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2D — dvimatis;
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FK209 CoTFSI — tris[2-(1H-pirazol-1-il)-4-tret-butilpiridin]kobalto (I11)
tris[bis(trifluormetilsulfonil) Jimidas;

FL — fluorescencija;

FTO — fluoru legiruotas alavo oksidas;

hv — krintancios spinduliuotés kvanto energija;
HOMO - auksciausia uzimta molekuliné orbitalé;
| — fotosrovés stipris;

Ip— jonizacijos potencialas;

IR — infraraudonoji spinduliuote;

Isc — trumpojo jungimo sroveés stipris;

ITO — indZiu legiruotas alavo oksidas;

I1ZO — indziu legiruotas cinko oksidas;

Jsc — trumpojo jungimo srovés stiprio tankis;
J-V — fotosrovés ir jtampos kreivés;

KOtBu — kalio tret-butoksidas;

KT — kvantiniai taskai;

LiTFSI — li¢io bis(trifluormetansulfonil)imido druska;
LUMO - zemiausia neuzpildyta molekuliné orbitalé;
nm — nanometrai;

MA* — metilamonio organinis katijonas;

MGT — maksimalios galios taskas;

m-TiO2 — mezoporinis titano dioksidas;
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NaOtBu — natrio tret-butoksidas;

NOESY - branduoliy Overhauserio efekto spektroskopija;
(n-Bu)4N*Br — tetrabutilamonio bromidas;

OLED - organiniai Sviestukai;

OSE - organiniai saulés elementai;

PCE - fotovoltinio elemento efektyvumas;

PC-Z — bisfenolio-Z polikarbonatas;

Pd,(dba)s— tris(dibenzilidenacetono)dipaladis (0);
Pd(OAcC), — paladzio (IT) acetatas;

Pd(PPhs)4 — tetrakis(trifenilfosfino)paladis (0);

PEDOT:PSS - poli(3,4-etilendioksitiofenas):poli(stireno sulfonatas);
PESA — fotoelektrony spektroskopija ore;

PPV — poli(p-fenilenvinilenas);

PSE — perovskitinis saulés elementas;

PTAA — poli-[bis(4-fenil)(2,4,6-trimetilfenil)aminas];
PTB7 — poli({4,8-bis[(2-ethilheksil)oksi]benz[1,2-b:4,5-b"]ditiofen-2,6-diil }{3-
fluor-2-[(2-ethilheksil)karbonil]tieno[3,4-b]tiofenediilas});
P3HT — poli-3-heksiltiofeno polimeras;

sant. vnt. — santykiniai vienetai;

Sh,Ss — stibio trisulfidas;

SE — saulés elementas;

spiro-OMeTAD - 2,2',7,7'-tetrakis[N,N-di(4-metoksifenil)amino]-9,9'-spirobifluo-
renas;

STM — skyles transportuojanti medziaga;

STS — skyles transportuojantis sluoksnis;

tBP — 4-tret-butilpiridinas;

TCO - skaidrus, elektrai laidus oksidas;

TGA — termogravimetriné analizé;

THF — tetrahidrofuranas;

Twr. — kristalizacijos temperatiira;

Tiya.— lydymosi temperatiira;

Tsk. — 5 % bandinio masés nuostoliy temperatiira;

Tst. — stikléjimo temperatiira;

[(t-Bu)sPH]BF4— tri-tret-butilfosfonio tetrafluoroboratas;
UV-RS — ultravioletinés ir regimosios §viesos spinduliuoté;
val. — valanda;

Voc — atvirosios grandinés jtampa;

XPhos — 2-dicikloheksilfosfino-2',4",6'-triizopropilbifenilas;
XTOF — kserografinio laiko lékio metodas;

A — virimo temperatiira;

¢ — ekstinkcijos koeficientas;

Aabs — absorbcijos maksimumas;

JFL— emisijos maksimumas;

1o — dreifinis judris esant nuliniam elektrinio lauko stipriui;
uM — mikrometrai.
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1. JVADAS

Siuo metu Zeméje gyvena daugiau nei 8 milijardai zmoniy [1]. Kasmet $is
skaiCius didéja Simtais milijony. Toks populiacijos augimas skatina daugiau naudoti
Zemeés isteklius: nafta, anglj, dujas. Per metus jis siekia daugiau nei 100 milijony tony
[2]. Sie energijos $altiniai néra atsinaujinantys, todél ilgainiui jy mazés ir nebeuzteks
zmonijos poreikiui patenkinti. Taip pat tokio didelio masto iSkastinio kuro naudojimas
neatsiejamas nuo aplinkos tarSos, kuri sukelia Siltnhamio efekta. 2023 m. fiksuota
vidutiné pavirSiaus temperatiira yra pati didziausia per 174 mety laikotarpj [3].
Manoma, jog 2025 m. vidutin¢ pavirSiaus temperatiira bus dar didesné [4]. Sylant
klimatui didéja sausra, kuri sukelia maisto ir vandens stygiy. Todél atsiranda poreikis
§i efekta minimizuoti. ES jsipareigojo iki 2030 m. stipriai sumazinti iskastinio kurio
naudojimag, teikti pirmenybe atsinaujinantiems energijos Saltiniams, o iki 2050 m.
pasiekti nuling klimato tarSg [5]. Norint pasiekti tokius rezultatus, iskastinj kura
galima keisti atsinaujinanéiais energijos S$altiniais: véjo, saulés, geotermine,
hidroenergija, biomase.

Saulé — galingiausias, nemokamas ir neiSsenkantis Zmonijai prieinamas
energijos $altinis. Kasmet Zeme pasiekia dideli saulés energijos kiekiai. Manoma, kad
per vieng dieng Saulé iSspinduliuoja tokj energijos kiekj, kurio uztekty 27 metams
zmonijos poreikiams patenkinti [6]. Jau daugiau nei 70 mety tobulinama saulés
elementy (SE) technologija suteiké galimybiy paprastam vartotojui elektros energija
iSgauti tvariais budais [7]. Svarbiausia, kad energija gaminama neterSiant aplinkos.
Gaminant energija nevyksta jokiy garsa sukelian¢iy procesy (kitaip nei su véjo
jégainémis) ir prietaisai neturi judanciy konstrukcijy, kurios ilgainiui nusidévéty.
Tokio tipo energija gali buti iSgaunama ir mazai apgyvendintose, nutolusiose
vietovése, kur energijos tiekimo instaliacija elektros laidais biity apsunkinta. SE
galima montuoti tiesiog ant pastaty, taip neuzimant Zemés ploto. Taciau S§i
technologija turi ir minusy — i§gaunamos energijos Kiekis tiesiogiai priklauso nuo oro
salygy ir paros laiko, didel¢ jrangos kaina. Dar néra iSrasto biido, kaip zmonija galéty
valdyti meteorologines salygas, tadiau elemento kaing galima reguliuoti keiiant
zaliavas, tobulinant jy gryninimo procesus, parenkant tinkamus metodus elemento
gamybai. Siuo metu populiariausi ir komercigkai prieinami yra silicio SE, tadiau jy
gamyba yra gana sudétinga, reikalaujanti brangiy zaliavy ir dideliy energijos sagnaudy
[8]. Todél ieskoma kity alternatyvy, kurios taip pat efektyviai generuoty saulés
energija ] elektros energija. Taip buvo iSrasti hibridiniai prietaisai, sudaryti i$
neorganiniy ir organiniy medziagy. Jie yra pigas ir lengvai modifikuojami.
Perovskitiniai saulés elementai (PSE) yra daug Zadanti inovatyvi technologija, galinti
sumazinti i§ saulés iSgaunamos energijos kaing. Jie tobulinami jau nuo 2009 m. ir
pasieké didesnj nei 26 % nasumg [9, 10]. Taciau §i technologija turi trikumy,
trukdanciy jos komercializavimui. Vienas jy — $viesa absorbuojan¢io komponento —
perovskito stabilumas. Siuo metu bandoma $ig kliatj paalinti modifikuojant
perovskitinio sluoksnio sudétj jvairiais halogenais ir priedais [11]. Sio tipo
efektyviausiuose elementuose naudojamy organiniy puslaidininkiy kaina yra
ganétinai didelé. Siekdami sumazinti prietaiso kaing, mokslininkai iesko pigesniy
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kriivininkus pernesanciy alternatyvy, gaunamy paprastais sintezés metodais.
IvykdZius $ias salygas bty galima PSE komercializuoti.

Salia PSE yra tobulinami ir Kiti naujos kartos saulés elementai, pavyzdZiui,
kvantiniy tasky, organiniai, vario-indzio-galio-diselenido (CIGS) ir kt. prietaisai. Nuo
2014 m. spar€iai vystom0S Sh,Ss; saulés elementy technologijos efektyvumas jau
siekia 8 % [12]. Sie prietaisai gali biti i§ dalies skaidriis, todél matoma perspektyva
juos integruoti j pastaty langus. Sviesa sugeriantis sluoksnis sudarytas i$ pigiy zaliavy,
§j sluoksnj galima padengti daugeliu budy [13]. Tadiau Sig technologija riboja tam
tikri veiksniai, trukdantys pasiekti auksta efektyvuma. Vienas i$ jy — ne itin efektyvus
skyliy transportiniy medziagy naudojimas, tokiy kaip 2,2',7,7'-tetrakis[N,N-di(4-
metoksifenil)amino]9,9'-spirobifluoreno (spiro-OMeTAD) ar poli(3-heksiltiofen-2,5-
diilo) P3HT. Spiro-OMeTAD sintezé yra gana sudétinga [14], gauti aukSto
regioselektyvumo P3HT néra paprasta [15], o komerciskai prieinami $ie junginiai yra
gana brangiis [16, 17]. Todél siekiama rasti pigesnes §iuo metu naudojamy STM
alternatyvas, pasiekiant panasy arba geresnj prietaisy efektyvuma.

Darbo tikslas — susintetinti skyles transportuojancius fluorenilo ir karbazolilo
chromoforus turiné¢ius mazamolekulinius junginius, iStirti jy savybes ir pritaikomuma
naujos kartos saulés elementams.

Disertacijos tikslui jgyvendinti suformuluoti Sie uzdaviniai:

1. Susintetinti STM, molekulés centre turin¢ias fluorenilchromoforus,
efektyviems perovskitiniams saulés elementams. IStirti jy termines, optines ir
fotoelektrines savybes bei pritaikyma perovskitiniuose saulés elementuose.

2. Susintetinti abiejy zenkly krGivininkus transportuojancius puslaidininkius,
periferijoje turincius akceptorinius ir donorinius fragmentus, juos charakterizuoti ir
i8tirti jy pritatkomuma perovskitiniuose saulés elementuose.

3. Susintetinti aromatiniais fragmentais sujungtus fluorenilpakaitus turin¢ias
STM, istirti jy termines, optines ir fotoelektrines savybes, jy jtakg perovskitiniy saulés
elementy naSumui.

4, I8 karbazolildariniy susintetinti naujus Zzvaigzdés formos p-
puslaidininkius, istirti jy termines, optines ir fotoelektrines savybes bei veikima
perovskitiniuose saulés elementuose.

5. Susintetinti tiofeno ir fluorenilideno fragmentus turinCius skyles
pernesancius darinius; iStirti jy optines, termines ir fotoelektrines savybes bei
pritaikyma SbSs saulés elementuose.

6.  Susintetinti tiofeno tilteliais sujungtus fluorenilideno fragmentus turinéius
organinius puslaidininkius ir iStirti jy optines, termines, fotoelektrines savybes bei
pritaikymo galimybes Sb,Ss saulés elementuose.

Daktaro disertacijos naujumas ir sarysis tarp publikaciju

Jau kelerius metus perovskitinius SE stengiamasi paleisti j rinka, taciau tai riboja
jy moduliy efektyvumas ir stabilumas [18]. Sias problemas galima suvaldyti
parenkant tinkamas puslaidininkines medziagas. Gaila, bet standartais laikomi
kriivininkus perneSantys sluoksniai neatitinka pramoninei tokiy elementy gamybai
keliamy reikalavimuy, t. y. tam skirti puslaidininkiai néra pakankamai pigiis bei lengvai
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sintetinami. Dazniausiai kaip teigiamuosius kriivininkus perneSanti medziaga
naudojamas spiro-OMeTAD. Naudojant $ig medZiagg fiksuojami rekordiniai prietaisy
nasumai. Taciau ji turi keleta minusy, tokiy kaip nepakankamas stabilumas prietaise,
sluoksnio kristalizacijos rizika ir sudétinga sinteze, reikalaujanti agresyviy reagenty
[14]. Todél svarbu ieSkoti naujy STM, kurios biity paprastai sintetinamos, o saulés
elemente iSlikty stabilios morfologinés biisenos. Keturiose autorés pristatomose
publikacijose nagrin¢jamos tikslingai sumodeliuotos ir susintetintos molekulinés
struktiros,  skirtos  perovskitiniams  saulés elementams, pasizymincios
pageidaujamomis morfologinémis savybémis, o kai kuriais atvejais ir gerokai
paprastesne sinteze nei spiro-OMeTAD.

Pirmoje publikacijoje nagrinéjami spiro-OMeTAD analogai, kuriuose
4-metoksifenilchromoforai kei¢iami 9-etilkarbazolilais, tikintis, kad jie pagerins
morfologines ir fotoelektrines tiksliniy junginiy savybes. Taip pat buvo pasitlyti
lengvai sintetinami jy ,,pusiniai“ analogai, siekiant i$siaiskinti, ar fluorenilo centrinj
fragmentg turintys junginiai perovskitiniuose SE veiks taip pat efektyviai kaip ir
spirobifluoreny klasés medziagos. Gautus puslaidininkius testuojant PSE fiksuotas
15,7-18,3 % naSumas, kuris Siek tiek nusileido gerai istirtam standartui
spiro-OMeTAD, tafiau dél geresniy naujy puslaidininkiy morfologiniy savybiy
pasiektas geresnis PSE stabilumas.

Kitoje publikacijoje apraSoma naujos koncepcijos fluoreno dariniy, turin¢iy tiek
donorines, tick akceptorines grupes, sintezé ir gauty tiksliniy medziagy savybés. Visi
susintetinti bipoliniai fluoreno dariniai pasizymi puikiomis terminémis savybémis.
5 % masés jie praranda aukstesnéje nei 400 °C temperatiiroje bei pasizymi stabilia
amorfine biisena. Stikl¢jimo temperatiros atitinka STM keliamus reikalavimus.
Jonizacijos potencialai taip pat yra tinkami, norint Siuos bipolinius fluoreno darinius
panaudoti SE gamybai. Daugelis $iy dariniy pasizymi abiejy Zenkly kriivininky
pernaSa. Taliau fiksuotas skyliy dreifinis judris siekia tik 10~ cm?/Vs silpnuose
elektriniuose laukuose, todé¢l Sios medziagos nebuvo iSbandytos perovskitiniy saulés
elementy konstrukcijoje.

Sakotos struktiiros fluorenilideno fragmentus turinéiy naujy organiniy
puslaidininkiy sintezé aprasyta treioje publikacijoje. Cia pateikti i¥samis naujy
junginiy optiniy savybiy, morfologinio stabilumo ir fotoelektriniai tyrimai. Visi
susintetinti tiksliniai puslaidininkiai pasizymi puikiomis terminémis savybémis. 5 %
masés jie praranda aukstesnéje nei 450 °C temperattiroje ir pasizymi stabilia amorfine
busena. Naujus puslaidininkius kaip STM pritaikius PSE buvo fiksuotas 19,61—
22,13 % naSumas. Prietaisas su skyles transportuojan¢iu organiniu puslaidininkiu
STMA16, kurio fluorenilideno fragmentai sujungti fenilenziedo meta- padétimis,
pasizymi panaSiu efektyvumu kaip ir elementas su Spiro-OMeTAD, taCiau gan
nemazai jj lenkia prietaiso stabilumu.

Ketvirtoje publikacijoje apraSyti zvaigzdés formos skyles transportuojantys
puslaidininkiai, kuriuose centrinis karbazolilchromoforas sujungtas su fragmentais,
turindiais 2- ir 3- padétyje pakeistus karbazolilpakaitus. Iki io straipsnio publikavimo
karbazolilchromoforas nebuvo pritaikytas kartu kaip centrinis ir Soninis fragmentas
tokio tipo dariniuose. Tikslinés medZiagos buvo gautos vienos stadijos sinteze. Nauji
junginiai pasizyméjo geromis morfologinémis savybémis ir stabilia amorfine biisena.
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Prietaisy, kuriuose kaip STM panaudoti Sie zvaigzdés formos dariniai, efektyvumas
sické 19 %, nezymiai nusileidziant saulés elementui su spiro-OMeTAD standartu.
Taciau prietaisy stabilumo testas jrodé¢ naujy organiniy puslaidininkiy pranasuma.
Ypaé $is pranaSumas iSrySkéjo naudojant junginj STM21, tiriant PSE stabilumg
keliant temperatiirg.

Salia perovskitiniy saulés elementy taip pat tyrin¢jami ir kiti naujos kartos
saulés elementy prietaisai. Sb»Ss saulés elementy efektyvumas nusileidzia
perovskitiniams SE, taciau absorbuojancio sluoksnio stabilumas yra didesnis ir jam
pagaminti nenaudojamos toksiskos medziagos [19]. Jy nasuma galima padidinti kaip
STM naudojant spiro-OMeTAD arba P3HT. Taciau tai néra pacios tinkamiausios
medziagos Sb,Sz saulés elementams dél kainos, sintezés sudétingumo ir ,,parazitinés*
absorbcijos. Remiantis perovskitiniy SE tyrimy patirtimi, akivaizdu, kad, tinkamai
parinkus teigiamuosius kriivininkus perne$ancias medziagas, galima pasiekti auksta
prietaisy nasumg. Penktojoje publikacijoje apraSomi lengvai sintetinami, prie
centrinio fluoreno fragmento jvairius tiofeno chromofory kiekius turintys organiniai
puslaidininkiai. Nauji junginiai pasizymi geromis morfologinémis savybémis. Saulés
elementy, kuriuose kaip SMT panaudotos tiofeno pakaitus turin¢ios medziagos,
nasumas pasieké 4,94 %, kuris yra didesnis nei prietaisy su standartu P3HT. Taip pat
visi tiksliniai junginiai yra palyginti pigas, lyginant jy sintezés kaing su komerciskai
prieinamu P3HT [16].

Sestoje publikacijoje aprasytos skyles transportuojanéios medziagos, kuriy
centre esantis difenilaminais arba trifenilaminais pakeistas fluoreny dimeras yra
sujungtas skirtinga tiofeno fragmenty skaiciy turinéiais tilteliais. Sios molekulés yra
pirmiau aptarty STM dimeriniai analogai. Dauguma $iy STM pasizymi tinkamomis
terminémis, optinémis ir fotoelektrinémis savybémis, todél Sie puslaidininkiai
panaudoti Sb,Ss saulés elementy konstravime. SE, kuriame kaip STM panaudotas
puslaidininkis STM30, turintis tris tiofeno ir keturis difenilamino fragmentus,
nasumas (4,5 %) buvo auk$Ciausias ir nedaug nusileido SE su standartu P3HT
(4,7 %), taciau dél gauto prietaiso didesnio pralaidumo regimosios §viesos
spinduliuotei yra perspektyvus skaidriems SE konstruoti.

Autoriy indélis

Disertacijos autor¢ sumodeliavo, susintetino ir iSgrynino S$eSias organiniy
junginiy grupes, apraSytas 3.1-3.6 poskyriuose. Taip pat uzfiksavo ir analizavo
ultravioletinés ir regimosios §viesos ir fluorescencijos spektrus, tiksliniy ir tarpiniy
junginiy lydymosi temperatiiras, apskaiiavo 3.5 poskyryje aprasyty tiksliniy
medziagy kainas. Autoré analizavo magnetinio branduoliy rezonanso, masés
spektrus, cheminés analizés, terminiy ir fotoelektriniy charakteristiky duomenis,
rengé publikacijas. Publikacijy bendraautoriai i§ Lozanos politechnikos instituto
(Ecole Polytechnique Fédérale de Lausanne) Chemijos ir chemijos inZinerijos
institutas dr. Cristina Momblona, dr. Hiroyuki Kanda, dr. Keith Brooks, Nadja Klipfel
ir dr. Jianxing Xia konstravo ir testavo prietaisus, bendradarbiavo rengiant rankrastj.
Dr. Albertus Adrian Sutanto analizavo saulés elementus, prof. dr. Mohammad Khaja
Nazeeruddin bendradarbiavo rasant ir perzitrint publikacijos rankrastj.
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Publikacijy bendraautoriai i§ Kauno technologijos universiteto (KTU)
Organinés chemijos katedros, dr. Maryté DaskeviCiené konsultavo sintezés ir
medziagy gryninimo klausimais, dr. Artiom Magomedov bendradarbiavo atliekant
sintezés darbus ir padéjo rengti publikacijos rankrastj, dr. Rimgailé Degutyté, dr.
Kristina Kantminiené, prof. dr. Tadas Malinauskas ir dr. Kasparas Rakstys konsultavo
rengiant publikacijos juodrastj ir rankrastj, prof. dr. Vytautas Getautis konsultavo
molekuliy dizaino klausimais, vadovavo tyrimams ir teiké konsultacijas rasant
juodrastj, bendradarbiavo perziiirint publikacijos rankrastj.

Publikacijos bendraautoriai i§ Karaliaus Abdulaziz universiteto Pazangiy
medZziagy tyrimy kompetencijy centro prof. dr. Abdullah M. ir dr. Khalid A. Alamry
analizavo tyrimy rezultatus ir bendradarbiavo rengiant rankrastj.

Publikacijy bendraautoriai i§ Vilniaus universiteto (VU) Chemingés fizikos
instituto prof. dr. Vygintas Jankauskas atliko kriivininky dreifinio judrio matavimus
ir padéjo apradyti tyrimus. Romualdas Jonas Cepas ir dr. Kristijonas Genevicius atliko
fotofizikinius tyrimus, bendradarbiavo rengiant ir formatuojant rankrastj. Dr. Alytis
Gruodis atliko molekulinius skai¢iavimus, dr. Eligijus Kamarauskas — jonizacijos
potencialo matavimus.

Publikacijos bendraautoriai i§ Kyoto universiteto Cheminiy tyrimy instituto doc.
dr. Minh Anh Troung atliko saulés elementy konstravimg ir tyrimus. Dr. Richard
Murdey ir prof. dr. Atsushi Wakamiya konsultavo rengiant publikacijos rankrastj.

Publikacijy bendraautoriai i§ Talino technologijos universiteto Medziagy ir
aplinkosaugos technologijy katedros dr. Sreekanth Mandati ir Nimish Juneja
bendradarbiavo rasant rankrastj, atliko saulés celiy konstravima ir tyrimus. Dr. Atanas
Katerski, doc. dr. Nicolae Spalatu, dr. Tatjana Dedova, prof. dr. Malle Krunks ir prof.
dr. Ilona Oja Acik padéjo analizuoti duomenis, bendradarbiavo rengiant publikacijos
rankrastj.

Publikacijy bendraautoriai i§ Latvijos universiteto Kietyjy kiiny fizikos instituto
dr. Raitis Grzibovskis ir dr. Aivars Vembris atliko jonizacijos potencialo ir krivininky
dreifinio judrio matavimus, bendradarbiavo rengiant ir tikrinant rankrastj.

Publikacijos bendraautoris i§ Energijos technologijos instituto prof. dr. Smagul
Karazhanov bendradarbiavo rengiant rankrastj.
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2. LITERATUROS APZVALGA

Prie$ daugiau nei deSimtmetj jvairiy elektroniniy prietaisy gamybos procesuose
dominavo neorganinés medziagos. Taciau jos turéjo keleta truikumy, tokiy kaip
sudétinga medziagy modifikacija ar gryninimas. Todél mokslininkai pradéjo dométis
organinés kilmés mazamolekulinémis medZiagomis remdamiesi tuo, kad jy optinés,
terminés ir fotoelektrinés savybés gali buti lengvai modifikuojamos, 0 gautos
medziagos pritaikytos jvairiy optoelektriniy prietaisy gamyboje. Nuo tada iki dabar
buvo istirta daugybé organiniy puslaidininkiy, kuriuos galima suskirstyti j tris tipus:

e elektronus transportuojancius;
e skyles transportuojancius;
e skyles ir elektronus transportuojancius junginius.

Nagrinéjant literatiirg galima rasti daugybe¢ jvairiy skyles transportuojanciy
medZziagy, kurios turi karbazolo, fluoreno, tiofeno, pirazolo, benztriazolo ir kt.
fragmentus, lemiandius greitg kravininky transportg ir sluoksnio stabilumg. Tokios
medZziagos pritaikomos elektroniniuose prietaisuose, tokiuose kaip organiniai Sviesa
emituojantys diodai. Taip pat sparciai vystomas organiniy puslaidininkiy haudojimas
hibridiniams saulés elementams. Siai sri¢iai taikomy medziagy tyrimai plétojami iKi
Siol, siekiant padidinti jy atsparumg iSoriniams veiksniams ir pagerinti termines bei
fotoelektrines savybes.

2.1. Saulés elementy risys

Saulés celé (SC) — prietaisas, kuris elektrocheminiy procesy metu sugeriamus
saulés spindulius pavercia elektros energija. Pirmasis toks jtaisas buvo sukonstruotas
1954 m., jo nasumas sieké 6 % [7]. Tokias SC sujungus gauti saulés elementai (SE),
kurie naudoti energijai tiekti kosmose esan¢ioms stotims. 1973 m. brangstant naftai
visuomenés susidomejimas SE didéjo, todél prietaisai buvo rekonstruoti ir pritaikyti
naudoti Zemés paviriuje [20]. Sie patobulinimai taip pat sumaZino SE kaing ir
padidino jy nasumga iki 10 % [20]. Siuo metu didZiausias komercializuoto saulés
elemento efektyvumas yra 24,3 % [21], celés — 47,6 % [10]. Silicio SE vis dar
dominuoja saulés energetikos rinkoje, taciau atsiranda ir kity alternatyvy, tokiy kaip
kadmio teltirido (CdTe), CIGS, perovskitiniai, Sb,Ss ir kt. SE, kuriems mokslininkai
skiria daug démesio, nes gamybos pozitiriu jie yra pigesni [22].

Saulés elementai gali buti sukonstruoti i$ jvairiy organinés arba neorganinés
prigimties medziagy. Todél yra sukurta klasifikavimo sistema, kuri SE skirsto j:

1. pirmos kartos SE;

2. antros kartos SE;

3. trecios kartos SE.

Sie prietaisai skiriasi veikliosios medziagos (§viesa absorbuojan¢ios medziagos)
prigimtimi ir naudojamo sluoksnio storiu.

2.1.1.Pirmos kartos saulés elementai

Kaip minéta anksCiau, pirmosios saulés celés efektyvumas sieké 6 %. Per
kelerius metus jis padidéjo iki 15 %. Tuo metu tai buvo labai aukstas SC efektyvumas,
todél atsirado potencialas pastaruosius prietaisus plésti taip gaunant didesnius
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modulius ir sugeneruojant didesnj energijos kiekj. Bégant metams §i technologija
iStobuléjo ir dabar saulés celiy nasumas siekia 27,6 % [23], o elementy — 24,3 % [21].
Tokius rezultatus pasické monokristalinio silicio (Si) prietaisai (1 pav.).
Monokristaliniuose silicio saulés elementuose aktyvusis sluoksnis gaminamas i§
pavieniy silicio kristaly. Gamybos metu silicio kristalai iSpjaunami i§ dideliy dydziy
kristaly luity [24]. Taciau Sig technologija vis tiek riboja rekombinacijos procesai tarp
kontakto ir skyliy transportinés medziagos [25].

Elektrodas

Galinis kontaktas Oksido sluoksnis

1 pav. Monokristalinio silicio saulés elementas [26]

Norint pagaminti didelio efektyvumo elementa, naudojamas labai auksto
grynumo silicis, kurio gamyba uzima daug laiko ir sunaudoja didelj kiekj energijos.
Todél buvo iSvystyta Sios technologijos atSaka, kurioje naudojamas polikristalinis
silicis, t. y. silicis, sudarytas i§ skirtingy kristaly. Tokiam Si gauti naudojamos
paprastesnés technikos. Ta¢iau SC ir elementy efektyvumas yra mazesnis (~20 %)
[26, 27]. Taip pat naudojamas ganétinai storas Si aktyvusis sluoksnis (~350 um) [24].

Sb20x sluoksnis

n-tipo puslaidininkis

polikristalinis
silicis
Aliuminis Galinis kontaktas

2 pav. Polikristalinio silicio saulés elementas [28]

Gamybos metu, kietéjant iSlydytam Si, susidaro jvairios kristalinés strukttiros.
Polikristalinio Si SE yra pigesni uz monokristalinio Si prietaisus, taciau §iuo atveju
kartu su kaina mazéja ir efektyvumas [24].

Pirmos kartos saulés elementai susideda i§ dviejy skirtingy puslaidininkiy
medziagy sluoksniy, legiruoty skirtingais p ir n priedais [29]. n-Si gaunamas tada,
kuomet Si legiruojamas fluoru. p-Si sluoksnis legiruojamas boru. Elektrony pernasa
vyksta dél glaudzios p-silicio ir n-silicio sluoksniy jungties [30].

2.1.2. Antros kartos saulés elementai

] antros kartos SE jeina amorfinio silicio (a-Si) ir plony sluoksniy prietaisai
(kadmio teltrido (CdTe), vario galio indzio diselenido (CIGS) ir kt. SE). Sie jtaisai
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yra ekonomiskesni nei pirmos kartos SE, nes jy aktyvaus sluoksnio storis siekia ~1
um [24].

1975 m. atliekant amorfiniy puslaidininkiy tyrimus, pastebéta, kad o:Si-H lydinj
galima legiruoti priedais. Amorfinio silicio naudojimas sumazino SE konstravimo
metu susidariusiy defekty skaiciy [22, 31]. Amorfinio silicio SE konstrukcija yra
paprasta, jie gali bati gaminami Zzemose temperatiirose, substratams naudojamos
pigios polimerinés ir kitos lanks¢ios medziagos [24]. Sie SE turi pranasumy — i3 jy
galima lengvai gaminti didelius ir skaidrius modulius. Si technologija naudojama ir
kiSeniniuose skaifiuotuvuose, apripinti energija namus, pastatus ar nuotolinius
prietaisus [32].

= 3
(9]
F oll

i-tipo amorfinis silicis

n-tipo amorfinis silicis
Metalo kontaktas

3 pav. Amorfinio silicio SE

CdTe SE gamyba yra pigesné, palyginti su pirmos kartos prietaisais. CdTe
pasizymi gera absorbcija ir cheminiu stabilumu. CdTe sluoksnis dazniausiai yra prie
kadmio sulfido sluoksnio, susidarant p-n sanddrai. Ta¢iau kadmis yra sunkusis
metalas, kuris yra toksiskas aplinkai, kaupiasi zmoniy, gyviny organizmuose ir

augaluose. Tai viena i$ priezasciy, ribojanti CdTe elementy pramoning gamyba [24,
33].

MoO;

CdTe

Cds
SnO,

r & 4 4 4 4 4 2y
Stiklas / FTO 4

4 pav. Kadmio teltirido saulés elementas [34]

Cu(In,Ga)Se, (CIGS) SE pasizymi didele absorbcija ir ilgalaikiu stabilumu.
Taciau absorbuojancios plévelés yra ganétinai brangios, nes In ir Ga laikomi retaisiais
metalais. CIGS pasizymi didesniu efektyvumu (23,6 %) nei CdTe SC (23,1 %) [23].
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CIGS sluoksnj galima padengti jvairiais metodais, tokiais kaip purSkimas, garinimas,
spausdinimas, nusodinimas ir kt.

TCO

CdS
CIGS

Mo

Stiklas

5 pav. CIGS saulés elementas [35]

Prietaisy substratai gali bti sudaryti i§ polimeriniy medziagy, stiklo, plieno,
aliuminio ir kt. CIGS veikimo laikas ilgas [36].

2.1.3. Trecios kartos saulés elementai

Trecios kartos SE pasizymi gana aukstu naSumu, jy gamyba pigi. Jiems yra
priskiriami Sie prietaisai:

1) kvantiniy tasky SE;

2) organiniai SE;

3) polimeriniai SE;

4) dazais sujautrinti SE;

5) perovskitiniai SE;

6) stibio sulfido SE.

Kvantiniai taskai (KT) yra puslaidininkiy nanokristalai, pasizymintys
fluorescencija, todél daznu atveju naudojami biologijoje lasteliy vaizdinimui ar
OLED technologijose [37].

6 pav. Kvantiniy tasky SE [38]

Daleliy dydis siekia 2—12 nm, jis ganétinai paprastai reguliuojamas, taip lengvai
keiciant optines savybes ir elektrinj laiduma [39]. Dazniausiai formuojant KT
naudojamas kadmio selenidas, sulfidas ar teltridas (CdSe [40, 41], CdS [40, 42] ar
CdTe [40, 43]) ir $vino selenidas, sulfidas (PbSe [44-46], PbS [47, 48]). Yra zinoma,
kad vykstant vieno fotono sugérimui, suzadinamas vienas elektronas susidarant vienai
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elektrono ir skylés porai. Kvantiniy tasky atveju, fotono sugérimo metu susidaro dvi
arba trys elektrony ir skyliy poros [24]. KT prietaisai gali bati konstruojami n-i-p ir
p-i-n architektiiros. Kvantiniy tasky SE sudaryti i§ penkiy sluoksniy: SMT ir ETM,
kvantiniy tasky sluoksnio, metalo elektrodo (Au, Ag, Al) ir skaidraus elektrodo (ITO,
PET) [39, 49, 50].

Organinés SC pirmg kartg sukonstruotos 1960 m. ir sieké 0,1 % nasuma [51].
Bégant metams §i technologija tobuléjo. Siuo metu ja galima suskirstyti j tris tipus:
vieno sluoksnio, dviejy sluoksniy ir heterosandiiros OSE [39].

Vienas aktyvusis
» sluoksnis

Aktyvusis sluoksnis

Vo =
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7 pav. Organinio SE sudétis [37, 52]

OSE susideda i§ STM, ETM, aktyvaus sluoksnio ir elektrody [39, 51, 52].
Taciau vieno aktyviojo sluoksnio prietaiso efektyvumas yra gana mazas dél eksitony
rekombinacijos [40]. Dvisluoksnéje SE struktiroje akceptorinis ir donorinis
sluoksniai gali buiti atskiri, taciau prietaisai néra efektyviis dél neefektyvaus
krtvininky atskyrimo [53]. Trio heterosandiiros SE absorbcinis sluoksnis yra donoro
ir akceptoriaus molekuliy misinys. Tiirio heterosandiira palengvina eksitony difuzija
link pavir$iy sandiiros taip pasiekiant didesnj efektyvuma [36, 54].

Aktyviajam sluoksniui gali buti naudojami jvairis porfirino [55, 56],
benztiofeno [57, 58] ir kt. [52] dariniai, kurie atlieka elektrony donoro funkcijg. Kaip
elektrony akceptoriai gali buti naudojami perileny [59, 60], naftaleny [61, 62] ir kt.
dariniai [36, 52]. DidZiausias pasiekto SE naSumas yra 19,2 % [23].

I organiniy SE sudétj galima jtraukti polimerus, kurie puikiai pakei¢ia mazas
organines molekules ir suteikia galimybe¢ sukonstruoti didesnio pavirsiaus ploto SE.
Sios molekulés naudojamos siekiant pagerinti kriivininky transporta ir saulés §viesos
sugertj [39]. Kai kurios polimerinés medziagos pasizymi lankstumu, lengvu
apdirbimu, maza kaina, gera absorbcija, jy savybes galima lengvai keisti
modifikuojant molekuling strukttirg. Dél §iy priezas¢iy mokslininkai pradéjo naudoti
polimerines medziagas saulés celéms konstruoti. Polimerinio SE aktyvusis sluoksnis
sudarytas i§ donoro (polimero) ir akceptoriaus (fulereno ar kt.) miSinio. Prietaisg
sudaro STM, ETM, aktyvusis sluoksnis, metalo elektrodas (Ca, Mg ar Al) ir laidus
oksidas (ITO) [63, 64].
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8 pav. Polimerinio SE struktiira [64-66]

Kaip akceptoriai tokio tipo prietaisuose naudoti perileno dariniai, taciau nebuvo
pasiekiamas aukstas naSumas [59, 67]. Juos pakeitus fulereny dariniais, efektyvumas
padidéjo [64]. Fulereny dariniai pasizymi dideliu elektrony judriu [68]. Taip pat
galima naudoti ir kitas medziagas, pavyzdziui, poli(p-fenilenvinileno) (PPV) [69],
benztiazolo [70-72] ir kt. [73-75] darinius. Donorinei aktyvaus sluoksnio daliai gali
biti naudojami Sie polimerai: PPV dariniai [69], P3HT ir jo dariniai [76-78],
pasizymintys geru skyliy mobilumu ir kt. [64, 74, 79] medZziagos.

Dazais sujautrinty SE (DSSE) pradininkas yra M. Gricelis [80]. Sie prietaisai
sudaryti i§ $viesg sugerian¢io daziklio, ETM, elektrolito ir elektrody [81]. Pradinis
DSSE efektyvumas sieké tik kelis procentus [80], 0 §iuo metu siekia 13 % [10]. Taciau
tam tikri i$Sikiai riboja Sig technologija, pvz., daziklio molekuliy nestabilumas.
Dazniausiai pastarosios suyra esant UV ar IR spinduliuoCiy apsvitai [24, 82].

l’ ITO

Elektrolitas

D —

Platina

e — e —
9 pav. DSSE struktiira [81]

Elektronams transportuoti naudojami metaly oksidai, pvz., TiO; [83, 84]. Tai
stabili, netoksiS$ka medziaga, naudojama kaip baltas pigmentas dazams, danty
pastoms, kremams nuo saulés ir kt. Galima naudoti ir ZnO [85, 86], kuris pasizymi
didesniu elektrony judriu, bet mazesniu stabilumu nei TiO,. SnO, gali buti
naudojamas su dazikliais, kurie turi Zemg LUMO, pvz., perilenais [87, 88].
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Vienas svarbiausiy DSSE komponenty yra daziklis. Jis turi pasizyméti Siomis
charakteristikomis [89]:
1) gera regimosios $viesos ir infraraudonosios spinduliuotés absorbcija;
2) turi turéti inkarines grupes: —COOH, —H,PO3, —-SO3;H ir kt., kad galéty
,»prisikabinti* prie elektronus pernesancio oksido pavirsiaus;
3) daziklis turi baiti optiskai, termiSkai ir elektrochemiskai stabilus.

Remiantis Siomis taisyklémis DSSE naudojami metaly kompleksy [90-92],
porfiriny [93, 94], ftalocianiny [95, 96] ir bemetaliai organiniai dazikliai [89].
Organiniai dazikliai, palyginti su metaly kompleksais, turi pranasumy, tokiy kaip
lengvai kei¢iama molekuliné strukttira ir mazesné kaina [89]. | iy elementy sudétj
taip pat daznai jeina kumarino [97], indolino [98, 99], triarilamino [96, 100],
karbazolo [101-103] ir kt. [97, 98, 104, 105] grupiy dazikliai.

Perovskitas yra junginys, sudarytas is kalcio titano oksido mineralo. Taciau Siai
grupei medziagy priskiriami ir Kiti junginiai, turintys analogiska kristalografing
struktiirg ir bendra ABX; formg. A — organinis / neorganinis katijonas, pvz., cezis
(Cs*), metilamonis (MA*, CHsNHz*) ir formamidis (FA*, CH3CH2NHs*). B — metalo
katijonas, pvz., Sn?* ar Pb?*. X yra halogeno anijonas, pvz., jodidas, bromidas ar
chloridas [39]. Metaly halogenidy perovskitai, sudaryti i§ $vino (Pb?*), metilamonio
(CH3NHgs") ir halogenido anijono, pvz., jodido (I-) arba bromido (Br-), sulauké daug
mokslininky démesio, siekiant pastaruosius pritaikyti SE. Parenkant skirtingus
halogenus galima lengvai keisti draustinés juostos tarpa, pvz., MAPDI; 1,58 eV,
MAPDBYr3; 2,28 eV ir MAPDBCI; 2,88 eV. Perovskitai, turintys jodido fragmenty, pagal
draustinés juostos tarpg yra tinkamiausi SE, ta¢iau jie yra maziausiai stabilds ir sudaro
silpng ry§j su Pb* katijonais. Todél dalis I~ jony kei¢iami Br~ ar CI- anijonais. Tokiu
atveju padidéja draustinés juostos tarpas ir sluoksnio stabilumas [106]. Jeigu
papildomy anijony yra daugiau, sumazéja SE efektyvumas [107]. MA pagrindu
pagaminti perovskitai SE testuoti pirmieji [9]. Ta¢iau MA perovskitai pasizyméjo
mazu krtvininky judriu ir dideliu draustinés juostos tarpu, 0 85 °C temperatiiroje tokie
perovskitai yra lakis [107]. Tada buvo isbandyti FAPbIs perovskitai, kuriy savybés,
tokios kaip kruvininky gyvavimo trukmeé ir difuzijos ilgis, buvo geresnés nei MAPbI;3,
taciau stabilumas nebuvo didelis [108]. Manoma, kad FAPbI; maza stabiluma lemia
didelis FA* jonas [107]. CsPbl; taip pat testuotas SE [109], taciau prietaisai nebuvo
stabiliis. Perovskitas i§ aktyvios juodos formos gali pereiti j geltona, kai tampa
neaktyvus. Siekiant sulétinti geltonos fazés atsiradimg, sukurti dviejy katijony
(MAFA) perovskitai. Taciau juose vis tiek fiksuota geltonos fazés priemaisa. Cs*
katijonus panaudojus MAFA sistemoje, pageréjo pléveliy stabilumas ir prietaiso
nasumas, o juose esancios geltonosios fazés priemaiSos kiekis buvo itin mazas [110].
Sving perovskite galima pakeisti dvivalenéiu stronciu (Sr) [111, 112] alavu (Sn) [113,
114] ir kt. [115-117]. Taciau perovskito sluoksniai nepasiekia tokio gero stabilumo,
kaip silicio saulés elementuose naudojamas silicis. Jrenginiuose aptinkami pavirsiy
defektai, sukuriantys rekombinacinius procesus. Todél mokslininkai toliau iesko
junginiy ar priedy, kuriais biity galima $iuos defektus pasyvuoti [11].

Siuo metu naudojamos 2D arba 3D perovskity struktiiros (10 pav.). (R-
NH3):MXs (R — organinis katijonas, M — metalas) yra dazniausiai sutinkama 2D
strukttiry formulé, o 3D sudarytos i§ RNH3PbXs.
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10 pav. 3D ir 2D perovskitai ir perovskito sudétis [36]

Tokie perovskitai gerai absorbuoja spindulius regimojoje srityje, pasizymi
dideliu eksitony difuzijos ilgiu, didele defekty tolerancija, dideliu kravininky
mobilumu ir kt. [36]. Tobulinant §iuos prietaisus jau pasiektas 27,0 % naSumas [10].
Perovskitiniai SE konstruojami jvairiais sluoksniy dengimo budais: vakuuminio
uzgarinimo [118, 119], purskimo [120, 121] ir kt. metodais [122-124]. Sukamojo
liejimo bidas taip pat taikomas formuojant perovskitines pléveles [39, 125]. Net ir
plonos perovskito plévelés pasizymi gera absorbcija [11]. Tai yra privalumas, nes,
esant ploniems sluoksniams, efektyviau pasiskirsto kravininkai, todél padidéja SE
naSumas. Perovskito kriivininky dreifinis judris yra 1-10 cm?/Vs [11].

Yra kelios galimos Siy elementy architektiros: mezoporiné, plokséia n-i-p,
invertuota p-i-n ir tandeminé. Perovskitinis SE daZniausiai sudarytas i§ perovskitinio
sluoksnio, STM, ETM ir dviejy elektrody (Au, Ag, Al, ITO, FTO). Siekiant
optimizuoti prietaisus, visi sluoksniai modifikuojami kei¢iant skaidruma, morfologija
ar storj [11].

Ploksc¢ia p-i-n
strukttra

Mezoporiné
struktira

Plokscia n-i-p Tandeminé
struktara @ struktara

@ Stiklo pagrindas ® Laidus elektrodas @ETM
® pPerovskitas ®sT™M @ Metalo elektrodas

11 pav. Perovskitiniy SE struktiira [110]

Elektronus transportuojanti medziaga (ETM) reikalinga kriivininkams pernesti
link elektrodo ir skyléms blokuoti. Elektronus pernesancias medziagas galima
suskirstyti ] organines ir neorganines. N-i-p architektiiroje daZniausiai naudojamos
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neorganinés ETM, o p-i-n struktiiroje — organinés [126]. Mezoporinis TiO, yra
neorganinés kilmés ir naudojamas mezoporinése perovskitinése SC [127, 128].
Ploks¢ios struktiiros perovskitiniuose SE dazniausiai naudojami ZnO [129, 130], TiO-
[131, 132], SnO; [133, 134]. Kaip ETM naudojamos organinés kilmés medziagos,
tokios kaip fulereny [135, 136] ar naftaleny [137, 138] dariniai. SE su Siomis
medziagomis pasizymi aukStu naSumu, taciau pastaryjy kaina yra gana didelé, o
tirpumas néra labai geras. Taip pat galima konstruoti perovskitinius SE be ETM,
taCiau tokiu atveju aktyvusis sluoksnis turéty biti labai homogeniskas ir su kuo
maziau defekty [139].

STM paskirtis — pernesti po elektrony suzadinimo likusias skyles link
atitinkamo elektrodo. Siam tikslui yra naudojamos organinés ir neorganinés
medziagos. Cul pasizymi geromis skyliy pernasos savybémis, ta¢iau naudojant jj kaip
STM fiksuoti gana nedideli naSumai dél rekombinacijos nuostoliy [126, 140]. CUSCN
pasizymi geru kruvininky judriu ir terminiu stabilumu, dideliu skaidrumu, geru
tirpumu ir gali biiti naudojamas tiek n-i-p, tiek p-i-n architekttirose [107, 141]. Taciau
tirpikliai, naudojami neorganinéms medziagoms padengti gali istirpinti arba pazeisti
perovskitinj sluoksnj [126]. Organiniai skyles perneSantys junginiai gali buti
suskirstyti j du tipus: polimerines ir mazamolekulines skyles pernesancias medziagas.
Polimerinés medziagos: PEDOT, polikarbazolai, polianilinai, politiofenai.
Dazniausiai p-i-n prietaisuose kaip STM naudojamas organinés prigimties
PEDOT:PSS [142, 143]. Si medziaga pasizymi tinkamu HOMO energetiniu
lygmeniu, geru laidumu, taciau yra gana nestabili. PTAA pasizymi gana aukstu skyliy
judriu (=102 cm?/Vs) bei geresniu stabilumu, lyginant su daugeliu organiniy
molekuliy. PTAA galima naudoti ir n-i-p ir p-i-n architektiros SC [144-146].
Mazamolekuliniams junginiams gali buti priskiriamas Spiro-OMeTAD, daznai
sutinkamas n-i-p struktiiros perovskitiniuose SE. Spiro-OMeTAD oksidacijos laipsnis
néra pakankamas, todél SC nasumai yra nedideli [147, 148]. Kobalto kompleksai
(Co60) ir gelezies trichloridas (FeCls) yra priedai, kurie gali efektyviai oksiduoti
spiro-OMeTAD, taip padidéjant laidumui [149, 150]. Taip pat riigstiniai priedai, tokie
kaip benzilkarboksirtigstis, gali sustiprinti oksidacijos procesa ir sutrumpinti PSE
sengjimo laikg [150, 151]. Naudojami ir kiti priedai, tokie kaip li¢io
bis(trifluormetansulfonil)imidas LiTSFI ir 4-tret-butilpiridinas [152, 153].

Elektrodams naudojamos medZziagos gali biti suskirstytos | metalus, anglies
darinius ir laidZius oksidus [150]. Metalai pasizymi dideliu laidumu ir geba atspindéti
Sviesg. Dazniausiai SE konstruojami su auksu (Au) [154, 155], sidabru (Ag) [156,
157], variu (Cu) [158] ir kt. [159, 160]. Naudojant Ag ir Au galima gauti labai auksta
prietaisy nasuma, taciau laikui bégant perovskitas reaguoja su pastaraisiais metalais ir
aktyvusis sluoksnis yra i§ dalies suardomas [161]. Kiti naudojami metalai yra pigesni
ir stabilesni, taCiau juos naudojant prietaisuose dar nebuvo pasiekta rekordinio
efektyvumo. Anglies elektrodai yra pigis, pasizymi geru laidumu ir cheminiu
stabilumu [161, 162]. Anglies elektrodai gali buti sudaryti i§ laidaus grafito [163,
164], grafeno [165, 166] ar anglies nanovamzdeliy [167, 166]. IndZiu legiruotas alavo
oksidas (ITO) [168, 169], fluoru legiruotas alavo oksidas (FTO) [170, 171], aliuminiu
legiruotas cinko oksidas (AZO) [172], indziu legiruotas cinko oksidas (IZO) [173]
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naudojami kaip skaidriis elektrodai. Laidzius oksidus naudojant kaip abu elektrodus
galima gauti skaidrius prietaisus arba tandemy sandarai tinkamas celes [161, 174].

Siekiant patobulinti DSSE, buvo taikytos jvairios prietaiso modifikacijos. Viena
i§ ju — Sh.S; aktyviojo sluoksnio naudojimas SE konstrukcijoje. Sh,Ss; pasizymi
dideliu absorbcijos koeficientu (prie 450 nm — 1,8x10° cm™) [175]. Sh,Ss
kristalizuojasi kambario temperatiiroje. RySiai, kuriais jungiasi stibis ir siera
dazniausiai yra kovalentinés kilmés [176].

S
© Sb

12 pav. Stibio sulfido kristaliné strukttira [176]

Sb,Ss sluoksniai dazniausiai formuojami cheminio nusodinimo vonioje (angl.
the chemical bath deposition) metodu, cheminés reakcijos metu i§ stibio
trietanolamino ir tioacetamido [19]. Gautos amorfinés plévelés kaitinamos mazdaug
300 °C temperatiiroje tam, kad padidéty kristaliSkumas ir sumazéty draustinés juostos
tarpas [177].

Pirmosios Sh,Ss SC nasumas sieké 5,19 %. Pagal prietaiso architekttira Sb,S3
SE skirstomi j mezoporinius, N-i-p ir p-i-n strukttiros [178].

Au
Spiro-
OMeTAD
Sb,S,
Cds

FTO

13 pav. n-i-p Sb,S; SE [179]

Mezoporiniai prietaisai sudaryti i§ laidaus oksido (TCO), mezoporinio ETM,
aktyvaus, STM ir metalo elektrodo sluoksniy. Ploks¢ios architektiiros prietaisai
sudaryti i§ analogiSky sluoksniy, tik kaip ETM naudojami kompaktiski oksidy
sluoksniai [180]. Elektrodams naudojami Au, Ni, Al arba Ag [176, 181, 182]. Sie SE
iSlieka gana stabilis net po keliy ménesiy. Mokslininkai i8siaiSkino, kad galima
pasiekti tokj auksta stabiluma, jog po 90 dieny nejkapsuliuotos SC praranda tik 0,2 %
nasumo [183].
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Norint sukonstruoti efektyvy prietaisg, reikia tinkamai parinkti jj sudarancias
medziagas. Sb.S3 SE atveju ETM turi pasizymeéti Siomis savybémis:
1) dideliu elektrony mobilumu ir skyliy blokavimu;
2) skaidrumu, kad saulés spinduliai pasiekty absorbuojantj sluoksnj;
3) su aktyviuoju sluoksniu suderinamu energetiniu lygmeniu;
4) vientisy sluoksniy sudarymu.

Siuos kriterijus atitinka TiO,, ZnO, CdS ir SnO, sluoksniai [182]. p-i-n
prietaisuose kaip elektronus transportuojantis sluoksnis (ETS) naudojamas CdS.
Taciau Sivose SE atsiranda daug paviriaus defekty, kurie mazina prietaisy nasumag
[182, 184, 185].

Skyles transportuojancio sluoksnio (STS) reikalavimai [182]:

1) turi blokuoti elektronus ir baiti tinkamo energetinio lygmens;

2) turi gerai pernesti teigiamuosius kravininkus;

3) turi bati atsparus karséiui, deguonies poveikiui, drégmei, UV spinduliuotei ir
kt.;

4) padengus STM aktyvusis sluoksnis turi i§likti nepaZeistas.

Siekiant pasiekti auk$tesnj SE naSumg, STM sluoksnhiai yra apdorojami
legiravimu [186, 187]. Taip pat didesn; efektyvumg galima gauti liejant
tarpsluoksnius [188, 189]. Konstruojant prietaisg svarbu parinkti tinkamg skyles
transportuojanc¢io sluoksnio storj. Mokslininkai jrod¢, kad SE didesniu nasumu
pasizymi tada, kai STM sluoksnis yra plonesnis [13, 190]. Iprastai skyléms
transportuoti liejami CuSCN [186], P3HT [191, 192], spiro-OMeTAD [193, 194]
sluoksniai.

2.2. Saulés elementy veikimo principas

Vykstant fotony sugerciai, aktyvaus sluoksnio elektronai, perSoka j laidumo
juosta, paliekdami tarpelius (skylutes arba teigiamuosius kravininkus) (14 pav.).
Elektronai juda link ETM, skylés link SMT, galiausiai kriivininkai difunduoja link
atitinkamy elektrody [64].

(i) Skyle
()Elektronas
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14 pav. Hibridinio saulés elemento veikimo principas [130]

Jei prie elektrody prijungiama iSoriné granding, kriivininkai i§ ETM keliauja
grandine nuo vieno elektrodo link kito, taip gaunant elektros energija. Kai elektronai
prateka iSorine grandine, susijungia su skylémis elektrodo ir STM sandiiroje [39].
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2.3. Saulés elementy charakteristikos

Trumpojo jungimo srové (lsc) — srové prietaise, fiksuota esant nulinei varzai,
jtampai ir SE apSvitai. Tai reiSkia maksimalig elektros srove, kurig gali sugeneruoti
jrenginys [36, 195].

Didziausia galima jtampa, kurig gali generuoti fotovoltinis elementas, vadinama
atvirosios grandinés jtampa (Voc). Matuojama tada, kai SE sroveé lygi 0 [196].

Sroves ir jtampos kreives taskas, nurodantis didziausig jmanoma staciakampio
plota (Zr. 15 pav.) vadinamas maksimaliu galios taSku (MGT) [36]. MGT fiksuojamas
Vo ir lsc statiniy sankirtoje [195].

Uzpildymo koeficientas (FF) rodo santykj tarp teoriSkai ir praktiSkai gautos
didziausios prietaiso galios [195].

Isc

i L 1 Il 1

15 pav. Saulés elementy charakteristikos [196]

Fotovoltinio elemento efektyvumas (PCE) — tai matmuo, rodantis santykj tarp
sugerty saulés spinduliy ir pagamintos elektros energijos. Efektyvumas priklauso nuo
prietaiso architektiiros, naudojamy medziagy, pastaryjy jautrumo jvairiy bangos ilgiy
Sviesos spinduliams, krintancios Sviesos intensyvumo, darbinés temperatiiros,
pavirsiaus tekstaros ir atspindzio ir kt. [195].

2.4. Organinés skyliy transportinés medZiagos naudojamos perovskitiniuose
saulés elementuose

Perovskitiniy saulés elementy istorija prasideda 2009 m., kai T. Miyasaka su
kolegomis sukonstravo prietaisg perovskito pagrindu, kurio na§umas sieké beveik 4 %
[9]. Taciau tokiame elemente, skyliy pernasai naudoti skysti elektrolitai. Véliau
mokslininkai paseké DSSC pavyzdziu ir perovskitiniy saulés elementy konstrukcijoje
iSbandé spiro-OMeTAD [197]. Tuomet pasiektas 10,9 % nasumas. Tacdiau norint
susintetinti spiro-OMeTAD reikalinga keliy zingsniy sintezé ir agresyviis reagentai
[14]. Nepaisant ilgos 2,2',7,7'-tetrabrom-9,9’-spirobifluoreno fragmento sintezés,
pastarasis taikomas naujy STM gamybai, nes SE nasumo rezultatai btina labai auksti.

Dazniausiai keturios arba astuonios metoksifenilgrupés keiciamos jvairiais
fragmentais. Buchwaldo—Hartwigo reakcijos salygomis keturias minétas grupes
pakeitus fluoreno pakaitais gautas didesnis SE nasumas (22,3 %) ir stabilumas nei su
spiro-OMeTAD (21,3 %) [198].
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1 schema. Spirobifluoreny darinio DM sintezés schema [198]

Taip pat galima metoksifenilgrupes keisti donoriniy atomy turinciais
fragmentais. Prijungus karbazolilpakaitus didéja SE naSumas [199-201], o
dibenzotiofeno chromoforai Siuo atveju efektyvumag sumazina [200]. ST yra
kristaligkesnis, todél, formuojantis sluoksniui, ilgainiui susiformuoja kristalai. Sio
proceso metu sluoksnyje atsiranda tarpeliy, todél yra tikimybé susiformuoti sidabro
jodidui (susijungiant jonams i§ elektrodo ir perovskito), taip sumazéjant prietaiso

stabilumui.
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16 pav. SC, ST ir spiro-OMeTAD struktiiry palyginimas [200]

Metoksifenilgrupes taip pat galima keisti  dibenzofurano  [202],
metoksinaftaleno [203], dimetilamino benzonitrilo [204], fentiazino [205]
fragmentais gaunant didesnius SE efektyvumus.
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Taip pat gera SE naSumg ir / ar stabilumg galima gauti modifikavus
spirobifluoreno centrinj fragmenta donoriniais heteroatomais, tokiais kaip azotas
[206-208], deguonis [209, 210] ir siera [211, 212]. Mokslininkai naudoja ir kit
strategijg — vietoje spirobifluoreno centrinio fragmento renkasi jam artimus darinius.
DazZniausiai tai yra bifluorenilidenilo [213-215] ir bikarbazolilo [216-218]
chromoforai.
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2 schema. KR216 ir 2,7 BCz-OMeTAD sintezés schema [219, 220]

Paprastai tokios medziagos sintetinamos dviejy pakopy sinteze. Pirmiausia
gaunami  centriniai  fragmentai. KR216 atveju  2,2',7,7'-tetrabrom-9,9'-
bifluorenilidenas buvo gautas 2,7-dibrom-9H-fluorenonui reaguojant su Lawessono
reagentu susidarant 9,9'-ilideno (C=C) dvigubajam rysiui. Norint gauti karbazolilo
darinj  tetrabrom-N,N’-bikarbazolg,  2,7-dibromkarbazolas  veikiamas kalio
permanganatu. Tiksliniai puslaidininkiai KR216 ir 2,7BCz-OMeTAD gaunami
Buchwaldo—Hartwigo reakcijos sglygomis sujungiant pirmame etape susintetintus
centrinius fragmentus su 4,4’-dimetoksidifenilaminu.

Sintetinami ir pana$iis dariniai, kai fluoreno ar karbazolo fragmentai yra
atskiriami fenilenziedais ar heterocikliniais junginiais [221-223].

@:355:

17 pav. V859 ir V886 struktiiry palyginimas [222, 224]
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Su Siomis medziagomis sukonstruoty SE naSumas ir stabilumas yra gana
aukstas.

Galima sintetinti ir mazesnes, papras¢iau gaunamas molekules, kuriose yra
fluoreno fragmenty. Gautus tikslinius junginius jdéjus j SE, gaunamas aukstas
efektyvumas ir geras stabilumas. Pavyzdziui, naudojant fluoreng kaip centrinj
fragmenta Suzuki reakcijos sglygomis susintetinta medziaga FH27, kurig panaudojus
saulés elemente pasiektas 22,96 % efektyvumas. Nors prietaisai su spiro-OMeTAD
pasizyméjo Siek tiek aukstesniu nasumu (23,33 %), taciau pastaryjy stabilumas buvo
mazesnis [225].

"0, 0" ko) (o3
Br @.O Br, | Pd(PPhj)s, K,CO4 B @.O )N
O O @ Toluenas/THF, A @ @
B,
%_g FH 27
3 schema. FH27 sintezés schema [225]

Daznu atveju medziagy, kuriose fluorenas naudojamas kaip centrinis
fragmentas, naSumas yra gana aukstas [225-227]. Fluoreny pakaitus taip pat galima
naudoti sintetinant STM, kurios gali polimerizuotis [228, 229]. Tokios medziagos
daznai naudojamos invertuotose struktirose ir joms nereikalingas legiravimas
priedais. Su $iais junginiais sukonstravus SC fiksuojamas aukstas jy efektyvumas.

A
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18 pav. STM, kuriose fluorenas naudojamas kaip Soninis fragmentas [230, 231]

Galima fluoreno fragmentus, kaip ir minéty spirobifluoreny atveju, panaudoti
kaip Soninius chromoforus [230, 232, 233]. Tikétina, kad tokiu atveju padidés
junginio stikléjimo temperatiira. Tokias medziagas naudojant SC, galima gauti didesnj
nasuma, nei naudojant standartu laikoma spiro-OMeTAD [231, 234, 235].

b 8o
©© C125
FMT-M PCE = 16,68 % FMT-D PCE = 19,99 %

19 pav. Alkilgrandinélés ilgio jtaka PCE [236]
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Nagrinéjant alkilgrandinélés jtaka medziagy savybéms, matoma, jog ilgéjant
alkilgrandinélei didéja SC naSumas, kurj lemia padidéjes kruvininky dreifinis judris
[236]. Taip pat zinoma, kad elektronus atitraukiancios grupés gali sustiprinti
sluoksniy sgveika, prisijungti laisvus perovskito pavir§iuje esanc¢ius $vino jonus ir
padidinti kriivininky transporta [237-239]. Siam tikslui galima pritaikyti karbonil-
[240-242] ir cianogrupes [243, 244]. Naudojant fluoreng kaip centrinj fragmenta,
buvo susintetinti junginiai, turintys cianogrupes. Juos panaudojus SE gauti auksti
nasumai [226]. Taip pat buvo atliktas tyrimas, analizuojant cianogrupiy jtaka
medziagy savybéms. Junginiai be ciano fragmenty BTF1 ir BTF2 pasizymi mazesniu
jonizacijos potencialu, kriivininky dreifiniais judriais, kurie lemia prietaiso naSuma,
nei jy analogai su cianogrupémis [245].

Ss Ss

HOER O iy

BTF1: R = -CHj, BTF3: R = -CHy;
BTF2: R = -OCH;. BTF4: R = -OCHj;

20 pav. BTF1-BTF4 struktiirinés formulés [245]

Sias medziagas (be legiravimo) jterpus j n-i-p tipo prietaisus, buvo pasiektas
aukstesnis naSumas, nei naudojant spiro-OMeTAD. p-i-n prietaisuose tik SE su BTF4
pasizymgjo didesniu naSumu nei prietaisas su standartu PEDOT:PSS.

1 lentelé. Saulés elementy naSumo rezultatai naudojant puslaidininkius BTF1-BTF4

Junginio Nr. | NaSumas, %
n-i-p
BTF1 9,97
BTF2 10,45
BTF3 16,34
BTF4 18,03
Spiro-OMeTAD 9,33
p-i-n
BTF1 11,19
BTF2 11,96
BTF3 15,09
BTF4 17,01
PEDOT:PSS 16,42

Taip pat buvo sukonstruoti n-i-p prietaisai su karbonilgrupes turinéiais
junginiais, kurie pasizymi didesniu efektyvumu ir stabilumu nei SE su legiruotu spiro-
OMeTAD [246]. Minétos naujos medziagos gautos trijy zingsniy sinteze ir naudotos
prietaisuose be priedy. Tyrinéti puslaidininkiai skiriasi alkilgrandinélés ilgiu. Tiek
jonizacijos potencialai, tiek skyliy judriai yra labai pana$ts. Terminés savybés taip
pat yra beveik vienodos. Taciau didziausiu naSumu pasizyméjo SE, kurioje yra
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trumpiausia alkilgrandinéle turintis junginys BTTI-C6. Tokie rezultatai gaunami dél
geresnés sluoksnio morfologinés biisenos.
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BTTI-C6: R = -CgH3; PCE = 19,69 %;
BTTI-C8: R = -CgH,7; PCE = 18,89 %;
BTTI-C12: R = -C4,H,5; PCE = 17,49 %;
Spiro-OMeTAD PCE = 18,21 %.

THF, A

4 schema. BTTI dariniy sintezés schema [246]

Karbazolo fragmentai taip pat daznai taikomi STM sintezei. [prastai karbazoly
klasés junginiy sintezé blina ganétinai pigi ir paprasta, o patj karbazolo fragmenta
galima jvairiai modifikuoti, taip keiCiant tiksliniy produkty savybes. Karbazolg ar jo
darinius galima naudoti kaip centrinj fragmenta, o tikslinius junginius naudojant SE
fiksuojamas aukstas jy efektyvumas [247, 248]. Pavyzdziui, panaudojus medziaga
TC-36, turincig karbazolo centrinj fragmenta buvo pasiektas aukstesnis SC naSumas
ir didesnis stabilumas, nei naudojant spiro-OMeTAD [249].
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TC-36 PCE = 22,86 %;
Spiro-OMeTAD PCE = 21,77 %;

21 pav. TC-36 strukturiné formulé [249]

Taip pat auk$ty SE nasumo rezultaty galima pasiekti naudojant medziagas,
kuriose karbazolilai yra molekulés periferinéje dalyje [199, 250, 251]. Kai kuriais
atvejais nepavyksta pasiekti prietaisy, kuriuose naudojamas spiro-OMeTAD,
efektyvumo. Taciau optimizuojant tirpaly, naudojamy STS liejimui, koncentracijas
galima pasiekti labai panasiy rezultaty. Pavyzdziui, naudojant vieno Zingsnio sinteze
gauta medziaga SFXDAnCBZ SE struktiiroje pasiektas 20,87 % naSumas. Sluoksniui
lieti naudoto tirpalo koncentracija — 28,57 mg/ml. Didinant arba maZzinant
koncentracija, SE naSumas mazéja. Prietaisai su spiro-OMeTAD pasiekia 21,13 %
efektyvuma, taciau naudojama minéto junginio tirpalo koncentracija yra 85,8 mg/ml.
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Nors prietaisy efektyvumai skiriasi maziau nei 1 %, SE konstruoti sunaudoty STM
kiekis skiriasi mazdaug tris kartus [210].

~o o~

@ e

Yo, @ @ "“‘°‘L°:s:;‘:'3“’3’°©N N~ ¢,
‘;—@'NN@WOQ_ O o O _@-o\

/o o\

SFXDANCBZ
5 schema. SFXDAnCBZ sintezés schema [210]

Karbazoly fragmentus turinéius junginius galima naudoti ir be priedy [220,
252]. Dazniausiai tokiu atveju SC naSumas sumazéja, taciau jis buna didesnis nei
prietaisy su nelegiruotu spiro-OMeTAD [220, 253].

N

Q

/N\
3,6-N PCE = 16,12 %;
Spiro-OMeTAD PCE = 12,74 %;

22 pav. 3,6-N struktiiriné formulé [253]

Karbazolilpakaitai daznai naudojami zvaigzdés formos dariniams sintetinti.
Karbazolo fragmentas ar jo dariniai gali biiti molekulés centre [254-256] arba Sonuose
[257, 258].

0 ©

~o

Io—@'" @, N'@N 9, N_©‘°\
S

% &

O~
SGT-405(3,6) PCE = 19,31 %;
Spiro-OMeTAD PCE = 18,97 %.

23 pav. SGT-405(3,6) strukturiné formulé [259]

)
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Daznu atveju Sias medZiagas naudojant SC, gaunamas aukstas naSumas ir geras
stabilumas. Pavyzdziui, karbazolilus naudojant kaip Soninius pakaitus, fiksuotas
didesnis prietaiso nasumas, nei naudojant spiro-OMeTAD [259].

24 % SE efektyvumas fiksuotas panaudojus karbazolo darinj kaip centrinj
fragmenta. Tiksliniai junginiai gauti 7 pakopy sinteze. Taip pat publikacijoje
apzvelgiama alkilgrandinélés padéties jtaka tieck medziagy, tiek prietaisy savybéms.
Kriivininky dreifinis judris padidéja tiesiogiai prie karbazolo azoto jungiantis ilgai
alkilgrandinélei. Tikétina, kad dél Sios priezasties fiksuojamas ir didesnis SE
efektyvumas. Taip pat TBPC-611 pasiZymi aukstesne stikléjimo temperatiira [260].

NaH, RI
DMF, tkamb.
(o]
ANH NH,
cl NaH, RI cl Hel ¢l
— —_—
DMF, tyamb. Etilenglikolis, 90 °C
OH o [0
*R, R,

Pd(OAc),,
DPEPhos,
NaOtBu
Pd .
(OACc),, [(t-Bu);PH]BF,, Toluenas, A
) K,CO,
HN bz N,N-dimetilacetamidas, 130 °C
N R.
N 2

NaH, CH;l | DMF/THF, tyamp.

TBPC-116: Ry = -CH3; R, = -CgHy3;
TBPC-611: Ry = -CgHy3; R, = -CH.
TBPC-116 PCE = 22,8 %;

, TBPC-611 PCE = 24,2 %
Spiro-OMeTAD PCE = 23,0 %.

6 schema. TBPC junginiy sintezés schema [260]

Yra zinoma, jog perovskitas taip pat gali pernesti skyles, todél galima konstruoti
prietaisus be STM [261-263]. Taciau SC naSumai yra mazesni. Tikétina, kad Siuo
atveju geresniy rezultaty buty galima pasiekti optimizuojant perovskitinio sluoksnio
kokybe ir ETM/perovskito pavirsiy sasaja [126].
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2.5. Skyles transportuojanc¢ios medZiagos stibio chalkogenidy saulés
elementams

Kita intensyviai tiriama naujos kartos saulés elementy riiSis yra stibio
chalkogenidy saulés elementai. Pritaikius puslaidininkines medziagas, tokias kaip
PbS, CdS, CdSe, CdTe, In;Ss, CuzxS ir CulnS; §viesg absorbuojanéiam sluoksniui
saulés elementuose, stibio chalkogenidai iSsiskyré pasiekdami bemaz geriausius
rezultatus. Vienoje i§ pirmyjy publikacijy aprasyto Sh,Ssz saulés elemento, kuriame
kaip skyliy transportiné medZziaga panaudotas neorganinis junginys CuSCN,
efektyvumas buvo 3,37 % [264]. Naudojant jvairius priedus su $ia STM pavyko
pasiekti 5,66 % prietaisy efektyvuma [265]. Tac¢iau stibio chalkogenidy saulés
elementy su neorganinémis STM triikumas — mazas prietaisy uzpildymo koeficientas.

Vienas pirmyjy bandymy padidinti FF, naudojant alternatyvius organinius
STM, buvo atliktas Moon su kolegomis [266]. Jie pasiilé perovskitiniuose saulés
elementuose gerai zinoma spiro-OMeTAD, kuris su priedais pasizymi gana aukstu
krivininky dreifiniu judriu, taip pat Sios molekulés energetiniai lygmenys yra
palankis teigiamiesiems kriivininkams sékmingai keliauti link elektrodo. Naudojant
Sig medziagg kaip STM pasiektas mazamolekuliniams junginiams priskiriamas Sb»Ss3
saulés elemento rekordas — 8,0 % [267], 0 Sb2(S, Se)s SE efektyvumas su §ia medziaga
siekia 10,7 % [268].

Junginiai, gebantys suformuoti monosluoksnius, gali buti taikomi ne tik
perovskitiniy, bet ir stibio sulfido saulés elementy konstrukcijoje [269]. Sh.Ss
prietaisuose skyles transportuojanéio spiro-OMeTAD sluoksnis buvo apdorotas
sluoksnj formuojanciu MeO-2PACz. Tokiu biidu pasiektas 8,06 % efektyvumas, o be
papildomo apdorojimo — 7,13 %.

24 pav. MeO-2PACz struktiiriné formulé

Manoma, kad monosluoksnis geriau padengia Sb,Ss pavirsiy, taip sumazéjant
efektyvumo nuostoliams. Taéiau tolesni tyrimai parodé, kad priedai, naudojami spiro-
OMeTAD kriivininky judriui pagerinti, labai kenkia prietaisy stabilumui. D¢l Sios
priezasties pradétos tyrinéti polimerinés medziagos. Polimeriné skyles
transportuojanti medziaga, kodiniu pavadinimu P3HT, pasizymi aukstu skyliy
dreifiniu judriu, siekian¢iu 0,1 cm?/Vs.

