Absorbers

214 Ariadni Boziki (Swiss Federal Institute of Technology, EPFL, ISIC, LCBC, CH-1015, Lausanne, Switzerland), José A
Flores-Livas, Daniele Tomerini, Sandip De, Michele Ceriotti, Stefan Goedecker, Ursula Réthlisberger
Structure discovery of organic-inorganic halide perovskites

216 Dibyajyoti Ghosh (Department of Chemistry, University of Bath)
Good Vibrations: Locking of Octahedral Tilting in Mixed-Cation lodide Perovskites for Solar Cells

217 Renan Escalante (Centro de Investigacion y de Estudios Avanzados del IPN), Dena Pourjafari, Alberto Vega-Poot, Juan
Anta, Gerko Oskam
Dye-sensitized solar cells: comparison between different TiO2 phases and scale-up
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218 Masatoshi Yanagida (Global Research Center for Environment and Energy based on Nanomaterials Science (GREEN),
National Institute for Materials Science (NIMS)), Md Bodiul Islam, Namrata Pant, Yasuhiro Shirai, Kenjiro Miyano
Pbl perovskite solar cells consisted of RF sputtered NiOx as hole transport layer

220 Jian Qing, Xiao-Ke Liu (Department of Physics Chemistry and Biology Linkoping University 58183 Linkoping , Sweden),
Mingjie Li, Chun-Sing Lee, Tze Chien Sum, Feng Gao
Aligned and Graded Type-ll Ruddlesden-Popper Perovskite Films for Efficient Solar Cells

221 Mahdi Algahtani (Electronic & Electrical Engineering - University College London), Fan Cui, Jiang Wu
Protective nanostructure for an efficient and stable water-splitting GaAs photoanode

223 Andrea Rubino (Multifunctional Optical Materials Group, Instituto de Ciencia de Materiales de Sevilla, Consejo Superior
de Investigaciones Cientificas-Universidad de Sevilla), Miguel Anaya, Mauricio Calvo, Juan Galisteo, Hernan Miguez
Highly emissive hybrid MAPbX3 perovskite nanocrystals flexible films

224 David Tiede (/nstituto de Ciencia de Materiales de Sevilla (ICMS-CS/C)), Juan F. Galisteo-Lépez, Miguel Anaya, Mauricio
E. Calvo, Hernan Miguez
Post-fabrication halide treatment in CH3NH3PbBr3 single crystals as a means to improve its photoluminescence

225 Claire Greenland (Department of Physics and Astronomy, University Of Sheffield), Sai Rajendran, Onkar Game, David
Lidzey
Temperature-dependent charge carrier dynamics in (FAPbI3) 0.85 (MABr)0.15 thin films

226  Arvydas Ruseckas (School of Physics and Astronomy, University of St. Andrews), Scott J. Pearson, Gordon J. Hedley,
Ifor D.W. Samuel
Charge recombination via polymer triplet state in PTB7:fullerene blends

227 Anastasiia Glushkova (EPFL SB IPHYS LPMC, Lausanne, CH-1015, Switzerland), Alla Arakcheeva, Phil Pattison, Marton
Kollar, Pavao Andricevic, Balint Nafradi, Laszlo Forro, Endre Horvath
Influence of the organic cation disorder on photoconductivity in ethylenediammonium lead iodide, NH3CH2NH2NH3Pbl4

228 Alberto Vifas (University of Copenhagen), Jonas Lissau, Henrik Gotfredsen, Martyn Jevric, Mogens Brgnsted Nielsen,
Theis Selling
Irreversible Energy Transfer in Fullerene Derivatives: through-Space Energy Transfer for Triplet Harvesting

229 Mincheol Park (Center for Multiscale Energy Systems), Woohyung Cho, Mansoo Choi
Highly reproducible large-scale perovskite solar cells fabricated via megasonic spray system

230 Yoshiyuki Nakajima (Riken Keiki Co. Ltd), Satoshi Uchida, Hiroshi Segawa
Electronic properties of raw materials of Perovskite and Quantum dots Solar Cell Estimated with "Photoemission Yield
Spectroscopy in Air (PYSA)"

231  Man Gu Kang (ICT Materials Research Group, ICT Materials & Components Research Laboratory, Electronics and
Telecommunications Research Institute), Seong Hyun Lee
Optimum Design in series connected DSCs and PSCs Modules

232 Laurence Lutsen (imec-department imomec)
Solid-state Nuclear Magnetic Resonance Spectroscopy applied to formamidinium-methylammonium mixed hybrid
perovskites

233 Huimin Zhu (Physical Chemistry, Department of Chemistry-Angstrém Laboratory, Uppsala University, Box 523, SE-751
20 Uppsala, Sweden)
The Effect of Dopant-Free Hole Transport Polymers P3HT, P3TI and TQ1 on Charge Generation and Recombination in
Cesium-Bismuth-lodide Solar Cells

236 Gee Yeong Kim, Alessandro Senocrate (Max Planck Institute for Solid State Research), Tae-Youl Yang, Giuliano Gregori,
Michael Graetzel, Joachim Maier
Huge photo-enhancement of ion conduction in methylammonium lead iodide

238 Ming-Chun Tang (KAUST Solar Center (KSC) and Physical Science and Engineering Division (PSE), King Abdullah
University of Science and Technology (KAUST), Thuwal 23955-6900, Saudi Arabia), Kai Wang, Hoang X. Dang, Dounya
Barrit, Rahim Munir, Detlef-M. Smilgies, Stefaan De Wolf, Aram Amassian
In situ investigation of mixed-cation and mixed-halide hybrid perovskite films achieving 20% PCE
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239 Rodrigo Garcia-Rodriguez (Bath University), Sam Pering, Adam Pockett, Petra Cameron
INFLUENCE OF IODIDE AND BROMIDE CONTENT ON IONIC MOVEMENT IN MIXED-HALIDE PEROVSKITE SOLAR
CELLS

240 Nuria Vicente Aqut (Institute of Advanced Materials (INAM), Universitat Jaume /), Germa Garcia-Belmonte
High Li-ion Concentration and Diffusion in Methylammonium Lead Bromide Perovskite Battery Anodes

241 Aaron Bayles (Instituto de Ciencia de Materiales de Sevilla (ICMS-CS/C)), Mauricio E. Calvo, Sol Carretero Palacios,
Hernan Miguez
Plasmonic Enhancement of Perovskite Thin Film Absorption

243 Alba Mingorance, Haibing Xie, Hui-Seon Kim, Jose Carlos Pereira, Amador Perez-Tomas, Zaiwei Wang, Marc Balsells,
Anna Morales-Malgares, Wolfgang Tress, Neus Domingo, Anders Hagfeldt, Monica Lira-Cantu (Catalan Institute of
Nanoscience and Nanotechnology (ICNZ2), CSIC and The Barcelona Institute of Science and Technology, Campus UAB,
Bellaterra, 08193 Barcelona, Spain)
Binary, Doped and Complex Oxides as Transport Layers in Halide Perovskite Solar Cells

244 Junke Jiang, Chidozie K. Onwudinanti, Ross A. Hatton, Peter A. Bobbert (Center for Computational Energy Research,
Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The
Netherlands), Shuxia Tao
Stabilizing Lead-Free All-Inorganic Tin Halide Perovskites by lon Exchange

245 Chiara Carbonera (Research Center for Renewable Energies & Environment - Solar Department - Eni S.p.A., Novara,
Italy), Alessandra Cominetti, Riccardo Po', Mario Salvalaggio, Alberto Savoini, Stefano Zanardi
Study of alternative printable interlayers for organic photovoltaic devices

246 Haralds Aboling (Cavendish Laboratory, University of Cambridge, JJ Thomson Avenue, Cambridge CB3 OHE, United
Kingdom), Felix Deschler
Understanding and Tuning the Energetic Landscape for Mixed Dimensionality Perovskites

249 Yan Hao (Royal Institute of Technology (KTH)), Lars Kloo, gerrit Boschloo, wenxing Yang
Exploring Tris(4-alkoxyphenyl)amines Intermediates in Cobalt Complex based Tandem Electrolytes for High Voltage and
High Performance Dye-sensitized Solar Cells

250 Amalraj Peter Amalathas (Centre for Advanced Photovoltaics, Faculty of Electrical Engineering, Czech Technical
University in Prague, Technicka 2, 166 27 Prague, Czech Republic), Lucie Abelova, Brianna Conrad, Branislav Dzuriiak,
Martin Ledinsky, Jakub Holovsky
Interface charge dynamics in heterogeneous CH3NH3PbI3 perovskite structures studied by Kelvin Probe and
Photoluminescence techniques

251 Lukas Wagner (Fraunhofer-institut fir Solare Energiesysteme ISE, HeidenhofstralBe 2, D-79110 Freiburg, Germany),
Gayathri Mathiazhagan, Simone Mastroianni, Andreas Hinsch
Certified Printed Perovskite Photovoltaics by a Molten Salt Approach

