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IIpo3paunble NpoBoOAsilIIME TOHKHE IUIEHKH TNOKCHIA TUTAHA,
JAONMUPOBAHHOTI0 HUOOMEM

Ax6ap @.4.!, laposapos JI.1.!, Kayns A.P.2

Mocrosckuii eocyoapcmeennwiii yHusepcumem umenu M.B. Jlomonocosa,
I Dakynomem nayx o mamepuanax, *Xumuuecxuii paxynomem, Mockea, Poccus

akbar.fariyva@yandex.ru

[TpoBoasiye TOHKUE TUICHKU JISTUPOBAHHOTO HUOOMEM JAMOKCH/IAa TUTAaHA MHTEPECHBI
C TOYKM 3pEHHs UX HCIIOJIB30BAaHHMS B KAauyeCTBE IMPOBOASIIUX CIOEB B (DOTOBOJBbTAMKE,
Onarozapst CBOei Mpo3pavyHOCTH, XUMUUYECKOW MHEPTHOCTH U TEPMUUYECKON YCTOWIMBOCTH.

Ienpto maHHOW pabOTHI SBIAETCS CUHTE3 M HMCCIEIOBAHUE CBOMCTB TOHKHX IUICHOK
tBepaoro pactBopa TiixNbxOz+5 €O CTPYKTypoil pyTuia Ha MOHOKPHCTAITTMYECKUX
nogioxkax r-AlbOs. Tonkue mieHku ObuM mosydeHsl MeronoM MOCVD mo peakuuun
nuporuaponusa geryanx komruiekcoB Ti(i-PrO)x(thd), u Nb(O-1C3H7)4(thd) mpu 350-500°C B
MOTOKE BJIAKHOTO aproHa ¢ MOCJIEAYIONIEH ITOMOJHUTEIBHON TepMOOOpabOTKOM mpu Oosee
BBICOKOW Temmeparype. Ilnenku oxapakrtepuzoBanbl Mmetomamu PDA, POM, PCMA wu
3aBHCUMOCTSIMHU COIIPOTUBJICHUS OT TEMIIEPATYPhl.

[To nanapiM PCMA coctaB mieHOK Ti1xNbxO2+5 MO Bceil OBEpXHOCTH 00pa3iioB
OJIMHAKOB M OTBEYAE€T HCXOJHOMY COOTHOIIEHHIO B3STHIX MpekypcopoB. Cpa3y mocie
ocaxknenuss cimou  TiOx(Nb) oOmagaroT  HEM3MEPUMO  BBICOKMM  DJIEKTPUUYECKHM
COTIPOTUBIICHUEM. DTO OOBSCHSACTCA pa3iuuueM B cTexuoMmeTpuu okcuaoB 1102 m NbyOs,
MPENSATCTBYIONIUM BCTPAWBAaHUIO HHUOOHWS B CTPYKTYPY PyTWia, U Majaor auddy3noHHON
MOJIBU’KHOCTBIO BBICOKO3apsIIHbIX KaTHOHOB. [1pu ocasxknenun okcur HHoous (V) B OCHOBHOM
cerperupyer Ha mnoBepxHocTH 3epeH Ti02, 4TO MOATBEPXKIAETCS TAKXKE BBIIBICHHBIM C
nomoibio POM ¢akToM CHIBHOTO yMEHBIICHHS pa3Mepa 3€peH IUICHOK B Pe3yJIbTare
JICTUPOBAHUA.

Kak cnenyer u3 peakuu

Nb,O, < 2Nb:. + 40 +2e'+%02 T
(—TiO,)

pacTBOpeHHE OKCHAA HHOOHUS B CTPYKType PYTWJIa M TOSIBICHHE B MX TBEPIOM pacTBOpE
3JICKTPOHHOM TTPOBOJMMOCTH BO3MOXKHO TIOCIIE BRICOKOTEMITEPATYpPHOU 00pabOTKH 00pas3IioB
B atMocdepe ¢ Hu3KuM pOz. Omxur npu 1150°C (5 4) ¢ ucnonn3oBanuem rerrepa Fe/FeO,
o0ecneynBaBIIeM pOz=10'20 aTM, MO3BOJIMJI YaCTHYHO BOCCTAHOBUTH HUOOHI 0 C.0. +4, 4TO
NPUBEJIO K PacTBOpeHHUI0 okcuaa HHoous B TiO2 U MOBBIIICHUIO MPOBOJUMOCTH IICHOK 10
3,710 Om*cM. AHamu3 JTUTEpaTyphl 10 JAHHOMY BOIIPOCY TIOKA3bIBAET, YTO HAMM OBLIA
nonydeHbl ieHKH Ti1xNbxO2+5 ¢ TPOBOAMMOCTBIO, BXOMSIIEH B YHCIO HAUOOJEe BBICOKUX
OMyOJIMKOBAHHBIX 3HAYCHUN, TMPH OTOM IUJICHKH BH3yaldbHO COXPAHSIOT BBICOKYIO
PO3pPavYHOCTb.
Jlureparypa

[1] Sheppard, L. R. DEFECT CHEMISTRY AND CHARGE TRANSPORT IN NIOBIUM-
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DOPED TITANIUM DIOXIDE. P. 120, 2007.

[2] Michibata, H.; Itoh, K.; Hagiwara, A.; Kawada, T.; Mizusaki, J. Conductivity Evaluation
of Rutile-Type Til-x Nbx O2 as Interconnect Material for Low Temperature Solid Oxide
Fuel Cells. Electrochemistry. 2011, 79, 246-248.
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DoTOBOJIBTANYECKHI 3JIEMEHT HAa OCHOBe nepoBckura MAPDI; ¢
HaHouyactuuamu FAPDI; u Pbl; B npunoBepxXHOCTHOM cj10€

AnexcagnpoB A.E., TameeB A.P.

Hncmumym ¢uzuuecxou xumuu u snexkmpoxumuu um. A. H. @pymxuna PAH (MDX3 PAH),
! lTabopamopus anexmponnwix u pomonnvix npoyeccos 6 NOMUMEPHbIX HAHOMAMEPUALAX,
Mockea, Poccus

alexevalex93@gmail.com

3a mocneaHee HeCKOIBKO JIET METALIOOPTaHUYECKUE MTOTYIIPOBOHUKHU CO CTPYKTYPO
MIEPOBCKUTA, U3-3a UX 3PHEKTUBHOCTH, TPUBJIEKAIOT K ceOe Bce Oobie BHUManus. Hanbonee
MOIYJISIPHOM MaTepUajioM SIBJISETCS METAINIOOPTaHUYECKUIl MOYIPOBOIHUK METHIaMMOHUI
noauaa ceunna (CH3NH3;Pbl;, MAPbL3) u dopmamuaun momuna ceunina (HC(NH2)2Pbls;
FAPDI3). Hamm uccnenoBanmsi moKa3bpIBalOT, YTO MPUCYTCTBHUE B aKTUBHOM CJIO€ COJTHEYHOTO
anemeHTa Ha ocHoBe MAPDI3 Hanouactuiy FAPbI; u Pbl, moBeimaroT Ha GoTtoBombTandecKue
XapaKTEPUCTUKU COJTHEUHBIX 3JIEMEHTOB - TOK KOPOTKOTO 3aMbIKaHUs U (aKTOp 3arOJIHEHUS
Ha 20% u 10%, COOTBETCTBEHHO.

B pabore ObuM UCCIEIOBaHBI IEPOBCKUTHBIE (POTOBOIBTAUYECKUE 3SJIEMEHTHI
MHBEPTUPOBaHHON apxuTekTypel. Cnoil mnepoBckuta MAPDI3 Hanocunum Ha 3apanee
MOJATOTOBJICHHYIO  TOJUIOKKY  OJHOCTYNEHYaThIM  METoJoM.  VcXomHblii  pacTBop,
UCTOJIBb30BaHHBIA Al moiydeHus cinos MAPDI;, Obl1 NPUTOTOBIEH CMELNIMBaHHEM
koMrioHeHTOB MeTwinammonus noguaa CH3NHsI (MAI) u noguna ceunna Pbl, B MonsHOM
cootHomeHuu (1:1) B 6e3BogHOM pacTBOpe aAumeTuindopmamuaa [1]. Kak uszBectHo, mpu
nanHoM cooTHomeHnun MAI/Pbl, 06pa3yercst moynpoBOIHUK € MPOBOAMMOCTBIO n-TUMa [2].
[Ipu Hanecenuu nucnepcun Hanovyactuilsl FAPbI; u Pbls B Tonyone moBepx gpopmupyronmxcs
MUKPOKPHUCTAJUIOB TEPOBCKUTA HAHOYACTHUIIBI KOHIEHTPUPYIOTCS MPEUMYIIECTBEHHO B
MPUIIOBEPXHOCTHOM 0O0NacTH Closi THepoBCKUTAa. HaHOYacTHIBI CO3[AI0T 3JIEKTPOHHBIE
COCTOSIHHSI, KOTOPBIE JICKHUT HECKOJIBKO HIDKE, YeM Kpail 30HbI npoBoauMoctu (mium LUMO)
MAPbDI;, 1 TeM caMbIM TTOBBIIIAIOT 3P(HEKTUBHOCTH TIEPEHOCA AJICKTPOHOB HA KaTOMA. Takum
00pa3oM, NPUMEHEHHBIH MOAXO0Jl MO3BOJIAET YMPABIATH AJIEKTPOHHBIMU COCTOSHUSIMU B
MEPOBCKUTE Yy TPAHUIIBI C 3apsAJ0-TPAHCIIOPTHBIM CIIOEM JJisi MOBBILIEHUS 3(P(HEKTUBHOCTH
YCTpOICTBA.

'Pa6oTa BrImoNHEHa pu huHAHCOBOH Mo yiepkke PODU (rpant Nel9-33-90283).
Jlureparypa

[1] D. Saranin, V. Mazov, L. Luchnikov, D. Lypenko, P. Gostishev, D. Muratov, D. Podgorny,
D. Migunov, S. Didenko, M. Orlova, D. Kuznetsov, A. Tameev, A. Di Carlo. J. Mater.
Chem. C, 6, 6179 (2018).

[2] Q. Wang, Y. Shao, H. Xie, L. Lyu, X. Liu, Y. Gao, J. Huang. Appl. Phys. Lett., 105, 163508
(2014).
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Bausinne TeMnepaTrypsbl OT:KUTa HA YJIeKTpUYecKne U (POTOITeKTPUIECKUe
CBOMCTBA TOHKHUX IJIeHOK nepoBckuTa CH3NH3PbI3

Awmaces JI.B.!, Cauros I11.P. %, Muxanesnu B.I'. !, Tamees A.P.3, Kazanckuit A.I'.2

" Unemumym obweii usuxu um. A.M. Ilpoxopoea Poccuiickoti akademuu nayk, Mockea,
Poccusa

’Mockosckuii 2ocyoapcmeennbiii yuugepcumem umenu M.B. Jlomonocosa,
Quszuuecxuti paxynomem, Mockea, Poccus

SUncmumym guszuueckoti xumuu u snexkmpoxumuu um. A.H. dpymxuna Poccuiickoti akademui
Hayk, Mockea, Poccus

amoslegkie@gmail.com

N3BectHo, uto mnpucyrctBue ¢a3el Pblh B MeramnoopraHuueckoM TEpPOBCKHTE
CH3NH;3Pblz moxeT BnuaTh Ha 3(PPEKTUBHOCTh COJHEYHBIX JIEMEHTOB, CO3/IaHHBIX Ha €T0
ocHose [1, 2]. B To ke Bpems poas Pbl, B mporneccax reneparuu, nepeHoca 1 peKOMOMHAIIHI
HOCUTEJIEH 3aps/ia 3TOro AByx(a3zHOro Marepuana MpakTHYecKy He U3Y4eHa.

Hamu wuccnenoBano BiMSIHUE TeMIlepaTypbl OTKuUra 7, Ha NPOBOAUMOCTH G, €€
TEMIEPATypHYIO 3aBUCUMOCTh G(7) U CIEKTPaIbHYIO 3aBHCUMOCTH (DOTOMPOBOIUMOCTUH AC
rieHok nepoBckuta CH3NH3Pbls, nonydeHHOro o1HOCTaAMIHBIM METOAOM M3 KUAKOU (ha3bl.

ITpu nossimennn Ty o1 60 °C 10 120 °C mabmronanock yMeHblieHne AG B 3-4 pasa, pu
3TOM BUJ €€ CIEKTPaJbHOW 3aBHCHMOCTH MPAKTUYECKH HE M3MEHSJICS: (OTOMPOBOAMMOCTD
“MeJa I1aTo mpu SHepruu GoToHOB hv > 1.6 3B 1 SKCIOHEHIIMAIBHO YMEHBINAIACh C YHEPTUEH
kBaHTa 1ipu hv < 1.6 3B. OxHaxo, B ciydae T, > 140 ‘C Habm01a10Ch Pe3Koe YMEHbIIEHHE Ha
JIBa-4eThIpE TOpsIKa BEIUYHHBI AG B 00JacTh ’Hepruii kBaHTOB 1.4-2.8 3B u mosiBneHue
«BTOPOTO Kpas GoTornpoBoauMocTu» npu  hv ~ 2.4 5B. AHaOrMYHBIA XapakTep U3MEHEHUS
Habmonanca nis 3asucumoctu o(T,). Yeemumuenue T, ot 60 'C o 120 °‘C mpuBomuio x
MOHOTOHHOMY YMEHBIIEHHUIO B 4 pa3a BEJIMUMHBI G MPU KOMHATHON TEMIIEpaType U PEe3KOMY

€e crajy Ha JiBa MmopsaKa BeIuyuHbl 1 1o = 140 °C 6e3 maibHEHIIero n3MEeHEeHUs npu Ta =
160 °C.

[TomyueHnnbsie pe3ynabTaThl OOBIACHAIOTCS BhIIedeHUEM ¢a3sl Pbl B crpykType
CH3NH3PbI; npu oTxure 1ieHOK U M13MeHeHHeM npu yBenudeHun Ta ponu Pbl B mpomeccax
reHepaluu, MepeHoca U peKoMOMHAIMK HOCUTeNel 3apsiia B cpopMupoBaHHOU ABYX(a3HOM
CTPYKType MEpOBCKUTHOTO cios. [lokazaHa BO3MOXKHOCTH (HDOPMHUPOBAHHS IBYXCIOWHOMN
IJIAHAPHOW CTPYKTYPBI, COCTOSIIEH U3 MATEPUAIOB C PAa3JIMYHOW IIMPHUHON 3ampeuieHHON
30ubI Pbl 1 CH3NH;3PbI.

Jlutreparypa

[1] Cao D.H., Stoumpos C.C., Malliakas C.D., Katz M.J., Farha O.K., Hupp J.T., Kanatzidis
M.G. Remnant Pbl2, an unforeseen necessity in high-efficiency hybrid perovskite-based
solar cells? // APL Materials, Vol. 2, No. 9, 2014. pp. 091101(1)-091101(7).

[2] Chen Q., Zhou H., Song T.B., Luo S., Hong Z., Duan H.S., Dou L., Liu Y., Yang Y.
Controllable self-induced passivation of hybrid lead iodide perovskites toward high
performance solar cells // Nano Letters, Vol. 14, No. 7, 2014. pp. 4158-4163.
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J{bIPOYHO-TPAHCIIOPTHBIE CJIOM HA OCHOBE 3JIEKTPOOCAXKACHHBIX
KOMILIEKCOB MOJIN-3,4-3THJIEHAHOKCUTHO(EHA ¢ MOJIUIIEKTPOJIUTAMHI
PA3JINIHOI0 CTPOCHUSA TJIl IECPOBCKUTHLIX COJTHCYHBIX 3JIEMEHTOB
Kab6anosa B.A., I'pu6koBa O.JI., TameeB A.P., HekpacoB A.A.

Hncmumym ¢uzuuecxoui xumuu u snexkmpoxumuu PAH,

1ﬂa60pam0puﬂ JJIEKMPOHHbLX U qul’l’lOHHblx npoyeccoes 6 NOJAUMEPHbIX HaHoMamepuaiax,

Mockea, Poccus

E—mail: KabanovaVar@gmail.com

B mneposckutHOM comHeuHoM aneMeHTe ([1CD) WMHBEPTUPOBAHHOW aAPXHUTEKTYPHI
BOXHYIO POJIb UTpaeT AbIpouHbId TpancnopTHbI crnoit (ATC), HaHOCHMMBII Ha MPO3pavHbIA
UIEKTPOA.  YCTAHOBJIEHHE  CBSI3U  MEXIAy  CTpyKTypoil  mosmmepHoro JATC wu
¢doroBonbTandcekuMu Xxapakrepuctukamu [1CD B 3T0if cBsA3M sIBIsIETCS aKTyalbHOM 3a/1aueid.

B pabore tonkue crmou (30-40 HM) momu-3,4-stunerauokcutuodena (I1210T),
oOnajaromye JIBIPOYHON MPOBOJMMOCTBIO, OBUIM TOJYYECHBI DIIEKTPOOCAXKICHUEM B
NPUCYTCTBUH CYITb(QOKHUCIOTHBIX TIOJHAICKTPOIUTOB PA3JIMYHON CTPYKTYphl U (HOPMBI
(xucnora unu conb). st anekrpocunTesa cioeB [19JIOT Obutr BCob30BaHbl THOKOIEITHEIE
MTOJIMKUCIIOTHI: TIOJIU-2-aKpuiIaMu10-2-MeTu- 1 -ipomancynbdonoBas kuciaota ([TAMIICK) u
nosmctuponcyinbpokuciora (IICCK), u xecTkomenmHble MOMUKHUCIOTHL: monau-4,4’-(2,2’-
IUCYIb(POKUCIO0TA)- AU EeHUTIEHN30-(TaTaMu] (m30-TTACK) " nom-4,4-(2,2°-
aucynbdokucnora)-nudenmnenrepedranamun (tepe-IIACK), a taxxe ux Na'-comn. Drtm
TIOJIMRJICKTPOJIUTHl MMEIOT XOPOINWE IJICHKOOOPa3yIolIie CBOWCTBA, BBICOKYIO HOHHYIO
MIPOBOJIUMOCTH M OTITUYECKH TIPO3PAYHBI.