CeHis
I

S
n

25 pav. Poli(3-heksiltiofen-2,5-diilas) (P3HT)

Sis polimeras gerai tirpsta ir yra termiskai atsparus. P3HT savo struktiiroje turi
heteroatoma, kuris gali sgveikauti su stibiu, geréjant skyles transportuojancio ir
elektromagneting spinduliuote absorbuojancio stibio chalkogenido pavirSiy sgveikai.
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Taciau jo absorbcijos spektras regimojoje srityje i§ dalies sutampa su aktyviojo
sluoksnio absorbcijos spektru, sumazéjant stibio chalkogenido sugeriamy $viesos
fotony skaiciui. Iki $iol naudojant §ig medziaga kaip STM Sb,Ses saulés elementuose
buvo pasiektas 7,44 % efektyvumas [270].

Taip pat stibio chalkogenidy prietaisuose naudojami ir kiti polimerai, turintys
tiofeno fragmentus, tokie kaip PCPDTBT, su kuriuo saulés elementy nasumas buvo
beveik 8,6 % [271], PTB7-th—5,7 % [272], PCDTBT — 5,11 % [273]. Sios medziagos
gaunamos keliy pakopy sinteze [274-276], kai kuriais atvejais Zemose temperatiirose
[277], o komerciskai prieinamy junginiy kaina didelé [278-281]. Todél vyksta
pigesniy, stabilios amorfinés biisenos ir ,,parazitine” absorbcija nepasizyminciy
medziagy paieska, kurios efektyviai veikty kaip STS ir galéty biiti pritaikytos stibio
chalkogenidy SE. Remiantis minéty polimery pavyzdziu, trijy Zingsniy sinteze buvo
susintetintas ditienpirolo centrinj fragmenta turintis darinys DTPThMe-ThTPA su
spiro-OMeTAD molekuléje sutinkamais metoksifenilpakaitais [282].

S S~
N . N
Cu, CSZCO n-BuLi, SnBu;ClI
\ 7 \X/ TovLL, 9PV (W)
('_S—z_‘) +\(‘_’7/ Acetonitrilas Is S‘ THF Bussn’@—@‘SnB%
o}

&
é? b R Oy,
@ @ Pd(PPhy),, Toluenas, 115 °C

7 schema. DTPThMe-ThTPA sintezés schema [282]

Gauto tikslinio junginio stikléjimo temperatiira buvo beveik 120 °C, terminio
stabilumo temperatiira didesné nei 400 °C , o skyliy dreifinis judris sieké
1,67x1073 cm?/Vs. Sig medziaga panaudojus kaip STM Sb(S,Se)s saulés elementuose
pasiektas 9,69 % efektyvumas, kuris yra didesnis nei prietaiso su spiro-OMeTAD (8,9
%). Tikétina, kad didesnis efektyvumas buvo gautas dél didesnio skyliy judrio ir
sieros atomy sgveikos su stibiu, sumazéjant nuostoliams.

C,H; C2Hs
C4Hqg
R
Q.
Br S, Br + N Pd(PPhs),, K,CO3
—_—
@ Toluenas/THF
oBo
C,Hs C.oHe 7
T-BDT: R=H
F-BDT: R=F

8 schema. T-BDT ir F-BDT sintezés schema [283]
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Pasitelkiant panasy strukttrinj molekulés modelj, Suzuki reakcijos salygomis
susintetinti junginiai T-BDT ir F-BDT, molekulés centre turintys benzoditiofeno
fragmentus [283]. Istyrus gauty medziagy savybes nustatyta, kad jos yra amorfinés
bisenos, o krivininky dreifiniai judriai yra didesni nei spiro-OMeTAD ( F-BDT —
1,32x1073 cm?/Vs, T-BDT —9,40x10°* cm?/Vs, spiro-OMeTAD — 7,84x1074 cm?/V/s).
Elementas su medziaga, turincia elektrony akceptoring grupe, pasizyméjo didziausiu
nasumu — 9,13 %, o prietaisas su junginiu T-BDT pasieké 8,24 %. Manoma, kad
didesnis naSumas buvo pasiektas dél fluoro atomo, kuris, kaip ir tiofenai, sgveikauja
su nekoordinuotais Sbh®" jonais, geréjant pavirsiy sukibimui.

Geri rezultatai, pasiekti su spiro-OMeTAD, paskatino mokslininkus tyrinéti ir
kitas molekules, turin¢ias standy centrinj fragmenta. Ftalocianiny dariniai pasizymi
aukstu skyliy judriu [284], geru terminiu ir cheminiu stabilumu, todél jie yra tinkami
testuoti stibio chalkogenidy saulés elementuose. H. Guo ir kt. paskelbé keturiy
paprastai sintetinamy ftalocianiny dariniy [284, 285] naudojimg kaip STM Sby(S,Se)s
prietaisuose [286]. Naudojant bemetalj ftalocianing buvo pasiektas auks¢iausias SE
nasumas (8,42 %) ir didesnis stabilumas nei su standartu spiro-OMeTAD (8,28 %).

e M ﬁfm %
Py R P

CoPc ZnPc CuPc
R = OCH,(CH,)gCH3

\,O\l
\,:\l

26 pav. Ftalocianino dariniy struktiirinés formulés [286]

Pasitelkiant Suzuki reakcijos salygas, naudojant {4-[bis(4-
metoksifenil)amino]fenil}borono riigstj, 1,4-dibromnaftalena /5,8-dibromchinoling
/ 5,8-dibromizochinoling ir paladzio katalizatoriy, susintetinti trys nauji chinolino
dariniai, molekulés periferijoje turintys 4,4'-dimetoksitrifenilamino chromoforus

[287] .
0. X
B T e @6

B,
Q0 \ NP -OMeTPA: X= —CH 4

7N QL-OMeTPA: X=N, Y=CH;
i-QL-OMeTPA: X=CH, Y=N.

9 schema. Chinolino dariniy sintezés schema [287]

Sias medziagas panaudojus kaip STM saulés elementuose pasiektas didesnis
nasumas nei su etalonu spiro-OMeTAD (NP-OMeTPA — 5,35 %, QL-OMeTPA —
5,61 %, i-QL-OMeTPA — 4,35 %, spiro-OMeTAD — 5,26 %). Lyginant NP-OMeTPA
ir QL-OMeTPA matoma, kad SE su medziaga, turinéia piridino fragmenta, pasizymi
didesniu efektyvumu. Tikétina, kad heteroatomas sgveikauja su nekoordinuotu Sb3*
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jonu, taip atsirandant geresniam pavir$iy sukibimui. Taciau prietaisy su i-QL-
OMeTPA nasumas yra mazesnis, galbiit dél maZesnio kriivininky dreifinio judrio.
Taip pat saulés elementai, j kuriy sudét] jeina medziagos su piridino fragmentu,
pasizymi didesniu ilgalaikiu stabilumu.

KTU Organinés chemijos katedroje buvo susintetintos enaminy klasés
medziagos, gautos kondensacijos metodu i§ 2,7-diamino fluoreno ir 2,2-bis(4-
metoksifenil)acetaldehido. Nors SE su naujomis medziagomis ir nepasieké rekordinio
nasumo, taciau prietaiso su enaminu V1236 nasumas buvo didesnis (3,9 %) nei su
gerai i§tirtu P3HT (3,7 %) [13]. Sis rezultatas buvo pagerintas (4,3 %) tikslinio STM
centriniame fluoreno fragmente esant trumpesnéms alkilgrupéms (V1235) [288].

‘ " ° é6 <
s D-er 6oy %.QO 2 o

L N
Kamparo-10-sulfonrigstis, O =

THF, A i O
1 1 0 O.
o. l \ O
O RBr, BTEAC,
0 50 % NaOH,q)
O - " DMSO, tiamp.
O *BTEAC - benziltrietilamonio

& V1235: R= —C3H7 &  chloridas
O \1236: R= —Cyyy.

10 schema. V1235 ir V1236 sintezés schema [13, 288]

Svarbu paminéti, kad STM, skirty stibio chalkogenidy saulés elementams, néra
labai daug. Matoma, jog tinkamai parinkus junginius skyliy transportiniams
sluoksniams formuoti galima padidinti prietaiso efektyvuma. Kaip minéta ankséiau,
Sb chalkogenido sluoksnis pasizymi dideliu stabilumu, todél Sios medziagos pagrindu
pagaminti prietaisai yra labai perspektyviis ir jy tyrinéjimas bei tobulinimas yra labai
aktualus.

2.6. Literatiirinés apZvalgos apibendrinimas

Atsinaujinantys energijos Saltiniai kasmet vis labiau populiar¢ja. 2024 m.
daugiau nei tre¢dalis Lietuvoje suvartotos energijos pagaminta saulés ir véjo
elektrinémis [289]. Yra Zinoma, jog komerciskai prieinamy saulés elementy
efektyvumas siekia mazdaug 21-22 % efektyvumu. Mokslininkai siekia nasuma
padidinti keisdami SE konstrukcijas arba naudodami naujas medziagas jau zinomiems
prietaisams. Stibio sulfido saulés celés pasiZymi geru aktyviojo sluoksnio patvarumu.
Tikétina, kad tinkamai parinktos medziagos ir jy liejimo metodai galéty padidinti SE
nasuma. Perovskitiniai saulés elementai laikomi vienais perspektyviausiy prietaisy,
kurie galéty dideliu naSumu generuoti elektros energija. Taciau $iuo metu pastarieji
elementai néra labai stabilts. Taip nutinka dél paties perovskito defekty. Dar viena
stabilumo mazé&jimo priezaséiy yra Kkristalizuotis galinCios spiro-OMeTAD
medziagos naudojimas, kuriai kristalizuojantis STM sluoksnyje susidaro tarpeliai,
todél perovskitas ir elektrodas kontaktuoja tiesiogiai, reaguojant laisvai
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migruojantiems jonams ir uzterSiant elektrodo pavirSiy. Taip pat spiro-OMeTAD
kravininky dreifinis judris néra didelis, todél reikalingi legirantai, laidumui pagerinti
ir skyliy dreifiniam judriui paspartinti. Dél §iy priezas¢iy mokslininkai ieSko spiro-
OMeTAD alternatyvy, kurios ne tik pasizyméty dideliu kriivininky judriu, bet ir biity
morfologiskai stabilios. Pries tai aptartos medziagos, turinios fluorenil-, karbazolil-,
akceptoriniy pakaity, pasiZymi geromis fotoelektrinémis ir terminémis savybémis,
todé¢l Siy medziagy tyrimai yra aktualts. Tikétina, jog naudojant Siuos fragmentus
kartu ar atskirai galima susintetinti labai perspektyvius puslaidininkius, kurie gali bati
panaudoti kaip STM hibridiniams saulés elementams.
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3. PUBLIKACLJU APZVALGA

Norint, kad naujos kartos saulés elementai biity tinkami ilgalaikiam paprasto
vartotojo naudojimui ir konkuruoty su komerciniais silicio saulés elementais, reikia
uztikrinti jy ilgaamziskumg, auks$ta naSumg ir konkurencingg kaing. Tai galima
padaryti parinkus tinkamas medZiagas celéms konstruoti. Zinoma, kad STM yra labai
svarbi saulés elemento sudétiné dalis, galinti pagerinti jo savybes. Kei¢iant STM
molekulés struktiirg, varijuojant jvairiomis funkcinémis grupémis galima labai
padidinti prietaiso na§uma ir (ar) ilgaamziskuma. Siuo metu geriausias perovskitiniy
saulés elementy efektyvumas fiksuojami kaip STM naudojant spiro-OMeTAD.
Taciau $io junginio sintezé yra gana sudétinga, iSeiga néra didelé ir pasitaiko atvejuy,
kuomet Sis junginys susikristalizuoja saulés elemente, atsirandant tarpeliams, dél
kuriy nevyksta efektyvi krivininky pernasa. Todél mokslininkai ieSko stabilesniy ir
pigesniy Sios medziagos alternatyvy, iSlaikant panasSy prietaisy efektyvuma.

3.1. Skyles transportuojancios medZiagos, molekulés centre turincios
fluorenilchromoforus, efektyviems perovskitiniams saulés elementams

Siame skyriuje nagrinéjami nauji fluoreno klasés junginiai, remiantis publikuotu
straipsniu: Solar RRL, 2022, 6, 2100990, A. Jegorové, C. Momblona, M.
Daskeviciene, A. Magomedov, R. Degutyte, A. M. Asiri, V. Jankauskas, A. A. Sutanto,
H. Kanda, K. Brooks, N. Klipfel, M. N. Nazeerudin, V. Getautis [290]; cituota 11
karty.

Kaip minéta ankséiau, spiro-OMeTAD sintezé yra gana sudétinga, tikslinis
junginys yra kristalinés busenos, todél atsiranda rizika pastarojo sluoksniui
susikristalizuoti saulés elemente, atsirandant efektyvumo nuostoliams. Todél manyta,
kad medziagos kristaliskuma galima sumazinti didinant puslaidininkio molekule ir
modifikuojant ja alkilfunkcinémis grupémis. Kadangi karbazolo dariniai yra vieni
populiariausiy bei pigiausiy STM sintezei naudojamy fragmenty, buvo nuspresta
susintetinti spiro-OMeTAD analogus, kuriuose 4-metoksifenilchromoforai kei¢iami
9-etilkarbazolilais, tikintis, kad jie pagerins morfologines ir fotoelektrines tiksliniy
junginiy savybes. Taip pat buvo sintetinami jy ,,pusiniai“ analogai, siekiant
iSsiaiskinti, ar fluorenilo centrinj fragmenta turintys junginiai perovskitiniuose SE
veiks taip pat efektyviai kaip ir spirobifluoreny klasés junginiai.

H
O oS O
/ XPhos, Pd(OAc),, H,0, N
N

aOtBu, 1,4-dioksanas, 110 °C S
Br 1 (70 %)

ﬂ
. ST
A A

NH,
YO\ o

XPhos, Pd(OAc),, H,0,
NaOtBu, 1,4-dioksanas, 110 °C

2 (87 %)

11 schema. 9-etil-N-(4-metoksifenil)-9H-karbazol-3-amino (1) ir bis(9-etil-9H-
karbazol-3-il)amino (2) sintezé
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Sioje publikacijoje nagrinéjama aStuoniy naujy fluoreno dariniy sintezé,
savybés ir jy pritaikymas perovskitiniuose saulés elementuose. Pirmiausia,
Buchwaldo—Hartwigo amininimo reakcijos salygomis, naudojant Pd katalizatoriy,
buvo susintetinti aminai 1 ir 2, turintys 9-etilkarbazolilchromoforus (11 schema).

Naujas spiro-OMeTAD analogas STML1, turintis spirobifluoreno centrinj
fragmenta, Sonines 4-metoksifenil- ir alkilkarbazolilgrupes, buvo susintetintas
Buchwaldo—Hartwigo kopuliavimo reakcijos salygomis, sujungiant 2,2°,7,7°-
tetrabrom-9,9°-spirobi-(9H-fluoreng) su antriniu aminu 1, naudojant paladZio acetata
(Pd(OAC)2) kaip katalizatoriy (4 schema). Vietoj amino 1 panaudojus bis(9-etil-9H-
karbazol-3-il)aming (2), buvo susintetintas spiro-OMeTAD analogas STM2, turintis
tik 9-etilkarbazolilchromoforus periferin¢je STM molekulés dalyje (12 schema).

s~
R
\ O‘O 5 Pd(OAc),, NaOtBu, O O

N~
l-_||_ Br I [(t-Bu),PHBF, R~ O‘O N-R
)N Br. 0.0 Br Toluenas, A R- 0.0 N=R
SMT1:R=--©—0/ : (28 %) Q g S @

4

r4

=<9
=<

STM2: R= (25 %) STM1, STM2
N
S

12 schema. Spiro-OMeTAD analogy STML1 ir STM2 sintezé

Buchwaldo—Hartwigo reakcijos salygomis 9-alkil-2,7-dibromfluoreng veikiant
pirmiau minétais antriniais aminais 1 ir 2 buvo susintetinti ,,pusiniai* spiro-OMeTAD
analogai STM3-STMS, turintys du ir keturis karbazolilchromoforus periferinéje
STM molekulés dalyje, o centre — 9-padétyje jvairius alkilpakaitus turintj
fluorenilchromofora (13 schema).

N '
HN-R N N
“ Pd(OAc),, NaOtBu,
OO n BrB, [(¢-Bu);PH]BF, N 0.0 N,
R'°R' Toluenas, A R R
A Y R R
STM3-STMS: R= --{T)~0' : STM3, STM6: R'= —CHj; (43 %, 44 %)
N STM4, STM7: R'= —CH,CH,CHs; (54 %, 23 %)
STM6-STM8: R= .—' ) STMS5, STM8: R'= —CH,CH(C,Hs)CHy(CHy),CHs. (55 %, 51%)
N
A

13 schema. ,,Pusiniy“ spiro-OMeTAD analogy SMT3-STMS sintezé

Norint  jvertinti, kaip/ar keiCiasi konjuguotos z-elektrony sistemos
susintetintuose STM, buvo uzradyti ultravioletinés—regimosios $viesos (UV-RS) ir
fluorescencijos (FL) spektrai. Gauti rezultatai pateikiami 2 lenteléje ir 27, 28 pav. I$
gauty rezultaty matoma, kad mazesnés medziagos — ,,pusiniai” spiro-OMeTAD
analogai pasizymi maZesnio intensyvumo absorbcijos smailémis nei jy
spirobifluoreny klasés analogai. Taip pat lyginant STM1 bei STM3-STM5 ir
analogiSskai STM2 bei STM6-STM8 néra matomy ryskiy absorbcijos maksimumy

44



ver¢iy poslinkiy. Tai jrodo, kad skirtingas skaifius 4-metoksifenil- ir (ar)
karbazolilchromofory nepaveikia naujy skyliy transportiniy medziagy konjugacijos.
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27 pav. THF tirpaly UV-RS absorbcijos spektrai (linijos) ir normalizuoti
fluorescencijos spektrai (punktyrinés linijos): a) STM1 ir STM3-STMS; b) STM2
ir STM6-STMS8 (UV—RS ¢ = 10 mol/l, FL ¢ = 10-° mol/l)
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28 pav. STM1, STM2 ir spiro-OMeTAD THF tirpaly UV-RS absorbcijos spektrai
(linijos) ir normalizuoti fluorescencijos spektrai (punktyrinés linijos) (UV-RS ¢ =
10~ mol/l, FL ¢ = 1075 mol/l)

Lyginant spirobifluoreny klasés junginius tarpusavyje, matoma, kad STM1 ir
STM2 absorbcijos spektrai vizualiai panasiis j Spiro-OMeTAD. Pastebimi tik mazi
pakitimai, kuriuos lemia metoksifenilpakaity pakeitimas karbazolilchromoforais.
Didéjant karbazolilpakaity skaiciui molekuléje intensyvéja absorbcijos maksimumai
(hiperchrominis efektas). Nagrinéjant fluorescencijos spektrus, pastebimas
batochrominis poslinkis (spiro-OMeTAD — 417 nm, STM1 — 435 nm, STM2 — 453
nm) galimai sukeltas didelio energijy skirtumo tarp nesuzadintos ir suzadintos
molekuliy biiseny.

Gauti tiksliniai junginiai saulés elementuose naudojami plony pléveliy pavidalu.
Vienas pigiausiy ir papras¢iausiy biidy suformuoti medziagos plévele yra sukamojo
liejimo metodas. Taciau ne visada pavyksta gauti vientisas pléveles. Tam, kad
medziagy plévelés biity homogeniskos, tiksliniai junginiai turi biiti termiskai patvartis
ir turéti aukstg stiklé¢jimo temperattira.
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Naujy STM masés nuostoliai, esant aukStoms temperatiroms, nustatyti
termogravimetrinés analizés metodu (TGA). Tiksliniy puslaidininkiy stikléjimo
temperatiiros nustatytos diferencinés skenuojamosios kalorimetrijos metodu (DSK).
Gauti duomenys pateikti 2 lenteléje.

2 lentelé. Terminés, optinés ir fotofizikinés naujy junginiy savybés

i ao 0 b Mo, cm?/Vs,
Junginys Ts.2, °C Tsx, °C Aabs® nm Ip, eV (Eo = 0 V/cm)
9,9'-spirobifluoreno fragmenta turincios medZiagos

Spiro-
OMeTAD 124 449 237,303, 5,0 4,1x10°°
[291] 367, 387
STM1 169 438 240, 303, 377 5,28 5,6x1075¢
242,291, -4c
STM2 139 512 315, 382 4,90 3,6x10
Fluoreno fragmentg turin¢ios medziagos su 4-metoksifenil- ir
karbazolilchromoforais
STM3 147 452 240, 301, 376 4,93 3,9x10*
STM4 133 441 240, 303, 377 4,95 3,9x10
STM5 77 401 240, 305, 375 5,02 2,9x10°°
Fluoreno fragmenta turin¢ios medZiagos su karbazolilchromoforais
241, 292, -5¢
STM6 196 490 312, 380 4,85 3,6x10
242, 297, -5¢
STM7 183 461 312, 380 4,85 1,2x10
242, 295, -5¢
STM8 127 515 315, 382 4,96 3x10

aStikléjimo temperatiiros fiksuotos diferencinés skenuojamosios kalorimetrijos
antrojo kaitinimo metu; "UV-RS spektruose fiksuoti absorbcijos maksimumy
poslinkiai (THF, ¢ = 104 mol/l); ‘medziagy kruvininky dreifinis judris, apskai¢iuotas
ekstrapoliuojant matavimy kompozicijose (1:1) su polikarbonatu Z (PC-Z), rezultatus.

Visi nauji junginiai 5 % masés praranda juos kaitinant aukstesnéje nei 400 °C
temperatiiroje. Toks atsparumas aukStoms temperatiiroms yra didelis privalumas, nes
veikdamas saulés elementas gali jkaisti iki ~60 °C [292]. Lyginant Siame darbe
susintetinty spirobifluoreny klasés junginiy ir literatiiroje pateiktus spiro-OMeTAD
TGA tyrimo rezultatus, galima teigti, kad keturiy 4-metoksifenilgrupiy pakeitimas
karbazolo fragmentais Siek tiek sumazina T (Spiro-OMeTAD —449 °C [291], STM1
—438 °C). Idomu, jog visy 4-metoksifenilchromofory pakeitimas karbazolilpakaitais,
labai didina junginiy terminj atsparuma (STM2 — 512 °C).

Naujos fluoreny klasés medziagos, turinCios du karbazolo fragmentus
molekuléje, 5 % masés praranda 401-452 °C diapazone. Maziausia terminio
atsparumo temperatiira uZzfiksuota junginio STMS5, turincio dvi Sakotas
alkilgrandinéles centriniame fluoreno fragmente.

STM, turincios keturis karbazolilchromoforus molekuléje, 5 % masés praranda
aukstesniy temperatiiry diapazone (461-515 °C). Siy medZiagy atveju pastebimas ir
kitas jdomus efektas — medziaga STMS8, turinti Sakotus alkilpakaitus, pasizymi
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auk§Ciausia terminio atsparumo temperatiira. Galbiit, esant didesnei molekulinei
masei, vyksta stipresné saveika tarp junginio molekuliy, susidarant ganétinai
tvarkingam erdviniam i$sidéstymui, lemianciam padidéjusia 5 % masés nuostoliy
temperatura.

Lyginant spirobifluoreny klasés medziagy ir spiro-OMeTAD stikl¢jimo
temperatiiras matomas Ts padidéjimas, didéjant molekulinei masei (spiro-
OMeTAD - 124 °C [291], STML1 — 169 °C), taciau iki tam tikros ribos (STM2 —
139 °C). Nagrinéjant ,,pusinius® spiro-OMeTAD analogus matoma, jog, ilgéjant
alkilgrandinélei centriniame molekulés fragmente, stikléjimo temperatiiry skaitiné
verté mazéja (STM3 — 147 °C, STM4 — 133 °C, STM5 — 77 °C ir STM6 — 196 °C,
STM7 — 183 °C, STM8 — 127 °C). Lyginant junginiy, turin¢iy 4-metoksifenil- ir
karbazolilchromoforus (STM3-STMD), ir medziagy, turinéiy tik karbazolilpakaitus
(STM6-STMB8) T duomenis matoma, kad maZesnés molekulés pasizymi ~50 °C
mazesne stikl¢jimo temperatiira. Toks efektas pastebimas dél mazesnio molekulés
simetriSkumo, kuris lemia netvarkinga erdvinj strukttry i$sidéstyma. Maziausia Ts.
uzfiksuota junginio STM5 (Ts. — 77 °C). Tikeétina, kad tokia stikléjimo temperatiira
yra per Zzema norint panaudoti §ig medziaga saulés elementuose. Visy kity naujy STM
stikléjimo temperatiiros yra aukstesnés nei 100 °C, todél jos tinkamos naudoti saulés
elementuose, nes Ty yra gerokai didesné uz prietaiso darbing temperatiira.

Svarbu paminéti, kad visy naujy junginiy DSK tyrimo metu kristaly i§silydymo
procesa reiskiantys endoterminiai virsmai neuzfiksuoti. I$ gauty rezultaty galima
spresti, jog medziagos yra tik amorfinés buisenos. Tokiu atveju, formuojant junginiy
pléveles, galima gauti homogeniskus sluoksnius, kurie ilgainiui nekeis morfologinés
buisenos.

Norint i$siaiSkinti, ar gauti tiksliniai junginiai yra energetiskai suderinami su
perovskito ir elektrodo sluoksniais, buvo atlikti elektrony fotoemisijos ore matavimai,
nustatant jonizacijos potencialy (lp) vertes. Gauti rezultatai pateikiami 2 lenteléje.
Lyginant spirobifluoreny klasés medziagy |, skaitines vertes, matoma, kad karbazolo
fragmentai molekuléje sumazina jonizacijos potencialg (spiro-OMeTAD - 5,0 eV,
STM1 — 4,83 eV). Manoma, jog vertés pokytis vyksta deél to, kad karbazolo
fragmentai  lengviau  oksiduojasi. Taciau  molekuléje esant  daugiau
karbazolilchromofory, pastebimas prieSingas efektas — jonizacijos potencialas Siek
tiek padidéja (STM2—4,9 eV). Siuo atveju dél dideliy pakaity gausos galbiit pléveléje
molekulés yra labai suvarzytos ir karbazolilpakaity i$sidéstymas yra netvarkingas,
kas lemia nezymy |, padidéjima.

Sugretinus fluoreny klasés junginiy rezultatus akivaizdu, kad alkilgrandinélés
ilgis didina jonizacijos potencialus (STM3 — 4,93 eV, STM4 —4,95 eV, STM5 - 5,02
eV irSTM6 -4,85eV,STM7—-4,85eV, STM8 —4,96 eV). Tikétina, kad toks efektas
vyksta dél tam tikro molekuliy erdvinio iSsidéstymo. Didesnis karbazolilchromofory
kiekis molekuléje sumazina I, dél lengvesnés jy oksidacijos. Visgi visy susintetinty
STM oksidacijos potencialai yra suderinami su SC naudojamo perovskito energiniais
lygmenimis.

Kriivininky dreifinis judris x4 taip pat labai svarbus saulés elementy veikimui.
Manoma, kad egzistuoja koreliacija tarp kriivininky kryptingo judéjimo greicio ir
saulés elemento efektyvumo, t. y. kuo didesnis greitis, tuo daugiau elementas
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sugeneruoja elektros energijos. Dalies gryny medziagy nepavyko pamatuoti, todél jos
maiSytos su PC-Z. Gautos skaitinés vertés perskaiciuotos ekstrapoliuojant duomenis,
taip apskaiCiuojant junginiy krGvininky dreifinio judrio rezultatus (2 lentelé).
Akivaizdu, kad ilgesnés alkilgrandinélés centriniame fluoreno fragmente sumazina
kritvininky judrj. Galbut judrumas mazé¢ja dél didesniy atstumy tarp molekuliy
ilgéjant alkilgrandinéléms ir (ar) dél nepalankaus i$sidéstymo erdve¢je. Tikétina, jog
deél analogiskos priezasties kriivininky dreifinj judrj mazina ir karbazolilchromoforai
STM struktiiroje. Taciau spirobifluoreny klasés junginiams stebimas atvirkstinis
efektas — visus Soninius fragmentus pakeitus karbazolilchromoforais, Kryptingas
kravininky judris padidéja. Remiantis gautais rezultatais galima teigti, kad naujy STM
krivininky dreifinis judris yra tinkamas, norint S$ias medZziagas panaudoti
perovskitiniuose SE.

Atlikus terminius ir fotoelektrinius tyrimus bei jsitikinus, kad susintetinti nauji
junginiai gali biiti panaudoti perovskitiniuose saulés elementuose, buvo sukonstruoti
n-i-p struktiros SE. Geriausiy prietaisy rezultatai pateikiami 29 paveiksle ir
3 lenteléje. Buvo sukonstruoti Sios struktiiros saulés elementai: FTO /¢c-TiO, / m-
Ti02 / SnO, / perovskitas [(FAPb|3)0,87(|\/|APbBI’3)o,13]o,92(CSPb|3)oyog /[ STM / Au.
Teigiamuosius kriivininkus pernesanti medziaga naudota kartu su 4-tret-butilpiridinu
(tBP), li¢io bis(trifluormetansulfonil)imidu (LiTFSI) ir tri[2-(1H-pirazol-1-il)-4-tret-
(butilpiridin)]kobalto tris[bis(trifluormetilsulfonil)]imidas (CoTFSI, FK209).
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29 pav. Geriausiy saulés elementy J—V kreivés ir stabilumo tyrimas, kaip STM
naudojant: a), d) spiro-OMeTAD, STM1 ir STM2; b), e) STM3-STMS; c), f)
STM6-STMS. Stabilumo tyrimas atliktas nejkapsuliuojant prietaisy, N> aplinkoje,
25°C

Lyginant spirobifluoreny klasés junginius (spiro-OMeTAD analogus) matoma,
kad kei¢iant 4-metoksifenilpakaitus karbazolilchromoforais, saulés elementy
efektyvumas mazéja. Tikétina, kad atvirosios grandinés jtampos (Voc) nuosmuki
sukelia didesné rekombinacija, dél perovskito/STM pavirSiy sandiroje esaniy
tarpeliy ar netolygumy. Nepaisant to, sukonstruoti SE siekia 17,6 % (STM1) ir 18,3 %
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(STM2) efektyvumus, nedaug atsilickan¢ius nuo kontrolinio prietaiso su Spiro-
OMeTAD (20,1 %). Saulés elementai, kuriuose kaip STM naudoti susintetinti
»pusiniai“ spiro-OMeTAD analogai, pasizymi Siek tiek mazesniu nasumu. Didesnis
efektyvumas pasiektas naudojant medziagas, turinéias keturis karbazolilchromoforus.
Pagal 3 lenteléje pateiktus duomenis galima teigti, kad, prietaisuose naudojant STM,
turin¢ias karbazolil- ir 4-metoksifenilpakaitus, elementy efektyvumas siekia 16 %.
Manoma, kad mazesnj nasuma lemia blogesné perovskito/STM pavirsiy saveika. Kaip
minéta ankséiau, 4-metoksifenil- ir karbazolilchromoforus turin¢ios STM (STM3-
STM5) pasizymi mazesniu simetriSkumu nei jy analogai, turintys tik
karbazolilpakaitus (STM6-STMS).

3 lentelé. Saulés celiy naSumo parametrai, gauti i§ J—V kreiviy

Junginio Nr. Voe, MV Jsc, MA -cm? FF POCA)E’
9,9'-spirobifluoreno fragmenta turincios STM
Spiro-OMeTAD 1108 23,60 0,77 20,1
STM1 1000 22,32 0,79 17,6
STM2 1059 23,41 0,74 18,3
Fluoreno fragmentg turindios STM su 4-metoksifenil- ir karbazolilchromoforais
STM3 1014 22,80 0,68 15,7
STM4 992 22,89 0,69 15,7
STM5 987 22,35 0,73 16,1
Fluoreno fragmenta turin¢ios STM su karbazolilchromoforais

STM6 1034 23,37 0,71 17,2
STM7 1045 23,32 0,73 17,8
STM8 1048 23,35 0,74 18,1

Galbit, liejant sluoksnius, metoksibenzeno ir karbazolo fragmentus turinéios
STM molekulés issidésto erdvéje toli viena nuo kitos, taip veikiant perovskito/STM
sandiiros pavirSiaus morfologija, sumazinant kriivininky dreifinj judrj ir suaktyvinant
pavirsiy sandiroje vykstancius rekombinacijos procesus [293]. Alkilgrandinélés ilgis
beveik nepaveikia trumpojo jungimo srovés tankio, kurio skaitinés vertés yra bemaz
vienodos 22,4-22,8 mA cm2, elementuose naudojant STM3-STM5 ir 22,3 mA cm2,
naudojant STM6-STMS kaip STM.

Neijkapsuliuoty sukonstruoty prietaisy stabilumas tirtas N> aplinkoje, 25 °C
temperatiroje (29 pav., d—f). Lyginant spiro-OMeTAD ir jo analogy rezultatus galima
teigti, kad saulés elemento stabilumas mazéja didéjant STM molekulei. Per 450
prietaiso veikimo valandy maksimalus spiro-OMeTAD nasumas i§ 100 % nukrenta
iki 85 %, STM1 —81 % ir STM2 — 69 %. Panasi tendencija stebima ,,pusiniy* Spiro-
OMeTAD analogy, turiniy tik karbazolilchromoforus, atveju — ilgéjant
alkilgrandiné¢lei SE efektyvumas mazéja (STM6 — 86 %, STM7 — 81 % ir STM8 —
67 %). Nurodytomis sglygomis testuojant SE, kuriy sudétyje yra STM, turinéiy 4-
metoksifenil- ir karbazolilpakaitus (STM3-STM5), efektyvumas beveik nekito.

Taigi perovskitiniai SE, kuriuose panaudoti nauji organiniai puslaidininkiai,
efektyvumu Siek tiek nusileidzia prietaisams, kuriuose naudojamas etalonas spiro-
OMeTAD. Tacdiau akivaizdu, jog fluorenil- centrinj fragmenta bei 4-metoksifenil- ir
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karbazolilpakaitus molekulés periferinéje dalyje turin¢ios medziagos (STM3-STM5)
uztikrina puiky sukonstruoty prietaisy stabiluma.

3.2. Bipoliniai kriivius transportuojantys fluoreno dariniai

Remiantis publikuotu straipsniu RSC Adv., 2024, 14, 2975, A. Jegorove, M.
Daskeviciene, K. Kantminiene, V. Jankauskas, R. J. C’epas, A. Gruodis, V. Getautis ir
K. Genevicius [294] (cituota 1 kartg) Siame skyriuje apraSomi donorinius ir
akceptorinius fragmentus turintys bei abiejy zenkly kriivininkus transportuojantys
fluoreno dariniai.

Zinant, kad bipolinés medziagos gali sgveikauti su perovskito sluoksniu, taip
sumazinant rekombinacijos procesus $iy sluoksniy sandiiroje ir gerinant saulés
elementy naSumag bei stabilumg [241, 242], buvo nusprgsta pirmiau pristatytus
fluoreno fragmenta molekulés centre turin¢ius junginius modifikuoti, susintetinant
kriivininkus  transportuojancias medziagas, turinCias tiek donorinius, tiek
akceptorinius chromoforus molekulés periferingje dalyje. Publikacijoje aprasomi $esi
bipoliniai kriivius transportuojantys fluoreno dariniai.

Pirmiausia susintetinti tiksliniy junginiy Soniniai fragmentai, turintys
karbazolil- ir antrachinono-/9H-fluorenono chromoforus (14 schema).

o)
Pd(OAc),, XPhos,

NaOtBu, H,0 o
/ 1,4-dioksanas, A - ‘O "

3 (63%)
UO NH

k(l \ Pd(OAc)z XPhos,
NaOtBu, H,0 . ‘1'

1,4-dioksanas, A
°4 (65 %)
14 schema. Tarpiniy Soniniy fragmenty 3 ir 4 sintezé

3-brom-9-(2-etilheksil)karbazolui Buchwaldo—Hartwigo metodikos salygomis
reaguojant su 2-aminoantrachinonu bei 2-amino-9H-fluorenonu, buvo gauti aminai 3
ir 4, turintys tiek elektrondonoriniy, tiek elektronakceptoriniy savybiy chromofory.
Bipoliniai fluoreno dariniai STM9 ir STM10, turintys 9,9-dialkil-9H-fluoreno
centrinj fragmenta bei Sonines alkilkarbazolilo / antrachinono grupes, buvo
susintetinti Buchwaldo—Hartwigo kopuliavimo reakcijos salygomis, sujungiant 2,7-
dibrom-9,9-dimetil-9H-fluoreng ir 2,7-dibrom-9,9-di(2-etilheksil)-9H-fluoreng su
aminu 3, naudojant Pd(OAc). kaip katalizatoriy (15 schema). Vietoj amino 3
panaudojus 2-{[9-(2-etilheksil)-9H-karbazol-3-ilJamino}-9H-fluoren-9-ona (4), buvo
susintetinti fluoreno dariniai STM11 ir STM12, turintys tiek donorinius 9-
alkilkarbazolil-, tiek akceptorinius 9H-fluorenilchromoforus periferinégje STM
molekulés dalyje. Siekiant sustiprinti S§iy junginiy akceptorines savybes, jie
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Knoevenagelio kondensacijos reakcijos salygomis buvo veikiami malono nitrilu,
i§skiriant atitinkamus bipolinius fluoreno darinius STM13 ir STM14 (15 schema).
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[(t-Bu)3PH]BF,,
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Pd(OAc),, NaOtBu, STM10: R=—CH3; . (83 %)
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STM11: R=— CH,CH(C,H5)CH,(CH,),CHy ; (75 %) STM13: R=— CH,CH(C,Hs)CH,(CH,),CH3 ; (70 %)
STM12: R=—CHj3 . (66 %) STM14: R=—CHjs . (57 %)
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15 schema. Bipoliniy fluoreno dariniy STM9-STM14 sintezé

Tolesniame Sio darbo etape buvo istirtos tiksliniy bipoliniy junginiy terminés
savybeés. I§ gauty duomeny matoma, kad bipoliniai junginiai 5 % savo masés praranda
esant aukstesnei nei 400 °C temperatarai (4 lentelé ir 30 pav.).
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50
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Temperatara, °C

30 pav. Bipoliniy fluoreno dariniy TGA kreivés

Kaip ir tikétasi, ilgas ir Sakotas alkilgrandinéles keiCiant metilgrupémis
medziagos masés nuostoliai vyksta auksStesnése temperatiirose (STM9 — 428 °C,
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STM10 - 464 °C). Karbonilgrupes kei¢iant nitrilogrupémis, vyksta atvirkstinis
efektas (STM11 — 423 °C, STM13 — 406 °C).

Taip pat buvo uzfiksuotos naujy bipoliniy medziagy stikléjimo temperatiros
(4 lentelé ir 31 pav., a, b). Analizuojant gautas DSK kreives matoma, kad daugelio
junginiy stikléjimo temperattiros yra didesnés nei 100 °C.

a) b)
8‘ —— STM9 R X
) 5 —— sTM13
w —— STM10 O  eTM14
STM1L

—— STM12

112°C
\/_//
\ 161°C
\‘{’/

_— 133°C

0 25 50 75 100 125 150 175 200 225 250 275300 0 25 50 75 100 125 150 175 200 225 250 275 300
Temperatira, °C Temperatdra, °C

31 pav. Naujy bipoliniy junginiy DSK kreivés: a) turin¢iy karbonilgrupes (STM9—
STM12); b) turinciy cianopakaitus (STM13 ir STM14)

Junginiai, turintys metilpakaitus molekulése, pasizymi aukstesnémis stikléjimo
temperatiiromis nei jy analogai, turintys ilgus ir Sakotus alkilfragmentus (STM10 —
153 °C, STM12 — 133 °C, STM14 — 161 °C ir STM9 — 109 °C, STM11 — 92 °C,
STM13 — 112 °C). Taip pat pastebéta, jog fluorenono fragmentai mazina Ts. Taciau
atvirk$tinis efektas fiksuojamas ketogrupes keiCiant nitrilogrupémis. Jokie
endoterminiai virsmai DSK kreivése nebuvo uzfiksuoti, todél galima teigti, jog visos
tikslinés bipolinés medziagos yra tik amorfinés buisenos. Dél Sios savybés tikétina, jog
pavyks gauti geros kokybés puslaidininkiy sluoksnius.

a) b)
4
14x10 ——STM9 STM11 £ 1,07 = —— STM9 STM11
> c
1.2x10% 16x10° T —— STM10 —— STM12 209 i 025 —— STM10 —— STM12
' 1,4x10° STM13 & 0.8 5] —— STM13
" T —— STM14 2 £ 0,20 —— STM14
1,0x10 _ 12x0 G074 S,
- g 1,0x10° § L0415
5 8,0x10° 8,0x102 = 0,6 8
s £56,0x10° 20,5 @ 0.10
.5 6,0x10° 4,0x10? g 0,4 'S‘ 0,05
2,0x10? ° =
4.0a0° XO 0 5 %% go,oo 500 600 700 800 900
" 500 600 700 800 900 = S o T
. Bangos lgis A, nm g 0,24 4 Bangos ilgis A, nm
2,0x10 S04
0,0 T T T T T T 0,0
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32 pav. Bipoliniy fluoreno dariniy UV-RS spektrai: a) THF tirpaly (c = 10 mol/l);
b) sluoksniy
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Norint jvertinti junginiy optines savybes, atlikti medZiagy tirpaly (THF, ¢ = 10~
mol/l) ir plony sluoksniy UV-RS matavimai (4 lentelé ir 32 pav.). Tiriant tirpaly
absorbcijg fiksuojamos maziausiai trys absorbcijos smailés. Taip pat galima pastebéti,
kad medziagy, kurios skiriasi alkilgrandinéliy ilgiu, spektry forma yra labai panasi.
Tai lemia, jog sociosios alkilgrandinélés beveik nepaveikia molekuliy z-elektrony
konjugacijos. Visy naujy junginiy tirpalai pasizymi intensyviais t—n* absorbcijos
maksimumais intervale 270-450 nm, kurie perdengia mazo intensyvumo n—m*
elektrony peréjimo smailes, jprastai fiksuojamas ties 400 nm. Regimojoje srityje
fiksuojamos karbonilgrupes turin¢iy STM9-STM12 (450—650 nm) ir nitrilinius
pakaitus turinéiy STM13 ir STM14 (550-900 nm) puslaidininkiy absorbcijos
maksimumai, priskiriami donoro-akceptoriaus krivio pernasai [295].

4 lentelé. Bipoliniy fluoreno dariniy terminés, optinés ir fotoelektrinés savybés

c d
Junginys  Ts? °C -[,Sé Aabs®, nmM Ip, eV élr?”n Ssz/S é‘r‘; 92'7'{/5
STM9 109 428 311, 355, 512 5,18 2,6x107  4,6x107°
STM10 153 464 311, 352, 514 521 1,4x107  1,1x10°°
STM11 92 423 378, 534 5,02 3,9x1077 -
STM12 133 485 377,537 5,02 92x1078 -
STM13 112 406 337, 346, 760 5,18 1,2x107  1,0x10°8
STM14 161 417 337, 750 5,16 2,8x10°8  35%x107°

aStikléjimo temperatiros, fiksuotos diferencinés skenuojamosios kalorimetrijos
antrojo kaitinimo metu; "UV-RS spektruose fiksuoti absorbcijos maksimumy
poslinkiai i§ sluoksniy; ‘teigiamyjy krtvininky dreifinis judris silpnuose laukuose;
delektrony dreifinis judris silpnuose laukuose.

Lyginant medziagas, turindias dvi (STM11, STM12) ir keturias (STM9,
STM10) karbonilgrupes, akivaizdu, kad papildoma elektrony donoriné grupé
paveikia konjuguotg sistema, paslinkdama absorbcijos smailes hipsochromiskai,
taiau stebima intensyvesné sugertis ties 510 nm. Dél stipresniy cianogrupiy
akceptoriniy savybiy regimojoje srityje fiksuojamos absorbcijos smailés slenkasi ]
ilgesniy bangy puse.

Lyginant tirpaly ir pléveliy spektrus matomas nezymus absorbcijos smailiy
poslinkis j ilgesniy bangy puse (~3 nm) (32 pav.), taciau alkilgrandinéliy ilgio ir
akceptoriniy grupiy tendencijos iSlicka panasios. Junginiai su daugiau karbonilgrupiy
(STMQ ir STM10) pasizymi intensyvesne absorbcija ties 510 nm, o junginiams su
cianopakaitais regimojoje srityje fiksuojamas batochrominis absorbcijos maksimumy
poslinkis. Taip pat buvo tirta ir tiksliniy junginiy tirpaly (¢ = 10° mol/l) bei jy
sluoksniy fluorescencija (FL), taciau emisija nefiksuota.

Siekiant iSsiai$kinti naujy medziagy HOMO energetinius lygmenis, elektrony
fotoemisijos ore (PESA) metodu nustatytos jonizacijos potencialo (l,) vertés i§ plony
pléveliy (4 lentelé ir 33 pav.). Medziagos, turinCios antrachinono fragmentus
molekuléje pasizymi didZiausiomis I, vertémis (STM9 5,18 eV, STM10 - 5,21 eV).
Kaip ir tikétasi, ilgesni ir Sakoti alkilpakaitai 9-oje fluoreno padétyje jonizacijos
potencialui jtakos beveik neturi. Lyginant tarpusavyje bipolinius fluoreno junginius,
turincius karbonilgrupes, fiksuojamas I, vertés sumazéjimas, molekuléje esant maziau
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elektrony akceptoriniy grupiy (STM9 — 5,18 eV, STM10 - 5,21 eV ir STM11 — 5,02
eV, STM12 -5,02 eV). Taciau ketogrupes keiciant stipresniais elektrony akceptoriais
—nitrilogrupémis, jonizacijos potencialai padidéja (STM11 —-5,02 eV, STM12 - 5,02
eV ir STM13 — 5,18 eV, STM14 — 5,16 eV). Taigi galima teigti, kad akceptoriniy
grupiy skaiciaus didinimas ir $iy savybiy stiprinimas didina Ip.

a) b)

250
[ = STM9(I,=5,18 eV) [ = SMT13(|,=5,18 eV)

400 - = STMI0 (1,=5,21 eV)

0oL ® STM14 (1,=516 eV)
STM11 (1,=5,02 eV) i
= 300 = STM12 (1,=502 eV) £ 150
E g
57200 ©7 100

100 |

%44 46 48 50 52 54 56 58 60 62 64 010 42 4.4 46 4.8 50 5,2 54 5,6 58 6,0 62 6.4
hv, eV hv. eV
33 pav. Elektrony fotoemisijos ore spektrai: a) junginiy, turin€iy karbonilgrupes
(STM9-STM12); b) junginiy, turinciy cianopakaitus (STM13 ir STM14)

Zinant, kad susintetinti fluoreno dariniai turi tiek elektrony donoriniy, tiek
akceptoriniy grupiy, galima tikétis, jog jos gali transportuoti abiejy zenkly
kriivininkus. Dél Sios priezasties kserografinio laiko Iékio (XTOF) metodu buvo
jvertinti $iy junginiy kravininky judriai (4 lentelé ir 34 pav.). Junginiuose, turin¢iuose
9-fluorenono chromoforus (STM11 ir STM12), elektrony judéjimas nebuvo
uzfiksuotas, fiksuota tik teigiamyjy kravininky pernaSa. Ketogrupe keiciant
stipresnémis akceptorinémis savybémis pasizyminéiu ciano fragmentu ir didinant
akceptoriniy pakaity skai¢iy molekulgje, fiksuojama ir elektrony pernasa. IS gauty
rezultaty matoma, kad medZziagos, turin¢ios antrachinono (STM9 ir STM10) bei
dicianofluorenilideno (STM13 ir STM14) fragmentus, pasizymi tiek teigiamyjy, tiek
neigiamyjy kriivininky pernasa.

a)lo'2 : . . . . . b)10'3 . —
* STM9 skylés * STM13 skylés
10° re  STM10 skylés 104 L° STM14 skylés
104 1° STM11 skylés
" STM12 skylés »10®°
S10° <
£ -6
S10° 510
< %
107 107
10° + STM9 elektronai E 10° 4 STM13 elektronai 3
o ‘ ‘ __* STM10 elektronai . + STM14 elektronai
1070200 400 600 800 1000 1200 1a00 1074 200 400 800 800 1000 1i20C
EY?, (Viem)*? EY2, (Vicm)Y?

34 pav. Kravininky dreifinio judrio priklausomybé nuo elektrinio lauko stiprio

Lyginant rezultatus tarpusavyje matoma, kad skyliy judris yra mazdaug viena
eile didesnis nei elektrony kryptingas judéjimas (STM9 — po syt = 2,6x10~7 cm?/Vs ir
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STM9 — o eiek. = 4,6x107° cm?/Vs, STM10 — po skyi. = 1,4x1077 cm?/Vs ir STM10 —
o elek. = 1,1><1079 cmst, STM13 — Mo skyl. = 1,2><1077 cm?/Vs ir STM13 — Ho elek. =
1,0x1078 cm?/Vs, STM14 — po siyi. = 2,8x1078 cm?/Vs ir STM14 — poerex. = 3,5%107°
cm?/\/s). Tlgesnés ir $akotos sociosios alkilgrandinélés nezymiai padidina teigiamyjy
kriivininky dreifinj judrj, bet mazina neigiamyjy kravininky pernesg. Atvirkstine
tendencija stebima ketogrupe keiCiant cianogrupe — elektrony dreifinis judris
padidéja, taciau kryptingas skyliy judéjimas yra létesnis.

Visi susintetinti bipoliniai fluoreno dariniai pasizymi puikiomis terminémis
savybémis. 5 % masés jie praranda aukstesnéje nei 400 °C temperatiiroje. Stikléjimo
temperatiiros atitinka STM keliamus reikalavimus. Jonizacijos potencialai taip pat yra
tinkami, norint §iuos bipolinius fluoreno darinius panaudoti SE gamybai. Daugelis
iy dariniy pasizymi abiejy zenkly kriivininky pernasa. Taciau fiksuotas skyliy
dreifinis judris siekia tik 107 ¢cm?/Vs silpnuose elektriniuose laukuose, todél Sios
medZiagos nebuvo pritaikytos perovskitiniams saulés elementams konstruoti.

3.3. Skyles transportuojantys Sakoti fluorenilideno dariniai perovskitiniams
saulés elementams

Remiantis publikuotu straipsniu Chem. Mater., 2023, 35, 5914-5923, A.
Jegorove, J. Xia, M. Steponaitis, M. Daskeviciene, V. Jankauskas, A. Gruodis, E.
Kamarauskas, T. Malinauskas, K. Rakstys, K. A. Alamry, V. Getautis ir M. K.
Nazeeruddin [296]; (cituota 7 kartus) Siame skyriuje aprasytos fluorenilideno
fragmentus turincios skyles transportuojancios medziagos.

Perovskitiniai saulés elementai tobulinami jau daugiau nei deSimtmetj, ta¢iau
kaip minéta anks¢iau, STM etalonu vis dar naudojamas ne itin stabilus ir brangus
spiro-OMeTAD. Pastebéta, jog, pritaikant panasy molekulés dizaing galima pasiekti
gana gery rezultaty tiek nasumo, tiek stabilumo srityje [297, 298]. Yra dvi pagrindinés
strategijos, kaip gauti panasius junginius j spiro-OMeTAD: 1) kaip centrinj fragmenta
naudoti spirobifluorena, pakeiCiant Soninius 4-metoksifenilchromoforus (pirmoji
aptarta publikacija) [198, 203]; 2) pakeisti centrinj spirobifluoreno fragmentg kitais
chromoforais, paliekant 4,4'-dimetoksidifenilaminus molekulés periferijoje arba
tinkamai parenkant kitus Soninius fragmentus [219, 247].

Br Br

40% NaOHq),

(n- Bu)4N Br _
B"Br Toluenas, 25 °C O O O
?/ Br ?) Br
10 (52 %)

16 schema. Tarpinio junginio 10 sintezé

Pirmoji strategija atrodé patikimesné, paprastesné ir sékmingesné, norint
pasiekti auksta prietaisy naSuma. Taciau antrasis metodas taip pat tapo populiarus, nes
taip galima gauti pigesnius ir stabilesnius tikslinius junginius. I§ pirmoje publikacijoje
aptarty tyrimy galima matyti, kad tinkamas skai¢ius karbazolilchromofory kai kuriais
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atvejais padidina prietaisy stabilumg, todél kaip Soninius fragmentus nusprgsta
naudoti 9-etil-N-(4-metoksifenil)-9H-karbazol-3-aming. Norint, jog medZiaga buty
panasi ] spiro-OMeTAD, | molekulés ,centring dalj“ yra jterpti
fluorenilidenilchromoforai, sujungti jvairiais aromatiniais pakaitais.

N r

Br Br N l :’ o\ /0‘( :! N“ N
O @ i Pd(OAc),, NaOtBu, O O

[ )= q =] + @q [(t-Bu);PH]BF, _ _
Toluenas,’A O’ a %

STM15: Q="-¢5y.- ; (64 %)

N
@" : (59 %) STM18: Q= , .(52%)
STM17: Q="© ; (59 %) ' A

Br

Br: @.@ Br Br s

7,8

Br
(Der H
QeI oy N S RS
‘:Q*- q Toluenas, A @ Q 0~ N
O N

STM19: Q=~©‘ (38 %) STM20: Q=©%‘)©- (53 %) N\©Lo

STM19, STM20
17 schema. Sakotos struktiros fluorenilideno dariniy STM15-STM20 sintezé

Visos susintetintos tikslinés medziagos gali biiti padalintos | dvi grupes:
molekulés, turin¢ios du fluorenilideno fragmentus, ir junginiai, kuriy struktrose yra
po tris fluorenilidenilchromoforus (16 schema). Tarpinés medziagos 5-10 buvo
susintetintos Knoevenagelio kondensacijos reakcijos toluene metu, naudojant 40 %
NaOH tirpala ir tarpfazinj katalizatoriy tetrabutilamonio bromida. Kadangi junginius
5-9 kiti tyréjai jau yra apraS¢ savo moksliniuose darbuose, 16 schemoje pateikiama
tik naujo karbazolo darinio sintezé: 9-(2-etilheksil)karbazol-3,6-dikarboksialdehidas
minétomis salygomis reaguoja su dviem 2,7-dibrom-9H-fluoreno ekvivalentais,
i§skiriant tarpinj junginj 10. Tiksliniai produktai STM15-STM20 gauti tarpinius
junginius 5-10, paladzio katalizuojamos kryzminio jungimosi reakcijos metu
sujungiant su 9-etil-N-(4-metoksifenil)-9H-karbazol-3-aminu (17 schema).

Siekiant nustatyti tiksliniy Sakotos strukttiros junginiy terminj ir morfologinj
stabiluma, buvo atlikti medziagy TGA ir DSK tyrimai (5 lentelé ir 35 pav.).
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35 pav. Tiksliniy junginiy TGA kreivés

I$ gauty TGA duomeny matoma, kad visi junginiai 5 % masés praranda esant
aukstesnei nei 440 °C temperatirai. Taip pat pastebima, kad, molekuléje esant
daugiau fluorenilidenilpakaity, Ts« nezymiai padidéja.

T 190 °C

I ey
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___232°C
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36 pav. Tiksliniy medziagy DSK antrojo kaitinimo kreivés

Naujy medziagy stikléjimo temperatiiros iSsidésciusios 190-232 °C intervale ir
yra aukstesnés nei etalono spiro-OMeTAD [291]. Lyginant visus junginius
tarpusavyje, galima jzvelgti tam tikrus désningumus. Tiofeno centrinj fragmenta
pakeitus fenil- ar karbazolilchromoforais, Ty padidéja (5 lentelé ir 36 pav.). Siems
chromoforams susijungus per fenilenziedo meta- padétis, T« neZymiai padidéja.
Tiksliniy organiniy puslaidininkiy stikl¢jimo temperatiiros padidéjimas taip pat
fiksuojamas ir molekuléje esant po tris fluorenilideno fragmentus (STM19 — 210 °C
ir STM20 — 231 °C). Sio terminio tyrimo metu taip pat nebuvo fiksuoti ir jokie kiti
faziniai virsmai, jrodant, kad medziagos yra amorfinés buisenos. Todél tikétina, jog i$
siy medziagy liejami sluoksniai bus kokybiski.

Siekiant iSsiaiskinti naujy tiksliniy junginiy optines savybes, uzfiksuoti jy THF
tirpaly (¢ = 104 mol/l) ir plony pléveliy UV-RS spektrai (5 lentelé ir 37 pav., a, b).
Matoma, kad visy medZziagy absorbcijos spektruose fiksuojami du intensyvis
elektrony n—7n* per¢jimai ties ~300 nm ir ~375 nm. Fluorenilideno fragmenty
sujungimg keiCiant i§ meta- | para- padét], absorbcijos smailés slenkasi Siek tiek
batochromiskai, sukeliant konjugacinés sistemos padidéjima molekuléje. Analogiskas
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maksimumy polinkis matomas ir molekulés sudétyje esant tiofeno (STM15) ir
trifenilamino (STM20) centriniams fragmentams.

al)m ——STM15 —— STM18 bl)oj —— STM15 ——STM18
= ——STM16 sTM19 | £ 17 —— STM16 STM19
> STM17 ——STM20| = STM17 —— STM20
0,81 Eo0,81
S S
‘© ©
20,6 20,6
o o
(72 0
Qo Qo
© ©
50,4 $0.41
o ]
=} >
X N
50,2 50,2 1
£ £
o o
<0,04— x e x £0,0 +— x ; — x
300 350 400 450 500 550 600 300 350 400 450 500 550 600
Bangos ilgis A, nm Bangos ilgis A, nm
37 pav. Tiksliniy medziagy UV-RS spektrai i§: a) THF tirpaly (c = 10~ mol/l);
b) plony pléveliy

Taip pat Siy puslaidininkiy sugerties spektruose pastebima papildoma
absorbcijos smailé ties ~450-470 nm, kuri gali buti priskirta elektrony n—n*
peréjimams. Lyginant tirpaly ir pléveliy absorbcijos spektrus, matomas labai
minimalus absorbcijos maksimumy batochrominis poslinkis.

5 lentelé. Termings, optinés ir fotoelektrinés naujy medziagy savybés

. Aabs. b Aabs. © ,uOd,
a o O, 1 [l

Junginys  T«3,°C T, °C am om Ip, eV em2/Vs
298, 299, -7

STM15 190 451 376,461 379, 466 4,99 5,4x10
STM16 209 452 297,369 299, 372 4,92 8,5x1077
STM17 203 445 298, 373 298, 375 4,89 1,9x10°°
STM18 206 446 295, 375 293, 378 4,95 4.3x1077
STM19 210 457 297,367 299, 370 4,94 4,9x10”7
299, 298, -6

STM20 232 455 376,451 379, 454 5,03 1,3x10

aStikléjimo temperatiiros fiksuotos diferencinés skenuojamosios kalorimetrijos
antrojo kaitinimo metu; "UV-RS spektruose fiksuoti absorbcijos maksimumy
poslinkiai (THF, ¢ = 10 mol/l); plony sluoksniy UV-RS spektruose fiksuoti
absorbcijos maksimumy poslinkiai; %skyliy dreifinio judrio vertés kompozicijoje su
PC-Z (1:1), kai elektrinio lauko stipris lygus 0.

Norinti iSsiaiskinti, ar naujy medziagy HOMO lygmuo atitinka STM skirtus
reikalavimus, PESA metodu buvo uzfiksuoti jy lp (5 lentelé ir 38 pav.). IS gauty
rezultaty matoma, kad junginiy jonizacijos potencialai i$sidéste 4,92-5,03 eV
diapazone. Medziagos, kuriy fluorenilideno fragmentai sujungti fenilenziedais,
pasizymi mazesniais jonizacijos potencialais (STM16 — 4,92 eV, STM17 — 4,89 eV,
STM19 — 4,94 eV). Galima konstatuoti, jog Siuo atveju papildomy fluorenilideno ir
9-etil-N-(4-metoksifenil)-9H-karbazol-3-amino fragmenty jterpimas j molekule
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nedaro didelés jtakos HOMO skaitinéms vertéms. Medziagos, molekulés centre
turin¢ios pakaitus su heteroatomais, pasizymi Siek tiek didesniais I, (STM15 — 4,99
eV, STM18 — 4,95 eV, STM20 — 5,03 eV).

300 STM15 (1,=4,99 eV) ._.-#"' " ]
| |

n  STM16 (1,=4,92 eV)
STMA7 (/,=4,89 eV

N N
o a
o o
1

5 sant. vnt.
o
o
1

r

100
STM18 (1,=4,95 eV)
STM19 (1,=4,94 eV)
STM20 (1,=5,03 eV)

50

50 52 54 56 58 60 62
hv, eV

46 48

38 pav. Sakotos struktiiros fluorenilideno fragmentg turinéiy junginiy jonizacijos
potencialai

Krivininky dreifinis judris nustatytas kserografinio laiko lékio metodu
(5 lentelé ir 39 pav.). Isliejus plonus susintetinty puslaidininkiy pléveliy sluoksnius
pastebéta, kad jie trikinéja taip prarasdami homogeniskumg. Todél jy kravininky
judris buvo jvertintas kompozicijoje (1:1) su PC-Z. Matoma, jog medziaga STM17
pasizymi didziausiu kriivininky dreifiniu judriu silpnuose laukuose (STM17 uo =
1,9x10°% cm?/Vs). Galima pastebéti, jog krivininky dreifinis judris pageréja, kai
fluorenilideno fragmentai yra sujungti per fenilenziedo para- padétis (STM16 —
8,5x10~" cm?/Vs, STM17 — 1,9x107% cm?/Vs ir STM20 — 1,3x10°® cm?/Vs). Lyginant
gauty medziagy dreifinius judrius su spiro-OMeTAD, matoma, jog jie Siek tiek
nusileidZia etalonui (spiro-OMeTAD - 2,81x10% cm?/Vs [290]).

STM15 + STMI18 ‘
STM16 STM19

STM17 = STM20 .~

0 260 460 660 860 1000
E", (V/cm)”z

39 pav. Junginiy STM15-STM20 kriivininky dreifinio judrio priklausomybé nuo

elektrinio lauko stiprio

Sakotos struktiiros fluorenilideno fragmentg turintys junginiai buvo panaudoti
n-i-p architektiiros PSE kaip skyles transportuojantys sluoksniai (40 pav., a). SE
konstrukcija: FTO /SnO2/ TiO2 (M-TiOz ir ¢c-Ti0O2) / Cso,03MA0,048F Ao,922Pbls / STM /
Au. Norint pagerinti STM krivininky pernasa, visi junginiai legiruoti pirmiau
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paminétais priedais. 40 pav., b, pateiktame elektroniniame saulés elemento
skerspjuvio vaizde matoma, kad junginys STM16 tolygiai padengia perovskito
pavirsiy. Todél tikétina, jog prietaisas pasizymés geru stabilumu.

@) (b) 7

Perovskitas

oy Vil ; '

40 pav. Saulés elementy struktiira (a); prietaiso skerspjtivio vaizdas (b)

Gautos saulés elementy charakteristikos pateiktos 6 lenteléje. PSE, kuriuose
STM fluorenilideno fragmentai sujungti fenilenziedu, efektyvumas yra geriausias
(STM16 — 22,13 % ir STM17 — 21,26 %) ir labai mazai nusileidzia lyginamajam
prietaisui su etalonu laikomu spiro-OMeTAD (22,83 %).

6 lentelé. Fotovoltiniai saulés elementy parametrai

Junginys Jsc, MA cm™? Voc, V FF PCE, %
STM15 24,54 1,065 0,793 20,72
STM16 24,57 1,112 0,810 22,13
STM17 24,50 1,082 0,802 21,26
STM18 24,45 1,061 0,788 20,44
STM19 24,43 1,06 0,796 20,61
STM20 24,38 1,03 0,781 19,61

Spiro-OMeTAD 24,79 1,133 0,813 22,83

Efektyvumas beveik nepriklauso nuo centrinio molekulés chromoforo
substitucijos. IS gauty duomeny matoma, kad saulés celiy efektyvumas mazéja,
kuomet kaip STM naudojamos medziagos, centriniuose fragmentuose turincios
didesnj chromoforg: prietaisai, kuriuose yra puslaidininkiai STM18 ir STM20,
turintys karbazolil- arba trifenilamino chromofora, pasizyméjo maziausiu nasumu
(STM18 — 20,44 % ir STM20 — 19,61 %).

Prietaisy stabilumas yra labai svarbi saulés elemento charakteristika. Norint
i$siaikinti, kiek laiko saulés elementas gali efektyviai veikti fiksuojamas jo
efektyvumas esant maksimaliai prietaiso apkrovai (41 pav.). Akivaizdu, kad
prietaisas, kuriame kaip STM naudojamas junginys STM16, praranda tik kelis
nasumo procentus net praéjus 1400 val. PSE, kuriame yra Spiro-OMeTAD tyrimo
pabaigoje yra prarades beveik 15 % efektyvumo.
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41 pav. Saulés elementy su STM16 ir spiro-OMeTAD stabilumas

Atlikty terminiy, optiniy ir fotoelektriniy naujy STM tyrimy rezultatai atitinka
teigiamuosius kravininkus pernesan¢ioms medziagoms keliamus reikalavimus.
Testuojant medziagas saulés elementuose nustatyta, kad pastaryjy nasumas yra
artimas prietaisams, kuriuose naudojamas spiro-OMeTAD. Istyrus SE stabiluma
konstatuota, jog puslaidininkis STM16 padidina prietaiso ilgaamziskuma.

3.4. Zvaigidés formos karbazolo dariniy skyliy transportinés medZiagos
perovskitiniams saulés elementams

Siame skyriuje nagrinéjami nauji Zvaigzdés formos Karbazolo dariniai,
remiantis publikuotu straipsniu Solar RRL, 2022, 6, 2100877, A. Jegorove, M. A.
Truong, R. Murdey, M. Daskeviciene, T. Malinauskas, K. Kantminiene, V.
Jankauskas, V. Getautis, A. Wakamiya [299]; cituota 14 karty.

Morfologinis STM stabilumas prietaiso veikimo temperatiiroje yra labai
svarbus, kad saulés elementai biity stabilis. Zinoma, jog zvaigzdés formos struktiiros
molekulés dazniausiai yra amorfinés biisenos. Paprastai §iy molekuliy pakaitai biina
dideli ir standis, taip gaunant dideles molekules, kurios yra termiskai stabilios [300].
Zvaigzdés formos STM gerai veikia perovskitinése saulés celése, todél §i medziagy
klasé sulaukia nemazai mokslininky démesio [301, 302].

Jau minéta, kad karbazolilchromoforai yra placiai naudojami kaip pagrindiniai
statybiniai fragmentai skyliy transportinéms medziagoms dél privalumy, tokiy kaip
maza jy kaina, geras kryptingas kriivininky judéjimas, cheminis stabilumas bei
lengvas fragmenty modifikavimas jvairiomis funkcinémis grupémis [303, 304].
Karbazolilpakaitai organiniuose puslaidininkiuose gali biiti naudojami kaip ploksti
centriniai [230, 305] arba kaip Soniniai chromoforai [306, 307], pasizymintys skyliy
pernaSa. Daugelio karbazolilchromofory turin€iy zvaigzdés formos molekuliy
stikléjimo temperatiiros yra auksStesnés nei Spiro-OMeTAD. Kol kas, iki $ios
publikacijos, zvaigzdés formos struktiiros STM, turincios centriniame ir Soniniuose
fragmentuose karbazolilchromoforus nebuvo zinomos.

Daugelyje publikacijy teigiama, jog alkilgrandinélés ilgis ir Sakotumas turi
didziule jtaka medziagy morfologinéms, terminéms, krivininky pernaSos savybéms
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bei fotovoltinio prietaiso efektyvumui [308, 309]. Todél tiksliniams junginiams
sintetinti buvo pasirinkti karbazolilfragmentai, turintys skirtingus alkilpakaitus, norint
i$siaiskinti, kokig jtaka pastarieji padarys aptartoms savybéms.

Publikacijoje aptartos penkios naujos zvaigzdés formos junginiy klasés
medziagos. Naujos medziagos gautos i$ komerciskai prieinamo 3,6-diamino-9H-
karbazolo, kuris sintetinamose molekulése buvo panaudotas kaip centrinis fragmentas
(18 schema).

H,N NH, ) Pd(OAc),, NaOt-Bu,

etole e i s csv e

STM21: R =—CH,CHj; (60 %)
STM22: R =—CH,CH(CH,CH;)CH,(CH,),CHs; (63 %)
STM23: R = —CH,(CH,),CH3; (52 %)

32

H,N NH, R Pd(OAc),, NaOt-Bu,
[t -Bu;PH]BF
Br Tolusenas A4 \.j

R-N

)

STM24: R =—CH,CHg; (69 %)
STM25: R =—CH,CH(CH,CH3)CH,(CH,),CHs. (69 %)

18 schema. Naujy zvaigzdés formos junginiy STM21-STM25 sintezé

Taikant paladzio katalizuojamos C-N rySio sudarymo reakcijos metodikg, prie
3,6-diamino-9H-karbazolo jungiant 2- arba 3-brom-9-alkilkarbazolus, buvo
susintetinti tiksliniai junginiai STM21-STM25 su 2- ar 3-ioje padétyje pakeistais 9-
alkilkarbazolais fotolaidziy molekuliy periferijoje. Visos reakcijos ivyko per 5 val., ju
iSeigos siekia 52—-69 %, o iSskirtos tikslinés medZziagos gerai tirpsta organiniuose
tirpikliuose.

Naujy puslaidininkiy terminés savybés jvertintos TGA ir DSK metodais. Gauti
rezultatai pavaizduoti 42 pav., a, ir pateikti 7 lenteléje. Visos susintetintos medZiagos
5 % masés praranda aukstesnéje nei 400 °C temperatiiroje, kuri yra gerokai aukstesné
nei perovskitinio saulés elemento veikimo temperatiira. Lyginant tikslinius junginius
tarpusavyje matoma, kad ilginant alkilgrandinéle medziagos 5 % masés praranda
zemesnése temperatiirose (STM21 — 511 °C, STM22 — 411 °C, STM23 — 482 °C,
STM24 — 525 °C, STM25 — 469 °C). Idomu, kad puslaidininkiy su 2-padétyje
pakeistais karbazolo fragmentais Tsc. yra didesné nei 3-padétyje pakeisty analogy
(STM21 511 °C, STM24 — 525 °C).
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42 pav. Terminés zvaigzdés formos karbazolo dariniy savybés: a) TGA rezultatai; b)
antrojo kaitinimo DSK kreivés

Pirmojo ir antrojo kaitinimo metu, atlickant DSK tyrima, nepastebéta jokiy
endoterminiy smailiy, reiSkianéiy kristaly i8silydyma, vadinasi, gauti tiksliniai
junginiai yra tik amorfinés biisenos (42 pav., b).

7 lentelé. Terminés, optinés ir fotofizikinés susintetinty STM savybés

STM Tst, Ts.., }.absb, ﬂPLb, Ip, Eg ‘, uo d, cm? uo g, cm?
oC?) °C nm nm eV eV Vst Vst
292,
321, &
STM21 217 511 365 471 486 2,75 — 3,1x10
413
291,
320, . .
STM?22 97 411 365 471 499 2,76 3,7x10 4,1x10
413
291,
STM23 109 482 géé’ 471 487 2,73 3,5x10° 5,0x107
413
262, 6 7
STM24 212 525 359 438 516 2,90 6,1x10 5,1x10
STM25 94 469 %%‘; 438 524 293 10x105 58107
spiro- 501
OMeTAD 126 449 387 — ! 3,01 1,2x 10*  2,9x10°®
[314] [305]

aStikléjimo temperatiiros, fiksuotos DSK antrojo kaitinimo metu; PUV-RS spektruose
fiksuoti absorbcijos maksimumy poslinkiai FL spektruose fiksuoti emisijos
maksimumai (atitinkamai 104 mol/l ir 10-° mol/l); °Eg apskaiéiuotas i§ UV-RS ir FL
pléveliy spektry sankirtos; %kriivininky judrio verté silpnuose laukuose; °kriivininky
judrio verté kompozicijoje su PC-Z (1:1) silpnuose laukuose.
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I$ 7 lenteléje pateikty rezultaty galima matyti, kad ilginant alkilgradinélg ar
didinant jos Sakotuma, stikléjimo temperatiira sumazeja (STM21 —217 °C, STM23 —
109 °C ir STM22 — 97 °C). Karbazolilchromofory prisijungimo prie centrinio
fragmento padétis didelés jtakos stiklé¢jimo temperatiirai neturi (STM21 — 217 °C ir
STM24 - 212 °C, STM22 — 97 °C ir STM25 — 94 °C), taiau galima stebéti Siek tiek
didesnes medziagy T, kuriose karbazolai prijungti per 3-padétj. Junginiy, kurie turi
trumpiausias alkilgrandinéles (STM21 ir STM24), T« yra didesné nei etalono spiro-
OMEeTAD (126 °C), tikétina, dél sumazéjusios molekulinés netvarkos [310]. Todél
galima tikeétis, jog prietaisai su Siomis medziagomis bus termiskai stabilesni, nes Sios
medziagos nesikristalizuos saulés elemente, priesingai nei Spiro-OMeTAD.