252  Thi Tuyen Nqo (/nstitute of Advanced Materials (INAM), University Jaume I, Avenida de Vicent Sos Baynat, s/n, 12006
Castello de la Plana, Castellon (Spain)), Ramon Tena-Zaera, lvan Mora-Ser6
ZnO Spray-Pyrolyzed as Electron Selective Contact for Long Term Stable Planar CH3NH3PbI3 Perovskite Solar Cells

253 Carlos Echeverria-Arrondo (/nstitute of Advanced Materials (INAM), Universitat Jaume |)
Perovskite Solar Cells: Photovoltage Formation Unveiled from First Principles

254 Ramén Arcas (Institute of Advanced Materials (INAM), University Jaume I, Avenida de Vicent Sos Baynat, s/n, 12006
Castelld de la Plana, Castellon (Spain)), Elena Mas-Marza, Francisco Fabregat-Santiago
Moisture effect on the hysteresis of perovskite solar cells

255 Ehsan Hassanabadi (/nstitute of Advanced Materials (INAM), University Jaume I, Avenida de Vicent Sos Baynat, s/n,

12006 Castelld de la Plana, Castellon (Spain)), |Isaac Suarez, Alberto Maulu, Niccold Carlino, Cecilia Ada Maestri,
Masoud Latifi, Paolo Bettotti, Ivan Mora-Serd, Juan P. Martinez-Pastor
Integration of Optical Amplifier and Photodetector on flexible Nanocellulose Substrate

16/20




I:IMUﬁV ; - L . 1] ST H%E‘m nanoGa

OwQTOVOLTA ICE 5 . -~ 20th - 3in May

256 Gonzalo Garcia-Espejo (Departamento de Quimica Fisica y Termodinamica Aplicada, Instituto Universitario de
Investigacion en Quimica Fina y Nanoquimica IUQFN, Universidad de Cordoba, Campus de Rabanales, Edificio Marie
Curie, Cordoba, Spain), Daily Rodriguez-Padrén, Marta Pérez-Morales, Rafael Luque, Gustavo de Miguel, Luis Camacho
One-dimensional (1D) hybrid perovskites incorporating polycyclic aromatic cations obtained via mechanosynthesis

257 Jegadesan Subbiah (School of Chemistry, Bio21 Institute, University of Melbourne, , Parkville, VIC 3010, Australia.), Paul
Geraghty, David Jones
Highly efficient small molecule organic solar cells using halogen-free solvent

258 Robin Willems (Molecular Materials and Nanosystems, Institute for Complex Molecular Systems, Eindhoven University of
Technology, P. O. Box 513, 5600 MB Eindhoven, The Netherlands), Christ Weijtens, Xander de Vries, Reinder Coehoorn,
René Janssen
Accurate determination of HOMO energies in conjugated diketopyrrolopyrrole-based polymers for predicting the open-
circuit voltage of organic photovoltaic devices

259 Christian Ahlang (Physics, Faculty of Science and Engineering and Center for Functional Materials, Abo Akademi
University), Oskar Sandberg, Ronald Osterbacka
2D drift-diffusion study of interfacial effects in thin-film solar cells

260 Ludmila Cojocaru (Freiburg Center for Interactive Materials and Bioinspired Technologies (FIT), Laboratory for
Photovoltaic Energy Conversion, Department of Sustainable Systems Engineering (INATECH), University of Freiburg,
Georges-Kéhler-Allee 105, 79110 Freiburg, Germany), Karl Wienands, Saeid Rafizadeh, Jan Christoph Goldschmidt,
Stefan W. Glunz
High crystalline CH3NH3PbI3 structure prepared by evaporation method for efficient perovskite solar cells

261 Namrata Pant (Interdisciplinary Graduate School of Medicine and Engineering, University of Yamanashi), James Ryan,
Masatoshi Yanagida, Yasuhiro Shirai, Kenjiro Miyano
Influence of Hole Transport Layers : Nickel Oxide and PEDOT:PSS in Lead lodide perovskite Solar Cells

262 Sandheep Ravishankar (/nstitute of Advanced Materials (INAM), University Jaume I, Avenida de Vicent Sos Baynat, s/n,
12006 Castello de la Plana, Castellon (Spain)), Pablo P. Boix, Clara Aranda-Alonso, Juan A. Anta, Germa Garcia-
Belmonte, Juan Bisquert
Kinetic Influences on the Measured External Quantum Efficiency of Perovskite Solar Cells

263 Bruno Clasen Hames (Institute of Advanced Materials (INAM), Universitat Jaume 1), Jesus Rodriguez-Romero, Eva M.
Barea, Ivan Mora-Sero
Anilinium cation for 2D/3D perovskite with enhanced properties.

264 Wei Zhang (Applied Physical Chemistry, Dept. of Chemistry, Royal Inst. of Technology (KTH)), Yong Hua, Lars Kloo
Metal Complexes as Hole Transport Materials in Perovskite Solar Cells

266 Marta Vallés-Pelarda (Institute of Advanced Materials (INAM), University Jaume I, Avenida de Vicent Sos Baynat, s/n,
12006 Castello de la Plana, Castellon (Spain)), Sebastian F. Volker, Jorge Pascual, Silvia Collavini, Fernando Ruiperez,
Elisabetta Zuccatti, Luis E. Hueso, Ramén Tena-Zaera, lvan Mora-Serd, Juan Luis Delgado
Fullerene-Based Materials as Hole-Transporting/Electron Blocking Layers. Applications in Perovskite Solar Cells

267 Junke Wang (Molecular Materials and Nanosystems, Institute for Complex Molecular Systems, Eindhoven University of
Technology, P. O. Box 513, 5600 MB Eindhoven, The Netherlands), Martijn Wienk, René Janssen
Surface modification of tin oxide transport layer with fullerenes for efficient perovskite solar cells

268 Miguel Garcia-Tecedor (Institute of Advanced Materials (INAM), Universitat Jaume /), Sacha Corby, Sven Tengeler,
Drialys Cardenas, Roser Fernandez, Laia Francas, Bernhard Kaiser, Wolfram Jaegermann, James R. Durrant, Juan
Bisquert, Sixto Giménez
Mechanistic insights on NiOx electrocatalysts for water splitting

269 Pieter Leenaers (Molecular Materials and Nanosystems, Institute for Complex Molecular Systems, Eindhoven University
of Technology, P. O. Box 513, 5600 MB Eindhoven, The Netherlands), Martijn Wienk, René Janssen
Influence of regioregularity on the photovoltaic performance of asymmetric DPP polymers

270 Haijun Bin (Molecular Materials and Nanosystems, Institute for Complex Molecular Systems, Eindhoven University of
Technology, P. O. Box 513, 5600 MB Eindhoven, The Netherlands), Martijn M. Wienk, Rene A. J. Janssen
Effect of Alkylsilyl Side-Chain Structure on Photovoltaic Properties of Medium Bandgap Conjugated Polymer Donor
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271 Manuel Garcia-Rosell, Agustin Bou (Institute of Advanced Materials (INAM), Universitat Jaume 1), Juan A Jiménez-
Tejada, Juan Bisquert, Pilar Lopez-Varo
Analysis of the Influence of Selective Contact Heterojunctions on the Performance of Perovskite Solar Cells

272 Laurent Le Brizoual (Institute of Electronics and Telecommunications of Rennes (IETR), UMR CNRS 6164, University of
Rennes 1, 35042 Rennes, France), Régis Rogel, Noelia Devesa Canicoba
Comparison of perovskite solar cells processed in different atmospheres

273 Benjamin Feleki (Molecular Materials and Nanosystems, Department of Applied Physics, Eindhoven University of
Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands), Ricardo Bouwer, Sanjana Chandrashekar, Martijn M.
Wienk, René A.J. Janssen
Perovskite solar cells on steel substrates: Optimization of a dielectric/metal/dielectric transparent top electrode

274  Golnaz Sadoughi (Merck Performance Materials Ltd.), Luca Lucera, Graham Morse
Organic Photovoltaics: state of the art at Merck

275 Jesus Rodriguez Romero (Institute of Advanced Materials (INAM), Universitat Jaume /), Bruno Clasen-Hames, lvan
Mora-Seré, Eva Maria Barea
Anilinium iodide as bulky cation in 2D/3D perovskite

276 Cordula Wessendorf (Zentrum fir Sonnenenergie- und Wasserstoff-Forschung (ZSW) Baden-W(irttemberg, Meitnerstr. 1,
70563 Stuttgart, Germany), Jonas Hanisch, Erik Ahlswede
Optimization of solution-processed Bi-based lead-free solar cells

277 Farzaneh Jahanbakhshi (Swiss Federal Institute of Technology, EPFL, ISIC, LCBC, CH-1015, Lausanne, Switzerland),
Marko Mladenovic, Ursula Rothlisberger
Investigating the Interfacial Effects on the Performance of Perovskite Solar Cells

278 Melissa Van Landeghem (Department of Physics, University of Antwerp, 2610 Wilrijk, BE), Julija Kudrjasova, Wouter
Maes, Etienne Goovaerts
Understanding low efficiencies: triplet-mediated recombination in fullerene-free MDMO-PPV:diCN-DTTzTz solar cells