[Tonyuennsie cion ObuH uccnenoBanbl B kadectBe JITC B IICD ¢ doroakTHBHBIM
cioeMm tonurHoi 400 HM U3 Metamtooprannyeckoro coenuHerns CH3NH3Pbl; nepoBckutHOiM
ctpyktypbl. JITC Hanocunu Ha cioil ITO mMeTOooOM 37EKTPOXMMHUYECKON NOJUMEPU3ALIUH.
Merton sABis€TCS NEPCHEKTUBHBIM Il M3roToBieHMs ycTpoicTB [ICD, mockonbky 3TO
OJIHOCTAIMUHBINA MpoIiecc, 00eCIIeYNBAIONINI MOMTyYeHNE TOHKUX CIIOEB C KOHTPOJIUPYEMOM
TonuHON U Mopdonoruei. [locnennee BaxxHO, TaKk Kak ONpeneseT CTPYKTYPY U KadyecTBO
uHTepdeiica ¢ mocnenyroummu ciosimu. Kpome Ttoro, snmexrpocunres cioe [19JI0T B
IIPUCYTCTBUH ITOJIMBJICKTPOJIMTOB IIO3BOJISIET I10JIY4aTh OJHOPOIHBIE CIIOU C BBICOKOM aAre3uein
K TOAJOXKKe. bbuto 0OHapyKeHO, YTO CTPYKTypa HOJHM3JICKTPOIUTa M TPUPOAA €ro
IIPOTUBOMOHA BIIMAIOT HA KMHETUKY CUHTE3a U CTPYKTYPY CJIOEB IOJUMEPHBIX KOMIUIEKCOB

o A0T.

MeTonaMu IUKJIMYECKOH BOJbTaMIIEpOMETpUM H  KenbBUH-MUKPOCKOIHMH OBLIH
n3MepeHsl sHepretuueckne ypoBHH B3MO u pabora Beixoma komruiekcoB [I3/1O0T. beuio
noka3ano, 4yTo ypoBHu B3MO Bcex JTC nexar Ha 0.4—0.6 3B BbIle, yem Kpail BaJIEHTHOU
30HbI (poroakTuBHOrO cioss CH3NH3PbIz (-5,4 5B), mo3TOMy IBIpKH JIETKO MEPEHOCATCS W3
cios nepoBckuta B JITC u nanee na [TO-anexrpon B I'CO.

YcraHoBiIeHO, U4TO CTPYKTypa u ¢dopma (KHUCIOTa WIM COJIb) IMOJUAJICKTPOINTa, Ha
ocHoBe kortoporo cdopmupoBan JITC, BIUSIOT Ha BOJBTAMIEPHBIC XapaKTEPUCTUKH U
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s dexkTuBHOCTL co3aanHbX oOpasioB [1CD. Haubonsmme KIIJ mokazamu I1CD Ha ocHOBe
kommiekcoB [IDJIOT ¢ TuOKOLENMHBIMU MOJUAIEKTPOJIMTAaMU B Kucioil ¢opme. [lpu
oOcyxneHuu (OTOBOJIbTaNYECKUX XapakTepucTuk IICD paccMOTpeHbl OCOOEHHOCTH
¢dopmuposanus cinoes [19/I0T B mpucyTCTBUU MONMHUAIEKTPOIUTOB PA3IMUHONU CTPYKTYPHI C
YYETOM UX CTENeHH TUAPOPOOHOCTH U KOH(OpMAIIMM MaKPOMOJIEKYII. Pe3ynbTaTsl u3yueHus
¢doroBonbpTandyeckux xapakrepuctuk IICD mokazamy BaXKHYIO pOJIb TOJHMAJICKTPOIUTA B
paspabotke nonmumeproro JATC mns nanpHeimei ontumusanuu pabotst [1ICD.

! Pabora Beimonnena npu ¢puHancoBoit noaaepsxkke PODU (Ipant Ne19-29-08048).
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Hosrble 3p¢pexTuBHBbIC IMUTTEPBI A1 OPraHMYEeCKHX CBETOAUOA0B HA
OCHOBE KOMILJIEKCOB TepOust

Kosnos M.U.!, Acnannykos A.H.!, Yrounnkosa B.B.?

"Mocxkosckuii 2ocyoapcmeennuiil ynusepcumem umenu M.B. Jlomonocosa,
¢axynemem nayx o mamepuanax, Mockea, Poccus

’Mockosckuii 2ocyoapcmeennbiii yuugepcumem umenu M.B. Jlomonocosa,
xumuyeckuil gpaxynomem, Mockea, Poccus

makariy.kozlov@gmail.com

Koopmunarmonnsie coenuuenus (KC) naHTaHUIOB SBISIOTCS TEPCIIEKTHBHBIMU
MaTepHaaMH I SMHUCCHOHHBIX CJIIOEB OpPTaHMYECKuX cBeTom3iaydaromux auonoB (OLED),
MOCKOJIbKY OHHM 00Ja/aloT Y3KMMH 3MHCCHOHHBIMU mojocamMu (10 10 HM), 4TO MO3BOJIUT
JIOCTHYh HEOOXOAMMYIO YHCTOTY cBeTa. B HacTtosimee Bpems cpeau pazmmunbix KC
JAHTAHUJOB, OOJIAIAIOMIUX BBICOKMMH KBAaHTOBBIMH BbiIxogamu (mo 100%), nHambomee
CTaOUJIBHBIMU SIBJISIFOTCSL apoMaTHYecKHe KapOOKCHiaThl, OJHAKO OHHM 00JalaloT HHU3KOM
MOJIBU’KHOCTBIO HOCUTEIIEH 3apsija.

B name#l mpensigymiel pabore ObLT MPENIOKEH CIIOCOO YBETUYEHUS 3JICKTPOH-
TpaHcmopTHbiX  cBodictB  KC  maHTaHugoB 3a  Ccu€T  HANpaBIIEHHOTO  BBIOOpa
CEHCHUOUTM3UPYIOIUX HEUTpaNbHBIX JIUTAHA0B, OOJAJaIOMIUX BBICOKON MOJABHKHOCTHIO
anekTpoHoB [1], [2]. Pa3BuTmeM [aHHOrO mOAXOJAa CTAJNO YBEIUYEHHUE M JIBIPOYHO-
TPAHCIIOPTHBIX CBOWCTB KOMIUJIEKCOB 3a CYET MOAM(PHUIMPOBAHUS AHUOHHOTO JIMraHAaa, a
MMEHHO HCIIOJIh30BaHMsI ApOMaTHYECKUX KapOoKcuIaT-aHnoHOB (tpa u czb’, Puc. 1) ¢ BeIcOKOM
JTBIPOYHON MOJBMIKHOCTHIO. HakoHel, o0benuHssl 1Ba 1MOaX0/1a, Mbl punumi K au3aiiny KC
JAHTAHUJIOB, T/I€ AHHOHHBIC JMTaHAbl BBIOPAHBI B KAauyeCTBE JIUTAHJOB, MOBBIIIAIOIINX
JBIPOYHO-TPAHCIIOPTHBIE CBOMCTBA, @ HEUTPAIBHBIN JIMTAH]] — DJIEKTPOH-TPAHCIIOPTHBIE.

Equavs:
PO4

o, ) o g

Sas ate
tpa czb”

Puc. 1. JIuransl, ucronb3yemMbie B paboTe.

Bce kommuiekchl ObUIM  YCHEIIHO TMOMYYeHbI M MPOTECTHPOBAaHBI B KauecTBE
smuccuonHbix cinoéB (EML) B OLED c¢ rerepoctpykrypori ITO/PEDOT:PSS/poly-
TPD/EML/TPBV/LiF/Al. Cnextpsl snekrpomomunectienniun OLED mpeacraBmsitor co0oit
HAaO0Op  Y3KMX OMHCCHOHHBIX TIOJIOC HOHa  Tepbus. MakcuManbHas  SIPKOCTh
>IeKTpomoMuHecieHnuy 330 Kka/M° Tpu HampsbkeHHHM 15B Oblna monydeHa Ha OCHOBE
koMruiekca Tb(czb)s, uro siBisercs omHOW w3 pexopaubix BenwuuH 11t OLED Ha ocHOBe
KOMITJICKCOB JIAHTAHU OB, HAHCCCHHBIX U3 paCTBOpA.

Jlureparypa

[1] M. L. Kozlov, A. N. Aslandukov, A. A. Vashchenko, A. Vembris, V. V. Utochnikova et al.,
Dalt. Trans., 2019, 48, 17298-17309.
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[2] A. N. Aslandukov et al., Dalt. Trans., vol. 47, no. 45, pp. 16350-16357, 2018.
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IIBeTo-TeMmepaTypHasi 3aBHCMMOCTH BbIX0OTHOI MOIIHOCTH MEPOBCKUTHBIX
(¢oTonpeodpa3oBare.ieii mpu padoTe B YCIOBUAX PACCESTHHOIO CBETA

Komapuuesa T.O.!, Capanun .C2 JlyanukoB JL.O', Anbnio In Kapnol’z.

!Hayuonanvuwiii ucciedosamenvckuii mexuonoaueckutl ynusepcumem « MUCuCy,
Jlabopamopus nepcnekmugHou conneurol snepeemuxu, Mockea, Poccus

2 Vuueepcumem Top Bepeama, CHOSE, Pum, Umanus

t.komaricheva@misis.ru

B Hacrosimee Bpemsi pacTeT pPHIHOK JaTYMKOB TEJICKOMMYHHKALWHU, MOTpediseMast
MOIIIHOCTh KOTOPBIX B OCHOBHOM He mpeBbiniaer 1 MBT. [IpoGiemy GecripoBOAHOrO MUTaHUS
[oT-ycTpoicTB MOXHO PEIIUTh, UCIIONIB3YsI IEPOBCKUTHBIE (hOTONPE0Opa30BaTEd B KAUSCTBE
BHEIIHEro MCTOYHWMKA mnuTaHus [l1]. Ha ceromHsmHuid neHb HMMEHHO TMEPOBCKUTHBIC
MOJIYIPOBOJHUKMA  SIBIAIOTCS ~ HauOosiee  MEpPCNEeKTHUBHBIMU  MaTepuagamu s
BbICOKOA()(DEKTUBHBIX COJHEUHBIX AJIEMEHTOB BBHJY COUETAaHUS TAKUX 3JIEKTPODU3MUECKUX
CBOMCTB TaKMX KaK BBICOKAas MOJBMXHOCTb HOCUTENEW 3apsia, BBICOKHHM Kod(hduuueHt
NOTJIOIIEHUSI M HU3KUE TeMIbl Oe3bl3iiyyarenbHOl pexoMmOuHanumu [2-3]. IlepoBckuTHBIE
conreuynsle 31eMeHThl (IICD) ¢ p-i-n apXUTEKTypoll MOKa3bIBAlOT BBICOKUE 3HAYCHHS
kodd¢unmenta monesnoro neidctBus (KIIA) >20 % wu wmamoe 3Ha4YeHHE THCTEpe3nca
BOJIbTAMIIEPHBIX XapakrepucTuk (BAX) mpu paboTe Kak B yCIOBHUAX MPSIMOTO COJHEYHOTO
OCBEIICHHUS, TaK U MPHU PaCCEIHHOM CBETE IMPU KOTOPOM OECHpOBOJHBIE JATUUKU pabOTAOT
OO0JIBIIYIO YaCTh CPOKA IKCILTyaTaIUH.

CrangapTHO HCHOJIB3YEMBIM COCTaBOM i mporotunupoBanHusa [ICO  sBusercs
CH3NH3Pblz (MAPI) ¢ mupunoii 3anpenieHHoi 30861 (Eg) ~1.55 3B [4-6]. Baxxubim aciekToM
s paboTel  porompeoOpazoBareniell MPH PACCESTHHOM CBETE SIBIISETCS COIOCTABIICHUE
CHEKTPOB M3Iy4YEHHUS CTAaHIAPTHBIX OCBETUTENIbHBIX CHCTEM CO CIIEKTPOM TMOIJIOIIEHUS
UCIIOJIE3YEMOT0 IMEPOBCKUTHOTO MaTepHaa.

B nannoit pa6ore 6pun u3rotoniensl [ICD co cTaHAapTHBIM COCTaBOM MEPOBCKUTA
MAPI u MynbTUKaTHOHHBIM cocTaBoM mepoBckuTa (Cso.osFAog0MAo,15)Pb(lo,s5Bro,15)3
(CsSFAMA) ¢ axtuBHOM o6macteio 0,14 cm?. Belma McciefoBaHa 3aBHCUMOCTH MEKITY
MaKCUMaJIbHOM BbIXOJHON MouHOCThIO [ICD M 11BeTOBOI TeMiepaTypod CBETOIMOIHBIX
uctounukoB oceemenus (2700 K, 4000 K, 6500 K); wu3roTOBIEHBI TMEPOBCKUTHBIC
doTonpeobpazoBarenn Ha ocHoBe MAPI ¢ axTuBHOH 00nacTeio 1 cM?.  3HAYeHHS Phaxc
paspaborannbix CD Ha ocHOBe MAPI ¢ akTuBHOI momansio 1 cm? pu ocsentensocty 200 1
400 mrokc otnmyarotest Ha 10 % u 5 % ot 3HaueHuit pepepeHCHBIX 00pa3LIoB, COOTBETCTBEHHO.
Taxkum oOpa3om, pa3pabOTaHHBIN MOAXOJM IMO3BOJUJ MacCIITAOUPOBATh AKTHBHYIO IUIOMIAIH
[ICD ¢ 0,14 cm? 10 1 cM? ¢ MHHUMAJIBHBIMH MOTEPSIMH BBIXOJIHOW MOIIHOCTHU. [lomydyeHHbie
yctpoiictea Ha ocHoBe CSFAMA ¢ aktuBHOH o6macteio 0,14 cM? uMenu 3HayYeHHE
MaKCHManbHOH MomrHoCcTH - 15,4 MxBt/cm? u 31,2 MxBt/cm? nipu spkoctr 200 1 400 mokc
COOTBETCTBEHHO. MOHUTOPHUHI HANpsDKEHUS XOJIOCTOIO XOJa OT BPEMEHM MOATBEPAWII
NOBBIICHHYIO0 cTabuibHOCTE CO Ha ocHOBe CsFAMA mo cpaBHenuto ¢ CO Ha ocHoBe MAPI.
B pabore mnpencraBieHbl JaHHbIE CBETOBBIX W TEMHBIX BBIXOJHBIX BOJBTaMIIEPHBIX
XapaKTEPUCTHK.
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a)  Cnextpul nanyuenus LED namn B) 1cm? ITO/NIO/MAPI/PCBM/BCP/Ag ;! [j \Y;
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Pucynox 1 — a) Cnextp uznyuenns LED namnsl ¢ nsetoBoit Temnepatypoit 4000 K; 6) Buenmuii Bug CD ¢
IUTOMA b0 akTHBHOHM obmacTr lem'; B) BAX CD ¢ MAPI ¢ aktiBHOI mmomanpo 1eM Ipyu pasIudHbIX
3HAUCHUAX HHTeHCUBHOCTH cBeTa LED nammer
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CuHTe3 1 u3yueHHne HOBBIX 2-(ocHUHNIUPUINHOBBIX JUTAHIOB 1
komiuiekcoB Cu(I) Ha ux ocHoBe 1151 npumenenusi B OLED
Komrenes JI.C.!, Bymr 5.2, YTounukosa B.B.!

'Mockosckuii 2ocydapcmesennuiii ynusepcumem umenu M.B. Jlomonocosa,
xumuueckuil ¢haxynomem, Mockea, Poccus

’Uncmumym opeanuveckoii xumuu, Texnonozuueckuii yuusepcumem Kapncpys, Kapacpya,
I'epmanus

dan_kosh@mail.ru

Ha rexymuii MOMEHT pa3paOaThIBAlOTCS pa3IM4yHbIE IOAXOJbl K YBEJINYECHUIO
a3 PeKTUBHOCTH OpraHnyYecKuX cBetomsydaronux auofaoB (OLED) 3a cuer ucnosip3oBaHus
SHEPIUU TPUIUIETHBIX SKCUTOHOB. OHNUM M3 Hanbosee NepCHeKTUBHBIX MOJXOA0B SIBIISIETCS
abdekt Tepmudecku aktuBupyemoi 3amenneHHou d¢uyopecternun (TADF). KiroueBbim
daxTopom s 3¢pdexkruBHoro TADF-mpouecca sBisieTcss Manblii 3HEPreTHYECKUI 3a30p
mexay sHeprusMu HOMO u LUMO sMuTTepa, KOTOpPBI MOKET ObITh JTOCTUTHYT IIyTeM
IPOCTPAHCTBEHHOI'O pa3JefieHHs] A3TUX TPAaHUYHBIX opOuTanei. Pa3nuunHble MOHO- U
HOJIUSIIEPHBIE TATOTeHUABI MeIU ¢ POCHUHOBBIMU JIUTAHIAMHU, B KOTOPBIX HAOJII01aeTCsl TAKOe
paszeneHue, y)Ke pacCMaTpUBaIOTCs B TUTeparype Kak nepcrnektuBHbie TADF momunodops.
Tak, B 2014 rony ony0JIMKOBaH MOJAXO K TU3aiiHY T'€TEPOJICITHIECKUX OUSACPHBIX HOANUIOB
MeAH, KOTOPBIN 3aKJII0YAETCs B 3aMEIEHNN MOCTUKOBOI'O M BADbUPOBAHUN BCIIOMOT'aTEIbHBIX
aurasjoB [1], xoropsle onpenensoT pacTBopuMocTh U 3Hepruto LUMO, coOoTBETCTBEHHO
(Puc. 1).