I§ UV-RS spektry matoma, kad alkilgrandinélés ilgis beveik neturi jtakos
absorbcijos smailiy poslinkiams. Junginiy, turinCiy 3-padétyje pakeistus
karbazolilchromoforus, (STM21-STM23) spektruose prie 270-340 nm, matomos
intensyvios T—7* absorbcijos smailés, o prie >350 nm, maksimumai, priklausantys
n—n* elektrony $uoliukams, yra maZesnio intensyvumo (43 pav., a). Zvaigzdés
formos medziagy, turin¢iy 2-padétyje pakeistus karbazolilchromoforus, absorcijos
maksimumai pasislinke batochromiSkai ir hiperchromiskai, matyt, dél didesnés
konjuguotos dvigubyjy rySiy sistemos Siose molekulése, lyginant su 3-padétyje
pakeistais analogais. FL spektre matomas junginiy, turin¢iy per 3-padétj
prisijungusius karbazolilchromoforus, emisijos maksimumas ties 471 nm. Pakeitus
karbazolilpakaity prijungimo padétj i§ 3-C j 2-C, fiksuojamas hipsochrominis
emisijos smailés poslinkis (440 nm).

Lyginant susintetinty naujy STM tirpaly UV-RS ir FL spektrus (43 pav., a) su
atitinkamais spektrais, uzfiksuotais i§ pléveliy (43 pav., b), matomas smailiy
poslinkiy panasumas — spektrai beveik identiski. Taip pat buvo apskaiciuotas Stokso
poslinkis, kuris padeda jvertinti krliviy pernasai svarbias struktlrines junginiy
deformacijas, vykstant elektrony suzadinimui.

a 122 b g
16105 STM21 —— - - STM24 > g ) STM21 = - sz S
— - - STM22 —— - - STM25 2109 STM22 )\ #—— - - STM25[1.0¢
14x10° 1%\ — - — sTM23 1, 1 03 £ STM23:,\\I N 3
P g 3 W ;
1,2x10° 1 L ‘\ Los € @"0‘8' Lo \ -O'Bé
- -1 " =]
S 1,0x10° oy z £ L 2
58,0x10° { v\ "°s @ Py 5
- [EERERY £ g LAY £
«56,0x10¢ { i\ Lo4 8 E044 LR 048
o] v T 8 ' S
4,010 [ v\ § & W g
2,0x10* { oA (023 €027 BN (923

g E 5} AR
/ . AS 5 3 \\2\\ g
0,0 T r r 7 r T 002 <op0 O RAameacan 0,02
250 300 SBSg n %030” ?3507L n5r%0 550 600 250 300 350 400 450 500 550 600 650 -

[¢] gis A, Bangos ilgis A, nm

43 pav. Tiksliniy junginiy UV-RS ir fluorescencijos spektrai: a) THF tirpaly
(atitinkamai ¢ = 10~ g/mol ir ¢ = 10~° g/mol); b) pléveliy

Visos medziagos pasizymi dideliais Stokso poslinkiais (apie 100 nm), kurie
apibrézia reik§mingas strukttirines deformacijas elektrony suzadinimo metu. Yra
zinoma, kad dideliais Stokso poslinkiais pasizymincios medziagos lengviau
sgveikauja su perovskito pavirSiumi [312], todél galima tikétis, jog tikslinés STM
turi potencialg efektyviems PSE gauti.
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Tiksliniy junginiy draustinés juostos energija (Eq) buvo apskaiciuota i§ pléveliy
UV-RS ir FL spektry sankirtos. Junginiai, turintys 3-padétyje pakeisty
karbazolilchromofory, pasizymi mazdaug 2,8 eV draustinés juostos energija, o 2-
padétyje pakeisti karbazolai Siek tiek padidina Eg (apie 0,1 eV).

Zvaigzdés formos STM jonizacijos potencialai buvo i§matuoti PESA metodu
(44 pav.). I§ gauty rezultaty matoma, jog Zemesniais potencialais pasizymi medZiagos,
kuriy Soniniai 9-alkilkarbazoly fragmentai prijungti per 3-C padét] (STM21 — 4,86 eV
ir STM24 — 5,16 eV, STM22 — 4,99 eV ir STM25 — 5,24 eV). Alkilgrandinélés ilgis
ir Sakotumas labai didelés jtakos jonizacijos potencialo pokyc¢iui neturi, taciau tam
tikra tendencija gali biiti pastebéta, t. y. prijungus ilgas ir (ar) Sakotas alkilgradinéles,
Ip nezymiai padidéja.

700 STMZ1 (1,=4,86 &V)

0] ® STM22(1,7499 ev)
= STM23 (1,=4,87 eV)

500 = STM24 (1,=5,16 eV)
L ]

STM25 (1,=5,24 eV)

0+ - T T T T
46 48 50 52 54 56 58 60 62 64
hv, eV

44 pav. Tiksliniy junginiy STM21-STM25 jonizacijos potencialai

Norint tinkamai parinkti medziagas SE, labai svarbu zinoti ne tik I, vertes, bet
ir Zzemiausios neuzimtos molekulinés orbitalés (LUMO) skaitines vertes. Taip galima
uzkirsti kelig galimam nekryptingam kriivininky judéjimui, dél ko SE naSumas
sumazéja. LUMO vertés apskaiCiuotos prie neigiamos HOMO (l,) skaitinés vertés
pridéjus Eg, gautg i$ pléveliy absorbcijos spektry.

W,h f H
! i 3
T el e “‘4?’»‘???‘“‘&

2,11 eV i 2,14 eV o i
LUMO il — 2,26V 231 oV
HOMO = s

—-4,86 eV -4,99 e}/ —4,87 eV 75 16 eV 524 EV

Lo v
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i Y
STM21 §+M22 STM23 STM24 STM25

45 pav. Molekuliy STM21-STM25 fragmenty i$sidéstymas erdvéje
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Junginiai, turintys 3-padétimi prijungtus karbazolilchromoforus, pasizymi
didesne LUMO verte (zr. 45 pav.). Atsizvelgus j gautus rezultatus, galima teigti, kad
HOMO ir LUMO vertés yra palankios, norint medziagas panaudoti PSE.

Krivininky dreifinis judris buvo nustatytas atliekant XTOF matavimus
(7 lentelé ir 46 pav., a, b).

a)m'2 b)m" r .
= STM22 AR{STM21+(PC-2),1:1]
= STM23 o A+[STM22+(PC-2),1:1]
= STM24 102 k0 AH{STM23+(PC-2),1:1]
4| = STM25 o A+[STM24+(PC-2),1:1]
10°F w  Spiro-OMeTAD o AI+[STM25+(PC-2),1:1]
” »10° £ O Al+[Spiro-OMeTAD+(PC-2),1:1]
>
~
-4
g10
3
10°
T=25°C T=25°C
10-5 I 1 I I I 10'7 I 1 1 I I
0 200 400 .. 600 . 800 1000 1200 0 200 400 600 . 800 1000 1200
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46 pav. Naujy junginiy STM21-STM25 kriivininky dreifinio judrio priklausomybés
nuo elektrinio lauko stiprio: a) gryny medziagy; b) kompozicijoje su PC-Z (1:1)

Gryny medziagy kryptingas kriivininky judéjimas yra tarp 3,5x10°8 cm?/Vs ir
1,0x10°° cm?/Vs (7 lentelé ir 46 pav. a). Gauti uo rezultatai yra Siek tiek Zemesni nei
spiro-OMeTAD, taciau tokio skyliy judrio visiskai pakanka norint $ias medziagas
panaudoti PSE [313]. Ruosiant medziagy sluoksnius tyrimui pastebéta, kad STM21
tirpalas nesuformuoja homogenisko sluoksnio, todél $io junginio kriivininky dreifinio
judrio nepavyko nustatyti. Norint sulyginti visy tiksliniy junginiy kravininky
dreifinius judrius, visos STM tirtos ir kompozicijoje su PC-Z (7 lentelé ir 46 pav., b).
Lyginant gautus rezultatus matoma, jog STM21 ir spiro-OMeTAD skyliy judriai yra
panasiis, taciau visy kity tiksliniy medziagy skyliy pernasa yra viena eile Zemesné.

Tikslinés medziagos testuotos n-i-p plokscios architektiiros prietaisuose: ITO /
SnO; / perovskitas / STM / Au. Perovskito, panaudoto $iuose fotovoltiniuose
prietaisuose, sudétis yra: CsoosFA00sMA015Pbl275Bro2s [314]. Konstruojant SE,
optimizuotos STM tirpaly koncentracijos (STM21 ¢ = 0,03 mol/l, STM22 —
0,02 mol/l, STM23 - 0,03 mol/l, STM24 — 0,02 mol/l, STM25 — 0,02 mol/l), 0 STM,
panaudotos kartu su jas legiruojanciais priedais — FK209, CoTFSI (0,03 ekv.), LiTFSI
(0,54 ekv.) ir TBP (3,3 ekv.). Yra zinoma, kad spiro-OMeTAD sluoksnis prietaise turi
buti didesnis nei 200 nm, norint gauti efektyviausius PSE [315, 316]. PSE su
susintetintais zvaigzdés formos karbazolilchromoforus turinéiais junginiais panasy
efektyvuma gali pasiekti liejant kur kas plonesnius STM sluoksnius. Be to,
karbazolilfragmentus turintys Zzvaigzdés formos dariniai pasizymi geresnémis
morfologinémis savybémis, 0 tai uztikrina kokybiskus STM sluoksnius naudojant
mazesnius medziagy kiekius: STM21 — 140 nm, STM22 — 115 nm, STM23 — 130
nm, STM24 — 140 nm, STM25 — 120 nm, spiroOMeTAD - 240 nm.

Geriausiy PSE srovés tankio ir jtampos (J-V) kreivés pavaizduotos
47 paveiksle, o fotovoltiniai parametrai apibendrinti 8 lenteléje. Lyginant rezultatus
matoma, kad SE, j kuriy sudétj jeina STM, turinéios trumpesnes alkilgrandinéles,
pasizymi didesniu efektyvumu (STM21 — 18,9 % ir STM24 — 18,4 %) nei prietaisai,
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kuriy analogiSskos kruvininkus pernesancios medziagos turi ilgus ar Sakotus
alkilpakaitus (STM23 — 18,3 % ir STM25 — 16,3 %). Taip pat pastebima, jog
prietaisai, kuriuose STM turi 2-padétyje pakeistus karbazolilchromoforus, pasizymi
Zemesniu efektyvumu.

14 4

10 STM21
——sTM22

8] —— sT™23
64 —— STM24
4] ——sT™25

—— Spiro-OMeTAD

T T T T T T T T T T T 1
00 01 02 03 04 05 06 07 08 09 10 1,1 1,2
[tampa, V

47 pav. Geriausiy saulés elementy J—V kreivés

Kaip STM naudojant STM22, buvo pasiektas didZziausias efektyvumas
(19,0 %), taciau, lyginant SE rezultaty vidurkius matoma, kad geriausiai veiké
zvaigzdés formos junginys STM21 (18,6 %). Nors prietaisy efektyvumas Kiek
nusileidzia SE su spiro-OMeTAD, daugeliu atvejy jie geresni uz literatiiroje
pateikiamus PSE rezultatus, j kuriy sudétj jeina zvaigzdés formos junginiai [317, 318].

PSE stabilumas tirtas 10 val. bedeguonéje aplinkoje. Nors visy saulés elementy
pradinis nasumas yra gana panasus, veikiant juos spinduliuote po tam tikro laiko
pastebimi prietaisy naSumo pokyciai (48 pav.).

8 lentelé. IS J-V kreiviy nustatyti fotovoltiniai saulés elementy parametrai

STM®  Jub,mAcm? Ve,V FFo PCE®, %
228 1,07 0.78 18,9

STM21 (22440,5)  (1,09:0,02) (076:0,01)  (18,6+0,3)
226 1,09 0.7 19,0

STM22 (22580,2)  (1,06:0,02) (076:0,01)  (18,040,6)
218 113 0.74 18,3

STM23 (21640,3)  (1,11:001) (0.7240,01)  (17.4+0,5)
225 111 0.74 18,4

STM24 (223:02)  (112:0,01) (0,73+0,01)  (18,240,2)
21,9 1.06 0.70 16,3

STM25 (21,6:04)  (1,07+0,02) (0,67+0,02) (15,5+0,5)
Spiro- 221 114 0.78 19,7

OMEeTAD  (225+0,3)  (L12+0,02) (0.78+0,01)  (19,5+0.3)

a8STM koncentracija: STM21, STM23 ir STM24 ¢ = 0,03 mol/l, STM22 ir STM25
¢ = 0,06 mol/l. Sluoksniy storis: STM21 — 140 nm, STM22 — 115 nm, STM23 —
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130 nm, STM24 — 140 nm, STM25 — 120 nm ir spiro-OMeTAD — 240 nm; Pvidutinés
vertés apskaiciuotos remiantis 9 prietaisy matavimy duomenimis.

I§ gauty rezultaty matoma, kad saulés celiy, kuriose kaip STM naudojami
STM22 ir STM23, didelis naSumo sumazéjimas fiksuojamas dar nepraéjus né
1 valandai nuo tyrimo pradzios.
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48 pav. Nejkapsuliuoty prietaisy stabilumo tyrimas

Prietaisas, kuriame naudojamas spiro-OMeTAD, taip pat praranda apie 5 %
naSumo per pirmaja tyrimo valanda, o po 10 valandy siekia tik 12 %. Elementuose
naudojant STM25, po 10 valandy fiksuojamas 10 % nasumas. Savo stabilumu visus
lenké PSE su puslaidininkiais STM21 ir STM24.

Taip pat buvo tirtas PSE stabilumas su junginiu STM21, kintant temperatiirai
(49 pav.). Prietaisy su STM21 terminis stabilumas yra didesnis nei SE su spiro-
OMEeTAD.
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49 pav. Saulés elementy nasumas, veikiant juos skirtingomis temperatiiromis

I§ gauty rezultaty matoma, kad prietaisy, kuriuose kaip SMT naudojamas
STM21, nasumas Siek tiek sumazéja kaitinant juos 100 °C 24 valandas. Tomis
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paciomis sglygomis tirty elementy, kuriuose naudojamas spiro-OMeTAD, naSumo
sumazéjimas yra didesnis. Kaitinant prietaisus 120 °C, efektyvumas taip pat sumazéja,
taciau prietaiso, j kurio sudétj jeina STM21, efektyvumas vis tiek iSlieka didesnis. Po
Sio tyrimo STM21 sluoksnis saulés elemente iSliko lygus ir vientisas, o Spiro-
OMEeTAD sluoksnyje atsivéré ertmés (50 pav.).

Saulés elementas Erieé terminio atsﬁarumo testa Saulés elementas prie$ terminio atsparumo test

= plro—e AD & >

Perovskltah

[
SU8000 2.0kV 8.9mm x20.0k SE(U) 2021/06/10 19 "”

SRR
SU8000 2.0kV 9.3mm x20.0k SE(U) 2021/06/10 20:00

50 pav. SE sluoksniai prie$ terminio atsparumo tyrimg (kairéje) ir po terminio
atsparumo tyrimo (desinéje)

Manoma, jog didesnj PSE terminj stabilumg salygoja didesnés stikléjimo
temperatiiry vertés (STM21 — 217 °C, STM22 — 97 °C, STM23 - 109 °C, STM24 —
212 °C, STM25 — 94 °C ir spiro-OMeTAD — 126 °C [311]).

Apibendrinus gautus rezultatus galima teigti, kad tiksliniai zvaigzdés formos
junginiai pasizymi geresnémis morfologinémis savybémis. Kaip ir tikétasi, prietaisai
su STM21 pasizyméjo auks¢iausiu naSumu, kuris yra kiek maZesnis nei PSE su spiro-
OMeTAD, taciau pastargjj zenkliai lenkia stabilumu.

3.5. Skyles transportuojantys puslaidininkiai, turintys fluoreno bei tiofeno
fragmentus, Sb,S; saulés elementams

Sioje publikacijoje aprasomi nauji fluorenilidenilo ir tiofeno chromoforus
turintys junginiai, remiantis publikuotu straipsniu ACS Appl. Energy Mater., 2023, 6,
3822-3833, S. Mandati, N. Juneja, A. Katerski, A. Jegorové, R. Grzibovskis, A.
Vembris, T. Dedova, N. Spalatu, A. Magomedov, S. Karazhanov, V. Getautis, M.
Krunks, I. O. Acik [319]; cituota 14 karty.

Perovskitiniai saulés elementai pasiZymi auks$tu naSumu, taciau jy stabilumas
dar néra pakankamas. Todé¢l Salia pastaryjy SE tobulinimo yra iSbandomi ir kiti
fotovoltiniai prietaisai, kuriuose naudojamos stabilesnés Sviesa absorbuojancios
medZiagos [320]. Viena i§ 8iy medziagy yra stibio sulfidas (Sb2Ss). Jis pasizymi
dideliu absorbcijos koeficientu (~10°5 cm™?) ir stabilumu [177]. Taip pat net ir esant
ploniems (~100 nm) Sb,Ss sluoksniams, pasiekiamas gan geras saulés elementy
efektyvumas [321]. Sbh,S3 prietaisy sudétis labai panasi j perovskitiniy: FTO / TiO /
SbySs / STM / Au. Dazniausiai kaip STM Siuose elementuose naudojami poli(3-
heksiltiofenas) (P3HT) [322, 323] ar priedais legiruotas spiro-OMeTAD [324, 325].
Taciau §iy medziagy sintez€ yra gana sudétinga, salygojanti didesne¢ jy kaing. Dar
viena labai pageidaujama STM charakteristika — ji neturi sugerti regimosios $viesos,
jos sluoksniai turi buti skaidriis. Taip yra todeél, kad ji liejama ant Sviesg sugeriancio
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sluoksnio virSaus. P3HT pasizymi ,,parazitine* absorbcija regimojoje srityje, taip
sumazéjant saulés elementy naSumui [13, 322]. D¢l $ios priezasties mokslininkai
iesko alternatyvy pirmiau paminétiems STM, tikslingai mazindami saulés elementy
kaing ir didindami jy nasuma.

Sioje publikacijoje apraSomi trys tiksliniai junginiai, kuriuose prie centrinio
fluoreno fragmento 9-padétyje prijungtas jvairus skaicius tiofeno chromofory, o
puslaidininkio periferinéje dalyje prijungti 4,4'-dimetoksidifenilaminy pakaitai. Yra
zinoma, kad tiofeno S atomas gali sudaryti koordinacinj ry§j su Sb atomais, taip
pagerinant STM ir Sbx(S, Se)s pavirsiy sandiirg [326]. Manoma, jog Sis rySys veikia
kaip ,.tunelis* kravininkams, taip padidéjant atviros grandinés jtampai ir uzpildymo
faktoriui.

s o NaOH 40%, O
R -Bu),N*Br- Br Br
BrBr + @)lH (n-Bu)4N"Br
Toluenas, A ~
s 11-13
R
H
0, (o] N
@ \0’© @0’
| Pd(OAc),, NaOtBu,
= [(t-Bu);PH]BF,, Toluenas, A
(o}

STM26-STM28 s
STM26: R=H; (84 %) STM27: R="(11) ; (89 %) STM28: R =.('—‘L(i7 (78 %)
S \ I/

S
()
O
A

19 schema. Tiksliniy junginiy STM26—-STM28 sintezé

Norint gauti tikslines medziagas Knoevenagelio kondensacijos reakcijos
metodu buvo susintetinti skyles transportuojanciy organiniy puslaidininkiy centriniai
fragmentai 11-13, turintys 1-3 tiofeno chromoforus. Sioje reakcijoje NaOH 40 %
tirpalas naudotas kaip bazinis komponentas, o tetrabutilamonio bromidas — kaip
tarpfazinis katalizatorius. Kitame etape tarpiniai produktai 11-13 paladzio
katalizuojamos reakcijos metu buvo sujungti su 4,4’-dimetoksidifenilaminais, taip
gaunant tikslinius junginius STM26-STM28 (19 schema).

Junginiy struktiira patvirtinta *H ir 13C BMR spektrais ir elementinés analizés
metodu. STM28 *H BMR spektro fragmentas pateiktas 51 pav. Ties 3,69 ir 3,73 m.d.
stebimi du singletai, priskiriami OCHs; grupéje esantiems protony signalams.
TienilZiedo protono 4"'-H tripletas yra prie 7,13 m.d. (J = 4,4 Hz). Kitos silpnuose
laukuose (6,80—7,83 m.d.) esancios smailés priskiriamos aromatiniams protonams.
Siekiant iSsiaiSkinti, kuriuos aromatiniy Ziedy protonus atitinka gauti signalai,
uzraSytas H,H-COSY spektras (52 pav.). Du multipletai ties 6,93-6,86 m.d. ir 7,06—
7,00 m.d. bei vienas dubletas ties 6,96 m.d. (J = 8,6 Hz) priklauso p-metoksifenily
protonams. Nagringjant H/H COSY spektro rezultatus matoma, kad terminalinio
tienilziedo protonas (t, J = 4,4 Hz) 4""-H prie 7,13 m.d. saveikauja su to paties
tienilziedo protonu 5'"-H, esanéiu prie 7,38 m.d. (d, J = 3,6 Hz) (52 pav.). 4'"-H taip
pat sagveikauja ir su ties 7,56 m.d. esanciu terminalinio tienilziedo protonu 3"'-H (d, J

70



= 5,1 Hz). Kity tienilziedy protonai stebimi prie 7,28 (d, J =3,7 Hz), 7,23 (d, J =39
Hz), 7,08 (d, J = 3,9 Hz), 7,06-7,00 (m) m.d. Matoma, jog protonas, kurio signalas
fiksuojamas esant 7,28 m.d. (d, J = 3,7 Hz), saveikauja su protonu, esanciu ties 7,08
(d, J = 3,9 Hz) m.d., o protonas ties 7,23 m.d. (d, J = 3,9 Hz) — su protonu, kurio
signalas persidenges su p-metoksifenilo protony signalais (7,06 — 7,00 m.d.).

0-CH3

o« |l

1 H‘

Wl
h_‘ " 'I

78 76 74 73 70 68 66 64 62 60 58 die 54 52 S0 4B 46 44 42 4D 318
m.d.

51 pav. STM28 'H BMR spektro fragmentas

Fluoreno 3-H ir 6-H protony dubletas (J = 8,3 Hz) yra ties 6,80 m.d. Pastarieji
sgveikauja su fluoreno 4-H ir 5-H protonais, kuriy signalai fiksuoti ties 7,55—7,46 m.d.
Sis multipletas rodo 3 protony signalus, todél manoma, kad $iame multiplete yra ir
=CH- protono signalas. Spektre stebimi du ekvivalentiis singletai, esantys ties 7,83 ir
7,43 m.d., priskiriami fluoreno 1-H ir 8-H protonams

8-H "H 1H5"H

. 7 = = —— v
735 70 725 720 7.5 70 705 700 €35 630 685 68 675
m.d.

52 pav. Junginio STM28 H,H COSY spektro fragmentas
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Norint i$siaiskinti, kurio tienilziedo protonams priklauso atitinkami signalai ties
7,28 (d, J = 3,7 Hz), 7,23 (d, J = 3,9 Hz), 7,08 (d, J = 3,9 Hz), 7,06-7,00 (m) m.d.,
uzraSytas NOESY spektras (53 pav.).

. |
8-H 1-H 1y N IR
CRZ)

53 pav. Junginio STM28 NOESY spektro fragmentas

Nagrinéjant NOESY spektra pastebima, jog 8-H protonas (7,83 m.d.) saveikauja
su tienilziedo 3'-H ir 4'-H protonais (7,23 m.d. ir 7,06-7,00 m.d.). Likusios tienilziedo
protony (7,28 m.d. ir 7,08 m.d.) smailés priskiriamos 3"-H ir 4"-H protony signalams.
=CH- protonas, kurio signalas fiksuojamas anks¢iau minétame multiplete ties 7,55—
7,46 m.d., sgveikauja su fluoreno 1-H protonu (7,43 m.d.).

110

398 °C — STM26
STM27

100 4
\ — STM28

Masés nuostolis, %
(2] ~ (o] ©
o o o o

[

100 200 300 400 500 600 700 800
Temperatira, °C

54 pav. STM26-STM28 TGA kreivés

Norint nustatyti tiksliniy medziagy termines savybes, buvo atlikti TGA ir DSK
tyrimai. I§ gauty rezultaty matoma (54 pav. ir 9 lentelé), kad visos medziagos 5 %
masés praranda esant didesnei nei 390 °C temperatirai. Lyginant STM26 ir daugiau
tiofeno fragmenty turin¢ius STM27 ir STM28 pastebima, jog padidéjusi molekuliné
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masé salygoja masés nuostolius aukStesnése temperatiirose (STM26 — 391 °C,
STM27 —403 °C, STM28 — 398 °C).

Nagrinéjant DSK rezultatus akivaizdu, kad visy medziagy stikl¢jimo
temperatiiros yra Siek tiek mazesnés nei 100 °C (STM26 — 92 °C, STM27 — 97 °C,
STM28 — 99 °C). Lyginant visus naujus junginius tarpusavyje, matoma, kad didé¢jant
tiofeno fragmenty skaiciui molekuléje, stikléjimo temperatiira padidéja. Taip pat tiek
pirmojo, tiek antrojo kaitinimo metu nefiksuoti jokie kiti faziniai virsmai, i§skyrus
STM26 atveju (Tiya. — 202 °C). Tai reiskia, jog medziagos STM27 ir STM28 yra tik
amorfinés biisenos, todél tikétina, jog Siy medziagy plévelés ilgainiui iSliks
homogeniskos.

Medziagy konjugacijai i$siaiskinti uzrasyti UV-RS spektrai i§ pléveliy. Anot
absorbcijos spektry rezultaty, naujy junginiy t—=n* elektroniniy peréjimy smailés,
kurias galima priskirti 4,4’-dimetoksidifenilaminy apsuptiems fluoreno fragmentams,
yra iSsidésciusios 270-430 nm diapazone.

9 lentelé. Optiniai, terminiai ir fotoelektriniai naujy STM parametrai

STM  T«3°C Tsk,, °C Jabs®, nm 1,5 eV w9 cm?Vvigt
STM26 92 301 303,386 4.95 7.07<107
STM27 97 403 29%3%93’ 4,95 2.15%107
STM28 99 308 293; 4‘;92’ 5.0 3.68x10°

aStikl&jimo (Tst) temperatiiros fiksuotos DSK antrojo kaitinimo metu; Ppléveliy UV—
RS spektruose fiksuoti absorbcijos maksimumy poslinkiai; ¢jonizacijos potencialai
pamatuoti fotoelektrony emisijos (PES) metodu; %kriivininky judrio verté silpnuose
laukuose.

Didéjant tiofeny pakaity skai¢iui molekulése, tiksliniy junginiy UV-RS spektry
absorbcijos juostos, priskiriamos m—m* peréjimams, slenkasi batochromiskai
(55 pav. ir 9 lentelé).
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55 pav. STM26-STM28 ir P3HT UV-RS spektrai

w
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Lyginant naujy tiofeno fragmentus turin¢iy junginiy spektrus su P3HT, galima
teigti, kad intensyviausia jo absorbcija stebima 400-650 nm srityje, o STM26—

73



STMZ28 tame paciame diapazone pasizymi gerokai mazesnémis sugerties smailémis.
Todél galima tikétis, kad naujos medziagos geriau atliks STM funkcija
sukonstruotuose saulés elementuose.

Naujy STM jonizacijos potencialai nustatyti fotoelektrony emisijos metodu
(PES). I8 gauty rezultaty matoma, jog junginiy lp vertés yra 4,95-5,0 eV intervale.
Beveik vienodas HOMO vertes galimai lemia tiofeny fragmenty i$sidéstymas erdvéje.
Didziausiu I, pasizymi junginys, turintis daugiausiai tiofeny fragmenty molekuléje
STM28 (I, = 5,0 eV) (9 lentel¢).

Norint i$siaiskinti, kaip greitai medziaga gali judéti kriivininkai, laiko lékio
metodu iStirtas kryptingas skyliy judéjimas. Lyginant medZiagas tarpusavyje,
matoma, kad kravininky dreifinis judris Siek tiek sumazéja, prijungiant du tiofeno
fragmentus j molekule (STM26 — 7,07x10~7 cm?/Vs, STM27 — 2,15x10" cm?/V/s).
Esant didziausiam tienilpakaity skaiciui, skyliy dreifinis judris padidéja (STM28 —
3,68x10°¢ cm?/Vs).

I§ gauty optiniy, terminiy ir fotoelektiniy savybiy rezultaty galima teigti, kad
Sios medziagos gali biiti panaudotos kaip STM saulés elementuose, todél buvo
sukonstruoti prietaisai, kuriuose Sbh,S; naudojamas kaip absorbuojantis sluoksnis
(56 pav., a). Prietaiso konstrukcija: stiklas / FTO / TiO2 / SbS3 / STM / Au. 56 pav.,
b—d , pateiktas saulés elementy optimizavimas, kei¢iant STM koncentracija.
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56 pav. Sb,S; saulés elemento konstrukcija (a); J~V kreivés: b) STM26; ¢c) STM27;
d) STM28, esant skirtingoms STM koncentracijoms

I§ gauty rezultaty matoma, jog STM sluoksniui formuoti panaudojus 70 mmol
koncentracijos STM26 tirpala, fiksuojamas itin maZzas saulés elemento efektyvumas.
Didinant tirpalo praskiedima, padidéja ir prietaiso nasumas (70 mmol — 0,1 %, 18
mmol — 2 %, 9 mmol — 4,7 %), tadiau iki tam tikros ribos (4,5 mmol — 3,8 %). Tokia
pati tendencija matoma ir liejant sluoksnius i§ STM27 ir STM28 tirpaly (STM27: 70
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mmol - 0,2 %, 18 mmol — 4,0 %, 9 mmol — 4,9 % ir 4,5 mmol — 4,5 %; STM28: 70
mmol - 0,15 %, 18 mmol — 4,1 %, 9 mmol — 4,5 % ir 4,5 mmol - 3,4 %). Akivaizdu,
kad norint sukonstruoti efektyviausius prietaisus, turéty buti naudojami 9 mmol
koncentracijos STM tirpalai.

Gauti rezultatai sulyginti su prietaisy, kuriuose kaip STM naudojamas P3HT (10
lentelé ir 57 pav.), rezultatais.
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57 pav. Geriausiy prietaisy J—J kreivés

Lyginant rezultatus tarpusavyje akivaizdu, jog geresni rezultatai yra pasiekiami,
kai prietaisuose naudojamas STM sluoksnis — efektyvumas be STM yra tik 2,12 %.
Taip pat matoma, kad saulés elementai, kuriuose yra naujos tiofeno fragmentus
turin¢ios medziagos, nasumu pralenkia ir prietaisus su P3HT sluoksniu. Todél galima
teigti, jog Sioje publikacijoje aptartos tikslinés medziagos gali padidinti Sb,S; SC
efektyvuma.

10 lentelé. IS J—V kreiviy nustatyti fotovoltiniai saulés elementy parametrai

STM Jse, MA cm2 Voc, V FF PCE, %
Be STM 12,0 0,43 0,41 2,12

P3HT 11,7 0,69 0,58 4,68
STM26 13,9 0,63 0,54 4,73
STM27 13,7 0,68 0,53 4,94
STM28 13,6 0,56 0,59 4,50

Apzvelgus naujy medziagy termines, optines ir fotoelektrines savybes, matoma,
kad jos tenkina salygas, keliamas STM, naudojamoms Sb,S3 saulés elementuose.
Testuojant tikslinius junginius, Siuose SE fiksuojamas prietaisy efektyvumo
padidéjimas. Saulés elementas, | kurio sudétj jeina STM27 pasizymi auksciausiu
nasSumu, kuris yra didesnis nei prietaiso su standartu P3HT.

3.6. Tiofeno fragmentais sujungty fluoreny dimery skyles transportuojancios
medZiagos Sb,S; saulés elementams

Siame poskyryje nagrinéjami skyles transportuojantys tiofeno fragmentais
sujungti fluoreny dimerai, remiantis publikuotu straipsniu Sustainable Energy Fuels,
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2024, 8, 43244334, N. Juneja, 4. Jegorové, R. Grzibovskis, A. Katerski, M.
Daskeviciene, T. Malinauskas, A. Vembris, S. Karazhanov, N. Spalatu, V. Getautis,
M. Krunks, 1. O. Acik [327]; (cituota 2 kartus).

Ankstesnéje publikacijoje aprasyti organiniai puslaidininkiai STM26-STM28
gerai veikia Sb,Ss saulés elementuose, taciau jy stikléjimo temperatiiros néra
optimalios (jos artimos 100 °C) ir tai gali neigiamai paveikti prietaiso stabiluma.
Remiantis pirmosios publikacijos patirtimi buvo nuspresta susintetinti STM26—
STM28 dimerinius analogus, siekiant pagerinti termines savybes. Sioje publikacijoje
aprasoma keturiy tiksliniy medziagy, kuriuose molekulés centre esantis fluoreny
dimeras pakeistas 4,4'-dimetoksidifenilaminais, yra sujungtas skirtingu tiofeno
fragmenty tilteliu (STM29 ir STM30). Taip pat, siekiant padidinti molekulés
konjuguoty dviguby rysiy sistema, kuri gali turéti jtakos kriivininky dreifiniam
judriui, prie minéto centrinio fragmento buvo prijungti ir trifenilaminy dariniai,
gaunant molekules STM31 ir STM32, turincias Soninius 4,4’-dimetoksitrifenilamino
chromoforus.

Siy dviejy grupiy medziagy sintezé yra skirtinga, nors abiem atvejais yra

katalizuojama paladzio dariniais.
e
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20 schema. Tarpiniy junginiy 14 ir 15 sintez¢

Pirmiausia, taikant Knoevenagelio kondensacijos salygas, buvo susintetinti
centriniai fragmentai 14 ir 15, turintys du ir tris tiofeno chromoforus (20 schema).
Reakcijos vykdytos 4 val. tolueno virimo temperatiiroje, gaunant 66—-69 % ieigas.

Sintetinant tikslinius organinius puslaidininkius STM29 ir STM30, turin¢ius
4.,4'-dimetoksidifenilamino pakaitus, buvo taikyta Buchwaldo—Hartwigo reakcijos
metodika (21 schema), reakcijoje naudojant katalizatoriy paladzio acetat. Gauti
tiksliniai produktai gryninti chromatografiskai, o gautos iSeigos siekia 70 %. 4,4'-
dimetoksitrifenilamino Soniniai chromoforai prie centriniy fragmenty 14 ir 15 buvo
prijungti Suzuki reakcijos salygomis (21 schema). Reakcijos vykdytos 24 valandas,
katalizuojant tetrakis(trifenilfosfino)paladziui, gaunant tikslinius produktus STM31
ir STM32, iSgrynintus chromatografiskai, atitinkamai su 48 % ir 42 % iSeigomis.
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21 schema. Tiksliniy junginiy STM29-STM32 sinteze

Terminés naujy tiksliniy junginiy savybés tirtos DSK ir TGA metodais. I$ gauty
rezultaty matoma, kad nauji junginiai 5 % masés praranda 430—445 °C temperatiiry
intervale (58 pav.). Sulyginus junginiy, turin¢iy difenilaminy fragmentus, duomenis
galima teigti, jog Siuo atveju ilgesnis tiofeny tiltelis Siek tiek padidina terminj
patvarumg. Taip pat galima pastebéti, kad medziagos, turinios trifenilaminy
fragmentus, pasizymi didesne Ty.
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58 pav. Tiksliniy junginiy STM29-STM32 TGA kreivés
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Lyginant $ias medziagas su puslaidininkiy analogais, aptartais ankstesniame
skyrelyje (STM26-STM28), galima teigti, jog padidinus junginiy molekuling mase,
Ty taip pat padidéja.

Nagrin¢jant DSK rezultatus matoma, kad visi junginiai yra molekuliniai stiklai,
kuriy stikl¢jimo temperattros fiksuojamos 148—175 °C ribose ir yra didesnés nei
anksciau aptarty analogy STM26-STM28 (11 lentelé ir 59 pav.).

Qff—sTM29 ——sTMm31

Q STM30 STM32

148 °C
T —

T T T T
0 50 100 150 200 250 300
Temperatara, °C

59 pav. DSK antrojo kaitinimo kreiveés

Organinis puslaidininkis STM32, molekulés centre turintis tris tiofeno ir du
Soninius 4,4’-dimetoksitrifenilamino pakaitus, yra tik amorfinés buisenos, nes DSK
tyrimo metu, be virsmo ,stiklas—skystis*, nevyksta jokiy kity faziniy virsmy. Kaip
minéta anksciau, tokios medziagos labai pageidautinos saulés elementuose, nes jy
sluoksniai isliecka homogeniski, o tai labai svarbu prietaiso nasumui ir stabilumui.

Tiksliniy produkty THF tirpaly UV-RS spektruose (11 lentel¢) fiksuojamos
absorbcijos juostos ties 300 nm ir 375 nm priskiriamos puslaidininkiy molekuliy
Soniniy chromofory n—n* elektrony peréjimams.

11 lentelé. Optiniai, terminiai ir fotoelektriniai naujy junginiy STM29-STM32
parametrai

STM | T3 °C | Ty °C | Tsk, °C ’;arb;i 1,9, eV ”\‘;'1 CS’_TZ
STM29 | 148 276 430 3823?3268 4,94 | 9.86x107
STM30 | 153 157 435 3833?%79 494 | 129x10°
STM31| 175 | 175,307 | 445 3727?5267 505 | 3,38x10°
STM32 | 172 - 444 3727?3’80 508 | 1,85%10°

“Stikléjimo (Ts.) temperatiros fiksuotos DSK antrojo kaitinimo metu; olydymosi (Tiyd.)
temperattros fiksuotos DSK pirmojo kaitinimo metu; ‘UV-RS spektruose fiksuoti
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absorbcijos maksimumy poslinkiai (THF, ¢ = 10* mol/l); %jonizacijos potencialai
pamatuoti PES metodu; ®kravininky judrio verté silpnuose laukuose.

Mazesnio intensyvumo smailés, esancios ties ~425-500 nm, priskiriamos
centriniy tiofeno fragmenty analogiskiems valentiniy elektrony m—n* Suoliukams.
Esant daugiau tiofeno pakaity, pastariesiems priskiriamos smailés slenkasi
batochromiskai. Lyginant tiksliniy junginiy UV-RS spektrus tarpusavyje, matoma,
kad Soninius 4,4’-dimetoksitrifenilamino pakaitus turin¢ios medziagos pasizymi
intensyvesne absorbcija, tikétina, dél papildomo fenilenziedo. Sugretinus gauty
dimery ir jy analogy, aprasyty 2.5 poskyryje, absorbcijos spektry rezultatus, galima
pastebéti, jog sugerties smailés yra labai panaSios, todél galima teigti, jog dimery
dviguby rysiy konjugacija beveik nekinta.

Puslaidininkiy STM29-STM32 krivininky dreifinio judrio skaitinés vertés,
nustatytos ToF metodu yra 9,86x10~" — 3,38x10® cm? V! st intervale (11 lentelé).
Galima teigti, kad papildomi fenilenziedai Soniniuose molekuliy fragmentuose
kriivininky dreifinj judrj Siek tiek padidina.

Norint jsitinkinti, kad $iy medziagy energiniai lygmenys yra tinkami Sb»Ss;
saulés elementams, buvo nustatyti jy jonizacijos potencialai (11 lentelé). Matoma, jog
visy $iy STM I, skaitinés vertés yra ~5,0 eV (STM29 — 4,94 eV, STM30 — 4,94 eV,
STM31 — 5,05 eV ir STM32 — 5,08 eV). Papildomi tiofeny fragmentai molekuliy
centre beveik nekeicia jonizacijos potencialo, o papildomi fenilpakaitai Soniniuose
molekulés chromoforuose I, vertg kiek padidina.

Sukonstruoty SE (stiklas / FTO / TiO2 / Sb;Ss / STM [/ Au) charakteristikos
pateiktos 12 lenteléje. Prietaisas be STM sieké vos 1,9 % efektyvuma. Naudojant
P3HT ir 4,4'-dimetoksidifenilamino pakaitus turin¢ius puslaidininkius STM29 ir
STM30, fiksuojami Jsc ir Voc padidéjimai, lemiantys ir didesnj prietaisy nasuma
(P3HT — 4,7 %, STM29 — 3,9 % ir STM30 — 4,5 %). Taciau kaip STM naudojant
4,4'-dimetoksitrifenilamino pakaitus turin¢ius darinius STM31 ir STM32 saulés
elementai beveik neveikia (STM31 — 0,8 % ir STM32 — 0,7 %). Galbat STM31 ir
STM32 HOMO energiniai lygmenys yra per daug artimi Sb.S; HOMO lygmeniui
(szSg — —5,1 eV).

12 lentelé. IS J-V kreiviy nustatyti fotovoltiniai saulés elementy parametrai, kuriuose
naudojami STM29-STM32 puslaidininkiai

STM  JemAcm? Ve BR pcE 9
Be STM 87 478 46 1,9

P3HT 122 689 55 47
STM29 97 656 43 3,9
STM30 121 673 56 45
STM3L 57 439 35 08
STM32 6.1 137 33 07

Nors SC su tiksliniais junginiais ir neaplenké prietaiso naSumo su standartu
P3HT, tac¢iau optimaliausiy prietaisy sluoksniams lieti sunaudota maziau §iy tiksliniy
medziagy, todél ir pastaryjy sluoksniai yra plonesni (~20-25 nm, P3HT ~80-100 nm).
Dél Sios priezasties saulés elementy su tiksliniais junginiais STM29-STM32
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pralaidumas yra didesnis nei standarto (STM29 — 24 %, STM30 — 26 %, STM31 —
23 %, STM32 — 23 % ir P3HT — 21 %), salygojantis $iy organiniy puslaidininkiy
naudojimg skaidrioms SE konstrukcijoms.

Apibendrinant visas apzvelgtas publikacijas, galima teigti, kad susintetinty
skyles transportuojan¢iy fluorenil- ir karbazolilchromoforus turin¢iy organiniy
puslaidininkiy terminés, optinés bei fotoelektrinés savybés yra tinkamos, norint Siuos
tikslinius junginius panaudoti naujos kartos saulés elementuose. Tai buvo jtikinamai
pademonstruota sukonstruojant ir charakterizuojant efektyvius perovskitinius ir Sb,Ss
saulés elementus.
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4. 1SVADOS IR REZULTATAI

Disertacijoje pristatyti perspektyviis fluorenilo ir Kkarbazolilo chromofory
turintys p-organiniai puslaidininkiai naujos kartos saulés elementams. Darbo metu
suformuluotos i§vados:

1. Taikant Buchwaldo—Hartwigo reakcijos metodika susintetinti Spiro-
OMeTAD bei ,pusiniai“ analogai, kuriuose 4-metoksifenilchromoforai
pakeisti 9-etilkarbazolilchromoforais. Atlikus $iy skyles transportuojanciy
organiniy puslaidininkiy savybiy tyrimus nustatyta, kad:

1.1. visy tiksliniy junginiy T« yra aukStesné nei 400 °C. 4-
metoksifenilchromoforus kei¢iant didesniais 9-etilkarbazolilchromo-
forais, terminis molekuliy patvarumas didéja. Daugumos tiksliniy
junginiy T yra didesné nei 100 °C. llgesni ir Sakoti alkilpakaitai
mazina molekulinio stiklo susidarymo temperatiira;

1.2. spiro-OMeTAD bei ,pusiniuose” analoguose 4-metoksifenil-
chromofory keitimas 9-etilkarbazolilchromoforais mazina I, skaitines
vertes (STM3 — 4,93 eV, STM6 — 4,85 eV), o ilgesni alkilpakaitai jas
kiek didina (STM3 —4,93 eV, STM4 — 4,95 eV, STM5 — 5,02 eV);

1.3. didZiausiu teigiamyjy kravininky judriu i§ spiro-OMeTAD analogy
pasizyméjo molekule STM2 (3,6x10* cm?/Vs), kurioje visi 4-
metoksifenilchromoforai  pakeisti  9-etilkarbazolilchromoforais. 1§
,pusiniy“ analogy — molekulés STM3 bei STMA4, turin¢ios abu minétus
chromoforus (3,9x1074 cm?/V/s);

1.4. ,pusinis spiro-OMeTAD analogas STM2, turintis 4-metoksifenil- ir
karbazolilpakaitus periferinéje molekulés dalyje, demonstruoja saulés
elementy galios efektyvuma artima etaloniniam, taéiau jj gerokai
lenkia stabilumu.

2. Paladzio katalizuojamos ir Knoevenagelio kondensacijos reakcijy salygomis
buvo susintetinti akceptorinius ir donorinius chromoforus turintys bipoliniai
fluoreno dariniai. Atlikus $iy junginiy savybiy tyrimus nustatyta, kad:

2.1. susintetinti fluoreno dariniai yra termiskai stabiliis — 5 % masés svorio
praranda aukstesnéje nei 400 °C temperaturoje;

2.2. visi tiksliniai junginiai yra stabilios amorfinés basenos. Ju T yra
aukstesné nei 100 °C, iSskyrus junginio STM11 (Ts. = 92 °C);

2.3. 8iy organiniy puslaidininkiy jonizacijos potencialo (5,02-5,21 eV)
vertés priklauso nuo akceptoriniy fragmenty kiekio ir jy savybiy
stiprumo: |, didéja, didéjant ketogrupiy skai¢iui molekulése bei Sias
grupes keiciant nitrilogrupémis;

2.4. susintetinti fluoreno dariniai, turintys 9-alkilkarbazolilo bei 9H-
fluorenono chromoforus, pasizymi teigiamyjy kriivininky pernasa,
siekian¢ia 3,9x10~7 cm?/Vs silpnuose elektriniuose laukuose. Dariniai
su 9-alkilkarbazolilo ir dicianofluorenilidenilo arba antrachinono
chromoforais pasizymi abiejy zenkly kriivininky pernasa siekiancia
3,9x107 cm?/Vs (skyliy) bei 1,0x10® cm?/Vs (elektrony) silpnuose
elektriniuose laukuose.
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3. Dviejy pakopy reakcijos metu buvo susintetinti Sakotos struktiiros

fluorenilidenilo ir karbazolilo pakaitus turintys junginiai, centre turintys

Ivairius aromatinius fragmentus. Tiriant jy savybes nustatyta, kad:

3.1. tikslinés medziagos pasizymi aukstu terminiu stabilumu. Visi tiksliniai
produktai 5 % masés praranda didesnéje nei 440 °C temperatiiroje;

3.2. didesn¢ konjuguota dviguby ry$iy sistema turi molekulés, kuriose
substituoti fluorenilidenilo fragmentai sujungti benzeno centriniu
fragmentu p-padétimi, 1,4-pakeistu tiofenu bei trifenilaminu;

3.3. visi tiksliniai junginiai turi stabilia amorfing biisena. Jy Ty yra 190-231
°C intervale;

3.4. tiksliniy medZiagy jonizacijos potencialai yra 4,92-5,03 eV diapazone.
Geriausiu krivininky dreifiniu judriu pasizymi organinis puslaidininkis
STM17 (uo = 1,9x10°6 cm?/Vs);

3.5. sukonstravus prietaisus, kuriuose kaip STM naudojami tiksliniai
junginiai, gauti auk$ti PSE naSumai. Saulés elementy, kuriuose STM
fluorenilidenilo fragmentai sujungti fenilenziedu, efektyvumas yra
geriausias (STM16 — 22,13 % ir STM17 — 21,26 %) ir labai mazai
nusileidzia palyginamgjam prietaisui su etalonu spiro-OMeTAD
(22,83 %), taciau jj lenkia stabilumu.

KryZzminio kopuliavimo reakcijos metu susintetinti skirtingomis padétimis

prijungtus  karbazolilchromoforus turintys zvaigzdés formos skyles

transportuojantys puslaidininkiai. IStyrus jy savybes, buvo nustatyta, kad:

4.1. tiksliniai junginiai demonstruoja auk$tg terminj stabilumg: T
fiksuojamos 411-525 °C diapazone, o stikléjimo temperatiiros yra 190—
231 °C intervale. Visi junginiai pasizymi stabilia amorfine biisena. Sie
rodikliai gerokai lenkia spiro-OMeTAD standarta;

4.2. Keiciant Soniniy karbazolilchromofory prisijungimo padétj i§ 3-C j 2-C,
absorbcijos maksimumai ties 360 nm padidéja, o alkilgrandinélés ilgis
beveik nepaveikia sugerties smailiy intensyvumo ir poslinkiy. Taip pat
matomas  hipsochrominis  emisijos  maksimumo  poslinkis,
karbazolilpakaity prisijungimo padétj keiciant i§ 3-C j 2-C;

4.3. tiksliniy medziagy HOMO vertés yra nuo —4,86 iki —4,99 eV, o LUMO
—nuo 2,11 iki —2,26 eV. Gauty energiniy lygmeny skaitinés vertés
puikiai dera su saulés elemente naudojamu perovskitu. Kravininky
dreifinis judris fiksuotas nuo 3,5x1076 iki 1,0x10° cm?/Vs;

4.4. geriausiu prietaiso galios efektyvumu (19 %) pasizyméjo saulés
elementas su puslaidininkiu STM22.

Naudojant Knoevenagelio kondensacijos ir Buchwaldo—Hartwigo reakcijy

salygas, susintetinti tiofeno ir 4,4’-dimetoksidifenilamino chromoforus

turintys skyles transportuojantys junginiai, kuriy savybiy tyrimais nustatyta,
kad:

5.1. visi tiksliniai junginiai 5 % masés praranda ~400 °C, o auks$¢iausia Tsk.
pasizymi medziaga STM27 (Tsk = 403 °C), turinti didziausia tiofeno
chromofory skai¢iy. Didéjant tiofeno fragmenty skaiciui molekulése, jy
Tst. didéja (STM26 — 92 °C, STM27 — 97 °C, STM28 — 99 °C);



5.2. keiciant tiofeno fragmenty skaiciy, I, vertés beveik nekinta ir yra
iSsidésCiusios 4,95-5,0 eV intervale. Geriausiu kriivininky dreifiniu
judriu pasizymi organinis puslaidininkis STM28 (uo = 3,68x10°
cm?/Vs);

5.3. didziausias efektyvumas biuidingas SE (stiklas / FTO / TiO,/ SbySs/
STM [/ Au), kuriame kaip STM naudota STM27 (4,94 %), taip
pralenkiant prietaiso su etalonu P3HT nasuma (4,68 %). Nasumu
nedaug atsiliko SE su STM26 (4,73 %), o jos 1 g sintezés kaina yra tik
13 €, t. y. keliolika karty mazesné uz P3HT kaina.

Taikant skirtingas paladzio katalizuojamy reakcijy metodikas, susintetintos

tikslinés skyles transportuojancios medziagos, kuriy centre esantis

difenilaminais arba trifenilaminais pakeistas fluoreny dimeras, yra sujungtas
skirtingg tiofeno fragmenty skaiciy turinciais tilteliais. [vertinus $iy junginiy
savybes nustatyta, kad:

6.1. didéjant dimeriniy puslaidininkiy molekulinei masei tiek Ts, tiek Tst.
didéja. Visy tiksliniy junginiy Tg siekia daugiau nei 400 °C, o Ty yra
148-175 °C intervale;

6.2. didinant tiofeno fragmenty skaic¢iy dimery centre, I, beveik nekinta,
taciau papildomas fenilenziedas Soniniuose fragmentuose I, padidina
(STM29-4,95eV ir STM31-5,05eV, STM30-4,95eV ir STM32 —
5,08 eV). Analogiska tendencija budinga ir krivininky dreifiniam
judriui (STM29 — 9,86x10" cm?/Vs ir STM31 — 3,38x10°% cm?/Vs,
STM30 — 1,29x10°® cm?/Vs ir STM32 — 1,85x10°¢ cm?/Vs);

6.3. geriausiu galios nasumu pasizyméjo sukonstruoti saulés elementai
(stiklas / FTO / TiO2/ ShySs/ STM / Au) su puslaidininkiu STM30,
kuris sieké 4,5 %. Dél gauto prietaiso didesnio pralaidumo regimajai
spinduliuotei, jis perspektyvus skaidriems Sh,Sz saulés elementams
konstruoti.
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5. SUMMARY

5.1. Introduction

There are more than 8 billion people on Earth [1], and each year, the population
grows by tens of millions, leading to greater consumption of Earth’s natural resources,
such as oil, coal, gas, of which, over 100 million tons are consumed annually [2].
These energy resources are non-renewable, which means that their supply will
eventually get exhausted and become insufficient to meet humanity’s needs.
Furthermore, this large-scale consumption is closely linked to pollution, which
contributes to global warming and triggers droughts, along with food and water
shortages. To reduce the consumption of Earth’s resources, renewable energy sources,
such as wind, solar, and geothermal power should be utilized.

The Sun is the most powerful, unlimited, and free-of-charge energy source
available to humankind, and, every year, large amounts of solar energy reach the
Earth. For over 70 years, the solar cells technology has enabled consumers to produce
energy in sustainable ways. Additionally, this method of energy extraction is ideal for
scarcely populated, remote areas where it would be challenging to install a full-scale
wired energy infrastructure. However, the solar technology has its drawbacks: the
produced energy depends on the weather conditions and daytime hours, and the
equipment is costly. Although there is no way to control the weather conditions, the
cost of solar devices can be reduced by using more affordable raw materials and
selecting suitable methods for solar cells fabrication.

Currently, Silicon solar cells are the most popular and most readily
commercially available option. Nevertheless, their production is difficult due to the
need for expensive raw materials and high energy consumption [8]. To address these
issues, scientists are exploring alternative options including hybrid solar cells made
from organic and inorganic materials. One promising technology is perovskite solar
cells (PSC) which have the potential to reduce the cost of solar energy. PSC
development began in 2009, and this technology has already achieved more than 26
% efficiency [9, 10]. Regardless, challenges remain, particularly with the stability of
perovskite, which hinders commercialization. Currently, many extensive are being
made to improve stability, e. g., utilizing various halogens or additives [11].
Additionally, the most efficient solar cells require expensive organic semiconductors.
Scientists are working on developing cheaper alternatives which could be synthesized
through simpler methods so that to reduce the cost of solar cells.

Similarly with PSC, other types of solar cells have been developed, such as
guantum dots (QD), organic, or copper-indium-gallium-selenide (CIGS) devices.
Since 2014, the Sb,S; solar cell technology has seen rapid development, reaching 8 %
efficiency [12]. These devices can be partially transparent, making them a promising
option for integration into window construction. The light absorbing layer is made
from inexpensive raw materials and can be produced by using various methods [13].
Nonetheless, this technology is limited by certain factors indicating low efficiency.
The inefficient use of hole transporting materials (HTM), such as 2,2'.7,7'-
tetrakis[N,N-di(4-methoxyphenyl)amino]9,9'-spirobifluorene  Spiro-OMeTAD or
poly(3-heksylthiophene-2,5-diyl) P3HT may be one of the reasons why this
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technology still fails to achieve high efficiency. The synthesis of Spiro-OMeTAD is
complex [14], and achieving high regioselectivity of P3HT is difficult [15]. Although
both semiconductors are commercially available, they are expensive [16, 17].
Therefore, it is crucial to develop cheaper alternative materials that can be used as
efficient hole transporting materials and achieve similar or superior device
performance.

The aim of this work is to synthesize hole-transporting semiconductors with
fluorenyl- and carbazolyl- chromophores and investigate the properties of target
compounds and their applicability to hybrid solar cells.

To accomplish the aim of the dissertation, the following tasks have been
established:

1. To synthesize and investigate thermal, optical and photoelectrical
properties of HTMs with fluorenyl chromophores, and their application in perovskite
solar cells;

2.  To synthesize bipolar semiconductors containing donor and acceptor
fragments at their periphery; to characterize these materials and investigate their
application in perovskite solar cells;

3. To synthesize HTMs with fluorenyl chromophores linked by aromatic
fragments, and investigate the influence of these fragments on their optical, thermal,
and photoelectrical properties, as well as their efficiency in perovskite solar cells;

4.  Tosynthesize starburst p-type semiconductors using carbazole derivatives
as raw materials, and examine their optical, thermal, and photoelectrical properties,
along with their performance in perovskite solar cells;

5.  To synthesize hole-transporting materials composed of thiophene and
fluorenylidene fragments; to study their optical, thermal, and photoelectrical
properties, and their application in Sb,Ss solar cells;

6. To synthesize organic semiconductors with fluorenylidene fragments
connected by thiophene bridges, and evaluate their optical, thermal, and
photoelectrical properties, as well as their potential application in Sb,Ss solar cells.

Novelty of the doctoral dissertation and its Connection to the Publications

In recent vyears, perovskite solar cells have been developed for
commercialization, but their efficiency and stability remain limited [18]. These
challenges can be controlled by selecting suitable semiconductor materials.
Unfortunately, the standard HTMs in use today do not meet the requirements for
industrial-scale production of perovskite solar cells, such as easy and low-cost
synthesis. Spiro-OMeTAD is the commonly used HTM as it led to the development
of devices with the highest efficiencies. In spite of that, it suffers from several
disadvantages, including insufficient stability in devices, a risk of crystallization
within the layer, and a challenging synthesis process which requires aggressive
reagents [14]. Therefore, developing new HTMs that can be synthesized by using
simpler methods while maintaining high stability in solar cells construction is crucial.
In four of the author’s publications, purposefully designed and synthesized molecular
structures intended for use in perovskite solar cells are examined. These structures are
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characterized by suitable morphological properties and, in some cases, offer simpler
synthesis routes than Spiro-OMeTAD.

In the first publication, Spiro-OMeTAD analogues were developed by replacing
4-methoxyphenyl chromophores with 9-ethylcarbazolyl fragments, with the
expectation of improving the morphological and photoelectric properties of the target
compounds. Additionally, more easily synthesized ‘half’ analogues were proposed to
determine whether solar cells containing materials with the fluorenyl central core
could perform as efficiently as those with spirobifluorene-based compounds. The
devices tested with target semiconductors showed an efficiency of 15.7-18.3 %,
which was slightly lower than that of Spiro-OMeTAD. Even so, the improved
morphological properties lead to superior stability in solar cells compared to those
employing Spiro-OMeTAD.

In another publication, the synthesis and properties of new fluorene derivatives
containing donor and acceptor chromophores were described. All new bipolar
materials exhibited excellent thermal properties and a stable amorphous state. The
decomposition temperatures (where the materials lose 5 % of their mass) were above
400 °C. The glass transition temperatures meet the requirements for HTMs.
Additionally, the ionization potentials were suitable for applying the target materials
in perovskite solar cells. Most of the new derivatives can transport both holes and
electrons. However, the measured hole mobilities are too low (107 ¢cm?/Vs), and
therefore these compounds were not tested in perovskite solar cells.

The synthesis of branched HTMs containing fluorenylidene fragments was
presented in the third publication. Detailed results of optical, morphological and
photoelectrical properties were provided. All the target semiconductors exhibited
good thermal properties with decomposition temperatures exceeding 450 °C and a
stable amorphous state. The new compounds were tested in solar cells, and were found
to achieve efficiencies of 19.61-22.13 %. A device containing the hole-transporting
organic semiconductor STM16 performed similarly to a solar cell with Spiro-
OMeTAD, while demonstrating better stability.

In the fourth publication, starburst compounds with carbazole fragments in both
the molecule core and periphery were developed. Prior to this article getting
published, carbazole fragments had not been used as either central or side
chromophores in this kind of derivatives. The target materials were synthesized by
utilizing a one-step process. The new compounds demonstrated favorable
morphological properties and a stable amorphous state. Devices containing the new
HTMs reached 19 % efficiency, which is slightly inferior to the benchmark Spiro-
OMeTAD, whereas, for all of them, the stability test revealed the superiority of the
new organic semiconductors. This advantage was especially evident in case of
STMZ21, which demonstrated an improved SC stability under specific thermal
conditions.

Along with perovskite solar cells, other types of devices have also been
developed. The efficiencies of Sh,S; SC are lower than those of perovskite devices;
nevertheless, the stability of the absorbing layer is higher, and no toxic materials are
used in the process of its manufacturing [19]. The efficiency of these cells could be
increased by using Spiro-OMeTAD or P3HT as HTM. Nevertheless, these materials
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are not highly suitable for Sb,Ss SC due to their high cost, complicated synthesis, and
‘parasitic’ absorption. Based on the experience with perovskite solar cells, it is evident
that a properly chosen HTM can enhance the solar cell efficiency. In the fifth
publication, easily synthesized organic semiconductors with various thiophene
chromophores were defined. The new compounds exhibit good morphological
properties. Solar cells with the target HTMs attained 4.94 % efficiency, thus
outperforming a device with standard P3HT. Additionally, all the target materials are
relatively cheap compared to the commercially available alternative P3HT [16].

In the sixth publication, hole transporting materials containing fluorenyl dimers
linked by thiophene bridges and diphenyl or triphenyl chromophores were developed.
These molecules are dimer analogues of the HTMs discussed above. Most of these
materials demonstrate suitable thermal, optical and photoelectric properties; therefore,
these semiconductors were used in the construction of Sb,Ss solar cells. A device with
compound STM30, containing three thiophene and four diphenylamine fragments,
achieved the highest efficiency of 4.5 %, which is slightly lower than that of the
benchmark P3HT (4.7 %). Nevertheless, due to its better transparency to visible light,
this material is promising for the manufacturing of transparent devices.

5.2. Overview of Publications

In order for new-generation solar cells to be suitable for long-term use by similar
customers and remain competitive with commercially available Si SC, longevity, high
efficiency and low cost must be ensured. This can be achieved by selecting the
appropriate materials for solar cell construction. It is well-known that HTM is a crucial
component of SC, as it can significantly enhance the properties of devices. By
modifying the molecular structure of the hole-transporting material and incorporating
various functional groups, both the efficiency and stability of the device can be
improved. Currently, the best efficiencies are achieved when Spiro-OMeTAD is used
as the hole-transporting material. In spite of that, the synthesis of this compound is
complex with yields that are not particularly impressive. In some cases, the Spiro-
OMEeTAD layer can crystallize within the device, leading to gaps and a reduced
performance. Therefore, scientists are actively seeking more stable and cost-effective
alternative materials that could reach similar device efficiencies.

5.2.1. Molecular engineering of fluorene-based hole-transporting materials for
efficient perovskite solar cells

In this chapter, new fluorene-class materials, are explored based on the
published article: Solar RRL, 2022, 6, 2100990, by A. Jegorové, C. Momblona, M.
Daskeviciene, A. Magomedov, R. Degutyte, A. M. Asiri, V. Jankauskas, A. A. Sutanto,
H. Kanda, K. Brooks, N. Klipfel, M. N. Nazeeruddin, V. Getautis [290]; which has
been cited 11 times.

As mentioned above, the synthesis of Spiro-OMeTAD is complex, and the target
material is in a crystalline state. Therefore, there is a risk that the layer made from this
material can crystallize, thereby causing efficiency losses. It is believed that the
crystallinity of such compounds can be reduced by enlarging the semiconductor
molecule and modifying it with alkyl functional groups. Since carbazole derivatives
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are among the most popular and cost-effective fragments used for HTM synthesis, it
was decided to synthesize Spiro-OMeTAD analogues, where 4-methoxyphenyl
chromophores are replaced with 9-ethylcarbazolyl fragments, hoping that the latter
will improve the morphological and photoelectrical properties. Additionally, their
‘half’ analogues were synthesized to determine whether compounds with the fluorenyl
central core could perform as efficiently as spirobifluorene-class materials in
perovskite SCs.

This publication focuses on the synthesis, properties, and application of eight
new fluorene derivatives. First, by using the Hartwig-Buchwald amination conditions
with a Pd catalyst, amines 1 and 2, which contain 9-ethylcarbazolyl chromophores,
were synthesized (Scheme 22).

H

0« )-NH, o . .NOO'

XPhos, Pd(OAc),, N
H,0, NaOtBu, dioxane, 110 °C A

Br 1 (70 %)

NHz
% ,

XPhos, Pd(OAc),,
H,0, NaOtBu, dioxane, 110 °C

A

2 (87 %)

Scheme 22. Synthesis of 9-ethyl-N-(4-methoxyphenyl)-9H-carbazol-3-amine (1)
and bis(9-ethyl-9H-carbazol-3-yl)amine (2)

The new Spiro-OMeTAD analogue STM1, with the spirobifluorene central core
and 4-methoxyphenyl and alkyl carbazolyl groups, was synthesized by utilizing the
Buchwald-Hartwig reaction conditions. In this process, 2,2',7,7'-tetrabromo-9,9'-
spirobifluorene was coupled with secondary amine 1, while employing palladium
acetate (Pd(OAC),) as the catalyst (Scheme 23).

|
Braf“:f:‘;z’,zpﬁ:ﬁ"
)N O'O Br  Toluenas, A R- O O N-R

4

SMT1: R=;-©—0/ ; (28 %) S B
STM2: R= - (25 %) STM1, STM2

Scheme 23. Synthesis of Spiro-OMeTAD analogues STM1 and STM2

By using amine 2 instead of amine 1, Spiro-OMeTAD analogue STM2, which
contains only 9-ethylcarbazolyl chromophores at its periphery, was synthesized
(Scheme 23).

By wusing the Buchwald-Hartwig reaction conditions, 9-alkyl-2,7-
dibromofluorene was linked with the previously mentioned secondary amines 1 and
2. ‘Half* Spiro-OMeTAD analogues STM3-STMS, featuring two and four carbazolyl
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chromophores at their periphery and a central core of fluorene with various alkyl
chains, were obtained (Scheme 24).

+ o

Toluenas, A

ol /.
STM3.STMS: R= ~~{T)~0' STM3, STM6: R'= —CH; (43 %, 44 %)
. STM4, STM7: R'= —CH,CH,CHy; (54 %, 23 %)
STM6-STMS: R= ) STMS5, STM8: R'= —CH,CH(C,Hs)CH5(CH,),CHs. (55 %, 51%)
N
A

Scheme 24. Synthesis of ‘half” Spiro-OMeTAD analogues SMT3-STM8

To evaluate the changes in the conjugated n-electron systems of new HTMs,
ultraviolet-visible (UV-vis) and fluorescence (PL) spectra were recorded. The
obtained results are presented in Table 13 and Figures 60 and 61.
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Figure 60. UV—vis absorption (solid lines) and normalized fluorescence (dashed
lines) spectra from THF solutions: a) STM1 and STM3-STMS5; b) STM2 and
STM6-STMS8 (UV-vis ¢ = 10~ mol/l, FL ¢ = 10 mol/l)
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Figure 61. UV—vis absorption (solid lines) and normalized fluorescence (dashed
lines) spectra from THF solutions of STM1, STM2 and Spiro-OMeTAD (UV-vis ¢
=10 mol/l, FL ¢ = 10~° mol/l)
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From the obtained results, it can be seen that the smaller materials (‘half’
analogues of Spiro-OMeTAD) show lower absorption intensity peaks compared to
their spirobifluorene-class analogues. Additionally, when comparing STM1 and
STM3-STM5 and, similarly, STM2 and STM6-STMS, no significant shift in the
absorption maximum values was observed. This indicates that the different numbers
of 4-methoxyphenyl and carbazolyl chromophores do not significantly influence the
conjugation of new HTMs.

In comparison with spirobifluorene-class compounds, it is evident that the
absorption spectra of STM1 and STM2 are visually similar to that of Spiro-
OMeTAD. Only minor differences can be observed which may be attributed to the
replacement of 4-methoxyphenyl chromophores with carbazolyl fragments. As the
number of carbazolyl substituents in the molecule increases, the absorption maximum
shifts bathochromically. This effect is particularly noticeable in the UV region (~250
nm), where transitions in the heterocyclic electrons systems dominate.

In the fluorescence spectra, a bathochromic shift is also observed (Spiro-
OMeTAD — 417 nm, STM1 — 435 nm, STM2 — 453 nm), which may be caused by
the significant energy difference between the ground and the excited states.

The obtained target materials are used in SC for thin-layer formation. One of the
cheapest and simplest methods to form a material film is spin-coating. However, it is
not always successful in creating homogenous layers. To achieve uniform films, the
target compounds should be thermally stable and have a high glass transition
temperature (Tg).

The new HTM mass losses at high temperatures were examined by using
thermogravimetric analysis (TGA). The glass transition temperatures were
determined by differential scanning calorimetry (DSC). The obtained data are
presented in Table 13. All new compounds lose 5 % of their mass (Tq) at temperatures
higher than 400 °C. This level of thermal resistance is a significant advantage, as
operating solar cells can heat up to ~60 °C [292]. When comparing spirobifluorene-
class materials in this work with the properties of Spiro-OMeTAD reported in the
literature, it is evident that replacing four 4-methoxyphenyl groups with carbazolyl
fragments leads to lower Ty (Spiro-OMeTAD — 449 °C [291], STM1 — 438 °C).
Interestingly, exchanging 4-methoxyphenyl chromophores with carbazolyl
substituents notably improves the compound’s thermal resistance (STM2 — 512 °C).

New fluorene-class materials containing two carbazolyl fragments lose 5 % of
their mass at 401452 °C. The material with the lowest thermal resistance temperature
is semiconductor STM5, which contains two branched alkyl chains in the central
fluorene fragment. HTMs with four carbazolyl chromophores in the molecule
demonstrates higher Ty temperatures (461-515 °C). In the case of the latter materials,
another interesting effect can be observed , specifically, material STM8, containing
branched alkyl chains, exhibits the highest thermal resistance. It is possible that a
higher molecular mass leads to stronger interactions between molecules, which may
result in a more orderly spatial arrangement, thereby improving T.

When comparing the glass transition temperatures of spirobifluorene-class
materials and Spiro-OMeTAD, an increase in Tq due to a higher molecular mass can
be observed (Spiro-OMeTAD — 124 °C [291], STM1 — 169 °C), but only up to a
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certain limit (STM2 — 139 °C). When examining ‘half’ Spiro-OMeTAD analogues, it
can be seen that longer alkyl chains in the central core result in lower T4 (STM3 — 147
°C, STM4 — 133 °C, STM5 — 77 °C, and STM6 — 196 °C, STM7 — 183 °C, STM8 —
127 °C). When comparing the T4 of materials with 4-methoxyphenyl and carbazolyl
chromophores (STM3-STMB5) to compounds containing only carbazolyl substituents
(STM6-STMB), it is evident that smaller molecules exhibit ~50 °C lower glass
transition temperatures. This effect could be attributed to the lower symmetry of the
molecule, which leads to disordered spatial arrangement. The lowest T4 was noted for
STM5 (Ty — 77 °C), which is likely too low for practical use in SCs. However, all
other new HTMs have T4 higher than 100 °C, making them suitable for use in solar
cell construction, as these T4 values are well above the typical device operating
temperatures.

Table 13. Thermal, optical and photophysical properties of new materials

Ho, CM?/V/s
Compound Ty °C Ta,°C Aabs® nm Ip, eV (Eo=0
Vicm),
Materials with a 9,9'-Spirobifluorene central core
Spiro-
OMeTAD 124 449 237, 303, 5.0 4.1x10°%
367, 387
[291]
STM1 169 438 240, 993 5.28 5.6x10-%¢
242, 291, -4c
STM2 139 512 315, 382 4.90 3.6x10
Materials containing a fluorene core with 4-methoxyphenyl and carbazolyl
chromophores
STM3 147 452 24%’7%01’ 4.93 3.9x10*
STM4 133 441 24%’73;03’ 4.95 3.9x10*
STM5 77 401 249, 3595 5.02 2.9x10°5
Materials containing a fluorene core with carbazolyl chromophores
241, 292, -5c
STM6 196 490 312, 380 4.85 3.6x10
242, 297, e
STM7 183 461 312, 380 4.85 1.2x10
242, 295, -5c
STM8 127 515 315, 382 4.96 3.0x10

3Glass transition temperatures from DSC the second heating; "UV-vis spectra (THF,
¢ = 10* mol/l); ccharge carrier mobility of pure materials, calculated by extrapolating
measurement results from compounds with polycarbonate Z (PC-Z) in a 1:1
composition.