279 Drialys Cardenas-Morcoso (/nstitute of Advanced Materials (INAM), Universitat Jaume 1), Maged N. Shaddad, Prabhakarn
Arunachalam, Miguel Garcia-Tecedor, Mohamed A. Ghanem, Juan Bisquert, Abdullah Al-Mayouf, Sixto Gimenez
Enhancing the Optical Absorbance and Interfacial Properties of BiVO4 with Ag3PO4 Nanoparticles for Efficient Water
Splitting

280 lvan Sudakov (Department of Physics, University of Antwerpen, B-2610 Wilrijk, Belgium), Biniam Zerai Tedlla, Feng Zhu,
Matthijs Cox, Bert Koopmans, Victoria L. Whittle, J.A. Gareth Williams, Etienne Goovaerts
Parasitic interactions in upconversion via triplet-triplet fusion in triplet-sensitized super-yellow PPV

281  Ruurd Heuvel (Molecular Materials and Nanosystems, Institute for Complex Molecular Systems, Eindhoven University of
Technology, P. O. Box 513, 5600 MB Eindhoven, The Netherlands), Martijn Wienk, René Janssen
Aggregation behaviour and solar cell performance of a carboxylic ester substituted polythiophene with linear side chains

282 Gayathri Mathiazhagan (Fraunhofer Institute for Solar Energy Systems (ISE), HeidenhofstralBe 2, 79110 Freiburg,
Germany), Klibra Yasaroglu, Shankar Bogati, Lukas Wagner, Simone Mastroianni, Andreas Hinsch
Ultrathin space layer for graphite based perovskite solar cells

283 Gaél Heintges (Molecular Materials and Nanosystems & Institute for Complex Molecular Systems, Eindhoven University
of Technology), Koen Hendriks, Mengmeng Li, Fallon Colberts, René Janssen
The effects of siloxane bearing side-chains on the photovoltaic performance of conjugated polymers

284  Jonas Hanisch (Zentrum fiir Sonnenenergie- und Wasserstoff-Forschung Baden-Wiirttemberg (ZSW), Meitnerstrasse 1,
70563 Stuttgart, Germany), Tina Wahl, Moritz Schultes, Erik Ahlswede
Detailed analysis of various types of perovskite solar cells with ToF-SIMS using different sputter sources

285 Ece Aktas (Institute of Chemical Research of Catalonia—the Barcelona Institute of Science and Technology (ICIQ-
BIST), Avaa. Paisos Catalans 16, E-43007 Tarragona, Spain.), Jesus Jiménez-Ldépez, Cristina Rodriguez-Seco, Rajesh
Pudi, Emilio Palomares
The Effect of Passivation Layer in Perovskite Solar Cells by 3-Fluoropyridine-Substituted Truxene Derivative Based Small
Molecule
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286 Lingin Wang (Organic Chemistry, Department of Chemistry, KTH Royal Institute of Technology, SE-10044 Stockholm,
Sweden), Jinbao Zhang, Bo Xu, Licheng Sun
Synthesis of spiro[dibenzo[c,h]xanthene-7,9'-fluorene]-based dopant-free hole transport materials for perovskite solar
cells

287 Malgorzata Czichy (Faculty of Chemistry, Silesian University of Technology, M. Strzody 9, 44-100 Gliwice, Poland), Pawel
Zassowski, Aleksandra Wolinska-Grabczyk, Mieczyslaw Lapkowski
Phthalimides and naphthalimides fused with diaminonaphthalene as novel blocks building conjugated polymers for
optoelectronics applications

288 Hye min Oh (Department of Energy Science, Sungkyunkwan University, Suwon 16419, Republic of Korea), Hobeom
Jeon, Ngoc Thanh Duong, Chulho Park, Dae Young Park, Mun Seok Jeong
2-D perovskite material based metal-insulator-semiconductor light-emitting devices

289 Yong Cui, Jianhui Hou (Institute of Chemistry, Chinese Academy of Sciences)

Organic Solar Cells with an Efficiency Approaching 15%

290 Su Htike Aung (Laboratory of Photomolecular Science, Department of Chemical Science and Engineering, Swiss Federal
Institute of Technology in Lausanne, EPFL--ISIC-FSB-LSPM, Station 6, CH-1015 Lausanne, Switzerland), Kazuteru
Nonomura, Than Zaw Oo, Shaik M. Zakeeruddin, Nick Vlachopoulos, Anders Hagfeldt, Michael Gréatzel
Poly(3,4-ethylenedioxypyrrole), PEDOP Counter Electrode For Copper Complex Redox Shuttles Based Dye Sensitized
Solar Cells

291  Ashish Kulkarni (Graduate School of Engineering, Toin University of Yokohama, 1614, Kuroganecho, Aoba, Yokohama
225-8503, Japan.), Ajay Jena, Masashi lkegami, Tsutomu Miyasaka
Solvent Engineering Technique to Enhance the Efficiency and Stability of Silver-Bismuth Halide Materials for Lead- Free
Perovskite Solar Cells

292  Antonio Alfano (Center for Nano Science and Technology @ Polimi, Istituto ltaliano di Tecnologia, via Giovanni Pascoli
70/3, 20133, Milan, Italy.), Alessandro Mezzetti, Francesco Fumagalli, Fabio Di Fonzo
In Search of Stable and Efficient Hole Selective Contacts for Hybrid Organic Photoelectrochemical Water Splitting

293 Kunal Datta (Molecular Materials and Nanosystems, Eindhoven University of Technology, Netherlands), Martijn M. Wienk,
René A. J. Janssen
Bandgap tuning of mixed-cation lead halide perovskites for tandem applications

294 Didac Pitarch Tena (Institute of Advanced Materials (INAM), Universitat Jaume 1)

Band-Offset Effect on PbS Quantum Dots in Perovskite Matrix

295 Alba Mingorance (Catalan Institute of Nanoscience and Nanotechnology (ICNZ2), CSIC and The Barcelona Institute of
Science and Technology, Campus UAB, Bellaterra, 08193 Barcelona, Spain), Francessca di Rossi, Haibing Xie, Jose
Carlos Pereyra, Marc Balsells, Anna Morales, David Tanenbaum, Trsytan Watson, Jordi Fraxedas, Rodolfo Lopez,
Anders Hagfedt, Monica Lira-Cantu
Printable Carbon-based Perovskite Solar Cells Employing functionalized Oxide Interlayers

296 Somayeh Moghadamzadeh (Light Technology Institute, Karlsruhe Institute of Technology, Engesserstr. 13, 76131
Karlsruhe, Germany), Ihteaz M. Hossain, Diana Rueda-Delgado, Bryce S. Richards, Uli Lemmer, Ulrich W. Paetzold
Enhancement of Stabilized Power Conversion Efficiency in Triple Cation Perovskite Solar Cells

298 Tim van de Goor (University of Cambridge, UK), Felix Deschler, Sian Dutton
Towards understanding light induced phase transitions in mixed halide hybrid perovskites

299 Sean Bourelle (Optoelectronics Group, University of Cambridge), Ravichandran Shivanna, Felix Deschler
Towards Circularly Polarised Two Dimensional Hybrid Perovskite LEDs

301 Haibing Xie (Catalan Institute of Nanoscience and Nanotechnology (ICN2), CSIC and the Barcelona Institute of Science

and Technology (BIST). Building ICN2, Campus UAB E-08193, Bellaterra, Barcelona, Spain.), Zaiwei Wang, Kubicki
Dominik Jézef, Agarwalla Anand, Hui-Seon Kim, Prochowicz Daniel, Alba Mingorance, Neus Domingo, Shaik Mohammed
Zakeeruddin, Michael Gratzel, Anders Hagfeldt, Monica Lira-Cantu

Interfacial and doping engineering for stable perovskite solar cells
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302 Pascal Kaienburg (/EK5-Photovoltaics, Forschungszentrum Jiilich, 52425 Jiilich, Germany), Shuo Wang, Benjamin
Klingebiel, Thomas Kirchartz
Prospects of Spin-coated Planar Antimony Sulfide Solar Cells

304 Pavlo Perkhun (Aix-Marseille University, Centre Interdisciplinaire de Nanosciences de Marseille CINaM, UMR CNRS
7325, Marseille, France), Riva Karsifi, Birger Zimmermann, Uli Wiirfel, Christine Videlot-Ackermann, Olivier Margeat,
Jean-Jacques Simon, Jérg Ackermann
Impact of device structure and interfacial layers on the performance of Polymer Solar Cells using ITIC/derivatives as non-
Fullerene Acceptor

307 Elena Barulina (Aix-Marseille University, Centre Interdisciplinaire de Nanosciences de Marseille CINaM, UMR CNRS
7325, Marseille, France), Sadok Ben Dkhil, Pavlo Perkhun, Jean-Jacques Simon, Olivier Margeat, Jérg Ackermann,
Christine Videlot-Ackermann
Investigation of stability of highly efficient polymer solar cells as a function of device structure and interfacial layers