BcnomoraTenbHbIn nurasg
(R-Ph);P P(Ph-R),
R=H, F, OMe

PactsopumocTb

OMe F

Tt R1=H, Me
Lt J e "7 OO o O
/lil IID(RZ)2 PR: T - - - - - - -
* O 2
q LUMO Z
R Me

MocTukoBelid nuraHA P(Hexy  P(MeO)e ~ P(P-Tolz  P@iMe):  P(Mes)p  P(Furz  P(F

Puc. 1. Cxema nu3aiina komruiekcoB Cu (I) 1 uconb30BaHHBIC 3aMECTUTEIH.

enpto maHHOW pabOTHl OBUIO W3YYCHHUE BIMSHUS 3aMerleHus (HocHUHOBOW HacTH
MOCTHKOBOI'O JIMTaHJa Ha JIOMHUHECICHTHBbIe cBoiicTBa KomruiekcoB Cu(l). Meromamu
apoOMaTHYECKOTr0 HYKJICO(PUIBHOTO 3aMEeIlleHUs] U 3aMEIICHUs, KaTAIU3UPYyEeMOro najlaiueM,
B ycioBusx JuHuu lllnenka Obl1 CUHTE3UPOBAH PSA MOCTHKOBBIX 2-(OCHUHIHUPUIANHOBBIX
JIUTAHJIOB C Pa3IMYHBIMU 3amMecTUTeNsiMU. [Ipu 3TOM BBIXOJBI peakuuu Aocturaiu 77%,
HECMOTPS Ha CUJIbHYIO MOJIBEPKEHHOCTh MPOAYKTa OKUCIIeHUI0. [lonydyeHHble Turanisl Obun
UCIIONIb30BaHbl B CcHHTe3e rerepoientuueckux iomuaoB Cu(l) ¢ psaoM MpoU3BOIHBIX
TpudeHmidochruHa B KayecTBe BCIOMOTATENbHBIX JMraHAoB (BeiIxon A0 99%). Bcee
TOJTy4deHHbIE COeIMHEHNs XapakTepusoanu Merogamu AMP mHa sgpax 'H, °C u *'P, UK
(HITBO) u macc-cniekrpomerpun (FAB u El), aneMeHTHOTO aHanm3a 1 MOHOKPUCTAJUTHYECKON
PEHTIEeHOBCKON AU PaKIIUH.

Bce MOJIYUCHHBIC KOMIIJICKChI ACMOHCTPUPYIOT BBICOKYHO HMHTCHCHUBHOCTH
JIOMHUHCCHCHIIMM B BHAWMMOM JHAIIa30HC OT XKEJITOro A0 3CJICHOro B 3aBHCHUMOCTH OT
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MOCTHKOBOT'O JIJU'aHa C KBAHTOBBIMH BLIXOJaMHU (I)OTO.HIOMI/IHGCI_IGHI_[I/II/I a0 92% u BPCMCHCM
KU3HU 10 8 MuUKpocekyH. Kpome Toro, Bce OusiiepHbIe KOMIUIEKCHI 00JIaal0T 3HAYUTEIbHOM
PACTBOPUMOCTBIO B JUXJIOPMCTAHC U JHUI3THIIOBOM 3(pr€, YTO MO3BOJIACT MOJIY4aTb TOHKHUC
ieHku 3TuxX coenuuenuit st OLED meTtomom spin-coating.

KBaHTOBO-XMMHYEeCKHE pacyeTbl B COYETaHWHW C METOJaMU aOCOpPOLMOHHOM
CHEKTPOCKOIUU U CIIEKTPOCKOMHUH BBIX01a (POTOAIEKTPOHOB MO3BOJIUIIH OMPENEIUTh SHEPTUN
HOMO u LUMO. OcHOBBIBasiICh Ha MOJTYYEHHBIX 3HAYEHUS YHEPTUI TPAaHUYHBIX OpOUTaseH,
ObUTH BBIOpaHbI MaTepuaibl sl rerepocTpykTypsl OLED. JlampHelmme 3KCIIEpUMEHTHI
MO3BOJIUJIM  ONTHUMH3UPOBATh IMEPBOHAYAIBHYIO TETEPOCTPYKTYPY IyTeM BapbHpPOBaHUS
MaTpHULIbl MATPUIBl U TOJIILMH AJIEKTPOH- U JIBIPOYHO-TPAHCIOPTHBIX cIOEB. B pesynbraTe
nyumM OLED-ycTpoicTBOM JOCTHIHYTA SPKOCTh JIEKTPONIOMUHECIEHIHH 10 5902 K/m?
u 3¢pdexruBHOCTH TIO TOKY 110 5 Ki/A.

Jlureparypa

[1] D.M. Zink, D. Volz, T. Baumann, M. Mydlak, H. Fliigge, J. Friedrichs, M. Nieger, S. Brise,
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MertaninoopraHu4yeckie TajJOreHHJIHbIEe TEPOBCKUTHI MPHUBIECKAIOT MPUCTATbHOE
BHUMAaHHUE MCCIIEOBATENCH 110 MPUYMHE BBIIAIOMIMXCS ONTHYECKUX U AJIIEKTPOHHBIX CBOWCTB
3TUX MarepuanoB. [loMUMO XOpOIIO HM3BECTHBIX CBOMCTB, K YMCIY KOTOPBIX OTHOCHTCS
BBICOKasi (oToraibBaHu4ecKass 3(PQPEeKTUBHOCTb, OHM TaK)Xe IOKAa3bIBAIOT 3HAUYMUTEIILHBIN
HEJIMHEHHBbIM ONTHUYECKUM OTKJIMK IPU B3aMMOJEHCTBUM C M3Iy4YEHHEM BBICOKOM
WHTEHCUBHOCTU U MOTYT HUCIIOJIb30BATHCS B KAUECTBE MEPCIIEKTUBHOM CpeJibl AJI1 HEIMHEWHO-
ONTHYECKUX yCTpoicTB [1,2]. B HacTosmel paboTe MbI HCIIOIB30BAIIA METOT Z-CKaHUPOBAHHUS
JUTSL UCCTIEIOBaHUST HEIMHEWHOTO OMITHYECKOTO MOTJIONICHHS MTEPOBCKUTHBIX MIeHOK CsPbl>Br,
MAy.15FA¢75Cs0.1Pbl2.gsBro.15s 1 MAg.15FA0.75Cso.1Pbls (rne MA=CH3NH3;" u FA=CH(NH),")
npu 00sydeHun (HeMTOCEKYHIHBIMU UMITyJIbcaMu JUIUTeabHOCThI0 400 (e Ha JUTMHE BOJIHBI
1064 aMm. beimo 0OHapy)X€HO, YTO TOHKHE TUICHKH IEPOBCKHUTOB (45-65 HM) MOKa3bIBAIOT
Oonpmue 3HaueHUs Koddduimenta HeNMMHEWHOro moriomenus 261-928 cm/I'Bt mo
CPaBHEHUIO C TOJCTHIMHU TUIeHKaMu (250-350 HM) ¥ ¢ MEHBITUMHU 3HAYCHUSAMHU Kod(dpurmenTa
HeJMHerHoro norjomeHusa 38-55 cm/I'BT. Belto moka3aHo, YTO MHTEHCHBHOCThL HACBIILIEHUS
HEJIMHEWHOTO TOTJIONMIEHUS IS MJICHOK MEPOBCKUTOB 3aBUCUT OT JUIUTEILHOCTH MMITYJIbCa
HAaKaykKd ¥ YBEJIMYMBAETCS C YMEHBUICHHEM JUIMTEIbHOCTH UMIyjibca. Takxke ObUIO
YCTaHOBJICHO, YTO IJICHKH METAUIOOPTaHUYECKUX TEPOBCKUTOB JAEMOHCTPUPYIOT OoJibliiee
3HaueHUEe KOIPPUIIMEHTa HEIMHEWHOTO TIOTJIONICHHUS [0 CPaBHEHUIO C TUICHKOH
Heopranuyeckoro nepoBckuta CsPbl>Br.

PaGora BemonmneHa B pamkax [oc. 3amaHusi, peructpanuoHHbii  No.
AAAA-A19-119032690060-9 (JI.A.C.).
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Kommuiekcol ntrepons ¢ 2-(To3mJIaMuHO)-0eH3muaeH-N-(2-
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W3-3a monasaHusa B OKHO MPO3PAavyHOCTHU >KUBBIX TKaHEW M KBAaplLEBOTO ONTOBOJOKHA,
HK-u3nyyarone opraHu4eckie CBETOAMOAbl CTAHOBATCS BOCTPEOOBAHHBIMH B MEIUIIMHE, B
00J1aCcTH TEJIEKOMMYHHKaIU U B 000poHe. B To ke Bpems B orninune ot OLED, uznyyarommx
B BUJIMMOM JIMAaIla30HE, AUOJbI, W3IyJaroniue B OmmkHeM nH(pakpacHoM auamnazone (700-
1000 HM), HaxXOmATCS TOJBKO HA CTaJAWM pa3pabOTOK. Marepuanabl HA OCHOBE COCIUHECHHM
JAHTAHU]IOB, B YaCTHOCTU UTTEPOUSI, KOTOPHIE U3BECTHBI CBOMMH YHUKAJIBHBIMU ONTHYECKUMHU
CBOMCTBaMH, SIBJISIFOTCSI HanOoJiee MEePCIEeKTUBHBIMU JIIOMUHECLIEHTHBIMA MaTepHallaMy IS
STUX MPUJIOKEHUN: Y3KHUE MOJIOCH! JIIOMUHECIICHIIUU C TIOCTOSTHHBIM TMOJIOKEHHUEM B CIIEKTpE
UJICaTIbHO MOIXOAAT ISl AETEKTUPOBaHus. B To xe Bpems it co3nanus Ha ux ociose OLED
TpeOyeTcs MOBBICUTh KaK KBAHTOBBIA BBIXOJ KOMIUIEKCOB, TaK U MOJBHUKHOCTh HOCHUTEJEH
3apsia M pactBopuMocTh. Komrutekcbl utrep6us ¢ ocHoBanusimu llugda Ha ocHoBe 2-
(To3mnaMuHO)-0eH3mInAeH-N-(2-0€H30MT)-THAPA30HOB YK€ 3apeKOMEHIOBaIM ce0sl  Kak
s dekTuBHBIE MaTepuaibl s dMUCCHOHHBIX cioeB OLED [1], omHako oTaenbHOM 3amadeit
SIBJISICTCSL TIOBBIIIICHHE PACTBOPHUMOCTH TAKUX KOMIUJICKCOB B OPTraHUYECKHX PACTBOPHUTEISX
JUTSE TIPUMEHEHHSI PAaCTBOPHOTO METOAAa HaHeceHHUs CJOEB. [l 3TOro MBI MPENIOKUIH
rajoreHupoBaTh BeiOpanHbie ocHoBaHus [nudda.

Llenbto naHHOM palOTHI SABISETCS MCCIENAOBAHUE BIMSHUS TaJOTEHUPOBAHUS Ha
pPacTBOPUMOCTh KOMIUIEKCOB HTTEpOUS C ATHUMH JIMTaHIaMH, a TaKKe Ha MOJBH)KHOCTD
HOCUTEJICeH 3apsa U KBAaHTOBBII BBIXO/J] IIOMUHECHEHIINH. B kauecTBe 00HEKTOB HCIIEI0BAHUS
OBLTH BEIOpAHBI KOMIUIEKCHI UTTEPOUS ¢ 2-(TO3UIaMUHO)-0eH3mn1eH-N-(2-raloreHOeH301T )-
runpasonamu (L1, rre Hal = F, Cl, Br, I).

B xone paboTel 6OblTa monmydeHa cepus kommiekcoB urrep6us (Yb(LHh)(HLH) u
KYb(LH),), kotopele 067mamaloT NpakTHYECKM OJMHAKOBHIMU KBAHTOBBIMH BBIXOJAMH
(~0.9%), sHeprusimu rpaHudHbIX opbOutaner (HOMO ~5,8 3B) u sHeprusMu TPHUILIETHBIX
ypoBueii (~18 000 cm'). Jlns Bcex KC XapakTepHa pacTBOPUMOCTb, AOCTAaTOUHAs s
pacTBOpHOTO MeTo/Aa HaHeceHus ciost (> 5 r/1 B TT' D).

HecmoTpss Ha paBeHCTBO (DU3MKO-XUMHUYECKUX XaPAKTEPUCTHK, APPEKTUBHOCTH
anekTpoitomuHectieHIun OLED cyiiiecTBeHHO 3aBUCST OT BBEIEHHOIO T'aJIOT€HA M MaJaloT B
pany F>CI>Br>l. Makcumanbhyto 3¢ ¢deKTUBHOCTh dekTpomomuHenieninn B OLED —
113 mMxB1/Bt — npomemonctpuposan Yb(LF)(HLF); a1o sBnseTcss BTOpHIM MO BenmumHE
pesyabTatoM cpeau KC ntrepous u nepsbiM — cpeau KC nurtepOusi, HAaHECEHHBIX U3 pacTBOpA.

Jlutreparypa

[1] Kovalenko A.D., Rublev P.O., Tcelykh L.O., Goloveshkin A.S., Lepnev L.S., Burlov A.S.,
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(aryloyl)hydrazones - universal luminescent materials. Chem. Mat., 2019, 31, 759-773.
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@topunsl P30 ornmuaroTcs BBICOKOM IPO3pavyHOCTHIO B ONTHYECKOM JAMAIA30HE,
XUMHUYECKON CTa0MIIBHOCTD, a TAaKXKe HU3KOW SHeprueil pOHOHHBIX KOJeOaHUil, YTO BBI3BIBACT
K HUM OOJBIION MHTEpPEC B KAUeCTBE OCHOBBI I ONTHYECKUX YCTPOMCTB, TBEpAO(}a3HBIX
Ja3epoB M JIOMUHECHEHTHBIX MaTepuaiioB [1]. Llenb nanHoi paboTsl — pa3paboTKa METOAUKH
NOJTyYEeHHUsI TOHKUX IJIEHOK CIOXKHBIX (GTOpuI0B HaTpHsi-P33, o0nanaromux 3G pexkTuBHOI an-
KOoHBepcuoHHOM romuHectieHnnert (AKJI) u3 pacTBOpoB KOOPAMHAITMOHHBIX COCTMHECHH.

Tonkue miI€HKU GTOPHUIOB OBUTU MOTYUYECHBI MYTEM TEPMHUUYECKOTO Pa3I0KEHUs reiei
nepTOpUPOBAHHBIX  KapOOKcwiaToB  (TpudTOopaneraroB, MNeHTAQTOPIPONUOHATOB U
rentapTopOyTuparoB) MetayuioB pu 600 °C:

Na(tfa) + RE(tfa); — NaREF4 + (CF;C0O),0 + CO + CO2; (RE=Y, Yb, Er) [2]

[TepdropakapbokcmimaTel METAIOB  OBLTM  CHHTE3WPOBAHBI  B3aMMOJICHCTBHEM
KapOoHaTOB MeTauioB ¢ 5%-M u30bITKOM cooTBercTBYyIomeil kuciotel (H(tfa), H(pfp),
H(htb)). MccnenoBano TeoMHYeCKOEe TOBEACHHE, THIPATHBIM COCTaB, a TAKXE IMPOIYKTHI
pasnoxenust mpekypcopoB 1o ganHbM TI'-JICK-MC ananu3a B ucKyccTBeHHOM Bo3ayxe (Na2
+ O2) u uHepTHOI aTmMocdepe (Ar).

Hanecenue TOHKHMX IJIEHOK OCYIIECTBISUIOCH Ha MOJUIOKKH U3 c-Al2O3 U3 4eThIpéx
pacTBOpPOB C pa3IMuYHBIX KaTHOHHBIX cocTtaBoB: Na:Y:Yb:Er:Gd = 100:78:20:2:0,
200:78:20:2:0, 100:48:20:2:30 u 200:48:20:2:30. Ilo nanHpiM P®A wu cnektpam arm-
KOHBEPCHOHHOMW JIIOMUHECIICHIIMH TTOKa3aHo, 4TO rekcaroHanbHas ¢a3a -NaREF4 obmamaer
oonee sdpdextuBnoit AKJI mo cpaBHeHuto ¢ kyoumueckoit o-NaREF;. Hcnonb3oBanue
Pa3IMYHBIX COCTABOB ITOKA3aJI0, YTO YBEIWYCHHUE KOHLIEHTPAIIMH HATPHEBOTO MTPEKYypcopa, Kak
u 3amenierre 30% UTTpuUs Ha TaJ0JIMHUN CIOCOOCTBYIOT YBEIMYCHHUIO CollepKaHus -(a3bl B
ueneBoM mpoaykre. [lo manubiM ACM TOHKHME TJIEHKH OKAa3aJIMCh MOJIUKPUCTALINYECKUE,
OJIHOPOJTHBIM HHTEp(]eiicoM, CO CpelHeH MEepoXoBaTOCThIO 33 HM M TONMMUHON mopsaka 100
HM, YTO COTJIACOBBIBAJIOCH C TEOPETUYECKHU PACCUUTAHHOM TOJIIIMHON MO ypaBHEHUIO JlaHnmay-
JleBunua.
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[2] Rillings K.W., Roberts J.E. A thermal study of the trifluoroacetates and

pentafluoropropionates of praseodymium, samarium and erbium // Thermochim. Acta.
1974. Vol. 10, Ne 3. P. 269-277.