It is of importance to note that, during the DSC investigation of all new
materials, no endothermic transformation (indicative of the melting process) was
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observed. This suggests that the materials exist only in the amorphous state. As a
result, there is potential to achieve a homogeneous layer when forming films.

To determine whether the target materials are energetically compatible with
perovskite and electrode layers, measurements of electron photoemission in air
(PESA) were performed. That is how the ionization potential (l,) values were
obtained. The results are presented in Table 13. When comparing the I, values of
spirobifluorene-class materials, it is evident that carbazolyl fragments in the molecule
result in a lower ionization potential (Spiro-OMeTAD —5.0 eV, STM1 —-4.83 eV). It
can be suggested that this change occurs due to the easier oxidation of the carbazolyl
fragments. However, the inclusion of a higher number of carbazolyl chromophores
leads to the opposite effect as the ionization potential slightly increases (STM2 — 4.9
eV). In this case, because of the abundance of moieties, the molecules are likely very
constrained in the film, and carbazolyl side groups get positioned in a more disordered
manner, which causes a slight increase in the I, values.

In contrast to fluorene-class derivatives, it is evident that the length of the alkyl
chain increases the ionization potentials (STM3 — 4.93 eV, STM4 — 4.95 eV, STM5
—5.02eV, and STM6 — 4.85 eV, STM7 —4.85 eV, STM8 — 4.96 eV). This effect is
likely due to a specific spatial arrangement of the molecules. The larger number of
carbazolyl chromophores in the molecule decreases I,, caused by an easier oxidation
of the latter. Nevertheless, all the synthesized HTMs have oxidation potentials
comparable to the energy levels of perovskite.

Charge drift mobility («) is also highly important for the solar cell operation. It
is believed that a correlation exists between the charge mobility and the solar cell
efficiency, i. e., the higher is the mobility, the higher is the efficiency of the solar cell.
Not all materials could be measured in their pure form; therefore, those that could not
be measured pure were mixed with polycarbonate Z (PC-Z). The numerical values of
the results were recalculated by extrapolation, thus obtaining the hole drift mobility
results for the new semiconductors (Table 13). It is evident that longer alkyl chains
attached to the fluorene central core decrease the hole drift mobility. This effect may
be due to the increased distance between molecules, or because of unfavorable spatial
arrangements. Similarly, for the same reason,carbazolyl chromophores result in lower
. However, spirobifluorene-class materials exhibit the opposite effect — i. e.,
replacing all the side fragments with carbazolyl chromophores increases the hole
transport. Based on these results, it is clear that the hole drift mobility of new
compounds is suitable for use in perovskite SCs.

Upon examining the thermal and photoelectrical measurement results, and being
convinced that the synthesized new compounds can be used in perovskite SCs, n-i-p
structure devices were constructed. The best results for solar cells are given in Figure
62 and Table 14. The construction of solar cells was as follows: FTO / ¢-TiO; / m-
Ti02 / SnOZ / perovskite [(FAPb|3)o.87(MAPbBI’3)0,13]0.92(CSPb|3)o,03 / STM / Au.
HTMs were used in conjunction with 4-tert-butylpyridine (tBP), lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) and tris(2-(1H-pyrazol-1-yl)-4-tert-
(butylpyridine)cobalt(l1Dtris(bis(trifluoromethylsulfonyl)imide (CoTFSI, FK209).

In comparing spirobifluorene-class compounds (Spiro-OMeTAD analogues), it
can be seen that replacing 4-methoxyphenyl moieties with carbazolyl chromophores
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results in lower SC efficiencies. It is likely that the decline in the open circuit voltage
(Voc) is caused by higher recombination due to either holes or unevenness at the
perovskite/HTM surface junction. Nevertheless, the SC achieves efficiencies of 17.6
% and 18.3 % with materials STM1 and STM2, respectively, which is not far behind
the control device containing Spiro-OMeTAD (20.1 %).
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Figure 62. The J—V curves of best-performing SCs and the results of the stability
test of HTMs: a), d) Spiro-OMeTAD, STM1 and STM2; b), e) STM3-STMS; c¢), f)
STM6-STMS. The stability tests were performed without encapsulating the devices,

under N, atmosphere, at 25 °C

The solar cells that utilize “half> Spiro-OMeTAD analogues as HTMs achieve
slightly lower efficiencies. A higher performance is observed in materials containing
four carbazolyl chromophores.

Table 14. Characteristics of solar cells

Compound Voe, MV Jsc, MA -cm™? FF P&E’
Materials with a 9,9'-Spirobifluorene central core
Spiro-OMeTAD 1108 23.60 0.77 20.1
STM1 1000 22.32 0.79 17.6
STM2 1059 23.41 0.74 18.3
Materials containing a fluorene core with 4-methoxyphenyl and carbazolyl
chromophores
STM3 1014 22.80 0.68 15.7
STM4 992 22.89 0.69 15.7
STM5 987 22.35 0.73 16.1
Materials containing a fluorene core with carbazolyl chromophores
STM6 1034 23.37 0.71 17.2
STM7 1045 23.32 0.73 17.8
STM8 1048 23.35 0.74 18.1
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According to the data presented in Table 14, devices with HTMs containing
carbazolyl and 4-methoxyphenyl substituents achieve ~16 % efficiency. It is believed
that the lower performance is caused by poor interaction between the perovskite and
HTM interfaces.

As mentioned above, materials containing 4-methoxyphenyl and carbazolyl
moieties (STM3-STM5) have a lower symmetry than their counterparts with only
carbazolyl substituents (STM6-STMS). In thin layer, the molecules of the derivatives
with 4-methoxyphenyl and carbazolyl fragments may be spaced farther apart, thereby
affecting the morphology of the perovskite/HTM junction surface, which results in a
lower hole drift mobility and a higher recombination [293]. The length of the alkyl
chain has practically no influence on the short-circuit current density, with values of
22.4-22.8 mA cm? for devices with STM3-STM5 and 22.3 mA cm? for those
containing STM6-STMS.

The stability of non-encapsulated devices was investigated under N, atmosphere
at 25 °C (Figure 62, d—f). When comparing Spiro-OMeTAD and its analogues, it is
evident that the solar cell stability decreases as the HTM molecule size increases.
After 450 hours of operation, the maximum device efficiency decreased from 100 %
to 85 % for Spiro-OMeTAD, to 81 % for STM1 and to 69 % for STM2. A similar
trend is observed for ‘half” Spiro-OMeTAD analogues including carbazolyl
chromophores — i. e., their efficiency decreases with an increasing alkyl chain length
(STM6 — 86 %, STM7 — 81 % and STM8 — 67 %). In contrast, devices containing
HTM with both 4-methoxyphenyl and carbazolyl moieties (STM3-STM5) exhibit
almost no change in performance under the specified conditions.

In summary, perovskite solar cells using new HTMs experience a slight decrease
in efficiency compared to that with Spiro-OMeTAD. However, materials with the
fluorenyl central core and 4-methoxyphenyl and carbazolyl fragments at their
periphery ensure excellent device stability.

5.2.2. New fluorene-based bipolar charge transporting materials

With reference to the published article RSC Adv., 2024, 14, 2975, A. Jegorove,
M. Daskeviciene, K. Kantminiene, V. Jankauskas, R. J. Cepas, A. Gruodis, V. Getautis
and K. Genevicius [294], which has been cited 1 time; this chapter describes fluorene
derivatives with both acceptor and donor groups that can transport electrons and holes.

It is believed that bipolar materials can interact with the perovskite layer, which
may decrease the process of recombination, resulting in an improved efficiency and
stability [241, 242]. Because of this, it was decided to modify the previously reported
molecules with the fluorene central core, by synthesizing charge-transporting
materials containing donor and acceptor chromophores at the molecular periphery. In
the publication, six bipolar derivatives were developed.

Firstly, the side fragments were utilized by using the Buchwald-Hartwig
synthesis conditions. 3-bromo-9-(2-ethyl)hexylcarbazole was linked with 2-
aminoanthraquinone or 2-amino-9H-fluorenone, and amines 3 and 4 were obtained
(Scheme 25), containing electron-donor and electron-acceptor chromophores.

Bipolar fluorene derivatives STM9 and STM10, containing a 9,9-dialkyl-9H-
fluorene central fragment and side groups of alkylcarbazole/anthraquinone, were
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synthesized by using the Buchwald-Hartwig cross-coupling reaction conditions by
connecting  2,7-dibromo-9,9-dimethyl-9H-fluorene and 2,7-dibromo-9,9-di(2-
ethylhexyl)-9H-fluorene with amine 3, using Pd(OAc). as the reaction catalyst

(Scheme 26).
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Scheme 25. Synthesis of intermediates 3 and 4
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Scheme 26. Synthesis of fluorene derivatives STM9-STM14

By replacing amine 3 with 2-((9-(2-ethylhexyl)-9H-carbazol-3-yl)amino)-9H-
fluoren-9-one (4), fluorene derivatives STM11 and STM12, containing both donor
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(9-alkylcarbazolyl) and acceptor chromophores (9H-fluorenone) at the peripheral
positions, were synthesized.

To further enhance the acceptor properties of these compounds, they were
modified by incorporating malononitrile while using the Knoevenagel condensation
reaction conditions, yielding fluorene derivatives STM13 and STM14, respectively
(Scheme 26).

In the next step, the thermal properties of the target bipolar materials were
investigated. The obtained data showed that these bipolar compounds lose 5 % of their
mass at temperatures higher than 400 °C (Table 15 and Figure 63).
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Figure 63. TGA curves of bipolar fluorene derivatives

As expected, replacing long and branched alkyl chains with methyl groups led

to a higher thermal stability, as evidenced by the decomposition temperatures (STM9
—428 °C, STM10 — 464 °C).
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Figure 64. DSC curves of new bipolar materials: a) containing carbonyl groups
(STM9-STM12); b) with cyano substituents (STM13 and STM14)

Conversely, substituting carbonyl groups with nitrile fragments had the opposite
effect (STM11 — 423 °C, STM13 — 406 °C). Additionally, the glass transition
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temperatures of new bipolar materials were determined (Table 15 and Figures 64, a,
b). Analysis of the DSC curves revealed that the glass transition temperatures of most
compounds are greater than 100 °C. Compounds containing methyl substituents are
characterized by higher Ty values than their analogues with long and branched alky!l
fragments (STM10 — 153 °C, STM12 — 133 °C, STM14 — 161 °C vs. STM9 — 109
°C, STM11 - 92 °C, STM13 — 112 °C). Furthermore, it can be observed that the
presence of fluorenone fragments decreases T4, while the substitution of keto groups
with nitrile groups leads to the opposite effect. No endothermic peaks were observed
in the DSC curves, thus indicating that all new bipolar materials exist in an amorphous
state. Therefore, it is likely that these materials can form high-quality layers.

In order to evaluate the optical properties of the compounds, the UV-vis spectra
of the solutions and thin layers were recorded (Table 15 and Figure 65).

Table 15. Thermal, optical and photoelectrical properties of bipolar fluorene
derivatives

c d
Compound Tg?,°C T, °C Aabs®, M lp, eV éﬁ] g‘/"\e/s éﬁ«. eZIX/S
STM9 109 428 311, 355, 512 5.18 2.6x107  4.6x107°
STM10 153 464 311, 352, 514 5.21 1.4x107  1.1x10°
STM11 92 423 378, 534 5.02 3.9x1077 -
STM12 133 485 377,537 5.02 9.2x10°8 —
STM13 112 406 337, 346, 760 5.18 1.2x107  1.0x10°®
STM14 161 417 337, 750 5.16 2.8x10%  3.5x10°°

3Glass transition temperatures were determined from DSC (second heating cycle);
bUV-vis spectra of thin layers; chole drift mobility at zero field strength; %electrons
drift mobility at zero field strength.

When investigating the absorption spectra of the solutions, at least three
absorbance peaks were observed. Additionally, it was found that the spectral shapes
for materials differing by the alkyl chain length were almost identical. This indicates
that saturated alkyl chains do not significantly influence the molecular m-electron
conjugation. All solutions of new materials can be characterized by intense n—n*
absorption peaks in the range of 270-450 nm, which overlap with low-intensity n—m*
peaks. The absorption maxima in the visible region can be attributed to the donor-
acceptor charge transfer [295].

When comparing materials with two (STM11, STM12) and four (STM9,
STM10) carbonyl groups, it is evident that the additional electron donor groups
influence the conjugated system, resulting in a hypsochromic shift. However, more
intense absorption at 510 nm was also observed. Due to the stronger acceptor
properties of the cyano group, the absorption peaks shift to longer wavelengths in the
visible region.

When contrasting the UV—vis spectra of solutions and thin layers, a small shift
of approximately 3 nm towards the longer wavelengths was observed (Figure 65).
However, the trends related to the alkyl chain length and the acceptor group remained
consistent. Compounds with more carbonyl groups (STM9 and STM10) showed
absorption maxima at 510 nm, while the absorption peaks of materials with cyano
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substituents were bathochromically-shifted in the visible region. Additionally, the FL
spectra were recorded; however, no emission was detected.
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Figure 65. UV—vis spectra of bipolar fluorene derivatives in: a) THF solutions (c =
10 mol/l); b) thin layers

To evaluate the HOMO levels of the new materials, the PESA method was used
to determine the ionization potential values (Table 15 and Figure 66). Materials
containing anthraquinone fragments are characterized by the highest values of I,
(STM9-5.18 eV, STM10 - 5.21 eV). As expected, longer and branched alkyl chains
at the 9™ position of fluorene do not influence the ionization potential. When
comparing the bipolar fluorene materials, a decrease in the I, values is observed when
fewer electron acceptor groups are present (STM9 —5.18 eV, STM10 - 5.21 eV and
STM11-5.02 eV, STM12 —5.02 V). However, the replacement of keto groups with
stronger electron acceptors, such as nitrile fragments, results in an increase in the
ionization potentials (STM11 — 5.02 eV, STM12 —5.02 eV and STM13 - 5.18 eV,
STM14 — 5.16 eV). This suggests that a higher number of acceptor groups and
stronger electron-accepting properties can elevate the value of I,.
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Figure 66. Electron photoemission in air spectra of new compounds: a) containing
carbonyl groups (STM9-STM12); b) with cyano fragments (STM13 and STM14)
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Since the new fluorene derivatives contain both electron donor and acceptor
groups, it is expected that they can transport both charge carriers. To confirm this,
time-of-flight measurements (XTOF) were performed with the objective to evaluate
charge mobility (Table 15 and Figure 67). For materials with 9-fluorenone
chromophores (STM11 and STM12), electron mobility was not observed, while hole
mobility was detected. Substitution of the keto group with a dicyanofluorenylidene
fragment, which has stronger acceptor properties, and an increase of the number of
acceptor substituents in the molecule resulted in the appearance of electron mobility.

02 . . - T T T 03 T T
a)l e STM9 holes b)l ¢ STM13 holes
10° fo  STM10 holes 10% |° STMi4holes
104 L° STM11 holes
» STM12 holes »10°
S10° g
= .
100 51"
:: i
107 107
10° 4 STM9 electrons | 10°® 4 STM13electrons 73
\ ‘ ‘ ‘ a §TM19 elect‘rons R 4 STM14 electrons
100 0™ 200 400 600 800 1000 1200 1400 107 200 200 600 800 1000  120¢
EY2, (Vicm)"2 EY2, (Vicm)*?

Figure 67. Charge carrier drift mobility dependence on electric field

The results show that materials containing anthraquinone (STM9 and STM10)
and dicyanofluorenylidene (STM13 and STM14) fragments exhibit both positive and
negative charge mobility. When comparing the results, it is evident that hole mobility
is approximately an order of magnitude higher that electron drift mobility (STM9 —
o hole = 2.6x107 cm?/Vs and STM9 — po elec. = 4.6x10° cm?/Vs, STM10 — po nole =
1.4x107 cm?/Vs and STM10 — poetec. = 1.1x107° cm?/Vs, STM13 — oo = 1.2x1077
cm?/Vs and STM13 — poelec. = 1.0x10°8 cm?/Vs, STM14 — po note = 2.8x10°8 cm?/Vs
and STM14 — poeiec. = 3.5x10°° cm?/Vs). The presence of longer and branched alkyl
chains slightly improves the hole drift mobility, while the electron mobility decreases.
Conversely, the replacement of the keto group with a cyano fragment increases the
electron drift mobility, although the hole transport becomes slower.

All the synthesized bipolar fluorene derivatives exhibit excellent thermal
properties. The lose 5 % of their mass at temperatures exceeding 400 °C. The glass
transition temperatures meet the requirements for HTMSs. The ionization potentials of
these fluorene derivatives are also suitable for use in SC manufacturing. Most of these
materials show both holes and electrons mobility, although the hole drift mobility
reaches only 1077 cm?/Vs in weak fields. Therefore, these materials were not applied
for the construction of perovskite solar cells.

5.2.3. Branched fluorenylidene derivatives with low ionization potentials as hole-
transporting materials for perovskite solar cells

Based on the published article Chem. Mater., 2023, 35, 5914-5923, A. Jegorové,
J. Xia, M. Steponaitis, M. Daskeviciene, V. Jankauskas, A. Gruodis, E. Kamarauskas,
T. Malinauskas, K. Rakstys, K. A. Alamry, V. Getautis and M. K. Nazeeruddin [296];
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the article has been cited 7 times, this chapter reports on hole-transporting materials
with fluorenylidene fragments.

The evaluation of perovskite solar cells began more than a decade ago; however,
as mentioned above, Spiro-OMeTAD is still used as a benchmark for HTM. It has
been observed that the use of a similar molecular design can lead to good results in
terms of both efficiency and stability [297, 298].

There are two main strategies to obtain structurally similar materials to Spiro-
OMeTAD: (1) by using spirobifluorene as a central fragment, substituting 4-
methoxyphenyl chromophores (as in the first publication) [198, 203], or (2) imitating
the spatial arrangement of Spiro-OMeTAD by carefully selecting the central and side
fragments [219, 247].

The first strategy is generally considered more reliable, simpler, and more
successful for achieving high performance of the device under development.
However, the second strategy has also gained popularity due to its potential to produce
cheaper and more stable target compounds. From the data described in the first
publication, it can be inferred that the proper number of carbazolyl fragments can, in
some cases, increase the stability of the device. Therefore, 9-ethyl-N-(4-
methoxyphenyl)-9H-carbazol-3-amine was chosen as a side chromophore. In order to
ensure that the materials were structurally similar to Spiro-OMeTAD, fluorenylidene
fragments were introduced into the molecular “central part” and linked through various
aromatic moieties.

All the synthesized target materials can be divided into two groups: molecules
containing two fluorenylidene fragments and compounds with three fluorenylidene
moieties. Intermediates 5-10 were synthesized by using the Knoevenagel
condensation reaction conditions in toluene, while utilizing 40 % NaOH solution and
phase-transfer catalyst tetrabutylammonium bromide. Since compounds 5-9 have
been reported in other scientific works, only the new carbazolyl derivative synthesis
is presented here: 9-(2-ethylhexyl)carbazol-3,6-dicarboxy-aldehyde reacted under the
above-mentioned conditions with two equivalents of 2,7-dibromo-9H-fluorene, thus
yielding intermediate 10 (Scheme 27).

40% NaOH,q,),

(n-| Bu)4N Br- —
BrBr Toluene, 25 °C O’ O O
?/ Br ?/N Br
10 (52 %)

Scheme 27. Synthesis of intermediate 10

The target materials STM15-STM20 were obtained through a palladium cross-
coupling reaction, linking intermediates 5-10 with 9-ethyl-N-(4-methoxyphenyl)-9H-
carbazol-3-amine (Scheme 28).
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To evaluate the thermal and morphological stability of the target compounds,
TGA and DSC studies were performed (Table 16 and Figure 68). From the TGA data
obtained, it is evident that all materials lose 5 % of their mass at temperatures higher
than 400 °C. Additionally, it can be observed that the presence of more fluorenylidene
moieties slightly increases the decomposition temperature.

100
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Figure 68. TGA curves of the target compounds
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The glass transition temperatures of all the materials are in the 190-232 °C
range, which is higher than the benchmark Spiro-OMeTAD [291]. When comparing
all the materials, certain trends are apparent. The replacement of the thiophene central
core with phenyl or carbazolyl chromophores results in improved Ty values (Table 16
and Figure 69).

Table 16. Thermal, optical, and photoelectrical properties of new materials

Aabs. b Aabs. © ,uOd,
a o o) ] ]
Compound Tg?°C  Tq,°C am am Ip, eV em2/Vs
298, 299, 7
STM15 190 451 376,461 379, 466 4,99 5.4x10
STM16 209 452 297,369 299, 372 492 8.5x107°7
STM17 203 445 298, 373 298, 375 4.89 1.9x10°6
STM18 206 446 295,375 293, 378 495 4.3x1077
STM19 210 457 297,367 299, 370 4,94 4.9x1077
299, 298, 6
STM20 232 455 376,451 379, 454 5.03 1.3x10

3aGlass transition temperatures were recorded during the second heating cycle of DSC
measurement; "UV-vis (THF, ¢ =10 mol/l); CUV-vis spectra of thin films; %hole
drift mobility in combination with PC-Z (1:1) at zero field strength.

Fluorenylidene chromophores are linked through the phenyl ring in the meta
position, and Ty increases slightly. The glass transition temperatures also increase for
molecules with three fluorenylidene fragments (STM19 — 210 °C and STM20 — 231
°C).

Q 190 °C
1 R —
209 °C
T~ ]
—
232 °c _—
— STM15 STM17 STM19
—— STM16 —— STM18 —— STM20
150 1;5 260 2é5 2%0 275

Temperature, °C

Figure 69. DSC second heating cycle of the target materials

In this study, no other phase transitions were observed, thus confirming that
materials are completely amorphous. Therefore, it is likely that high-quality layers
can be obtained from these materials.

In order to evaluate the optical properties of the new compounds, the UV—vis
spectra of THF solutions (c=10- mol/l) and thin films were recorded (Table 16 and
Figure 70). It can be observed that two cases of intense =—x* electron transition occur
at approximately 300 nm and 375 nm in all the absorption spectra. Replacing the
linkage of fluorenylidene fragments from the meta to the para position results in a
slight bathochromic shift due to an increased conjugation. A corresponding shift in
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the absorption maxima is also noted with the inclusion of thiophene (STM15) and
triphenylamine (STM20) in the central core of the molecular structure. Additionally,
an extra peak appears at ~450—470 nm in the absorption spectra of these
semiconductors, which can be attributed to m—n* electron transitions. When
comparing the absorption spectra of solutions and thin films, a minimal bathochromic
shift is observed.
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Figure 70. UV-vis spectra of target materials from: a) THF solutions (¢ = 10
mol/l); b) thin layers

In order to ascertain whether the HOMO levels of the new materials meet the
requirements for HTMs, the I, values were recorded by using the PESA method (Table
16 and Figure 71). From the obtained results, it is evident that the ionization potentials
range from 4.92 eV to 5.03 eV. Materials with fluorenylidene fragments linked by
phenyl rings exhibit lower ionization potentials (STM16 — 4.92 eV, STM17 — 4.89
eV, STM19 —4.94 eV). It can be noted that the additional fluorenylidene and 9-ethyl-
N-(4-methoxyphenyl)-9H-carbazol-3-amine fragments do not significantly influence
the HOMO values. Materials containing central cores with heteroatoms have slightly
higher I, values (STM15 —4.99 eV, STM18 —4.95 eV, STM20 — 5.03 eV).

300 .
F STM5 (1,=4.99 eV)
s .

= STM16 (/,=4.92 eV)
250 4
STM17 (1,=4.89 eV,

STM18 (1,=4.95 eV)
STM19 (1,=4.94 eV)
STM20 (/,=5.03 eV)

46 48 50 52 54 56 58 6.0 6.2
hv, eV

Figure 71. Ionization potentials of branched compounds containing fluorenylidene
fragments
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Charge drift mobility was determined by using XTOF data (Table 16 and Figure
72). After casting the layers of the synthesized semiconductors, cracking was
observed, leading to a loss of homogeneity. Therefore, their drift mobility was
evaluated in a composition with PC-Z (1:1). It is evident that STM17 exhibits the
highest hole transport in weak fields (STM17 uo = 1.9x10% cm?/Vs). Hole drift
mobility improves when fluorenylidene fragments are linked through the phenyl ring
para positions (STM16 — 8.5x10°7 cm?/Vs, STM17 — 1.9x10% cm?/Vs and STM20 —
1.3x10% cm?/Vs). Upon comparing the hole drift mobilities with Spiro-OMeTAD, it
can be seen that they are slightly lower than the benchmark (Spiro-OMeTAD —
2.81x10% cm?/Vs [290]).
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Figure 72. Dependence of charge drift mobilities on electric field

The branched structure compounds were used as an HTM layer in the n-i-p
architecture solar cells (Figure 73, a). The construction of the device was FTO / SnO;
/ TiO2 / Cs0.04sMA0.045FA001Pblz / HTM / Au. To improve the hole mobility of HTM,
all the materials were doped with the above-mentioned additives. In Figure 73, b, the
cross-sectional view of the device shows that material STM16 evenly covers the
surface of the perovskite layer. Therefore, it is likely that the device will demonstrate
good stability. The solar cell performance data are given in Table 17.

(@) O T — . —— —
‘ Y i

Perovskite
ETLs# s :_,?' : s ¥ > : -
FTO 3 j

Figure 73. Structure of SC (a); Cross-sectional view of the device (b)

The devices that contains HTMs where fluorenylidene fragments are linked by
phenyl rings achieves the highest efficiencies (STM16 — 22.13 % and STM17 — 21.26
%), which are slightly lower than SC with Spiro-OMeTAD (22.83 %). Efficiency is
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almost independent of the substitution at the central fragment of the molecule that
links the fluorenylidene chromophores. From the data, it can be seen that the
performance of the solar cells decreases when HTMs with larger chromophores in
their central parts are used: devices with semiconductors STM18 and STM20,
containing carbazolyl or triphenylamine chromophores, have the lowest efficiencies
(STM18 - 20.44 % and STM20 —19.61 %).

Table 17. Photovoltaic parameters extracted from solar cells based on various HTMs

Compound Jsc, MA cm™ Voe, V FF PCE, %
STM15 24.54 1.065 0.793 20.72
STM16 24.57 1.112 0.810 22.13
STM17 24.50 1.082 0.802 21.26
STM18 24.45 1.061 0.788 20.44
STM19 24.43 1.06 0.796 20.61
STM20 24.38 1.03 0.781 19.61

Spiro-OMeTAD 24.79 1.133 0.813 22.83

The stability of the device is also an emphatically important characteristic of
SC. To evaluate how long a solar cell can function efficiently, these efficiencies were
monitored under maximum load (Figure 74). It is evident that the device with STM16
loses only a few percent of efficiency even after 1400 hours. On the other hand, the
solar cell containing Spiro-OMeTAD lost approximately 15 % of its efficiency by the
end of the testing.
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Figure 74. Stability of solar cells containing STM16 and Spiro-OMeTAD

0.5

The thermal, optical, and photoelectrical properties of the target compounds
meet the requirements for hole-transporting materials. The testing of these materials
in solar cells established that the efficiency values of these devices are close to that of
Spiro-OMeTAD. The stability results clearly indicate that semiconductor STM16
enhances the longevity of SCs.
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5.2.4. Starburst carbazole derivatives as efficient hole transporting materials for
perovskite solar cells

In this chapter, star-shaped carbazole derivatives are described, based on article
published in Solar RRL, (2022, 6, 2100877) by A. Jegorove, M. A. Truong, R. Murdey,
M. Daskeviciene, T. Malinauskas, K. Kantminiene, V. Jankauskas, V. Getautis, and A.
Wakamiya [299]; the article has been cited 14 times.

The morphological stability of HTM under the device’s operating temperature
is crucial for ensuring good stability of solar cells. It is known that star-shaped
molecules are usually in an amorphous state. The moieties of these molecules are
generally large and rigid, resulting in massive molecules that exhibit high thermal
stability [300]. Starburst HTMs perform well in perovskite solar cells, which is why
this class of materials has gained significant attention from scientists [301, 302].

As mentioned above, carbazolyl chromophores are widely used as key
fragments in the construction of HTMs, owing to their advantages, such as low cost,
good hole transport, chemical stability, and ease of modification with various
functional groups [303, 304]. Carbazolyl moieties can be utilized as central [230, 305]
or peripheral [306, 307] fragments, capable of hole transport. Most starburst
molecules containing carbazolyl chromophores have higher glass transition
temperatures compared to Spiro-OMeTAD. Prior to this publication, no starburst
HTM, with carbazolyl moieties in both central and peripheral positions had been
reported.

R R
R
H,N NH, ) Pd(OAc),, NaOt-Bu,

- o et o Ry

H Br O N

STM21: R =—CH,CH3; (60 %)
STM22: R =—CH,CH(CH,CH3)CH,(CH,),CHs; (63 %)
STM23: R = —CH,(CH,),CHs; (52 %)

N

HyN NH, R Pd(OAc),, NaOt-Bu,
tBuPHIBF,
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STM24: R =—CH,CH3; (69 %)
STM25: R =—CH,CH(CH,CH3)CH,(CH,),CHs. (69 %)

Scheme 29. Synthesis of new starburst materials STM21-STM25
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Many publications suggest that the length and branching of alkyl chains
significantly affect the morphological, thermal, and charge-transporting properties of
materials, as well as their overall impact on the efficiency of photovoltaic devices
[308]. Therefore, carbazolyl fragments with alkyl chains were chosen for the synthesis
of the target compounds to determine whether they would influence the properties
mentioned before.

This publication describes five new starburst compounds. These new
semiconductors were synthesized from commercially available 3,6-diamino-9H-
carbazole, which was used as a central core for the new molecules (Scheme 29).

By using the methodology of palladium-catalyzed C-N bond formation, 3,6-
diamino-9H-carbazole was linked with 2- or 3-bromo-9-alkylcarbazoles to synthesize
materials STM21-STM25, while incorporating 2" or 3™ position substituted 9-
alkylcarbazoles in the periphery of photoconductive molecules. All reactions occurred
over approximately five hours, yielding 52—69 %. The target compounds exhibit good
solubility in organic solvents.

The thermal properties of the new semiconductors were evaluated by using the
TGA and DSC methods. The results are presented in Figure 75, a and Table 18.
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Figure 75. Thermal properties of starburst carbazole derivatives: a) TGA results; b)
DSC curves of second heating

All the synthesized materials demonstrate a 5 % mass loss at temperatures above
400 °C, which is substantially higher than the operational temperatures of perovskite
solar cells. When comparing the target materials, it is evident that longer alkyl chains
result in a reduced thermal stability (Tq for: STM21 — 511 °C, STM22 — 411 °C,
STM23 — 482 °C, STM24 — 525 °C, STM25 — 469 °C). Interestingly, the
decomposition temperature of materials with the 2™ position substituted carbazolyl
fragments is higher than for the 3" position substituted analogues (STM21 — 511 °C,
STM24 — 525 °C).

During both the first and the second heating cycles, no endothermal peaks were
observed, which indicates no crystal melting. Thus, the target compounds exist only
in an amorphous state (Figure 75, b). Based on the data given in Table 18, it can be
assumed that an increase of the alkyl chain length or its branching leads to a decreased
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glass transition temperature (STM21 — 217 °C, STM23 — 109 °C and STM22 — 97
°C).

The position of the carbazolyl chromophores linked to the central core does not
significantly influence the T4 values (STM21—217 °C and STM24 — 212 °C, STM22
— 97 °C and STM25 — 94 °C). However, higher glass transition temperatures are
observed for materials where carbazolyl chromophores are linked via the 3" position.
Compounds with shorter alkyl chains exhibit higher Ty than the benchmark Spiro-
OMeTAD (126 °C), likely due to reduced molecular disorder [310]. As a result, it can
be expected that devices using these materials will be more thermally stable since they
will not crystallize in solar cells, unlike Spiro-OMeTAD.

Table 18. Thermal, optical, and photophysical properties of synthesized HTMs

Aabs®,  ApLP o, cm?  pod, cm?
a) i ' 1 ’
HTM Ty, °C Ta,C nm nm lp, eV V) VLl
292,
321, 6
STM21 217 511 365 471  4.86 - 3.1x10
413
291,
320, 6 7
STM22 97 411 365 471 499 3.7x10 4.1x10
413
291,
321, 5 -
STM23 109 482 365 471 487 3.5x10 5.0x10
413
262, . ,7
STM24 212 525 359 438 5.16 6.1x10 5.1x10
STM25 94 469 é%g 438 5.24 1.0x10°  5.8x1077
Spiro- 501
OMeTAD 126 449 387 - [3'05] 1.2x10*  2.9x10°®
[311]

aGlass transition temperatures were recorded from the second DSC heating cycle;
bUV-vis and FL spectra (104 mol/l and 10-5 mol/l, respectively) in THF solution;
°hole drift mobility in weak fields; ®hole drift mobility in composition with PC-Z (1:1)
at zero field strength.

From the UV-vis spectra, it can be seen that the alkyl chain has a minimal
impact on the shifts of the absorption peaks. For compounds containing 3™ position
substituted carbazolyl chromophores (STM21-STM23), intense m—n* absorption
peaks are observed at 270-340 nm, while the maxima at wavelengths of >350 nm can
be attributed to n—n* transitions, which have a lower intensity (Figure 76, a). In the
structures of star-shaped molecules containing 2™ position substituted carbazolyl
chromophores, the absorption maxima exhibit both bathochromic and hypsochromic
shifts, perhaps due to the longer conjugation compared to their 3 position substituted
counterparts. In the FL spectra, it is observed that materials with 3" position
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substituted carbazolyl chromophores demonstrate emission maxima at 471 nm.
Replacing the linking position from 3-C to 2-C results in a bathochromic shift of the
emission peak (to 440 nm).

When comparing the UV-vis and FL spectra in solution (Figure 76, a) with
spectra from thin films (Figure 76, b), it is evident that the peaks’ shifts are nearly
identical. Additionally, the Stokes shift was calculated, which helps to evaluate the
structural deformation of materials, as this is important for charge transport. All the
materials under investigation show a large Stokes shift (approximately 100 nm),
indicating a significant structural deformation during electron excitation. It is known
that materials with large Stokes shifts can more easily interact with the perovskite
surface [312], suggesting that the target HTMs have potential for manufacturing
efficient SCs.
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Figure 76. UV—vis and FL spectra of: a) THF solutions (¢ = 10 g/mol and ¢ = 107
g/mol, respectively); b) thin films

The ionization potentials of starburst structure HTMs were measured by using
the PESA method (Figure 77).
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Figure 77. The ionization potentials of target compounds STM21-STM25

From the obtained results, it is evident that materials with 9-alkylcarbazoles
connected through the 3-C position have lower ionization potentials (STM21 — 4.86
eV and STM24 -5.16 eV, STM22 — 4.99 eV and STM25 —5.24 eV). The length and
branching of the alkyl chain do not significantly influence the change of I,, however,
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certain tendencies can still be observed, such as longer and branched alkyl chains,
resulting in an increase in Ip.

The hole drift mobilities were determined by using XTOF measurements (Table
18 and Figure 78). The hole drift mobilities of pure materials range between 3.5x10°
cm?/Vs and 1.0x10° cm?/Vs. The obtained results show slightly lower uo values
compared to Spiro-OMeTAD. However, this level of hole mobility is sufficient for
the use of these materials in SCs [313].
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Figure 78. Hole drift mobility dependencies on electric field: a) pure materials; b) in
composition with PC-Z (1:1)

During the preparation of materials’ layers for the investigation, it was observed
that pure STM21 does not form a homogenous thin film; therefore , hole drift mobility
in this compound was not detected. To compare all the materials’ w0, all HTMs were
evaluated in combination with PC-Z. Contrasting the results, it is evident that the hole
mobility values of STM21 and Spiro-OMeTAD are similar, while o values for all
other target materials are about one order lower.

The target compounds were tested in n-i-p planar architecture devices: 1TO /
SnO; / perovskite / STM / Au. The perovskite composition was used in in the
following SC: Cso.osFA0.08MA0.15Pbl2.75Bro2s [314]. During the construction of solar
cells, the concentrations of the solutions were optimized (STM21 ¢ = 0.03 mol/l,
STM22 — 0.02 mol/l, STM23 — 0.03 mol/l, STM24 — 0.02 mol/l, STM25 — 0.02
mol/l). Doping additives were also used: FK209, CoTFSI — 0.04 eq., LiTFSI — 0.54
eq., TBP —3.3 eq. It is known that, for Spiro-OMeTAD, the layer must be thicker than
200 nm to obtain the most effective devices [315, 316]. In contrast, SCs with the newly
synthesized semiconductors containing carbazolyl chromophores can achieve a
similar efficiency with thinner layers: STM21 — 140 nm, STM22 — 115 nm, STM23
— 130 nm, STM24 — 140 nm, STM25 — 120 nm, Spiro-OMeTAD — 240 nm.

The best current density—voltage (J-V) curves are given in Figure 79, while the
photovoltaic parameters are summarized in Table 19. Comparing the results, it can be
seen that solar cells containing HTMs with shorter alkyl chains reach higher
efficiencies (STM21 - 189 % and STM24 — 18.4 %) than devices with
semiconductors possessing long and branched alkyl chains (STM23 — 18.3 % and
STM25 - 16.3 %). Additionally, it is observed that devices with materials containing
carbazolyl groups linked through the 2™ position exhibit lower efficiencies. Using
STM22 as the HTM results in a higher efficiency (19.0 %), though a comparison of
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the averages of solar cell performances shows that the highest efficiency was achieved
by the device with STM21 (18.6 %). Although the performance of these devices is
slightly lower than that of Spiro-OMeTAD, in most cases, they outperform SC values
reported in the literature, which include starburst materials [301, 317, 318].
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Figure 79. J-V curves of the best devices

Table 19. Photovoltaic parameters of solar cells

HTM?  Je® mAcm? Ve V FFP PCE®, %
228 107 0.78 18.9

STM21 (22.4+05)  (1.09+0.02)  (0.76+0.01)  (18.6+0.3)
226 1.09 0.7 19.0

STM22 (225:02)  (L06+0.02)  (0.76+0.01)  (18.0+0.6)
218 113 0.74 18.3

STM23 (21.6+0.3)  (L11:001) (0.72+0.01)  (17.4+05)
225 111 0.74 18.4

STM24 (22310.2)  (L12+0.01) (0.73+0.01)  (18.240.2)
21.9 106 0.70 16.3

STM25 (216:04)  (1.07:0.02) (0.67+0.02)  (15.5+0.5)
Spiro- 221 1.14 0.78 19.7

OMeTAD  (225:0.3)  (L1240.02) (0.78+0.01)  (19.5+0.3)

aConcentration of HTMs: STM21, STM23 and STM24 ¢ = 0.03 mol/l, STM22 and
STM25 ¢ = 0.06 mol/l. Thickness of the films: STM21 — 140 nm, STM22 — 115 nm,
STM23 — 130 nm, STM24 — 140 nm, STM25 — 120 nm and Spiro-OMeTAD - 240
nm; Pthe average values were calculated with reference to data of 9 device
measurements.

The stability of the devices was studied over 10 hours in a non-oxygen
environment. While the initial efficiencies of all solar cells are similar, exposure to
solar radiation over time reveals differences in performance (Figure 80). From the
obtained data, it is evident that the efficiency of solar cells with STM22 and STM23
decreases within the first hour of investigation. The device containing Spiro-
OMEeTAD also loses 5 % of its primary efficiency during the first hour, and, after 10
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hours, the performance drops to about 12 %. Solar cells with STM25 exhibit 10 %
efficiency after 10 hours. The best stability of the devices was obtained when using

STM21 and STM24 as H
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Figure 80. The stability study of encapsulated devices

Additionally, the stability of SC containing STM21 was investigated by altering
the temperature (Figure 81).
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Figure 81. The efficiency of solar cells under different temperatures

The stability of the device with STM21 is better than that with Spiro-OMeTAD.
The data show that the efficiency of devices with STM21 decreases after exposure to
100 °C for 24 hours. Under the same conditions, SCs with Spiro-OMeTAD show a
greater drop in efficiency. At 120 °C, the efficiency decreases further; however, the
performance of the solar cell with STM21 remains higher. After these tests, the
STM21 layer retained its smoothness and solidity, while the Spiro-OMeTAD film
developed cavities (Figure 82). The superior stability of the SC was attributed to the
higher glass transition temperatures of the materials (STM21 - 217 °C, STM22 — 97
°C, STM23 - 109 °C, STM24 — 212 °C, STM25 — 94 °C and Spiro-OMeTAD — 126

°C [311]).
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Device after thermal stability test

Spiro-OMeTAD

Figure 82. Solar cells’ layers before (left) and after (right) the thermal stability test

In conclusion, the new starburst materials exhibit better morphological
properties than Spiro-OMeTAD. As expected, devices with STM21 achieved the
highest performance, which is slightly lower than that of Spiro-OMeTAD. However,
SC with STM21 demonstrated greater stability than that achieved with Spiro-
OMeTAD.

5.2.5. 4.9 % efficient Sb,S3 solar cells from semitransparent absorbers with
fluorene-based thiophene-terminated hole conductors

The new materials containing fluorenylidene and thiophene chromophores are
reported based on the published article ACS Appl. Energy Mater., 2023, 6, 38223833,
by S. Mandati, N. Juneja, A. Katerski, A. Jegorové, R. Grzibovskis, A. Vembris, T.
Dedova, N. Spalatu, A. Magomedov, S. Karazhanov, V. Getautis, M. Krunks, I. O.
Acik [319]; cited 14 times.

Perovskite solar cells exhibit high efficiencies; however, their stability is
limited. Therefore, other species of photovoltaic devices have been developed, by
using more stable light-absorbing materials [320]. Antimony sulfide (Sb,Ss) is one of
these materials which demonstrate a high absorption coefficient (~10° cm™) and great
stability [177]. Additionally, a good solar cell efficiency can be achieved by using thin
layers (~100 nm) [321]. The construction of Sb,Ss devices is similar to perovskite SC:
FTO / TiOz / Sb,Ss / HTM / Au. In these devices, poly(3-hexylthiophene) (P3HT)
[322, 323] or doped Spiro-OMeTAD [324, 325] is used as the hole-transporting
material. However, the synthesis of these materials is complex, leading to high costs
for the latter. One desirable characteristic of HTMs is that they must not absorb visible
light, and their layers should be transparent, as HTM is cast on the surface of the light-
absorbing layer. P3HT exhibits ‘parasitic’ absorption in the visible region, thus
decreasing the performance of the device [13, 322]. Furthermore, in order to obtain
efficient P3HT layers, they must be heated to 170 °C. Due to these limitations,
researchers are exploring alternative derivatives for HTMs to develop cheaper and
more efficient devices.

In this publication, three target compounds were developed, containing varying
numbers of thiophene chromophores linked to the 9™ position of the fluorene
fragment. 4,4'-Dimethoxydiphenylamine moieties were incorporated at the periphery
of the molecules. It is known that the sulfur atom in thiophene can form a coordination
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bond with antimony atoms, thereby improving the interface between HTM and Shx(S,
Se)s [326]. This bond is hypothesized to act as a ‘tunnel’ for charge, resulting in a
higher open-circuit voltage and superior fill factor values.

To obtain the target materials, the central fragments (11-13) of hole transporting
organic semiconductors were synthesized by utilizing the Knoevenagel condensation
reaction conditions. NaOH (40%) solution was used as the base, while
tetrabutylammonium bromide served as a phase-transfer catalyst. In the next step,
intermediates 11-13 were linked with 4,4'-dimethoxydiphenylamine by using a
palladium catalyst to produce the target materials STM26-STM28 (Scheme 30).

NaOH 40%,
B’Br ‘(_7’“,., (n-Bu),N*Br~ Br OO Br

Toluene A

v s 11-13
R

\

0.0 g U0

Pd(OAc),, NaOtBu,
[(t-Bu)3;PH]BF,, Toluene, A

STM26 STM28 s
STM26: R=H; (84 %) STM27: R="{2 /) ; (89 %) STM28: R =, Is\ \S': (78 %)

O~

Scheme 30. Synthesis of target compounds STM26-STM28

To evaluate the thermal properties of the target materials, TGA and DSC studies
were performed. From the results, it is evident that all semiconductors lose 5 % of
their mass at temperatures higher than 390 °C (Figure 83 and Table 20).
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Figure 83. TGA curves of STM26-STM28

Comparing STM26 with the more thiophene-rich STM27 and STM28, it is
clear that a higher molecular mass leads to higher decomposition temperatures
(STM26 — 391 °C, STM27 — 403 °C, STM28 — 398 °C).
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DSC results reveal that the glass transition temperatures of all materials are
below 100 °C (STM26 — 92 °C, STM27 — 97 °C, STM28 — 99 °C). The Ty increases
with the number of thiophene substituents in the molecule (Table 20). Moreover, no
other phase transitions were observed during the first and second heating, except for
STM26 (Tm — 202 °C). This indicates that materials STM27 and STM28 are entirely
amorphous, making it likely that their layers will remain homogenous over time.

To evaluate the conjugation of the materials, the UV-vis spectra from thin layers
were recorded. It can be observed that the n—7* transition peaks, found in the region
of 230430 nm, can be attributed to fluorene fragments.

Table 20. Optical, thermal and photoelectric parameters of new HTMs

HTM  T4%°C Tq, °C Jabs®, nm 16, eV o, cm?/Vs
STM26 92 301 303 386 4.95 7.07%107
STM27 o7 403 29%3%93’ 4.95 2.15%107
STM28 99 398 29::’1’ 4%92' 5.0 3.68x10°°

aGlass transition temperatures detected during second heating; "UV—vis spectra from
thin layers; Cionization potential determined by the photoemission (PES) method;
dcharge drift mobility at zero field strength.

An increase in the number of thiophene moieties in the molecule results in a
bathochromic shift of the absorption bands in the UV—vis spectra, attributed to n—m*
transitions (Figure 84 and Table 20). When comparing the spectra of the new materials
with that of P3HT, it is evident that the latter absorbs more intensely in the range of
400-650 nm, while STM26-STM28 exhibit much smaller absorption peaks in the
same region. Therefore, it can be expected that the new materials will function better
as HTMs in the constructed solar cells.
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Figure 84. UV—vis spectra of STM26-STM28 and P3HT

The ionization potentials of new HTMs were studied by using the photoemission
method (PES). From the obtained results, it can be seen that I, values are in the range
0f4.95-5.0 eV. Likely, the near-identical HOMO values are fixed due to the specific
arrangement of the thiophene fragments in space. The highest ionization potential is
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exhibited by material STM28 which contains the largest number of thiophene
fragments (I, = 5.0 eV) (Table 20).

To assess how quickly the materials can transport charge, the XTOF method
was used to measure hole drift mobility. Upon comparing the results, it can be seen
that charge drift mobility decreases when two thiophene fragments are linked to the
molecule (STM26 — 7.07x107 cm?/Vs, STM27 — 2.15x107 cm?/Vs). Materials with
the larger number of thiophene moieties exhibit the highest uo (STM28 — 3.68x10
cm?/Vs).

From the obtained optical and photoelectrical data, it can be confirmed that these
materials can be used as HTMs in Sb,S; solar cells. Therefore, devices were
constructed with the following configuration: Glass / FTO / TiOz / Sb,Ss / HTM / Au
(Figure 85, a). In Figures 85, b—d, the optimization of SC can be observed by changing
the concentration of the HTM used.
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Figure 85. a) Construction of the Sb,S; solar cell; J-V curves of: b) STM26, c)
STM27, d) STM28, using different concentrations

From the accrued data, it is evident that the lowest efficiency is achieved when
70 mmol concentration of STM26 solution is used for the HTM layer formation.
When the solution is diluted, the performance improves (70 mmol — 0.1 %, 18 mmol
— 2 %, 9 mmol — 4.7 %), however , the improvement only advances up to a certain
limit (4.5 mmol — 3.8 %). A similar trend is observed for STM27 and STM28
(STM27: 70 mmol — 0.2 %, 18 mmol — 4.0 %, 9 mmol — 4.9 % and 4.5 mmol - 4.5
%; STM28: 70 mmol — 0.15 %, 18 mmol — 4.1 %, 9 mmol — 4.5 % and 4.5 mmol -
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3.4 %). It is clear that the 9 mmol concentration is the optimal choice for achieving
the most efficient devices.

The obtained data are compared with the performance of devices using P3HT
(Table 21 and Figure 86).
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Figure 86. J-V curves of the best-performing devices

When comparing the results, it is evident that better performance is achieved
when HTM is used — as the device without HTM shows only 2.12 % efficiency. It can
also be noticed that solar cells containing new HTMs perform better than that with
P3HT. Thus, it can be concluded that the target materials developed in this publication
can increase the efficiency of Sbh,S; SCs.

Table 21. Photovoltaic parameters of solar cells

HTM Jse, MAcm? Vo,V FF PCE, %
no HTM 12.0 043 041 2.12

P3HT 11.7 0.69 0.58 4.68
STM26 13.9 0,63 0.54 4.73
STM27 13.7 0.68  0.53 4.94
STM28 13.6 0.56  0.59 4.50

After reviewing the thermal, optical and photoelectrical properties of new
compounds, it is clear that they meet the criteria required for HTMs, used in Sh,S;
solar cells. Testing these target semiconductors in devices shows an increase in the
efficiency of solar cells, which is even higher than that of the standard P3HT.

5.2.6. Dopant-free fluorene-based dimers linked with thiophene units as
prospective hole transport materials for Sb.S; solar cells

In this chapter, hole-transporting materials with fluorene fragments linked by
thiophene bridges are reviewed, based on an article published in Sustainable Energy
Fuels, 2024, 8, 4324-4334, by N. Juneja, A. Jegorové, R. Grzibovskis, A. Katerski,
M. Daskeviciene, T. Malinauskas, A. Vembris, S. Karazhanov, N. Spalatu, V. Getautis,
M. Krunks, I. O. Acik [327]; cited 2 times.
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In a previous publication, organic semiconductors STM26-STM28 were shown
to perform well in Sbh,S;3 solar cells, however, their glass transition temperatures
(around 100 °C) were not optimal, which could slightly affect the device’s stability.
Based on the findings of an earlier study, it was decided to synthesize dimeric
analogues of STM26-STM28 to improve their thermal properties. In this article, four
target materials are reported, where fluorene dimers at the molecular center, linked by
thiophene bridges, are substituted with 4,4'-dimethoxydiphenylamine (STM29 and
STM30). Moreover, in order to extend the molecule’s conjugated system,
triphenylamine derivatives were attached to the central fragment, resulting in STM31
and STM32, which contain 4,4'-dimethoxytriphenylamine chromophores.

The synthesis of these two groups of materials differs, though both are catalyzed
by palladium derivatives. Initially, under the Knoevenagel condensation conditions,
central fragments 14 and 15, with two and three thiophene chromophores,
respectively, were synthesized (Scheme 31). The reactions were carried out for four
hours at the boiling point of toluene, yielding 66-69 %.

For the synthesis of STM29 and STM30, containing 4,4'-dimethoxydiphenyl
moieties, the Buchwald-Hartwig reaction conditions were utilized with Pd(OAc). as
a catalyst (Scheme 32). The target materials were purified by column
chromatography, achieving yields of 70 %.

NaOH 40%, !

ST T
Br @'@ Br

o
R1=._ S H
\JH 14-15
f o s R 14:Q=- @ﬂ\ (66 %)
275N HS
15Q— O\Q/O\D/(Gg
0

Scheme 31. Synthesis of intermediates 14 and 15

4,4'-dimethoxydiphenylamine side chromophores were linked to central
fragments 14 and 15 via Suzuki coupling (Scheme 32). The reaction proceeded for 24
hours by using tetrakis(triphenylphosphine)palladium as a catalyst. The target
materials STM31 and STM32 were purified by using column chromatography, with
yields of 48 % and 42 %, respectively.
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Scheme 32. Synthesis of target compounds STM29-STM32

Thermal analysis of the new derivatives was performed by using DSC and TGA
methods. The data show that the compounds lose 5 % of their mass in the temperature
range of 430445 °C (Figure 87).
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Figure 87.TGA curves of target compounds STM29-STM32

A Comparison of materials with diphenylamine fragments reveals that the
longer thiophene bridge increases the decomposition temperature. Additionally, glass
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transition temperatures are higher when the triphenylamine fragment is attached.
When compared with their analogues in the previous article (STM26-STM28), an
increase in the molecular mass leads to higher T values.

From the DSC results, it is evident that all materials are molecular glasses, with
glass transition temperatures in the range of 148175 °C, which is higher than their
previously reported analogues STM26-STM28 (Table 22 and Figure 88).

Q — STM29 —— STM31
w STM30 STM32
148 °C
\A_/_/"’
0 5I0 l(I)O 160 Z(I)O ZéO 300

Temperature, °C
Figure 88. Second heating curves of DSC

Organic semiconductor STM32, which has three thiophene fragments in the
molecule’s center and 4,4'-dimethoxytriphenylamine moieties at its periphery, is fully
amorphous, as no other endothermal peaks were observed during the DSC studies.
Such materials are highly desirable for solar cells due to their ability to form
homogenous layers, which is crucial for the stability and efficiency of the device.

The UV-vis spectra of the target materials show absorbance bands at 300 nm
and 375 nm, attributed to m—n* transitions of the side chromophores of the
semiconductor’s molecules (Table 22). Lower intensity peaks, at around 425-500 nm,
correspond to —7* transitions of the thiophene fragments. A bathochromic shift can
be observed as more thiophene units are introduced. When comparing the UV-vis
spectra, materials with 4,4'-dimethoxytriphenilamine fragments exhibit stronger
absorption, likely due to the additional phenyl ring. However, the absorption peaks of
the dimers and their analogues described in Section 5.2.5 are very similar, indicating
that the conjugation of the dimers remains almost unchanged.

The hole drift mobilities of semiconductors STM29-STM32, measured by
using the ToF method, range from 9.86x107 to 3.38%10°6 cm?/Vs (Table 22). It can
be noted that additional pheny! rings at the periphery of the molecules slightly increase
the charge drift mobility.

To assess whether the energy levels of these materials are suitable for Sh,S;
solar cells, the ionization potentials were measured (Table 22). The I, values for all
the new HTMs are approximately 5.0 eV (STM29 — 4.94 eV, STM30 — 4.94 eV,
STM31-5.05eV and STM32 - 5.08 eV). Additional thiophene moieties at the center
of the molecule do not significantly affect the ionization potential, while the
attachment of extra phenyl rings leads to a slight increase of the potential.
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Table 22. Optical, thermal, and photoelectrical parameters of STM29-STM32

HTM | T, C | TabC | ToC | 0 |19 ev ”{’;'fst
STM29 | 148 276 430 38%?3;68 494 | 9.86x107
STM30 | 153 157 435 38%?%79 494 | 1.29%10%
STM3L | 175 | 175,307 | 445 3727‘,3?67 505 | 3.38x10°
STM32 | 172 : 444 3727"3‘1'80 508 | 1.85%10°

3Glass transition temperatures determined from the second DSC heating; "melting
points determined from the first DSC heating; ‘UV-vis spectra (THF, ¢ = 10-* mol/l);
dionization potentials measured by using the PES method; ¢hole drift mobility values
at zero field strength.

The characteristics of SC made from glass / FTO / TiO2 / Sb,S3 / HTM / Au are
given in Table 23. A device without HTM achieved 1.9 % efficiency. When P3HT or
semiconductors STM29 and STM30 containing 4,4'-dimethoxydiphenylamine
fragments, were used, both Jsc and V. increased, thus improving the solar cell’s
performance (P3HT — 4.7 %, STM29 — 3.9 % and STM30 — 4.5 %). However, when
materials STM31 and STM32 with 4,4'-dimethoxytriphenylamine chromophores
were utilized, the device efficiency decreased significantly (STM31 — 0.8 % and
STM32 - 0.7 %), likely due to the HOMO levels of STM31 and STM32 being too
close to that of Sh.Ss (Sb2Sz —-5.1 eV).

Table 23. Photovoltaic parameters of conventional solar cells derived from J—V
measurements

HTM Jsc, MAcm? Vo, MV FF,%  PCE, %
no HTM 8.7 478 46 1.9

P3HT 12.2 689 55 4.7
STM29 9.7 656 43 3.9
STM30 12.1 673 56 45
STM31 5.7 439 35 0.8
STM32 6.1 437 33 0.7

Although SCs with the target materials did not outperform the device with the
benchmark P3HT, the photovoltaic cell with the new compounds used thinner layers
(~ 20-25 nm compared to P3HT’s ~ 80—100 nm). Consequently, the solar cells with
STM29-STM32 showed a higher transparency (STM29 — 24 %, STM30 — 26 %,
STM31 — 23 %, STM32 — 23 % and P3HT — 21 %). This suggests that the new
derivatives could be used in the construction of transparent SCs.

After evaluating the thermal, optical, and photoelectrical properties, it was
established that the target semiconductors are suitable for Sb.S; SCs. Among the new
compounds, devices with STM30 demonstrated the best performance with 26 %
transparency.
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In conclusion, hole-transporting materials containing fluorenyl and carbazolyl
fragments exhibit suitable thermal, optical, and photoelectrical properties for use in
next-generation solar cells. This was convincingly demonstrated by constructing and
characterizing efficient perovskite and Sh,S; solar cells.

5.3. Conclusions

122

This dissertation presents promising p-organic semiconductors containing
fluorenyl and carbazolyl chromophores. The following conclusions were formed on
the grounds of the study:

1. Spirobifluorene derivatives and their ‘half’ analogues, containing 4-
methoxyphenyl and 9-ethylcarbazolyl chromophores, have been synthesized
by using the Buchwald-Hartwig reaction conditions. After investigating the
properties of hole-transporting organic semiconductors, it has been found

that:
1.1.

1.2.

1.3.

1.4.

All compounds showed decomposition temperatures above 400 °C. The
replacement of 4-methoxyphenyl chromophores with 9-ethylcarbazolyl
moieties increased the thermal stability. Most target compounds have a
glass ftransition temperature above 100 °C, although longer and
branched alkyl fragments reduced the values of Tg;

I, values decrease when 4-methoxyphenylchromophore is replaced by
9-ethylcarbazolyl (STM3 — 4.93 eV, STM6 — 4.85 eV), while longer
alkyl chains slightly elevate the ionization potential values (STM3 —
4.93 eV, STM4 - 4.95eV, STM5 -5.02 eV);

The highest hole drift mobility (3.6x10* cm?/Vs) was observed for
STM2, which has only 9-ethylcarbazolyl fragments. Among the ‘half’
analogues, STM3 and STM4 exhibited the highest uo (3.9x10*
cm?/\Vs);

A solar cell containing the ‘half> Spiro-OMeTAD analogue STM2
demonstrated an efficiency which is close to the benchmark, while
providing significantly better stability levels.

Fluorene derivatives with both donor and acceptor chromophores were

synthesized by using palladium-catalyzed and Knoevenagel condensation
reactions. Analysis of their properties established that:

2.1.

2.2.

2.3.

24.

These fluorene derivatives exhibit high thermal stability, by virtue of
losing 5 % of their mass only above 400 °C;

All the target compounds have a stable amorphous state, with T4 values
higher than 100 °C, except for semiconductor STM11 (Ty =92 °C);
lonization potential values (5.02-5.21 eV) are influenced by the number
and type of the acceptor fragments. I, increases with the addition of
more carbonyl groups in the molecules, or by replacing them with
nitrile groups;

Fluorene derivatives containing 9-alkylcarbazole and 9H-fluorenone
chromophores transport only holes, with a mobility of up to 3.9x107
cm?/Vs. In contrast, materials with 9-alkylcarbazole and nitrile or
anthraquinone fragments can transport both electrons and holes, while



achieving hole mobility of 3.9x107 cm?/Vs and electron mobility of
1.0x108 cm?/Vs at zero field strength.

3. By using a two-step synthesis route, materials of a branched structure
containing fluorenylidene and carbazolyl moieties, along with various
aromatic fragments at the molecular core, were obtained. Investigation of
these materials revealed that:

3.1. The target materials demonstrated thermal stability higher than 400 °C;

3.2. Materials containing fluorenylidene fragments linked via the para
position of the phenyl ring, 1,4-substituted thiophene or
triphenylamine, showed greater conjugation;

3.3. All the target materials have a stable amorphous state and exhibit Tg in
the range of 190-231 °C;

3.4. The ionization potentials of the new semiconductors are in the range of
4.92-5.03 eV. The best hole drift mobility was exhibited by material
STM17 (uo=1.9x10° cm?/Vs);

3.5. Devices with STM16 and STM17 showed the highest efficiency, 22.14
% and 21.26 % respectively, thereby outperforming a solar cell with
Spiro-OMeTAD in terms of stability.

4. By conducting the cross-coupling reaction, starburst hole-transporting
semiconductors containing carbazolyl chromophores linked by different
positions have been synthesized. The study of their properties revealed that:
4.1. The target compounds demonstrated high thermal resistance, with T4

ranging from 411 to 525 °C and glass transition temperatures between
190-231 °C. All the new materials exhibit a stable amorphous state, and
these values are significantly higher than that of Spiro-OMeTAD;

4.2. Replacement of the linking position of carbazolyl moieties from 3-C to
2-C increases the absorption maximum at 360 nm, while the alkyl chain
does not notably affect the intensity or shifts of the absorption peaks.
Additionally, a hypsochromic shift in the emission maximum is
observed when the linking position of carbazolyl substituents changes
from 3-C to 2-C;

4.3. The HOMO values of the target compounds range from -4.86 to -4.99
eV, which aligns well with the perovskite used in solar cells. The hole
drift mobilities are arranged in the range of 3.5x10 to 1.0x10°° cm?/Vs;

4.4. The device containing semiconductor STM22 showed the highest
power conversion efficiency of 19 %.

5. By utilizing the Knoevenagel condensation and Buchwald-Hartwig reaction
conditions, hole-transporting materials with thiophene and 4,4'-
dimethoxyphenylamine chromophores were synthesized. The examination of
their properties revealed the following:

5.1. All the target compounds lost 5 % of their mass at approximately 400
°C, with STM27 showing the highest decomposition temperature (Tq =
403 °C). An increase in the number of thiophene moieties improved the
Tg values (STM26 — 92 °C, STM27 — 97 °C, STM28 — 99 °C);
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5.2.

5.3.

The ionization potential values do not significantly depend on the
number of thiophene fragments (4.95-5.0 eV). Organic semiconductor
STM28 demonstrated the best carrier mobility (uo = 3.68x10 cm?/Vs);
The device with STM27 showed the highest efficiency (4.94 %), thus
outperforming the solar cell containing the reference material P3HT
(4.68 %).

By using different methods of palladium-catalyzed reactions, target hole-
transporting materials containing diphenylamine or triphenylamine
chromophores along with fluorenyl and thiophene fragments have been
synthesized. After evaluating the properties of these materials, it has been
determined that:

6.1.

6.2.

6.3.

An increase in the molecular mass of dimeric semiconductors leads to
higher both Ty and Ty values. All the target materials exhibited
decomposition temperatures above 400 °C, with Ty values varying
between 148 and 175 °C;

An increase of the number of thiophene fragments in the dimer’s center
does not significantly affect the I, values. However, adding a phenyl
ring to the side fragments increases the ionization potential (STM29 —
4.95 eV and STM31 - 5.05 eV, STM30 — 4.95 eV and STM32 —5.08
eV). A similar trend can be observed for charge drift mobilities
(STM29 —9.86x107 cm?/Vs and STM31 — 3.38x10% cm?/Vs, STM30
—1.29x10° cm?/Vs and STM32 — 1.85x10 cm?/Vs);

A device with semiconductor STM30 achieved the highest efficiency
(4.5 %). However, due to its higher transparency to visible light,
compared to the benchmark P3HT, the latter holds a future potential for
use in the construction of transparent Sh,Ss; solar cells.
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Transporting Materials for Efficient Perovskite Solar Cells

Aisté Jegorové, Cristina Momblona, Maryté Daskeviciené, Artiom Magomedov,
Rimgaile Degutyte, Abdullah M. Asiri, Vygintas Jankauskas, Albertus Adrian Sutanto,
Hiroyuki Kanda, Keith Brooks, Nadja Klipfel, Mohammad Khaja Nazeeruddin,*

and Vytautas Getautis*

“half’ structures with the ter-

New Spiro-OMeTAD analogues and the simpl

minated methoxyphenyl and/or carbazolyl chr are successfully syn-
thesized under Hartwig-Buchwald amination conditions using commercially
available starting materials. New fl based hole-transporting materials
combined with suitable ionization energies properly align with the valence band
of the perovskite absorber. Additionally, these compounds are amorphous, which
is an advantage for the formation of | films, as well as eliminate the
possibility for films to crystallize during operation of the devices. The most
efficient perovskite solar cells devices contain carbazolyl-terminated Spiro-
OMEeTAD analogue V1267 and reach a power conversion efficiency of 18.3%,
along with a short-circuit current density, open-circuit voltage, and fill factor of
23.41 mAcm 2 1.06V, and 74.0%, respectively. M , “half” str with
methoxyphenyl/carbazolyl fragments show excellent long-term stability and
outperform Spiro-OMeTAD and, therefore, hold a great prospect for practical

variety of the available deposition techni-
ques, such as solution-processing (e.g.,
inject printing " slot die,” blade coating !
etc) and vapor deposition.”"*) Moreover,
over the years, several different architec-
tures of the devices have been investigated

(e.g, n-i-p or “regular” p-i-n or
“inverted,”  mesoscopic),'*'  which
further increases attractiveness of this
technology.

The main reason behind the rapid
progress of the PSCs mostly comes from
the optimization of the perovskite absorber
layer, starting from the deposition
methods,!"? advancing to the composition
optimization,"¥) and finally shifting the
focus to the interfaces.'* However, the

wide-scale applications in optoelectronic devices.

1. Introduction

Perovskite solar cells (PSCs) have recently emerged as a promis-
ing technology for the further cost reduction of the energy pro-
duction from the sunlight. Starting from the first publication by
A. Kojima et al. back in 2009,") PCSs have reached 25.5% effi-
ciency of the single-junction devices,” and over 29% efficiency of
the silicon/perovskite tandem devices."”’ The advantage of the
PSCs over traditional solar cell technologies lays in the vast

progress also strongly depends on the other

components of the PSCs, such as electron

and hole-selective contacts.">"') In partic-

ular, use of the modern synthetic methods

opens a way for a huge variety of the organic hole-transporting

materials (HTMs), while systematic study of variations could lead
to the innovations in the field of molecular electronics.?*-2*

Carbazole and fluorene chromophores are among the most

popular structural building blocks, used for the construction

of the organic HTMs.**% In a recent work, it was shown that

the replacement of the methoxyphenyl fragment of the popular

HTM Spiro-OMeTAD with the 9,9-dimethylfluorenyl chromo-

phore led to the superior performance.’" Such an increase in
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the efficiency and stability was attributed to the optimized
thermal properties, as well as beneficial alignment of the energy
levels. Moreover, the advantage of carbazole-based HTMs could
be the absence of methoxy substituents, such as the ones found
on Spiro-OMeTAD. In this case, the hydrophobicity of HTM
layer is expected to increase, thus positively affecting the device
stability.**!

In this work, we have investigated Spiro-OMeTAD analogues,
in which the methoxyphenyl groups were replaced by carbazolyl
chromophores. Thermal, optical, and electrical properties of these
compounds are compared to those of the Spiro-OMeTAD. In addi-
tion, materials with simpler, “half” structures were investigated,
where 9,9-positions of the central fluorene fragment are occupied
by different alkyl chains. Finally, new compounds were investi-
gated in the n-i-p PSCs. The new Spiro-OMeTAD analogues
present high efficiencies exceeding 17%. The devices fabricated
with methoxyphenyl and carbazolyl or only carbazolyl groups
achieve high efficiencies of 15%-16% and 17%-18% power con-
version efficiency (PCE), respectively. The methoxyphenyl-/
carbazolyl-based devices demonstrate excellent stability.

2. Results and Discussion

2.1. Synthesis

For the synthesis of new HTMs, used in this study, Hartwig—
Buchwald amination reaction conditions were utilized.
Spirobifluorene derivatives were synthesized using commer-

cially available 2,2',7,7"-tetrabromo-9,9’-spirobifluorene as a
precursor (Scheme 1), while for the “half’ compounds,

O
) o e 0.0 Br
V1240: R=—©-o/ 1 (28%)
V1267: R= . (25%)
J

Scheme 1. Synthesis of the spirobifluorene derivatives V1240 and V1267.

HN-R

V1222, V1226, V1238: R=—©—o/ ;
V1257, V1258, V1269: R= .
N
/

Pd(OAc);, NaOtBu,
(¢4 B“):PH]BFI

Yolucm: A

V1222, V1257: R-—CH;,ﬁSV , 44 %)
V1226, V1258: R'=~CH,Cl|
V1238, V1269: R'=—CH,CH
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2,7-dibromofluorene, alkylated with various aliphatic chains,
was used (Scheme 2). These starting materials were coupled
with 9-ethyl-N-(4-methoxyphenyl)-9H-carbazol-3-yl-amine to give
target compounds V1222, V1226, V1238, V1240, and bis(9-
ethyl-9 H-carbazol-3-yljamine, to give V1257, V1258, V1267,
and V1269. Overall, this relatively simple synthetical strategy
gives an opportunity to obtain series of compounds that can
be evaluated for their possible application in the PSCs.
Detailed synthetic procedures and methods, used to get target
and precursor compounds, as well as their detailed structural
characterizations, are given in Supporting Information.

2.2. Optical Properties

To investigate optical properties of the synthesized compounds,
ultraviolet-visible (UV-vis) and photoluminescence (PL) spectra
of the respective solutions in tetrahydrofuran (THF) were
recorded. In Figure 1, comparison between Spiro-OMeTAD,
V1240, and V1267 are presented.

As it can be seen, the overall shape of the spectra of the new
materials is similar to that of the Spiro-OMeTAD, inclining that
only minor changes are induced by the change of the methoxy-
phenyl moieties for carbazolyl chromophores. With the growing
number of carbazole units, an increasement of absorption inten-
sity (hyperchromic effect) can be observed, especially in the
region around 250 nm, where absorption is dominant by that
of the transitions in the heterocyclic systems. In contrast, in
the PL spectra, a significant redshift is observed (Spiro-
OMeTAD-417 nm, V1240-435 nm, V1267-453 nm), suggesting
larger energy differences between ground state and excited state.

[(t Bu);PH]BF,
Toluene A

Pd(OACc),, NaOtBu, O‘O

Q'O
N O

) ¢
RO

CHy; (54 23%)
fcuzcu,)cH,(cu,)zcn3 (55 %, 51%)

Scheme 2. Synthesis of the “half’” compounds V1222, V1226, V1238, V1257, V1258, and V1269.
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Table 1. Thermal and photophysical properties of the synthesized compounds.

Compound LY d .Y rq Eo [eV] I [eV] Ho, [em? (V-5) 7] w[em? (V-5)7] g, [Sem™]
(E,=0Vem™) (E=6.4x10°Vem™)
9,9"-Spirobifluorene-based compounds
Spiro-OMeTAD 124 (T,,=245°C)9 449 519 5.0 41x107° 50x10°* 3.01x10°*
V1240 169 438 515 483 5.6x 10769 8.8x 1074 2.60x 107
V1267 139 512 5.07 490 3.6x107' 1.6x 107 6.96x 107"
Fluorene-based “half" molecules with methoxyphenyl and carbazolyl chromophores
V1222 147 452 516 4.93 3.9%107* 31x107 463x107
V1226 133 441 5.16 495 3.8x107°% 1.9x107% 351x10°*
V1238 77 401 5.16 5.02 18x10°° 53x10°* 328x10°
Fluorene-based “half" molecules with carbazolyl chromophores
V1257 196 490 5.08 4.85 3.6x107%9 1.6 %107 1.94x107*
V1258 183 461 5.08 4.85 1.2x107%9 1.2x107% 268107
V1269 127 515 5.08 496 3%107% 2.9% 1074 1.98x10°*
“Glass transition temperature, extracted from the second differential scanning calorimetry (DSC) heating cycle; */decompositi c g to the 5% weight

loss; “melting point (T,) was not detected for all of the new compounds; ¥'the values of the hole drift mobility were evaluated by enrapol ation of the results, oblamed from the
measurements of the mixture of the hole-transporting materials (HTMs) with Z-polycarbonate (PC-Z) polymer binder.

Ty (Spiro-OMeTAD T, = 449 °C,** V1240 Ty = 438 °C), while Ty
increases by 63 °C when all methoxyphenyl fragments are substi-
tuted by carbazolyl moieties (V1267 Ty=512°C).