308 Sarune Daskeviciute (Department of Organic Chemistry, Kaunas University of Technology), Nobuya Sakai, Marius
Franckevicius, Maryte Daskeviciene, Artiom Magomedov, Vygintas Jankauskas, Henry Snaith, Vytautas Getautis
Amorphous, Fluorene-Based Hole Transporting Materials for Efficient and Stable Perovskite Solar Cells

309 Ruo Xi Yang (Department of Chemistry, University of Bath), Jonathan M. Skelton, Estelina Lora da Silva, Jarvist M. Frost,
Aron Walsh
Spontaneous octahedral tilting in cubic inorganic cesium halide perovskites

310 Sergio Castro-Hermosa (CHOSE (Centre for Hybrid and Organic Solar Energy), Department of Electronic Engineering,
University of Rome Tor Vergata, Via del Politecnico 1, 00133 Rome, ltaly.), Janardan Dagar, Andrea Marsella, Giulia
Lucarelli, Thomas M. Brown
Perovskite Solar Cells on Paper Substrates

311 Namyoung Ahn (Global Frontier Center for Multiscale Energy Systems), Il Jeon, Jungjin Yoon, Esko Kauppinen, Yutaka
Matsuo, Shigeo Maruyama, Mansoo Choi
Carbon-sandwiched perovskite solar cells as the solutions of cost and stability

314  Silver-Hamill Turren-Cruz (Eco/e Polytechnique Feédérale de Lausanne, Station 6, CH-1015-Lausanne, Switzerland),

Michael Saliba, Matthew T. Mayer, Hector Juarez-Santiesteban, Xavier Mathew, Lea Nienhaus, Wolfgang Tress, Moungi
G. Bawendi, Michael Gratzel, Antonio Abate, Anders Hagfeldt, Juan-Pablo Correa-Baena
Enhanced charge carrier mobility and lifetime suppress hysteresis and improve efficiency in planar perovskite solar cells
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Lead free halide perovskites : Paulina PLOCHOCKA

Computational design of novel double perovskites .

Novel low-dimensional tin and antimony halide compounds: .
structures, properties and perspective applications

Lead-free materials for solar cell applications .

Authors : Marko Mladenovic Ursula Roethlisberger
Affiliations : Ecole polytechnique fédérale de Lausanne Laboratory of
Computational Chemistry and Biochemistry

Resume : Halide perovskite have attracted enormous interest during the last
decade due to their outstanding electronic properties. However, there are still
unsolved issues that keep halide perovskites out of large-scale market: their
instability and lead toxicity. To tackle the second issue, we have investigated
halide perovskites based on Ge and Sn and silver bismuth iodides. We identified
few lead-free halide perovskite compounds that can replace Pb-based ones and
we discuss their stability with respect to decomposition and oxidation. We have
additionally found that silver bismuth iodides, despite having band gaps suitable
for solar cell application, have few intrinsic drawbacks which limit their solar cell
efficiency.
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Joint session with symposium B: Strategies for More Stable Perovskite

Solar Cells : Maksym KOVALENKO

Tailoring phase purity, crystallinity and orientation in 2D ~
perovskites for high-efficiency optoelectronic devices

Defect Physics and (In)Stability in Metal-halide Perovskite .
Semiconductors

From Multifunctional Molecular Modulation to Layered Two- .
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“The role of spacer molecules in designing 2D Ruddlesden- .
Popper perovskites"

Authors : F.Jahanbakhshi, M.Mladenovic, N.Ashari Astani and U.Roethlisberger
Affiliations : Laboratory of Computational Chemistry and Biochemistry, Ecole
polytechnique fédérale de Lausanne (EPFL) Laboratory of Computational
Chemistry and Biochemistry, Ecole polytechnique fédérale de Lausanne (EPFL)
Physics Department, Sharif University of Technology Laboratory of
Computational Chemistry and Biochemistry, Ecole polytechnique fédérale de
Lausanne (EPFL)

Resume : "The role of spacer molecules in designing 2D Ruddlesden-Popper
perovskites" F.Jahanbakhshi, M.Mladenovic, N.AshariAstani and
U.Roethlisberger Ruddlesden-Popper (RP) 2D perovskites have the generic
chemical formula (RNH3)2MAN-1MnX3n+1 where RNH3 is an organic
ammonium ion that acts as spacer between the 3D perovskite layers and
methyl ammonium (MA) mostly serves as a monovalent cation, with M being a
bivalent cation (e.g. Pb, Sn, ...), and X representing a halogen. Basically, any
aliphatic ammonium salt with a larger organic part can be used as spacer,
however, butyl ammonium (BA), phenethylammonium (PEA), hexylammonium
(Hex), 5-ammonium valeric acid (5-AVA), anilinium (Anyl), and benzyl
ammonium have so far been incorporated. Despite the general agreement on
the positive effect of the spacers on either the efficiency or the stability, it is not
yet clear, whether the overall success is due to the formation of RP phases
regardless of the type of spacer, or the spacer chemical composition also
matters in cross-linking and determining RP phase properties. We have
performed a comparative study to characterise structural and electronic
properties of 2D RP phases with 5-AVA spacer and to compare them to
analogous structures of other ligands such as BA. We have found that aliphatic
spacers affect electronic properties of the 2D perovskites by distortions imposed
on the perovskite frame, while the chemical composition of such spacer
molecules is not as important as their geometrical arrangement in the isolating
layer.
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Atomistic origins of the preferential stabilization of perovskite over non-perovskite
phases of mixed cation lead halide perovskites

Ariadni Boziki?, Simone Meloni®$, Marko Mladenovi¢?® and Ursula Rothlisberger?

@Laboratory of Computational Chemistry and Biochemistry, Institute of Chemical Sciences
and Engineering, Ecole Polytechnique Féderale de Lausanne, ® Present address:
Dipartimento di Scienze Chimiche e Farmaceutiche (DipSCF), Universita degli Studi di
Ferrara— Unife

ursula.roethlisberger @epfl.ch

Mixed cation lead halide perovskites have attracted wide attention due to the possibility of
preferentially stabilizing the perovskite phase with respect to photovoltaicaly less suitable
competing phases.[1-2] In thiswork, through atheoretical analysis, we study the phase stability
of binary HC(NH2)." (FA™)-rich[1] and Cs'-rich FA/Cs and CHgNs" (GUA)/FA mixtures as
well as ternary CGUA/FA mixtures. Our study yields a series of design principles for the
fabrication of stable lead halide perovskites with mixtures of monovalent cations.

Calculations of FA*-rich CsFA@1xPblz (0<x<0.5),[1] suggest that if the structural
characteristics of the non-perovskite ¢ phases of the pure compounds differ significantly,
mixing isenergetically favoring the perovskite over the non-perovskite phase. However, despite
the significant differences in the ¢ phases of FAPblz and CsPbls, in Cs™-rich FAxCs1-xPbl3
(0<x<0.5) mixtures, stable perovskite phases cannot be formed. This contrasting finding leads
us to consider not only the structural differences between the non-perovskite phases of the pure
compounds but also the volume difference between their perovskite phases. Indeed, mixingin
the perovskite phase is getting unfavorabl e upon incorporation of alarge cationinto arelatively
small lattice.

Although mixing of FA/GUA ispossible, it is not sufficient to stabilize the perovskite phase at
room temperature. Probing the possible stabilization in ternary CSGUA/FA mixtures, instead
we conclude that stable mixtures that contain 17% of Cs" and GUA up to 33% can be formed.
This finding reveals a third design principle, according to which mixing monovalent cations
that would be per set outside the stability range with other cationsthat can compensate the size,
so that the average radii of the mixed cations lies within the suitable Goldschmidt tolerance
range[ 3] can lead to the formation of ternary perovskite mixtures with enhanced stability.

Our investigations on the potential preferential stabilization of the perovskite phase upon
mixing is complemented by band gap calculations of the mixtures that show that the stable
perovskite phases of binary FA*-rich FA/Cs and of the ternary CSGUA/FA mixtures can be
potential candidates for single-junction solar cell applications. In addition, if the perovskite
phase of Cs'-rich Cs/FA mixtures could be kinetically trapped it would be a potential candidate
for tandem solar cell applications. In such away, our suggested design principles pave the way
for the preparation of mixed cation lead halide perovskites with enhanced stability and optical
properties.

References
1. C.Yi,J Luo, S. Méoni, A. Boziki, N. Ashari-Astani, C. Grétzel, S. M. Zakeeruddin,
U. Rothlisberger and M. Grétzel, Energy Environ. <ci. 9 (2016), 656.
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Ruddlesden-Popper phases of 2D halide
perovskites

Marko MladenovicaPb, Farzaneh Jahanbakhshia and Ursula Réthlisbergera

al_aboratory of Computational Chemistry and Biochemistry, Ecole Polytechnique Fédérale de
Lausanne
b Scientific Computing Laboratory, Center for the Sudy of Complex Systems, Institute of Physics
Belgrade, University of Belgrade

Abstract. Halide perovskites are promising candidates for solar cell applications due to their
outstanding electronic and transport properties. However, their instability at finite temperature
presents an unsolved issue that keeps them out of large-scale market. Addition of large organic
spacers and reducing dimensionality of halide perovskites have been shown to have beneficial
effects on their stability. In this work, we study electronic and structural properties of
Ruddlesden-Popper phases 2D halide perovskites based on 5-ammonium valeric acid (AVA)12,
In contrast to aromatic and aliphatic spacers without additional functional groups, the RP phases
of AVA are characterized by the formation of a regular and stable H-bonding network between
the carbonyl head groups of adjacent AVA molecules in opposite layers (Fig. 1), which may lead
to an enhanced thermal stability. Additionally, we have developed a theoretical framework that
can predict and correlate electronic and structural properties of any 2D halide perovskite system,
which may serve as a guideline to design new compounds.