22



mailto:shev.98@

MAPPIC-2020

Beyond lead: halide complexes of 15 and 16 group elements, their
polyhalide derivatives and their use in materials design

Adonin S.A.
Nikolaev Institute of Inorganic Chemistry, Russia

While Pb(I) halometalates are being very intensively investigated in the course of
photovoltaic devices design, related derivatives of neighboring elements — bismuth, antimony
and tellurium — remain significantly less considered in this area. Hereby, we percent our recent
achievements in synthetic chemistry of Bi(Ill), Sb(IIl) and Te(IV) halometalates and their
polyhalide hybrids, as well as in their utilization in creation of solar cells and photodetectors.
This project was performed in close collaboration with Prof. Pavel A. Troshin (Skoltech,
Russia).

The author thanks Russian Science Foundation (Grant No. 18-73-10040) for support of
the synthetic part of this work.

23




MAPPIC-2020

Nuclear Quadrupole Resonance of multinary FA;«CsPblz.yBry perovskites

Aebli M.'?, Porenta N.!, Aregger N.!, Kovalenko M.V.!?

IDepartment of Chemistry and Applied Biosciences, ETH Ziirich, Viadimir Prelog Weg I-5,
CH-8093, Switzerland.

’Empa-Swiss Federal Laboratories for Materials Science and Technology, Diibendorf.
Uberlandstrasse 129, CH-8600, Switzerland.

maaebli@student.ethz.ch

Formamidinium (FA)-based hybrid lead iodide perovskites (FAPbX3, X = I or Br/I)
have recently led to significant improvements in the performance of perovskite photovoltaics.
One of the remaining major hurdles is the instability of a-FAPbIs, which undergoes a phase
transition from the desired three-dimensional cubic perovskite phase to a non-perovskite one-
dimensional hexagonal lattice. Partial substitution of FA with Cs and, concomitantly, iodide
with bromide is known to stabilize the material's cubic perovskite structure, as shown by X-ray
diffraction. Nuclear quadrupole resonance (NQR) has been reported to resolve structural
changes with accuracies commensurate with synchrotron X-ray diffraction and scattering.!'! We
report the '2’I NQR spectra of FA; xCsxPbls yBry (x =0 - 0.1, y = 0 - 3) showing not only the
averaged but also the local iodide structures. Upon ion replacement, massive line broadening
and new species can be observed, and these new species could be assigned to various
coordination environments. These findings showcase the great potential of halide NQR for
characterizing perovskite-based materials.

References

[1] L. Piveteau, et al., Bulk and nanocrystalline cesium lead halide perovskites as seen by
halide magnetic resonance. ACS Central Science 2020, 6, 7, 1138—1149.
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Metal-organic halide perovskite CH3NH3PbX3 (X=I, Br), i.e. methylammonium-lead
iodide or bromide, respectively, is currently considered as a promising material for solar cells
of new generation [1]. The exceptional functionality of hybrid halide perovskites is due to their
physical properties, such as high optical absorption coefficient, long charge-carrier lifetime,
high carrier mobility [2]. Many of these properties are closely related to the features of the
phonon spectrum and electron-phonon interaction. Conversely, in the current research, the
reflection spectra in terahertz region and transmission spectra in the mid- and near-infrared (IR)
regions of a CH3NH3PbX3 are studied for the first time for single crystals.

High quality perovskite single crystals CH3NH3PbX3; were grown in the Rzhanov
Institute of semiconductor physics SB RAS in Novosibirsk [3]. Using terahertz reflection
spectra, the TO-LO splitting was determined for the strongest IR active low-frequency mode.
In the IR transmission spectra (2500-12000 cm™), the said features were observed at the
temperatures of the phase transitions: from the cubic to the tetragonal phase (~330 K) and from
the tetragonal to the orthorhombic phase (~160 K) for the iodide sample. For the bromide
perovskite, these features were investigated at the transition from the cubic to the tetragonal
phase I (~236 K), to the tetragonal phase II (~153 K), and then to the orthorhombic phase (~146
K). Moreover, precisely recorded temperature dependence of the mode frequency during
cooling and heating of the samples demonstrates hysteresis, which is also typical for a first-
order phase transition. The temperature behavior of the multiphonon spectrum is consistent
with the freezing of a free rotation of an organic cation in the orthorhombic phase and the
transition to tunnel dynamics with a further decrease in temperature [4].

This work was supported by the Ministry of Science and Higher Education of Russia
(Grants No.0306-2019-0015) and the Russian Science Foundation (Grant No.19-72-10132).
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Despite the significant progress achieved in increasing the stability of hybrid halide
perovskite materials, their degradation under the exposure to external factors, such as moisture
and oxygen, is still one of the main problems of modern perovskite photovoltaics. The other
problem is the toxicity associated with the presence of lead in the vast majority of the studied
materials. Both of these problems are the reason for a growing interest in two-dimensional
layered perovskite-like materials, which are known for their increased stability compared to 3D
perovskites, as well as lead-free perovskite-like materials.

Due to the difficulties in obtaining single crystals of layered perovskites, most studies
of their optoelectronic properties have been carried out on polycrystalline thin films, whereas
due to the typically lower concentration of defects studying high-quality single crystals is
necessary to determine the structure and fundamental properties of the material.

In this work we demonstrate the possibility of obtaining 2D perovskite single crystals
of various composition, including compounds with n<3, such as BA;MA.1Pbulzn+1 (n = 1-4),
mixed perovskites BA2(FA0.75MAo25)n-1Pbulan+1 (n=2-3), and lead-free perovskite-like
iodobismuthates AsBizly (A = Cs*, NH4", FA") by a new method of a solvent conversion
induced rapid crystallization (SCIRC). Single crystals of mixed-cation layered perovskite
BA>(MAo.25FA0.75)2Pbslio, as well as formamidinium iodobismuthate FA3Bi2lo were obtained
for the first time.

The grown crystals of layered perovskites show bright photoluminescence with narrow
FWHM and sharp absorption edges, which implies a low concentration of intrinsic and surface
defects, and therefore a low non-radiative recombination. One of the most intriguing results is
achieving unusually high charge carriers lifetimes for the mixed-cation layered perovskite
BA>(MAo25FA0.75)2Pbslio (Taverage = 61 ns) in comparison with the similar single-cation
perovskite BA2MA2Pbslio (Taverage = 28 ns).

The high quality of obtained single crystals shows significant prospects for the synthesis
of various lead and lead-free perovskite-like compounds by new SCIRC approach.

This research was financially supported by the Russian Science Foundation (Project No.
19-73-30022).
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All-inorganic copper halides have recently gained interest in the optical materials
community as viable, relatively non-toxic alternatives to luminescent lead halides. Bulk powder
samples and single crystals of A>CuX3 (A=Rb, K; X= CI, Br) were prepared using high
temperature solid-state and solution techniques. The all-inorganic alkali-copper halides have
been investigated through an in-depth optical characterization, including diffuse reflectance,
photoluminescence, and radioluminescence. A>CuX3; are found to exhibit narrow blue
photoluminescence with record high efficiencies as evidenced by the measured
photoluminescent quantum yields up to unity (100 %). Through variation in the A™ cation site,
stability of the material can be dramatically increased, while retaining similar optical
performance. The bright emission in this family has been attributed to self-trapped excitons
localized on [CuX3]* anionic substructure based on exhaustive photoluminescence studies
supported by the density functional theory (DFT) calculations. Our combined experimental and
computational study suggests strong potential of A,CuX3 as phosphors for radiation detection
and solid-state lighting applications.
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Perovskite solar cells (PSCs) represent one of the most promising emerging
technologies for conversion of solar energy to electricity, which has attracted a massive
attention during the last years, in particular due to their high efficiency of >25%.! Although
PSCs have a good commercial potential i.e. due to low cost of raw materials and ease of the
device fabrication, low operational stability is severely impeding their practical application.

Among different device architectures of PSCs, the p-i-n configuration with the
fullerene-based top electron transport layer (ETL) is one of the most intensively studied. The
fullerene derivative [6,6]-phenyl-Cei-butyric acid methyl ester (PCs1BM) has been widely used
as ETL material because of its high electron mobility and good solubility in non-polar solvents.
Although PCs1BM delivers high efficiencies in p-i-n PSCs, this material has such drawbacks as
high cost and poor stability under environmental conditions as well as upon exposure to light
or heat?? Therefore, new ETL materials with optimal electronic and physicochemical
properties need to be developed for achieving efficient and stable p-i-n PSCs.

In this work, we investigated alternating oligomeric compound TBTBT (“T” -
thiophene, “B” - benzothiadiazole) as electron transport material for p-i-n PSCs. The fabricated
devices demonstrated good performance delivering the power conversion efficiency (PCE) of
10.5% in preliminary experiments. The device performance was largely improved by inserting
a thin PC¢1BM interlayer between the perovskite absorber layer and TBTBT-based ETL. Such
modification resulted in spectacular improvement in the device fill factor (FF) from 52% to
82%, which also boosted PCE from 10.5% to 17.8%. Most importantly, using TBTBT as ETL
material improved operational stability of perovskite solar cells under continuous light

illumination as compared to the reference devices assembled with the conventional PCs1BM-
based ETL.
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Perovskite solar cells (PSCs) have emerged as potential disruptive photovoltaic (PV)
technology in recent years. Considering the immense potential and power conversion
efficiencies as high as 25.5% make them a favorable candidate for commercialization.
However, their limited ambient stability halts their advancement towards operation
deployment. Herein, we present an easy and scalable encapsulation method for PSCs using a
commercially available epoxy resin OrmoComp. This is an ultraviolet radiation and thermally
curable epoxy which gives a glass like finish and is found to be a robust material for solar cell
encapsulation. The moisture and oxygen ingress are effectively suppressed via this technique
to make PSCs lasting over several hundred hours under 100 mW/cm? light intensity. Further
area sealing is found to enhance the solar cell lifespan significantly.
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The growth of high-quality single crystal is a key step both for measuring of the physical
properties of materials and for fabrication of photovoltaic and optoelectronic single-crystalline
devices. Although many different solution approaches of hybrid halide perovskite (HHPs)
single crystal growth are known up to date there no universal and facile approach for high-
quality single crystals HHPs with different composition and dimensionality.

In this research, we propose for the first time an utterly new effective single crystal
growth strategy applicable for 3D and 2D HHPs of different compositions: solvent conversion
induced rapid crystallization (SCIRC).

As a proof-of-concept of universality of the proposed strategy we successfully grew
high-quality single crystals of both 3D hybrid perovskites APbX3 (A = MA", FA"; X = Br, )
with pure and mixed (FAxXMA1-x)Pb(Bryl(1-y))3) compositions, typical layered 2D perovskites
(BA)(MA)u1Pbulzni1 (n=1, 2, 3,4) [1], and even Bi-based layered perovskite-like counterparts
(NH4)3Bi2lo, Cs3Biz2lo, MA3Bi2lo and FA3Bi2l.

The SCIRC process is fundamentally different from all the existing crystallization
approaches for its unique chemical nature of saturation generation ensured by gradual chemical
conversion of the initial mixture of good solvents into a non-solvent. As a representative
example, we propose a simple solvent system based on a pair of two green and widely available
solvents: cyclic carbonate (S1) and water (S.), irreversibly reacting with each other in the acidic
media (for example, with catalytic HI additive). The initial solvent mixture exhibits high
solubility of the most hybrid complex metal halides, whereas the final products of the reaction,
glycols, poorly dissolve the HHPs [2]. We named such solution systems as “fugitive”, due to
their ability “to escape” (from lat. fugere) from the initial state, losing their dissolving nature.
This allows to grow easily single crystals within a few hours by simply keeping the solution at
constant temperature without any heating / cooling or low-pressure evaporation steps or slow
diffusion of antisolvent vapors.

All 3D perovskite single crystals grown by SCIRC approach demonstrate excellent
optoelectronic properties such as sharp absorption edge, narrow linewidth photoluminescence
and long charge carrier lifetimes. The obtained single crystals of the different 2D HHPs are
distinguished by narrow FWHM of photoluminescence peaks approaching FWHM for reported
“molecularly thin” 2D HHPs single crystals [3].

The object of particular interest is the 2D perovskite BA2(MAo2sFAo.75)2Pbslio
synthesized for the first time, which demonstrates a uniquely high charge carrier lifetime (slow
component up to 368 ns), which by an order exceeds the typical reported values for related
layered 2D perovskite single crystals.

The most important technological advantages of the SCIRC approach is the
minimization of time costs and the number of operations. In contract to existing approaches for
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single crystal growth, SCIRC has no specific technical requirements other than maintaining the
solution at moderate temperature. Moreover, it is free of toxic, highly corrosive solvents and
poses the high yield, reaching 90%.

We believe that a conceivable rich variety of fugitive systems for crystallization
represents a virginly novel field of chemistry, the study of which is of significant fundamental
interest and may conceal unexpected discoveries behind its unusual properties.

This research was financially supported by the Russian Science Foundation (Project No.
19-73-30022).
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Currently, zero — dimensional (0D) hybrid organic — inorganic metal halides are
receiving increasing attention because of their outstanding photophysical properties,
customizable light emission properties, and high photoluminescence quantum yields (PLQY).
However, despite their excellent photophysical properties, there are concerns over the innate
toxicity of constituent metals (e.g., the presence of toxic lead in lead halide perovskites) and
poor stability in air under continuous irradiation and heating. Here, we report a new, lead-free
hybrid organic inorganic compound (CigH22N)InBrs. Hybrid organic-inorganic indium(III)
halides are underexplored in literature with only a few known examples. In this work, a
luminescent organic cation CigH2N" was chosen to design a highly luminescent hybrid that
demonstrates improved stability as compared to the individual organic component. This novel
compound has a sky-blue emission with PLQY value of 16.36%, which is a two-fold increase
compared to the precursor organic salt. Further, we find that the hybrid compound demonstrates
improved air, moisture, and photostability as compared to the precursor salts. Preparation of
nontoxic, rare-earth free luminescent metal halides with improved stability could be key for the
practical implementation of this materials class in optical applications.
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The development of photovoltaics based on perovskite prompted researchers to search for
new halide complexes of mainly metals of fourth and fifth groups, including bismuth(III). Such
interest is caused by the need to search lead-free perovskite-like materials. One of the most
significant problems is to find lead-free halide semiconductors demonstrated high photovoltaic
efficiency and also high stability, so it is known that complex halides of bismuth is more
sustainable than lead ones. In addition, halide bismuthates are interesting as objects of
fundamental research because of their structural diversity.

Our work is based on synthesis of new halide complexes of bismuth(IIl), formed during to
interaction of bismuth(IIl) iodide with phenylendiammonium derivatives in presence of
hydroiodide acid and research of crystal structure and properties of new compounds.
[CsHa(NH3)2][Bils]2(I2) was formed when we use significant excess of iodine in reaction
between phenylendiamine and Bils in ratio of 1 to 2 in concentrated HI solution. The crystal
structure of new complex consist of anionic chains [Bil4]..", connected by bridging I molecules
through weak I...I interactions.!'! The cations and I> molecules alternate along the axis forming
a supramolecular arrangement running parallel to the [Bil4].  chains. Presence of acetone in
the stock solution leads to cation conversion and crystallization of new complex -
[CeHs(CNH(CH3)2):][Bil4]2, composed of the same anionic chains which are connected to
pseudo-three-dimensional structure only by hydrogen bonds.

The new complex with discrete tetra-core anions - [CeHa(NH3)2]2[Bialis]* was obtained in
presence of copper(l) iodide. In the course of syntheses, p-phenylenediamine iodides and
polyiodides were obtained, isolated and studied as by-products. In addition, we have developed
a method for the synthesis of compounds such as [CsHa(NH3)2]1> and [CsH4(NH3)2](13)2*H20.
According to our assumptions, that compounds can be used as starting compound in out
syntheses.

Complexes with [Bil4] chains were also obtained in the same conditions when we changed
cation to N,N-dimethylphenylendiammonium. Chloride was used as a cation
[CeHa(NH;3)(NH(CH3)2)]** source, so it became possible to substitute some of iodine atoms in
structure of formed compounds to chlorine atoms. This led to the production of a new series of
compounds - [C¢Ha(NH3)(NH(CH3)2)][Bils-nCla]Cl. The structure researching of the complexes
showed that the substituted iodine atoms occupy the same positions. In addition, due to the use
of N, N-dimethyl-p-phenylenediammonium chloride, we were able to investigate a new hybrid
complex - [{CsHa(NH3)(NH(CH3)2}2Cl][Bilg]. [Bils] anions are linked together in a chains by
weak I...I interactions, in cation part Cl" are connected with {CeHa(NH3)(NH(CH3)2}%" by
hydrogen bonds to form two-dimensional structure.

A number of compounds with interesting structure such as
[CeHa(NH3)(NHMe»)]3[Bils](I3)*1.5H20, [CsHa(NH3)(NHMe»)](I3)I were formed by varying
synthesis conditions.
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Dynamical 2D/3D Interfaces a boost to Perovskite Solar Cell Stability:
what’s behind?
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Engineering two-/three- dimensional (2D/3D) perovskite solar cells is nowadays a
popular strategy for efficient and stable perovskite solar cells 3.

However, the exact function of the 2D/3D interface in controlling the long-term device
behavior and the interface physics therein are still obscure.