For the “half” compounds with two carbazolyl moieties, Ty
values are in the range of 401-452 °C with lower value observed
for the material V1238 possessing longest aliphatic chain. HTMs
with four carbazolyl fragments in general have shown higher Ty
values in the range of 461-515°C. Interestingly, in this case,
compound V1269 with 2-ethylhexyl aliphatic chains has shown
the highest Ty, suggesting that there are significant differences
in the packing of the molecules. Comparing these “half” com-
pounds groups with each other, it is evident that incorporation
of carbazolyl fragments into molecule increases Tg.

The glass transition temperatures (Ty) of all new compounds
are given in Table 1 and Figures S4 and S5, Supporting
Information. Both new spirobifluorene-based compounds
V1240 and V1267 have shown higher T, (169 and 139 °C, respec-
tively) in comparison with Spiro-OMeTAD (124 °C), what can be
explained by increased molecular weight.

Comparison of T, of the “half” compounds revealed that mate-
rials with longer side chains showed lower T, values. Overall, T,
of the compounds with both methoxyphenyl and carbazolyl
chromophores (V1222, V1226, and V1238) was lowered by
~50°C compared to that of the respective analogues with only
carbazolyl chromophores (V1257, V1258, and V1269). The rea-
son behind this could be lower symmetry of the first group of
compounds. The lowest T, of 77°C in case of compound
V1238 could negatively affect the long-term stability of the
devices,*" but all the other HTMs showed T, significantly
exceeding 100 °C.

In addition, it is important to note that melting process was
not observed for all of new synthesized compounds, indicating
that they have only an amorphous state, what is an advantage for
the formation of homogenous films, thus eliminating possibility
for films to crystallize during operation of the devices.

Sol. RRL 2022, 6, 2100990

2100990 (4 of 8)

2.4. Electrical Properties

To evaluate energy levels of new HTMs, their oxidation potential
(Eoy) in the solution and solid-state ionization potential (I;) values
were measured by means of cyclic voltammetry (CV) and photo-
electron spectroscopy in air (PESA) techniques, respectively. The
results are presented in Table 1 and Figures S6-S8, Supporting
Information. It is evident from the CV measurements that upon
the introduction of carbazole, moiety material can be more read-
ily oxidized, and therefore compounds, in which all methoxy-
phenyl fragments have been substituted by carbazolyl, exhibit
lower E,, values. Other changes in the structures have almost
no impact on E, values. Similar trend is observed for I, values;
however, in this case, the variation in values for the compounds
with the same chromophores is larger, suggesting some influence
of packing in the bulk. In both cases, the values obtained for spiro-
compounds are somewhat larger than that of the corresponding
“half” molecules. Overall, all synthesized HTMs are compatible
with perovskite absorber materials values of the energy levels.

The ability of new HTMs to transport charges was evaluated by
the xerographic time-of-flight (XTOF) technique, and measured
hole drift mobility (11 and y) values are presented in Table 1 and
Figures S9 and S10, Supporting Information. Some of materials
cannot be measured from pure layers and, therefore, the charge
transfer in layers of blends with bisphenol Z-polycarbonate
(PC-Z), in weight ratios of 1:1, 1:2, 1:3, or 1:4, which were of
suitable quality, was studied in detail. Based on the exponential
dependence of the charge carrier mobility on the average dis-
tance between the charge-transporting molecules,”*® interpolated
mobility values were found for the case when the material is
pure. The validity of such interpolation has been confirmed in
several cases where hole mobility in samples of pure material
has been measured. The hole transport properties of Spiro-
OMeTAD were evaluated for comparison and presented in
Table 1, and Figure S11, Supporting Information.
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As a general trend, it can be seen that introduction of longer
aliphatic chains has a negative impact for the ability to transport
charges, which can be attributed to increased influence of the
insulating fragments. “Half” compounds have higher mobility
values for the series of compounds with both, methoxyphenyl
and carbazolyl chromophores. However, different situation is
observed for spiro compounds, where HTM V1240 has demon-
strated lower values, in comparison to that of V1267. Such dif-
ference might be attributed to the differences in the packing,
occurring due to presence of the spiro core in the structure.
Interestingly, all “half” HTM molecules have similar charge drift
mobility compared to Spiro-OMeTAD, and such a molecule with
both methoxyphenyl and carbazolyl chromophores (V1222)
exhibits even better drift mobility. Only the spiro analogue of
the latter (V1240) is inferior to the Spiro-OMeTAD compound
in weak fields. Nevertheless, all synthesized compounds are
showing transporting abilities sufficient for their application
in PSCs.

Thin-film photoluminescence measurements were performed
to analyze the hole extraction capability of different HTMs. The
perovskite and perovskite/HTM layers were prepared on glass
and excited at a wavelength of 625nm from the perovskite or
HTM side, respectively. The corresponding spectra are presented
in Figure 3, and the quenching effect provoked by the HTM was
compared with the bare perovskite emission (Table S1,
Supporting Information). A significantly quenched emission is
observed upon deposition of the HTMs on top of the bare perov-
skite layer, suggesting an efficient hole extraction. The samples
(Figure 3c) containing fluorene-based “half” (Figure 3b) mole-
cules with carbazolyl or methoxyphenyl and carbazolyl units
present (Figure 3a) a higher quenched emission than for spiro-
bifluorene-based HTMs, suggesting a better hole-extracting capa-
bility. The lateral conductivity of the different HTMs was
measured with organic field-effect transistor (OFET) substrates
(Figure $12, Supporting Information) and the values are pre-
sented in Table 1. All HTMs present similar conductivity values
with that of the Spiro-OMeTAD (~10 *Scm™ ') except of the
V1238, which show the lowest value of studied HTMs with a con-
ductivity of 3.28 x 10 ° Scm ™.

Time-resolved photoluminescence (TRPL) measurements
were carried out to further evaluate the HTMs (see Figure S13,
Supporting Information). The decays were measured with an

www.solar-rrl.com

excitation wavelength of 640 nm and the samples were illumi-
nated from the perovskite or HTM side, respectively. The decays
were fitted to a double exponential equation, where 7, and 7, cor-
respond to the fast and slow components, respectively. The cor-
responding fitting parameters are listed in Table S2, Supporting
Information. As observed, the perovskite thin film exhibits 7, and
7, values of 100.6 and 336.4 ns, respectively, and these values
decrease significantly after the HTM deposition. The new synthe-
tized HTMs present slower decays than the reference Spiro-
OMETAD, indicating slower charge recombination processes
for the reported HTMs than for Spiro-OMeTAD."®!

2.5. Performance in Solar Cells

Solution-processed n-i—p PSCs were fabricated to investigate
new compounds in comparison to the widely employed Spiro-
OMETAD. The device structure is fluorine doped tin oxide
(FTO)/c-Ti0,/m-TiO,/SnO,/ (FAPbI;)o s7(MAPbBr3) 13]0.92
(CsPbls)g.0s/HTM /Au, where the HTM (20 mM in chloroben-
zene) was doped with tert-butylpyridine (tBP), lithium tris(bis(tri-
fluoromethylsulfonyl)imide) (LiTFSI) and tris(2-(1H-pyrazol-1-yl)-
4-tert-(butylpyridine)cobalt(Il) (CoTFSI, FK209). Further details
on the device fabrication can be found in Supporting Information.

The topview and cross-sectional scanning electron
microscopy (SEM) images (Figures S14-S16, Supporting
Information) demonstrate that the surface coverage of perovskite
layer by the HTMs is complete and without presence of pin holes
or aggregation.””*! The best-performing solar cells employing
new HTMs are presented in Figure 4a— and the corresponding
photovoltaic (PV) parameters are listed in Table 2.

The replacement of methoxyphenyl for carbazolyl in
spirobifluorene-based HTMs leads to solar cells with lower
performance than the devices containing the widely used Spiro-
OMETAD. A strong decrease in open-circuit voltage (Vo) values
indicates higher recombination in the device presumably due to
issues at the perovskite-HTM interface. Despite the low Vi val-
ues, the devices still lead to high PCEs of 17.6% and 18.3% for
V1240 and V1267, respectively.

For the devices fabricated with “half” fluorene-based HTMs,
the solar cells containing carbazolyl chromophores present
higher device performance that their equivalent one formed with
methoxyphenyl and carbazolyl units. The lower PV performance
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Figure 3. PL spectra of perovskite and perovskite/HTM layers deposited on glass (dexc = 625 nm). a) 9,9 -Spirobifluorene-based HTMs: Spiro-OMeTAD,
V1240 and V1267. b) Fluorene-based “half” molecules with methoxyphenyl and carbazolyl moieties: V1222, V1226, V1238 and c) fluorene-based “half”

molecules with carbazolyl moieties: V1257, V1258, and V1269.
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Figure4. J-V curves and long-term stability of the most efficient solar cells containing a,d) Spiro-OMeTAD, V1240 and V1267 HTMs; b,e) V1222, V1226,
and V1238 HTMs; and ¢,f) V1257, V1258, and V1269 HTMs. The stability test was performed in unencapsulated devices kept in N atmosphere at 25 °C.

Table 2. PV parameters extracted from the corresponding J-V curves of
the champion devices.

Compound Voc [mV]  Jsc [mAcm™?] FF PCE, [%)
9,9'-Spirobifluorene-based materials

Spiro-OMeTAD 1108 23.60 0.77 20.1
V1240 1000 22.32 0.79 176
V1267 1059 23.41 0.74 183

Fluorene-based “half" molecules with methoxyphenyl and carbazolyl chromophores

vizz 1014 22.80 0.68 15.7
V1226 992 22.89 0.69 15.7
V1238 987 22.35 0.73 16.1
Fluorene-based “half" molecules with carbazolyl chromophores

V1257 1034 23.37 0 172
V1258 1045 23.32 0.73 17.8
V1269 1048 23.35 0.74 181

FF: fill factor; PCE: power conversion efficiencies

of the devices with methoxyphenyl- and carbazolyl-based HTMs
cannot be attributed to issues in the electronic properties of the
molecules (see Table 1).

Therefore, the lower performance in methoxyphenyl and car-
bazolyl devices might be originated by a poorer perovskite/HTM
interface than by perovskite/carbazolyl-HTM one. As mentioned
earlier, the HTMs containing both methoxyphenyl and carbazolyl
equivalents (V1222, V1226, V1238) present lower symmetry than
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the compounds with only carbazolyl chromophores (V1222,
V1226, V1238). This suggest that methoxyphenyl- and
carbazolyl-based HTMs present lower ordered packing of the
molecules in the film affecting also the perovskite-HTM mor-
phology and therefore reducing the carrier transport and enhanc-
ing the interfacial recombination through the perovskite-HTM
interface.l*”! As previously observed,*”! the increasing alkyl chain
length does not influence on the short-circuit current density
values of the devices as the values are almost identical
(22.4-22.8 mAcm 2 for methoxyphenyl- and carbazoly-HTM
and 22.3mAcm ? for carbazolyl-HTMs). The device perfor-
mance is enhanced at increasing alkyl chain length due to higher
fill factor (FF) values. The corresponding external quantum effi-
ciency (EQE) of the devices is presented in Figure S17,
Supporting Information.

The long-term stability of the devices was evaluated in unen-
capsulated device under continuous 1 sun illumination in N,
atmosphere at 25 °C (see Figure 4d—f). The devices containing
spirobifluorene-based materials present a continuous decrease
of PCE, in accordance with other reported long-term stability
of devices containing Spiro-OMeTAD, achieving 85% (Spiro-
OMeTAD), 81% (V1240), or 69% (V1267) of its maximum
efficiency under 450 h operation. Similar behaviors are observed
for devices containing fluorene-based “half” molecules with
carbazolyl chromophores with efficiency decays of 86%, 81%,
or 67% for V1257, V1258, and V1269, respectively, after 450 h
illumination. On the contrary, devices containing HTM with
methoxyphenyl and carbazolyl units (V1222, V1226, V1238)
presents with almost no degradation after 450 h under continu-
ous illumination.
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Water contact angles of the HTMs film coated on glass
substrate were measured to better understand their stability
upon humidity (Figure S18, Supporting Information). The water
contact angle increase with the extension of alkyl chains at the
9,9-positions of the central fluorene fragment in the “half” struc-
tures, from 81°, 80° (V1222, V1257) and 86°, 87° (V1226, V1258)
t0 90° (V1238, V1269), while the smallest contact angle of 72° was
obtained in case of Spiro-OMeTAD analogue V1267 possessing
the carbazolyl chromophores. In addition, the increased hydro-
phobicity is observed for the other Spiro-OMeTAD analogue
V1240 possessing the methoxyphenyl and carbazolyl moieties.
The water contact angle (82°) in this case is higher than that
of Spiro-OMeTAD (77°). The trend of the contact angle is broadly
in line with the results of the stability measurements.

In addition, we conducted the stability test at a maximum
power point (MPP) under continuous light soaking at AM 1.5G
illumination of 750 s (Figure S19, Supporting Information). The
devices were unencapsulated and the measurements were car-
ried out in air (25°C, HR < 40%). All the devices present light
soaking effect in which the PV response is enhanced in the first
5 s except for Spiro-OMeTAD and V1238. After this rise, the effi-
ciency of all the devices starts to slightly decrease. The increase of
the initial efficiency and its stabilization for stability test has been
reported in the literature for organic small molecules. Although
the exact reason of this rise still remains unclear, one possible
origin of the observed fluctuation might be associated with slow
relaxation processes in the thin organic film ¥~

3. Conclusion

In summary, we present the synthesis of the series of novel
Spiro-OMeTAD analogues with the simple “half” structures
and a systematic study of the impact of a terminated photocon-
ductive chromophore on thermal, optical, photophysical, and
photovoltaic properties. Molecular engineering of new HTMs
was realized under Hartwig-Buchwald amination conditions
using commercially available starting materials. New com-
pounds bear alkylated fluorene and spirobifluorene fragments as
molecule core, while 9-ethyl-N-(4-metoxyphenyl)-9 H-carbazol-3-
amine and bis(9-ethyl-9 H-carbazol-3-yljamine were used to build
side chromophores. All synthesized HTMs exhibit excellent
thermal stability, which depends on alkyl chain length and the
number of carbazolyl moieties, at up to 400°C. Moreover, the
new synthesized HTMs, with the exception of the “half” com-
pound with branched aliphatic chains at 9-positions of fluorene
core and possessing both methoxyphenyl and carbazolyl chromo-
phores (V1238), exhibited higher glass transition temperatures
resulting in superior thermal stability compared to that of
Spiro-OMeTAD. Additionally, these fluorene compounds are
amorphous, which has the advantage of being able to form
homogeneous films and further of reducing the possibility for
the films to crystallize during device operation. All “half”
HTM molecules have similar charge drift mobility compared
to Spiro-OMeTAD, and such a molecule with both methoxy-
phenyl and carbazolyl chromophores (V1222) exhibits even
better drift mobility. Only the spiro analogue V1240 is inferior
to the Spiro-OMeTAD compound in weak fields. The PCE of
the most efficient n-i-p PSCs perovskite devices containing
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carbazolyl-terminated Spiro-OMeTAD analogue V1267 has
reached 18.3%, and thus has outperformed the devices fabricated
using the other HTMs: V1269 (18.1%), V1258 (17.8%), V1240
(17.6%), V1257 (17.21%), V1238 (16.1%), V1226 (15.7%), and
V1222 (15.7%). Furthermore, “half” structures with methoxy-
phenyl/carbazolyl fragments show excellent long-term stability
and outperform Spiro-OMeTAD. The devices employing newly
synthesized “half” compounds with methoxyphenyl/carbazolyl
fragments maintained their efficiency with almost no perfor-
mance decrease, while the efficiency of the devices using
Spiro-OMeTAD dropped to 85% after 450 h under continuous
illumination in N, atmosphere. We believe that this study offers
a facile approach for developing new HTMs that can influence
the PSC performance via molecular engineering of the side
chromophores of the fluorene-based HTMs.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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General methods

Chemicals required for the synthesis were purchased from Sigma-Aldrich and TCI Europe and
used as received without additional purification. 2,7-dibromo(9,9’-dialkyl) fluorenes was
synthesized as previously reported (3] New spirobifluorene and fluorene class compounds were
synthesized following previously described procedures. "H NMR spectra were recorded at 400
MHz on a Bruker Avance III spectrometer, °C NMR spectra were collected using the same
instrument at 101 MHz. The chemical shifts, expressed in ppm, were relative to tetramethylsilane
(TMS). All the experiments were performed at 25 °C. Mass spectra (MS) were recorded using the
Waters SQ Detector 2 mass spectrometer. The samples were prepared by dissolving compound
in the mixture of methanol/acetonitrile (ratio 1:1). Reactions were monitored by thin-layer
chromatography on ALUGRAM SIL G/UV254 plates and developed with UV light. Silica gel
(grade 9385, 230400 mesh, 60 A, Aldrich) was used for column chromatography. Elemental
analysis was performed with an Exeter Analytical CE-440 elemental analyzer, Model 440
C/H/N/.

UV/VIS spectral analysis of the samples solutions (THF, 10 mol/l) was performed on a
Perkin Elmer Lambda 35 UV / VIS spectrophotometer. The layer thickness of the solution is d =
10 mm. Diffraction grating crack width 2 nm. Spectral recording speed 2 nm / s. The wavelength
A is given in nm. The time-resolved fluorescence spectra of the samples solutions (THF, 10
mol/l) were recorded on a Edinburgh Instruments FLS920 light emission intensity
spectrophotometer. Solutions of new compounds exposed to different wavelengths: materials
V1222 - 310 nm, V1226 - 255 nm, V1238 - 260 nm, V1240 - 260 nm, compounds V1257 - 310
nm, V1258 - 255 nm, V1267 — 260 nm, V1269 - 260 nm. The layer thickness of the solution is d
=1 cm. The crack width of the diffraction grating is 2.5 nm. The wavelength A is given in nm.
Films of new compounds were exposed at 380 nm wavelength.

The transformations of thermal changes of target materials were recorded with a TA
Instruments Q2000 differential scanning calorimeter in a nitrogen atmosphere. From the obtained
thermal curves, the glass transition temperature of the materials is determined. Heating and
cooling mode reaches 10 ® C / min. The destruction temperatures of the new compounds were
recorded by TA Instruments Q50 by thermogravimetric analysis in a nitrogen atmosphere. The
decomposition temperature of a compound is recorded when the weight loss is 5%. Heating mode
20 °C/min.
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2,7-dibromo(9,9’-dialkyl)fluorenes were synthesized using KOBu as a base (15 eq), DMSO as
a solvent (15 mL/eq) at 0°C for 12 h. Spectral data is in agreement with the values reported in the
literature.

9-ethyl-N-(4-metoxyphenyl)-9H-carbazol-3-amine and compound 1 was synthesized by
Buchwald-Hartwig amination using Pd catalyst. Spectral data is in agreement with the values

reported in the literature !

Detailed synthetic procedures

A C
HNO_O/ Pd(OA),;, NaOtBu, ' )
e i R o S0
) R R Toluene, A o R

<

0 O—

V1222: R=—CHj; (43 %)
V1226: R=—CHyCH,CHy: (54 %)
V1238: R=—CH,CH(CH,CH;)CH,(CH,),CH. (55 %)

Scheme S1. Synthesis of fluorene derivatives with carbazolyl and methoxyphenyl fragments.

H
XPhos, Pd(OAe)z ]

Br NH N
N THF, 40 "( Dioxane, IIO"C : .
N )\ N
H
1(87 %)

Scheme S2. Synthesis of bis(9-ethyl-9H-carbazol-3-yl)amine (1).

Qoo .-ap- B2 S0p 50
A g &

8 By

V1257: R=~CH,; (44 %)
V1258: R——LHICHI( Hy: (23 %)
V1269: R=—CH,CH(CH,CH3)CH,(CH,),CHj. (51 %)

Scheme S3. Synthesis of fluorene derivatives with carbazolyl chromophores.
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Scheme S4. Synthesis of Spiro-OMeTAD analogue V1240.
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Scheme S5. Synthesis of Spiro-OMeTAD analogue V1267.

Bis(9-ethyl-9 H-carbazol-3-yl)amine (1)
NH
) )

Anhydrous dioxane (44 mL) with few drops of distilled water (0.5 mmol) was purged with
Argon for 20 minutes. After that, the temperature was raised to 80 °C, Pd acetate (0.06 g, 0.2
mmol) and XPhos (0.64 g, 1 mmol) were added. The mixture was stirred for 1.5 minute and
temperature was raised to 110 °C. Once the temperature reached 110 °C, 3-amino-9-
ethylcarbazole (11.8 g, 59 mmol), 3-bromo-9-ethylcarbazole (2) (11.99 g, 43 mmol) and sodium
tert-butoxide (5.91 g, 61 mmol) were added and stirred for 45 minutes (TLC control,
acetone/hexane 1:4). After that, reaction mixture was extracted with ethyl acetate, organic layer
dried over Na,SOy, filtered and the solvent was removed by vacuum rotary evaporation. The
crude product was purified by column chromatography (THF/hexane 3:22 v:v), Re=0.15 and light
orange brown solid was collected as a final product. Yield 14.24 g, 87 %.
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'H NMR (400 MHz, THF-ds) 8: 7.94 (d, J = 7.75 Hz, 2H), 7.81 (s, 2H), 7.42-7.30 (m, 6H),
7.24 (d, J = 8.62 Hz, 2H), 7.06 (t, J = 7.35 Hz, 2H), 6.89 (s, 1H), 437 (q, /= 7.12 Hz, 4H), 1.38
(t,J=7.12 Hz, 6H).

“C NMR (101 MHz, THF-ds) &: 141.6, 139.7, 136.4, 126.1, 124.8, 124.0, 121.1, 119.4, 118.9,
109.9, 109.3, 38.18, 14.27.

Anal. Caled. For: CpsHasNs: C 83.34; H 6.24; N 10.41; found: C 83.29; H6.31; N 10.24.

N,N-bis(9-ethyl-9H-carbazol-3-yl)-N, N-bis(4-methoxyphenyl)-9,9-dimethyl-9H-fluorene-
2,7-yl-diamine (V1222)

D C

y

N N

g

—0 O0—

Reaction mixture of 2,7-dibromo-9,9-dimethyl-9 H-fluorene (0.77 g, 2 mmol, 1 eq.), 9-ethyl-N-
(4-methoxyphenyl)-9H-carbazol-3-amine (2.08 g, 6 mmol, 3 eq.) and anhydrous toluene (22.4
mL) was purged with Argon for 30 minutes. Afterwards, palladium (II) acetate (0.05 g, 0.2
mmol, 0.055 eq.) and tri-tert-butylphosphonium tetrafluoroborate (0.14 g, 0.4 mmol, 0.11 eq) was
added and stirred for 10 minutes under Argon. After that, sodium fert-butoxide (0.63 g, 6 mmol,
3 eq.) were added and the mixture was heated at reflux for 5 hours (TLC control, acetone/hexane
1:4). After cooling to room temperature, reaction mixture was filtered through celite and
extracted with ethyl acetate. Organic layer was dried by Na,SO,, filtered and the solvent was
removed by vacuum rotary evaporation. The product was purified by column chromatography
(eluent: CHCl3/n-hexane 8:17 v:v) R=0.64. Final product was dissolved in THF and precipitated
from methanol to collect the final product as a light greenish yellow solid powder. Yield 0.79 g,
43 %.

'H NMR (400 MHz, THF-ds) &: 7.94 (d, J = 7.74 Hz, 2H), 7.89 (s, 2H), 7.46-7.32 (m, SH),
7.25 (d, J = 8.07 Hz, 2H), 7.13-7.03 (m, 8H), 6.85 (d, J = 8.26 Hz, 2H), 6.80 (d, J = 8.88 Hz,
4H), 4.39 (q,J = 7.05 Hz, 4H), 3.73 (s, 6H), 1.41 (t,J = 7.05 Hz, 6H), 1.26 (s, 6H).

S6
168



“C NMR (101 MHz, THF-ds) 8: 155.6, 141.7, 138.0, 126.5, 125.0, 124.0, 121.3, 121.1, 120.3,
119.5,116.3,115.4,110.2, 109.5, 55.7, 47.5, 38.3, 27.6, 14.3.

Anal. Calcd. For Cs;HsgN,O5: C 83.18; H 6.12; N 6.81; O 3.89; found: C 83.25; H 6.08; N
6.79. Cs7HsoN40,[M" ] exact mass = 822.39, MS (ESI) = 822.77.

N,N-bis(9-ethyl-9H-carbazol-3-yl)-N, N-bis(4-methoxyphenyl)-9,9-dipropyl-9 H-fluorene-
2,7-yl-diamine (V1226)

h (

N Dol

N

<

_0 0—

Reaction mixture of 2,7-dibromo-9,9-dipropyl-9H-fluorene (0.72 g, 1 mmol), 9-ethyl-N-(4-
methoxyphenyl)-9H-carbazol-3-amine (1.53 g, 4 mmol) and anhydrous toluene (12 mL) was
purged with Argon for 30 minutes. Afterwards, palladium (II) acetate (0.05 g, 0.2 mmol) and tri-
tert-butylphosphonium tetrafluoroborate (0.1 g, 0.3 mmol) was added and stirred for 10 minutes
under Argon. After that, sodium fert-butoxide (0.46 g, 4 mmol) were added and the mixture was
heated at reflux for 5 hours (TLC control, acetone/hexane 1:4). After cooling to room
temperature, reaction mixture was filtered through celite and extracted with ethyl acetate.
Organic layer was dried by Na,SO,, filtered and the solvent was removed by vacuum rotary
evaporation. The product was purified by column chromatography (eluent: CHCly/n-hexane 8:17
v:v) R=0.70. Final product was dissolved in THF and precipitated from ethanol to collect the

final product as a light greenish yellow solid powder. Yield 0.84 g, 54 %.

'H NMR (400 MHz, Acetone-ds) 3: 7.96 (d, J= 7.76 Hz, 2H), 7.90 (s, 2H), 7.54-7.40 (m, 8H),
7.23 (m, 2H), 7.15-7.02 (m, 8H), 6.94-6.75 (m, 6H), 4.44 (q, J= 6.96 Hz, 4H), 3.77 (s, 6H),
1.70-1.60 (m, 4H), 1.40 (t, J= 6.96 Hz, 6H), 0.85-0.70 (m, 4H), 0.64 (t, J= 7.14 Hz, 6H).

BC NMR (101 MHz, Acetone-dg) &: 156.5, 152.3, 149.1, 1414, 137.6, 135.4, 1267, 125.3,
1245, 123.4, 121.2, 120.1, 119.5, 117.8, 116.9, 115.4, 110.4, 109.7, 55.7, 55.6, 43 4, 38.1, 18.2,
149,142
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Anal. Calcd. For Cg;HssN4O,: C 83.34; H6.65; N 6.37; O 3.64; found: C 83.4; H 6.61; N 6.21.
Ce1HssN4Oo[M" ] exact mass = 878.46, MS (ESI) = 878.83.

N,N-bis(9-ethyl-9H-carbazol-3-yl)-N, N-bis(4-methoxyphenyl)-9,9-bis(2-ethylhexyl)-9 H-
fluorene-2,7-yl-diamine (V1238)

P (

o

N N

N

—0 O0—

Reaction mixture of 2,7-dibromo-9,9-bis(2-ethylhexyl)-9H-fluorene (0.97 g, 1 mmol), 9-ethyl-
N-(4-methoxyphenyl)-9 H-carbazol-3-amine (1.69 g, 5 mmol) and anhydrous toluene (17 mL)
was purged with Ar for 30 minutes. Afterwards, palladium (II) acetate (0.05 g, 0,2 mmol) and tri-
tert-butylphosphonium tetrafluoroborate (0.12 g, 0,4 mmol) was added and stirred for 10 minutes
under Argon. After that, sodium erz-butoxide (0.51 g, 5 mmol) were added and the mixture was
heated at reflux for 5 hours (TLC control, acetone/hexane 1:4). After cooling to room
temperature, reaction mixture was filtered through celite and extracted with ethyl acetate.
Organic layer was dried by Na,SO, filtered and the solvent was removed by vacuum rotary
evaporation. The product was purified by column chromatography (eluent: acetone/n-hexane 4:21
v:v) R=0.52. Final product was dissolved in THF and precipitated from methanol to collect the

final product as a light greenish yellow solid powder. Yield 1.01 g, 55 %.

'H NMR (400 MHz, Acetone-ds) 8: 7.96 (d, J = 7.76 Hz, 2H); 7.90-7.83 (m, 2H); 7.57-7.49
(m, 6H); 7.43 (t, J = 7.65 Hz, 2H); 7.30-7.21 (m, 2H); 7.17-6.80 (m, 14H); 4.46 (¢, J= 6.94 Hz,
4H): 3.78 (s, 6H); 1.81-1.67 (m, 4H); 1.41 (t, J = 6.94 Hz, 6H); 1.13-0.82 (m, 16H); 0.78 (t, J =
6.38 Hz, 6H); 0.74-0.64 (m, 2H); 0.58 (t, /= 7.03 Hz, 6H).

BC NMR (101 MHz, Acetone-dg) 8: 156.4; 156.3; 156.2; 152.3; 152.2; 148.6; 141.6; 137.8;
137.7; 135.9; 135.6; 126.7; 126.5; 126.3; 126.0; 125.6 125.5; 125.4; 124.6; 124.5; 123.4; 122.6;
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121.9; 121.5; 121.1; 120.1; 119.5; 119.2; 118.6; 118.4; 118.3; 118.13; 118.08; 115.4; 110.5;
109.8; 55.7; 55.5; 45.4; 38.1; 35.48; 35.46; 34.7; 34.6; 23.7; 14.6; 14.5; 14.3; 14.2; 10.9; 10.8.

Anal. Calcd. For C7;H7N,0,: C 83.65; H 7.71; N 5.50; O 3.14; found: C 83.61; H 7.58; N
5.36. C7;H7sN4O5[M" ] exact mass = 1018.61, MS (ESI) = 1019.15.

N,N,N,N-tetra(9-ethyl-9H-carbazol-3-yl)-9,9-dimethyl-9 H-fluoren-2,7-yl-diamine (V1257)
\

.&

Reaction mixture of 2,7-dibromo-9,9-dimethyl-9H-fluorene (0.9 g, 2 mmol), bis(9-ethyl-9H-
carbazol-3-yl) amine (3.09 g, 7 mmol) and anhydrous toluene (20 mL) was purged with Argon
for 30 minutes. Afterwards, palladium (II) acetate (0.06 g 0.2 mmol) and tri-tert-
butylphosphonium tetrafluoroborate (0.16 g, 0.5 mmol) was added and stirred for 10 minutes
under Argon. After that, sodium zert-butoxide (0.73 g, 7 mmol) were added and the mixture was
heated at reflux for 5 hours (TLC control, acetone/hexane 1:4). After cooling to room
temperature, reaction mixture was filtered through celite and extracted with ethyl acetate.
Organic layer was dried by Na,SO,, filtered and the solvent was removed by vacuum rotary
evaporation. The product was purified by column chromatography (eluent: THF/n-hexane 3:22
v:v) R=0.41. Final product was dissolved in THF and precipitated from methanol to collect the

final product as a light greenish yellow solid powder. Yield 1.12 g, 44 %.

"H NMR (400 MHz, THF-ds) &: 7.99 (s, 4H), 7.93 (d, J = 7.8 Hz, 4H), 7.48-7.29 (m, 18H),
7.18 (s, 2H), 7.06 (t, J= 7.4 Hz, 4H), 6.92 (d, J= 8.42 Hz, 2H), 4.39 (q, /= 7.15 Hz, 8H), 1 .41 (t,
J=17.15Hz, 12H), 1.26 (s, 6H).

BCNMR (101 MHz, THF-ds) 8: 1554, 149.8, 142.1, 141.5, 137.7, 133.0, 126.3, 125.6, 124.9,
123.9,121.3,120.7,120.1, 119.3, 118.9, 115.9, 110.1, 109.3, 47.36, 38.14, 27.5, 14.1.

Anal. Caled. For C71HgoNg: C 85.51; H 6.06; N 8.43; found: C 85.41; H 6.03; N 8.26.

C71H60N5[M ] exact mass = 996,49, MS (ESI) = 996,99.
S9
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N,N,N,N-Tetra(9-ethyl-9H-carbazol-3-yl)-9,9-dipropyl-9H-fluorene-2,7-yl-diamine
(V1258)

\ ¢
o.o

d

Reaction mixture of 2,7-dibromo-9,9-dipropyl-9H-fluorene (0.9 g, 2 mmol), bis(9-ethyl-9H-
carbazol-3-yl)amine (2.66 g, 6 mmol) and anhydrous toluene (18 mL) was purged with Argon for
30 minutes. Afterwards, palladium (II) acetate (0.05 g, 0.2 mmol) and tri-ferz-butylphosphonium
tetrafluoroborate (0.13 g, 0.4 mmol) was added and stirred for 10 minutes under Argon. After
that, sodium zert-butoxide (0.63 g, 6 mmol) were added and the mixture was heated at reflux for
5 hours (TLC control, acetone/hexane 1:4). After cooling to room temperature, reaction mixture
was filtered through celite and extracted with ethyl acetate. Organic layer was dried by Na,SO4,
filtered and the solvent was removed by vacuum rotary evaporation. The product was purified by
column chromatography (eluent: acetone/n-hexane 1:4 v:v) R=0.48. Final product was dissolved
in THF and precipitated from methanol to collect the final product as a light greenish yellow
solid powder. Yield 0.61 g, 23 %.

1H_NMR (400 MHz, Acetone-ds) 6: 8.00 (s, 4H); 7.94 (d, J= 7.78 Hz, 4H); 7.52 (d, J=8.25
Hz, 4H); 7.48-7.37 (m, 10H); 7.30 (d, J = 8.62 Hz, 4H); 7.16 (s, 2H); 7.09 (t, J= 7.50 Hz, 4H);
6.87 (d, J=7.97 Hz, 2H); 443 (q, J= 7.08 Hz, 8H); 1.61-1.51 (m, 4H); 1.40 (t, J = 7.08 Hz,
12H); 0.87-0.77 (m, 4H); 0.63 (t, J=7.22 Hz, 6H).

BC NMR (101 MHz, Acetone-ds) &: 152.2, 1414, 137.5, 126.6, 1255, 124.5, 1235, 1212,
120.8, 120.0, 1194, 117.7, 116.5, 110.4, 109.7, 55.6, 43.4, 38.1, 18.2, 15.0, 14.2.
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Anal. Caled. For C;sHgNg: C 85.52; H 6.51; N 7.98; found: C 85.48; H 6.47; N 7.85.
C7sHgsNg[M™ ] exact mass = 1052.55, MS (ESI) = 878.83.

N,N,N, N-tetra(9-ethyl-9H-carbazol-3-yl)-9,9-bis(2-ethylhexyl)-9 H-fluoren-2,7-yl-diamine
(V1269)

3 ¢
00 (5, 50
Y O Qo

N N

Reaction mixture of 2,7-dibromo-9,9-bis(2-ethylhexyl)-9H-fluorene (0.75 g, 1 mmol), bis(9-
ethyl-9H-carbazol-3-yl) amine (1.65 g, 4 mmol) and anhydrous toluene (14 mL) was purged with
Argon for 30 minutes. Afterwards, palladium (II) acetate (0.05 g, 0.2 mmol) and tri-tert-
butylphosphonium tetrafluoroborate (0.12 g, 0.4 mmol) was added and stirred for 10 minutes
under Argon. After that, sodium zert-butoxide (0.4 g, 4 mmol) were added and the mixture was
heated at reflux for 5 hours (TLC control, acetone/hexane 1:4). After cooling to room
temperature, reaction mixture was filtered through celite and extracted with ethyl acetate.
Organic layer was dried by Na,SO,, filtered and the solvent was removed by vacuum rotary
evaporation. The product was purified by column chromatography (eluent: THF/a#-hexane 2:23
v:v) R=0.53. Final product was dissolved in THF and precipitated from methanol to collect the

final product as a light greenish yellow solid powder. Yield 0.85 g, 51 %.

'H NMR (400 MHz, Acetone-d) &: 8.01-7.89 (m, 8H); 7.57-7.47 (m, 10H); 7.45-731 (m,
8H); 7.15-7.05 (m, 6H); 6.99 (d, J=7.79 Hz, 2H); 4.46 (q, J = 6.91 Hz, 8H); 1.75-1.63 (m, 4H);
1.42 (t, J= 6.91 Hz, 12H); 1.14-0.89 (m, 16H); 0.83-0.71 (m, 8H); 0.61 (t, J = 7.32 Hz, 6H).

S11
173



C NMR (101 MHz, Acetone-ds) 8: 152.37; 152.31; 149.4; 142.3; 141.6; 137.7; 137.6; 136.0;
135.7; 126.7; 125.7; 125.6; 125.4; 124.68; 124.66; 124.6; 123.6; 122.4; 121.7; 121.3; 120.2;
119.56; 119.53; 119.50; 118.9; 118.3; 118.1; 118.0; 117.7; 110.5; 109.9; 55.6; 45.6; 38.2; 35.67,
34.8;279;27.7,23.8; 14.7, 14.3; 11.1.

Anal. Caled. For CgsHggNe: C 85.53; H 7.43; N 7.04; found: C 85.50; H 7.39; N 6.91.
CssHssNg[M™ ] exact mass = 1193.42, MS (ESI) = 1192.71.

N,N,N, N-tetrakis(9-ethyl-9 H-carbazol-3-yl)-N, N,N,N-tetrakis(4-methoxyphenyl)-9,9-
spirobi[fluorene]-2,2',7,7'-yl-tetraamine (V1240)

“) LN

g J
N, @—N O.Q N@_O/
/OQN Q.O N@ EY
O
) (
Reaction mixture of 2,2°,7,7-tetrabromo-9,9°-spirobi-[ 9H-fluorene] (0.99 g, 1 mmol), 9-ethyl-
N-(4-methoxyphenyl)-9 H-carbazol-3-amine (2.98 g, 9 mmol) and anhydrous toluene (21 mL)
was purged with Argon for 30 minutes. Afterwards, palladium (II) acetate (0.05 g, 0.2 mmol) and
tri-tert-butylphosphonium tetrafluoroborate (0.12 g, 0.4 mmol) was added and stirred for 10
minutes under Argon. After that, sodium zert-butoxide (0.9 g, 9 mmol) were added and the
mixture was heated at reflux for 24 hours (TLC control, acetone/hexane 1:4). After cooling to
room temperature, reaction mixture was filtered through celite and extracted with ethyl acetate.
Organic layer was dried by Na,SO,, filtered and the solvent was removed by vacuum rotary
evaporation. The product was purified by column chromatography (eluent: THF/toluene/n-
hexane 1:1:3 v:v:v) R=0.21. Final product was dissolved in THF and precipitated from ethanol to
collect the final product as a light greenish yellow solid powder. Yield 0.9 g, 28 %.

'H NMR (400 MHz, THF-ds) &: 7.97 (d, J=7.76 Hz, 4H); 7.83 (s, 4H); 7.46 (d, J= 8.21 Hz,

4H); 7.43-7.35 (m, 8H); 7.33 (d, J = 8.27 Hz, 4H); 7.21 (d, J = 8.63 Hz, 4H); 7.10 (t, J = 7.42
S12
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Hz, 4H); 7.03 (d, J= 8.91 Hz, 8H); 6.84-6.76 (m, 12H); 6.68 (s, 4H); 4.42 (q, J=7.05 Hz, 8H);
3.76 (s, 12H); 1.43 (t, J="7.05 Hz, 12H).

BC NMR (101 MHz, THF-ds) &: 155.5; 150.4; 148.1; 142.4; 140.7; 140.4; 137.0; 135.0; 125.6;
125.0; 124.7; 124.0; 123.0; 121.5; 120.6; 119.6; 118.6; 117.6; 116.7; 114.4; 109.3; 108.5; 54.8;
374;134.

Anal. Calcd. For CgoHggNgOy4: C 83.18; H 5.64; N 7.12; O 4.07; found: C 83.14; H 5.57; N
7.08. C9oHggNgO,[M" ] exact mass = 1572.69, MS (ESI) = 1573.69.

N,N,N,N,N,N,N,N-octacis(9-ethyl-9H-carbazol-3-yl)-N,N,N,N-9,9-spirobi[fluorene]-2,2',7,7'-
yl-tetraamine (V1267)

oo

@00
N) (

Reaction mixture of 2,2°,7,7‘-tetrabromo-9,9-spirobi-[ 9H-fluorene] (0.85 g, 1 mmol), bis(9-
ethyl-9H-carbazol-3-yl)amine (4.33 g, 10 mmol) and anhydrous toluene (21 mL) was purged
with Argon for 30 minutes. Afterwards, palladium (II) acetate (0.05 g, 0.2 mmol) and tri-tert-
butylphosphonium tetrafluoroborate (0.12 g, 0.4 mmol) was added and stirred for 10 minutes
under Argon. After that, sodium fert-butoxide (0.96 g, 10 mmol) were added and the mixture was
heated at reflux for 24 hours (TLC control, acetone/hexane 1:4). After cooling to room
temperature, reaction mixture was filtered through celite and extracted with ethyl acetate.
Organic layer was dried by Na,SO,, filtered and the solvent was removed by vacuum rotary
evaporation. The product was purified by column chromatography (eluent: THF/toluene/n-
hexane 5:8:12 v:v:v) R=0.62. Final product was dissolved in THF and precipitated from ethanol
to collect the final product as a light greenish yellow solid powder. Yield 0.66 g, 25 %.

"H NMR (400 MHz, Toluene-ds) &: 8.28-8.23 (m, 8H); 7.85-7.79 (m, 8H); 7.68 — 7.59 (m,
8H); 7.44 (d, J = 8.3 Hz, 4H); 7.38-7.27 (m, 16H); 7.17-7.12 (m, 4H); 7.08-7.04 (m, 6H); 6.99—
6.96 (m, 6H); 3.74 (q,J=17.0 Hz, 16H); 0.97 (t, J=7.0 Hz, 24H).

S13
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BC NMR (101 MHz, Toluene- dg) 8: 152.0; 148.8; 142.3; 142.1; 140.9; 137.0; 125.9; 124.6;
123.4;121.6; 121.01; 119.9; 119.0; 118.0; 117.9; 117.8; 117.6; 109.4; 108.6; 37.3; 11.0.

Anal. Calcd. For Ci37HsNp: C 85.59; H 5.66; N 8.64; found: C 85.53; H 5.51; N 8.56.
C137H103N12[IW ] exact mass = 1920.88, MS (ESI) = 1920.78.
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New fluorene-based bipolar charge transporting
materialsT

Aisté Jegorove,* Maryté Daskeviciené,? Kristina Kantminieng, ©°
Vygintas Jankauskas,” Romualdas Jonas (“Zepas,@c Alytis Gruodis,“
Vytautas Getautis @2 and Kristijonas Genevicius®

Air-stable and solution-processable fluorene-based bipolar charge transporting materials (CTMs) were
designed, synthesized, and analyzed. These CTMs feature anthraquinone, 9-fluorenone, and 9-
dicyanofluorenylidine groups and exhibit good film formation properties for solvent processing.
Quantum chemistry simulations and optical absorption measurements proved that several stable
conformers and charge transfer complexes form inside the molecules. Hole mobilities in CTMs were
around 107 to 10™° cm?® V! s7*, while electron mobility in compounds with anthraquinone and 9-
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Introduction

The innovative design of organic compounds and the tuning of
their practical properties has become an important tool of
materials science used to address major contemporary global
issues, including the energy crisis and environmental impact.
Therefore, the synthesis of new organic functional molecules
and their adjustment for high performance materials has been
gaining considerable attention in recent years. In the last few
decades, the development of organic compounds as active
components of electronic and optoelectronic devices, such as
organic solar cells (OSCs),"* dye-sensitized solar cells (DSCs),*
organic field-effect transistors (OFET),"* organic light-emitting
diodes (OLEDs),”* and organic photorefractive devices’ has
contributed to a significant breakthrough in their technological
applications and expanded fundamental research knowledge
that could be used for future scientific and technological
advancement.

Electronic or optoelectronic devices that employ organic
materials as active elements benefit from the important
advantages of organic materials, such as their potentially low
cost and light mass as well as the ability to form thin-film large-
surface-area flexible devices. The first industrial-scale applica-
tion of organic semiconductors was xerography. Since then,
charge transporting materials have played a significant role in
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dicyanofluorenylidine groups was approximately one order of magnitude lower.

many of the technologies that have evolved from xerography."
Although an extensive data on hole- or electron-transporting
materials have been reported in scientific literature, mole-
cules capable of transporting both holes and electrons have
received much less attention.*

Different strategies have been implemented to achieve
bipolar behaviour of organic materials for electronic and
optoelectronic applications. Methods used to ensure bipolarity
include layered heterostructure, interpenetrating network, and
charge transfer complex creation.**** Several disadvantages are
associated with the first two of these methods, such as the
increased complexity of the manufactured device; the higher
probability of occurrence of defect points or nonuniformity of
the layer owing to formed defective charge transfer complexes,
and the possible long-term instability. In addition, it is well
known that the formation of charge transfer complexes signif-
icantly reduces the charge mobility of one of the components
used,""” so achieving balance between the mobility of electrons
and holes in the layer becomes a challenging issue. Therefore,
a more reasonable approach toward bipolarity of organic
materials is to design the bipolar charge transporting material
(CTM) as a single compound. Thus, utilization of a bipolar
material reduces both the number of mixed materials and helps
maintain device stability. Additionally, it is technologically
advantageous for such materials to be air-operable and soluble
in common organic solvents since low-cost organic electronic or
optoelectronic devices require material deposition via solution
processes instead of expensive vacuum thermal deposition.

However, the reported number of single-component air-
stable and soluble bipolar CTMs capable of transporting both
carrier types is limited despite the obvious advantages of such
molecules. Aso et al achieved bipolar transport by attaching
a hole-transporting oligothiophene unit to the fullerene core.**

RSC Adlv, 2024, 14, 2975-2982 | 2975
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Several other fullerene derivatives bearing, for example,
dendritic oligothiophene side chains," oligophenyleneethyny-
lenes,* thioaxanthenes,* hydrazones,** or hexa-peri-hex-
abenzocoronene* have also been shown to exhibit bipolar
behaviour, though with moderate charge-carrier mobilities.
These compounds have quite complex structures and require
expensive starting materials and/or elaborate multistep
syntheses. Fullerene derivatives widely used as acceptors in
0OSCs are associated with poor absorption, high cost, and
insufficient stability. As an alternative, bipolar small molecule
acceptors based on the fused terthieno[3,2-b]thiophene or
benzodithiophene donor core and various electron-
withdrawing end groups have been tested in OSCs.**

Various small molecule donor materials incorporating
diketopyrrolopyrrole fragment in their structure have been
designed and synthesized for solution-processed optoelectronic
devices.””* Imide derivatives are another successful class of
materials used for bipolar CTMs.*** The carbazole moiety,
because of its electron donating ability, is a convenient donor
component of bipolar CTMs, while triazine, cyano, pyridine,
phosphine oxide, etc. are used as acceptor fragments.*® Velasco
et al. investigated stable long-lived organic carbazole-based
radical adducts as an electron donor-acceptor system with
bipolar charge transport behaviour. High electron and hole
mobilities up to 10> and 10 * em* V™" 577, respectively, were
achieved.””*® Kim et al. reported the synthesis of the bipolar
hosts bearing 9,9-bis(9-alkylcarbazole)thioxanthene-S,S-dioxide
moiety for application in white organic light emitting diodes.
The thioxanthene-S,S-dioxide moiety possesses good electron-
transporting ability, while the bis-ethylhexyl-, octyl-, dodecyl-
or heptadecanylcarbazole moieties have good hole-transporting
ability.*

Recently, we designed and synthesized air-stable and
solution-processable tetracarboxydiimide-based bipolar CTMs,
bearing electron-transporting 1,4,5,8-naphthalene- or 3,4,9,10-
perylenetetracarboxy-diimide cores with attached 1-phenyl-
1,2,3,4-tetrahydroquinoline moieties as end-capping hole-

ﬁﬁ
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transporting groups in a straightforward and simple manner
without the need for advanced synthetic procedures, expensive
catalysts or sensitive reagents."

Generally, soluble and air-stable bipolar CTMs have quite
complex structures and require expensive starting materials
and/or elaborate multistep synthesis. In this work, we have
designed and synthesized air-stable and solution-processable
fluorine-based bipolar materials V1393, V1421, V1457, V1458,
V1484, and V1485 (Fig. 1). These CTMs were obtained from
inexpensive starting materials through simple reactions and
possess electron transporting anthraquinone, 9-fluorenone, or
9-dicyanofluorenylidine with attached carbazolyl electron-
donating moieties. The optical, thermal, and charge carrier
transport properties of the synthesized CTMs were studied. The
existence of possible conformers and excitation energies were
calculated by the means of quantum chemistry simulations.

Results and discussion

Target bipolar molecules were synthesized via the synthetic
route depicted in Scheme 1. The precursors (side-amines) were
synthetized by coupling 3-bromo-9-ethylcarbazole with 2-ami-
noantraquinone and 2-amino-9H-fluorenone. The target
compounds V1393, V1421, V1457, and V1458 were synthesized
under Buchwald-Hartwig amination reaction conditions using
a central fluorene-based core as the starting material. The
dicyanofluorenylidine derivatives V1484 and V1485 were
synthesized by modifying the keto group to malononitrile by
Knoevenagel condensation in basic medium.

The chemical structures of the synthesized compounds were
verified by NMR spectroscopy, mass spectrometry, elemental
analysis, and infrared spectroscopy data. A detailed description
of the synthetic procedures and analysis is presented in the
ESL}

Thermal stability of new bipolar molecules was evaluated by
thermogravimetric analysis (TGA) in nitrogen atmosphere
(Fig. 2). As seen from the data presented in Table 1 and Fig. 2, all

:

dp‘%f{% 385, dﬁﬁfi‘%
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Fig.1 Chemical structures of the synthesized bipolar compounds bearing different structural units.
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Scheme 1 Synthesis of new fluorene-based bipolar compounds V1393, V1421, V1457, V1458, V1484, and V1485.
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Fig.2 TGA curves of new bipolar molecules.

bipolar compounds are thermally stable at temperatures higher
than 400 °C that is well above operating temperatures of most
electronic devices.

The results of differential scanning calorimetry (DSC)
measurements are shown in Fig. 3. According to the DSC scans,
the glass transition temperatures (T,) were observed at 109 and
153 °C for V1393 and V1421, respectively. Notably, the T, of
V1457 and V1458 are lower than those of their analogues with
anthraquinone moieties (92 °C for V1457 and 133 °C for V1458).
The glass transition temperatures increased when the cyano
groups were incorporated into the molecules (112 °C for V1484
and 161 °C for V1485). Furthermore, as expected, all materials
with longer alkyl side chains demonstrated lower glass transi-
tion temperatures than those of the ones with shorter alkyl

© 2024 The Author(s). Published by the Royal Society of Chemistry

chains. No endothermic peaks were observed during two heat-
ing cycles, what proves that all new materials are amorphous. It
is preferable that new bipolar molecules would have an amor-
phous state in order to obtain good quality films.

For obtaining more information about electronic structure,
quantum chemistry simulations of the molecular structure and
several most probable conformers as well as dimers were per-
formed using Gaussian 16 software.” The density functional
(DFT) Cam-B3LYP method and the 6-31G (d) basis set supple-
mented with polarization functions (d,p) were used for ground
state optimization. Solvation effects were not considered in all
cases. The list of two most probable molecular conformations is
presented in the ESI, Table S1f and xy projections are in Fig. S2-
S4.f Generally, total molecular symmetry is absent in the
analyzed structures, but in several cases partial symmetry (or
quasi-symmetry according to central fluorene unit) could be
established (for example, V1421b, V1458b, and V1485b).
Substituents are oriented in a chaotic manner, and large
number of different conformers could be obtained. The pop-
ulation of low-lying excited molecular states S, and S, could be
realized using the partially allowed transitions S, — S,,n =1, 2
(Table S2t). The parameters of transition between MO (which
are related to the population of “spectroscopic” states S,, n =1,
2) are presented in the ESI, Table $3.} In all cases, the dominant
and most significant electron jump is provided between HOMO
and LUMO. Spatial distributions of electron density (for the
HOMO-1, HOMO, LUMO and LUMO+1 of each compound) are
presented in the ESI, Tables S4-S6.} Generally, electron tran-
sition between HOMO and LUMO corresponds to the charge
redistribution between the core (fluorene) and substituents (for
example, anthraquinone). In case of both conformers of V1421
and V1393, by population of the lowest excited state, charge

RSC Adlv, 2024, 14, 2975-2982 | 2977
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Table1 Thermal, optical, and photophysical properties of the bipolar compounds

Compound  T,°[°C]  Tys*[°C] Ay [nm] I,[eV]  HOMO?[eV]  LUMO®[eV] g potd [em* V's7'] g creef [em® V' s77]
V1393 109 128 311,355,512 518 5.38 3.85 2.6 x 1077 16x107°

V1421 153 164 311,352,514 5.1 5.51 1.0 14x1077 11x10°

V1457 92 123 378, 534 5.02 5.34 3.97 39 x 1077 —

V1458 133 185 377,537 5.02 5.46 1.09 92 x 107 —

V1484 12 106 337,346,760  5.18 5.54 116 12 x 1077 1.0x 107"

V1485 161 417 337,750 5.16 5.42 4.09 2.8 x107* 35x107°

“ Glass transition (T,) and 5% weight loss (Ty;) temperatures recorded from DSC and TGA, respectively (10 °C min~", N, atmosphere). ” UV-vis
spectra were measured from thin layers.  Ionization energies of the films were measured using PESA. ¢ HOMO energy levels were estimated
from the CV measurements. © LUMO energy levels were estimated from the CV measurements. / Hole mobility value at zero field strength.

# Electron mobility value at zero field strength.

—V1484
——V1485

161°C
/

80 120 160 200 240 280

Temperature, °C

0 40

80 120 160 200 240 280
Temperature, °C

0 40

Fig. 3 DSC curves for the second run of the bipolar molecules bearing (a) carbonyl groups (V1393, V1421, V1457 and V1458) and (b) cya-
noylidene moieties (V1484 and V1485) (heating rate of 10 °C min, N, atmosphere).

redistribution could be named as the closest to that of pure CT.
Substituents are present in the role of electron acceptor (charge
donor) (Table $41). The tendencies for both conformers of
V1458 and V1457 are the same. The HOMO orbital is localized
in the central fluorene unit and in well-oriented substituents
(Table S5t). Small changes occur for both conformers of V1485
and V1484. The chaotic orientation of the 2-ethylhexyl- frag-
ment related to the central fluorene unit predetermines the
strong non-symmetric displacement of the substituents (Table
S6). Due to that, only the left part of V1484a is involved in
significant charge redistribution by excitation.

To understand the nature of electronic excitations, we
decided to provide the natural transition orbitals (NTO) analysis
using Gaussian16 routine: Density=(Check, Transition=1,2)
Pop=(NTO, SaveNTO) for first and second transitions. HOMO
and LUMO NTO (which correspond the electronic densities of
hole and electron NTO pairs) for allowed first transition are
presented in ESI, Tables S7-59.f

List of several most probable molecular dimers is presented
in ESI, Table $10.f Two typical structures in most informative
projections are presented in Fig. $23.1 First structure of open V-
shaped type (dimmer Eh0, V1421b + V1421b) presents amor-
phous behaviour of low density condensed phase.

2978 | RSC Adlv, 2024, 14, 2975-2982
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Intermolecular structure could be organized using weak van-der
Waals forces, which relates two molecules through substitu-
ents. Second structure of core-to-core type (dimmer Eh2,
V1458b + V1458b) represents amorphous behaviour of high
density condensed phase. Intermolecular structure could be
organized overlap of central core unit of different molecules.
Additional relations of two molecules are organized through the
substituents. Orientation of two core units is not parallel, but
closed to perpendicular (dehidral angle —20 deg).

A comparison of the UV-visible absorption spectra of the new
HTMs recorded in THF solution and from solid films is shown
in Fig. 4, and the corresponding data are listed in Table 1.

In general, the spectra of all target compounds display not
less than three absorption bands. As expected, the same group
molecules, which structures differ in the length of the alkyl
chains, present similar absorption profiles from 250 to 900 nm.
The spectra of all new compounds display an intensive m-m*
absorption bands at 270-450 nm, while the weak absorption
band with maximum in the visible region has n-m* nature.
While comparing spectra of V1393, V1421, and V1457, V1458
the red shifted absorption peaks can be detected. Stronger
absorption for V1393, V1421 around 510 nm is attributed to the
presence of additional oxygen atoms. The same phenomenon

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 UV-vis spectra of the target compounds from (a) THF solutions (¢ = 10~* mol [~%); (b) solid films.

was observed when dicyanoylide groups were added to the
molecule.

When compared to the solution samples, the absorption of
film samples exhibits a minimal red shift (~3 nm) (Fig. 4b),
suggesting a significant degree of intermolecular interactions in
the solid state. Additionally, this shift supports the presence of
aggregates even in low-concentration solutions. Quantum
chemistry calculations further validated these findings, indi-
cating that such intermolecular transitions were only feasible in
dimer structures. The photoluminescence (PL) measurements
were conducted on the solutions and solid layers of materials,
but no observable emission was detected.

To assess the energy levels of novel bipolar molecules, their
oxidation (E,) and reduction (Eq) potentials in solution and
ionization potential (Z;) values in the solid-state were deter-
mined using cyclic voltammetry (CV) and photoelectron spec-
troscopy in air (PESA) techniques, respectively. The
experimental results are depicted in Fig. 5, S19,f and Table 1.
Materials with anthraquinone moieties have the highest I,

a) + V1393 (1,=5.18 eV)
V1421 (1,=5.21 eV))
* VA457 (1,=5.02 eV))
* V1458 (1,=5.02 V)

400 -
. 300

0

s 200

0 L f 1 1 1 1
44 46 48 50 52 54 56 58 60 62 64
hv, eV

values (5.18 and 5.21 eV for V1393 and V1421, respectively). As
expected, the alkyl chain attached to the 9-fluorenyl core prac-
tically does not affect I,. The comparison between molecules
containing anthraquinone fragment and molecules containing
fluoren-9-one chromophores has revealed compelling evidence
that a decrease in the number of electron-withdrawing keto
groups within the molecule leads to a reduction in the ioniza-
tion potential. The opposite effect, ie. increase of the I, values,
was recorded when cyanoylidene fragments were present in the
molecule instead of the keto groups. The inclusion of additional
electron-acceptor fragments or strengthening them in this
concept resulted in an increase in the ionization potential
values.

The CV measurements (Fig. S19t) have clearly indicated that
materials containing anthraquinone exhibit two oxidation
peaks and two reduction peaks in a positive region, while
compounds incorporating the fluoren-9-one and cyanoylidene
groups display three peaks corresponding to oxidation and
reduction processes. Comparison of V1393, V1421 with V1457,

b) 250

* V1484 (1,=5.18 eV)
= V1485 (1,=5.16 eV)
200
5150
©
=
S 100
50 -

0 e Y Gy
44 46 48 50 52 54 56 58 6.0 62 64
hv, eV

Fig. 5 Photoemission in air spectra of new compounds with (a) carbonyl groups (V1393, V1421, V1457, and V1458) and (b) cyanoylidene

substituents (V1484 and V1485).
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V1458 has apparently revealed that reducing the number of
oxygen atoms in the molecule results in a slight decrease in the
oxidation potential (E) value. Other modifications in the
structures have a minimal effect on the E,, values.

The CV of the analyzed compounds has demonstrated
reversible reduction during the scanning process in a negative
region, indicating the electrochemical stability of the synthe-
sized materials. It is important to note that these values do not
represent absolute electron affinity or ionization energies in the
solid state, but they can be utilized to compare different
compounds relative to each other. The estimated ranges for the
LUMO and HOMO energy levels of the novel compounds were
found to be between —3.85 eV and —4.16 eV, and between
—5.02 eV and —5.21 eV, respectively.

The hole and electron mobility is a fundamental parameter
when bipolar molecules are evaluated. To analyze the charge
transport properties of novel compounds, time-of-flight
measurements (XTOF) were employed; the transient signals
are presented in the ESI, Fig. $24-S29.f These measurements
were conducted in films of the pure compounds, and the ob-
tained mobility dependencies on electrical field are presented
in Fig. 6.

a) 493 U —
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10t | * V1421 holes o
[ o V1457 holes Py 1
V1458 holes ..
~10° F B 1
.}k
NE 109} 2= 1
107 1
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A V1421 electrons
10-9 L L 1 1 I 1
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Fig. 6 Electric field dependencies of the new materials containing (a)
anthraquinone and fluorenone functional groups (V1393, V1421,
V1457, and V1458) and (b) cyanoylidene group (V1484 and V1485).
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The results have clearly indicated that molecules containing
anthraquinone fragments (V1393, V1421) and cyanoylidene
substituents (V1484, V1485) exhibit both negative and positive
charge transport capabilities with hole mobility reaching values
of one order of magnitude higher than those of electrons.
However, no electron-clear transients were obtained in
compounds V1457 and V1458 bearing 9-fluorenone chromo-
phores as electron acceptors. The only noticeable effect of
longer alkyl chains (V1393, V1457, and V1484) was a slight
improvement of hole mobilities at low electric fields, thus a case
could be made that longer alkyl chains may be beneficial for
more optimal molecular arrangement for charge transport.
Replacement of the keto groups with cyanoylidene groups
resulted in decreased hole drift mobility and increased electron
mobility. The most balanced charge mobility has been recorded
in the bipolar molecules V1484 and V1485, where the hole
mobility is 1.2 x 1077 em®V "5, and the electron mobility is
1.0 x 10 * V' 57" at near zero electric fields.

Photocurrent decay measurements were conducted to gain
deeper insights into charge transport within the layers. The
applied electrical field was insufficient to facilitate the
extraction of charge carriers from the layer, causing
photocurrent decay to be predominantly influenced by

a
) 100 T g T ; 3

—— V1458 h*
—— V1458 "
- - V1457 h*

~ - - V1457 ¢

b |

S

= 10

0 2x10° 4x10° 6x10° 8x10° 1x10*
t(s)

b) 10°F T y T T E
— V1421 h*
— V1421 e
- - V1393h*
- - V1393 e

35

8

= 10t

0 2x10%  4x10° 6x10° 8x10°  1x10*
t(s)
Fig. 7 Photocurrent decay profiles of compound films containing (a)

fluorenone functional groups (V1457 and V1458) and (b) anthraqui-
none groups (V1393 and V1421).
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charge carrier trapping, detrapping, and recombination
processes.">**

The resulting profiles were normalized to compare the
photocurrent tail regions of decay (ranging from 2 x 10 ° to 1 x
10" s), which primarily were attributed to deep traps and
recombination mechanisms. In layers featuring anthraquinone
fragments (Fig. 7b), the photocurrent decay profiles for both
holes and electrons exhibit similar kinetics with minimal
observable impact from additional alkyl groups. On the
contrary, the most significant alterations in the slower decay
region were observed when altering the length of the alkyl
chains in compounds containing fluorenone groups (V1458,
V1457) (Fig. 7a). The lengthening of the alkyl chains resulted in
a reduced influence of trapping and detrapping on hole trans-
port and increased recombination, as evidenced by the signifi-
cantly lower hole mobilities observed in V1458. However,
electron photocurrent decay seemed to exhibit only marginal
sensitivity to the same alkyl chain modifications. Compounds
featuring cyanoylidine fragments (V1484, V1485) (Fig. S307%)
displayed a similar improvement when additional alkyl chains
were introduced. This led to slower electron photocurrent decay
alongside higher electron mobilities. These findings underscore
the importance of additional alkyl groups in optimizing the
molecular arrangement within the layer, subsequently
enhancing charge carrier transport. Notably, the discernible
differences in hole and electron current decays corroborate the
discrepancies found in charge carrier mobilities.

Conclusions

New amorphous bipolar fluorine-based materials featuring
anthraquinone, 9-fluorenone, or 9-dicyanofluorenylidine
groups along with attached carbazolyl electron-donating moie-
ties have been developed and synthesized via a straightforward
synthesis. These amorphous materials exhibit homogeneous,
cohesive, and continuous film-formation properties for solvent
processing. Optical absorption and quantum chemistry simu-
lations have confirmed the formation of a CT complex within
the molecule, along with the emergence of a few of the most
probable dimer structures, specifically V-type and core-to-core
type structures. According to quantum chemistry calculations,
several stable conformers are possible due to a complex geom-
etry of the molecules.

The hole mobility in all materials is around 10 %10 ° em
Vg
anthraquinone and 9-dicyanofluorenylidine groups is approxi-
mately one order of magnitude lower. Electron transport in
compounds with 9-fluorenone was highly dispersive and clear
kink in photocurrent was not observed.

2

, while the electron mobility in compounds with
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Materials

2-Ethylhexylbromide, Silicagel (230-400 mesh, 60 A), palladium (II) acetate, 2-
(dicyclohexylphosphino)-2°,4°,6’-triisopropyl-1,1’-biphenyl (XPhos), tri-tert-
butylphosphonium tetrafluoroborate, 3-bromo-9H-carbazole, malononitrile, and triethylamine
were supplied from Sigma-Aldrich. Potassium zert-butoxide (k-OtBu), 2-aminoanthracene-
9,10-dione, sodium tert-butoxide (Na-OtBu), and 2-aminofluorenone were purchased from
TCI Europe N. V.. n-Hexane, dioxane, ethylacetate, tetrahydrofuran (THF), acetone, toluene,
methanol (MeOH), potassium hydroxide (KOH), sodium sulphate (Na,SO,), and acetic acid
were purchased from Eurochemicals. Ethanol (EtOH) was purchased from “Vilniaus degtiné

”. All commercial chemicals were used as received without further purification.

General methods

3-Bromo-9-(2-ethylhexyl)-9H-carbazole was synthesized as previously reported. [ Its
spectral data were in agreement with the reported values.

'H NMR spectra were recorded at 400 MHz on a Bruker Avance III spectrometer, *C NMR
spectra were collected using the same instrument at 101 MHz. The chemical shifts, expressed
in ppm, were relative to tetramethylsilane (TMS). All the experiments were performed at 25
°C. Reactions were monitored by thin-layer chromatography on ALUGRAM SIL G/UV254
plates and developed under UV light. Silica gel (grade 9385, 230-400 mesh, 60 A) was used
for column chromatography.

Elemental analysis was performed on an Exeter Analytical CE-440 elemental analyzer,
Model 440 C/H/N.

The transformations of thermal changes of target compounds were recorded with a TA
Instruments Q2000 differential scanning calorimeter in a nitrogen atmosphere. From the

obtained thermal curves, the glass transition temperatures of the materials were determined.
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Anhydrous dioxane (15 mL) with a few drops of distilled water (0.5 mmol) added was
purged with argon at room temperature for 20 minutes. Then, the temperature was raised to 80
°C, palladium(II) acetate (0.017 g, 0.08 mmol) and XPhos (0.11 g, 0.23 mmol) were added.
The mixture was stirred for 1.5 min and temperature was raised to 110 °C. Once the temperature
reached 110 °C, 2-aminoanthraquinone (4.1 g, 18 mmol), 3-bromo-9-(2-ethylhexyl)-9H-
carbazole (5.48 g, 15.3 mmol), and sodium fers-butoxide (2.06 g, 21 mmol) were added and
the reaction mixture was stirred for 60 minutes (TLC control, THF/n-hexane 1:4). Afterwards,
the reaction mixture was extracted with ethyl acetate, organic layer was dried over Na,SO,,
filtered and the solvent was removed by vacuum rotary evaporation. The crude product was
purified by column chromatography (THF/n-hexane 3:22 v:v), and pearl ruby red residue was
collected as a final product. Yield 4.8 g, 63 %.

'H NMR (400 MHz, THF-d) &: 8.36 (s, 1H), 8.24 (d, J=7.4 Hz, 1H), 8.19 (d, J=7.5 Hz,
1H), 8.13-7.99 (m, 3H), 7.80-7.65 (m, 3H), 7.56-7.34 (m, 4H), 7.26 (d, J= 8.7 Hz, 1H), 7.15
(t, J=74Hz, 1H),4.27 (d,J=7.4 Hz, 2H), 1.55-1.19 (m, 9H), 0.96 (m, J= 7.4 Hz, 3H), 0.87
(t, J=17.1 Hz, 3H).

13C NMR (101 MHz, THF-ds) &: 183.9, 181.0, 153.3, 142.6, 139.5, 136.4, 135.4, 134.8,
134.6,133.7,133.0, 130.4,127.5,127.4,126.7,124.7, 124.6, 123.5, 122.9,121.2,119.6,118.2,
115.9,111.0,110.7,110.1, 48.1, 40.5, 31.9,29.7, 24.0, 14.4, 11.3.

FTIR v (cm™): 3334 (NH), 3054 (CHarom ); 2955, 2926, 2857 (CHait ); 1668 (C=0).

Anal. Caled. For C34H;3,N,0,: C 81.57; H 6.44; N 5.60; O 6.39; found: C 81.61; H 6.42; N
5:57:

C3,H3,N,0, [M*] exact mass = 500.25, MS (ESI) =499.01.
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2-((9-(2-Ethylhexyl)-9H-carbazol-3-yl)amino)-9H-fluoren-9-one (2)

T

Anhydrous dioxane (17 mL) with a few drops of distilled water (0.5 mmol) added was
purged with argon at room temperature for 20 minutes. Then, the temperature was raised to 80
°C, palladium(IT) acetate (0.019 g, 0.09 mmol) and XPhos (0.12 g, 0.25 mmol) were added.
The mixture was stirred for 1.5 min and temperature was raised to 110 °C. Once the temperature
reached 110 °C, 2-amino-9H-fluorenone (3.9 g, 20 mmol), 3-bromo-9-(2-ethylhexyl)-9H-
carbazole (6 g, 17 mmol), and sodium zerz-butoxide (2.25 g, 23 mmol) were added and the
reaction mixture was stirred for 20 minutes (TLC control, THF/n-hexane 1:4). Afterwards, the
reaction mixture was extracted with ethyl acetate, organic layer was dried over Na,SOy, filtered
and the solvent was removed by vacuum rotary evaporation. The crude product was purified
by column chromatography (acetone/n-hexane 3:22 v:v), and purple residue was collected as a
final product. Yield 5.14 g, 65 %.

'H NMR (400 MHz, THF-ds) &: 8.03 (d, J= 7.8 Hz, 1H), 7.91 (s, 1H), 7.60 (s, 1H), 7.51-
7.34 (m, 7H), 7.30 (d, J= 8.6 Hz, 1H), 7.19 (s, 1H), 7.12 (t, J=7.2 Hz, 2H), 7.04 (d, J=8.1,
2.3 Hz, 1H),4.24 (d, J=17.5 Hz, 2H), 1.55-1.18 (m, 9H), 0.95 (t, J= 7.4 Hz, 3H), 0.87 (t, J =
7.1 Hz, 3H).

BC NMR (101 MHz, THF-ds) &: 193.9, 149.5, 146.8, 142.5, 138.7, 136.9, 135.4, 135.2,
134.9,134.5,127.7,126.4,124.6, 124.4,123.6,122.3,122.2,121.1, 119.8,119.3, 119.2, 1 14.6,
110.8, 110.5, 109.9, 48.0, 40.5, 31.9,29.7, 24.0, 14.4, 11.3.

FTIR v (cm™): 3372 (NH), 3050 (CHgyom ); 2956, 2927, 2870, 2857 (CHyy¢); 1705 (C=0).

Anal. Calcd. For C;33H;3,N,0: C 83.86; H 6.82; N 5.93; O 3.39; found: C 83.89; H 6.75; N
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5.96.
C33H;,N,0 [M*] exact mass =472.25, MS (ESI) = 473.57.
2,7-Bis(V,N-bis[anthracene-9,10-dione-2-yl]-N, N’-bis[9-(2-ethylhexyl)-9H-carbazol-3-

yl)amine-9,9-bis(2-ethylhexyl)-9 H-fluorene (V1393)

OO

”-@

A mixture of 2,7-dibromo-9,9-bis(2-ethylhexyl)-9H-fluorene (0.57 g, 1 mmol), 2-((9-(2-
ethylhexyl)-9H-carbazol-3-yl)amino)anthracene-9,10-dione (1) (1.5 g 3 mmol), and
anhydrous toluene (12 mL) was purged with argon for 30 minutes. Afterwards, palladium(II)
acetate (0.012 g, 0.05 mmol) and tri-fert-butylphosphonium tetrafluoroborate (0.032 g, 0.1
mmol) were added and the reaction mixture was stirred for 10 minutes under argon. Then,
sodium tert-butoxide (0.29 g, 3 mmol) was added and the mixture was heated at reflux for 6 h
(TLC control, toluene/acetone/hexane 5:3:17). After cooling to room temperature, the reaction
mixture was filtered through celite and extracted with ethyl acetate. The organic layer was dried
over Na,SO,, filtered and the solvent was removed by vacuum rotary evaporation. The product
was purified by column chromatography (eluent: toluene/acetone/n-hexane 5:1:19 v:v:v). The
final product was dissolved in THF and precipitated from ethanol to collect the final product

as a pearl ruby red powder. Yield 1.22 g, 88 %.