FIGURE 1. Structural model of Ruddlesden—Popper (RP) phases of AVA2(CH3NH3)n-1Pbnlan+1 for n
=1,2,and 3.
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Efficient Formamidinium-Based Perovskite Solar Cells Stabilized by 5-Ammonium Valeric Acid lodide
Revealed by Multi-Nuclear and Two-Dimensional Solid-State NMR, submitted
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Hayunowm sehy Hucruryra 3a duanky v Beorpany

Hisemraj acupuja sa qoacay Dognmse narpajae 3a nay4un paan
Cryaenrexe narpajge Hucruryra 3a puinky y beorpaxy
I) Foawunna marpasa sa nayans pasy

3a lNoanmusey warpany 3a saysun pan Muctwryra 3a dusnky v beorpany sa 2018, roauny
NPEAIOAKEHA CY TPH Kanauaara:

. ap Henan Bpamew, snmm mayunm capaannx - npearasm: ap Jinamja Knskoenh,
HAYWHH CaBeTHHK, akaneMux Bophe LUnjauks, HayunH CaseTHHK ¥ NEHIHJH,

Lo

Ap Keska Huskurosuh, nayunn caserwuk - npeanarasn: ap Jlymas Apcesosuh,
Hayvyuu caseTuuk. ap Baagumup Crojanosuh, svium HayuHu capaauuk, ap Sopas
Pacnonorul, RELIM HayuMK capanmx;

2

ap Hesema llyaw, Hayuuu caperHuk - npeanaraum: akagemuk 3opas [lerporuh,
Hay“Hu casernnk, ap Bessxo Jmurpawmnosuh, may«nn canerims,

HakoH ACTABHC XBATHTATHEHC M KBAHTHTATHEHC SHANMIC HAYMHO! JONPHHOCA KaHAWIATA
TOKOM NPETXOANE ABE KANEHIAPCKE rOAMHE, & noceGHo yimmajyhn v obimp ksaaurer
O0jaB/beHHX PAZOBA M WHXOB WMIAKT Ha nayuny ofaact, OAHOCHO NpobaemarHky Kojoj
NPUNAJNAJY, CTBAPANAYKM Y00 KAHIMAATA ¥ OCTRAPEHHM pel3yatatuma, yaeo MucTHTyTa v
OCTHAPEHHM PEIVATATHMA, Ki0 1 Opoj panosa u whxose kareropuje y omucay [pasuannxa o
NOCTYVIKY M HAYHHY BPCAHOBRILE, W KBAHTHTATHBHOM HMCKAIHBALY HAYMHOHCTPRAKMEIMKHX
pesyaTaTa MUHHCTAPCTEA HAANEKHOD 18 HAYKY, WHPH je 10HE0 JeIHOIIACHY OLTYKY 1a ce
Fonmunea warpata 3a nayuun past Hucruryra 3a ¢guauxy y beorpany 3a 2018, roanny
A0%eTH

ap Henany Bpamemy
3a 3pavajan jonpunoc mepemy mace W Gorona na ATJIAC excnepumenty

Coy NPenoKeHn KIHAMAATH UMAJY HMIPCCHEAH HAYMHH ONYC W TOKOM NPETXOiHe JiBe
KANCHAAPCKE TOJMHE Cy ofijasnan nove M smavajne pesyarare ¥ mehymapoauns sayyuumm
HACOITHCHME W IPEACTABIAN HX Ha MEhYHEPOAHNM KOHDCPCHIIMjava,
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YHUBEPIATET ¥ GEOTPALRY

MHCTUTYT 3A OU3UKY IBEOTPAL

Nperpemia 114, 11080 Jowyw - Beorpan, Cpbuja

Jdp Henax Bpamwem ce Gaswo mepemwem napamerapa Cranaapavor mogena sa ATJIAC
ekcnepumenty Ha Benukom cyaapauy xanpowa (JIXI)) y llepuy. Kao wnan ATIIAC
konabopaumje. ap Bpamcuws je ayTop ma cBHM pajopMMa KOMa0OPAUMIE, AOK JE Kby4an
JAONPAHOC MMa0 HA “eTHpH pand M21 gaTeropmje, a camM Pe3ViTATH HCTOBOI pana cy
WIVICTHO AONpHHEAM objarmMBary jowm werupn pasa M21 kareropuje. [Mapsa rtema
nerpaxnsaa Ap Bpawewa je 6uno npewtnnno mepewe mace W Gosoma. Osa mepewa cy
KAyuHa 3a nposepy kowmnctenwmvoctk Crawpapimor moaena, a sehe ojctynane oa
npeaABrhcHUX BPEAHOCTH MOme A8 ykame Ha dwauky sad Cranpapasor mogena. Teopuja
Cramapaanor mopena npeasuha sacy W 6oaoma ca npeumssomhy oa 8 MeV, a aa Om
EKCTICPHMEHTATHM PE3VATATH OHAH YIIOpeansH noTpedHO je 10cTHliH PeAaTHRHY NPECLHIHOCT
oa 0.01%. Jlp Bpamein je KbySHO JONPHHEO ¥ HEKOIHKO GHTHUX ACTICKATA OBOP MEPeHsa: 1)
MMILIENEHTHPAO j€  MHOBATHDMC ANFOPHTME MW TeXHMKe Xoju <y omoryhmwam Gomy
KUMOPALN]Y MMITYACa MHOHE, WITO JC HAJKPHTHYHH]A KOMNOHCHTA OBOI MCTPIAMBaKA, ii)
MNAO JE KBYHHY YAOIY ¥ MEpeiY eQUKICHOCTH M TPHIEpOBAIE MHOMA, KanMOpaLMjH
XANPOHCKOr V3MaKa, 01a0Hpy MHTepecaHTHHX aoralaja. Kao W y UEIOKYIHO] ABHATHIN
nogaraka y smmoxckom kavany. [locruruyra weoapehenoct on 19 MeV je wajnpeuwsnuje
MEpee B excriepuMenriMa Y gisnun vectnim, a ao0mjenn pesyatar je vy cxsaay ca
HaJHOBHj UM TeopHjcsuy npeasuhariva. Jlp Henan Bpamews O10 je KOPECHOICHTHH ayTop
HA JATOM pagy, @ cam pe3yarar je npwkazad va nocebuom cemmmapy v Llepuy, ceum
xondepenumjana wi obnacru, a 6uo je u npeaver Llepuosor caonuirensa 3a MeaMje koje je
NPEHECEHO Y BHILG APYIHX MEIH[a W3 PamIHaHTHX jemassa, Mnate oo je npso w, 3a caaa,
jeamno ofjasseno mepewse mace W Oosona wa excnepumentuma JIXL-a. Jogarvo, ap
Bpawew je uMao 3HavajHy yaory y 00jas/bnsatby pe3yaTara npeum3Hor Meperba Ton Ksapka,
K20 M Y MCPCHY M K&THOPaIiy IYMHHOZHOCTH, T71€ CC pe3yaTaTy kopucte v sehunn pasosa
ATIIAC excnepymenara. 300r CBOI WIVIETHOr pana W Jonpuuoca, ap Bpawew je
Mel)yHaPOAHO NPenosHaT H HMeHoBan 3a pyxosoamoua ATJIAC rpyne 3a asanusy nojaraka
ca W n Z Goronmma. Pesyaramh ap Bpameina y npeTxoiHe B¢ NoJMHE NPEICTaBbajy, He
CaMO IHAYAJAH JIONPHHOC HAJAKTYENHH|HM HCTPOKHBALUME V DHIHUM  eneMeHTapHux
vecTHuA, Beh W 210 cana BepOBaTHO HAJIMAYAJHHIH AONPHHOC HCTPAKHBAYA H3 HALIC IEMAE ¥
akrueHocTuma Llepu-orux konabopaumja.