Here I will discuss the 2D functions which can simultaneously act as surface passivant,
electron blocking layer, a sheath to physically protect the 3D underneath, but also impact on
the ion movement and charge accumulation. We found a peculiar dynamical structural mutation
happening at the 2D/3D interface: the small cations in the 3D cage move towards the 2D layer,
which acts as an ion scavenger. If structurally stable, the 2D physically blocks the ion movement
at the interface boosting the device stability. Otherwise, the 2D embeds them, dynamically self-
transforming into a quasi-2D structure. >

In concomitance, we discovered that the stable 2D perovskite can block ion movement,
improving the interface stability on a slow time scale. >*

The judicious choice of the 2D constituents is decisive to control the 2D/3D kinetics and
improve the device lifetime, but also can impact on the interface energetics, which can vary and
influence the interface processes and ultimately device open circuit voltage. This knowledge
turns fundamental for device design, opening a new avenue for perovskite interface
optimization.

Acknowledgements 1 acknowledge the “HY-NANO” project that has received funding
from the European Research Council (ERC) Starting Grant 2018 under the European Union’s
Horizon 2020 research and innovation programme (Grant agreement No. 802862).
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Halide perovskites AMX3 (A=CH3NH3", (NH2).CH", Cs*, Rb*; M = Sn, Pb, X = Cl, Br,
I) emerged as a new class of materials for optoelectronic applications in the last 12 years which
triggered extensive investigations on their chemical and physical properties. Considering the
pronounced effect that molecular oxygen exerts on physical properties of various oxide
materials, it was to be expected that researchers would take an interest in deciphering the effect
of molecular halogens (Clz, Brz, I2) on halide perovskites.

Several reports have shown that exposure of halide perovskites to molecular iodine can
induce chemical transformations and tune physical properties of these materials. The
experimental data available in the literature may be divided into three categories according to
the partial pressure of iodine at a given temperature. At low iodine partial pressures (<107 mbar,
RT - room temperature) iodine only affects defect concentration thus altering conductivity and
luminescent properties. On the other hand, severe decomposition occurs under oversaturated
iodine vapor pressure (~10 mbar, RT). However, the effect of exposure to molecular iodine
under intermediate iodine pressure (~107! mbar at RT) has not been reported so far.

In the present study [3] we show that there exist a range of conditions between these
two extremes in which halide perovskites chemically absorb molecular iodine to form RPM.
Once being formed, highly reactive RPM acts as a liquid medium, activates mass transport and
facilitates the recrystallization of perovskite grains.

RPM-induced
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Furthermore, under proper conditions chemical sorption appears to be reversible and,
once the excess of iodine is liberated from the system, the target perovskite structure is
recovered with no signs of Pbl or other decomposition products. By means of in-situ Raman
spectroscopy we confirmed the formation of RPM during iodine-treatment of halide
perovskites. Using scanning electron microscopy, x-ray diffraction, time-resolved photo-
luminescence spectroscopy we showed that iodine-treatment is beneficial for the overall quality
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of perovskite thin films that were fabricated by means of classical solution-based approaches
and result in increase of the average grain size, crystallinity, lifetime of charge carriers. A fine
control of the iodine partial pressure, temperatures of the substrate and exposure duration allows
to apply this method successfully to mixed-cation and mixed-anion perovskites relevant for
photovoltaic applications thus proving the versatility of the iodine treatment approach.

Research was financially supported by the Russian Science Foundation (Project Ne 18-
73-10224).
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Continuous efforts in the field of Organic Photovoltaics (OPV) are being made to
approach the efficiency minimum at which this technology becomes economically viable [1].
Achieving more than 17% efficiency for single junction organic solar cells (OSC) made it more
attractive to the industrial companies [2] offering such advantageous properties as flexibility,
lightweight, different colours and semitransparency. Comparing to fullerene-based acceptors,
non-fullerene counterparts allowed to overcome such obstacles for OPV as limited absorption
performance, nonadjustable molecular energy levels as well as strong aggregation in the
photoactive layer under illumination. However, non-fullerene acceptors (NFA) based solar cells
can be improved by increasing of short-circuit current density and this is the main goal of this
work. It is worth noting, perovskite materials made a photovoltaic revolution in 2009 [3]. As it
was shown recently, perovskite solar cells performance can be enhanced by resonance silicon
nanoparticles (Si NPs) [4]. In contempt of the perovskite solar cell outstanding properties, their
commercialization is complicated regarding to instability and toxicity [5]. In this way, non-
fullerene based OSCs are very attractive and their characteristics might be improved by
matching an energy band gap to Mie resonances of Si NPs placed in the structure either inside
of the photoactive layer or on the interfaces.

The current work focuses on the numerical modeling of the Si NPs optical properties
placed inside photoactive layer of OSC. Therefore, a CST Microwave Studio software was used
to evaluate transmittance, reflectance, and absorption of OCS sample. The preliminary
numerical analysis, which provides Si NPs optimal concentration, size, and space distribution,
leads to increasing active layer absorbance of 9.4%. Apparently, the effect of this significant
improvement is based on the light trapping and scattering by Si NPs in the organic photoactive
layer. Moreover, the thickness of this layer is one of the most important parameters that
influences on the total efficiency of the organic solar cell and also requires optimization [6]. It
is crucial to find the balance between absorber layer thickness and NPs size, since the short-circuit
current density grows with size increasing while after a certain threshold the further thickening of
the active layer causes to fill factor reduction.

According to the preliminary computational model results OCS samples were fabricated
and showed a growth of the short-circuit current density by 4.4% with simultaneous
improvement of the power conversion efficiency by 25% and fill factor up to 10% in
comparison with the reference values. Although the present work was devoted to the OSC
performance enhancement by Si NPs integration further optimization need to be done.
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Metal halide perovskites are an important class of emerging semiconductors. Their
charge dynamics is poorly understood due to limited knowledge of defect physics and charge
recombination mechanisms. Nevertheless, classical ABC and Shockley-Read-Hall (SRH)
models are ubiquitously applied to perovskites without considering their validity. Despite the
very large number of published studies describing electronic processes in MHPs using the
terminology of classical semiconductor physics to the best of our knowledge, there have been
only very few attempts to fit both PL decay and PLQY dependencies of excitation power using
ABC/SRH-based models,[1-4] These attempts, however, were of limited success because large
discrepancies between the experimental results and the theoretical fits were often permitted.

We decided to examine the validity of the commonly employed ABC and SRH kinetic
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models in describing the charge dynamics of metal halide perovskite MAPbI3 semiconductor.
For this purpose, we developed a novel experimental methodology based on PL. measurements
(PLQY and time resolved decays) performed in the two-dimensional space of the excitation
energy and the repetition frequency of the laser pulses (see the figure). The measured PLQY
maps allow for an unmistakable distinction between samples and more importantly, between
the single-pulse and quasi-continuous excitation regimes.[5]
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We found that neither ABC nor SRH model can explain the complete PLQY maps for
MAPDI3 samples and predict the PL decays at the same time. Each model is valid only in a
limited range of parameters, which may strongly vary between different samples. On the other
hand, we show that the extension of the SRH model by the addition of Auger recombination
and Auger trapping (SRH+ model) results in an excellent fit of the complete PLQY maps for
all the studied samples. Nevertheless, even this extended model tends to systematically
underestimate the PL decay rates at high pulse fluences pointing towards the existence of
additional non-linear recombination processes in MAPbI3.

Our study[5] clearly shows that neither PL decay nor PLQY data alone are sufficient to
elucidate the photophysical processes in perovskite semiconductors. Instead, a combined PLQY
mapping and time-resolved PL decays should be used to elucidate the excitation dynamics and
energy loss mechanisms in luminescent semiconductors.
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Hybrid lead halide perovskites have made great progress in the field of photovoltaics and
are attracting attention as fast-advanced optoelectronic materials as well as due to interesting
scientific aspects. A massive amount of work has been reported to understand anomalous
observations such as low-frequency and long-time behaviors. Among them, one of the critical
fundamental questions to be identified is the ionic conduction in lead halide perovskite under
equilibrium and light conditions. For this talk, I will describe the light effects on ionic transport
in mixed halide perovskite by introducing solid-state ionics techniques and provide an
understanding of the fundamental aspects. The state-of-art perovskite solar cells have been
achieved significant efficiency and stability improvement based on mixed cations and anions
[1,2]. Even though such mixtures are widely used, ionic transport properties in the dark, as well
as under light have not been well understood. Previously, we reported the surprising finding
that light enhances both electronic and ionic conductivities of MAPbI3 [3]. The mechanism of
this light-enhanced ionic conductivity is based on photo-generated holes self-trapped by the
1odide sub-lattice followed by formation of iodine vacancies by pushing neutral iodine into the
nearby interstitial site. In this work, the results for the anionic and cationic mixtures are
provided and compared with MAPbI3;. Most interesting in this respect are mixtures of iodides
and bromides. Unlike the iodide perovskites, the bromide perovskite does not show a significant
light effect as far as the ionic conductivity is concerned. It is also shown that these results give
an explanation about the photo-demixing phenomenon [4].
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Among all next-generation photovoltaic technology, perovskite solar cells (PSCs) are
the most promising modules due to their easy fabrication process and rapid enhancement of
power conversion efficiency (PCE). After volatile development within a decade, the PCE of
PSCs has been increased from 3.8% to 25.2% with 10000 h stability. Still, this device faces
several critical changes like low long-term stability against temperature and water, leadtoxicity,
and photocurrent-voltage (J-V) hysteresis. These critical issues should be minimized for
commercialization. The preparation of large-area PSCs under full ambient air with high
efficiency and superior stability are basic steps for commercialization.

The various defects (surface and grain boundaries defects) identified in PSCs are
responsible for low stability towards humidity and temperature. Moreover, grain boundaries in
the perovskite film may act as recombination centres that accelerate the degradation of PSCs.
Growth of high-quality single crystal (SC) perovskite films are a great strategy for the
fabrication of defect-free perovskite solar cells (PSCs). Furthermore,various layered double
hydroxides (LDHs) and mixed metal oxides (MMOs) composites are being used for better
crystallization and fabrication under ambient condition.

In this mini-review, we summarized the recent progress in full ambient air processed
perovskite solar cells and their interface modifications towards commercialization using
MMOs, LDHs and SCs. The small quantity of MMO nanoparticles and composites boost the
nucleation of homogeneous perovskite and improve the perovskite film quality and orientation
of crystallites. Additionally they improve charge separation at electron transport layer (ETL)
by drifting the electron and thus reduce carrier recombination. The LDHs improves coalescence
and renders reduction in defect sites and as a result improves the smoothness of perovskite film.
In case of single crystals of perov skite, unlike the polycrysatalline counterpart, the grain
boundaries are absent.Therefore, the thermal stability increases. Conclusively these various
approaches enable the fabrication of PSCs in ambient conditions and pave a way towards their
commercialization.
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The certified efficiencies of perovskite solar cells (PSCs) have reached >25% since the
first report on PSCs [1,2]. This improvement in efficiency makes PSCs comparable to the
current mainstream photovoltaic technology based on crystalline silicon. Such advantages as
simple and low-cost manufacturing technology used to fabricate PSCs makes them highly
promising for commercial application. Unfortunately, in presence of moisture, air, elevated
temperature and light, perovskite absorber materials tend to degrade. In practical terms, for the
operation of solar cells, some of these conditions (e.g. light and heat) are unavoidable [3]. To
overcome these stability challenges, different approaches have been suggested. One of them is
to perform passivation of defects localized at grain boundaries of perovskite absorber layer.
This can be done by using compounds with different chelating functional groups such as
carboxyl, amine, thiol or carboxylic, which can further bind with uncoordinated lead or iodine
ions [4,5]. To achieve such passivation effect, some additives can be introduced in the absorber
material.

Following this concept, herein, we explored the impact of a series of additives [6] on
the photochemical and thermal stability of MAPbI; thin films. In particular, we utilized natural
or nature-inspired biomolecules such as acetylcysteine (X1), lactose (X2), mercaptosuccinic
acid (X3) and lipoic acid (X4). Our study has revealed that X1 and X2 additives enhance the
intrinsic photochemical and thermal stability of the absorber layer for over 1000 h under the
continuous light soaking (70-80 mW cm) at 50-60 C. Furthermore, the perovskite solar cells
incorporating the stabilizing additives showed decent power conversion efficiencies of 12-13%.
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The family of organic-inorganic layered structures derived from the perovskite
structural type, often referred as “2D hybrid perovskites”, exhibits unprecedented structural
flexibility which opens prospects for the design of various innovative materials for
photovoltaics and optoelectronics.

Prediction of materials properties based on their crystal structure has come to be a useful
approach for the directed rational design of the materials. Factual datasets, especially
crystallographic databases, are an important tool for structural design since they deliver primary
information needed for further analysis.

We describe the first open-access database of experimentally investigated hybrid
organic-inorganic materials with two-dimensional (2D) perovskite-like crystal structure
(http://pdb.nmse-lab.ru). The database contains a geometrical and crystal chemical analysis of
more than 500 structures, which are useful to reveal quantitative structure-property
relationships for this class of compounds. We show that the penetration depth of a spacer
organic cation into the inorganic layer and M-X-M bond angles increase with the number of
inorganic layers (n). The machine learning model is developed and trained on the database, for
the prediction of a band gap with accuracy within 0.1 eV. Another machine learning model is
trained for the prediction of atomic partial charges with accuracy within 0.01 e. We show that
the predicted values of band gaps decrease with an increase of n and with an increase of M-X-
M angles for single-layered perovskites. [1]

Despite the unique structural diversity of LHHPs, traditional approaches of describing
their structures, such as dividing into Dion-Jacobson (DJ) or Ruddlesden—Popper (RP) phases
for most structures are ambiguous and unquantifiable. We proposed a new, universal and
quantitative layer shift factor (LSF) for a quantitative comparison and univocal classification
of LHHPs and developed a simple Python algorithm for its calculation. We show that the LSF
parameter correlates well with the penetration depth of organic cations into inorganic layers,
affecting therefore the distortion of inorganic framework and the band gap values. Thus, the
calculated band gap of the model A>PbBr; single-layered perovskites increased by ~1 eV with
an increase of the LSF from (0, 0) to ('4, %2) (Fig. 1). Therefore, the suggested Layer Shift Factor
can be considered as a key parameter for rational crystal chemical analysis revealing
composition-structure-property correlations for these materials. [2]

In general, the proposed database, machine learning models and Layer Shift Factor are shown
to be useful tools for the rational design of new 2D hybrid perovskite materials.
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Figure 1. Calculated band gaps for the series of hypothetical A2PbBr4 single-layered
perovskites with the interlayer distance of 3.5 A as a function of the LSF (T1, T2).
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Organic-inorganic hybrid perovskite of the composition ABX3 has recently attracted strong
research interest because of its photovoltaic properties. The different components of the perovskite
solar cells and using mixtures of ions in the A, B, and X positions affect their optoelectronic
properties and conversion efficiency. However, today there is no clear generalized understanding
of the crystal chemistry of substitutional defects in hybrid perovskites. Here we use a crystal
chemical approach based on the analysis of Voronoi-Dirichlet polyhedra (VDP) of ions to identify
the most preferable positions of impurity ions in the structure of a tetragonal MAPbI;.

Atomic Voronoi—Dirichlet polyhedron (VDP) is a convex polyhedron whose faces are
perpendicular to segments connecting the central atom of VDP and other (surrounding) atoms (Fig.
1) and a dual to coordination polyhedron in the general case. VDP of all atoms form normal (face-
to-face) Voronoi—Dirichlet partition of crystal space and can often characterize not only relative,
but also absolute atomic size in the crystal structure. [1]

In this work, based on Voronoi-Dirichlet approach we compared the effective radii of the
most common impurity cations in MAPbI; such as K, Na®, Ag’, Au’, Rb*, Hg**, Ge** etc. with
their iodine-formed coordination polyhedra in different crystal structures and crystallographic
positions of ions in MAPbIz. We also calculated the effective radii of iodine in the structures of
methylammonium polyiodides [2].

VDP,,

Figure 1. Voronoi-Dirichlet polyhedra of lead and iodine ions in tetragonal MAPbI3
structure.

49



mailto:marchenko-ekaterina@bk.ru

MAPPIC-2020

Thus, the crystal chemical study of the substitutional doping positions with the estimation
of the effective charges and radii in the methylammonuim lead iodide structure is reported herein.
Our results provide a theoretical guidance for improving current multication engineering strategies.

The reported study was financially supported by Russian Foundation for Basic
Research (research project Ne 19-53-53028).
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By now it has been shown analytically and numerically [1,2] that the open circuit
voltage (V,.) of solar cell (SC) increases with the decrease of its thickness. Unfortunately
thinner SC absorbs less photons and hence has smaller short circuit current (I5.) and power
conversion efficiency (PCE). It is straightforward to increase absorption in thin SC with some
light trapping technique. Recently the optimal thickness of perovskite in TiO2-CH3NH3Pbls-
Spiro-OMeTAD SC with Lambertian back surface reflector (LBSR) was found numerically
[2]. In the present work, using the same technique we try to estimate the influence of hole
transport material (HTM) type on optimal absorber thickness.

The simulation is done in three steps. At first, to analyze the Lambertian reflection on
BSR and multiple reflections inside the SC, we use ray tracing simulations with the aid of the
ray trace OTSun python package [3]. The OTSun considers Fresnel equations and light
polarization to determine the trajectory and the energy of each ray in a solar optical system.
Then we use else-where measured local light absorption coefficient to calculate electron-hole
generation rate inside all SC layers. Finally, electron and hole transport equations are
numerically solved [2] to find solar cell’s V., I;., FF and PCE.

Simulations show heavy influence of HTM semiconductor type on the value of the
optimal absorber thickness. Maximum PCE and optimal V., I;., FF are also affected but to a
smaller extent. The reasons of this behavior and possible ways of further SC optimization are
also discussed.
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Organo-halide perovskites are one of the most promising solar materials nowadays. The
record power conversion efficiency (PCE) of perovskite solar cells (PSCs) has risen to 25.5%
since the first work of Tsutomu Miyasaka in 2009 [1] due to their unique physical properties.
Moreover, perovskites can be used in tandem solar cells in combination with other photovoltaic
materials resulting in 29.1% efficiencies. Thanks to the simplicity of bandgap tunability, wide-
bandgap active layers for tandem solar cells can be obtained with mixed-anion perovskites
(APb(Brylix)3, 1>x>0, A = MA or FA).