'H NMR (400 MHz, Acetone-dg) 5: 8.25-8.17 (m, 4H), 8.14 (d, J= 7.5 Hz, 2H), 8.10-8.04
(m, 4H), 7.91-7.77 (m, 6H), 7.69-7.63 (m, 4H), 7.58 (d, J = 8.3 Hz, 2H), 7.54-7.40 (m, 8H),

7.29-7.21 (m, 2H), 7.18 (t, J= 7.4 Hz, 2H), 4.35 (d, J= 7.4 Hz, 4H), 2.19-2.09 (m, 2H), 2.02—
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1.83 (m, 4H) 1.49-1.18 (m, 16H), 1.00-0.73 (m, 28H), 0.70-0.54 (m, 8H), 0.46 (q, J=7.2 Hz,
6H).

BC NMR (101 MHz, Acetone-dg) 6: 183.7, 181.5, 155.2, 153.8, 145.8, 142.5, 140.2, 139 4,
138.0, 135.8, 135.02, 134.95, 134.5, 134.3,129.7, 127.5, 127.4, 127.1, 126.8, 126.5, 125.34,
125.27,124.9, 123.7,123.3, 122.4,121.9, 121.4,120.4, 119.9, 114.8, 111.7, 110.5, 56.2, 48.0,
45.2,40.3,35.6,34.8,31.6,27.4,27.3,25.1,23.8, 23.5, 14.4, 14.3, 11.3, 10.62, 10.60.

FTIR v (cm1): 3050 (CH pom ); 2956, 2925, 2857 (CHyy¢); 1672 (C=0).

Anal. Calcd. For Co7H0o0N4O4: C 83.94; H 7.41; N 4.04; O 4.61; found: C 83.89; H 7.45; N
4.07.

Co7H10N404 [M*] exact mass = 1386.79, MS (ESI) = 1387.68.

2,7-Bis(V,N-bis[anthracene-9,10-dione-2-yl]-N, N’-bis[9-(2-ethylhexyl)-9H-carbazol-3-

yl)amine-9,9-dimethyl-9H-fluorene (V1421)

£ i

@.@
e

(o]

A mixture of 2,7-dibromo-9,9-dimethyl-9H-fluorene (0.55 g, 1.6 mmol), 2-((9-(2-
ethylhexyl)-9H-carbazol-3-yl)amino)anthracene-9,10-dione (1) (2.4 g, 4.8 mmol), and
anhydrous toluene (15 mL) was purged with argon for 30 minutes. Afterwards, palladium(II)
acetate (0.02 g, 0.09 mmol) and tri-zert-butylphosphonium tetrafluoroborate (0.052 g, 0.18
mmol) were added and the reaction mixture was stirred for 10 minutes under argon. Then,
sodium fert-butoxide (0.46 g, 4.8 mmol) was added and the mixture was heated at reflux for 5

h (TLC control, toluene/acetone/hexane 5:3:17). After cooling to room temperature, the
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reaction mixture was filtered through celite and extracted with ethyl acetate. The organic layer
was dried over Na,SO,, filtered and the solvent was removed by vacuum rotary evaporation.
The product was purified by column chromatography (eluent: toluene/acetone/n-hexane 6:1:18
v:v:v). The final product was dissolved in THF and precipitated from methanol to collect the

final product as a pearl ruby red powder. Yield 1.58 g, 83 %.

'H NMR (400 MHz, THF-ds) 6: 8.24 (d, J=7.5 Hz, 2H), 8.16 (d,J= 7.5 Hz, 2H), 8.13-8.00
(m, 6H), 7.84-7.69 (m, 8H), 7.58 (d, J= 8.6 Hz, 2H), 7.53-7.47 (m, 4H), 7.46-7.37 (m, 4H),
7.31 (dd, J= 8.8, 2.6 Hz, 2H), 7.24 (d, J = 8.1 Hz, 2H), 7.15 (t, J= 7.5 Hz, 2H), 430 (d, J =
7.4 Hz, 4H), 2.20 — 2.05 (m, 2H), 1.55-1.22 (m, 22H), 0.97 (t, /= 7.4 Hz, 6H), 0.88 (t,J=7.1
Hz, 6H).

BCNMR (101 MHz, THF) é: 187.9, 185.8, 161.1, 159.4, 151.1, 147.2, 144.7, 142.9, 141 .2,
140.4,139.7,139.2,139.1, 138 .4, 134.2, 132.0, 131 .4, 130.8, 130.6, 130.3,129.7, 128.1, 126.3,
125.9, 125.4, 124.7, 124.3, 120.4, 115.9, 114.7, 52.6, 52.4, 45.0, 36.4, 34.2, 31.6, 28.5, 18.9,
15.8.

FTIR v (cm™): 3321, 3064 (CHyom ); 2959, 2927, 2858,(CH,yi¢); 1671 (C=0).

Anal. Caled. For Cg3H74N,O4: C 83.67; H 6.26; N 4.70; O 5.37; found: C 83.71; H 6.23; N
4.72.

Cg3H7N,O,4 [M*] exact mass = 1190.57, MS (ESI) = 1191.56.

2,7-N,N’-bis[9-(2-ethylhexyl)-9 H-carbazol-3-yl)]-N,N-bis[9 H-fluoren-9-one]amine-9,9-

bis(2-ethylhexyl)-9H-fluorene (V1457)
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A mixture of 2,7-dibromo-9,9-bis(2-ethylhexyl)-9H-fluorene (0.45 g, 0.8 mmol), 2-((9-(2-
ethylhexyl)-9H-carbazol-3-yl)amino)-9H-fluoren-9-one (2) (1.1 g, 2.4 mmol), and anhydrous
toluene (8 mL) was purged with argon for 30 minutes. Afterwards, palladium(II) acetate (0.01
g, 0.04 mmol) and tri-zert-butylphosphonium tetrafluoroborate (0.026 g, 0.09 mmol) were
added and the reaction mixture was stirred for 10 minutes under argon. Then, sodium zert-
butoxide (0.23 g, 2.4 mmol) was added and the mixture was heated at reflux for 15 h (TLC
control, acetone/hexane 1:24). After cooling to room temperature, the reaction mixture was
filtered through celite and extracted with ethyl acetate. The organic layer was dried over
Na,SO,, filtered and the solvent was removed by vacuum rotary evaporation. The product was
purified by column chromatography (eluent: acetone/n-hexane 1:24 v:v). The final product was
dissolved in THF and precipitated from ethanol to collect the final product as a cherish red

powder. Yield 0.8 g, 75 %.

'H NMR (400 MHz, THF-ds) &: 8.02-7.89 (m, 4H), 7.62 (d, J = 8.2 Hz, 2H), 7.55-7.35 (m,
14H), 7.33-7.06 (m, 14H), 4.26 (d, J = 7.4 Hz, 4H), 2.23-2.06 (m, 2H), 1.92-1.77 (m, 4H),
1.51-1.21 (m, 16H), 1.11 —0.82 (m, 28H), 0.80 — 0.62 (m, 8H), 0.62 — 0.49 (m, 6H).

13C NMR (101 MHz, THF) &: 193.2, 153.1, 151.6, 147.4, 147.3, 146.0, 142.7, 139.9, 139.5,
137.8, 137.0, 136.6, 135.5, 135.4, 128.4, 126.7, 126.0, 125.0, 124.7, 124.5, 123.6, 122.0, 121 4,
121.2, 121.0, 120.4, 119.6, 119.4, 117.4, 111.0, 110.1, 55.9, 48.1, 45.6, 40.6, 35.70, 35.67,

34.9,31.9,29.8, 29.6,27.8, 27.7, 24.0, 23.9, 14.6, 14.4, 11.3,10.9, 10.8.
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FTIR v (cm1): 3414, 3051 (CHgrom ); 2956, 2925, 2857 (CH ¢ ); 1714 (C=0).

Anal. Calcd. For CosH;0oN4O»: C 85.67; H 7.72; N 4.21; O 2.40; found: C 85.70; H 7.69; N
4.23.

CosH102N4O4 [M*] exact mass = 1330.80, MS (ESI) = 1331.88.

2,7-N,N’-bis[9-(2-ethylhexyl)-9H-carbazol-3-yl)]-N,N-bis[9 H-fluoren-9-one]amine-9,9-

dimethyl-9H-fluorene (V1458)

A mixture of 2,7-dibromo-9,9-dimethyl-9H-fluorene (0.35 g, 1 mmol), 2-((9-(2-ethylhexyl)-
9H-carbazol-3-yl)amino)-9H-fluoren-9-one (2) (1.4 g, 3 mmol), and anhydrous toluene (9 mL)
was purged with argon for 30 minutes. Afterwards, palladium(II) acetate (0.013 g, 0.06 mmol)
and tri-tert-butylphosphonium tetrafluoroborate (0.032 g, 0.1 mmol) were added and the
reaction mixture was stirred for 10 minutes under argon. Then, sodium zerz-butoxide (0.29 g,
3 mmol) was added and the mixture was heated at reflux for 8 h (TLC control,
toluene/acetone/hexane 5:3:17). After cooling to room temperature, the reaction mixture was
filtered through celite and extracted with ethyl acetate. The organic layer was dried over
Na,SO,, filtered and the solvent was removed by vacuum rotary evaporation. The product was
purified by column chromatography (eluent: toluene/acetone/n-hexane 4:1:20 v:v:v). The final
product was dissolved in THF and precipitated from methanol to collect the final product as a

cherish red powder. Yield 0.75 g, 66 %.
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'H NMR (400 MHz, THF-ds) 6: 8.03-7.95 (m, 4H), 7.58 (d, J= 8.2 Hz, 2H), 7.54-7.36 (m,
14H), 7.36-7.24 (m, 6H), 7.24-7.14 (m, 4H), 7.14-7.03 (m, 4H), 4.26 (d,J=7.4 Hz, 4H), 2.21—
2.03 (m, 2H), 1.58-1.13 (m, 22H), 0.96 (t, /= 7.4 Hz, 6H), 0.87 (t, J = 7.0 Hz, 6H).
13C NMR (101 MHz, THF) &: 193.2, 156.2, 151.5, 147.8, 146.0, 142.6, 139.8, 139.6, 137.2,
136.5,135.5,135.4,135.2,128.5,127.2,126.7, 126.0, 125.0, 124.5, 123.9, 123.6, 122.1, 121 .3,
121.1,120.4,119.6,119.5,119.1, 117.7, 111.1, 110.0, 48.1,47.7, 40.6, 31.9, 29.7, 27.7, 24.0,
14.4,11.3.

FTIR v (cm™): 3050 (CHarom ); 2956, 2926, 2858 (CHaie); 1714 (C=0).

Anal. Calcd. For Cg;H;4N,O,: C 85.68; H 6.57; N 4.93; O 2.82; found: C 85.72; H 6.54; N
4.90.

Cg;H74N,0, [M] exact mass = 1134.58, MS (ESI) = 1135.30.

2,7-N,N’-bis[9-(2-ethylhexyl)-9H-carbazol-3-yl)]-NV,N-bis[diciano-9-ylidene-9H-

fluorene-2-ylJamine-9,9-bis(2-ethylhexyl)-9 H-fluorene (V1484)

A mixture of 2,2°-((9,9-bis(2-ethylhexyl)-9 H-fluorene-2,7-diyl)bis((9-(2-ethylhexyl)-9H-
carbazol-3-yl)azanediyl))bis(9H-fluoren-9-one) (V1457) (0.65 g, 0.5 mmol), malononitrile
(0.07 g, 1.1 mmol), and THF (6.5 mL) was stirred for a few minutes. Afterwards, triethylamine
(0.45 mL, 3 mmol) was added slowly drop-by-drop, and the reaction mixture was stirred at
35°C for 16 h (TLC control, acetone/hexane 1:4). After cooling to room temperature, the
reaction mixture was extracted with ethyl acetate. The organic layer was dried over Na,SO,,

filtered and the solvent was removed by vacuum rotary evaporation. The product was purified
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by column chromatography (eluent: acetone/n-hexane 2:23 v:v). The final product was
dissolved in acetone and precipitated from ethanol to collect the final product as a moss green

powder. Yield 0.5 g, 70 %.

'H NMR (400 MHz, THF-ds) 6: 8.25 (d,J=7.8 Hz, 2H), 8.15 (t,J= 5.5 Hz, 2H), 7.97-7.92
(m, 4H), 7.65 (d, J=8.2 Hz, 2H), 7.56-7.36 (m, 12H), 7.35-7.29 (m, 2H), 7.26-7.06 (m, 10H),
4.26 (d,J=7.5Hz,4H),2.16-2.05 (m, 2H), 1.88-1.76 (m, 4H), 1.51-1.31 (m, 16H), 1.09-0.79
(m, 28H) 0.76-0.62 (m, 8H), 0.51 (t,J= 7.4 Hz, 6H).

BC NMR (101 MHz, THF) é: 161.7, 153.2, 151.8, 147.0, 142.6, 139.7, 139.4, 136.5, 135.6,
135.2,128.4,127.3,126.6,126.4,126.0,125.1, 124.5, 123.6,122.2, 121.4,121.2, 121.1, 120.8,
120.4, 119.6, 119.5, 114.3, 113.7, 111.2, 110.1, 77.0, 55.9, 48.1, 45.4, 40.5, 35.5, 34.9, 31.9,
29.8,29.4,27.7,27.6,24.0,23.9, 14.8, 14.7, 14.5, 11.3, 10.7.

FTIR v (cm): 3054 (CH rom ); 2956, 2925, 2870, 2857 (CH ); 2224 (CN).

Anal. Calcd. For Cyo;H;0oNs: C 84.95; H 7.20; N 7.85; found: C 84.93; H 7.22; N 7.85.

Ci01H,0oNg [M*] exact mass = 1426.82, MS (ESI) = 1427.269

2,7-N,N’-bis[9-(2-ethylhexyl)-9H-carbazol-3-yl)]-N,N-bis[diciano-9-ylidene-9H-

fluorene-2-ylJamine-9,9-dimethyl-9H-fluorene (V1485)

z :

A mixture of 2,2’~((9,9-dimethyl-9H-fluorene-2,7-diyl)bis((9-(2-ethylhexyl)-9H-carbazol-
3-yl)azanediyl))bis(9H-fluoren-9-one) (V1458) (0.74 g, 0.7 mmol), malononitrile (0.1 g, 1.5

mmol), and THF (7 mL) was stirred for a few minutes. Afterwards, triethylamine (0.6 mL, 4.2
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mmol) was slowly added drop-by-drop and the reaction mixture was stirred at 35°C for 16 h
(TLC control, acetone/hexane 1:4). After cooling to room temperature, the reaction mixture
was extracted with ethyl acetate. The organic layer was dried over Na,SO,, filtered and the
solvent was removed by vacuum rotary evaporation. The product was purified by column
chromatography (eluent: acetone/n-hexane 1:4 v:v). The final product was dissolved in THF
and precipitated from methanol to collect the final product as a moss green powder. Yield 0.49

g,57%.

'H NMR (400 MHz, THF-ds) 6: 8.28-8.20 (m, 4H), 8.02-7.95 (m, 4H), 7.60-7.30 (m, 18H),
7.25-7.16 (m, 4H), 7.14-7.03 (m, 4H), 4.26 (d, J= 7.4 Hz, 4H), 2.18 — 2.04 (m, 2H), 1.51-1.17
(m, 22H), 0.95 (t,J= 7.4 Hz, 6H), 0.88 (t,J=7.1 Hz, 6H).

BCNMR (101 MHz, THF) é: 161.7, 156.2, 151.6, 147.4, 144.2, 142.6, 139.8, 139.5, 136 .4,
135.6,135.4,135.2,135.0,128.4,127.3,126.9,126.7, 126.1, 125.1, 124.1, 123.6, 122.4, 121.3,
121.3, 120.8, 120.4, 119.7, 119.6, 119.0, 114.3, 113.7, 111.3, 110.1, 76.9, 48.1, 47.8, 40.5,
31.9,29.7,27.4,24.0, 14.4, 11.3.

FTIR v (cm™): 3052 (CH pom ); 2956, 2926, 2858 (CH,y;¢); 2224 (CN).

Anal. Caled. For Cg7H4Ng: C 84.85; H 6.06; N 9.10; found: C 84.90; H 6.01; N 9.09.

Cg7H74Ng [M*] exact mass = 1230.60, MS (ESI) = 1231.40.
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ABSTRACT: A group of small-molecule hole-transporting materials (HTMs) that are 1o

of the PSC device with the best performing HTM, V1387, was evaluated in different
conditions and compared to that of 2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9'-
spirobifluorene (spiro-MeOTAD), showing improved stability. This work provides an s
alternative HTM strategy for fabricating efficient and stable PSCs. ag

based on fluorenylidene fragments were synthesized and tested in perovskite solar cells 2.12%
(PSCs). The investigated compounds were synthesized by a facile two-step synthesis, and o5
their properties were measured using thermoanalytical, optoelectronic, and photovoltaic g e sp,,w,,,:m
methods. The champion PSC device that was doped with lithium bis(trifluoromethane- SO bid Nl
sulfonyl)imide (LiTFSI) reached a power conversion efficiency of 22.83%. The longevity 3 1 2

E

2

H
i OMTAD N, 251
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1. INTRODUCTION have a relatively high carrier mobility.'” Over the years,

Since the naming of the first perovskite in the 19th century, efficiency records have mostly been broken by devices using
various materials have been discovered and described as either 2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9'-
perovslgites.l_" These materials can be organic,” inorganic,f' or spirobifluorene (spiro-MeOTAD) or poly[bis(4-phenyl)-
hybrid.” With a few exceptions, perovskites are generalized (2,4,6-trimethylphenyl)amine] (PTAA) as an HTM. However,

with the formula ABX;, where A and B are cations of different these materials are expensive and relatively difficult to
charges (mono- and dications) and X is an anion that synthesize, and spiro-MeOTAD is known to have stability
coordinates B. The recent attention of perovskite materials for issues.”®™>* In order to replace spiro-MeOTAD, researchers

use in optoelectronics should come as no surprise, as they have
large absorption coefficients, tunable compositions and
absorption edges, long charge carrier diffusion lengths, high
defect tolerances, and efficient charge transport properties.”” ;
Furthermore, perovskites can be processed in a variety of also be;e_r_lggevelop edl in.an éttempt to replace PTAA as an
different ways,m'” making them attractive not only for HTM.” To mimic spiro-MeOTAD, there are two
research but also for potential commercial applications." "' commonly used strategies: (1) keep the central spiro core

One of the most researched topics in science is the study of and only change the substituents around it’'~** or (2) build a
perovskite solar cells (PSCs). Since the first article published in molecule by carefully choosing substituents around a chosen
2009, the efficiency of PSCs has skyrocketed from 3.8% to over central core in order to imitate the spatial arrangement of
26%.'° However, the rapid emergence of PSCs does not mean spiro-MeOTAD.* ™ Early on in the research of PSCs, the
the technology has no flaws. Unsolved fabrication issues, first strategy proved more fruitful, successfully creating PSCs

unsta Ple charge-tr@spoﬂxng n?étenals, and t'he longsterm with higher PCEs. The second strategy then became more
stability of perovskite compositions and devices must be

addressed before this technology can reach the market. -
Additionally, using a quality hole-transporting material Recf'ved’ March 29, 2023
(HTM) is crucial for creating efficient and stable PSC Revised: July 11, 2023
devices."”" The function of an HTM is to efficiently transport Published: July 29,2023
photogenerated positive carriers from the absorber to the

electrode. To achieve this, the HTM has to be chemically and

morphologically stable, have the appropriate energy levels, and

have synthesized many new molecules with the same “award
winning” structural design,l""u"m hoping to achieve higher
power conversion efficiencies (PCEs). Various polymers have

° ¥ i
i 20233\21?(%?%&;[:23':5%?& https://doi.org/10.1021/acs.chemmater.3c00708
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Scheme 1. Synthesis of the HTMs V1322, V1387, V1391, V1424, V1388, and V1389
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popular later on, when the cost and stability of PSC devices
became factors that needed to be addressed.

In one of our previous works, we demonstrated that using
HTMs based on methoxydiphenylamine-substituted fluorene
derivatives with a small central core is a good strategy for
fabricating highly efficient PSCs.”” To expand on our
aforementioned study, we decided to employ carbazole-
containing substituents as electron donating units, as this is
known to tune the highest occupied molecular orbital
(HOMO) level and help reach a high PCE.**™*" Furthermore,
carbazole is a suitable building block for HTMs due to the
possibility of having numerous substitutions of the carbazole
unit. Various carbazole-containing scaffolds as electron
donating units were used in order to tune the energy levels
of HTMs, showing a good photovoltalc performance. For
example, SGT series,""** benzodithiazole-, "’ bipyridine-,** and
pyrene-based"® electron donating units were used to fabricate
highly efficient devices.

In this work, we describe the synthesis and application of
new HTMs comprised of various central core units and
substituted carbazole derivatives. These materials can be
obtained in a facile two-step synthesis procedure. Their
thermal, optical, and photoelectrical properties were also
thoroughly investigated. All of the tested novel HTMs were
successfully applied in PSCs, reaching an efficiency of up to
22%. Furthermore, the device employing the best performing
HTM, V1387, demonstrated improved long-term stability
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compared to PSCs that use spiro-MeOTAD as a p-type charge
carrier.

2. RESULTS AND DISCUSSION

All of the newly synthesized HTMs can be divided into two
groups: molecules with two fluorene units in their central core
structure and molecules with three fluorene units. Compounds
1-6 were synthesized by a base-catalyzed condensation
reaction; an example of said reaction can be seen in Scheme
S1. All HTMs were obtained by palladium cross-coupling
reactions between the respective central core unit and 9-ethyl-
N-(4-metoxyphenyl)-9H-carbazol-3-amine (Scheme 1). De-
tailed synthetic protocols of said materials are described in the
Supporting Information.

To determine the thermal and morphological stability of the
HTMs, thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were used. Analysis of the TGA
data suggests that all HTMs decompose around 450 °C
(Figure 1), far above the temperature required for conven-
tional device operation.'* DSC measurements reveal that the
new organic semiconductors are molecular glasses having glass
transition temperatures (Tg) between 190 and 232 °C (Figure
§1), surpassing the T, of spiro-MeOTAD (124 °C). * This
suggests that our new materials are more morphologically
stable.

Quantum chemistry simulations of the ground state
molecular structures for several of the most probable

5915 https//doiorg/10.1021/acs.chemmater.3c00708
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Figure 1. TGA curves of the synthesized HTMs.

conformers were provided using Gaussian 16" software by
means of density functional theory (DFT) via the B3LYP
method and a 6-31G(d) basis set, supplemented with
polarization functions (d). Solvation effects were not
considered in all cases. A list of several of the most probable
molecular conformations is presented in Table S2. Two
projections (xy and xz) of each of the mentioned
conformations are presented in Figures S5—S10. In all cases,
it is necessary to point out that the molecular structures are
presented in a chaotic manner due to the absence of total or
partial symmetry and the existence of a very large number of
different conformers. All presented structures in Table S2 were
obtained using a gradient optimization technique (convergence
of the maximum force, root mean square (RMS) force,
maximum displacement, and RMS displacement parameters
has been achieved). Electronic excitations were simulated using
a semi-empirical temporal difference (TD) method (for
singlets). The parameters of the electronic excitations
(transition energies AE, (S, — S;) and AE, (S, — S,) and
corresponding oscillator strengths f, and f,) are presented in
Table S7. The populations of the low lying excited molecular
states S; and S, could be realized using forbidden transitions:
Sy — S, where n = 1 and 2 (oscillator strengths f, — 0). Ina
condensed phase, due to close intermolecular contacts, this

prohibition is partially removed. The parameters of the
transition between the molecular orbitals (MOs), which are
related to the population of the “spectroscopic” states S,, (n =
1 and 2) are presented in Table S3. In all cases, the dominant
and most significant electron jump exists between the HOMO
and the lowest unoccupied molecular orbital (LUMO). The
spatial distributions of electron density (for the HOMO-1,
HOMO, LUMO, and LUMO+1 of each compound) are
presented in Tables S4—S6. For V1322, the thiophene core
plays an important role in establishing the charge redistribution
between the center core (and partially the left substituent) and
the right substituent (see Table S4). For V1387, the phenyl
core (linked in positions 1 and 3 to two fluorene substituents)
forms a unit that has a similar role: to establish the charge
redistribution between the left and right substituents and the
central core (see Table S4). For V1391, a central core is
formed using carbazole with two linked fluorenes, and a core
fragment takes part in the charge redistribution between the
left and right substituents and the central core (see Table S5).
For V1424, the phenyl core (linked in positions 1 and 4 to two
fluorene substituents) forms a unit that has a similar role: to
establish the charge redistribution between the left and right
substituents and the central core (see Table SS). The
formation of a central unit is more effective for V1424 than
in the case of V1387, due to the different link conditions. For
V1388, the phenyl core (linked in positions 1, 3, and § to three
fluorene substituents) forms a unit for establishing the charge
redistribution between the left and right substituents and the
central core (see Table S6). For V1389, a central unit is
formed from triphenylamine (TPA), and the charge redis-
tribution between the left and right substituents and the central
core is established (see Table S6).

The ultraviolet—visible (UV—vis) absorption spectra of the
V series HTMs were measured in a tetrahydrofuran (THF)
solution and on glass substrates (Figure 2ab). All of the
compounds have two major absorption peaks at around 300
and 375 nm, which represent the 7—z* transitions. The
materials V1322 and V1389 both have an extra peak in the
450—470 nm range, which most likely corresponds to the
7—n* transitions with some charge transfer character, owing to
the electron-rich nature of triarylamine and thiophene 7
systems. When comparing the spectra of the same compounds
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Figure 2. UV—vis absorption spectra of the V series HTMs (a) in a THF solution and (b) as thin films on glass substrates.
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in solution to those acting as thin films, practically no shift in
absorption is observed.

To evaluate the energy levels of the synthesized materials in
the solid state, the ionization potential (I,) was measured by
photoelectron spectroscopy in air (PESA), where the measure-
ment error was evaluated to be 0.03 eV. The I, values of the
synthesized HTMs can be seen in Figure 3. All of the tested

4y
; {_,f‘

V1322 (1,=4,99 V)
" V1387 (1,=4,92 eV)

V1388 (1,=4,94 eV)
= V1389 (1,=5,03 eV)
V1391 (1,54,95 eV)
V1424 (1,24,89 eV),

Figure 3. Ionization potential of the compounds V1322, V1387,
V1388, V1389, V1391, and V1424.

materials have a relatively high HOMO energy level at ~5.0
eV. After analyzing the data, it seems that the biggest influence
on I is the central core rather than the number of substitutions
around it. The HTMs that contain single phenyl rings in their
core (V1387, V1388, and V1424) have the highest HOMO
levels, while the HTMs that have carbazole, thiophene, and
TPA central fragments have slightly lower energy levels. This
minor difference in I, could be the cause of slightly bulkier
cores, which in turn causes more steric hindrance in the solid
state.

Hole mobility was measured from thin films via the
xerographic time-of-flight (XTOF) method, with the electric
field dependencies of the hole drift mobilities shown in Figure
4. Due to poor layer formation, the investigated materials had
to be mixed with bisphenol Z polycarbonate (PC-Z, weight
ratio 1:1) in order to form uniform thin films, which are
necessary for accurate drift carrier mobility evaluation. V1424
had the highest zero-field hole mobility (4, = 1.9 X 107 cm?
v~! s7!), while the mobility values for the other semi-

104 T
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Figure 4. Charge carrier mobility of the V series HTMs, measured
with PC-Z.
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conductors were slightly lower. In comparison to  spiro-
MeOTAD (o = 1.3 X 107 em® V™' s71),"™ these values are
significantly lower. However, it is worth noting that results
acquired from HTM mixtures with PC-Z are generally at least
one order of magnitude lower than those of the pristine
material. The thermal, optical, and photoelectrical properties of
the new p-type semiconductors are summarized in Table 1.

Next, PSCs were prepared with the synthesized materials in
a regular configuration (n-i-p). For each PSC, fluorinated tin
oxide (FTO) was used as a front contact, SnO, and compact
and mesoporous TiO, (c-TiO, and m-TiO,, respectively) were
used as the electron-transporting layers (ETLs), a triple cation
perovskite was used as the light absorber, and the synthesized
HTM was responsible for transporting positive charges toward
the back contact, which in this case was gold (Figure Sa).
Cross-sectional scanning electron microscopy (SEM) images
of one of the devices can be seen in Figure Sb. Surface SEM
was also used to study V1387 on the perovskite layer. As
compared with the bare perovskite film, the additional layer of
V1387 fully covered the perovskite crystal (Figure S2). The
energy level illustration of various HTMs depicted in Figure Sc
shows that all of the HTMs that were created in this study have
around the same energy as spiro-OMeTAD; thus, they are
suitable for hole transportation in PSCs.***" Time-resolved
photoluminescence (TRPL, Figure 5d) was performed on the
glass/perovskite/V1387 and glass/perovskite /spiro-OMeTAD
films. The TRPL decay time was fitted by a bi-exponential
model with fast (7,) and slow (7,) components, which indicate
the interfacial transportation and recombination, respectively.
The average decay time (7,,,) is calculated using the equation
Tye = YAT?/Y AT, where A, and 7, represent the decay
amplitude and the decay time component, respectively (Table
2). For interfacial transport, the fast (7;) component was
considered. When the spiro-OMeTAD was employed for the
thin film, the decay time was 68.7 ns, with an average decay
time of 143.4 ns. In comparison, for the perovskite/V1387
interface, a slightly slower decay time with 7, = 82.8 ns and an
average decay time of 7 = 227.5 ns were obtained. These
results imply that V1387-based PSCs would exhibit a slightly
lower or similar photovoltaic performance compared to that of
spiro-OMeTAD-based PSCs.

Next, the solar cells were characterized under simulated solar
illumination by measuring the current density as a function of
the applied voltage (J—V curves; see Figure 6a). The
characteristic photovoltaic parameters of the PSCs with
different HTMs were extracted from the J—V scans and are
reported in Table 3, where the results of the devices are
arranged in order from lowest to highest PCE. All of the
HTMs were doped with lithium bis(trifluoromethanesulfonyl)-
imide (LiTFSI) in order to improve hole mobility. An analysis
of the results suggests that the efficiency of the PSC decreases
as the central core size of the HTM increases, since the PSCs
with the HTMs that had bulkier TPA and carbazole core units
(V1389 and V1391, respectively) demonstrated the lowest
PCE values. Conversely, out of all the new HTMs tested in
PSCs, the best results were achieved with compounds that
possessed the highest HOMO levels, V1387 and V1424, which
differ from one another only in the positions of the
substitutions on the phenyl ring. However, this small structural
variation between V1387 and V1424 results in an almost 1%
difference in PCE, with V1387 reaching a significantly high
efficiency of 22.13%. In comparison, the benchmark HTM
spiro-MeOTAD slightly outperformed the V1387 devices

https://doi.org/10.1021/acs.chemmater.3c00708
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Table 1. Thermal, Optical, and Photophysical Properties of the Synthesized Materials

D TIECR Ty (°C)° A (nm)” Juge (nm)® L, (v)? Eg (V)¢ Ho (cm? V! 5711
V1322 190 451 298, 376, 461 299, 379, 466 499 225 54 %107
V1387 209 452 297, 369 299, 372 492 2.82 85 x 107
V1388 210 457 297, 367 299, 370 494 2.82 49 x 107
V1389 231 455 299, 376, 451 298, 379, 454 5.03 238 13 x 107
V1391 206 446 295, 375 293, 378 495 259 43 x 107
Vi424 203 445 298, 373 298, 375 4.89 2.64 19 x 107

“The glass transition (T,) and decomposition (Ty,) temperatures were determined by DSC and TGA, respectively (10 °C/min, N, atmosphere).
The absorption spectra were measured in a THF solution (10™* M). “The absorption spectra were measured from thin films on glass substrates.
4The HOMO energy levels of the thin films were measured using PESA. “The optical band gaps Eg were estimated from the edges of the electronic

absorption spectra in the solid state. SThe mobility values at zero field strength.
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Figure 5. (a) A representative illustration of the structure of the fabricated PSCs. (b) A cross-sectional SEM image of the solar cell that used V1387
as its HTM. (c) The energy levels of the various HTMs created in this study compared against sprio-OMeTAD and gold. (d) The TRPL
measurements of a sample based on glass/perovskite/V1387 (red) and of a sample based on glass/perovskite/spiro-OMeTAD (gray).

Table 2. Fitting Parameters of the Bi-Exponential Decay Function for TRPL Analysis of Glass/Perovskite Samples with Spiro-
OMeTAD and V1387

films fraction A, (%) 7, (ns) fraction A, (%) 7, (ns) average decay time, 7,y (ns)”
FTO /perovskite/spiro-OMeTAD 611 687 389 1867 1434
FTO/perovskite/V1387 59.1 828 409 2876 227.5

“The average decay time is calculated according to the equation 7, = (A,7,> + A,7,2)/ (A7) + Ay1y).

(22.83%), delivering a PCE of 23.42% (Table S1, Figures 6b,c the J-V curves. In addition, the incident photon to current
and S3). The J—V hysteresis of the champion PSCs can be efficiency (IPCE) of the devices based on V1387 was
observed in Figures 6b,c and S3. Low hysteresis indexes of 1.04 determined to be 24.17 mA cm™ (Figure S4), which is
for V1387-based solar cells and 1.03 for spiro-OMeTAD-based consistent with the short-circuit current (J,.) values.

solar cells were determined, which demonstrate the high Maximum power point (MPP) tracking of the devices
quality of the fabricated PSCs. The steady state efficiencies employing V1387 and spiro-OMeTAD was compared under
were measured under AM1.5G illumination and are shown in N, conditions (Figure 7a). Remarkably, the device with V1387
Figure 6d. The devices based on spiro-OMeTAD and on retained 93.12% of its initial efficiency after a 1400 h output,
V1387 exhibit stable performances after 120 s output and whereas the device with spiro-OMeTAD maintained only
show PCE values of 23.31% and 22.75%, respectively. It is clear 85.06% of the initial PCE under the same conditions. Figure 7b
that these values are extremely close to those obtained from shows the Ty, values of the stability of the devices. It can be
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Figure 6. (a) J—V curves of the PSCs based on the various HTMs. (b) Reverse and forward J—V curves of the PSCs based on V1387. (c) Reverse
and forward J—V curves of the PSCs based on spiro-OMeTAD. (d) The steady state efficiencies of the champion PSCs based on spiro-OMeTAD

(red) and V1387 (blue).

Table 3. Photovoltaic Parameters Extracted from PSCs
Based on the Various HTMs

HTMs Je (mA cm™) V. (V) Al factor, FE  PCE (%)
V1389 2438 1.03 0781 19.61
V1391 2445 1.061 0788 20.44
V1388 2443 1.06 0796 20.61
V1322 24.54 1.065 0793 20.72
Vi424 24.50 1.082 0.802 21.26
V1387 2457 L112 0810 22.13
spiro-OMeTAD 2479 1133 0813 22.83

seen that the device based on spiro-OMeTAD is less stable and
reaches the Ty line quickly, in only 373 h. In addition, the
V1387-based PSCs exhibit better ambient stability than
devices based on spiro-OMeTAD (Figure 7c). Water contact
angle (WCA) measurements reveal that the V1387 film doped
with LiTFSI exhibits a higher WCA (73°) than the spiro-
OMeTAD-based films under the same conditions (68°).
Hence, the greater hydrophobicity of V1387 partially explains
the high stability of the device that contains this HTM.

3. CONCLUSIONS

In this study, the synthesis and application of new HTMs that
are composed of various central core units and substituted
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carbazole derivatives were developed in a facile two-step
synthesis procedure. Their thermal, optical, and photoelectrical
properties, as well as the PSC devices and interfacial
transportation performances, were thoroughly investigated.
All of the novel tested HTMs were successfully applied in
PSCs, reaching an efficiency of up to 22.83%. Furthermore, the
device employing the best performing HTM, V1387,
demonstrated improved long-term stability compared to
PSCs that used spiro-MeOTAD as a p-type organic charge
carrier.

4. EXPERIMENTAL SECTION

4.1. Materials. Titanium diisopropoxide bis(acetylacetonate)
(TAA), 4-tert-butylpyridine (t+BP), tin(IV) chloride pentahydrate
(SnCl,), bis(trifluvoromethane) sulfonamide lithium salt (LiTFSI),
FK209 [tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(III)-tris-
(bis(trifluoromethylsulfonyl)imide)], chlorobenzene, dimethyl sulf-
oxide (DMSO), and dimethylformamide (DMF) were supplied from
Sigma-Aldrich. Mesoporous TiO, (30-NRT), FAI, MAI, and MACI
were purchased from GreatCell Solar. HAT6 and Pbl, were
purchased from TCL Spiro-OMeTAD was purchased from Merck.
All of the purchased chemicals were used as received without further
purification.

4.2. Device Fabrication. For each device that was created,
chemically etched FTO glass (Nippon Sheet Glass) was first cleaned
with a detergent solution, deionized water, acetone, and isopropanol.

ps//doiorg/10.1021/acs.ct 300708
Chem. Mater. 2023, 35, 5914-5923
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Figure 7. (a) MPP stability of the PSCs based on spiro-OMeTAD and V1387 under the N, storage condition (25 °C). (b) Ty, stability of the
PSCs based on spiro-OMeTAD and V1387. (c) Ambient stability of the PSCs based on spiro-OMeTAD and V1387. (d) The contact angles of the

spiro-OMeTAD and V1387 films.

To create the compact TiO, (c-TiO,) layer, a TAA solution in
ethanol (1.2 mL of TAA in 20 mL of anhydrous isopropanol) was
sprayed at 450 °C and was further heated for 1 h at 450 °C. Then,
mesoporous TiO, (m-TiO,) paste was diluted with ethanol with a
ratio of 1:10, coated on top of the ¢-TiO, substrate at a speed of 3000
rpm for 20 s, and finally heated at 500 °C for 20 min. The tin oxide
layer was formed by dissolving SnCl, in deionized water at a
concentration of 12 uL/mL, spin-coating that solution on the
mesoporous TiO, layer at a speed of 3000 rpm for 20 s, and heating
the substrate at 190 °C for 60 min. Next, perovskite precursor
solutions in DMSO/DMF 1:4 v/v (Csl = 11.78 mg; MAI = 11.12 mg;
FAI = 22872 mg; Pbl, = 709.95 mg; MACI = 1890 mg) were
successively spin-coated onto the substrate at 1000 rpm for 10 s and
5000 rpm for 30 s, consecutively. Then, 200 4L of chlorobenzene was
dropped on the substrate for 10 s at 5000 rpm, and the perovskite
films were annealed at 150 °C for 10 min. The spiro-OMeTAD HTM
solution was prepared by dissolving 80 mg of spiro-OMeTAD
(Merck) in 1 mL of chlorobenzene. The novel HTMs of this study
were prepared by dissolving SO mg of each compound in 1 mL of
chlorobenzene. The following additives were added: 18 yL of LiTFSI
from the stock solution (520 mg in 1 mL of acetonitrile), 13 uL of
FK209 [tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine )-cobalt(III)-tris-
(bis(trifluoromethylsulfonyl Jimide)] (375 mg in 1 mL of acetoni-
trile), and 30 yL of 4-tert-butylpyridine. The HTM layer was formed
by spin-coating the desired HTM solution at 4000 rpm for 20 s in
order to achieve a thickness of 70 nm. Finally, deposition of the Au
electrode completed the device. All of the preparative work done to

5920 http

deposit the perovskite and spiro-OMeTAD was carried out in a Nj-
filled glovebox.

4.3. Device Characterization. The samples were prepared by
spin-coating the HTM solution in chlorobenzene onto a FTO film
(2000 rpm, 20 s); they were then irradiated by a 450 W Xe lamp
filtered through a double monochromator (5 nm bandpass). The film
morphology was investigated by using a high-resolution scanning
electron microscope (SEM) (Merlin, Zeiss) that was equipped with a
GEMINI II column and a Schottky field emission gun. Images were
acquired with an in-lens secondary electron detector. For the PL
lifetime measurements, samples were excited with a 408 nm pulsed
laser (MDL 300, PicoQuant) with a 40 ym cm? pulse energy density.
Current—voltage characteristics were recorded by applying an external
potential bias to the cell while recording the generated photocurrent
with a digital source meter (Keithley Model 2400). The light source
was a 450 W Xe lamp (Oriel), equipped with a Schott K113 Tempax
sunlight filter (Prizisions Glas & Optik GmbH) in order to match the
emission spectrum of the lamp to the AM1.5G standard. Before each
measurement, the exact light intensity was determined by using a
calibrated Si reference diode that was equipped with an infrared cutoff
filter (KG3, Schott). The cells were masked with an active area of 0.09
cm’. Contact angle measurements were done with the help of a
DSA30 drop shape analyzer instrument and analyzed with the help of
the Kritss ADVANCE software.

4.4. lonization Potential Measurements. The ionization
potential was investigated by using the electron photoemission
method, and the study was performed in air. The sample solutions

doi.org/10.1021/acs.ct 3c00708
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(THF) were poured onto an aluminum-coated polyester film that was
coated with an adhesive layer of a methyl methacrylate and
methacrylic acid copolymer. A diffraction grating monochromator
with a deuterium lamp was used for the experiment. The power of the
falling light was ~5 X 107 W. A negative voltage (=100 V) was
connected to the test sample. The electron photoemission current was
measured with an open Geiger—Miiller counter. The measurement
method error was evaluated to be 0.03 eV.

4.5. Hole Drift Mobility Measurements. Carrier drift mobility
was determined by the time-of-flight (XTOF) method. The material
solution (THF) was poured onto aluminum-coated glass plates. The
sample was poured from a solution of a pure substance, and the layers
were dried for 1 h at 60 °C. The thickness of the transport layer was
measured with an optical microscope-interferometer. The drift
mobility of the holes (1) was determined by using the electrophoto-
graphic mode with an electric field of (0.1/1) x 10% V/cm. Charge
carriers were generated at the layer surface by illumination with a
nitrogen laser using nanosecond pulses (4 = 337 nm). In most cases,
the layers of pure material produced for the hole transport studies
were of poor quality due to cracking and were not suitable for XTOF
measurements due to rapid discharging. Therefore, charge transfer in
layers of blends with bisphenol Z-polycarbonate (PC-Z), in weight
ratios of 1:1, was used.

4.6. Study of Quantum Chemistry. Simulations of the ground
state molecular structures for several of the most probable conformers
were provided using Gaussian 16 software by means of density
functional theory (DFT) via the B3LYP method and a 6-31G(d) basis
set, supplemented with polarization functions (d). A list of several of
the most probable molecular conformations is presented in Table S2.
Two projections (xy and xz) of the mentioned conformations are
presented in Figures S5-S10.

Electronic excitations were simulated using the semi-empirical TD
method (for singlets). The parameters of the transition between MOs,
which are related to the population of “spectroscopic” states, are
presented in Table S3. Spatial distributions of the electron density for
the HOMO-1, HOMO, LUMO, and LUMO+1 are presented in
Tables S4-S6.
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General methods

Chemicals required for the synthesis were purchased from Sigma-Aldrich and TCI Europe and
used as received without additional purification. New fluorene class compounds were synthesized
following previously described procedures. 'H NMR spectra were recorded at 400 MHz on a
Bruker Avance III spectrometer, *C NMR spectra were collected using the same instrument at 101
MHz. The chemical shifts, expressed in ppm, were relative to tetramethylsilane (TMS). All the
experiments were performed at 25 °C. Reactions were monitored by thin-layer chromatography on
ALUGRAM SIL G/UV254 plates and developed with UV light. Silica gel (grade 9385, 230-400
mesh, 60 A, Aldrich) was used for column chromatography.

UV/VIS spectral analysis of the sample solutions (THF, 10 mol/l) and thin films was performed
on a Perkin Elmer Lambda 35 UV / VIS spectrophotometer. The layer thickness of the solution is
d=1 mm. Diffraction grating crack width 2 nm. Spectral recording speed 2 nm / s. The wavelength
M is given in nm. Elemental analysis was performed with an Exeter Analytical CE-440 elemental
analyzer, Model 440 C/H/N/.

The transformations of thermal changes of target materials were recorded with a TA Instruments
Q2000 differential scanning calorimeter in a nitrogen atmosphere. From the obtained thermal
curves, the glass transition temperature of the materials is determined. Heating and cooling mode
reaches 10 ° C / min. The destruction temperatures of the new compounds were recorded by TA
Instruments QS50 by thermogravimetric analysis in a nitrogen atmosphere. The decomposition
temperature of a compound is recorded when the weight loss is 5%. Heating mode 20 ° C / min.

Compounds 1-5 were synthesized following procedures reported in the literature.!t) 9-ethyl-N-
(4-metoxyphenyl)-9H-carbazol-3-amine was synthesized by Buchwald-Hartwig amination using

Pd catalyst. Spectral data is in agreement with the values reported in the literature 2.
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Synthesis

Beoben ’"@

Q)
o GNP S
O I.l @
Qs O L
A L 9,9°-(thiophene-2,5-diylbis(methanylylidene))bis(N2,N"-bis(9-

ethyl-9H-carbazol-3-yl)-N?,N’-bis(4-methoxyphenyl)-9 H-fluorene-2,7-diamine (V1322)

Reaction mixture of 2,5-bis((2,7-dibromo-9H-fluoren-9-ylidene)methyl)thiophene (1) (0.45 g,
0.6 mmol), 9-ethyl-N-(4-methoxyphenyl)-9H-carbazol-3-amine (1.13 g, 3.6 mmol) and anhydrous
toluene (8 mL) was purged with Argon for 30 minutes. Afterwards, palladium (II) acetate (0.008 g,
0.03 mmol) and tri-tert-butylphosphonium tetrafluoroborate (0.02 g, 0.06 mmol) was added and
stirred for 10 minutes under Argon. After that, sodium zert-butoxide (0.35 g, 3.6 mmol) was added
and the mixture was heated at reflux for 5 hours (TLC control, THF/hexane 1:1.5). After cooling
to room temperature, the reaction mixture was filtered through celite and extracted with ethyl
acetate. The organic layer was dried by Na;SOy, filtered and the solvent was removed by vacuum
rotary evaporation. The product was purified by column chromatography (eluent: THF/n-hexane
8:17 v:v). The final product was dissolved in THF and precipitated from ethanol to collect the final
product as a brown solid powder. Yield 0.65 g, 64 %.

'H NMR (400 MHz, THF-ds) 8: 8.01 — 7.88 (m, 6H), 7.84 (s, 2H), 7.64 (s, 2H), 7.49 — 6.90 (m,
38H), 6.89 — 6.74 (m, 6H), 6.73 — 6.63 (m, 4H), 6.08 (s, 2H), 4.34 (q, J=7.14 Hz, 4H), 4.16 (q, J
=7.14 Hz, 4H), 3.71 (s, 6H), 3.55 (s, 6H), 1.35 (t, J=7.14 Hz, 6H), 1.25 (t, J=7.14 Hz, 6H).

3C NMR (101 MHz, THF-ds) &: 156.8, 156.5, 149.3,148.9, 143.4, 142.4, 141.9, 141.60, 141.56,
141.5, 141.4, 140.8, 138.0, 137.9, 137.8, 136.9, 134.7, 134.1, 131.3, 127.2, 126.6, 126.5, 126.1,
125.9, 125.4, 125.0, 124.9, 123.8, 123.7, 121.3, 121.23, 121.16, 119.9, 119.4, 119.03, 118.96,
118.3, 118.0, 115.5, 115.3, 110.3, 110.2, 109.4, 55.6, 55.5, 38.14, 38.05, 14.3, 14.2.
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Anal. Calcd. For C116HoNsO4S: C 82.24; H 5.47; N 6.61; O 3.78; S 1.89; found: C 82.31; H

5.42; N 6.59.

! 7
.\‘@A{ :)\@\
B (O
CIRCIR®
QO rad

A

[Q 9,9°-(1,3-phenylenebis(methanylylidene))bis(N% N-bis(9-ethyl-

9H-carbazol-3-yl)-N?,N7-bis(4-methoxyphenyl)-9 H-fluorene-2,7-diamine (V1387)

Reaction mixture of 1,3-bis((2,7-dibromo-9H-fluoren-9-ylidene)methyl)benzene (2) (0.55 g, 0.7
mmol), 9-ethyl-N-(4-methoxyphenyl)-9H-carbazol-3-amine (1.33 g, 4.2 mmol) and anhydrous
toluene (9.5 mL) was purged with Argon for 30 minutes. Afterwards, palladium (II) acetate (0.009
g, 0.04 mmol) and tri-tert-butylphosphonium tetrafluoroborate (0.023 g, 0.08 mmol) was added
and stirred for 10 minutes under Argon. After that, sodium zerz-butoxide (0.4 g, 4.2 mmol) was
added and the mixture was heated at reflux for 8 hours (TLC control, THF/hexane 1:1.5). After
cooling to room temperature, the reaction mixture was filtered through celite and extracted with
ethyl acetate. The organic layer was dried by Na>SOy, filtered and the solvent was removed by
vacuum rotary evaporation. The product was purified by column chromatography (eluent: THE/n-
hexane 8:17 v:v). The final product was dissolved in toluene and precipitated from n-hexane to
collect the final product as a light terracotta solid powder. Yield 0.7 g, 59 %.

HNMR (400 MHz, CDCL) &: 7.96 (d, J= 7.8 Hz, 2H), 7.91 (s, 2H), 7.78 (d, J = 7.8 Hz, 2H),
7.64 (s, 2H), 7.46 — 7.29 (m, 14H), 7.29 — 7.24 (m, 4H); 7.21 - 6.94 (m, 16H), 6.94 — 6.70 (m,
14H), 6.56 (d,J= 8.7 Hz, 4H), 6.29 (d, J=7.7 Hz, 2H), 4.30 — 4.11 (m, 8H), 3.71 (s, 6H), 3.62 (s,

6H), 1.43 — 1.26 (m, 12H).
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BC NMR (101 MHz, CDCls) &: 155.3, 155.1, 147.8, 147.6, 142.3, 140.5, 140.3, 139.4, 137.4,
136.9, 136.8, 136.3, 135.7, 133.4, 126.9, 126.2, 125.7, 125.4, 125.2, 124.7, 123.8, 123.6, 122.7,
122.6, 122.3, 120.62, 120.55, 118.7, 118.4, 117.7, 115.5, 114.7, 114.4, 114.0, 109.2, 109.0, 108.5,
108.4, 55.5, 55.3, 37.6,37.4, 13.93, 13.86.

Anal. Caled. For C115HoaNsO4: C 83.96; H5.61; N 6.64; O 3.79; found: C 83.89; H5.63; N 6.69.

9,9°,9”-(benzene-1,3,5-triyltris(methanylylidene))tris(V*, N'-

bis(9-ethyl-9H-carbazol-3-yl)-N?,N’-bis(4-methoxyphenyl)-9H-fluorene-2,7-diamine (V1388)

Reaction mixture of 1,3,5-tris((2,7-dibromo-9H-fluoren-9-ylidene)methyl)benzene (3) (0.65 g,
0.6 mmol), 9-ethyl-N-(4-methoxyphenyl)-9H-carbazol-3-amine (1.7 g, 5.4 mmol) and anhydrous
toluene (12 mL) was purged with Argon for 30 minutes. Afterwards, palladium (II) acetate (0.07 g,
0.03 mmol) and tri-tert-butylphosphonium tetrafluoroborate (0.020 g, 0.07 mmol) was added and
stirred for 10 minutes under Argon. After that, sodium zerz-butoxide (0.52 g, 5.4 mmol) was added
and the mixture was heated at reflux for 8 hours (TLC control, THF/hexane 1:1.5). After cooling
to room temperature, the reaction mixture was filtered through celite and extracted with ethyl
acetate. The organic layer was dried by Na:SOy, filtered and the solvent was removed by vacuum
rotary evaporation. The product was purified by column chromatography (eluent: THF/n-hexane
1:1.5 v:v). The final product was dissolved in toluene and precipitated from n-hexane to collect the

final product as a light terracotta solid powder. Yield 0.57 g, 38 %.
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'H NMR (400 MHz, CDCls) 8: 8.00 —7.89 (m, 6H), 7.59 (d, J= 7.7 Hz, 3H), 7.51 (s, 3H), 7.46
—7.25 (m, 22H), 7.22 — 7.02 (m, 21H), 6.88 (t, J= 7.4 Hz, 3H), 6.85 - 6.76 (m, 8H), 6.74 — 7.62
(m, 12H), 6.50 (s, 3H), 6.43 (d, J= 8.6 Hz, 6H), 6.38 (s, 3H), 4.19 (q, /=7.1 Hz, 6H), 3.94 (¢, J =
7.1 Hz, 6H), 3.63 (s, 9H), 3.51 (s, 9H), 1.31 (t, J= 7.1 Hz, 9H), 1.18 (t, J=7.1 Hz, 9H).

3C NMR (101 MHz, CDCL) &: 155.2, 155.1, 147.9, 147.3, 142.4, 141.4, 141.0, 140.4, 140.1,
139.4, 137.7, 136.8, 136.7, 136.3, 135.6, 133.0, 129.1, 128.3, 128.0, 126.6, 125.9, 125.8, 125.5,
125.3,125.1, 124.8, 123.8, 123.3, 122.61, 122.57, 122.0, 120.6, 120.5, 119.0, 118.7, 118.6, 117.8,
114.8, 114.3, 114.1, 109.3, 109.0, 108.6, 108.3, 55.5, 55.2, 37.5, 37.3, 13.9, 13.8.

Anal. Calcd. For C174H13sN1206: C 83.83; H 5.58; N 6.74; O 3.85; found: C 83.87; H5.55; N

6.73.

b
e
AN .

~ &

PR
e
J \ 9-(4-bis(4-((2,7-bis((9-9-ethyl-9H-carbazol-3-yl)(4-
methoxyphenyl)amino)-9H-fluoren-9-ylidene)methyl)phenyl)amino)benzylidene-N?, N7-

bis(4-methoxyphenyl)-9H-fluorene-2,7-diamine (V1389)

Reaction mixture of tris(4-((2,7-dibromo-9H-fluoren-9-ylidene)phenyl)amine (4) (0.6 g, 0.5
mmol), 9-ethyl-N-(4-methoxyphenyl)-9H-carbazol-3-amine (1.42 g, 4.5 mmol) and anhydrous
toluene (10 mL) was purged with Argon for 30 minutes. Afterwards, palladium (II) acetate (0.07 g,

0.03 mmol) and tri-fert-butylphosphonium tetrafluoroborate (0.017 g, 0.06 mmol) was added and
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stirred for 10 minutes under Argon. After that, sodium zert-butoxide (0.43 g, 4.5 mmol) was added
and the mixture was heated at reflux for 5 hours (TLC control, THF/hexane 1.5:1). After cooling
to room temperature, the reaction mixture was filtered through celite and extracted with ethyl
acetate. The organic layer was dried by Na,SO,, filtered and the solvent was removed by vacuum
rotary evaporation. The product was purified by column chromatography (eluent: THE/n-hexane
11:14 v:v). The final product was dissolved in toluene and precipitated from n-hexane to collect
the final product as a brown solid powder. Yield 0.7 g, 53 %.

HNMR (400 MHz, CDCl;) 3: 8.00 —7.88 (m, 6H), 7.84 — 7.62 (m, 9H), 7.50 — 7.31 (m, 20H),
7.26 — 6.94 (m, 46H), 6.87 (d, J= 8.5 Hz, 6H), 6.67 (d, /= 8.4 Hz, 6H), 6.13 (d, /= 8.2 Hz, 6H),
4.35 (q, J=7.2 Hz, 6H), 4.02 (q, J = 7.2 Hz, 6H), 3.81 (s, 9H), 3.51 (s, 9H), 1.45 (t, J= 7.2 Hz,
9H), 1.20 (t,J=7.2 Hz, 9H).

BC NMR (101 MHz, CDCls) &: 145.8, 141.1, 140.4, 140.3, 130.5, 130.4, 125.8, 125.6, 123.3,
122.6, 122.4, 120.6, 120.4, 118.7, 118.6, 113.7, 109.2, 108.6, 55.5, 55.3,37.7,37.4, 14.0, 13.8.

Anal. Caled. For Cis6H147N1306: C 83.98; H 5.57; N 6.84; O 3.61; found: C 83.96; H5.59; N

6.84.

o
N
9,9-(1,4-phenylenebis(methanylylidene))bis(N?, N’-bis(9-ethyl-9H-

carbazol-3-yl)-N? N7-bis(4-methoxyphenyl)-9H-fluorene-2,7-diamine (V1424)

Reaction mixture of 1,4-bis((2,7-dibromo-9H-fluoren-9-ylidene)methyl)benzene (5) (0.75 g, 1

mmol), 9-ethyl-N-(4-methoxyphenyl)-9H-carbazol-3-amine (1.9 g, 6 mmol) and anhydrous
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toluene (13 mL) was purged with Argon for 30 minutes. Afterwards, palladium (II) acetate (0.013
g, 0.06 mmol) and tri-ferz-butylphosphonium tetrafluoroborate (0.032 g, 0.1 mmol) was added and
stirred for 10 minutes under Argon. After that, sodium zert-butoxide (0.58 g, 6 mmol) was added
and the mixture was heated at reflux for 5 hours (TLC control, THF/hexane 1:1.5). After cooling
to room temperature, the reaction mixture was filtered through celite and extracted with ethyl
acetate. The organic layer was dried by Na,SOs, filtered and the solvent was removed by vacuum
rotary evaporation. The product was purified by column chromatography (eluent: THF/n-hexane
8:17 v.v). The final product was dissolved in THF and precipitated from ethanol to collect the final
product as a light brown solid powder. Yield 1 g, 59 %.

'H NMR (400 MHz, CDCls) &: 8.02 — 7.86 (m, 4H), 7.85 —7.60 (m, 4H), 7.52 —7.11 (m, 25H),
7.11-6.80 (m, 19H), 6.74 (s, 2H), 6.61 (d, J = 8.1 Hz, 4H), 6.34 (s, 4H), 4.35 (q, /= 7.3 Hz, 4H),
3.93 (q, J=17.3 Hz, 4H), 3.81 (s, 6H), 3.58 (s, 6H), 1.44 (t, J= 7.3 Hz, 6H), 1.21 (t, J=7.3 Hz,
6H).

13C NMR (101 MHz, CDCl3) &: 155.1, 148.1, 147.8, 140.5, 140.2, 135.1, 128.2, 125.8, 125.6,

122.6, 122.5, 120.6, 120.3, 118.7, 118.6, 109.3, 108.6, 55.6, 55.2, 37.7, 37.3, 14.0.

40% NaOH g,

O 2

?*

Scheme S1. Synthesis of fluorene derivative 6.
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3,6-bis((2,7-dibromo-9 H-fluoren-9-ylidene)methyl)-9-(2-ethylhexyl)-9H-

carbazole (6)

A mixture of 2,7-dibromofluorene (1.86 g, 5.7 mmol), 9-(2-ethylhexyl)carbazole-3,6-
dicarboxaldehyde (0.55 g, 1.6 mmol) and toluene (14.5 mL) was stirred for 10 minutes. Afterwards,
NaOH solution (14.5 mL, 40% w/w) and tetrabutylammonium bromide (0.28 g, 0.88 mmol) were
added and the reaction mixture was stirred at room temperature for 50 minutes (TLC control,
acetone/n-hexane 1:4). After cooling to room temperature, the reaction mixture was extracted with
ethyl acetate. The organic layer was dried over Na,SOs, filtered and the solvent was removed by
vacuum rotary evaporation. The crude product was crystallized from THF/acetone mixture (1:1,
v:v) to obtain orange crystals which were used without any further purification in the next step.
Yield 0.8 g (52%).

HNMR (400 MHz, THF-ds) & 8.46 (s, 2H), 8.15 (d, J = 14.9 Hz, 4H), 8.05 (s, 2H), 7.84 (d, J
=8.5Hz, 2H), 7.71 (d, J = 8.1 Hz, 6H), 7.48 (dd, J=20.2, 8.1 Hz, 4H), 4.43 (d, J = 7.4 Hz, 2H),
1.60 — 1.39 (m, 6H), 1.37 — 1.28 (m, 2H), 1.00 (t, J = 7.4 Hz, 3H), 0.88 (m, 4H).

C NMR (101 MHz, THF) & 140.05, 139.94, 137.12, 136.45, 135.48, 134.77, 130.72, 130.57,
129.10, 128.59, 126.02, 125.16, 124.70, 121.69, 121.30, 120.51, 120.01, 119.39, 119.17, 119.11,
118.50, 107.76, 65.14, 37.56, 29.04, 26.80, 23.01, 21.17, 11.58, 8.39.

Anal. Caled. For C131sHosNsO4: C 83.96; H5.61; N 6.64; O 3.79; found: C 83.89; H5.63; N 6.69.
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J 9,9’-((9-(2-ethylhexyl)-9 H-carbazole-3,6-
diyl)bis(methanylylidene))bis(N?,N’-bis(9-ethyl-9 H-carbazol-3-y1)-N?,N7-bis(4-

methoxyphenyl)-9H-fluorene-2,7-diamine (V1391)

Reaction mixture of 3,6-bis((2,7-dibromo-9H-fluoren-9-ylidene)methyl)-9-(2-ethylhexyl)- 9H -
carbazole (6) (0.55 g, 0.6 mmol), 9-ethyl-N-(4-methoxyphenyl)-9H-carbazol-3-amine (1.14 g, 3.6
mmol) and anhydrous toluene (9 mL) was purged with Argon for 30 minutes. Afterwards,
palladium (II) acetate (0.07 g, 0.03 mmol) and tri-terz-butylphosphonium tetrafluoroborate (0.02 g,
0.07 mmol) was added and stirred for 10 minutes under Argon. After that, sodium terz-butoxide
(0.35 g, 3.6 mmol) was added and the mixture was heated at reflux for 5 hours (TLC control,
THF/hexane 1:1.5). After cooling to room temperature, the reaction mixture was filtered through
celite and extracted with ethyl acetate. The organic layer was dried by Na»SOs, filtered and the
solvent was removed by vacuum rotary evaporation. The product was purified by column
chromatography (eluent: THF/n-hexane 8:17 v:v). The final product was dissolved in THF and
precipitated from ethanol to collect the final product as an orange solid powder. Yield 0.55 g, 49%.

'H NMR (400 MHz, CDCls) &: 7.96 (d, J = 7.8 Hz, 2H), 7.93 — 7.83 (m, 6H), 7.70 (d, J = 11.8
Hz, 4H), 7.56 — 7.49 (m, 4H), 7.48 — 7.26 (m, 20H), 7.19 — 6.97 (m, 12H), 6.92 (d, J= 8.4 Hz, 6H),
6.84 (d, J = 8.8 Hz, 4H), 6.63 (d, J= 8.8 Hz, 6H), 4.34 (q, J=7.2 Hz, 4H), 4.11 (g, /= 7.2 Hz,
4H), 3.80 (s, 6H), 3.59 (s, 6H), 3.36 — 3.26 (m, 2H), 1.64 (s, 1H), 1.44 (t, J= 7.2 Hz, 6H), 1.27 (t,
J=17.2 Hz, 6H), 1.20 - 0.88 (m, 6H), 0.79 (t, J= 6.7 Hz, 3H), 0.69 (t, J = 6.7 Hz, 3H).

13C NMR (101 MHz, CDCLs) &: 154.8, 141.3, 140.5, 140.5, 140.3, 137.7, 136.8, 136.4, 134.5,
128.8, 127.1, 126.9, 125.7, 125.6, 123.8, 123.5, 122.7, 122.6, 121.7, 120.7, 120.6, 119.3, 118.7,
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118.6,118.4,114.6,114.3,113.9,109.2, 108.9, 108.5, 77.4,77.1, 76.7, 55.6, 55.4, 37.7, 37.5, 30.6,
28.5,24.0, 23.0, 14.04, 13.98, 13.8, 10.8.
Anal. Calcd. For Ci13Hi13NoO4: C 83.91; H 6.03; N 6.67; O 3.39; found: C 83.87; H 6.06; N

6.68.
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Starburst Carbazole Derivatives as Efficient Hole
Transporting Materials for Perovskite Solar Cells

Aisté Jegorové, Minh Anh Truong, Richard Murdey, Maryte Daskeviciene,
Tadas Malinauskas, Kristina Kantminiene, Vygintas Jankauskas, Vytautas Getautis,*

and Atsushi Wakamiya*

Five new star-shaped carbazole-based molecules are successfully synthesized
from low-cost, commercially available reagents via a simple one-step synthesis
route. All carbazole derivatives comprise a 3,6-diaminocarbazole core with car-
bazole peripheral groups substituted at the 2- or 3-positions and various aliphatic
side chains. These molecules are evaluated as hole transporting materials to
replace 2,2’,7,7'-tetrakis-(N, N-di-p-methoxyphenylamine)-9,9'-spirobifluorene
(spiro-OMeTAD) in perovskite solar cells. Power conversion efficiencies of the
devices with these carbazole hole transporting layers reach 19.0%, comparable
with 19.7% obtained with the spiro-OMeTAD-based device. The thermal and
operational stability of the candidate molecules are found to depend on the side
chain substituents. Two candidate molecules with ethyl side chains show
superior thermal stability compared with that ofthe reference solar cells prepared

with spiro-OMeTAD.

1. Introduction

Organic-inorganic hybrid perovskite solar cells (PSCs) have been
attracting increasing worldwide attention as competitive alterna-
tives to conventional silicon-based solar cells'"! owing to their
low-cost constituent materials, solution processing,** and high
power conversion efficiencies (PCEs)."™® In recent years,
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significant progress has been made in
PSCs, 7% leading to a dramatic increase
in PCEs from an initial value of 3.8%
reported by Miyasaka and co-workers in
2009 to over 25% recently.*'%)

In a typical PSC device, a perovskite
absorber is located between the organic
hole transporting material (HTM) and elec-
tron transporting material (ETM). HTMs,
owing to their effective hole extraction/
collection ability and interfacial modifica-
tion to block the electron transfer from
perovskite to the metal anode, are essential
components for efficient PSCs."'""¥! So
far, the state-of-the-art 2,2'7,7'-tetrakis-
(N,N-di-p-methoxyphenylamine)-9,9'-spiro-
bifluorene (spiro-OMeTAD) is the most
recognized and widely used HTM in
PSCs due to its amorphous nature, high
solubility, and outstanding performance. However, high cost
for synthesis and purification of spiro-OMeTAD is a drawback
for the commercialized application of PSCs.™>' In addition,
because of its moderate glass transition temperature (T,), most
of the spiro-OMeTAD-based PSC devices are associated with seri-
ous thermal degradation."”’ Consequently, the development of
low-cost, efficient, and thermally durable HTMs remains a crucial
challenge for large-scale applications. Up to now, various types of
HTMs have been developed and some of them have been
reported to show comparable performance in comparison with
that of spiro-OMeTAD; however, most of them still require mul-
tistep synthetic procedures."*'**"

Carbazole (Cbz) moiety has been widely used as a building
block in HTMs for PSCs due to its low cost, good charge
transporting ability, chemical stability, and facile modification
with a wide variety of functional groups.”**! In addition, the
carbazole-based HTMs have the advantage in that they do not
contain methoxy substituents, such as those found on spiro-
OMETAD, and could increase the hydrophilicity of the HTM
layer, thus affecting the device stability.*” Carbazole moiety
can act as the core unit with a planar structure®®*! and/or
periphery moiety with the hole transporting function.***"

Morphological stability of the HTMs is an important factor to
consider, especially at elevated temperatures at which real-world
devices have to operate. Among the many HTMs developed to
date, starburst molecules are known as a group of compounds
that readily form amorphous glasses. Their nonplanar molecular
structure, bulky and rigid substituents, presence of different

© 2021 Wiley-VCH GmbH
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Figure 1. Carbazole-containing r-electron starburst molecules.

conformers, and relatively large molecular size are attributed to
the enhanced stability of the amorphous glassy state as well as
higher T,/*”! Furthermore, starburst HTMs have demonstrated
good performance in PSCs,**?*#3 indicating good prospects for
the development of efficiently performing HTMs.

In this context, Cbz-containing r-electron starburst molecules
with more than four peripheral groups stretching in different
directions were found to exhibit significantly higher T, compared
with spiro-OMeTAD.**-¢383% Tg the best of our knowledge,
until now, HTMs in which the Cbz chromophore is used as both
the central core and the peripheral branch have not been
reported.

It has been shown on numerous instances that the length and
branching of aliphatic chains can significantly influence the
morphology, thermal and charge transport properties, as well
as photovoltaic performance in PSCs.**** Therefore, another
important factor that we wanted to evaluate was the effect of ali-
phatic substituents on the properties and performances of these
carbazole-based starburst molecules (Figure 1).

www.solar-rrl.com

In this work, we report the synthesis of a series of z-electron
starburst molecules, bearing Cbz moiety as a central core and
peripheral branches. We also investigated their structure—property
relationship. The electrical and photovoltaic properties of the syn-
thesized compounds in PSCs have been evaluated in respect of the
linking position of the Cbz chromophores, as well as the length
and branching of the aliphatic chain at the nitrogen atom.

2. Results and Discussion
2.1. Thermal Properties

Thermal behavior of the new HTMs was evaluated by thermog-
ravimetric analysis (TGA) in nitrogen atmosphere. The thermal
characteristics are presented in Figure Sla, Supporting
Information, and summarized in Table 1. All the synthesized
compounds are thermally stable at temperatures higher than
400 °C, which is sufficiently high to withstand the typical proc-
essing conditions of PSCs.

The results of differential scanning calorimetry (DSC) meas-
urements are shown in Figure 2. The corresponding glass tran-
sition temperatures (T,) are listed in Table 1.

No endothermic peaks corresponding to the melting of the
crystals were observed over two heating cycles, revealing that
all synthesized carbazole derivatives are amorphous
(Figure S1b, Supporting Information). It is clear that increasing
the length and branching of the aliphatic chains on the periph-
eral Cbz chromophores decreased the T, values significantly
(217°C for V1310, 109°C for V1332, and 97°C for V1323).
Whether peripheral Cbz chromophores are attached to the dia-
minocarbazole core at the 3- or 2-positions has comparatively lit-
tle effect (97 °C for V1323 vs 94°C for V1381 and 212°C for
V1377 vs 217°C for V1310), although T, values can be seen
to be slightly higher in the case of 3-substitution. The T, values
for HTMs bearing the shortest aliphatic chains (217°C for
V1310, 212°C for V1377) are significantly higher than that of
spiro-OMeTAD (126 °C). This trend can be explained in terms
of the reduced molecular disorder in the compounds with
shorter alkyl chains.* It can be anticipated that these molecules
should outperform spiro-OMeTAD in terms of thermal stability
in general and resistance to crystallization in particular.

Table 1. Thermal, optical, and photophysical properties of the synthesized HTMs.

HTM T[QY  Te[Q? Japs [nm]?! Jom]® LV E VI El [V po fem®VT'sT)) g [em?V s
vi310 207 51 292, 321, 365, 413 47 486 275 21 = 31x10°¢
V1323 97 m 291, 320, 365, 413 4n 499 2.76 -223 3.7x10°¢ 41x107
V1332 109 482 291, 321, 365, 413 4N 487 273 -214 35x10°¢ 50x1077
V1377 212 525 262, 359 438 5.16 2.90 ~226 61x107° 51x1077
V1381 94 469 264, 359 438 5.24 2.93 -231 1.0x10°° 58x1077
spiro-OMeTAD'**! 126 449 387 = 5.01% 3.01 —2m 1.2x107 29x10°°

“Glass transition (T;) and 5% weight loss (Tus) temperatures observed from DSC and TGA, respectively (10°C min™', N, atmosphere); ' UV—vis and PL spectra were

measured in tetrahydrofuran (THF) solutions (10~* M and 10, respectively); “lonization energies of the films measured using phototoelectron spectroscopy in air
(PESA); “E, estimated from the intersection of absorption and emission spectra of solid films; 9E,, = I, — E; "Mobility value at zero field strength!**-%; #Mobility

value at zero field strength with bisphenol-Z polycarbonate (PC-Z) (1:1) added.*~*%
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Figure 2. DSC curves for the second run of the HTMs (heating rate of
10°Cmin~", N, atmosphere).