HAp Kewxa Hukurouh ce Gaswia TPRHCNOPTOM HACACKTPHCAHMX HECTHLA Y CMELIaMa
OCHOBHOI raca Ci PalMKaiHMa, CYAAPHHM npouecHma na sucokum E/N, kao w npopayynmuma
TPAHCTIOPTHHX ¥ OPIMHCKHX KOShHIIMjCHATE JOHA ¥ HCYTPATHOM FAcy KOjH CY O MHTCpeca 3a
MOIEJICRANE MHCKO-TEMIIEPATYPCKMX TUIAIMH Koje ce kopuere ¥ Guomeanumnn, Morpeda 1a
Dazama fiojaraxka xojc om CAYANRIC 38 MOICAOBAKC IVIASMH 33 [IPOM3BOAKY HHTCTPpHCaHNX
KONA W HAHOCTPYXTYPA HYKHO YK/BYUYJE NOIHTHBHE jore. MelyTHm, 3a NOIHTHEHE joue Ca
BEAMEMM PCROMOMHALMOHHM MOTEHILHJAI0OM CHTYALIMA j€ NOTIYHO pawinyakTa. Ersotepmie
PeaKiMje, KOJE YIEAHO BPILIE M NMPOMEHY MACHTHTETE NOCMATPAHKX JOHA, JAPACTHYHO MCHA]Y
TPAHCNIOPTHE OCOOHIE OBHX JOHE, & THMME M YTHYMY N3 OCODHHE HEPABHOTERHMX IUIaIMH
KOJHMa 20MunHpajy cyaapu ¥y racy. [To npeu nyT je y aureparypu npukazano oapehusame
TPAHCTIOPTHHX NAPAMETAPA JOHA Y MIAYKOBAHOM NONAPHIALUHONOM NoTeHLMjany, y3 yeuhe
ErIOTEPMHMX  PEaKUM]a aCOuUMjauMIe M PCAKIMj@ TIPOMCHC WICHTHTCTE joHa. Y OBMM
uerpakueamima ap Hukwronuh je xopuermaa Mowre Kapno pauveapeke camyaatmje.
ﬂopc.'x HapCACHOr, npéanara4dy MCTHYY J0NPpHHOC KaliMJarskHie BC3aH 3a TCOPMjCK_\’
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aHANNIY NojaBe fowr wave mixing-a y spyhrM NapaMa KaHjyMa v nyJCHOM PEKHMY lacepa
npK ueMy ce KopueTH Moaen 3ackorad Ha Bloch-Maxwell jeanaunnama ya yaumane y obzup
Jonncposor edexra. VY nepnoay 04 nPeTXOAHC ABC NOAMHC KAHIHWIATKHILA j¢ 0Gjasuia sepeT
panosa (M13:| M21a:1, M21:2, M22: 2, M23:3,. M24:1)

JAp Hesena Tlyas ce Gasu npojeKtoBameM ¥ AHJAIHOCTHKOM HEPABHOTEAHHX MIAIMH M
FOHXOBOM MPUMERaMa y GHONOIHMIK, MEAHIMHN H nomsonpuepesd. Oua je yuecTsorana y
pmaojy BHCOKO-HANOHCKHX Higopa H nojauasaqa HCOMXOAHHX 3a OJApiKaBaree
HEPABHOTEANMY IUIAIMH HA BHCOKOM NPHTMCKY, Y AMJArHOCTMUN HEPABHOTEANE IUIa3Me, Ap
Ilyay je nocTHrna 3Hauajpe peIvaTaTe, VIBYUYIYAH MCpeHe CHAre ACPHBATHBHUM COHIAMA,
Mepeise napanvcrapa namse JIaHrMypoBMM M KATRAMTHYKMM  COHAAME M ONTHHKOM
EMHCOHOM cnexTpockonijom. TokoM npeTxoime ase kanensapexe roavwue, ap Hesena Tyvay
Je ofjasmaa yxynwo 9 panosa y mchyHapoasum saconucusma (M2la:l, M21:6, M23:2).
locebuo ce wansajajy asa pasa w3 OONACTH NPHUMCHA HCPABHOTERHMX [LIASMH Y
NOLONPHBPEAH M NPOLECHPaLY Xpane. Jeaad 01 OBHX Panosa j€ HANHCAH 110 NO3HBY M
NPC/ICTARMA TIB. MHILBEHE excnepTa (ewrn, expert opinion article). ORaj paa je npuByxao
BENMKY DEKILY Y JAJEANMUN HCTPAXKHBAYE KOJH ¢¢ Gane 0BOM TeMaTHROM, jep je¢ aehuumcao
Oyayhe npasue nerpaxmsarsa. OBo jacHo noxasyje aa je ap Hesena Iyav jenan on amacpa y
CB0jo] O0nacTH MCTPRKHBAYKOr Pana HMME j¢ JHAMAJHO AONPHHENE NOPACTY YIJICaa
Mrctiryra 3a duinky v caery. Jlpyry pan npeacranba KVIMHHALIMY BHIIENOAMUIILEN paja
ap Heepene [lyau Ha pazyMeramy MexaHuiaMa WHTEPAKIMIE NNAIME W COMEHA Ca LMheM
Gpweer kanjama n pacta Gunaxa. Y opom paty cy ananuipann cheKTH TPCTMANR MAAIMOM HA
DHIMONOMM]Y CeMEHa Ha OCHOBY MCIMTHBAMA CHIMMA DATOBOPHON 38 YKIAIAILE CHIHAAHOL
monexyna H.O,. Haywna axruenoct ap Hesene [lyau je npumep KBATMTETHOT M YCnewHOr
MYATHAHCUMILIMHADHO! PRI KaKO €4 KOJErama v 3eM/bM TEKO M ¢a Kojserama v
uHocTpaneTry. Ouna je ocTrapuna seoma yenewny capauwy ¢a Mucruryrom a Suonouwka
nerpasuparea Cunmma  Craskoeuh, Cromarosowxum  daxysrerom # Meoamumscxns
axyrrerom Yuusepsurera y beorpazy. xao u ca xonerama w2 lopryranmje. Chosenuje,
Mahapeke, Hraauje n Yewxe.

Jaknyuax:

Ha ocHOBY CRETa HAREIZHOT, HAKO CY CBA TPH KAMAMAATA AANa IHAYAJHE HAYYHE JONPHHOCE ¥
CROM pany TOKOM DpeTXOAHce JBC KAACHAAPCKE MOAHHE, ABA Kanawaara jap ﬂyaq H ap
Bpancw ce noceOHO MCTHMY Yy NOMICLY KBRAMTCTA (IOCTHINYTHX PEsyITata M CBOM
aonpuocy nosehawa melynapoasor yraeaa Mucruryra sa dmsuxy. Mehytum, pesyarary ap
Bpamewa y nperxoane 1Be IOAHHE NPEICTARLA]Y, HE <CAMO 3HauajaM  AONPHHOC
HAJAKTYCTHM]MM  MCTPRKHBARMMA Y ianum  enemenTapuux wectuua. seh w 10 casa
BEPORATHO HAJIHAYAJHHIM JAONPHBOC HCTPIRHEIYA M3 HAWE Jembe Y axTusnoctuma Liepn-
osux konaGopaumja. Mmajyhe oBo v BUY cMaTpamo aa ce HayqHn peayarato ap Hernana
Bpamwemwa noceGHO MCTHMYY MO CBOM M3Y3IETHOM KBAIHMTETY W IHAYajy, Ja AONPHHOCE
noschawy mehiynapoasor yraeaa Mscruryra 3a dusuky, n aa 36or 1ora Foanmmy sarpaay
18 waysnn pan Hucrwryra 3a ¢usuxy 3a 2018, roauny tpeba aopeamtn ap Hemany
Bpamcumy.
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II) Crynenvexka narpaaa

3a Cryacwrexy narpany HucturyTa 3a dumanky y beorpaay 3a 2017, roauny npeanoxeno je
CeAaM xanaumaara:

. ap Mapujana Faspuaosnh Boxosuh, ucrpmsueay capaauus - npepnarad: ap
Coma Josuhenuh, nayunm caneniug y nenmju;

L3

ap Baaammup Jlomuap, HcTpamuead capaauuk - npeanaraq: ap Awryn banaw,
HaYYHK CABETHHK,

3. ap Cphan Mapjamosuh, MCTPaKHBAY CApaiHMK - NpeAtarad: aKkagemus 3opan
Mevpoeuh, HayuHN CIBCTHHK;

4. ap Mapxo Maasenosuh, vayaun capaauux - npeanaray: ap Henan Bysmuporuh,
HAYUHK CARCTHHK,

5. ap Jeaena Memwh, ucrpamurau capanuuk - npeanaray: ap Panow Fajuh, nayunu
CABETHHK,

6. ap Ypom Pancenh, wcrpamxusay capansmk - npeanarasd: ap lopan Hexh, Hayans
CapaIHHK,

7. ap Jeaena Cvusbanuh, HCTPAKUBAY CApaaHuk - npeanaraq: ap Mapuja Mutposuh
JaHKynoB, HayYHH CAPRJIHMK,

HakoH A€TA/bHE AHANKIE QOKTOPCKMX JIMCEPTALME M HAYYHHX JONPHHOCA Kadiuaara, a
nocebHo yiumajyhu v o03up KeanuTeT AHcepTaluja u o0jaRbeHuX PAIoBa # IHXOB HMNAKT
HA HaYHHY 00218CT, OJHOCHO NPOOACMATHKY KOJO] NPHNAAA]Y. CTEAPATAYKH YACO KAHAWIATA ¥
OCTBAPCHHM Pe3yaTarmMa, yieo HHCTHTYTa y ocTBapenns pesyararuma, kao u Opoj panosa
W HbHXOBE KaTteropje v cmucay [lpaBuanmka O POCTYNKY W HAYMHY BPCIHOBaHA, W
KEAHTHTATHEHOM HCKAIMEAHY HAYHHOWCTPAXKMBAYKHX peiyarara MuHrCTapeTsa HALIEKRHOP
33 HAYKY, KUPH je 1oneo jeanoriacny onyky na ce Cryaenrexa warpaan Hucruryra 1a
$uinxy y Beorpaay 3a 2017, roauny posean

ap Mapky Maaanenosuhy
34 JOKTOPCKY AMCCPTANN]Y noa Hasusom “Elesmponcka ceojcmea opiancKux
MOTYNPOSOONUKA Ha Zpanuiana dosena”.