Despite recent significant progress in perovskite photovoltaics, their device physics is
still not well understood. One of the most efficient ways to get closer to a complete
understanding of PSCs operation is theoretical modeling at a microscopic level. Correct
multiphysics simulation of the perovskite devices is a challenging task since modeling results
are strongly dependent on the accuracy of specified material parameters (band levels, mobility
of charge carriers, recombination constants, etc.) which can be uncertain to some extent.

In this work, we show that a good consistency of experimental I-V characteristics in a
mixed-anion perovskite solar cell with numerically obtained results for a certain set of material
parameters is not sufficient for a PSC model validation. To address this issue, we propose an
approach based on thorough fitting the I-V characteristics simultaneously for two working
regimes (LED and solar cell) and for two different values of some confident parameters such
as a thickness of the perovskite layer.

In our experiments, solar cells devices had the following structure: ITO / PEDOT: PSS
/ FAPb(Bro.sclo33)3 / C60 / LiF / Ag. J-V characteristics of the devices were measured under the
AM1.5G irradiation (100 mW/cm?). Drift-diffusion modeling was performed with commercial
package TiberCAD while the optical generation rate was separately calculated with Python
code based on experimental data from the literature. [2] We used initial material parameters
provided by the manufacturer and from the literature.

We prepared two separate series of solar cells with different thicknesses of perovskite
layers FAPb(Bro.6slo.33)3: 400 and 600 nm. After complex parameter fitting, our numerical
model well described I-V characteristics of both devices in two regimes — under the sunlight
and in the dark condition. Comparison of numerical and experimental I-V characteristics for
two different thicknesses in solar cell regime is shown in Fig.1 a,b
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Figure 1. Experimental and numerical (fitted) I-V characteristics of a solar cell with 400
nm (a) and 600 nm (b) thick perovskite layer.

Using this model, we obtained the dependence of PCE on the perovskite thickness for
our PSC. With increasing the perovskite width, we get more generated carriers and thus higher
short-circuit current values, but at the same time, we get more defects and resistivity that
decrease the Fill factor of solar cell. Based on this, we found the optimal thickness of perovskite
for maximizing solar cell PCE — 500 nm (Fig. 2).

6.2

6.1

6.0

5.9

PCE, %

5.8 4

5.7 1

5.6

5.5 4

5.4

2[‘)0 360 4[30 560 660 760 BlI)D 960
Perovskite widths,nm
Figure 2. Modeled dependence of the perovskite solar cell PCE on the perovskite layer
thickness.

This work is very important for the further development of perovskite photovoltaics, as
it creates a new possibility for optimizing perovskite solar cell, LED, and dual-functional device
architecture through numerical modeling. Also, the suggested method can be used to indirectly
verify unknown characteristics of materials in photovoltaic devices.

This work was supported by Russian Science Foundation (Project 19-19-00683).
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In the last decade, perovskite compounds have attracted increasing interest that is
motivated by their physical properties and enormous potential for use in various materials, and
that are not only in solar cells.

The intention of our work is to study the principles of halometallates’s formation
depending on the number and type of functional nitrogen atoms, for the case of adamantine like
cations. In this work, we used 1,5-dimethyl-3,7-diazoadamantane (KMA22), 2-amino-1,5-
dimethyl-3,7-diazoadamantane (KMA30) and 1,3,5,7-tetraazotricyclo[3,3,1,1]-hexane (HMT).

It was found that in similar conditions compounds [HMTH];[Bi2lo]*4H>0,
[KMA30H;3][Bils]*3H20 and [KMA22H],[H30][Bils]*4H>0 are formed. A common feature
these compounds crystal structures is the combining the anionic and cationic substructures only
by water molecules. In the case of [KMA22H],[H30][Bil¢]*4H>O, the water molecules
"cluster" [H21010]" are formed. It connects 4 {Bils¢} octahedra via O-H:-I bonds. We will
describe in more detail the features of crystal structures and some physical properties of these
compounds in our report.

Changing the synthesis conditions we have obtained iodobismuthates from a mixture of
solvents with the composition [KMA22H;]>[Bislis]*2ac*2H,0 and
[KMA30H:]>[Bisli6]*4H,O*2EtOH containing tetranuclear anions. The cations functional
groups difference leads to the weak interactions network changing, and as a result, in
[KMA22H;]o[Bialis]*2ac*2H>0O tetranuclear anions are combined into curragated tapes by
short interactions I --- I. While in the second compound’s [KMA30H:]>[Bisli6]*2H20 structure
tetranuclear anions are isolated from each other.

[KMA22H],[Bils] and [HMTH];[Bils]*ac were obtained from acetone in the same
conditions The crystal structures of these compounds are very similar. Each {Bils} octahedron
in the [Bils]* anionic chains is bound to an organic cation by an N-H- I contact. The orientation
of the resulting chains is the same, but in the case of HMT, the void between them is occupied
by acetone molecules. [1]

The research has been supported by the RFBR (Ne 20-03-00280 A)
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The immensely growing era of quantum computing has empowered the field of spin-
based devices for computation. The perovskites are already being studied for their spin-
dependent properties. Among others, the two-dimensional (2D) halide perovskites are in
forefront for their promising application in spintronics. Their use in spintronics become
apparent due to their intrinsic property of strong spin-orbit coupling owing to their natural
“multiple quantum wells” arising from their 2D structure. In light of this, further introduction
of a paramagnetic ion in the 2D perovskite lattice with highest number of unpaired spin possible
for an atom, may drastically influence the spin-properties of these materials. Herein, we thus
introduce the doping of Gadolinium (Gd) in two dimensional phenylethylamine (PEA) based
two-dimensional perovskites. Depending on the number of Pbls octahedra layers (n) the doping
has been achieved for n=1,2,3. The basic characterization confirming the successful
incorporation of the Gd™* in the perovskite lattice is reported. The incorporation of the Gd*
endowed the n=2, 3 with improved stability. The introduction of the +3 impurity in the +2
cationic lattice can instigate defects, anisotropy, and electric field polarization effects which
may amplify the spin properties. Further, the inclusion of Gd™ conferred super-paramagnetic
properties to the undoped diamagnetic 2D perovskites, observed at 2K temperature using
SQUID technique. In addition, the basic optical properties of these Gd doped 2D materials
were studied. The results indicated the importance of Gd doping in perovskites for their
exploration of magneto-optical properties and prospective applications.
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At the moment, stability of hybrid perovskites (HPs) used as light-absorbing materials
in perovskite solar cells (PSCs) is the most vital problem in this field. A huge amount of
research is dedicated to the study of HPs degradation mechanisms from various factors —
humidity, oxygen, elevated temperatures, light irradiation. According to literature data 3D lead
halide perovskites show poor stability to atmospheric moisture, which would extensively hinder
their applications. As a contrast, two-dimensional (2D) layered perovskites exhibit much better
environmental stability due to the presence of a long-chain aliphatic or aromatic cation in the
interlayer space with barrier properties (e.g. hydrophobicity). However, scarce information
about photostability of 2D HPs thin films with a various cation composition and a number of
perovskite layers (denoted as # in chemical formula) is published to date.

In the current study we try to fill this gap and investigate light-induced changes in crystal
structure, morphology, and optical properties of layered perovskite thin films BA2MA,.1Pbnlzn+1
(where MA = CH3NH3, BA = C4HoNH3) with different layer thicknesses (n = 1, 2, 3) under
visible light irradiation (A = 465 nm, power density 400 mW/cm?) in inert atmosphere.
Additionally, we studied the role of layer alignment (in-plane or out-of-plane with respect to a
substrate) in BA>MAPb:I; perovskite on its photostability. Thin films of MAPbIz 3D
perovskite, irradiated in the same conditions, were used as a reference material for evaluation
of 2D BA2MA.1Pbulsn+ stability to visible light. Along with inert argon atmosphere, thin films
were also exposed to light in a heptane environment to analyze soluble products of perovskite
degradation by using optical absorption spectroscopy.

Upon blue light irradiation of 2D perovskite thin films in an argon atmosphere, it was
found that the morphology of the films undergo heavy destruction with the formation of a large
number of pores and cracks. Comparing films stability in a row of BA2MA.1Pbyl3n+1 with n =
1, 2, 3 and “w” (which corresponds to MAPbI3) we revealed the increase in a material stability
with increasing n, where MAPDI; perovskite films retain their initial structure and morphology
for the longest time of irradiation. During light-induced perovskite degradation, the color of all
films changes from the original to light yellow or even transparent.

Irradiation of thin film samples in a heptane environment leads to the coloration of the
non-polar solvent due to the release of molecular iodine and polyiodides during
photodegradation of layered perovskites. The presence of I> and I5” in heptane was detected by
optical absorption method (peaks at 520 and 360 nm respectively). It’s worth noting that
solubility of polyiodides was greatly increased due to the chemical bonding with
butylammonium cation with a long non-polar aliphatic chain. In the case of MAPbI3 perovskite,
no polyiodide absorption was detected. From this point of view, an increase in the number of
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layers and, accordingly, a decrease in the buthylammonium content in the perovskite
composition leads to a decrease in the intensity of the triiodide absorption peak and a
simultaneous increase in the I, absorption peak.

Analysis of the samples before and after irradiation in argon and heptane environment
by the XRD method showed a reproducible decrease in the intensity of all reflections in the
diffraction patterns which indicates a loose of material crystallinity. According to XRD data, it
was not possible to reveal the influence of crystallographic orientation of BA2MAPb:17 material
on its stability. A stronger destruction of layered materials in a heptane environment was also
found, which is probably associated with the increased solubility of non-polar buthylammonium
cations in the composition of 2D perovskite degradation products.

Summing up, in spite of the high stability of layered perovskite films to moisture, widely
reported in the literature, this class of materials undergoes a more intense photochemical
degradation compared to 3D counterparts (e.g. MAPbI3), which is experimentally confirmed
for a row of BA2MA.1Pbulzn+1 2D perovskites by a number of methods. These results are
consistent with the reported results on the photostability of single-crystal (PEA),Pbls plates, in
which a much higher photostability of MAPbI3 was also shown.[1]

The reported study was financially supported by Russian Science Foundation (research
project Ne19-73-30022).
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Single crystals of organic-inorganic complex halides form a new class of semiconductor
materials for the fabrication of a new generation of optoelectronic devices, including high-
efficiency photodetectors, as well as gamma and X-ray radiation detectors [1].

Currently, different solution techniques are used for producing single crystal of hybrid
perovskites, in which oversaturation is achieved by slow cooling, slow temperature decrease
(in case of retrograde solubility), addition of antisolvents [2,3]. However, the existing
approaches suffer from a number of drawbacks, including the use of toxic solvents, difficulty
to control solution oversaturation level.

The purpose of this work is to develop a new approach for obtaining single crystals of organic-
inorganic complex halides in a wide compositional range using chemical conversion of a
solvent.

We have proposed a fundamentally new strategy to achieve a solution oversaturation point
based on in-situ conversion of a solution, which has a high solvent capacity, to a solvent, which
is not able or poorly able to dissolve organic-inorganic complex halides. A mixture of an
organic carbonate (ethylene carbonate or propylene carbonate) with water acid solutions (HI,
HBr, CH3COOH) was used as a solvent. It was found, that in this solution composition the
following reaction with a notable rate is taking place even at slightly elevated temperature
(Fig.1):

@]

o)ko +H,0 HC} OH +CO;
Ry R

Ry Ry

Fig.1 Hydrolysis of cyclic carbonates, where Ri= CH3, R,=H or Ri=R>=H.
Single crystals of various hybrid perovskites were obtained by dissolving initial components (a
mixture of organic salts and lead or bismuth halides) with a subsequent holding of the solution
at elevated temperature (40 — 80 °C). The obtained crystals were separated from the mother-
liquor and characterized by XRD, SEM, photoluminescent spectroscopy and diffuse reflectance
spectroscopy methods.

Using the developed approach, single crystals of APbX3 (where A = MA", FA', X = Br, I,
FAXMA(1xPb(Bryl(1.y))3, as well as MA3Bi2lo and (NH4)3Bi2ly, were obtained and
characterized. It is shown, that the proposed approach provides several advantages over the
traditional techniques: simple implementation, the use of harmless solvents, high experimental
yields (up to 90.5%) and applicability to synthesize hybrid perovskites and perovskite-like
compounds of a wide range of compositions.

The research was financially supported by the Russian Science Foundation (Project No. 18-73-
10224).
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Owing to the amazing properties, Organic-Inorganic Metal Halide Perovskites (OIHPs)
have attained a certified power conversion efficiency of 25.2%. Specifically, the ternary
structure, AMX3, allows to obtain different desired functionality by varying A, M, and X (where
A= MA", FA", Cs; M= Pb*%, Sn*?%; X= CI', Br, I'). However, these features impose greater
defects as compared to the other material like single component Si. Furthermore, the defects
act as the source of nonradiative recombination in OIHP photovoltaics which limits the power
conversion efficiency. The various imperfections identified in OIHPs responsible for
unproductive recombination are intrinsic point defects, extended defects (grain boundaries and
surface defects) and impurities. Like for the other materials, passivation of surface defects is
critical to their functionalities. Therefore, passivation of these defects has proven to be effective
way for obtaining high efficiency solar cells.

The main idea of passivation is to reduce the trap states or push them out of the band gap
to protect and/or stabilize the surface. However, the passivation in OIHPs differs from that of
its covalently bonded congeners as they possess ionic character. There are many approaches for
passivation in OIHPs like passivation by co-ordinate bonding (using Lewis acid/base), through
ionic bond formation (using cations/ anions/ zwitterions).

These kind of varied defects need combination of ligands for effective passivation. In this
review, various multidentate ligands with emphasis on zwitter ionic passivating agents will be
discussed. Zwitterions possess unique properties having both cations and anions which can
improve the power conversion efficiency by effectively passivating multiple kinds of defects.
The examples reported so far includes L-a-phosphatidylcholine, 3-(Decyldimethylammonio)-
propane-sulfonate inner salt, D-4-tert-butyl-phenylalanine etc.

Conclusively, to reach optimal passivation an in depth understanding of structure-
function relationship of the passivating agents and their interaction with perovskite surface
needs to be developed in taking account all the aspects like size, charge, orientation, shape etc.
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The preparation and characterization of homogeneous and crystalline films of
perovskites CH3NH3Pb(I1.xBrx); and CH3NH3Pb(I1.xCl); by the close space sublimation
method are reported. Perovskite with a mixture of halide was prepared by the sublimation of
methylamine halide CH3NH3Br or CH3NH3Cl over pre-deposited lead iodide films at different
sublimation-times to modify the I:Br or I:ClI ratio. The perovskite films CH3NH3Pb(Ii..Brx)3
showed a bandgap shifting. For CH3NH3Pb(Ii..Cly); films with sublimation times 2.5-40
minutes no changes were observed; however, for longer times the absorption spectrum was
similar to CH3NH3PbCls material. In this study, the mixed halide perovskites CH3NH3Pb(I;-
xBry)3 and CH3NH3Pb(I1-<Cly)3 were prepared just with two precursors instead of the common
approaches that use Pblo, PbBr2, MAI and MABTr or Pblb, PbClo, MAI and MACI, respectively.
Perovskite layers were applied for the fabrication of solar cell devices, efficiencies of 9.9 %
and 10.2 % were achieved for CH3NH3Pb(Ii«Bry); and CH3NH3Pb(11-,Cly)3, respectively. In
addition, perovskite LEDs were also prepared. While the well-known green emission at 533 nm
was observed for CH3NH3Pb(Ii..Bry)s3, for the CH3NH3Pb(Ii..Cly); based-devices a broad
emission spectrum like a warm white emission was obtained. Therefore, it is reported a new
approach through the sublimation method to fabricate solar cells and LEDs where the main
parameter to care is the sublimation time.
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Hybrid organic-inorganic halide perovskites have become one of the most intensively
investigated compounds owing to their outstanding physical properties and advanced
photovoltaic applications. Formamidinium-based perovskites and perovskites with mixed
compositions are of special interest and considered nowadays as the most promising materials
due to their enhanced stability and higher efficiency. [1]

Solution processing from dimethyl sulfoxide (DMSO) and dimethylformamide (DMF)
solutions remains the most common route to produce high-quality films and devices with record
efficiencies. It is well-known that perovskite crystallization process goes through formation of
a number of intermediate phases which strongly affect the morphology and properties of the
final devices [2]. Still, there is a large gap in understanding the pathways of crystallization of
perovskite from the solutions with different compositions. In particular, no intermediates with
formamidinium cations have been reported so far.

We for the first time conducted a comprehensive study on crystallization of hybrid
perovskites for the systems with different cations (FA"/MA"), anions (I'/Br’), solvents
(DMSO/DMF) and precursors ratio (3:2/1:1/1:3) [3]. We screened the whole compositional
space for all 24 cases and found for the first time 4 new solvates with formamidinium cations:
(FA)2PbsIs-4DMF, FAPDbI;:DMF, (FA)sPb2lo-0.5DMSO, and even the bromide solvate
(FA)2PbBrs-DMSO. A deep analysis of the structural peculiarities of all the solvate phases is
performed and discussed in the view of the role of solution composition on the early stages of
crystallization of target perovskite films.

We also analyzed crystallization in the 26 cases of multi-compositional perovskite films
and identified phases that crystallize from mixed cation and mixed anion solutions. In
particular, we found that the crystallization of the mixed anion I/Br compounds evidences the
competition between formation of cubic crystals of bromide-rich perovskite phase and needle-
like crystals of iodide-rich adduct, which should be taken into account in the film processing of
hybrid perovskites with mixed compositions.