2.2. Optical Properties

Ultraviolet—visible (UV—vis) spectra of the molecules in THF
solution have shown negligible differences among the com-
pounds bearing various aliphatic chains. The spectra of the com-
pounds with peripheral 3-substituted Cbz chromophores (V1310,
V1323, and V1332) display intensive z—z* absorption bands at
270-340nm and a series of less intensive absorption bands at
>350 nm (Figure 3a). An intense absorption band in the spectra
of the molecules containing peripheral 2-substituted Cbz chro-
mophores (V1377 and V1381) can be observed at 360 nm. To
gain understanding of the features of the absorption spectra,
time-dependent density functional theory (TD-DFT) calculations
of the lowest-energy singlet-excited electronic states (S,) were
carried out at the CAM-B3LYP/6-31G(d)//B3LYP/6-31G(d) level
of theory (see Table S1-S5, Supporting Information). For mole-
cules with 3-substituted Cbz in peripheral groups (V1310, V1323,
and V1332), the weak and broad absorption band centered at
around 420nm has been ascribed to the combination of two

N

Normalized photoluminescence (a.u.)
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—Vv1332 1.0
—— V1377
——V1381
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V1323
v1332[
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0.8
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\ Lo.2

0.0
550 600
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Wavelength (nm)

0.0+ T
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weak electronic transitions Sy—S; and S;—S,. In contrast, for
molecules with 2-substituted Cbz in peripheral groups (V1377
and V1381), the absorption bands in the long wavelength region,
which are ascribed to the Sy—S; and S,— S, transitions, cannot
be observed due to their low oscillator strength. However, the
Sp— Sy transition results in a strong absorption band centered
at around 370 nm.

In the photoluminescence (PL) spectra, the compounds
bearing peripheral 3-substituted Cbz chromophores gave the
maximum emission peaks centered at 471 nm in the PL spectra,
compared with 440 nm for the derivatives bearing peripheral 2-
substituted Cbz chromophores. The redshift of the PL peaks
indicates that the conjugation in the 3-substituted Cbz derivatives
is more extended than that in the 2-substituted ones.

The features and trends were maintained after the compounds
were spin coated on glass substrates (Figure 3b). Stokes shift
can be used to probe the structural deformation between the
ground- and excited-state geometries during the electron excita-
tion process, which can give beneficial information on molecular
flexibility. Large Stokes shifts of ~100 nm have been observed for
all compounds, indicating significant structural deformation of
the photoconductors during the electron excitation process.
Previously, it has been demonstrated that a large Stokes shift
is also favorable for the infiltration of the HTMs into the top
of the perovskite layer"”) and from this perspective, the synthe-
sized HTMs have the potential to improve the performance
of PSCs.

The optical gap (E,) was determined from the intersection of
the thin-film absorption and PL spectra of the thin films. The
optical gap for the derivatives bearing peripheral 3-substituted
Cbz chromophores is around 2.8 eV, while the corresponding
value for the derivatives bearing peripheral 2-substituted Cbz
chromophores is estimated to be slightly higher, at ~2.9eV
(Table 1).

2.3. Photoelectrical Properties

The surface ionization potentials (I;) of the thin films were mea-
sured by photoelectron spectroscopy in air (PESA) (Figure 4).
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5% NA —viazaf10G
p M ‘; Y —Vis2f 2
g‘ 08 " " ) ——V1377L08 2
2 il i —V1381 .2
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Figure 3. a) UV—vis absorption (solid line) and PL (dashed line) spectra of the investigated HTMs in THF solution (UV—vis: 10~ n; PL: 10 m).
b) UV—vis absorption (solid line) and PL (dashed line) spectra of HTMs thin films.
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Figure 4. Photoemission in air spectra of the new HTMs.

As expected, given the shared core structure of the five carba-
zole molecules, only small variations in the ionization potentials
are observed, ranging from 4.86eV for V1310 to 5.24eV for
V1381, and all are closely comparable with spiro-OMeTAD
(5.01eV).*¥! 3-substituted HTMs show shallower I, than those
of 2-substituted HTMs, attributed to the more effective
conjugation length, as will be mentioned in theoretical calcula-
tions part. The lowest unoccupied molecular orbital (LUMO)
energy level was assessed by adding the highest occupied
molecular orbital (HOMO) energy level to the optical bandgap
obtained from the absorption edge of the thin-film absorption
spectra. The energy-level data are compiled in Table 1. Both
the HOMO and LUMO energy levels are higher than the

= -2.14 eV
E -2 —
E -3
3
% 4
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corresponding valance bands (VBs) and conduction bands
(CBs) of typical perovskite materials such as MAPbI; (MA:
methylammonium, VB=-545eV, CB=-390eV)*" or
Csp.osFAg80MAg 15PbI; 75Brg 25 (FA: formamidinium,
VB=-5.56eV, CB=-3.99eV).°” Therefore, efficient hole
extraction and electron blocking should be expected.

The frontier molecular orbitals are shown in Figure 5
(also see Figure S2-S5, Supporting Information). Neither
HOMO nor LUMO extend to the alkyl substituents, confirming
that the electronic properties should be independent of the
choice of the aliphatic chain. The HOMOs of the molecules
with 2-substituted Cbz (V1377 and V1381) do not extend to
the nitrogen atoms of the Cbz peripheral groups, while
those of the 3-substituted Cbz (V1310, V1332, and V1323) do.
The more extended conjugation in the 3-substituted Cbz results
in a smaller observed bandgap and shallower HOMO energy
level.

The hole mobility of the carbazole compounds was estimated
from xerographic time of flight (XTOF) measurements
(Table 1, Figure S6, Supporting Information). The charge
mobility of the pure materials ranges from 3.5x 10 to
1.0x 10 °ecm?V~'s", which is somewhat lower than that of
spiro-OMeTAD, and nonetheless, it is sufficient for the applica-
tion of these materials as hole transport materials in PSCs.
However, V1310 layers were one noticeable exception as their
quality was insufficient for XTOF measurements. To evaluate
the charge mobility in V1310, a mixture of HTM and polymeric
film forming material polycarbonate (PC-Z) was used. Addition
of the polymer dilutes the charge transporting material and
reduces the overall hole mobility approximately to one order
of magnitude; however, it allows comparing V1310 with other
investigated materials. The XTOF data have shown that V1310
demonstrates very similar results to spiro-OMeTAD, measured

-2.26 eV -2.31eV
— —
-399 eV
CB
—
—5.24 eV VE
. -5.56 eV
Cs,05FAg goMAg 15

V1377

V1381

Pbly 75Bro 55

Figure 5. The frontier molecular orbitals (isovalue: 0.03) performed at B3LYP/6-31G(d) together with the HOMO and LUMO levels of the star-shaped
Cbz derivatives in the thin film, determined by PESA and optical bandgap analysis measurements. The VB and CB of Csg gsFA so0MAg 15 Pbl; 75Brg 25 are

included as reference levels.
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under identical conditions. The detailed XTOF measurement
procedures are provided in Supporting Information.

The reorganization energies (4ror) Of the star-shaped Cbz
derivatives and spiro-OMeTAD, which represent their relaxation
after the formation of radical cations (Figure S7, Supporting
Information), were also calculated according to the B3LYP/6-
31G(d) level of theory and are summarized in Table S6,
Supporting Information. To simplify the calculations, V1310
and V1377 with ethyl chains were chosen as representatives of
molecules bearing 3- and 2-substituted carbazole peripheral
groups, respectively. In general, according to Marcus theory,
the small 4,eorg indicates fast transfer rate for holes.”"! As shown
in Table S6, Supporting Information, the A cor value estimated
for spiro-OMeTAD is 145 meV, which is close to the previously
reported value.’” Ao for V1310 and V1377 are 148 and
166 meV, respectively, suggesting that V1310 may show
improved hole transporting ability compared with V1377.

2.4. Fabrication and Performance of PSCs

Performance of the new star-shaped HTMs was evaluated in the
photovoltaic PSCs utilizing a conventional n—i—p planar archi-
tecture fabricated with the following layers: an indium tin oxide
(ITO)-coated glass substrate, SnO,, perovskite, HTM, and a gold
electrode. For comparison, spiro-OMeTAD reference devices were
also prepared with the same device architecture. The details of
the device fabrication are provided in the Supporting Information.
A mixed-composition CsgosFAg0MAp15Pbl,75Brg 25 perovskite
material was used, with cesium, formamidinium (FA), and
methyalammonium (MA) cations and a 1/Br ratio of 11:1.%")
The HTMss were dissolved in chlorobenzene with different
concentrations (V1310: 0.03m, V1323: 0.02wm, V1332: 0.03m,
V1377: 0.02 M, V1381: 0.02 M, or spiro-OMeTAD: 0.06 m). The dif-
ferent concentrations were selected to give the optimal film
thickness for each material. Although spiro-OMeTAD layer must
generally exceed 200nm to achieve reproducible high-
performance PSCs,””* it was found that with the carbazole-
based HTMs, comparable performance could be realized using
much thinner HTM layers. The implication is that while
spiro-OMeTAD has superior hole transport properties, the new
molecules have better morphology, such that they better cover
the perovskite layer at lower thickness. Co'-based oxidizing
agent  tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III)  tri[-
bis trifluoromethane)sulfonimide] (FK209 Co"" TFSI, 0.03 equiv.),
lithium Dbis(trifluoromethanesulfonyl)imide (LiTFSI, 0.54 equiv.),
and 4-tert-butylpyridine (TBP, 3.3 equiv.) were mixed with all HTM
solutions.

The thickness, coverage, and morphology of the HTM layers
were characterized with the aid of cross-sectional SEM
(Figure S8, Supporting Information), top-view SEM (Figure S9,
Supporting Information), and atomic force microscopy (AFM)
(Figure S10, Supporting Information) imaging. All the spin-
coated HTM films uniformly coat the perovskite layer, reducing
the root-mean-square (RMS) surface roughness from 33 nm for
the perovskite substrate, to 13, 10, 6.5, 7.7, 9.3, and 11 nm, for
V1310, V1323, V1332, V1377, V1381, and spiro-OMeTAD,
respectively. The average film thickness was 140, 115, 130,
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140, 120, and 240nm for V1310, V1323, V1332, V1377,
V1381, and spiro-OMeTAD, respectively.

The performance of the solar cells was evaluated under AM
1.5G simulated sunlight. The forward current density-voltage
(J-V) curves of the best devices for each HTM are shown in
Figure 6, and the photovoltaic parameters are summarized in
Table 2.

Regardless of the HTM used, functional and efficient cells
could be readily prepared and they were competitive with the
spiro-OMeTAD reference. Overall, the HTMs bearing short, lin-
ear alkyl chains (V1310, V1377) give better performance than
those with longer, branched alkyl chains (V1323, V1332, and
V1381).

Of the devices based on HTMs with 3-substituted Cbz in the
peripheral groups, the best forward scan PCE for V1310, V1323,
and V1332 was 18.9%, 19.0%, and 18.3%, respectively, with an
average forward scan PCE of 18.6%, 18.0%, and 17.4%. Showing
the same trend, the best (average) forward scan PCE for the devi-
ces based on HTMs with 2-substituted Cbz in peripheral groups
was 18.4% (18.2%) for V1377 and only 16.3% (15.5%) for V1381.
The obtained results are similar or better than those demon-
strated by other starburst HTMs investigated by other research
groups.”***>*7) The performance drop is largely the result of
the loss of fill factor with some additional contribution from the
falling Jsc values. The forward—reverse scan hysteresis broadly
increases as the performance decreases, with V1310 having
the smallest hysteresis and V1332 having the largest (Table 2,
Figure S11, Supporting Information). The s values attained
from the -V curves are in good agreement with the integrated
current densities estimated from the incident photon-to-current
efficiency (IPCE) measurements (Figure S12, Supporting
Information).

Impedance measurements were made on the solar cell devices
under AM 1.5G and short-circuit conditions. It should be noted
that it was not possible to maintain stable operation of the V1323-
and V1332-based devices over the 10 min measurement interval
required to record the impedance data. For all devices, the pho-
toinduced capacitance (Figure S13, Supporting Information)
increased at low frequencies as a result of the photogenerated
charge density filling the deep trap levels in the device.
V1310- and V1377-based devices showed the lowest increase

B R

o

Forward scan

— V1310
V1323
— V1332
— V1377
— V1381
—— Spiro-OMeTAD

J e )

Current density (mA cm=2)

ONHhOO®ON A~ ®

0.0 01 02 03 04 0.5 06 0.7 0.8 09 1.0 1.1 1.2
Voltage (V)

Figure 6. Champion forward scan J-V characteristics of PSCs using the
synthesized HTMs and spiro-OMeTAD.
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Table 2. Photovoltaic parameters of conventional PSCs derived from J-V
measurements.

HTM*  Scan® Je
[mAcm 7
Forward 2238 1.07 078 18.9
(224+05) (1.09+0.02) (0.76 £0.01) (18.6+03)
Reverse 2.8 1.07 074 18.1
(22.3£0.6) (1.08:+001) (0.72+0.03) (17.4+1.0)
Forward 226 1.09 077 19.0
(225+02) (1.06+0.02) (0.76 £0.01) (18.0+0.6)

Reverse 227 1.08 073 180
(224+02) (1.05+£002) (0.72+£0.02) (169 0.6)
Forward  21.8 113 074 183
(21.6+03) (1.114£001) (072£001) (17.440.5)
Reverse 216 112 068 165
(21.3404) (1.10£001) (0.65+0.04) (154412)
Forward 225 m 074 184
(223402) (1.124£001) (073 £001) (18.2402)
Reverse 225 110 072 17.8
(223402) (1.11£001) (072£001) (17.7402)

Forward  21.9 1.06 070 163
(21.6+04) (1.074+002) (0.67+002) (I5.50.5)

Reverse 218 1.05 065 14.9
(21.5+0.3) (1.06+0.02) (0.60+0.04) (13.6 £1.0)

Forward 221 114 078 19.7
(225+03) (1.124£0.02) (0.78 £0.01) (19.5+0.3)

Reverse 2.0 112 0.75 185
(223+£03) (1.10£0.02) (0.74£0.01) (18.24+03)

Ve V)9 FF9 PCE [%¢]?  HI¥

V1310 —0.044

V133 —0.056

V1332 —-0.109

V1377 —0.034

V1381 —0.094

Spiro- —0.065

OMeTAD

YHTM concentration: 0.03 M for V1310, V1332, and V1377, 0.02u for V1323 and
V1381, 0.06 M for spiro-OMeTAD. The corresponding thickness is 140, 115, 130,
140, 120, and 240 nm for V1310, V1323, V1332, V1377, V1381, and spiro-
OMeTAD, respectively; Forward and reverse indicate the scan directions from
Jsc to Voc and from Voc to Jsc, respectively; The average values (average
value + one standard deviation) were calculated from nine devices; YHysteresis
index (H1) = (PCEpeverse—PCEronuard) PCEreverse:

in low-frequency capacitance, the V1381-based device performed
similarly to the spiro-OMeTAD reference, and the values for
V1323 and V1332, which had already degraded substantially
from their initial PCEs at the time of the impedance measure-
ments, were significantly higher. A lower low-frequency capaci-
tance signal is desirable, as it indicates that fewer of the
photogenerated charge carriers are trapped, that is, the charge
is more efficiently extracted by the HTM. The capacitance results
are also reflected by the hysteresis in the J-V curves, with less
charge or ion accumulation at the perovskite/HTM interface
in the case of V1310 and V1377 resulting in smaller hysteresis.
The complex impedance plot (Figure S14, Supporting
Information) shows that the parallel resistance follows a similar
trend to the low-frequency capacitance signal. As the quality of
the perovskite films can be taken to be consistent across different
devices, the difference in the recombination resistance may be
attributed to the relative hole extraction ability of the different
HTMs. V1310 and V1377 have shown superior performance
in this respect, with modeled parallel resistance values of 90
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and 80Qcm’, respectively. V1381 is similar to the spiro-
OMeTAD reference, at around 50 Q cm?, while the values for
V1323 and V1332, which already degraded substantially from
their initial PCE at the time of the impedance measurements,
were much lower. Although the series resistance, as indicated
by the high-frequency intercept of the complex impedance curve
with the real axis, was similar for all the devices, at 1 Q cm?, devi-
ces based on V1377 and V1381 had a noteworthy additional shift
of the main loop away from this intercept by additional 1 Qcm?
(Figure S15, Supporting Information). This additional series
resistance, which is bypassed at high frequencies, can be attrib-
uted to the significant electrical resistance of the HTM layers
with 2-substituted Cbz in the peripheral groups. The difference
in HTM conductivity is in good agreement with the estimated
hole mobilities and calculated reorganization energies discussed
above.

Although the initial PCE of all devices was comparatively high,
very large differences became readily apparent after even short
periods of operation under AM 1.5G. For the stability tests,
the devices were placed in a N,-filled measurement chamber
and the device performance under AM 1.5G was monitored with
a maximum power point tracking (MPPT) algorithm. First, the
devices were subjected to a short 300 s MPPT prior to the imped-
ance measurements presented above. After the impedance tests
were complete, the MPPT algorithm was run for 10h. The
results, shown in Figure 7, confirm that although all devices
initially gave PCE above 15%, the performance of the V1323
and V1332 devices degraded rapidly during the initial 300 s sta-
bilization test. The PCE of the spiro-OMeTAD device dropped
rapidly to 14% after the impedance measurements, after which
the losses stabilized, reaching 12% after 10 h. The output of the
V1381 device fell from an initial value of 16% to 10% after 10 h.
V1310 and V1377 devices had the best operational stability, with
similar MPPT curves falling from a maximum of ~18% to ~13%
after 10 h.

To investigate the interfacial charge separation, steady-state PL
quenching and time-resolved PL (TRPL) decay were explored for
the pristine perovskite and perovskite/ HTM films. After

25
-0~ V1310 -0 V1323 -O- V1332
-0~ V1377 -O- V1381

20— —O- Spiro-OMeTAD

PCE (%)

2222 RR =:: = ==

0 - SPLDUDY IS

0 2 4 6 8 10
Time (h)

Figure 7. Normalized MPPT data for the unencapsulated PSCs con-
structed with investigated HTMs and spiro-OMeTAD under AM 1.5G
ininertatmosphere. An initial 300 s MPPT test was followed by the imped-
ance measurements, after which the devices were subjected to the second
MPPT test, this time for 10h.
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fabricating HTMs on perovskite layers, the PL peak intensity was
reduced, falling to 32%, 20%, 37%, 77%, 39%, and 22% for
V1310, V1323, V1332, V1377, V1381, and spiro-OMeTAD,
respectively (Figure S16, Supporting Information). The TRPL
lifetime for the pristine perovskite film was found to be
100.9ns, and the TRPL lifetime for the perovskite/HTM films
decreased to 52.2, 14.3, 20.6, 78.2, 21.5, and 10.9 nm for V1310,
V1323, V1332, V1377, V1381, and spiro-OMeTAD, respectively
(Figure S17, Supporting Information). PL quenching of
compounds with peripheral 3-substituted Cbz chromophores
(V1310, V1323, and V1332) is faster and more efficient than com-
pounds with peripheral 2-substituted Cbz chromophores (V1377
and V1381), while quenching for the molecules with the more
bulky alkyl chain substituents (V1323, V1332, and V1381) is
faster and more efficient than for the molecules with shorter
chains (V1310 and V1377).

Shelf stability tests were also performed on the unencapsulated
devices to examine their thermal durability under ambient atmo-
sphere (Figure S18, Supporting Information). After heating the
device up to 120°C, the efficiencies of devices using V1310,
V1377 remained superior to those of spiro-OMeTAD based devices,
while the efficiencies of devices using V1323, V1332, and V1381
were substantially lower. In fact, the output from the cells using
these three HTMs all dropped dramatically after heating at 80°C
for 1h. To ensure that the degradation was not caused by oxygen
or moisture, the thermal stability of V1310 and spiro-OMeTAD-
based devices was evaluated in a Nfilled glovebox (O,,
H,0 < 0.1 ppm) (Figure 8 and Figure $19, Supporting Information).

As shown in Figure 8, the efficiency of the V1310-based device
remained at 76% of the initial efficiency after heating at up to
100°C for 24h. In contrast, under the same conditions, the
device efficiency using spiro-OMeTAD fell to 40% of the initial
value. After further heating at 120°C for 7h, the efficiency of
spiro-OMeTAD containing PSCs dropped to 9% of the initial
value, while that of V1310-based device still retained 60% of
the initial efficiency. After this test, the V1310 layer remained
smooth and uniform, while the spiro-OMeTAD layer developed
cavities (Figure $20, Supporting Information). The higher ther-
mal stability of devices using V1310 and V1377 as HTMs is a
direct result of their higher T, values compared with V1323,
V1332, V1381, and spiro-OMeTAD.

70°C

85°C 100°C  120°C

w

(&)
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Figure 8. PCE evolution of the PSC devices under N, without encapsula-
tion, under 100 mW cm 2 photon flux (AM 1.5G).

Sol. RRL 2022, 6, 2100877

224

2100877 (7 of 9)

www.solar-rrl.com

3. Conclusion

New r-electron starburst molecules, bearing the carbazole moiety
as a central core as well as peripheral groups, were synthesized
and evaluated as HTMs to replace spiro-OMeTAD in PSCs.
Amorphous, uniform thin films of these materials are
readily fabricated by spin coating. Molecules with 3-substituted
carbazole peripheral groups have more extended n-conjugations,
leading to higher charge carrier mobility compared with the
2-substituted derivatives. All synthesized compounds performed
well as efficient HTMs for PSCs, with PCEs ranging from 16.3%
to 19.0%. Moreover, the carbazole compounds with short
aliphatic chains showed exceptionally high glass transition tem-
peratures over 200 °C, resulting in superior thermal stability
compared with that of spiro-OMeTAD. After heating at 120°C
in N, atmosphere, the efficiency of devices using spiro-
OMETAD dropped to 9%, while the efficiency of the devices
using the carbazole-based HTMs still remained at 60% of the
initial value. Given their high efficiency, ease of fabrication, good
stability, and favorable electronic properties, these simple and
low-cost carbazole hole transport materials promise to be effec-
tive alternatives to spiro-OMeTAD in commercial PSCs.

4. Experimental Section

The facile synthesis procedure is outlined in Scheme 1 with the
detailed synthetic procedures and full chemical characterization
provided in Supporting Information. New r-electron starburst
molecules bearing Cbz moiety as a central core as well as periph-
eral groups were synthesized by the one-step palladium-catalyzed
Buchwald—Hartwig C-N cross-coupling reaction. Reactions of
commercially available 3,6-diaminocarbazole with 3-bromo- and
2-bromo-N-alkylcarbazoles provided target compounds V1310,
V1323, V1332, V1377, and V1381 in 52-69% yields.

The synthesized compounds were purified by column chro-
matography; however, all attempts to crystallize them were
unsuccessful. The chemical structures of the synthesized com-
pounds were verified by 'H, *C NMR spectroscopy and elemen-
tal analysis. The obtained molecules were soluble in common
organic solvents typically used for the deposition of the hole
transporting layer in perovskite devices (chlorobenzene, chloro-
form, tetrahydrofuran, etc.).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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General

Chemicals required for the synthesis were purchased from Sigma-Aldrich and TCI Europe
and used as received without additional purification. Spectral data of intermediate compounds
is in agreement with the values reported in the literature. "H NMR and '*C NMR spectra were
collected at 400 and 101 MHz, respectively on a Bruker Avance III spectrometer. The
chemical shifts, expressed in ppm, were relative to tetramethylsilane (TMS). All the
experiments were performed at 25 °C. Reactions were monitored by thin-layer
chromatography on ALUGRAM SIL G/UV254 plates and developed with UV light. Silica gel
(grade 9385, 230-400 mesh, 60 A, Aldrich) was used for column chromatography. Elemental
analysis was performed with an Exeter Analytical CE-440 elemental analyser, Model 440
C/H/N/.

Thermogravimetric analysis (TGA) was performed on a Q50 thermogravimetric analyzer
(TA Instruments) at a scan rate of 10 °C min™" under nitrogen atmosphere. The values are
given for a weight-loss of 5% (7ys). Differential scanning calorimetry (DSC) was performed
on a TA Instruments Q2000 differential scanning calorimeter under nitrogen atmosphere.
Heating and cooling rate is 10 °C min™.

UV-vis spectral analysis of the sample in solution (THF, 10~ mol L™") was performed on a
Perkin Elmer Lambda 35 UV/VIS spectrophotometer. The layer thickness of the solution is d
=1 mm. Diffraction grating crack width is 2 nm. Spectral recording speed is 2 nm s™. The
wavelength A is given in nm. The time-resolved fluorescence spectra of the sample in solution
(THF, 10~ mol L) were recorded on an Edinburgh Instruments FLS920 light emission
intensity spectrophotometer. Solutions of new compounds were exposed to different
wavelengths: V1310 - 330 nm, V1323 - 330 nm, V1332 - 330 nm, V1377 - 380 nm, V1381 -
380 nm. The layer thickness of the solution is d = 1 cm. The crack width of the diffraction

grating is 1.5 nm. The wavelength A is given in nm.
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Scanning electron microscopy (SEM) was performed with an S8010 (Hitachi
HighTechnologies Co.).

For the time-resolved photoluminescene (TRPL) measurements, the samples were excited by
picosecond pulsed light at a wavelength of 688 mn (Advanced Laser Diode System). The
excitation fluence was set at 100 nJ cm- . The PL signals were recorded using an avalanche
photodiode (ID Quantique) and a time-conelated single photon counting board (PicoQuant). PL
lifetimes were obtained by fitting the PL decay curve with a double exponential function and
calculating the average lifetime. PL spectra were recorded using a N2 cooled charge-coupled-
device array equipped with a monochromator (Princeton Instruments). To avoid oxygen
contamination and degradation, the samples were kept in an Ar-filled metallic box for the whole
process.

Photocurrent—voltage measurements for perovskite solar cells were measured in air with an
OTENTO-SUNIII (BUNKOUKEIKI co., Ltd.) and a Keithley 2400. The light intensity of the
illumination source was adjusted by using standard silicon photodiodes: BS520 for J—V

characteristics and SiPD S 1337-1010BQ for IPCE measurements.

Detailed synthetic procedures
1. 9-Ethyl-N3 N*" N° N° -tetrakis(9-ethyl-9H-carbazol-3-yl)-9H-[3,9 -bicarbazole]-3",6'-

diamine (V1310)

DN
O &

/\N TN/\
() C)

N

J
O
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A mixture of 3,6-diaminocarbazole (0.8 g, 4 mmol), 3-bromo-9-ethylcarbazole (8.22 g, 30
mmol), and anhydrous toluene (46 mL) was purged with Ar for 30 minutes. Afterwards,
palladium(II) acetate (0.1 g, 0.4 mmol) and tri-zerz-butylphosphonium tetrafluoroborate (0.26
g, 0.8 mmol) were added and the reaction mixture was stirred for 10 minutes under argon.
Then, sodium zert-butoxide (2.92 g, 30 mmol) was added and the mixture was heated at reflux
for 8 hours (TLC control, acetone/n-hexane 1:4). After cooling to room temperature, the
reaction mixture was filtered through celite and extracted with ethyl acetate. Organic layer
was dried over Na,SO,, filtered and the solvent was removed by vacuum rotary evaporation.
The product was purified by column chromatography (eluent: THF/n-hexane 8:17, v:v). 20%
solution of the final product in THF was poured with intensive stirring into a 15-fold excess
of ethanol. The precipitate as a light yellow powder was filtered off, washed with ethanol, and
dried. Yield 3.2 g (60%).

'H NMR (400 MHz, THF-ds) 3: 8.36 (d, J = 2.0 Hz, 1H), 8.13 (d, /= 7.8 Hz, 1H), 7.85-
7.78 (m, 9H), 7.72 (d, J = 8.7 Hz, 1H), 7.66 (dd, J= 8.6, 2.0 Hz, 1H), 7.53 (d, J= 8.2 Hz, 1H),
745 (t, J=17.7 Hz, 1H), 7.38 — 7.15 (m, 22H), 6.98 (t, J = 7.4 Hz, 4H), 4.50 (q, J = 7.2 Hz,
2H), 4.32 (q,J=7.1 Hz, 8H), 1.46 (t, J=7.1 Hz, 3H), 1.35 (t, J=7.1 Hz, 12H).

C NMR (101 MHz, THF-ds) &: 143.0, 142.6, 140.7, 140.4, 139.1, 138.7, 135.9, 126.0,
125.1, 124.9, 124.0, 124.0, 123.7, 123.3, 122.9, 122.7, 120.5, 120.2, 119.3, 118.9, 118.0,
116.1,115.3,110.2,109.5, 108.8, 108.7, 108.1, 37.3, 37.0, 13.2.

Anal. Calcd. For: Cg,HggNg: C 84.65; H5.72; N 9.63; found: C 84.67; H 5.73; N 9.60.

2. 9-(2-Ethylhexyl)-N° N°’ N° N° -tetrakis(9-(2-ethylhexyl)-9 H-carbazol-3-yl)-9H-[3,9’-

bicarbazole]-3’,6’-diamine (V1323)
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A mixture of 3,6-diaminocarbazole (0.4 g, 2 mmol), 3-bromo-9-(2-ethylhexyl)-9H-
carbazole (5.08 g, 14 mmol), and anhydrous toluene (28 mL) was purged with Ar for 30
minutes. Afterwards, palladium (II) acetate (0.024 g, 0.11 mmol) and tri-tert-
butylphosphonium tetrafluoroborate (0.064 g, 0.22 mmol) was added and the reaction mixture
was stirred for 10 minutes under argon. Then, sodium zers-butoxide (1.35 g, 14 mmol) was
added and the mixture was heated at reflux for 5 hours (TLC control, acetone/n-hexane 1:4).
After cooling to room temperature, the reaction mixture was filtered through celite and
extracted with ethyl acetate. Organic layer was dried over Na,SO,, filtered and the solvent
was removed by vacuum rotary evaporation. The product was purified by column
chromatography (eluent: THF/n-hexane 3:22, v:v). 20% solution of the final product in THF
was poured with intensive stirring into a 15-fold excess of ethanol. The precipitate as a light
yellow powder was filtered off, washed with ethanol, and dried. Yield 2 g (63%).

'H NMR (400 MHz, Acetone-ds) 5: 8.33 (s, 1H), 8.05 (s, 1H), 7.88 — 7.70 (m, 10H), 7.68—
7.44 (m, 8H), 7.39 (t, J= 7.6 Hz, 4H), 7.34 — 7.06 (m, 13H), 7.02 (t, J= 7.5 Hz, 4H), 4.34 (d,
J=17.6 Hz, 2H), 4.17 (d, J= 7.3 Hz, 8H), 2.05 (p, J= 6.3 Hz, 4H), 1.51-1.14 (m, 41H), 1.01-
0.75 (m, 30H).

C NMR (101 MHz, Acetone-ds) &: 143.1, 142.4, 141.5, 141.4, 139.9, 138.5, 136.8, 129.0,
126.2, 125.3, 125.0, 123.8, 123.6, 1234, 122.5, 122.4, 120.7, 120.2, 119.1, 118.2, 115.3,
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110.5, 110.3, 109.8, 109.5, 109.0, 47.1, 46.9, 39.3, 30.7, 28.5, 24.1, 22.8, 13.4, 13.4, 10.34,
10.3.

Anal. Calcd. For: C;1o0Ho6Ns: C 84.91; H 8.02; N 7.07; found: C 84.87; H 8.26; N 6.87.

3. 9-Hexyl-N°' N°" N° N -tetrakis(9-hexyl-9H-carbazol-3-yl)-9H-[3,9’-bicarbazole]-3",6 -

diamine (V1332)

A mixture of 3,6-diaminocarbazole (0.12 g, 0.06 mmol), 3-bromo-9-hexyl-9H-carbazole
(1.19 g, 3.6 mmol), and anhydrous toluene (6.6 mL) was purged with Ar for 30 minutes.
Afterwards, palladium (II) acetate (0.015 g, 0.06 mmol) and tri-fers-butylphosphonium
tetrafluoroborate (0.03 g, 0.1 mmol) were added and stirred for 10 minutes under argon. Then,
sodium fert-butoxide (0.35 g, 3.6 mmol) was added and the reaction mixture was heated at
reflux for 5 hours (TLC control, acetone/n-hexane 1:4). After cooling to room temperature,
the reaction mixture was filtered through celite and extracted with ethyl acetate. Organic layer
was dried over Na,SOy,, filtered and the solvent was removed by vacuum rotary evaporation.
The product was purified by column chromatography (eluent: acetone/n-hexane 1:24, v:v).
20% solution of the final product in THF was poured with intensive stirring into a 15-fold
excess of ethanol. The precipitate as a light yellow powder was filtered off, washed with

ethanol, and dried. Yield 0.45 g (52%).
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'H NMR (400 MHz, Acetone-ds) &: 8.29 (s, 1H), 8.02 (d, J = 7.6 Hz, 1H), 7.86-7.68 (m,
10H), 7.65-7.38 (m, 8H), 7.34 (t,J = 7.5 Hz, 4H), 7.23 (d, J = 8.1 Hz, 4H), 7.20-7.03 (m, 9H),
6.96 (t,J=7.6 Hz, 4H), 439 (t, J= 7.2 Hz, 2H), 4.23 (t, J= 7.3 Hz, 8H), 1.94-1.68 (m, 10H),
1.43-1.11 (m, 30H), 0.94-0.61 (m, 15H).

BC NMR (101 MHz, Acetone-dg) &: 142.4, 140.9, 139.4, 138.5, 136.4, 134.0, 125.4, 123.5,
1234, 122.5, 120.2, 118.2, 115.9, 115.4, 110.5, 109.5, 108.8, 104.1, 100.9, 99.4, 42.6, 31.4,
31.4,26.7,26.6,22.3, 13.4.

Anal. Calcd. For: C19oH;osNs: C 84.84; H 7.40; N 7.76; found: C 84.89; H 7.65; N 7.46.

4. 9-Ethyl-N* N N° N°-tetrakis(9-ethyl-9 H-carbazol-2-yl)-9H-[2,9-bicarbazole]-3",6’-

diamine (V1377)

WP
we
9,

A mixture of 3,6-diaminocarbazole (0.37 g, 1.8 mmol), 2-bromo-9-ethylcarbazole (3.02 g,
11 mmol), and anhydrous toluene (17.1 mL) was purged with Ar for 30 minutes. Afterwards,
palladium (IT) acetate (0.23 g, 0.1 mmol) and tri-zers-butylphosphonium tetrafluoroborate
(0.06 g, 0.2 mmol) were added and stirred for 10 minutes under Argon. After that, sodium
tert-butoxide (1.06 g, 11 mmol) was added and the reaction mixture was heated at reflux for 5
hours (TLC control, acetone/n-hexane 1:4). After cooling to room temperature, the reaction
mixture was filtered through celite and extracted with ethyl acetate. Organic layer was dried
over Na,SO,, filtered and the solvent was removed by vacuum rotary evaporation. The

product was purified by column chromatography (eluent: THF/n-hexane 7:18, v:v). 20%
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solution of the final product in THF was poured with intensive stirring into a 15-fold excess
of methanol. The precipitate as a light yellow powder was filtered off, washed with methanol,
and dried. Yield 1.5 g (69%).

'H NMR (400 MHz, Acetone-de) 5: 8.38 (d, /= 8.1 Hz, 1H), 8.21 (d, J=7.7 Hz, 1H), 8.02
(m, 2H), 7.94 (d, J= 7.7 Hz, 4H), 7.92-7.84 (m, SH), 7.62 (d, J = 8.1 Hz, 1H), 7.55-7.45 (m,
4H), 7.42-7.22 (m, 15H), 7.11 (t, J = 7.4 Hz, 4H), 6.94 (d, J= 8.1 Hz, 4H), 4.52 (g, J= 7.1
Hz, 2H), 417 (q, J=7.1 Hz, 8H), 1.42 (t,J=7.1 Hz, 3H), 1.18 (t,J= 7.0 Hz, 12H).

BC NMR (101 MHz, Acetone-dg) 6: 147.8, 141.9, 141.1, 140.84, 140.75, 140.3, 138.6,
1352, 126.1, 1254, 124.6, 124.1, 123.1, 122.5, 1222, 121.5, 120.7, 1204, 119.4, 119.3,
118.8,117.9,117.5,115.9,110.9, 109.0, 108.4, 107.3, 103.2, 37.4, 36.9, 13.3, 13.1.

Anal. Calcd. For: Cg,HgsNg: C 84.65; H 5.72; N 9.63; found: C 84.68; H 5.96; N 9.36.

5. 9-(2-Ethylhexyl)-N° \N* N° N -tetrakis(9-(2-ethylhexyl)-9 H-carbazol-2-y1)-9H-[2,9’-

bicarbazo-le]-3°,6’-diamine (V1381)

g g8
.ah

SN

A mixture of 3,6-diaminocarbazole (0.25 g, 1.3 mmol), 2-bromo-9-(2-ethylhexyl)-9H-
carbazole (3.15 g, 8.8 mmol), and anhydrous toluene (17 mL) was purged with Ar for 30
minutes. Afterwards, palladium (II) acetate (0.016 g, 0.07 mmol) and tri-zert-
butylphosphonium tetrafluoroborate (0.03 g, 0.1 mmol) were added and the reaction mixture
was stirred for 10 minutes under argon. Then, sodium zerz-butoxide (0.85 g, 8.8 mmol) was

added and the reaction mixture was heated at reflux for 5 hours (TLC control, acetone/n-
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hexane 1:4). After cooling to room temperature, the reaction mixture was filtered through
celite and extracted with ethyl acetate. Organic layer was dried over Na,SOy, filtered and the
solvent was removed by vacuum rotary evaporation. The product was purified by column
chromatography (eluent: acetone/n-hexane 1:24, v:v). 20% solution of the final product in
THF was poured with intensive stirring into a 15-fold excess of ethanol. The precipitate as a
light yellow powder was filtered off, washed with ethanol, and dried. Yield 1.1 g (69%).

'H NMR (400 MHz, THF-ds) &: 8.36 (d, J = 8.6 Hz, 1H), 8.18 (d, J= 7.4 Hz, 1H), 7.97 (s,
2H), 7.92 (d, J=17.7 Hz, 4H), 7.87 (d, J= 8.4 Hz, 4H), 7.79 (s, 1H), 7.55 (d, J= 8.4 Hz, 1H),
7.51-7.42 (m, 4H), 7.38-7.15 (m, 15H), 7.08 (t, J = 7.4 Hz, 4H), 6.99 (d, J = 7.9 Hz, 4H),
433 (d,J=17.7 Hz, 2H), 4.12-3.87 (i, 8H), 2.20—.11 (m, 1H), 1.88 (p, J= 6.3 Hz, 4H), 1.51—
1.01 (m, 40H), 0.93 (t, J= 7.3 Hz, 3H), 0.80 (t, J = 7.0 Hz, 3H), 0.73 (t, J= 7.4 Hz, 12H),
0.66 (t,J=7.1Hz, 12H).

BC NMR (101 MHz, THF-ds) 8: 145.8, 140.1, 139.9, 139.4, 136.9, 123.9, 123.4, 122.4,
122.3, 121.3, 119.3, 118 4, 1182, 117.2, 116.6, 116.04, 115.95, 115.6, 113.8, 108.6, 107.3,
106.6, 105.7, 101.8, 65.1, 65.0, 64.8, 64.6, 64.4, 64.1, 45.3, 44.6, 37.6, 37.5, 29.2, 29.0, 23.0,
229.22.8.22:7,22.5,223,22.1,21:12,20.96, 11.5; 11.4,8.5.84.

Anal. Calcd. For: C12,H;6Ns: C 84.91; H 8.02; N 7.07; found: C 84.75; H 8.22; N 7.03.
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ABSTRACT: Fluorene-based hole transport materials (HTMs) with
terminating thiophene units are explored, for the first time, for "@ o
antimony sulfide (Sb,S,) solar cells. These HTMs possess largely “
simplified synthesis processes and high yields compared to the r@ Q
conventional expensive hole conductors making them reasonably vsos =
economical. The thiophene unit-linked HTMs have been successfully
demonstrated in ultrasonic spray-deposited Sb,S; solar cells resulting in
efficiencies in the range of 4.7-4.9% with an average visible
transmittance (AVT) of 30—33% (400—800 nm) for the cell stack
without metal contact, while the cells fabricated using conventional
P3HT have yielded an efficiency of 4.7% with an AVT of 26%. The
study puts forward cost-effective and transparent HTMs that avoid a
post-coating activation at elevated temperatures like P3HT, devoid of
parasitic absorption losses in the visible region and are demonstrated to be well aligned for the band edges of Sb,S; thereby
ascertaining their suitability for Sb,S; solar cells and are potential candidates for semitransparent applications.
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1. INTRODUCTION

The energy crisis is among the major problems of the present

windows. Intense investigations are underway to explore novel
materials and device architectures that are suitable for

day’s growing world with digitalization and the internet of
things. In addition, the limited availability of fossil fuels, the
dominant sources of current days’ energy and the associated
problems of pollutant emissions by burning fossil fuels is a
bigger concem. Considering the UNO’s policies of net-zero
emissions by 2050 coupled with the goals set by many
countries worldwide to produce clean energy necessitates the
requirement of alternative energy sources that are clean,
abundant, and easy to harvest. Renewable energy technologies
are the need of the hour to meet these demands and among
them, solar photovoltaics (PV) is a technology that has
tremendous potential to be a major yet important energy
harvesting source. Solar energy is abundantly available and PV
is a green technology that facilitates the conversion of sunlight
to electricity in a clean manner once the solar panels are in
fully operational condition. Furthermore, building-integrated
photovoltaics (BIPV) is an emerging technology in PV wherein
solar panels could be integrated into buildings that produce
energy to meet some portion of energy demand within.
Energy-efficient buildings are going to be the future with the
growing smart city infrastructure and contribute effectively
toward net-zero emissions. Semitransparent solar cells could
play an important role in BIPV and could be integrated into
© 2023 The Authors. Published by
American Chemical Society
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semitransparent solar cells.

Among various emerging materials, antimony sulfide (Sb,S;)
is the promising candidate for the photovoltaic community
owing to the earth-abundant and environmentally friendly
constituent elements alongside appropriate optoelectronic
properties such as a desirable band gap of x1.7 eV, large
absorption coefficient (~710° cm™) and long-term stability." ™
The Shockley—Queisser limit of the power conversion
efficiency (PCE) of the single junction Sb,S; solar cells is
28.64%.! Sb,S; absorbers are potential contenders for
semitransparent solar cells due to their relatively wide band
gap and the possibility to yield higher PCEs even with very
thin absorber layers (~100 nm)." Further, the wide band gap
of Sb,S; also makes them a wiser choice for tandem cell
applications.”™” The highest reported PCE of Sb,S; solar cells
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Table 1. Reported Device Parameters of Sb,S; Solar Cells with Different HTMs, Device Configurations, Methods of

Preparation, and Thicknesses”

Sb,S;(deposition
HTM device configuration technique)
P3HT ITO/Zn0O/$b,S,/P3HT/Ag TE
ITO/TiO, /Sb,S,/P3HT/Au CBD
ITO/TiO, /Sb,S,/P3HT/Ag ALD
FTO/TiO,/Sb,S;/P3HT/Au SC
ITO/TiO, /Sb;S;/P3HT /Au Usp
ITO/TiO, /Sb,S,/P3HT/Au Usp
Spiro-OMeTAD  FTO/TiO,/Sb,S,/Spiro-OMeTAD/Au CBD
FTO/TiO,/Sb,S;/Spiro-OMeTAD/Au SC
FTO/TiO,/Sb,S;/Spiro-OMeTAD/Au SC
FTO/TiO,/Sb,S,/Spiro-OMeTAD/Ag TE
FTO/TiO,/Sb,S,/Spiro-OMeTAD/Au sC
FTO/TiO,/Sb,S, /Spiro-OMeTAD/Au sc
FTO/CdS/Sb,S;/Spiro-OMeTAD/Au HT
FTO/CdS/Sb,S;/Spiro-OMeTAD/Au TE
FTO/TiO,/CdS/Sb,S,/Spiro- HT
OMeTAD/Au
FTO/CdS/Sb,S;/Spiro-OMeTAD/Au CBD
P3HT/ FTO/TiO,/ZnS/Sb,S;/P3HT/ ALD
PEDOT:PSS PEDOT:PSS/Au
FTO/TiO,/Sb,S,/P3HT/PEDOT:PSS/ ALD
Au
V1236 FTO/TiO,/Sb,S;/HTM/Au usp

solar cell parameters

SbySythickness  Vog T FE PCE
(nm) (mV)  (mA/am®) (%) (%)  reference

210 450 126 42 24 21
200 630 6.1 35 14 22

155 732 9.3 62 43 2
616 8.1 46 23 16
150 618 6.0 51 19 23

100 693 13.8 58 55

84 690 134 50 4.6 17
400 660 13.1 59 52 18
140 632 129 52 43 24
300 620 107 56 38 25
162 650 17.7 62 7.1 26
146 720 172 57 7.1 27
300 707 152 56 6.0 28
200 720 159 54 6.2 29
1000 748 153 57 6.5 30

214 757 174 60.5 8.0 8
75 626 187 52 5.1 31
90 667 149 58 58 32
9 612 13.8 46 39 33

“HTM: hole transport material; TE: thermal evaporation; CBD: chemical bath deposition; SC: spin coating; USP: ultrasonic spray pyrolysis; HT:
hydrothermal; ALD: atomic layer deposition, V1236: (N*N*,N’,N'-tetrakis[ 2,2-bis(4-methoxyphenyl) vinyl]-9,9-dihexyl-9H-fluorene-2,7-diamine).

is 8%, achieved recently through a multi-sulfur source apgroach
using the chemical bath deposition method (CBD)." The
overall efficiencies are rather limited by the deficiencies in open
circuit voltage (Vo) that are attributed to the self-trapping of
carriers due to lattice deformation and/or to the intrinsic
defects, which sets the maximum attainable V. to 0.8 V.*'
Antimony selenide (Sb,Se;), another class of antimony
chalcogenide, is also a potential candidate for PV applications
and is explored extensively."'™"?

In addition to the considerable challenges in improving the
PCEs, the method of Sb,S; absorber fabrication is critical for
upscaling. The high-efficiency Sb,S; solar cells so far are mostly
prepared by spin coating and CBD."~"* While the spin coating
technique demonstrates excellent control of parameters and
reproducibility but is limited to laboratory scale and also has
high material wastage (>90%). CBD, on the other hand, has
promise for large-scale demonstration but needs longer
deposition time at relatively low temperatures (<10 °C) to
obtain the desired thickness of the absorbers. Our group has
previously demonstrated the fabrication of Sb,S; solar cells by
the ultrasonic spray pyrolysis method, which offers large-area
uniformity and is an industrially scalable technique with low
capital.” Further, the Sb,S; solar cells are often fabricated in
planar superstrate configuration wherein TiO, is the most
commonly used electron transport layer (ETL) deposited on a
transparent conducting oxide followed by the Sb,S; absorber,
hole transport material (HTM), and finally, the back contact,
often Au. HTMs are the vital component of planar or
mesoscopic Sb,S; solar cells that drive the transport of
photogenerated holes to the back contact and reduce
recombination losses.” In general, conventional HTMs like
poly(3-hexylthiophene) (P3HT),*'® 2,2',7,7'-tetrakis[N,N-
di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-OMe-

3823

17,18

TAD), poly{4,4-dialkyl-4H-cyclopenta[2,1-b;3,4-b']-
dithiophene-2,6-diyl-alt-2,1,3-benzothiadiazole-4,7-diyl }
(PCPDTBT),"* etc. are the most commonly employed in
the fabrication of Sb,S; solar cells. The use of these different
HTMs in Sb,S; solar cells where the Sb,S, absorbers are
prepared by different techniques and device architectures are
summarized in Table 1 alongside the power conversion
efficiencies achieved. It may be noted that only organic
HTMs and planar configuration devices are considered for
summary.

It may be noted that except for V1236, an economic and
transparent hole conductor previously reported by our group, >
other studies have majorly used conventional P3HT and Spiro-
OMeTAD. These hole conductors are very expensive mainly
due to their complex, expensive, and time-consuming synthesis
processes’” and are also moisture sensitive, and thereby could
be significant barriers to the potential upscale for commercial
applications. Further, tailoring HTMs with suitable thickness is
also important to obtain high-efficiency solar cells but may
hinder the overall transparency of the solar cell stack, an
important parameter in semitransparent solar cells. For
instance, the commonly employed P3HT exhibits parasitic
absorption in the visible spectral region, which induces a loss in
the total transmittance of the solar cell.>** In addition, P3HT
also requires additional post-coating activation at temperatures
around 170 °C either in a vacuum or inert atmosphere.’
Therefore, it becomes imperative to explore low-cost novel
HTMs, which could be easily synthesized using available
commercial starting materials while possessing suitable proper-
ties like good thermal stability, desired solubility, and hole
mobility.

In view of the above, the study herein proposes to fabricate
Sb,S; solar cells by a scalable and industrially benign ultrasonic

https:/doi.org/10.1021/acsaem.2c04097
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spray pyrolysis (USP) method by employing novel, low-cost,
and transparent hole conductors from fluorene-based mole-
cules with terminated thiophene units. The 4,4'-dimethox-
ydiphenylamine-substituted fluorene fragment is used due to
its wider application in the organic HTMs, in particular, Spiro-
OMeTAD, while thiophene units are added mimicking P3HT
HTM. The new materials follow simple synthesis processes
with high yields thereby having considerably lower costs than
conventional HTMs. Sb,S; solar cells with new HTMs are
fabricated in the standard superstrate configuration wherein
ETL and absorber are deposited by USP while HTMs are spin
coated followed by the thermal evaporation of Au.
Comprehensive characterization of solar cells through different
techniques clearly demonstrates that the cells with new HTMs
yield similar or better PCEs compared to the conventional
P3HT-based devices and have exhibited enhanced average
visible transmittance in the 400—800 nm range. Further, the
band energetics show that the new HTMs possess favorable
band alignment with the Sb,S; absorber thereby validating
their efficacy toward semitransparent solar cells.

2. EXPERIMENTAL SECTION

2.1. Materials. The following materials were used: FTO substrate
(7 Qsq™"), titanium(IV) tetraisopropoxide (TTIP)—99 wt % (Acros
Organics), acetylacetone—99 wt % (Acros Organics), ethanol—96.6
vol % (Estonian Spirit), methanol—99.9 vol % (Sigma-Aldrich),
antimony trichloride—99.99 wt % (Sigma-Aldrich), thiourea—99 wt
% (Sigma-Aldrich), chlorobenzene—99.5 vol % (Sigma-Aldrich),
poly(3-hexyl-thiophene-2,5-diyl) (P3HT)—100 kDa, >90% regiore-
gular (Sigma-Aldrich), and materials related to HTM synthesis as
mentioned in the S1. The materials were used as received.

2.2. Solar Cell Fabrication. Antimony sulfide (Sb,S;) solar cells
were fabricated in superstrate configuration (glass/FTO/TxO /Sb,S;/
HTM/Au). The fabrication process started with thorough cleaning of
the glass/FTO substrate with DI water, acetone, and IPA in an
ultrasonic bath for 10 min each followed by boiling the substrates in
DI water and purging with N, gas. The TiO, electron transport layer
(ETL) and Sb,S; absorbers were deposited by an indigenously made
ultrasonic spray deposition system. TiO, was sprayed from a solution
mixture of 0.2 M TTIP with 0.2 M acetylacetone in ethanol by using a
spray rate of 2.5 mL/min for 30 min on a hot plate maintained at
around 340 °C. The sprayed TiO, samples were then annealed at 450
°C for 30 min in air. Sb,S; thin films were spray-deposited from a
solution mixture of 60 mM SbCl; and 180 mM thiourea in methanol.
The films were deposited at a spray rate of 2 mL/min while
maintaining a substrate temperature of ~200 °C. The as-deposited
Sb,S; films were annealed at around 250-260 °C for 5 min under
nitrogen. The hole transport materials (HTM) explored in this study
are the fluorene-based molecules with linked thiophene units
N’N%N",N'-tetrakis(4-methoxyphenyl)-9-(thiophen-2-ylmethylene)-
9H-fluorene-2,7-diamine (V808), 9-([2,2":5",2"-terthiophen]-S-yl-
methylene)-N%N?N’,N’-tetrakis (4-methoxyphenyl )-9H-fluorene-2,7-
diamine (V1385), and 9-([2,2’-bithiophen]-S-ylmethylene)-
N?,N%N,N’-tetrakis(4-methoxyphenyl)-9H-fluorene-2,7-diamine
(V1386). The detailed synthesis procedure of V808, V1385, and
V1386 is described in Section SI while the synthesis process is
presented in Scheme 1. The HTM layers were spin coated on glass/
FTO/TiO,/Sb,S; samples followed by the thermal evaporation of Au
contacts. The active area of solar cells was 7.06 mm>

2.3. Characterization. The crystal structure and phase con-
stitution of the as-deposited and annealed Sb,S; thin films were
examined using a Rigaku Ultima IV X-ray diffractometer with a Cu
Ka source (4 = 1.5406 A). In addition, micro-Raman spectroscopy
was further used to ascertain the crystalline purity while also detecting
the possible presence of the minute antimony oxide phase and micro-
Raman spectra were recorded at room temperature using a Horiba
Labram HR 800 in backscattering mode with a He Ne laser of 532
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Scheme 1. Synthetic Route to the Novel Hole Transporting
Materials V808, V1385, and V1386
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nm. A Zeiss HR FESEM was used to analyze the cross-sectional
morphologies of the layers. The optical absorption and transmittance
measurements were made using a Jasco V-670 ultraviolet—visible
spectrophotometer (UV—VIS) in the range of 300—1000 nm. For the
band diagram construction, photoelectron emission spectroscopy
(PES) and photoconductivity methods were used. For these methods,
the measurement system consisted of an ENERGETIQ_Laser-Driven
Light Source (LDLS EQ-99) as a light source, a Spectral Products
DK240 1/4m monochromator, and a Keithley 617 electrometer. The
measurements were performed in vacuum at a pressure of ~107
mbar. Both methods are described in detail in S2. The hole transport
materials were characterized comprehensively using thermogravimet-
ric analysis (TGA), differential scanning calorimetric (DSC) analysis,
and absorption spectroscopy. The work function of Au contacts was
measured using a Kelvin probe. The current—voltage (I-V)
characteristics of the fabricated solar cells were measured using
Wavelabs LS-2 LED solar simulator with an AM1.5G (100 mW cm™)
light source. A Newport 69911 system with a 300 W Xenon lamp was
used to measure the external quantum efficiency (EQE) of the
fabricated solar cells.

A

3. RESULTS AND DISCUSSION

The fluorene-based thiophene-linked hole transport materials
(HTM:s) are explored in this study for the fabrication of Sb,S;
solar cells. The design of these p-type photoconductors has
been inspired by recently published findings that thiophene
can coordinate with Sb atoms in Sby(S,Se); leading to the
improvement of the interfacial properties between Sb,(S,Se);
and HTM.***" This interaction provides desirable channels for
carrier transport, which significantly enhances the open circuit
voltage and fill factor. In a single thiophene unit-linked
molecule (V808), 4,4-dimethoxydiphenylamine chromophores
are symmetrically connected on both sides of the fluorene core,
which was easily modified chemically by the thiophene end-
group. V808 is synthesized through a simple two-step process
(Scheme 1) devoid of expensive/complex materials/steps with
considerably good yields thereby resulting in low synthesis
costs. On a similar note, to further investigate the possibility of
better interaction, the molecules are synthesized by adding 2
and 3 thiophene units to the fluorene core, which are thus
named V1385 and V1386, respectively. The detailed synthesis
procedure of V808, V1385, and V1386 is described in Section
S1 and the cost estimation is given in Tables SI1-S3,
respectively. It may be observed that the synthesis cost of a

https/doi.org/10.1021/acsaem. 2c04097
ACS Appl. Energy Mater. 2023, 6, 3822-3833
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Figure 1. (a) Chemical structures of new fluorene-based hole transport materials with terminating thiophene units (V808, V1385, and V1386), (b)
thermogravimetric analysis (TGA) data, (c) normalized absorbance spectra of the HTMs deposited on glass, (d) photoemission spectra in air for
determining the ionization potential, and (e) electric field dependencies of the hole mobility of V808, V1385, and V1386.

single thiophene linking molecule (V808) is ~13 € per gram
while those of the ones with 2 and 3 thiophene units are 32
and 177 € per gram, respectively, indicating the increase in cost
is majorly owing to the increased price of the starting
thiophenecarbaldehyde. However, the cost of single and
double thiophene unit-linked molecules (V808 and V1385)
is considerably cheaper in comparison to the conventional hole
conductors like P3HT and Spiro-OMeTAD. Irrespective of the
cost, all three materials are comprehensively characterized and
are explored as HTMs in Sb,S; solar cells. The typical chemical
structures of V808, V1385, and V1386 with 1, 2, and 3 linked
thiophene units, respectively, are shown in Figure la. Figure 1b
shows the thermogravimetric analysis (TGA) curves of V808,
V1385, and V1386, and as the plots reveal all three materials
start to decompose at temperatures >390 °C, which is far
above the temperature for conventional device operation. The
differential scanning calorimetric (DSC) curves of new HTMs
are shown in Figure S1. All compounds have shown T slightly
less than 100 °C (92, 97, and 99 °C for V808, V1385, and
V1386, respectively). Comparison of T, of new materials
reveals that an increase in thiophene fragments in the molecule
leads to slightly increased T, and could be attributed to the
increased molecular weight. In addition, it is important to note
that the melting process is observed just for V808, while other
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new synthesized compounds (V1385 and V1386) have shown
no endothermic peaks, indicating that they have only an
amorphous state, which is an advantage for the formation of
homogenous films as it eliminates the possibility of
crystallization of films during preparation/operation of devices.
The normalized absorbance spectra of the films, deposited on
glass, are shown in Figure lc. As can be seen, the spectra of
new compounds display intensive 7—7* absorption bands at
270-430 nm, which might be attributed to the 44'-
dimethoxydiphenylamine-substituted fluorene fragment. In
addition, with the increase in the number of thiophene units,
the (7—7*) transition associated with this conjugated part
exhibits a strong bathochromic shift. For compound V1386,
this results in a band with the absorption maximum at 453 nm,
for V1385 it appears as a shoulder to the main peak, while for
V808 it overlaps with the main peak. The normalized
absorbance spectra of new HTMs are also compared with
the conventional P3HT as presented in Figure S2, which
shows that P3HT absorbs significantly in the 400—650 nm
region while the new HTMs possess much less absorption in
the same region thereby demonstrating better visible light
transparency.

The solid-state ionization potential (I,) of HTMs is
determined using photoelectron emission spectroscopy

https:/doi.org/10.1021/acsaem.2c04097
ACS Appl Energy Mater. 2023, 6, 38223833
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(PES) of the thin films (Figure 1d), which clearly reveals that values can be explined by the unfavorable arrangement of
the I levels of V808, V1385, and V1386 are determined to be thiophene fragments. As can be seen from absorbance spectra,
—4.95 eV, —4.95, and —5.00 eV, respectively. Almost similar I, the increase of the conjugated system is very slight with the

3826 httpsy/doiorg/10.1021/acsaem.2c04097
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Figure 4. (a) J—V characteristics of champion cells, (b) band energy diagram and (c) cross-sectional images of Sb,S; solar cells with P3HT, V808,

V1385, and V1386 as HTMs, respectively.

increasing number of thiophene moieties in the molecule,
therefore the highest occupied molecular orbital (HOMO)
levels can be very similar. Further, hole drift-mobility of HTMs
is estimated using the time of flight (ToF) method with Ekspla
PL kHz ps tunable laser as a light source and a Tektronix
MDO3024 oscilloscope for signal registration. As shown in
Figure le, the inferred zero-field hole mobilities are 7.07 X
1077, 2.15 X 107, and 3.68 X 107° cm?/(Vs), for V808,
V1385, and V1386, respectively.

Sb,S; thin films are deposited by the USP process on glass/
FTO/TiO, samples. Optical microscopic images are recorded
to ascertain the conformal coverage of Sb,S; films on TiO, as
shown in Figure 2a and as the image, which is recorded for a
considerably larger area, unveils that the films are conformally
covered devoid of any pin holes or crystallization during the
deposition. The crystallization of Sb,S; thin films during
deposition in the USP process is a commonly observed feature,
which is a detrimental process that reduces the quality of films
for solar cell applications as this crystallization during
deposition is an uncontrollable process and the resulting
crystallinity is not the desired form too, which is absent in the
present study. Further, the as-deposited films are characterized
by XRD and Raman as shown in Figure 2¢,d. The XRD pattern
shows the sharp peaks pertaining to FTO and TiO, layers
while the Raman spectra reveal broad characteristic peaks of
Sb,S; confirming that the as-deposited films are amorphous in
nature. Upon annealing under a nitrogen atmosphere at 250
°C, the Sb,S; films exhibit crystallinity. Optical microscopy
images of annealed Sb,S; films show a large grain structure as
shown in Figure 2b without any voids or pin holes. The XRD
patterns of annealed Sb,S; show several sharp peaks in
addition to the existing FTO and TiO, peaks, which
correspond to the orthothombic stibnite Sb,S; phase (ICDD
PDF 01-075-4013). On a similar note, the Raman spectra of
annealed Sb,S; show sharp peaks characteristic of Sb,S;
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thereby corroborating the XRD analysis and confirming the
formation of the crystalline stibnite Sb,S; phase. Further, the
band gap of Sb,S; absorbers is inferred from (absorbance)® vs
hv plots as shown in Figure 2e. The band gap of amorphous
Sb,S; is determined to be around 2.2 eV while that of
crystallized one is 1.7 eV, which agree well with the values
reported previously.® Therefore, it may be inferred that the
crystalline Sb,S; absorbers with the desired band gap are
successfully fabricated by the area-scalable USP process
followed by annealing.

In the next step, the Sb,S; solar cells are fabricated in the
planar configuration, as shown in Figure 3a, using conventional
P3HT and new V808, V1385, and V1386 as HTMs, which are
spin coated onto glass/FTO/TiO,/Sb,S; samples and Au is
thermally evaporated. While the concentration of P3HT has
been previously optimized for the best efficient Sb,S; solar
cells,™ the new HTMs require a similar process. Therefore,
prior to comparison with P3HT-based solar cells, the
concentration of the precursors in spin coating has been
optimized for new HTMs. Figure 3b—d shows the current
density—voltage (J—V) characteristics of solar cells with
concentration variation in each case for V808, V1385, and
V1386, respectively. The variation in the associated device
parameters with concentration is shown in Figure S3. For an
initial concentration of 70 mM V808, the solar cells exhibit
very low PCEs, essentially due to the negligible photocurrent.
The concentration of V808 is therefore diluted considerably in
steps of ca. 4X resulting in 18, 9, and 4.5 mM. As shown in the
J=V curves in Figure 3b, the efficiencies of solar cells for V808
concentrations of 70, 18, 9, and 4.5 mM are 0.1, 2.0, 4.7, and
3.8%, respectively. The device parameters, Vi¢, Jsc, and FF
have followed an identical trend that the respective values are
maximum for 9 mM V808 and are lower on either side (see
Figure S3ab). To identify the plausible reasons, the series
resistance (R;) of the devices is determined from the J—V data

https/doi.org/10.1021/acsaem.2c04097
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that a very large R, (>200 Q-cm?) is observed for the 70 mM
V808 device, which decreased significantly with a decrease in
the concentration resulting in considerable improvement in
Jsc- The large R, may be attributed to the larger thickness of
V808 arising from the large concentration. It may therefore be
concluded that 9 mM V808 is considered optimal resulting in
the highest PCE among all. On a similar note, the power
conversion efficiencies of the solar cells with 70, 18, 9, and 4.5
mM concentrations of V1385 are obtained to be 0.2, 4.0, 4.9,
and 4.5%, respectively. For the case of V1386, the obtained
efficiencies are 0.15, 4.1, 4.5, and 3.4% for concentrations of
70, 18, 9, and 4.5 mM. The variation trends in the associated
device parameters are also similar as shown in Figure S3c—f. It
may therefore be inferred that the 9 mM concentration in each
case has resulted in the best device efficiencies of 4.7, 4.9, and
4.5% for solar cells with V808, V1385, and V1386 as HTMs,
respectively.

While the new molecules V808, V1385, and V1386 have
demonstrated reasonable efficiencies, it is important to
compare them with existing conventional proven HTMs.
Therefore, to further validate the efficacy of new molecules as
the HTM layer in Sb,S; solar cells, they are compared with
conventional P3HT-based devices. The J—V characteristics of
champion Sb,S; solar cells with P3HT, V808, V1385, and
V1386 are shown in Figure 4a. In addition, to understand the
need for an HTM in devices, solar cells fabricated without the
HTM layer are also shown. The device parameters are listed in
Table 2. The solar cells without HTM have exhibited a PCE of

Table 2. Device Parameters of Champion Sb,S; Solar Cells
with P3HT, V808, V1385, and V1386 HTMs

HTM }/\35 (m;{ﬁmZ) FF lf% (Qf‘mz) (nl-zé.’iﬁ)
noHTM 043 12.0 0.41 212 1.33 167
P3HT 0.69 1.7 0.58 468 21 1190
V808 0.63 13.9 0.54 473 101 586
V1385 0.68 13.7 0.53 494 23 569
V1386 0.56 13.6 0.59 4.50 0.89 844

2.12% with a reasonably low Vi of 0.43 V, a Jsc of 12.0 mA/
cm?, and an FE of 0.41. Such characteristics are often classically
observed for bare Sb,S;-based solar cells devoid of HTM. The
band energy positions of different device layers explored in the
present study are determined using photoelectron emission
spectroscopy and the band energy diagram is presented in
Figure 4b. The Sb,S; absorber possesses the valence (VBE)
and conduction band edges (CBE) at —S5.1 and —34 eV,
respectively, and with Au and TiO, on either side of the
absorber in solar cells without HTM, the transport of
photogenerated electrons and holes is reasonably smooth
owing to the favorable band edge positions. However, with Au
being the back contact there is no barrier for electrons from
the conduction band of Sb,S; at the Sb,S;-Au interface thereby
leading to recombination often resulting in low Vi, and FF.
The devices also exhibit a very low shunt resistance (Rg;;) of
~167 Q-cm®. On the other hand, the solar cells with
conventional P3HT have demonstrated a PCE of 4.68% with
a Vo of 0.69 V, a Jc of 11.7 mA/cm? and an FF of 0.58. It
can be observed that the device parameters are considerably
increased, particularly the Vi and FF. The presence of an
HTM contributes in various ways to enhance the conversion
efficiency of solar cells as they improve band energetics of the
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device for improved transport of photogenerated carriers while
reducing recombination losses as they block the electrons by
passivating the interface across Sb,S;-HTM. As seen from
Figure 4b, P3HT possesses the VBE and CBE at —4.6 and
—2.7 eV, respectively, that its presence could provide a barrier
at the Sb,S;—HTM interface for the electrons to travel back
and therefore, reduce the recombination losses. The devices
have shown a significantly enhanced Rgy ~ 1.2 kQ-cm?, an
almost 7-fold increment compared to the bare cells. It may also
be observed that the series resistance (R;) of the P3HT-based
devices has slightly increased compared to the bare cells and
could be due to the additional P3HT layer, which is a
reasonably resistive material. However, due to the enhanced
charge transport and reduced recombination losses owing to
the favorable band alignment, the Vo is significantly increased
and Jsc has not changed hugely despite the higher R,

The solar cells with new HTMs have demonstrated
efficiencies of 4.73, 4.94, and 4.50% for V808, V1385, and
V1386, respectively. Primarily, it is important to note that the
new HTMs have exhibited efficiencies either on par or slightly
higher than the conventional P3HT, which clearly demon-
strates their validation. Another major observation from Figure
4a and Table 2 is that the solar cells with V808, V1385, and
V1386 have yielded considerably higher Jsc, almost close to 14
mA/cm? over the P3HT devices (11.7 mA/cm?). However,
the Vi values of the devices with new HTMs are relatively
lower than that of P3HT devices. As can be seen, the Vi of
solar cells with V808, V1385, and V1386 are 0.63, 0.68, and
0.56, respectively, while the Vo of P3HT-based solar cells is
0.69 V. The band edge positions of new HTMs are compared
with P3HT alongside other device layers as shown in Figure 4b
and it can be observed that all the new HTMs possess the same
VBE at —5.0 eV while that of P3HT is —4.6 eV. For the
transport of photogenerated holes, the VBE of P3HT is in a
favorable position with respect to the Sb,S; absorber compared
to the new HTMs, however, with the back contact (Au) energy
level being —S5.1 eV, the relatively smoother transport of holes
is feasible in solar cells with new HTMs compared to P3HT. In
addition, the CBE positions of new HTMs are —2.1, —2.5, and
—2.7 eV for V808, V1385, and V1386, respectively, compared
to P3HT (—2.7 eV). As may be observed, the interface barrier
at the Sb,S;-HTM interface is larger for new HTMs over
P3HT, which is responsible for electron blocking at the
interface and leads to reduced recombination losses. While the
higher Jsc may be ascribed to the favorable band alignment of
new HTMs, the lower Vi values compared to P3HT are not
as expected especially considering the larger band gap of new
HTMs than P3HT. Particularly, considerably lower Vo (0.56
V) in solar cells with V1386 with a deficiency of almost 100
mV or more compared to other solar cells despite its
reasonably higher mobility is still a question, although it may
be speculated that this is owing to the increase in the number
of thiophene units, the coverage might not be as uniform as
compared to other layers leading to agglomerated conducting
paths that may act as trap centers for photogenerated carriers.
On that note, the wettability of new HTMs alongside P3HT in
their precursor form is explored on the Sb,S; surface. It is
observed that all the HTMs including P3HT have shown
excellent wettability with close to 0° contact angle for new
HTMs and 2° for P3HT. The visual appearance of the samples
upon dropping the precursor droplet onto Sb,S; indicates that
the P3HT drop remains as it is while the new HTM precursor
drop spreads quickly in no time, which shows the relatively

httpsy/doi.org/10.1021/acsaem.2c04097
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Figure 5. Reproducibility box plots of Sb,S; solar cells with P3HT, V808, V1385, and V1386 as HTMs: (a) Efficiency, (b) Vo, (c) Jsc, and (d) fill

factor (FF).

better wettability of new HTMs on the Sb,S; surface.
Therefore, despite possessing better interaction capability
and favorable band edge positions, the solar cells with new
HTMs have either marginally achieved similar Vo as that of
the conventional P3HT or have yielded lower values. In
addition, it is known that mobility plays a crucial role in the
performance of solar cells, but in this study, other factors that
influence the PV parameters might be dominant. One of the
important PV parameters is Vioc and its variation is generally
ascribed to the energy levels, however, as they are quite similar,
the other main aspect could be the interfacial recombination at
Sb,S;-HTM. Now, there might be two sources of recombina-
tion—one is direct contact between the electrode and absorber
layer (microshunts), due to the thinner films (which could
explain lower Voc than P3HT), second—the quality of the
interface between the absorber and HTM. Thiophenes, in
principle, are introduced for the better interface, for e.g,
surface passivation, however, then one would expect the best
performance for V1386. So, a further inspection of the Sb,S;-
HTM interface through advanced characterization techniques
like deep-level transient spectroscopy may be needed to
understand the role of interfacial defects on the performance of
solar cells, and can be explored in future studies.

The cross-sectional images of solar cells with P3HT and new
HTM:s are shown in Figure 4c. While TiO, and Sb,S; have an
almost similar thickness in each case, P3HT is reasonably
thicker (~100 nm) compared to the new HTMs (~25-30
nm). It may be noted that each individual HTM herein is
optimized by its precursor concentration in spin coating to
obtain the best efficient solar cells. Apparently, a thick P3HT is
needed in order to get an efficiency of ~4.7% whereas a
considerably thinner layer of each of the new HTMs is
sufficient to obtain similar or slightly higher efficiencies (4.5—
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4.9%). This proves the fact that the new HTMs, particularly
V808 and V1385, are not only considerably cheaper but also
the required materials consumption is significantly lower,
which warrants the plausible fabrication of Sb,S; solar cells
with efficiencies close to $% at a much cheaper cost. In
addition, for the reproducibility of devices, the statistical box
plots of efficiency, and the associated device parameters are
shown in Figure . As Figure Sa unveils, the efficiency spread is
almost identical in each case with P3HT and new HTMs.
Further, the average efficiencies are also in a similar range in
each of the optimized cases, except for the case of V1386,
which shows a slightly lower efficiency owing to the low V.
Similarly, the trend in Vi, Jsc, and FF is almost the same as
that for the champion numbers with reasonably identical
spreads. The Vi in V1386-based solar cells is considerably
lower while the Jgc in P3HT-solar cells is the lowest and the
FFs range from 0.5 to 0.6 in all the cases. As the statistics
indicate, the high reproducibility of the results is obtained in
the present study.