Ofpaznowere:

Kupi xoncraryje Aa ¢y AOKTOPCKE AWCEPTALLE CBMX NPEAIOMKEHHN KIHAMIATA WIYIETHO
prcoxor  kBummrera. Caum  Kamamgary wsmaly 3navajan Opoj ofjambeHux panosa v
KBUIHTETHUM MENyHAPOANMM HACONHMCHMA, A CROJE PEIyITaTe CYy NpeacTasuan Ha GpojHum
mehyuapontnsm u nomahusm xonbeperunjama,

Ap Mapujana Naspnaosnh Boxosnh je 10xk10peky Anceprausjy noa naswsom Yiajawno
QEfCMBO  KATUMUYNONOS MEXVPA N 3PANeIsa nIaiwe Koo npotioja uHOVKOSaRo? jeonum
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AGCEPCRUN UMPVICOM Ka Memu v meynocmi onbpannaa wa Enextporexnuukom daxyarery
Yuusepiwrera y beorpany, noa pykosoacreom npo. ap Josaua llgeruha. Oua je v crojoj
JAHCEPTALMIH NPOYHABAIA PAIBO] KABMTALMONOr MCXYPa, M0jaBy YAapHHX TIIACA M IPaycILe
JICEPCKH MHAYKOBAHC MIA3MC ¥ TCHHO] CPeanHNn. Y MCTPaKHBamwy naasme je kopumhena
TexHHKa Opie dororpadmie ¥ ONTHYKA EMHCHOHE CNEKTPOCKOIH]E, VAAPHM Tanacu cy
AHAM3HPAHK NOMONY WAMPEH METOE, A €BOAYLMIA KABHTALMOHO! MEXYPA j& Npoy4aBaHa
wanorpadujoM K TexuHkom npobror chona. Y TOKY WIpaje AOKTOpCKe aucepraumje je
ofjasnaa 9 pasosa y mchynapoauny saconncnma (M21a:1, M21:5, M23:3).

Ap Bazpumup Jloawap je noxtopeky awcepraumjy noa vaswsom Hvbrid Parallel Algorithms
Jor Solving Nonlinear Schrodinger Equation onBpamwo wa [lpupojHo-maremaruuxom
daxyarery Yuusepsnrera y Hosom Cany, noa pyxosoncrsom ap Anryna basasma. Y cnojoj
AMCEPTALMIM ON ce DaBMO PAIBOJEM NAPWICIHNX ANTOPHTAMA 33 PCUIABAIE JCAHOT OBNHKR
I'poc-lluTaesekn  jeaHaynna XojH ce  MIBplUasaly Ha rpadMukoM  npouECopy, Ha
BHILCIEIFAPHUM  TIPOUCCOPHMA, K30 H HA CHCTEMMMA Cd AHCTPHOYHPAHOM MEMOPHjOM
QJIHOCHO PAYYHAPCKHM Kaacrepuma. Y Toky u3pane aokropeke aucepraumje ap Jlowuap je
ofijaeno HeTupu pans y meliynapoannsm vaconuenwa (M13: |, M21a:3).

JAp Cphan Mapjamosnh je jnoxropeky aucepraumjy noa wasusom Mowme Kapro
CUMYTAYUTA MPANCHOPIG ROTUMPONA ¥ PEGTHUM CHCIMEMIMA UCHWHENUM 2000V 0N0PAHKO
ua  Enextporexnnukom  dakynrery VYuueepaurera y beorpaay. noa  pyxoBOACTBOM
axajaemuka ap 3opana Jb. Merposuha. [lp Cphan Mapjasosuh je y ¢sojoj anuepraumjn y
Monte Kapao cumyraumjama pazMarpao PeatHe CHCTeMe W ypehaje HCIYHEHE racoM KojH
CBOJY DyHKUM]Y OazMpaly HA EACMEHTAPHMM CYAAPHHM M TPAHCTIOPTHHM MPOLICCHMA
noauTpoHa. Hajeehy naxasy je NOCRETHO PatMaTpany NOSHTPOHCKOD TPana, KoMnpecHje
CHOMA NOIMTPOHa poTHPajYhHM CAeKTPHYHHM NOBEM W TEPMANHIAUMIE NOSHTPOHA Y
CHONOWKN pesesanTHnM Cpeaunama. Y TOky wipase Aoktocke auepraumje, ap Cphas
Mapjasoeuh je oGjasno 15 panosa v mehynapoanus vaconuckma (M21a:3, M21:7, M22:4,
M23:1).

Ap Mapxo Maaaenosnh je noxtopeky ancepraumjy noa Haswsom Elecironic Properties of
Interfaces berween Domains in Organic Superconductors (ENEXTpONCKa CBOJCTRY OPraHCKHX
NOAYNPOBOAHNMKA HA rpanMuama aomesa) oabpasmo Ha Eaxextporexsmuxom dakyarery
Yuusepaurera y bBeorpaay, noa pykososcrsom ap Hewaza Bysmuposuha. Y ceojoj
aucepraumnjn, on ce Gasmuo npoyuagarkem npoGiema rpanmiua wivehy JOMeHa Y OrpaicKum
NONYNPOBOAHMUMMA, T.), MATEPHHLTHMA KOJH Cy 300r CBOJC AAKE M JCAHOCTABHE MPON3BOIME
O/l BEIMKOr 3HAYZJA 32 NMPUMCHE Y HHIAYCTPHJM, a ca aApyre crpane ¢aabo npovyesn ador
HXOBE KOMIVIEKCHE CTPYKTYpe. Y TOKY H3pane JOKTOCKS AMCCpTalMje, Koja je Tpajana
HCTHPH TOAMHE, W KOJ2 je NPEACTARBANA JEJHO O/l NPBHX TEOPHICKHX HCTPAXHBaLa koja
pasmarpajy ona) npodnesm, ap Mapko Maaacnoeuh je (kao npewn ayrop) objasno 7 pajosa y
mehyHaponanm saconucuma (M21a:2, M21:3, M22:1, M24:1).

Ap Jeaena [llemuh je nokTopeky aMcepraumjy noa  wasusom Investigation of
Superconductivity in Graphene and Related Matervials Based on Ab-initio  Methody
(Hetpausamwe cynepnposoanoctv y rpadeny  caminmm marepujatnva kopuwheisem ab-
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initio meTona) koja je pahena noa menropereom ap Pagowa Majuba. Mokye ucrpaknrama je
HA EIEKTPOH-POHOHCKO] HHTEPEKLUM]H ¥ OBHM MATEPHATHME H N0jABN CynNepnpoBoanocTH. Y
TOKY mipaae aoxropexe ancepraumie [p lewwh je oGjasnna 8 panosa y melyHapoasum
yaconucuma (M21a;2, M21:3, M22:3).

JAp ¥Ypow Pazeswh je nokropeky amcepraumjy noa vazweom Hawmockonwja w npumese
ABOAMMCHIHOHATHHX W KBasH  ABOJMMEHIHOHWIKMX  cucTema  (enr. “Nanoscopy  and
applications  of two-dimensional  and quasi-two-dimensional  systems™) oa6paHno  Ha
Eaextporexnnukom akyarery Yuusepanrera y beorpany, noa mewropereom ap | opana
Heuha., Kanamaar ce GaBHO  HCNHTHBALEM ENEKTPOHCKHX M ONTHYKHMX  ocoluuHa
ABOAMMENTHONANHHX MaTepujana nonyT rpadera W voHocnojera moanbaen aucyaduna,
CNOJCBMTHX. MATCPH)ANA NOMYT LCPHIYM TPHTCIYPHIL M METAITHMX HAHOHCCTMUA W FHXOBNX
Knactepa. ¥ ToKy w3pajae gokropeke amcepraumje Jlp Panesuh je oGjaswo 16 pagosa y
MchyHAPOIHAM HACONHCHMA.