This work is financially supported by the Russian Science Foundation (grant 18-73-
10224).

References

[1] Marchenko E.I. et al. Transferable Approach of Semi-Empirical Modeling of Disordered
Mixed-Halide Hybrid Perovskites CH3NH3Pb(I1.xBry)s;: Prediction of Thermodynamic
Properties, Phase Stability, and Deviations from Vegard’s Law. J. Phys. Chem. C, 2019,
123, 26036-26040.

[2] Petrov A.A. et al.; et al. Crystal Structure of DMF-Intermediate Phases Uncovers the Link
Between CH3NH;3Pblz Morphology and Precursor Stoichiometry. J. Phys. Chem., 2017,
121, 20739-20743.

[3] Petrov, A.A. et al. Formamidinium Haloplumbate Intermediates: The Missing Link in a

62



mailto:basolon@gmail.com

MAPPIC-2020

Chain of Hybrid Perovskites Crystallization. Chem. Mater. 2020, 32, 7739-7745.

63



MAPPIC-2020

Effect of organic halides excess on the structure and optoelectronic
properties of the hybrid perovskites

Pustovalova A.A. !, Fateev S.A.!
'Lomonosov Moscow State University, Faculty of Materials Science, Moscow, Russia

a.a.pustovalova@yandex.ru

In recent years, the excellent optoelectronic properties and facile solution processing of
hybrid halide perovskite-based materials have called great attention of the researchers due to
high perspectives for applications in thin film solar cells and LED devices. A widespread
strategy to improve the luminescence properties of hybrid perovskites such as MAPbIz;, FAPDbI;
(where MA" = methylammonium, FA" = formamidinium) is addition of excess organic halides
12 Tt is believed that such excess reduces the non-radiative recombination, and therefore
improves the PL quantum yield 3. However, there is a lack of understanding of the key
dependences between the non-stoichiometry, structure and optical properties of the hybrid
perovskites.

Here we present the first comprehensive research of the full compositional space of
(FAyMAy)xPbl2+x with y = 0—1 and x = 1-2. The phase composition and optical properties of
the thin films with a given stoichiometry were investigated by means of XRD, absorption
spectroscopy and photoluminescence (PL) steady-state and time-resolved spectroscopy
(TRPL).

In particular, it was found that in the case of y = 0 and x from 1 to 2 (MAI excessive
MAPDI;), defect phases are formed, the optical properties of which differ little from
stoichiometric 3D perovskite. In contrast, in the case of FAPbIz with FAI excess, the formation
of low-dimensional ordered phases is observed. Interestingly, the moderate FAI excess leads
firstly to stabilization of cubic FAPbI; and then to formation of a "hollow" perovskite
(FA1.5Pbl35), which demonstrates a small PL blue shift (~ 1.6 eV) as compared to the 3D phase
(~ 1.5 eV). When FAI content is increased up to 2, a layered (110)-oriented perovskite phase
FA,Pbls is stabilized, exhibiting a larger blue absorption shift (2.3-2.4 eV). Moreover, thin
films of this phase exhibit bright PL at ~ 1.95 eV. The low-dimensional phases are also formed
for the mixed-cation compositions. Surprisingly, according the PL and absorption spectroscopy
the most pure 2D phase of A,Pbls is formed for thin films with y = 0.75. However, the further
increasing of MA/FA ratio leads to destabilization of low-dimensional phases.

Moreover, according to TRPL data thin films with moderate AX excess demonstrate
longer charge carrier lifetimes comparing with stoichiometric ones. However, relatively low
charge carrier lifetimes are observed in the case of A2Pbls composition. The former can be
explained by defect healing on the boundaries of 3D phase grains through the hollow perovskite
capping layer formation. The second fact is consistent with formation of layered perovskite
phase with high quantum confinement and fast radiative recombination rate.

Therefore, our research opens a simple way for precise tuning of the optoelectronic
properties of formamidinium and methylammonium perovskites through the directed phase
engineering via organic halide excess manipulation.

This research was financially supported by the Russian Science Foundation (Project No.
19-73-30022).
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Solutions of methylammonium and formamidinium polyhalides (AXi+, A = MA, FA,
X =1, Br) in isopropanol are introduced as novel versatile precursors for the fabrication of
APbX3 hybrid perovskite thin films via oxidation of metallic Pb. In the present work, we
propose a simple and fast laboratory solution-based protocol for perovskite solar cell fabrication
by means of metallic lead thin-film deposition with a subsequent spin-coating of polyhalide
isopropanol solution followed by a post-treatment in iodine vapor.

In contrast to the existing methods for hybrid perovskite synthesis by using the direct
oxidation of metallic lead with polyhalides, the proposed method utilizes only the standard
equipment used for the lab-scale fabrication of perovskite solar cells: a vacuum thermal
evaporation system for metal electrode deposition and a spin-coater. The use of polyhalide
solutions can significantly improve the controllability and reproducibility of the conversion
process by adjusting the reactivity of the precursors and the dynamics of Pb conversion with
polyhalides, which enables fine-tuned morphology and composition of perovskite films. Only
compounds naturally present in the perovskite structure are involved in the process after
isopropanol evaporation, and no intermediate phases are formed, thus warranting the final film
purity. In contrast to the weak chemical driving force for the classical interdiffusion reaction of
two halides, that is, Pbl, + MAI — MAPDI;, that frequently leads to diffusion-limited and
incomplete conversion of Pbl,, the redox reaction of metallic Pb with liquid MAIz changes the
oxidation states of Pb® to Pb** and I>~ to 31", which in turn creates a strong driving force for the
conversion process and facilitates complete conversion with a perfect resultant film
morphology. Furthermore, the high volume expansion upon the conversion of Pb to perovskite
is beneficial to the morphology of the perovskite layer in terms of elimination of pinholes and
improved coverage.

We introduced a simple and versatile method for the fabrication of perovskite thin films
and solar cells from metallic lead through the spin-coating of the polyhalide solution, followed
by the iodine vapor treatment. The iodine addition to the organic halide precursor solutions
contributes to a uniform distribution of precursors over the metallic lead surface because of the
instant highly reactive polyhalide melt formation upon solvent evaporation. The use of MAL-4
precursor solutions within a proper concentration range results in a uniform morphology of the
final perovskite films. We showed that this approach can be implemented for promising
FAPbIs-based multication and multianion film syntheses, achieving PCEs of 16.2 and 17.2%
for champion solar cells within the FTO/SnO>@TiO2/perovskite/Spiro-OMeTAD/Au
(perovskite = MAPbI3 or MAo.25FA¢.75Pblz.75Bro.2s, respectively) planar architecture.

This research was financially supported by the Russian Science Foundation
(Project No. 19-73-30022).
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Despite their vertiginous growth in power conversion efficiency (PCE) terms and their
ultra-competitive cost, perovskite solar cells (PSC) carry stability as their main warhorse
towards commercialization. Pursuing solutions to a key problem of instability in most
commonly used MAPDI; caused by the rotation of the complex organic molecules located in
the A position (chemical formulae ABX3), all-inorganic perovskites like CsPbls and relatives
are attracting considerable attention, although in comparison they present only promising
results yet, being necessary a profound study of their properties to overcome new problems.

The scope of this work is focused on the effects of the modification of the chemical
composition on structural, thermodynamical and mechanical stability of all-inorganic cesium
perovskites with general formula CsPbi,Sny(I1xBrx)3. Through a Density Functional Theory
study, a wide range of chemical compositions have been covered knowing in detail how the
composition changes affect the different properties of these perovskites. Firstly, stability has
been assessed through a series of structural tolerance parameters, like the Goldschmidt factor,
the Sun’s parameter and the intrinsic hardness. Also, thermodynamical stability has been
evaluated by means of formation enthalpies according to standard procedures, taking into
account two different synthetization/degradation pathways. Furthermore, bulk modulus, as an
important characteristic for their integration in complex multilayer devices or flexible and
wearable applications, which also have a big impact on their absorptivity that relies on their
crystallinity and stress state, has been obtained by fitting the Birch-Murnaghan equation of
state, using for that a series of volume deformations applied to all the crystal structures. All
those properties will define a complete set that properly describes the different stabilities of
these halide perovskites and their correlation, providing a guide of how to impact on them
through composition engineering.
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Halide perovskite solar cells (PSC) are one of the most promising directions in modern
optoelectronics due to outstanding semiconductor properties and low-cost solution processing
methods for the fabrication. However, the use of crystallization processes from the liquid phase
tends to form defects in the bulk and surfaces that could negatively affect the charge collection.
Moreover, the heterostructure's energy level alignment cannot be controlled by chemical doping
as for Si and AIIIBV semiconductors. The interface engineering for microcrystalline perovskite
absorbers and charge transporting layer of the PSC was demonstrated as an effective approach
for the passivation of traps and reduction of the offsets between energy levels at junctions. A
new class of low dimensional materials — Mxenes (typically TizCoTx, where Tx shows
functional termination (OH, O or F, etc.)) showed unique properties for tuning the
optoelectronic properties in PSC due to control of work function values (from of 1.6 to 6.5 eV
concerning termination group); high electronic conductivity and charge carrier mobility. Recent
works showed impressive results for the gain in PCE(20+ %)[1,2] and the shifting of the work
function in perovskite absorber and ETL for n-i-p structures of PCSs[2].

In this work, we demonstrate the first results for the use of Ti3C,Tx (MX) in the structure
of an inverted planar perovskite solar cell. The output characteristics of the fabricated devices
(ITO/NiO/perovskite/PCBM/BCP/Ag) were significantly improved with direct correlation to
incorporation of MXenes in perovskite absorber or ETL. The reference devices showed an
average level of PCE ~17.6 %, and incorporation of MX to the absorber and ETL films
increased efficiency to 19.2%. However, the devices with MX incorporated just to ETL
demonstrated a decrease in performance. Thus, we assume that energy level shifting with the
incorporation of MX should be done in parallel for perovskite and ETL to align Fermi levels at
the higher position. The changes in the work function in MX doped films were measured and
confirmed by ultraviolet photoelectron spectroscopy. Halide perovskite films doped with
Mzxenes showed a significant gain of the PL that corresponds to the passivation of non-radiative
defect centers. The improvement in the PSCs performance manifested in the increase of Jsc and
higher EQE level in the near-infrared region, which represents the quality of electron collection.
The recombination current measurements demonstrated an improved lifetime of the charges.
This effect has been modeled in drift diffusion calculations.

This work demonstrates prospective way for further optimization of PCS operation with
interface engineering.
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In the last decade perovskite nanocrystals (NCs) burst into the consciousness of the scientific
community as a new class of semiconductors and became the material class at the forefront of research
efforts. Particularly, the topic of doping arose in recent years, involving doping or alloying by magnetic
ions, which induced changes in the optical and magnetic properties.

In this work a novel dynamic cation exchange strategy driven by a simultaneous anion exchange
was implemented! to incorporate Ni*" ions into CsPbBr; perovskite nanocrystals® at room temperature
and ambient conditions. Ni is especially interesting as a dopant, as it combines an electron spin of S=1,
a lack of nuclear spins (with the exception of ®'Ni with a low natural abundancy of < 1%) and relatively
weak spin-orbit coupling compared to Pb. Magnetic dopants in semiconducting materials induce spin-
exchange interactions with the host carrier's spins, mostly leading to a giant magnetization within the
host lattice. The lack of spin-orbit and nuclear spin coupling of the Ni dopants should preserve this giant
magnetization and consequently the carrier's spin coherency for a length of time. Long spin coherence
time is the holy-grail of spin-based devices.

The present work describes a thorough investigation of the doping mechanism into perovskite
nanocrystals and characterization of the produced structures and composition, using electron microscopy
and spectroscopic techniques. The doping of CsPbBr; NCs with Ni** ions was carried out using ion
exchange procedures, involving post-treatment with either NiCl,, PbCl,, PbBr, or NiBr, precursors at
room temperature. The reaction with NiCl, was utilized for the anion-cation co-exchange in order to
achieve a uniform Ni incorporation into the lattice, and the use of all other reagents was dedicated to
control experiments. The results indicate the essential need for co-exchange of cation and anion,
enabling integration of Ni*" ions with a concentration from < 1% to about 12%. The observations
revealed a uniform distribution of the Ni ions across the nanocrystals. Moreover, the nanocrystals exhibit
improved luminescence quantum yields beyond those of the non-doped CsPbCl; and CsPbBrs. The
observations were corroborated by a theoretical density functional theory calculation, confirming that
the exchange of Ni is energetically favorable.
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The CsPbBr; perovskites have great potential in photonics and optoelectronics applications
and provide a very promising alternative to organo-metal halide perovskites, taking into account
their better long-term stability and impressive radiative efficiency. [1] It has been demonstrated
that tuning the optoelectronic properties of perovskites is possible via inclusion or partially
replacing Pb with a monovalent cation Ag.

Study the impact of lead substitution by silver cations at concentrations of 0, 0.3, 0.5, 1, and
1.5 at% on absorption and photostimulated defect formation of dispersed CsPbBr3; perovskites
were examined via diffuse reflectance spectroscopy. In this article, Ag" Doping does not affect
the forbidden band gap in perovskite.

The essential response demonstrated by CsPbBrs perovskites to irradiation in intrinsic
absorption spectral region is photostimulated generation of new defect states. Their formation
results in appearance of new corresponding absorption bands in extrinsic absorption spectral
region. [2] The analysis of kinetics of photostimulated defect accumulation infers that two
different mechanisms are realized: typical for both photoresistant and photosensitive solids. In
former case the photostimulated defect formation occurs due to charge carrier trapping by
existing defects in perovskites while in latter scenario new lattice defect states are formed due
to electronic excitation dissipation. It has been demonstrated that efficiencies of both defect
formation photoprocesses are dependent on Ag dopant concentration.
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The outstanding optical and electronic properties of organo-inorganic haloplumbates
with a perovskite structure provided an unprecedented surge of interest as a new generation of
semiconductor materials for efficient photovoltaic and optoelectronic devices. One of the most
important features of this innovative class of semiconductors is the extraordinary tunability of
their optoelectronic parameters through adjusting the connectivity of the inorganic anionic
framework [1]. In most cases the dimensionality of its inorganic framework is controlled via
introducing bulk organic cations acting as a template for the structure [2]. However, the small
cations like guanidinium and cesium are also known to form low-dimensional phases (2D, 1D,
0D) in the case of excess of organic halides [3, 4].

In this research, we carried out the first systematic study of low-dimensional phases,
which crystallize from dimethylsulfoxide (DMSO) and dimethylformamide (DMF) solutions
of FAPbBr3 perovskite with different FABr excess. We revealed that a three novel phases of
layered (2D) layered perovskites can be crystallized from DMF solutions with FAB1/PbBr»
ratio about 2-2.5. All three phases have the same general formula FA,PbBr4, but differ in
structure. The first phase (FA2PbBrs-I) grows from solution in form of thin transparent plate-
like crystals with yellowish tint. It possesses a unique “eclipsed” structure with unusually short
interlayer distance and the most undistorted inorganic lattice among all the (110)
bromoplumbate perovskites known so far. The second phase (FA2PbBrs-11) is apparently more
stable than the first phase and usually formed via dissolution-recrystallization of the FA2PbBrs-
I. This phase possesses an eclipsed structural motif, which is usual for layered perovskites, and
relatively distorted [PbBrs] octahedra. The third phase (FA>PbBrs-I1II) is unusual (210)-oriented
layered perovskite, appearing as well-shaped optically transparent isotropic crystals. In
addition, we firstly found a new phase FA3;PbBrs with 1D structure containing the chains of
corner-sharing [PbBrs] octahedra.

In the case of DMSO solutions we observed the crystallization of two novel adduct
phases: FAPbBr3*DMSO and FA;PbBrssDMSO. The FA>PbBrssDMSO solvate consists of
isolated chains of corner-sharing octahedra, whereas FAPbBr;*DMSO possesses layered motif
with alternating corner-and edge-shared arrangement of [PbBrs] octahedra. It is worth noting,
that both DMSO adducts have a relatively short direct Pb>*—O coordination bond. This feature
might explain high stability of the adducts as a thin films and single crystals at room
temperature.

The FA>PbBrs layered perovskites and other obtained phases were characterized by
means of X-ray diffraction, diffuse reflection spectroscopy and photoluminescence
spectroscopy. Remarkably, FAPbBr;»DMSO adduct exhibits broad photoluminescence at 620
nm with FWHM around 230 nm, that makes it a perspective material for white-light emitters.

Therefore, we discover 4 low-dimensional lead bromide phases, which form from
FABr-excessive FAPbBr3 solutions and can exhibit intriguing luminescent properties per se or
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acts as a wide bandgap passivating capping layer in 3D perovskite films. In addition, we
revealed the DNSO adduct phases, which is important for formamidinium lead perovskite thin
film processing and also show uncommon broad photoluminescence.

Acknowledgments: The authors are grateful to Viktor Khrustalev for invaluable help in
solving the structures of the obtained phases. The research was financially supported by Russian
Foundation for Basic Research (Project No. 20-33-70265).
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Recently our group showed that perovskite can chemically absorb iodine to form
reactive polyiodide melts (RPM) [1-2], which promotes the recrystallization of perovskite
grains. However, no detailed studies of the effect of this approach on semiconductor properties
of perovskite have been conducted.

In the present work, we aimed to establish the impact of iodine treatment on luminescent
properties of thin films of hybrid organic-inorganic perovskite CH;NH3Pbls.

Photoluminescence spectroscopy was chosen because it proved to be a versatile tool for
diagnosis of wide range of semiconducting materials due to its simplicity in terms of
instrumental implementation, sample preparation and high sensitivity to minor changes in
structure and composition of the material.