Ap Jeaena Cymvannh jo sokTopeky aucepraunjy noja Hasmsom Homumusame coojemana
KOMAREKCNUX  Mpewcd cd Quckpenmom  ounavukos oabpanmna Ha  ENCKTPOTEXHHYKOM
axyirrery Yuusepanrera y beorpany, noa mentopereom ap Mapuje Murposuh Jlankyaos.
Doxye MeTpakMBaRa je GHO HA AHATMIM IWHAMHYKHX [POUECA, CTPYKTYPE MpeKe
MHTCDAKUHJA, KA0 H WUXOROr MehycobHOr yrmuaja y COUMJATHMM CHCTEMMMA KOJM
MOAPAsYMEBRjY NENoCpeany KomyHuKaumjy. Y TOky w3pase aoxropeke amcepraumje [p
Campanuh je ofjasuna 5 paagosa y mehyuapoawim yaconuenma (M21a:1, M21:2, M22:1,
Mi3:1)

Jaxmyuax:

Hmajyhn y sity paisonukocT MCTPRKHBAYKHN TEMa W ODJACTH, PASHOPOANOCT AOMPHHOCE
KaHWAATE, KA0 H KBAJIHTET JOKTOPCKHX AMCEpTalMja W PAJ0Ba NPOMCTCRIHX M3 HHX, W0
J€ H3Y3eTHO Tewko oaabpary 100HTHHKA oBoroaKime Cryaentcke warpase. Mnax, mupn je
OANYIHO 2a marpaty soacam ap Mapxy Maazenonmhy, 3600 MIVIETHO KBAAMTETHOT
MCTPAKMBAKLA KOje omoryhana pajymenate eAexTpoHcknx ocobuna rpansua wamehy aomena
Y OFPEHCKHM NOTYNPOBOAHMUAMA, 8 KOJE € YPRAHO Y HIYIETHO KPATKOM BPEMEHCKOM POKY.
[opea Tora, noceOHO JKeANMO Ja HCTaKHEMO 1 ancepraunyy ap Cphana Mapjanossha koja je
ypahena y HEWTo AyKeM POKY POKY, &TH NPEACTARLA CHCTEMATHYAH W MIVIETHO THAYAjaH
AOMPUHOC MOJACTORAILY M AALEM PATRO]Y NOTMTPOHCKHX TPANORA HCAYHEHHX TACOM,

Ha kpajy OHCMO NOHOBO KeI€AH A3 MCTAKHMEMO B2 CY CBC OBOMOAMIUIKE JOKTOPCKE
AMCEPTALIMIE BHCOKO! KBAIMTCTE W 1@ TO BHIMMO K30 Be/MKH YCNEX MPEUIORCHMX
KaHIHAATA, IHXOBMX MeHTOpa, Kao u MucruryTa 3a dusuky v beorpaay.

Hazasmo ce jow jauoj w Gpojumjoj xonkypenumin cacache roanHe w camm Kamimaaruma
HECTHTAMO Hil HIBPCHMM HAYYHNM PCIVATATHMA, & Z0GHTHHLIMMA HA OCBOJEHHM HArpaaaMa.
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beorpan, 24. anpus 2018. roa.
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Dear Mr Mladenovic:

AUTHORS:

(See below for abstract and previous reviewer reports)

I invite you to re-review this revised manuscript, which has been submitted for publication in Physical
Chemistry Chemical Physics (PCCP). Based on the previous reviewer reports the authors were asked
to revise their manuscript and have now submitted a new version for publication in PCCP, published by
the Royal Society of Chemistry.

Please advise whether your original concerns, and those of the other reviewers (reports copied below),
have been satisfactorily addressed and whether this work is now suitable for publication in PCCP.
Thank you in advance for taking the time to look at this work again.

At PCCP we aim to provide a rapid service for our authors. Therefore, please respond to this invitation
by clicking on the appropriate link below within 3 days of receiving this email, and provide your report
within 10 days of agreeing (7 days for communications and 14 days for reviews). If you need longer to
provide your report please let me know. If you are unable to review at this time, I would be grateful if
you could recommend another expert reviewer.

Once you accept the invitation to review this manuscript, you will receive a second email giving you
access to the manuscript and our reviewer guidelines.

Please note that:

- your anonymity as a reviewer will be strictly preserved;

- you have the responsibility to treat the manuscript and any communications on the manuscript as
confidential;

- the manuscript (or its existence) should not be shown to, disclosed to, or discussed with others, except
in special cases, where specific scientific advice may be sought. In this event, please contact me with
the names of those you have consulted;
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publication, fabrication of data or plagiarism.
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Yours sincerely,
Prof. Gaoquan Shi
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KoMucHja 33 cruuaise Hay iHHX 380162 oo/ | Pe //
bBpoj: 660-01-00006/211 T et
29.11.2017. roaune
Beorpan

Ha ocrosy wiada 22. cras 2. wiana 70. cras 4, 3axona o HAYYHOHCTPAXHBAYUKO] ACTATHOCTH
("Cnyx6enn raacruk PenyGanxe CpOuje”, 6poj 110/05, S0/06 — nenpaska, 18/10 u 112/15), unana 3.
cr. 1. # 3. w unana 40. TIpaniiKuKa 0 NOCTYNKY, HAYHHY BPEIHOBAKA H KBAHTHTATHBHOM HCKAsHBAMY
HAYNHOMCTPRRMBAYKKX pesyarara ucrpamumaua ("Caywbenn riacHHK Peny6auxe Cpbuje", 6poj

24/16, 21/17 1 38/17) 1 saxTesa Koju je noaxeo
Huciuuiuyia 3a gusuxy y beozpady
KOMHCH]2 33 CTHUAME HAYUHHX 383Ha HA CeHNIM 0pAaHoj 29.11.20] 7. roamue, JOHENA jC

OJLIVKY
O CTHIIAY HAYYHOT 3BAIbA

Ap Mapxo Maadenoeuh

CTHYE HAYIHOD 3BAIbE
Hayunu capadnux

y 0621aCTH IPHPOIHO-MATEMATHIKHX HAYKa - (hu3HKa
OFPA3JTOXEHBE

Hucuiuiuyii 3a guauxy y beoipady

yrspaio je npeanor Gpoj 381/1 oa 21.03.2017. roamue Ha ceAHHUH Hayusor seha Macruryra n
noJHeo JaxTes Komucuin 3a cTHUAme HayMHUX 38aiba Gpoj 406/1 04 28.03.2017. roamse 38 AOHOWICHE
OJUIYKE 0 HCIYECHOCTH YCIIOBA 33 CTHUARE HayuHor 3arsa Haywnu capadnux.

KoMHcHja 32 CTHUAME HAYIHMX 384163 je 1O MPETXO/HO NPHOARLEHOM TIOITHTHRHOM
MHIUBeIY Maruysor sayuHor oaGopa 3a H3NKY Ha CEAMHUM onpxanoj 29.11.2017. roaune
pasmarpana 3axTes M YTBPJIMIA 12 HMCHOBRHW HCIYIasa ycloBe W3 diana 70. cras 4. 3akoHa o
Hay4HOHCTPaKMBAYK0] AenarrocTh ("CryxGenn rachuk PenyGmmke CpOuje”, 6poj 110/05, 50/06 —
wcrnpaska, 18/10 u 112/15), urana 3. cr. 1. 3. n unana 40. [lpaBiianuka O NOCTYNKY, HaUMHY
BPENHOBARA W KBAHTHTATHBHOM WCKA3HBAMLY HAYTHOMCTPLKHMBAUKMX Ppe3yATaTa HCTPAKHBALA
("CayxGenyu raachux Penybmuke Cphuje”, 6poj 24/16, 21/17 38/17) 33 CTHIAKE HAYYHOr 3BakA
Haywnu capadnuux, na je ojiy inid Kao y W3peim ose onyxe.

JlosomebeM OBe OATYKC MMEHOBAHH CTHYC CBA MPABA KOja MY HA OCHOBY ILC MO 38XOHY
NPHNANaY.

OAnyKy AOCTABHTH NOAHOCHOLLY 3aXTCBA, MMEHOBAHOM M apXuBu MunrcrapcTsa npocsere,
HayKe ¥ TEXHONOWKOr paiBoja y beorpaay.
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[IOTBPIIA O PYKOBOBEWY I[TPOJEKTHUM 3AJTIATKOM

Osum motephyjem na je Hayunu CapanHuk ap Mapko Muaaaenosuh, 3a xora ce nokpehe
M30Op y 3Bame BUINM HAy4YHM CapaHuK, Y OKBMDY MpOjeKTa OCHOBHHX HCTPaKMBakba
»Mozenupame u  Hymepuuke CHMyJauuje CIOKEHHX BMIIEYECTHYHMX CHCTEMA™
(OH171017), pyxoBoamo NPOjEKTHUM  3amaTkoM: , McnuTuBame edekta TepmanHor
Heypehema Ha eleKTpoHcKe 0ocoGuHe MCPOBCKUTA Ha 0a3sM XaJoreHWX ejeMeHaTa” of
aBrycra 2016. o jyna 2017. rogune. Ha TIOMEHYTOM 3a1aTKy Cy GMIM aHraxxoBaHu cienchu
ucTpaxuauu: 1p Mapko MnazneHosuh, np Henan Byxkmuposuh, Munan Joruh.
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