For the experiments perovskite thin films were deposited from polar solvents
(DMF/DMSO) using chlorobenzene as an antisolvent, treated with iodine (p (I2) ~ 0.3 mbar)
for varying periods of time and annealed to remove an excess of iodine.

Using XRD, we confirmed that phase assemblage of iodine-treated samples was
retained, i.e. no decomposition occurred upon such a treatment. Scanning electron microscopy
images showed significant increase of the average grain size due to RPM-induced
recrystallization. Steady-state photoluminescence revealed that the longer the exposure to
iodine gas leads to an increase of the half-widths of the emission bands, as well as luminescence
intensity and redshift of the emission peak.

An important part of the results presented in this work is the demonstration of the
influence of iodine vapor treatment duration on the luminescent properties of the perovskite-
based materials.

Based on available reports on luminescence of halide perovskites and fundamental
concepts of solid-state physics, we suggest the observed redshift of the PL band maximum
occurs due to changes in the concentration of surface states.

Research was financially supported by the Russian Science Foundation (Project Ne 18-
73-10224).
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The development of perovskite solar cells enabling their large-scale implementation
encounters two major obstacles in place: the toxicity of lead and the stability towards the
external influences / durability issues. This talk aims at describing the ways of interaction
between experimentalists and theoreticians in the quest for complex solutions to lead toxicity
problem' and surface stabilization of perovskite’. In particular, an application of sulfur-
containing compounds for coating, including Metal-Organic Frameworks (MOF)!, Covalent
Organic Frameworks (COF) and polymers®, which, on the one hand, allow for binding lead and
prevent its leakage, and, on the other hand, enable protection of perovskite layer from the
external chemical agents, is considered as a two-in-one solution to address these challenges.
Thus, in this talk the methodology of the joint theoretical and experimental search of stable
functional coatings for application in perovskite solar cells is presented. Modeling of these
systems is accomplished from the first principles, including Density Functional Theory (DFT)
based molecular dynamics simulations. The research is carried out using the equipment of the
shared research facilities of HPC computing resources at Lomonosov Moscow State
University*.
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Defect chemistry plays a major role in the operation of perovskites cells. On one hand
they are behind the remarkable self-healing,[ 1] while on the other they dictate the level of
traps, non-radiative recombination,[2] as well as promote ion migration.[3] Moreover, once
ions reach the electrodes the device degradation is accelerated.[4, 5] Combining the various
reports it seems that if the perovskite would not lose its constituents it would self-heal and if it
do lose them it is game-over. We claim that ion migration into the blocking layer is the most
important electrochemical process standing in the way of long-term stability. As we will show
at the presentation, a significant part of the electrochemistry behind ion leakage and
consequently electrode reactions, is captured by a semiconductor device model that accounts
for mixed electronic-ionic conduction.[6] Moreover, it is possible to design the device to
mitigate this ion leakage.

As an example, Figure 1 shows the ion distribution under light and forward bias for

two devices. While the device structure can compensate for loss of Vy,, the ions release is
much more pronounced for the device with lower Vy,.

BL PUSK BL Figure 1. Top shows the device layout.
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Photoconversion efficiency (PCE) of Pb-based hybrid perovskite solar cells
demonstrated an unprecedented growth during the last decade to more than 25%. Excellent
optoelectronic properties of hybrid lead halide perovskites, such as defect tolerance and long
carrier lifetime, encourage application of these materials also in other types of optoelectronic
devices, such as LED, photosensors, photo-memristors, lasers and etc. However, the issue of
Pb toxicity still remains a significant obstacle that can hinder commercial potential of hybrid
perovskites. The frequently expressed opinion that Pb toxicity can be simply neglected, because
even a complete dissolution of the perovskite layer from a compromised module can increase
Pb concentration in already contaminated urban soil by only a factor of 2, is a dangerous
simplification that neglects high bioavailability of Pbl> and neurotoxicity Pb. According to the
World Health Organization, the blood Pb level for children should not exceed 5 micrograms
per liter, which is the amount of Pb contained in only 5 mm x 5 mm area of a perovskite absorber
layer. Although the issue of Pb toxicity can be, perhaps, addressed through implementation of
mandatory end-of-life recycling programs that could, conditionally, justify exemption from
ROHS regulations in the case of utility-level solar power stations located in non-residential
areas, the developmental neurotoxicity of Pb should be considered extremely seriously in the
case of building integrated perovskite PV systems. This is especially true for flexible
optoelectronic devices that are frequently proposed as promising for consumer electronics and
even for wearable electronic devices. In this presentation I am going to critically review
approaches addressing toxicity of hybrid lead halide perovskites and discuss prospects for
development of non-Pb semiconducting halides as well as approaches aimed on deactivation of
Pb in compromised PV modules.
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One of the key factors for achieving high power conversion efficiency (PCE) by
perovskite solar cells (record PCE = 25.5% in 2020)! is the development and optimization of
the most widely used solution deposition methods. Sequential deposition of PSC components
requires the use of a set of technologically relevant solvents including those that are inert to the
underlying sandwich of preliminary deposited materials and, at the same time, play the role of
good solvents for the dissolution and deposition of the target material. At the moment, a
universal approach that could effectively categorize solvents based on their type of interaction
with organo-inorganic perovskites is missing. The development of this approach can also help
in searching of new solvent mixtures for precise deposition of perovskite solar cell materials.

In this work we propose an approach? for the search and selection of solvents using three
parameters that fully reflect the three main types of interaction in the perovskite solution:
hydrogen bonding (hydrogen bonding parameter of Hansen), donor-acceptor interactions in
Pb2+-solvent complexes (donor number), and ion-dipole interactions of charge complexes with
the solvent (dipole moment) (fig. 1a.). This approach allowed to divide solvents into separate
groups that correspond to the type of their effect on lead halide perovskites: neutral (low values
of all parameters); AX-selective solvents, dissolving only the organic part of perovskite (donor
number and dipole moment are low, Sus > 10 (MPa)'?); strong solvents (all parameters are
high), and weak solvents (all parameters are relatively average). The proposed model was
experimentally verified for a group of neutral and weak solvents which parameters are quite
close (e.g. ethyl acetate (previously considered neutral) and tetrahydrofuran (previously
considered weak)).

After a long (12 hours) exposure of MAPbI;, MAPbBr3, and FAPbBr3 films in group of
solvents samples were studied using X-ray diffraction and SEM. It was found that soaking in
ethyl acetate, dioxane, nitrobenzene, acetone, benzonitrile leads to recrystallization of MAPDI;
and MAPbBr3 films, classifying these solvents to the group of weak. It was also found that
vapors of the weak solvents can lead to an increase in both photoluminescence intensity and
lifetime of charge carriers, which apparently indicates the passivation of the defects on the
perovskite surface by solvent molecules.

Summing up, the developed approach shows a great coherence with literature data and
experimental results, and allows to predict the type of more than 30 new solvents which can be
used for further more precise development of solution-based approaches for halide perovskites
and/or charge-transporting materials coating.

The research was financially supported by Russian Foundation for Basic Research
(Project Ne19-03-01033).
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Figure 1. (a) Schematic illustration of three main types of perovskite interaction with
solvents: (i) — complexation of Pb*" with Lewis bases (pink rectangle); (ii) — ion-dipole
interaction of [PbXa]*™ ions with solvent dipoles (green rectangle); (iii) — hydrogen bonding of
A'/X with corresponding solvent groups (black rectangle). (b) Set of solvents drawn in §up —
u coordinates with color mapping by DN values. Green, red, yellow, and blue areas highlight
four basic regions of the plot corresponding to AX-selective solvents, strong solvents, weak
solvents, and inert solvents, respectively.
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Hybrid organic-inorganic compounds became the materials of extremely intense
research. While hybrid lead halide perovskites revolutionized the photovoltaics due to their
outstanding properties, other hybrid compounds based on non-toxic metals also drew attention
owing to their structural versatility. A particular interest has been attracted to halocuprates (I)
because of their highly intense luminescence and potential applications in scintillators,
photodetectors and LEDs [1, 2].

In this study, the new hybrid organic-inorganic compound MACuzI3 was synthesized
using two independent techniques: mechano-synthesis and crystallization from acetonitrile. Its
crystal structure was determined by single crystal X-ray diffraction. It was found that the target
compound (MeNH3)Cuzl3 crystallizes in a monoclinic unit cell with a structure containing
infinite double-chained {[CuzI3] }« anions and isolated MA™ cations [3].

The diffuse reflectance spectrum of the of MACuxl3 showed that it has a steep
absorption edge at 3.62 eV and three maxima in the UV absorption region at 325, 316, and 301
nm which can have excitonic origin due to the low electronic dimensionality and quantum
confinement. It was found that MACuI3 does not exhibit intrinsic photoluminescence but

demonstrate yellowish-orange X-ray luminescence under exposure to the radiation with
A =0.9699 A.

The electronic structure of MACuzlz was analyzed using DFT method based on the
obtained crystallographic data. The electronic structure, including density of states for MACu.l3
was calculated using 6 different functionals, with the best agreement between the calculation
(3.44 eV) and experimental data (3.62 eV) obtained for the HCTH functional. It was found that
MACul; is a direct semiconductor with a bandgap at the I' point with the VBM composed
mainly of Cu 3d orbitals and I 5p orbitals and the CBM composed of Cu 4s and I 5p orbitals.

The research was financially supported by Russian Foundation for Basic Research
(Project No. 20-33-70265).
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Long-term stability of hybrid perovskites (HPs) is the most critical problem nowadays
in perovskite photovoltaics. Determination of the main degradation mechanisms under different
exploitation factors (heat, humidity, oxygen, light, electrical bias) is essential for successful
search and development of approaches to improve stability of light-harvesting perovskite
materials and perovskite solar cells (PSCs) as a whole device. A large amount of reports
discloses processes taking place during HPs degradation under heat, oxygen, and humidity. On
the other hand, light-induced perovskite degradation mechanism is still under debate due to the
complexity of processes occurring under light irradiation.

In this work, we provided a detailed study of photodegradation of conventional 3D
hybrid perovskites with a various composition of cation “A” in APbl; (A: MA, FA/Cs, MA/FA,
MA/FA/Cs). We also expanded the current research onto a homologous row of layered 2D
perovskites BA>MAn.1Pbulsns1 (BA = butylammonium) with Raddlesden-Popper crystal
structure, considered as a more stable light-harvesting material for PSCs. Additional attention
in this work was paid to the study of chemical corrosion of metal electrodes (Au, Cu) due to the
reaction with iodine-containing perovskite decomposition products.

According to the results of in-situ Raman spectroscopy visible light irradiation (Eiignt >
Eg(perovskite)) causes intensive perovskite degradation with the release of volatile polyiodide
species (characteristic vibrations at 108-110, 145, and 165-169 cm™). Cation composition in
3D perovskites has no significant effect on the detected by Raman spectroscopy decomposition
products — molecular iodine and liquid polyiodide melts with methylammonium (MAlx) and/or
formamidinium (FAIx).[1] Light-induced degradation of layered perovskites also proceeds with
the formation of polyiodides which were detected by optical absorption spectroscopy of heptane
solvent used as an inert non-polar medium during visible light irradiation of 2D HPs. This
similarity in photodegradation products between 2D and 3D counterparts highlights the same
nature of light-induced decomposition mechanism originating from Pbls inorganic sublattice
rather than from organic components of these hybrid materials.

The release of highly reactive polyiodide melts as one of the HPs photodegradation
products determined the need for the investigation of metal electrodes and some electron- and
hole-conducting materials (ETMs and HTMs respectively) stability to chemical corrosion by
polyiodide species. The most widely used materials spiro-OMeTAD and PCBM both showed
complete instability to MAIx, while poly(triaryl)amine (PTAA) as well as copper
phthalocyanine (CuPc) oppositely demonstrated superior durability. Analysis of gold and
copper electrodes showed a poor stability of both metals to polyiodide-assisted corrosion with
formation of newly found complex phases MA2Aulz [2] and MACuwl; [3] respectively.
However, in the case of copper a one more corrosion product — Cul is formed. The resulting
Cul and MACuzl3 phases proportion depends on the reaction temperature and on the presence
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of lead derivatives in the reaction zone. Formation of these compounds during metal corrosion
can deteriorate a thin metal layer causing shunts in the working under continuous illumination
perovskite solar cells.

Summing up, light-induced decomposition of hybrid lead-halide perovskites with either
perovskite 3D or layered 2D crystal structure is accompanied by the formation of highly
reactive polyiodide melts with small and/or bulky organic cations (e.g. MA*, FA", BA", etc.).
The presence of such melts inside PSCs even locally could cause chemical corrosion of a wide
range of materials inside PSCs (e.g. spiro-OMeTAD, PCBM, Au, Cu, etc.) leading to a device
break down.

The reported study was financially supported by Russian Foundation for Basic Research
(research project Ne 19-33-70077).

References

[1] Udalova, N.N.; Tutantsev, A.S.; Chen, Q.; Kraskov, A.; Goodilin, E.A.; Tarasov, A.B. New
Features of Photochemical Decomposition of Hybrid Lead Halide Perovskites by Laser
Irradiation. ACS  Appl. Mater. Interfaces 2020, 12, 12755-12762,
doi:10.1021/acsami.9b21689.

[2] Shlenskaya, N.N.; Belich, N.A.; Gritzel, M.; Goodilin, E.A.; Tarasov, A.B. Light-induced
reactivity of gold and hybrid perovskite as a new possible degradation mechanism in
perovskite solar cells. J. Mater. Chem. A 2018, 6, 1780—1786, doi:10.1039/C7TA10217H.

[3] Udalova, N.N.; Nemygina, E.M.; Zharenova, E.A.; Tutantsev, A.S.; Sudakov, A.A.;
Grishko, A.Y.; Belich, N.A.; Goodilin, E.A.; Tarasov, A.B. New aspects of copper electrode
metamorphosis in perovskite solar cells. J. Phys. Chem. C 2020, Just accepted.

85



MAPPIC-2020

Solution-based iodine-treatment as a new method of morphology
improvement of thin film hybrid organo-inorganic halide perovskites
Voronin O.S. !, Grishko A.Y.!

"Lomonosov Moscow State University, Faculty of Materials Science, Moscow, Russia

ol3gvoronln@yvandex.ru

Recently, hybrid organic-inorganic lead halide perovskites (APbXs,
A=methylammonium(CH3NH3"), formamidinium ((NH2).CH"), Cs; X= 1, Br, Cl) gained a lot
of attention of/among scientists around the world, especially due to possible application of these
semiconductor materials as an absorber layer in new generation solar cells. The efficiency of
such devices recently reached 25,5%, which is almost equal to efficiency of crystalline silicon
solar cells. In contrast to traditional materials for photovoltaic application, lead-halide
perovskites has significantly lower production cost owing to quite affordable chemical solution
fabrication.

However, the quality of hybrid perovskite films after solution deposition procedure is
quite poor and requires additional post-treatment procedures. There were suggested several
methods for improving properties of lead-halide perovskite materials such as thermal or solvent
annealing treatment. Nowadays these steps became essentials for perovskite solar cell
fabrication. This post-processing results in an increase of the average grain size and an
improvement of the crystallinity of the material.

Within the framework of present research we developed new approach for lead-halide
perovskites post-processing, which consists in exposure of thin films of semiconductor in
solutions containing molecular iodine. One of the advantages of such technique is the
exceptional high rate of semiconductor film recrystallization. It was found that this method is
applicable to the mos commonly used perovksite materials with composition: CH3NH;3Pbl;,
(HC(NH2)2)0.75(CH3NH3)0.25Pbl3, (HC(NH2)2)0.95(CH3NH3)0.0sPbl2,85Br 0,15, CH3NH3Pbl2 4Br
0,6. According to X-ray diffraction data, exposure of lead-halide semiconductors to molecular
iodine solutions in toluene and decane for a certain period of time results in significant increase
in crystallinity of the materials without any changes in phase assemblage. The series of SEM
images demonstrated 8-fold increase of the average grain size of lead-halide perovskite thin
films.

The results presented in this work indicate that proposed approach of post-processing
of lead-halide perovskite thin films may be found promising in production of photovoltaic
devices.

Research was financially supported by the Russian Science Foundation (Project Ne 18-
73-10224).
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While metal-halide perovskites have recently revolutionized research in optoelectronics
through a unique combination of performance and synthetic simplicity, their low-dimensional
counterparts can further expand the field with hitherto unknown and practically useful optical
functionalities. In this context, we present the strong temperature dependence of the
photoluminescence (PL) lifetime of low-dimensional, perovskite-like tin-halides, and apply this
property to thermal imaging. The PL lifetimes are governed by the heat-assisted de-trapping of
self-trapped excitons, and their values can be varied over several orders of magnitude by
adjusting the temperature (up to 20 ns °C"!, resulting in a thermometric precision of 0.013 °C).
Typically, this sensitive range spans up to one hundred centigrade, and it is both compound-
specific and shown to be compositionally and structurally tunable from -100 to 110 °C going
from [C(NH2)3]2SnBrs to CsaSnBre and (C4aN2H141)4Snls. Finally, through the implementation
of cost-effective hardware for fluorescence lifetime imaging (FLI), based on time-of-flight
(ToF) technology, these thermoluminophores have been used to record thermographic videos
with high spatial and thermal resolution [1].

We have developed more environmentally stable thermographic luminophores [2] based
on Sb** halides that reveal similarly high sensitivity and sustain oxygen impact. The next step
in the luminophore development is amorphous thin films that allow conformal coating of
arbitrary surfaces and demonstrate micrometre-scale thermography resolution at room
temperature by using a confocal microscope with FLI system. That is about an order of
magnitude better than achievable by IR methods and allow use of standard optical microscope
fir visible wavelength range.
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