The normalized external quantum efficiency (EQE) curves
of solar cells with P3HT and new HTM layers are shown in
Figure Ga. In addition, the integrated photocurrent density
(]imgmd) calculated using EQE spectra is also shown and it
can be noted that almost identical Js¢ values are obtained from
EQE data to the values extracted from J—V curves. A pertinent
aspect to be noted is the dip in EQE for solar cells with P3HT
in the range of 500—650 nm, which may be attributed to the
parasitic absorption losses.” When an absorber is thinner or
comparable to the thickness of HTM, the light that gets
transmitted through the absorber gets reflected back from the
back contact and often, the reflected light could be reabsorbed
in the absorber to result in photogenerated carriers. However,
if the HTM is sufficiently thick, then the reflected light gets

https:/doi.org/10.1021/acsaem. 2c04097
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Figure 6. (a) Normalized external quantum efficiency (EQE) curves and the integrated Jsc of Sb,S; solar cells with P3HT, V808, V1385, and
V1386 as HTMs, (b) transmittance curves of glass/FTO, glass/FTO/P3HT, glass/FTO/V808, glass/FTO/V1385 and glass/FTO/V1386, (c)
(absorbance)? vs hv plots of P3HT, V808, V1385, and V1386 for band gap determination, and (d) transmittance curves of the device stack with
P3HT, V808, V1385, and V1386 as HTMs without Au (inset: Respective sample photographs captured with a background showing semi-

transparency).

absorbed in the HTM layer leading to parasitic absorption. In
this study, P3HT is considerably thick and thus exhibits
parasitic absorption while the considerably thinner new HTMS
(V808, V1385, and V1386) does not show any similar dip in
EQE, which could further explain the enhanced ]y values in
the respective solar cells. Optical transmittance studies are
performed for bare P3HT and new V808, V1385, and V1386
HTM layers on glass/FTO substrates, as shown in Figure 6b,
where the absorption by P3HT is corroborated with EQE
results as observed from the dip in transmittance in 400—650
nm region. Further, it may also be observed that the new
HTMs exhibit considerable transparency similar to that of the
glass/FTO substrate. The band gaps of P3HT, V808, V1385,
and V1386 are inferred to be =19, 2.9, 2.5, and 2.3 eV,
respectively, from the plots shown in Figure 6¢ and the
absorption coefficient-based Tauc’s plots in Figure S4, which
ascertains the fact that new HTMs are optically more
transparent in the visible region compared to P3HT. Finally,
the overall transparency of device stacks without top metal
contact is analyzed (see Figure 6d) and the solar weighted
average visible transmittance (AVT) (400—800 nm) of devices
with P3HT, V808, V1385, and V1386 HTMs are determined
to be ~26, 33, 30, and 28%, respectively. In the case of new
HTMs, as the thiophene units increased the band gap
decreased resulting in slightly reduced transparency as
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witnessed from the overall device transmittance. The sample
pictures of glass/FTO/TiO,/Sb,S;/HTM where HTM is
P3HT, V808, V1385, and V1386 are shown with a
background and it may be observed that all the samples
exhibit decent transparency with visibility being the highest for
V808. While all device stacks exhibit reasonably good AVT
values as required for semitransparent applications, the devices
with new HTMs exhibit enhanced transparency, which is due
to their increased transmittance over P3HT. The cost-effective
fluorene-based thiophene-terminated (V808, V1385, V1386)
HTMs are successfully demonstrated in Sb,S; solar cells as
potentially suitable candidates for semitransparent applications
and efforts are underway to increase the PCE of solar cells and
upscaling the devices.

4. CONCLUSIONS

Novel cost-effective and transparent fluorene-based thiophene-
terminated hole transport materials (V808, V1385, and
V1386) are demonstrated, for the first time, in semitransparent
Sb,S; solar cells exhibiting a power conversion efficiency of
4.5-4.9% and an average visible transmittance of 30-33%
(without the metal) in the 400—800 nm range. Solar cells with
the conventional P3HT as HTM have yielded 4.7% efficiency,
however, they have exhibited lower transparency (26%) owing
to parasitic absorption losses in P3HT. The band diagram of

httpsy/doi.org/10.1021/acsaem. 204097
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solar cells with new HTMs and P3HT are compared, which
unveils that new HTMs have exhibited favorable band offset
validating them as effective HTMs for Sb,S; solar cells. The
new HTMs with terminated thiophene units have demon-
strated reasonably improved wettability over conventional
P3HT that could provide better interaction channels for charge
carrier transport thus leading to enhanced current density.
However, a closer inspection of Sb,S;-HTM needs to be
further explored to unravel the interfacial effects as the solar
cells with new HTMs have exhibited reasonably lower Vi
values, particularly in the case of V808 and V1386.
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B ABBREVIATIONS

HTM, hole transport material

V808, N2, N N’ N'-tetrakis(4-methoxyphenyl)-9-(thiophen-
2-ylmethylene)-9H-fluorene-2,7-diamine

V1385, 9-([2,2":5',2" -terthiophen]-S-ylmethylene)-
N2 N, N’,N"-tetrakis(4-methoxyphenyl)-9H-fluorene-2,7-di-
amine

V1386, 9-([2,2'-bithiophen]-5-ylmethylene)-N?N%N",N"-
tetrakis(4-methoxyphenyl)-9H-fluorene-2,7-diamine

P3HT, poly(3-hexylthiophene)

Spiro-OMeTAD, 2,2',7,7'-tetrakis[N,N-di(4-
methoxyphenyl)amino]-9,9’-spirobifluorene

PCPDTBT, poly{4,4-dialkyl-4H-cyclopenta[2,1-b;3,4-b']-
dithiophene-2,6-diyl-alt-2,1,3-benzothiadiazole-4,7-diyl }
AVT, average visible transmittance

DSC, differential scanning calorimetry

TGA, thermal gravimetric analysis

EQE, external quantum efficiency
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S1: Detailed synthesis procedure of V808, V1385 and V1386

Chemicals required for the synthesis were purchased from Sigma-Aldrich and TCI Europe and
used as received without additional purification. 'H NMR and *C NMR spectra were collected at
400 and 101 MHz, respectively on a Bruker Avance III spectrometer. The chemical shifts,
expressed in ppm, were relative to tetramethylsilane (TMS). All the experiments were performed
at 25 °C. Reactions were monitored by thin-layer chromatography on ALUGRAM SIL G/UV254

plates and developed with UV light. Silica gel (grade 9385, 230-400 mesh, 60 A, Aldrich) was
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used for column chromatography. Elemental analysis was performed with an Exeter Analytical

CE-440 elemental analyzer, Model 440 C/H/N.

2-((2,7-dibromo-9H-fluoren-9-ylidene)methyl)thiophene (1)

A mixture of thiophene-2-carbaldehyde (1 g, 9 mmol), 2,7-dibromofluorene (4.37 g, 13.5 mmol),
and toluene (19 mL) was stirred for 10 minutes. Afterwards, NaOH solution (19 mL, 40% W/W)
and tetrabutylammonium bromide (0.67 g, 2 mmol) were added and the reaction mixture was
heated at reflux for 2 hours (TLC control, acetone/n-hexane 1:4). After cooling to room
temperature, the reaction mixture was filtered off and crude crystals were used without any further

purification in the next step. T,, =185-186 °C. Yield 2.9 g (77%).

5-((2,7-dibromo-9H-fluoren-9-ylidene)methyl)-2, 2 -bithiophene (2)

A mixture of [2,2’-bithiophene]-5-carbaldehyde (1 g, 5 mmol), 2,7-dibromofluorene (2.46 g, 7
mmol), and toluene (12 mL) was stirred for 10 minutes. Afterwards, NaOH solution (12 mL, 40%
W/W) and tetrabutylammonium bromide (0.38 g, 1 mmol) were added and the reaction mixture
was heated at reflux for 2 hours (TLC control, acetone/n-hexane 1:4). After cooling to room
temperature, the reaction mixture was filtered off and crude crystals were used without any further

purification in the next step. T, =197-199 °C . Yield 2 g (80%).
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5-((2,7-dibromo-9H-fluoren-9-ylidene)methyl)-2,2’: 5,2’ -terthiophene (3)

A mixture of [2,2’:5,2”’-terthiophene]-5-carbaldehyde (1 g, 3.6 mmol), 2,7-dibromofluorene
(1.75 g, 5.4 mmol), and toluene (10 mL) was stirred for 10 minutes. Afterwards, NaOH solution
(10 mL, 40% W/W) and tetrabutylammonium bromide (0.26 g, 0.08 mmol) were added and the
reaction mixture was heated at reflux for 2 hours (TLC control, acetone/n-hexane 1:4). After
cooling to room temperature, the reaction mixture was filtered off and crude crystals were used

without any further purification in the next step. T, =212.5-214.5 °C . Yield 1.5 g (72%).

4 b

Q OO NQ

N
P Q

N2 N2 N’ N-tetrakis(4-methoxyphenyl)-9- (thiophen-2-ylmethylene)-9H-fluorene-2, 7-diamine

(V808)

A mixture of 2-((2,7-dibromo-9H-fluoren-9-ylidene)methyl)thiophene (1) (0.37 g, 0.9 mmol),
bis(4-methoxyphenyl)amine (0.69 g, 3 mmol), and anhydrous toluene (6 mL) was purged with Ar
for 30 minutes. Afterwards, palladium (II) acetate (0.011 g, 0.05 mmol) and tri-tert-
butylphosphonium tetrafluoroborate (0.03 g, 0.1 mmol) was added and the reaction mixture was
stirred for 10 minutes under argon. Then, sodium zerz-butoxide (0.29 g, 3 mmol) was added and

the mixture was heated at reflux for 8 hours (TLC control, acetone/n-hexane 1:24). After cooling
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to room temperature, the reaction mixture was filtered through celite and extracted with ethyl
acetate. The organic layer was dried over Na,SO,, filtered and the solvent was removed by vacuum
rotary evaporation. The crude product was crystallized from THF/ethanol mixture (1:1, v:v) to
obtain purple crystals. Ty, =192-193 °C (acetone/ethanol, 1:1). Yield 0.55 g (84%).

'H NMR (400 MHz, THF-ds) 8: 7.69 (s, 1H), 7.44 — 7.31 (m, 4H), 7.26 (d, J=5.2 Hz, 1H), 7.09
-6.95 (m, 9H), 6.94 - 6.77 (m, 10H), 6.72 (t, /= 4.0 Hz, 1H), 3.77 (s, 6H), 3.74 (s, 6H).

BC NMR (101 MHz, THF-dy) &: 156.0, 155.7, 147.6, 147.4, 141.6, 141.2, 140.8, 138.8, 137.1,
136.0, 134.4,133.2, 129.1, 127.0, 126.7, 126.2, 125.5, 122.8, 121.2, 119.02, 119.0, 118.6, 117.8,
114.5,114.4,114.3, 54.7, 54.6.

Anal. Caled. For: CyH3gN,0,S: C 77.29; H 5.36; N 3.92; O 8.95; S 4.48; found: C 77.39; H5.31;

N 3.88.

9-([2,2 -bithiophen]-5-ylmethylene)-N°, N°, N7, N'-tetrakis(4-methoxyphenyl)-9H- fluorene-2,7-
diamine (V1385)

A mixture of 5-((2,7-dibromo-9H-fluoren-9-ylidene)methyl)-2,2’-bithiophene (2) (0.35 g, 0.7
mmol), bis(4-methoxyphenyl)amine (0.48 g, 2.1 mmol), and anhydrous toluene (5 mL) was purged
with Ar for 30 minutes. Afterwards, palladium (II) acetate (0.09 g, 0.04 mmol) and tri-zert-
butylphosphonium tetrafluoroborate (0.02 g, 0.08 mmol) was added and the reaction mixture was
stirred for 10 minutes under argon. Then, sodium ferz-butoxide (0.2 g, 2.1 mmol) was added and
the mixture was heated at reflux for 5 hours (TLC control, acetone/n-hexane 1:4). After cooling to

room temperature, the reaction mixture was filtered through celite and extracted with ethyl acetate.
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The organic layer was dried over Na,SO,, filtered and the solvent was removed by vacuum rotary
evaporation. The product was purified by column chromatography (eluent: THF/n-hexane 4:21,
v:v). 20% solution of the final product in acetone was poured with intensive stirring into a 20-fold
excess of ethanol. The precipitate as a brown powder was filtered off and dried. Yield 0.56 g (89%).

TH NMR (400 MHz, Acetone-dg) &: 7.92 (s, 1H), 7.51 — 7.37 (m, 5H), 7.15 — 6.98 (m, 11H),
6.93 (d,J=3.8 Hz, 1H), 6.91 — 6.82 (m, 10H), 3.77 (s, 6H), 3.75 (s, 6H).

BC NMR (101 MHz, Acetone-ds) 8: 156.1, 155.8, 147.8, 147.5, 1414, 141.1, 141.0, 139.1,
137.6, 136.8, 136.5, 135.2, 134.2, 132.8, 131.9, 128.2, 126.5, 125.8, 125.4, 1244, 123.9, 122.7,
121.2,119.6,119.4,118.7,117.3, 114.8, 114.7, 114.1, 54.84, 54.82.

Anal. Calcd. For: CsgHyN,04S,: C 75.35; H 5.06; N 3.51; O 8.03; S 8.05; found: C 75.29; H

5.09; N 3.53.

9-([2,2°:5°,2" -terthiophen]-5-ylmethylene)-N?, N?, N’, N'-tetrakis(4-methoxyphenyl)-9H-
Sfluorene-2, 7-diamine (V1386)

A mixture of 5-((2,7-dibromo-9H-fluoren-9-ylidene)methyl)-2,2’:5,2*’-terthiophene (3) (0.29 g,
0.05 mmol), bis(4-methoxyphenyl)amine (0.46 g, 2 mmol), and anhydrous toluene (4 mL) was
purged with Ar for 30 minutes. Afterwards, palladium (II) acetate (0.007 g, 0.03 mmol) and tri-
tert-butylphosphonium tetrafluoroborate (0.03 g, 0.1 mmol) was added and the reaction mixture
was stirred for 10 minutes under argon. Then, sodium zert-butoxide (0.19 g, 2 mmol) was added
and the mixture was heated at reflux for 8 hours (TLC control, acetone/n-hexane 1:4). After
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cooling to room temperature, the reaction mixture was filtered through celite and extracted with
ethyl acetate. The organic layer was dried over Na,SO,, filtered and the solvent was removed by
vacuum rotary evaporation. The product was purified by column chromatography (eluent: THF/n-
hexane 3:21, v:v). 20% solution of the final product in acetone was poured with intensive stirring
into a 40-fold excess of ethanol. The precipitate as a brown powder was filtered off and dried.
Yield 0.35 g (78%).

'H NMR (400 MHz, DMSO-dg) &: 7.83 (s, 1H), 7.58 — 7.46 (m, 4H), 7.45 - 7.41 (m, 1H), 7.38
(d,J=3.8Hz, 1H), 7.28 (d, /=3.8 Hz, IH), 7.23 (d, /=39 Hz, 1H), 7.15-7.10 (m, 1H), 7.07
(d, J=3.8 Hz, 1H), 7.06 — 7.00 (m, SH), 7.99 —7.93 (m, 4H), 6.93 — 6.86 (i, 8H), 6.80 —6.77
(m, 2H), 3.73 (s, 6H), 3.69 (s, 6H).

BCNMR (101 MHz, DMSO) é: 156.1, 155.5, 147.8, 147.3, 141.5, 141.0, 140.8, 138.5, 137.6,
136.71, 136.7, 136.3, 134.9, 134.4, 133.7, 133.5, 132.9, 129.0, 127.0, 126.5, 126.0, 125.7, 125 5,
125.0,124.8, 123.5,120.4,120.2, 116.5, 1154, 115.3,115.1, 67.5, 55.7, 55.6.

Anal. Calcd. For: Cs4H;N,0,4S5: C 73.78; H4.82; N 3.19; O 7.28; S 10.94; found: C 73.68; H

4.86; N 3.24.
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Novel dopant-free dimers comprising methoxydiphenylamine substituted fluorene derivatives and
connected by central cores consisting of different numbers of thiophene moieties were synthesized and
explored as hole transport materials (HTMs) in Sb,Ss absorber solar cells. Energy level diagrams show
agreeable band offsets validating the compatibility of novel HTMs for the FTO/TiO,/Sb,S;/HTM/Au solar
cell with TiO, and Sb,S; layers deposited by ultrasonic spray. X-ray photoelectron spectroscopy (XPS)
study reveals the Sb 3d core level peak shift upon applying any of the HTMs on Sb,S; indicating an
increased electron density surrounding Sb atoms which refers to the interaction of S from electron-rich
thiophene units with Sb in the absorber at the Sb,Ss/HTM interface. It is demonstrated that application of
HTMs containing diphenylamine units in their side fragments increases the cell open circuit voltage from
478 mV to 673 mV, fill factor from 46% to 56% and conversion efficiency from 19% to 4.5% as
compared to the device without any HTM and the observed improvement can be explained by the
passivation of the interfacial states. In contrast, no enhancement in device performance has been
observed when applying HTMs containing triphenylamine units although strong Sb-S interaction has
been detected at the Sb,Ss/HTM interface. Quantum chemical simulation results suggest that to achieve
enhanced charge selectivity by the organic HTM layer, the HOMO of the HTMs should be formed by the
thiophene groups. Possible phenomena occurring at the Sb,S:/HTM interface are discussed providing
new insights towards understanding the charge transfer at the Sb,S;/HTM interface.
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promising cost-efficient PV materials, such as antimony and
bismuth-based chalcogenides'* and lead-free chalcogenide

1. Introduction

The need for resource saving energy applications in society
requires accelerated development and design of materials and
solar cell devices with a wide set of properties which would
allow an extended application range beyond Si photovoltaics
(PVs). At this scale, for a new PV technology, it is insufficient to
be only competitive with the current established c-Si or CdTe
thin film technologies regarding the performance and stability
but it should also be environmentally friendly and comprise
earth abundant chemical elements. An emerging family of
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perovskites' are currently under investigation in the PV
community. Among these materials, antimony chalcogenides
such as Sb,S;, Sb,Se; and Sb,(S,Se); showed a nascent track
record of rapid performance development, reaching power
conversion efficiencies (PCEs) of 8.0%, 10.57% and 10.75%,
respectively.”” These materials have garnered substantial R&D
efforts within the PV community due to their compelling attri-
butes such as their abundance in nature, environmentally
benign elemental constituents, as well as commendable opto-
electronic characteristics and stability.>** In particular, the
utility of Sb,S; absorbers makes them viable for employment in
semi-transparent solar cells, owing to their band gap of 1.7 eV,
and a high absorption coefficient (10° cm ' at 450 nm). These
advantageous attributes make them particularly well-suited for
integration within tandem cell device configurations and as
solar windows.

In many solar cells, including antimony chalcogenide-based
solar cells, a hole transporting layer (HTL) is utilized to extract
and transport photogenerated charge carriers from the

This journal is © The Royal Society of Chemistry 2024
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absorber layer to the electrode. The HTL also serves as a barrier
layer for electron leakage and as a protective layer to screen the
active layer from oxygen and moisture. The HTL can be made of
inorganic and organic materials. An ideal material for the HTL
should have an excess of holes, high hole mobility, good
thermal stability, low density of defects, high solubility in
a suitable solvent, simple synthesis process and appropriate
band energy alignment with the absorber.’* In general,
organic hole transporting materials (HTMs) like poly(3-hex-
ylthiophene) (P3HT)"** and 2,2’,7,7'-tetrakis[N,N-di(4-methox-
yphenyl)amino}-9,9'-spirobifluorene  (Spiro-OMeTAD)***** or
a combination of them'® are the most commonly employed to
fabricate efficient Sb chalcogenide solar cells, although Spiro-
OMETAD is the most efficient one to date delivering a PCE of
around 10%.”*”** However, both these HTMs possess serious
drawbacks for large-scale applications. P3HT and Spiro-OMe-
TAD are expensive due to their complex and time-consuming
synthesis processes.” In addition, P3HT exhibits parasitic
absorption of light in the visible spectral region, leading to
a decrease in the overall optical transmittance of the solar
cell*320-22 while Spiro-OMeTAD exhibits low values of conduc-
tivity and hole mobility.*® Common additives such as lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) and 4-tert-butyl-
pyridine (TBP) are used to improve the electrical properties of
Spiro-OMeTAD films,* which, in turn, seriously worsen the
stability of the devices. Therefore, the exploration and
advancement of easily synthesizable and dopant-free HTMs is
a challenging task.

It has been demonstrated that fluorene-based enamines
synthesized by a facile condensation reaction are efficient
dopant-free HTMs for high performance perovskite solar cells
yielding a PCE of 17.1% that outperforms the device with
undoped Spiro-OMeTAD exhibiting a PCE of 10.4%.* Fluorene-
based enamines were recently explored as dopant-free HTMs in
Sb,S; solar cells.*?! The devices with new transparent HTMs
exhibited higher PCEs, up to 4.3% compared to 3.8% by the
reference device with P3HT, and ca. 20% higher optical
transparency.**

Novel transparent HTM molecules comprising 4,4'-dime-
thoxydiphenylamine-substituted fluorene fragments, widely
used in organic HTMs, including Spiro-OMeTAD,* and thio-
phene units mimicking P3HT, were synthesized by a simple and
high yield synthesis process.* Thiophene units were added into
the molecule targeting application in antimony chalcogenide
active layer solar cells, as the thiophene could interact with Sb
atoms at the absorber/HTM interface and an improvement in
interfacial properties is expected.”?* In our previous study,
HTMs from fluorene-based molecules with terminated thio-
phene units proved their applicability in Sb,S; solar cells, the
devices demonstrate PCEs of 4.7-4.9% and an average optical
transparency in the visible spectral range of ca. 30%, out-
performing the parameters of the P3HT-based device.*

In this study four new dopant-free HTMs (V1422, V1423,
V1454 and V1455) were synthesized, characterized and explored
in Sb,S; solar cells. The novelty of the study lies in development
and optimization of new HTMs and their evaluation as
prospective charge transport materials in Sb,S; thin film

This journal is © The Royal Society of Chemistry 2024
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devices. The synthesized molecules are dimers containing
diphenylamine units (V1422 and V1423) and triphenylamine
units (V1454 and V1455) in their side fragments. The common
structural feature of all molecules is that the central core
consists of different numbers of thiophene moieties. The
properties of the novel HTMs are thoroughly studied; quantum
chemical calculations are employed to analyze HTM molecular
geometry and determine the Highest Occupied Molecular
Orbital (HOMO) and Lowest Unoccupied Molecular Orbital
(LUMO) positions. The suitability of the synthesized materials
as HTMs in planar Sb,S;-based solar cells is examined. The
solar cell stack comprises glass/FTO/TiO,/Sb,S;/HTM/Au, with
TiO, and the absorber layer deposited through ultrasonic spray
deposition and the HTM layer via spin coating. Various char-
acterization methods applied to the materials, interfaces and
devices provide insights on the functionality of this new family
of dopant-free HTMs for Sb-chalcogenide-based solar cells.

2. Experimental

2.1. Materials

Chemicals required for the synthesis of the HTMs were
purchased from Sigma-Aldrich and TCI Europe and used
without any additional purification. Comprehensive informa-
tion on the synthetic procedures of HTMs is detailed in the
ESL{ For the fabrication of solar cells, the following substances
were used as received: FTO substrate (10 Q sq '), titanium(v)
tetraisopropoxide (TTIP) from Acros Organics (99 wt%), acety-
lacetone from Acros Organics (99 wt%), ethanol from Estonian
Spirit (96.6 vol%), methanol from Sigma-Aldrich (99.9 vol%),
antimony trichloride from Sigma-Aldrich (99.99 wt%), thiourea
from Sigma-Aldrich (99 wt%), chlorobenzene from Sigma-
Aldrich (99.5 vol%), and poly(3-hexylthiophene-2,5-diyl) (P3HT)
from Sigma-Aldrich (regio regular, >90%).

2.2. Methods

2.2.1. Fabrication of the solar cell. Solar cell devices are
fabricated in superstrate configuration (glass/FTO/TiO,/Sb,S;/
HTM/Au) using a similar experimental procedure to that out-
lined in our previous investigations.**** A fluorine-doped tin
oxide (FTO)-coated glass substrate with a sheet resistivity of 10
Qsq " is subjected to a cleaning process, with steps involving
rinsing and boiling in deionized water, followed by drying with
N,. TiO, is deposited using ultrasonic spray pyrolysis (USP) with
substrate temperature maintained at 340 °C and then annealed
(450 °C, 30 min) on a hot plate in air. Similarly, the absorber
Sb,S; is deposited using USP (198 °C) and annealed (250 °C, 5
min) in a N, environment. The HTM powders were dissolved in
chloro-benzene. The V-series HTM solutions in concentrations
of 4, 2,1 and 0.6 mM were spin-coated (3000 rpm, 30 s) on the
absorber at room temperature. For P3HT, 1% wt concentration
is utilized, followed by spin coating (3000 rpm, 30 s). The P3HT
samples undergo an additional activation step at 170 °C for 5
minutes in a nitrogen environment after spin coating. Subse-
quently, a thermal evaporation process is employed to deposit

Sustainable Energy Fuels, 2024, 8, 4324-4334 | 4325
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an 80-100 nm thick gold (Au) back contact using a shadow
mask (contact area - 7.06 mm?).

2.2.2. Characterization of synthesized HTMs and fabri-
cated solar cells. Chemical compositions of the synthesised
HTMs were studied by NMR and MS spectroscopy. 'H NMR and
C NMR spectra were collected at 400 and 101 MHz, respec-
tively on a Bruker Avance III spectrometer. The chemical shifts,
expressed in ppm, were relative to tetramethylsilane (TMS). All
the experiments were performed at 25 °C. Reactions were
monitored by thin-layer chromatography on ALUGRAM SIL G/
UV254 plates and developed with UV light. Silica gel (grade
9385, 230-400 mesh, 60 A, Aldrich) was used for column chro-
matography. Elemental analysis was performed with an Exeter
Analytical CE-440 elemental analyser, Model 440 C/H/N. Ther-
mogravimetric analysis (TGA) was performed on a Q50 ther-
mogravimetric analyser (TA Instruments) at a scan rate of 10 °C
min ' under a nitrogen atmosphere. The values are given for
a weight-loss of 5% (Tys). Differential scanning calorimetry
(DSC) was performed on a TA Instruments Q2000 differential
scanning calorimeter under a nitrogen atmosphere. The heat-
ing and cooling rate was 10 °C min ‘. The UV-vis spectral
analysis of the sample in solution (THF, 10™* mol L") was
performed on a PerkinElmer Lambda 35 UV/VIS spectropho-
tometer. The layer thickness of the solution is d = 1 mm and the
diffraction grating crack width is 2 nm.

The ionization potential (Ip) values of all the functional layers
were measured by the photoelectron yield spectroscopy (PYS)
method. The optical band gap values (E,) of the absorber and
HTM films were calculated from the absorption spectra using
Tauc plots. Additionally, the work function of the Au metal
contacts was measured through a Kelvin probe. The hole drift
mobility of the HTMs was measured utilizing the time-of-flight
(ToF) method. The X-ray diffraction (XRD) pattern of the glass/
FTO/TiO,/Sb,S; stack was measured using a Rigaku Ultima-IV
with a Cu K, source (A = 1.5406 A) in the 26 range of 10-80°.
Micro-Raman spectra were measured at room temperature
using a Horiba Labram HR 800 instrument. The He-Ne laser
intensity was attenuated to 143 mW mm? with a focal area of @ 5
mm. Scanning electron microscopy (SEM) was used to measure
the thickness of the absorber and HTM layers. The instrument
used was a Zeiss HR FESEM Ultra 55 with an electron beam
accelerating voltage of 4 kv.

X-ray photoelectron spectroscopy (XPS) was conducted on
a Thermo Fisher ESCALAB Xi system with a monochromatic Al
Ko.(1486.7 eV) X-ray source, and the studied area had a diameter
of 650 um. The total transmittance and total reflectance spectra
of the two cell stacks - glass/HTM and glass/FTO/TiO,/Sb,S,/
HTM were recorded on an ultraviolet-visible (UV-VIS) spectro-
photometer in the range of 300-1100 nm. The Average Visible
Transmittance (AVT) values for the glass/HTM and glass/FTO/
TiO,/Sb,S;/HTM samples were calculated from the total trans-
mittance spectra in the range of 400-800 nm. The current-
voltage (/-V) characteristics were acquired from a Wavelabs LS-2
LED solar simulator under standard AM1.5G conditions at an
irradiance of 100 mW cm % The measurements were per-
formed at room temperature. The external quantum efficiency
(EQE) spectra were measured using a Newport 69911 system.
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Density Functional Theory (DFT) calculations were performed
using B3LYP functional and the 6-31G(d,p) basis set. The
highest occupied and lowest unoccupied molecular orbitals of
the molecules were calculated for the optimized molecule
geometry of the ground state. All calculations were carried out
with the Gaussian 09W program and graphical representation
was done using the Avogadro program.*

3. Results and discussion

The investigated HTMs can be classified into two distinct
groups, as depicted in Fig. 1a: molecules featuring diphenyl-
amine units in their side fragments (V1422 and V1423) and
molecules containing triphenylamine units (V1454 and V1455).
The common structural feature of both groups is that the
central core consists of different numbers of thiophene moie-
ties. The thermal stability of the HTMs was investigated with the
help of thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC). The data from TGA suggest that the
HTMs decompose in the range of 430-445 °C (Fig. S1, in the
ESIt), exceeding the temperature necessary for both the device
preparation and operation.** Consequently, thiophene linked
fluorene-based dimers with a higher molecular mass and
therefore stronger intramolecular interaction possess higher
decomposition temperatures compared to their monomeric
analogues (391-403 °C).>

DSC measurements indicate that thiophene linked fluorene-
based dimers are molecular glasses, exhibiting glass transition
temperatures (7,) ranging from 148 °C to 175 °C (Fig. S2f),
exceeding that of Spiro-OMeTAD (124 °C)* as well as of their
monomeric analogues.” The thermal characteristics of the
analysed HTMs are presented in Table 1. Comparing the T, of
new HTMs has revealed that the inclusion of triphenylamine
units in HTMs' side fragments (V1454 and V1455) results in an
elevated T,. This increase could be attributed to the higher
molecular mass associated with the additional triphenylamine
units. It is noteworthy that V1455, with a central trithiophene-
based unit and triphenylamine as side fragments, exhibits no
endothermic peaks, suggesting an entirely amorphous state
(Fig. S21). This property is advantageous for the formation of
homogeneous films, eliminating the potential for film crystal-
lization during either device preparation or operation. The
ultraviolet-visible (UV-Vis) absorption spectra of the HTMs
(Fig. S3f) present two prominent absorption peaks at wave-
lengths of 300 and 375 nm, corresponding to the 7-7* transi-
tions of the side chromophores. Notably, the spectra exhibit an
additional peak in the 425-550 nm range, which corresponds to
m-7* transitions, and is attributed to the electron-rich thio-
phene 7 systems. Comparison of the absorption curves of
molecules featuring diphenylamine units in their side frag-
ments (V1422 and V1423) and molecules containing triphenyl-
amine units (V1454 and V1455) has revealed that the latter show
higher absorption. It can be assumed that this is due to the
presence of an additional phenyl fragment in these compounds.
Moreover, comparison of the absorption spectra presented in
Fig. S31 with those reported for monomeric analogues in the
previous study** revealed that the number and positions of

This journal is © The Royal Society of Chemistry 2024
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Fig.1 (a) Chemical structures of synthesised HTMs - V1422, V1423, V1454 and V1455, (b) ionization potential (/). and (c) band gap (E) values
calculated from the absorption spectra using Tauc plots for V1422, V1423, V1454 and V1455 thin films deposited on glass substrates, and (d)

energy band diagram of constituent layers of the solar cell.

absorption peaks remain nearly unchanged, indicating that the
conjugated system of the thiophene linked fluorene-based
dimers is basically unaffected. As presented in Table 1, the
inferred zero-field hole mobilities are 9.86 x 10™7, 1.29 x 10°°,
3.38 x 10°° and 1.85 x 10 em* V' 57! for V1422, V1423,
V1454, and V1455, respectively. Therefore, it can be concluded
that the presence of the additional phenyl ring in the side
diphenyl units of V1454 and V1455 slightly increased the hole
drift mobility.

To understand the energy level alignment of the synthesized
HTMs with that of Sb,S; and the metal back contact, a Photo-
electron Yield Spectroscopy (PYS) technique was employed for
measuring the ionization potential (I) (see Fig. 1b). The HOMO
levels of V1422, V1423, V1454 and V1455 are found to be at
—4.94, —4.94, —5.05 and —5.08 eV relative to the vacuum level,
respectively. Thus, HTMs bearing triphenylamine units (instead
of diphenylamine units) exhibit slightly lower HOMO levels.
The calculated band gap (E,) values for HTMs V1422, V1423,

Table 1 Properties of the synthesized HTMs - V1422, V1423, V1454 and V1455: glass transition temperature (T,), melting temperature (T ), 5%
weight loss temperature (Ts), optical absorption peak position (2,y.), hole drift mobility (uo), band gap energy (E,) and ionization potential (/p)

HTM T, (°C) Tm (°C) Tas (°C) Jabs (nM) o (em* V7's™h) Eg (eV) Ip (eV)
V1422 148 276 430 293, 383, 468 9.86 x 1077 1.87 1.94
V1423 153 — 435 300, 383, 479 1.29 x 10°° 1.90 1.94
V1454 175 307 445 285, 377, 467 3.38 x10°° 1.88 5.05
V1455 172 — 444 286, 377, 480 1.85 x 107° 1.89 5.08

This journal is ©@ The Royal Society of Chemistry 2024
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V1454 and V1455 thin films are 1.87, 1.90, 1.88 and 1.89 eV,
respectively (see Fig. 1c). The energy band diagram is presented
in Fig. 1d and reveals agreeable band offsets conducive to the
photogenerated carrier transport from the absorber to the metal
back contact.

The Sb,S; absorber layer was characterized using XRD and
Raman spectroscopy. Data are presented in Fig. 4, in the ESLY
The XRD results confirmed the presence of a single phase of
orthorhombic Sb,S; (ICDD PDF 01-075-4013) without any
secondary phase.”****** The Raman spectrum shows sharp
peaks at 128, 155, 188, 236, 280, 302, and 312 cm ', which are
characteristic of the crystalline Sb,S; layer.”***** The band gap
of the Sb,S; film was 1.78 eV, as calculated from the absorption
spectra using the Tauc plot (Fig. $4f), which is in line with the
values previously reported for sprayed Sb,S; films.>*****' The
SEM cross-sectional images of solar cells with two HTMs, V1423
and V1454, both deposited from 2 mM solutions, are presented
in Fig. 85, in the ESL The thickness of the Sb,S; absorber layer
was approximately 80 nm.

To study a possible chemical interaction at the Sb,S;/HTM
interface, XPS studies were performed for HTMs on a glass
substrate and Sb,S; solar cell stacks without and with an HTM.
The XPS spectra of Sb,S;/HTM (V1422, V1423, V1454 and V1455)
samples in the Sb 3d region and S 2p region are shown in the
ESI, in Fig. S6 and S7,} respectively. The Sb 3d spectra for Sb,S;
films and Sb,S; covered with a thin layer of V1423 and V1454,
are shown in Fig. 2a and b, respectively. The binding energies
(BEs) of Sb 3d core level peaks in the Sb,S; sample are located at
539.7 eV for Sb 3d;, and 530.3 eV for Sb 3d;,. For the samples
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of Sb,S; with V1423, the BE peak positions are shifted to lower
energy values, to 539.2 eV for Sb 3d;, and to 529.9 eV for Sb
3ds),.

A similar shift in Sb 3d core level peak positions to lower BE
values is also observed for the sample with V1454 as the HTM
(Fig. 2b). The noted shift towards lower binding energy values,
in comparison to pristine Sb,S;, indicates an increased electron
density around the Sb atoms in the absorber. A similar shift in
the Sb 3d core level peak was observed when a dithieno[3,2-
b:20,30-d]pyrrole-cored small molecule (DTPThMe-ThTPA)*
and thiophene-modified quinoxaline core small molecules”
were applied onto the Sb,(S,Se); film.

S 2p core level spectra for Sb,S; films, HTMs (V1423, V1454)
and Sb,S;/HTM samples are shown in Fig. 2c and d. S 2p;,,
peaks for Sb,S; and Sb,S;/V1423 samples are positioned at BEs
of 162.0 and 161.5 eV, respectively (see Fig. 2c). A similar shift of
the S 2p;,, peak towards the lower BE region is observed when
V1454 is applied onto Sb,S; (Fig. 2d). V1454 deposited onto
a glass substrate shows the S 2p;, peak at 162.4 eV, but after
deposition of V1454 onto Sb,S; the S 2p peak of V1454 shifted to
a higher energy region and peaked at a BE of 164.2 eV (see
Fig. 2d and Fig. 7 in the ESI{).

A similar shift of the S 2p peak of thiophene-modified qui-
noxaline core small molecules to higher energies has been
detected when applied to the Sb,(S,Se); layer.*” Interestingly, we
did not detect S 2p peaks characteristic of V1423 in the spec-
trum of the Sb,S,/V1423 stack (Fig. 2c), although the shifts in
the positions of S 2p peak and Sb 3d peak of the Sb,S; were
clearly detected upon application of V1423 onto Sb,S;. The
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Fig.2 XPScore level spectra (a) Sb 3d for Sb,Ss and Sb,S3/V1423, (b) Sb 3d for Sb,S; and Sb,S3/V1454, (c) S 2p for Sb,Ss, V1423 and Sb,S3/V1423,

and (d) S 2p for SbSz, V1454 and Sb,S3/V1454.
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shifts observed in Sb 3d and S 2p peak positions of Sb,S; as well
as in S 2p peak positions of HTMS refer to the interaction
between S atoms from electron-rich thiophene units and Sb
atoms from the Sb-chalcogenide compound which is expected
to improve the interfacial carrier extraction ability.

Solar cells based on Sb,S; were prepared in the superstrate
configuration glass/FTO/TiO,/Sb,S;/HTM/Au (see the sketch in
Fig. 3a and SEM images in Fig. S5, in the ESIf). The systematic
change in the concentration of V-series HTM solutions (4, 2, 1,
0.6 mM) was studied. The resulting output parameters are
presented in Table S1, in the ESLf Solar cells fabricated with 2
mM solutions showed the highest performance, independent of
the HTM used. The current-voltage (/-V) characteristics of the
best performing devices using 2 mM HTM solutions are pre-
sented in Fig. 3b, and the cell output parameters are summa-
rized in Table 2. The reference device, lacking an HTM, yielded
a Vo of 478 mV, Jsc of 8.7 mA cm™ 2, FF of 0.46, and a PCE of
1.9%. Introduction of V1422 and V1423 as HTMs resulted in
open circuit voltages of 656 and 673 mV, respectively. On
application of HTMs, also other solar cell parameters improved

Sustainable Energy & Fuels

as compared to the cells without an HTM. In the case of the cell
with V1423, Jsc improved from 9.0 to 12.1 mA em %, FF from
0.46 to 0.56 and PCE from 1.9 to 4.5%. Therefore, the utilization
of HTMs - V1422 and V1423 substantially mitigates carrier
recombination at the back interface, leading to improved
carrier collection. Notably, the device with the HTM - V1423
yielded device output characteristics comparable to those
employing P3HT. In contrast, solar cell devices with V1454 and
V1455, having triphenylamine side fragments, yielded Vi
values of 439 and 437 mV, respectively. As compared to the solar
cell without any HTM, there was no improvement in Vo values.
In addition, an increase in series resistance (Rs) values and
a decrease in Jsc, FF and overall PCE was recorded (Fig. 3b and
Table 2). High Rs values up to ca. 5 Q@ em” in solar cells could
result from an excessively thick layer. For the purpose of
reducing the HTM layer thickness, solar cells were fabricated
with diluted HTM solutions. The concentration of HTM solu-
tions was decreased from 2 mM to 0.6 mM. However, no notable
improvement in solar cell parameters was observed, as detailed
in the ESI, Table S1.f The external quantum efficiency (EQE)
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Fig. 3 (a) Schematic of the Sb,S; absorber solar cell (glass/FTO/TiO,/Sb,Ss/HTM/Au) fabricated in the superstrate configuration, (b) J-V
characteristics, (c) external quantum efficiency (EQE) curves with the calculated integrated Js¢ curves of the champion solar cells without (w/o)
the HTM and with different HTMs (P3HT, V1422, V1423, V1454 and V1455). Box plots of Sb,S; solar cells without any HTM (Sb,S3/Au) and with
P3HT, V1422, V1423, V1454 and V1455 as HTMs: (d) Vo, (e) Jsc, (f) fill factor (FF), (g) PCE, (h) series resistance (Rs), and (i) shunt resistance (Rgp).
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Table2 Key performance metrics of champion Sb,S; solar cells without (w/o) any HTM and with HTMs (V1422, V1423, V1454, V1455 and P3HT)

HTM  HIMconc. (mgmL™")  Voc(mV) Joc (mAcem™?)  Integrated Jsc (mAem™?)  FF (%) PCE (%) Rs(Qem®) Ry (Qcm?)
w/o — 478 8.7 9.0 46 1.9 B 5 & 514

V1422 2mM 656 9.7 9.9 43 3.9 1.7 436

V1423 2mM 673 12.1 12.0 56 4.5 1.3 1005

V1454 2mM 439 5.7 6.8 35 0.8 2.7 192

V1455 2mM 437 6.1 71 33 0.7 4.9 198

P3HT 1 wt% 689 12.2 12.2 55 4.7 1.8 526

graphs of the champion devices without any HTM and with
different HTM layers are presented in Fig. 3c. It should be noted
that the integrated /s, calculated based on EQE spectra, closely
correspond to the values obtained from the J-V curves (see Table
2). A dip in the spectral response in the case of the device with
P3HT can be seen in the range of 550-650 nm, which is
attributed to its parasitic absorption losses.**** Normalized EQE
curves of the devices with investigated HTMs are presented in
the ESI, in Fig. S9.f The concavity in the EQE curve is less
pronounced in the case of samples with V-series HTMs. All
investigated HTMs have a similar band gap, within the range of
1.8-1.9 eV. However, the V-series HTM layers were considerably
thinner, approximately 20-25 nm, in contrast to P3HT, with
a thickness of about 80-100 nm. Thus, devices with V-series
HTMs show an average visible transmittance (AVT) of 24-26%
compared to 21% by the P3HT-based device (see Fig. $10 in the
ESIf). A statistical representation (i.e., box plots) of solar cell
parameters of the fabricated cells without any HTM and with
investigated HTMs (Fig. 3d-i) refers to high reproducibility of
the results.

Although the interaction between the S atom from the
thiophene unit and Sb from Sb,S; has been noted in all inter-
faces with V-series HTMs, only the use of V1422 and V1423 as
HTMs led to an increase in the open-circuit voltage (Vo) of up
to 650-670 mV. Furthermore, only the application of V1423 in
the solar cell structure resulted in fill factor values of up to 56%,
leading to conversion efficiencies exceeding 4% (see box-plot, in
Fig. 3), which is very close to that obtained using P3HT as the
HTM. Our results show that V1423, a dimer molecule with three
thiophene units in its structure is the most efficient one in this
family of novel HTMs. The application of V1454 and V1455 as
HTM layers did not reduce the interface recombination or
improve the carrier collection. Vo remains on the level of 400
mV comparable to the cells without the HTM, fill factor values
are low and vary in the region 30-35%. The current density is ca.
two times lower as compared to the cell with V1423 and the
solar cell exhibits a high Ry value of ca. 5 Q em?® (Fig. 3d-i).
Consequently, the solar cell conversion efficiencies are below
1%, that is two times lower than that recorded for the cells
without any HTM.

As stated above, the interaction of S from the thiophene unit
with Sb from Sb,S; at the absorber surface may explain the
improvement of the Vo and overall solar cell parameters via
passivation of the interfacial states. Although such a mecha-
nism is validated by the enhanced V¢ in V1422 and V1423-
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based devices, the abrupt decrease in the Vo and overall
performance of V1454 and V1455-based cells indicate that there
might be another concomitant phenomenon which prevails or
compensates the benefit of thiophene-based interactions. A
possible explanation for the low Vo. and PCE of V1454 and
V1455-based cells, can be linked to the dipole effects at the
absorber/HTM interface. As demonstrated in organic solar cells,
insertion of organic materials between the photoactive absorber
layer and electrodes can be an efficient approach for manipu-
lation of the electric potential distribution by dipole moments
at the electrode surface.** Several experimental and numerical
simulation studies reported that the dipoles at the back/front
interfaces have to be aligned in such a way that it allows accu-
mulation of high hole concentration at the vicinity of hole
contact and high electron density at the vicinity of electron
contact.*** The efficiency of photogenerated charge carrier
separation (and thus, improved charge selectivity) is influenced
by the specific arrangement of the molecules and the orienta-
tion of the permanent dipole moment. Thus, in some cases,
depending on the angular configuration and molecular
arrangement, the organic molecules can act as hole or electron
selective layers. For example, Kippelen et al., demonstrated that
the HTM - PEDOT:PSS can be easily altered to a well-function-
alized electron transport layer by complexation with poly-
ethylenimine ethoxylated (PEIE) molecules.*”

Considering these approaches, it can be assumed that in
V1454 and V1455 based solar cell devices, the additional phenyl
fragment in the HTMs reconfigured the angular and molecular
arrangement resulting in unsuitable alignment in the orienta-
tion of the dipoles at the back interface. As a consequence, this
imposes an increase of an “incorrect” type of charge carrier
concentration in the vicinity of the metal back contact (ie.,
electron proximity of the Hall contact), decreasing the Vo and
deteriorating the overall device performance. Validation of this
hypothesis can be assured by in-depth analysis of the changes
in the work function of the contact electrode in proximity of the
HTM. This approach would imply complex correlative
measurements of Kelvin-probe AFM and UPS combined with
numerical simulations which has been applied in organic solar
cells** and remains a great challenge for the emerging Sb,S;/
HTM interface.

The anomalous low performance of V1454 and V1455-based
cells can be approached from a different angle - by analysing
the molecular geometry and orbitals and correspondingly, the
positions of the Highest Occupied Molecular Orbital (HOMO)

This journal is © The Royal Society of Chemistry 2024
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and Lowest Unoccupied Molecular Orbital (LUMO) of V1422 (a
representative of molecules with diphenylamine units in their
structures) and V1454 (a representative of molecules with tri-
phenylamine units in their structures) from quantum chemical
simulation. Fig. 4 presents the optimized geometry of HTM
compound molecules of V1422 and V1454, and their HOMO
and LUMO.

The result of the simulation shows that HOMO levels of both
V1454 and V1422 are formed by fluorene and benzene rings,
while LUMO is primarily located on the thiophene groups. In
addition to this HOMO-LUMO configuration, compared to
V1422 (having a nonplanar orientation of fluorene in relation to
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arrangement of fluorene groups relative to the thiophene
groups. The latter effect allows a greater accessibility of the
thiophene moieties in V1454 and consequently, a stronger
interaction between S atoms in the thiophene group and Sb
from Sb,S;. This strong interaction is highlighted by the
observed shift of the V1454 S 2p;,, peak towards the higher BE
region when applied onto Sb,S; (Fig. 2d, XPS analysis).
However, this strong interaction does not result in an improved
charge carrier transport through the interface since the HOMO
level is not located on thiophene moieties and thus the condi-
tion for the accumulation of the “right” type of charge carrier
(i.e., holes) at the back interface is not satisfied. Thus, the

the thiophene groups), V1454 exhibits more planar quantum chemical simulation results suggest that to achieve
V1422 V1454
Top View
a) Molecular
geometry
Side View
b) HOMO
c) Lmo

Fig.4 (a) Optimized geometry of HTM molecules - V1422 and V1454 in top and side views, (b) highest occupied molecular orbital (HOMO) in
HTMs - V1422 (left) and V1454 (right), (c) lowest unoccupied molecular orbital (LUMO) in HTMs - V1422 (left) and V1454 (right). Colors used for

atoms: gray - C, white = H, yellow - S, red = O and blue - N.
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higher efficiency of photogenerated charge carrier separation
and improved charge selectivity by an organic HTM layer, the
HOMO of the HTMs should be formed by the thiophene groups.
Although this hypothesis may interfere with other requirements
for the alignment of the electronic states at the organic/inor-
ganic interfaces, these results lay a solid foundation for further
investigations and understanding the charge transfer kinetics
at the Sb,S;/HTM interface.

4. Conclusion

Four dopant-free dimers (V1422, V1423, V1454, V1455)
comprising methoxydiphenylamine substituted fluorene deriv-
atives and connected by central cores consisting of different
numbers of thiophene moieties were synthesized by a solution
chemical route. Synthesized organic semiconductors are
molecular glasses, exhibiting glass transition and thermal
decomposition temperatures of 148-175 °C and 430-445 °C,
respectively and having an energy band gap of 1.9 eV and
ionization potential of 4.9-5.1 eV. Synthesized organic semi-
conductors were explored, for the first time, as HTMs in
superstrate configuration FTO/TiO,/Sb,S,/HTM/Au solar cells in
which the Sb,S; absorber and TiO, layers were deposited by the
ultrasonic spray method while HTM layers were obtained by
spin-coating. Energy level diagrams demonstrate agreeable
band offsets validating the applicability of the synthesized
materials as efficient HTMs in an FTO/TiO,/Sb,S;/HTM/Au
device. It has been shown that application of the HTM layer on
top of the Sb,S; layer induces a shift in the Sb 3d core level peak
to lower binding energies, indicating increased electron density
surrounding the Sb atoms. Such a shift confirms the interaction
between S atoms from thiophene units and Sb atoms from the
absorber occurring at the Sb,S;/HTM interface. By introducing
HTMs comprising diphenylamine units in their structures
(V1422, V1423) into the solar cell structure, an increase in the
device output characteristics compared to the device without an
HTM layer was observed. The highest boost in device perfor-
mance was observed for V1423-based cells, exhibiting an
increase of the Vi from 478 mV to 673 mV, fill factor from 46%
to 56%, and PCE from 1.9% to 4.5%.

Thus, it can be concluded that this type of HTM effectively
mitigates carrier recombination at the back interface, and
contributes to better collection of carriers. The application of
V1454 and V1455 (molecules with triphenylamine units in their
structures) as HTM layers did not improve the device parame-
ters as the Vo remained on the level of 430 mV (comparable to
the cells without HTMs) while the fill factor values reached the
lowest level of 30-35%. For the same cells, the Jsc values were
two times lower compared to the cells with V1423 and the PCEs
of solar cells were below 1% - two times lower than those
recorded for the cells without any HTM. The abrupt decrease in
the Vo, Jsc and overall performance of V1454 and V1455-based
cells indicates the presence of a concomitant phenomenon
which prevails or compensates the benefit of thiophene-based
interactions. Possible phenomena occurring at the Sb,S;/HTM
interface were discussed through the prism of correlation
between the efficiency of the charge transfer/charger selectivity
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and final device performance, including possible impacts of the
dipole effect as well as a prospective analysis from the quantum
chemical simulation side. The results of quantum chemical
simulation suggest that to achieve higher efficiency of photo-
generated charge carrier separation and improved charge
selectivity by the organic HTM layer, the HOMO of the HTMs
should be configured by the thiophene groups. So far, the
results of this study provide new perspectives on the chemical
and physical understanding of Sb,S,/HTM organic/inorganic
interfaces towards the identification of suitable innovative
HTMs which would allow a significant boost in the efficiency of
the emerging Sb-chalcogenide thin film PV technology.
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General

Chemicals required for the synthesis were purchased from Sigma-Aldrich and TCl Europe and used as
received without additional purification. *H NMR and *3C NMR spectra were collected at 400 and 101
MHz, respectively on a Bruker Avance Il spectrometer. The chemical shifts, expressed in ppm, were
relative to tetramethylsilane (TMS). All the experiments were performed at 25 °C. Reactions were
monitored by thin-layer chromatography on ALUGRAM SIL G/UV254 plates and developed with UV
light. Silica gel (grade 9385, 230-400 mesh, 60 A, Aldrich) was used for column chromatography.
Elemental analysis was performed with an Exeter Analytical CE-440 elemental analyzer, Model 440
C/H/N.

Thermogravimetric analysis (TGA) was performed on a Q50 thermogravimetric analyser (TA
Instruments) at a scan rate of 10 °C min™ under nitrogen atmosphere. The values are given for a
weight-loss of 5% (Tys). Differential scanning calorimetry (DSC) was performed on a TA Instruments
Q2000 differential scanning calorimeter under nitrogen atmosphere. Heating and cooling rate is 10 °C
min~i,

UV-vis spectral analysis of the sample in solution (THF, 10 mol L) was performed on a Perkin
Elmer Lambda 35 UV/VIS spectrophotometer. The layer thickness of the solution is d = 1 mm.
Diffraction grating crack width is 2 nm. Spectral recording speed is 2 nm s™%. The wavelength A is given

in nm.

V1422 and V1423 containing diphenylamine chromophores were obtained through palladium cross-

coupling reactions connecting the central dithiophene or trithiophene-based fluorenylidene-
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terminated unit with 4,4’-dimetoxydiphenylamine (Scheme 1). New p-type photoconductors - V1454
and V1455 with triphenylamine side fragments were obtained under Suzuki coupling reaction
conditions (Scheme 1). The starting compounds 1 and 2 were synthesized by a condensation reaction

of 2,7-dibromofluorene with corresponding thiophene dicarbaldehyde catalyzed by a base.

Pd(OAc),, NaOtBu, ’ Q
[(+Bu); PH]BF, O

B:uluene,A @ @0 0@, @

toluene/THF, A

&
Pd(PPhy),, 2N K, CO;, O 2 O
& S

Boa gy

V1454, V1455

1, V1422, VId54: Q =~ SyA DS 5 2, V1423, V1455 Q= Sy A DS,

Scheme 1. Synthesis route to the HTMs V1422, V1423, V1454, and V1455.

Detailed synthetic procedures

NaOH 40%, )

(n -Bu),N'Br-
Br Bl )r& Toluene A R

Scheme S1. Synthesis of the intermediates 1, 2.

Detailed synthetic procedures
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5,5’-Bis[(2,7-dibromo-9H-fluoren-9-ylidene)methyl]-2,2’-bithiophene (1)

A mixture of [2,2’-bithiophene]-5,5’-dicarbaldehyde (0.5 g, 2 mmol), 2,7-dibromofluorene (1.62 g, 5
mmol), and toluene (10 mL) was stirred for 10 minutes. Afterwards, NaOH solution (10 mL, 40% W/W)
and tetrabutylammonium bromide (0.25 g, 0.76 mmol) were added and the reaction mixture was
heated at reflux for 4 hours (TLC control, acetone/n-hexane 1:1.5). After cooling to room temperature,
the reaction mixture was filtered off and crude crystals were washed with water, ethanol and ethyl
acetate to obtain terracotta crystals (M, =326-327 °C). Yield 1.1 g (66%). In the next step crude crystals

were used without any further purification.

5,5”-Bis[(2,7-dibromo-9H-fluoren-9-ylidene)methyl]-2,2’:5,2”’-terthiophene (2)

A mixture of [2,2":5,2"-terthiophene]-5,5"’-dicarbaldehyde (0.5 g, 1.6 mmol), 2,7-dibromofluorene (1.3
g, 4 mmol), and toluene (9 mL) was stirred for 10 minutes. Afterwards, NaOH solution (9 mL, 40% W/W)
and tetrabutylammonium bromide (0.2 g, 0.06 mmol) were added and the reaction mixture was
heated at reflux for 4 hours (TLC control, acetone/n-hexane 1:1.5). After cooling to room temperature,
the reaction mixture was filtered off and crude crystals were washed with water, ethanol and ethyl
acetate to obtain dark red crystals. Yield 1 g (69%). In the next step crude crystals were used without
any further purification.

9,9’-[(2,2’-Bithiophene)-5,5’-diylbis(methanylylidene)]bis[ N2, N2, N7, N’-tetrakis(4-methoxyphenyl)-
9H-fluorene-2,7-diamine] (V1422)
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A mixture of 5,5’-bis((2,7-dibromo-9H-fluoren-9-ylidene)methyl)-2,2’-bithiophene (1) (0.45 g, 0.5
mmol), bis(4-methoxyphenyl)amine (0.69 g, 3 mmol), and anhydrous toluene (6 mL) was purged with
Ar for 30 minutes. Afterwards, palladium (ll) acetate (0.007 g, 0.03 mmol) and tri-tert-
butylphosphonium tetrafluoroborate (0.017 g, 0.06 mmol) was added and the reaction mixture was
stirred for 10 minutes under argon. Then, sodium tert-butoxide (0.29 g, 3 mmol) was added and the
mixture was heated at reflux for 5 hours (TLC control, acetone/n-hexane 1:4). After cooling to room
temperature, the reaction mixture was filtered through celite and extracted with ethyl acetate.
Organic layer was dried over Na,SO,, filtered and the solvent was removed by vacuum rotary
evaporation. The product was purified by column chromatography (eluent: THF/n-hexane 7:18, v:v).
The crude product was recrystallized from toluene to obtain brown crystals. Yield 0.5 g (70%). M, =
273-274 °C.

H NMR (400 MHz, CDCl;) &: 7.85 (s, 2H), 7.57 = 6.52 (m, 48H), 3.79 (s, 12H), 3.70 (s, 12H).

13CNMR (101 MHz, CDCl;) 6: 138.6, 138.3,136.9, 135.1, 132.8,132.2, 131.2, 130.7, 130.3, 129.7, 129.1,
128.3,125.8,124.3, 124.0, 123.8, 123.5, 119.6, 119.4, 118.6, 118.4, 118.3, 115.3, 114.9, 114.6, 114.4,
114.2, 114.0, 55.52, 55.5.

Anal. Calcd. For: C4,H,,N,05S,: C 77.40; H5.22; N 3.92; 0 8.96; S 4.49; found: C 77.35; H 5.26; N 3.89.

9,9’-[(2,2’:5’,2”-Terthiophene)-5,5’-diylbis(methanylylidene) ]bis[N2, N2, N7, N”-tetrakis(4-
methoxyphenyl)-9H-fluorene-2,7-diamine] (V1423)
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=0
A mixture of 5,5"-bis((2,7-dibromo-9H-fluoren-9-ylidene)methyl)-2,2’:5,2"”"-terthiophene (2) (0.45 g,
0.5 mmol), bis(4-methoxyphenyl)amine (0.69 g, 3 mmol), and anhydrous toluene (6 mL) was purged
with Ar for 30 minutes. Afterwards, palladium (Il) acetate (0.007 g, 0.03 mmol) and tri-tert-
butylphosphonium tetrafluoroborate (0.017 g, 0.06 mmol) was added and the reaction mixture was
stirred for 10 minutes under argon. Then, sodium tert-butoxide (0.29 g, 3 mmol) was added and the
mixture was heated at reflux for 5 hours (TLC control, acetone/n-hexane 1:4). After cooling to room
temperature, the reaction mixture was filtered through celite and extracted with ethyl acetate.
Organic layer was dried over Na,SO,, filtered and the solvent was removed by vacuum rotary
evaporation. The product was purified by column chromatography (eluent: THF/n-hexane 9:16, v:v).
20% solution of the final product in THF was poured with intensive stirring into a 15-fold excess of
ethanol. The precipitate as a red powder was filtered off, washed with ethanol, and dried. Yield 0.48 g
(64%).
IH NMR (400 MHz, CDCl;) &6: 7.83 (s, 2H), 7.59-6.32 (m, 50H), 3.79 (s, 12H), 3.75 (s, 12H).
3CNMR (101 MHz, CDCl3) 6:151.1, 141.0, 140.8, 138.6, 138.1, 137.0, 136.2, 135.6, 134.9, 131.0, 125.0,
123.9,119.2,118.4, 118.3,118.2,114.8,114.7, 114.6,114.2, 113.8,103.6, 77.4,77.0, 76.7, 55.5, 55.48.
Anal. Calcd. For: CosH76N405S3: C 76.37; H5.07; N 3.71; 0 8.48; S 6.37; found: C 76.29; H 5.09; N 3.75.

4,4’,4” 4" -(([2,2’-bithiophene]-5,5’-diylbis(methanylylidene))bis(9H-fluorene-2,7-diyl-9-
ylidene))tetrakis(N, N-bis(4-methoxyphenyl)aniline) (V1454)
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A mixture of 5,5’-bis((2,7-dibromo-9H-fluoren-9-ylidene)methyl)-2,2’-bithiophene (1) (0.5 g, 0.6
mmol), 4-methoxy-N-(4-methoxyphenyl)-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)aniline (2.6 g, 6 mmol), and anhydrous toluene/THF (16.6 mL/33.4 mL) was purged with Ar
for 20 minutes. Afterwards, tetrakis(triphenylphosphine)palladium (0.8 g, 0.7 mmol) and 2M K,CO,
solution (20 mL) was added, and the reaction mixture was heated at 90 °C for 24 hours (TLC control,
THF/n-hexane 1:1). After cooling to room temperature, the reaction mixture was filtered through celite
and extracted with ethyl acetate. Organic layer was dried over Na,SO,, filtered and the solvent was
removed by vacuum rotary evaporation. The product was purified by column chromatography (eluent:
THF/n-hexane 11:14, v:v). The crude product was recrystallized from toluene to obtain wine red
crystals. Yield 0.5 g (48%). M, = 295-296 °C.

H NMR (400 MHz, CDCl,) 6: 8.50 (s, 2H), 7.80 (s, 2H), 7.62 (t, J = 9.0 Hz, 4H), 7.55 — 7.41 (m, 10H), 7.40
—7.28 (m, 6H), 7.19 — 6.76 (m, 34H), 6.69 (d, J = 8.2 Hz, 8H), 3.78 (s, 12H), 3.61 (s, 12H).

13C NMR (101 MHz, CDCl5) 6: 155.9, 141.0, 140.7, 140.6, 139.6, 139.4, 139.2, 139.0, 138.9, 137.3, 136.9,
136.2,131.4,127.5,127.3, 126.6, 124.5, 122.7, 120.9, 120.4, 120.0, 115.8, 118.4, 118.2, 114.7, 114.6,
55.5, 55.4.

Anal. Calcd. For: Cy36HsoN4OsS,: C 80.44; H 5.24; N 3.23; O 7.39; S 3.70; found: C 80.40; H 5.26; N 3.24.

4.4',4”,4"-(([2,2’:5’,2"-terthiophene]-5,5”-diylbis(methanylylidene))bis(9H-fluorene-2,7-diyl-9-
ylidene))tetrakis(N, N-bis(4-methoxyphenyl)aniline) (V1455)

A mixture of 5,5”’-bis((2,7-dibromo-9H-fluoren-9-ylidene)methyl)-2,2’:5,2"’-terthiophene (2) (0.5 g, 0.5
mmol), 4-methoxy-N-(4-methoxyphenyl)-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)aniline (2.2 g, 5 mmol), and anhydrous toluene/THF (16.6 mL/33.4 mL) was purged with Ar
for 20 minutes. Afterwards, tetrakis(triphenylphosphine)palladium (0.7 g, 0.6 mmol) and 2M K,CO,
solution (20 mL) was added, and the reaction mixture was heated at 90 °C for 24 hours (TLC control,

THF/n-hexane 11:14). After cooling to room temperature, the reaction mixture was filtered through

6
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celite and extracted with ethyl acetate. Organic layer was dried over Na,SO,, filtered and the solvent
was removed by vacuum rotary evaporation. The product was purified by column chromatography
(eluent: THF/n-hexane 11:14, v:v). 20% solution of the final product in THF was poured with intensive
stirring into a 15-fold excess of ethanol. The precipitate as a dark red powder was filtered off, washed
with ethanol, and dried. Yield 0.4 g (42%).

H NMR (400 MHz, CDCL,) 8: 8.57 (s, 2H), 7.79 (s, 2H), 7.63 (dd, J = 13.4, 13.5 Hz, 4H), 7.54 — 7.37 (m,
14H), 7.35 (d, J = 3.7 Hz, 2H), 7.12 -6.91 (m, 28H), 6.83 (d, J = 8.5 Hz, 8H), 6.76 (d, J = 8.5 Hz, 8H), 3.78
(s, 12H), 3.69 (s, 12H).

13C NMR (101 MHz, CDCl5) 6:156.0, 148.1, 140.9, 140.7, 139.6, 139.5, 139.2, 139.0, 138.5, 137.2, 136.9,
136.4,135.7, 133.4, 133.0, 131.6, 127.5, 127.3, 126.9, 126.8, 126.6, 125.0, 124.1, 122.6, 120.9, 120.8,
120.0, 119.8, 118.5, 118.2, 114.7, 55.5, 55.45.

Anal. Calcd. For: C150Hs,N4OsS;: € 79.44; H 5.11; N 3.09; O 7.05; S 5.30; found: C 79.40; H 5.16; N 3.06.
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»Efektyvios bei tvarios kriivius transportuojancios
molekulés energijg taupancioms technologijoms
(SMARTMOLECULES)®, jaunesnioji mokslo
darbuotoja.

Kauno technologijos universitetas, projektas
,»Tandeminiy perovskito-silicio moduliy gamybos
pramoniniu mastu bandomoji linija
(PEPPERONI)*, jaunesnioji mokslo darbuotoja.
Kauno technologijos universitetas, projektas
,,Padidinto stabilumo bei taikomumo
perovskitiniai saulés elementai (VALHALLA)®,
jaunesnioji mokslo darbuotoja.

Kauno technologijos universitetas, projektas
»Racionaliai sukurti ploni kontaktiniai sluoksniai,
jgalinantys  didelio ploto  perovskity/silicio
tandeminiy saulés elementy gamyba
(RADICALS)", jaunesnioji mokslo darbuotoja.
Kauno technologijos universitetas, projektas
»Misijomis gristy mokslo ir inovacijy programy
jgyvendinimas®, jaunesnioji mokslo darbuotoja.


mailto:aiste.ilciukaite@ktu.lt

2024-09-02—dabar Kauno technologijos universitetas, projektas

»lechnologiniy ir fiziniy moksly ekscelencijos
centras (TiFEC)®, jaunesnioji mokslo darbuotoja.

Mokslinis darbas:

2019

2019-2020

2017—dabar

Lietuvos mokslo tarybos remiami studenty vasaros
praktikos tyrimai.

Lietuvos mokslo tarybos remiama studenty
mokslin¢ praktika.

Tiriamasis darbas prof. dr. Vytauto Getaucio
mokslingje grupéje: organiniy puslaidininkiy,
kurie gali biiti panaudoti hibridinéms saulés
celéms, sintezé ir tyrimy analizé.

Visuomeniné veikla:

2025

2024

2024

2024

2024

2024

2023

2022

Apdovanojimai:
2020

Vilkaviskio Ausros gimnazijoje skaitytas praneSimas ,,Nuo
mokyklos suolo iki moksliniy atradimy: kelias j saulés
elementy tyrimus® ir demonstruoti saulés elementy
konstravimo eksperimentai.

Kauno Santaros gimnazijoje vesta pamoka ,,Saulés energija —
kova su klimato kaita“ ir demonstruoti saulés elementy
konstravimo eksperimentai.

Kauno r. Karmélavos Balio Bura¢o gimnazijos Ramuciy
skyriuje vesta pamoka ,,Saulés energija — kova su klimato
kaita“ ir demonstruoti saulés elementy konstravimo
eksperimentai.

Kauno r. Karmélavos Balio Bura¢o gimnazijoje vesta pamoka
»Saulés energija — kova su klimato kaita” ir demonstruoti
saulés elementy konstravimo eksperimentai.

Prieny r. Jiezno gimnazijoje vesta pamoka ,,Saulés energija —
kova su klimato kaita“ ir demonstruoti saulés elementy
konstravimo eksperimentai.

Prezidentiiroje Zaliyjy idéjy mugéje pristatyti hibridiniai
saulés elementai ir demonstruoti saulés elementy konstravimo
eksperimentai.

Sal¢ininky mokykly mokiniams vestos paskaitos ir
demonstruoti saulés elementy konstravimo eksperimentai.
Vasky miestelio mokykly mokiniams vestos paskaitos ir
demonstruoti saulés elementy konstravimo eksperimentai.

10-osios jaunyjy mokslininky konferencijos
,Fizikiniy ir technologijos moksly tarpdalykiniai
tyrimai‘ 3 vietos laureaté.
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Stipendijos:

2020 INFOBALT vardiné stipendija.
2024 Lietuvos mokslo tarybos finansuojama parama

doktorantams uz studijy rezultatus.
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Prospective Hole Transport Materials for Sb.S;z solar cells // Sustainable
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Mokslinés konferencijos:

1.

Synthesis and properties of enamine based hole transporting materials
containing oxygroups : stendinis praneSimas // Open readings 2019: 62nd
international conference for students of physics and natural sciences, Kovo
19-22, 2019 Vilnius, Lietuva.

Oksi- ir metoksigrupes turin¢iy enaminy sintezé ir savybés: Zodinis
praneSimas // Respublikinés studenty mokslinés konferencijos ,,Chemija ir
cheminé technologija 2019%, Geguzés 17, 2019, Vilnius, Lietuva.

New fluorene-based hole transporting organic semiconductors for efficient
hybrid solar cells: stendinis prane$imas // Lithuania-Poland workshop on
physics and technology, Rugséjo 26-27, 2019, Vilnius, Lietuva.

New fluorene derivatives as positive charge carriers for efficient perovskite
solar cells: stendinis pranesimas // Open readings 2020: 63rd international
conference for students of physics and natural sciences, Kovo 17-20,
Vilnius, Lietuva.

Teigiamus kravininkus transportuojantys keturis karbazolilchromoforus
turintys fluoreno dariniai efektyviems perovskitiniams saulés elementams:
zodinis pranesSimas // Studenty moksliniai tyrimai 2019/2020, Rugséjo 29,
2020, Vilnius, Lietuva.

New fluorene derivatives as hole transporting materials for efficient
perovskite solar cells: stendinis praneSimas // Functional materials and
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nanotechnologies: [13th international conference], FM&NT-2020: virtualus
renginys. Lapkri¢io 23-26, 2020, Vilnius, Lietuva.

Fluoreno klasés puslaidininkiai efektyviems hibridiniams saulés
elementams: Zodinis praneSimas // Fiziniy ir technologijos moksly
tarpdalykiniai tyrimai: 10-oji jaunyjy mokslininky konferencija. Rugséjo
23, 2020, Vilnius, Lietuva.

New fluorene class semiconductors as hole transporting materials for
perovskite solar cells: stendinis pranesimas // Open readings 2021: 64th
international conference for students of physics and natural sciences, Kovo
16-19, 2021, Vilnius, Lietuva.

Carbazole derivatives as hole transporting materials for efficient solar cells:
stendinis praneSimas // Chemistry and chemical technology: 16th
international conference of Lithuanian Chemical Society, Rugséjo 24, 2021,
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Starburst carbazole derivatives as efficient hole transporting materials for
perovskite solar cells: stendinis pranesimas // Proceedings of nanoGe Spring
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characterization, and theory: for the green energy leap: virtualus renginys.
Kovo 7-11, 2022, Valensija, Ispanija.

Molecular engineering of the fluorene-based hole transporting materials for
efficient perovskite solar cells: stendinis pranesimas // Open readings 2022:
65th international conference for students of physics and natural sciences,
Kovo 15-18, 2022, Vilnius, Lietuva.

Inexpensive  fluorene-based  hole  transporting  material ~ with
terminatedthiophene unit for efficient semi-transparent Sb,Ss solar cells:
stendinis praneSimas // Proceedings of international conference on hybrid
and organic photovoltaics (HOPV22), Geguzés 19-25, 2022, Valensija,
Ispanija.

Fluorene - terminated materials for efficient perovskite solar cells: stendinis
pranesimas // Balticum organicum syntheticum [BOS] 2022: in memory of
prof. Victor Snieckus. Liepos 3-6, 2022, Vilnius, Lietuva.

Star-shaped compounds for efficient perovskite solar cells: stendinis
praneSimas // 28th PhotolUPAC, Liepos 17-22, 2022, Amsterdamas,
Olandija.

Fluorene-based hole transporting material with terminated thiophene unit
for efficient semitransparent Sb,S; solar cells: stendinis prane$imas //
Chemistry and chemical technology: proceedings of international scientific
conference. Spalio 14, 2022, Kaunas, Lietuva.



9. PADEKA

Nuosirdziai dékoju vadovui prof. dr. Vytautui Getauciui uz suteikta galimybe
tapti jo vadovaujamos mokslinés grupés dalimi, uz patarimus, pamokymus, ripest] ir
pasitikéjima bei paskatinimg siekti daugiau.

Dékoju dr. Marytei Daskevicienei, kuri supazindino su sintezés darbais,
jvairiomis gryninimo procediiromis. Pirmaisiais miisy paZzinties metais ji pasaké: ,,Jis
visi (studentai) man kaip vaikai.“ Siuos Zodzius patvirtino jos ripestis, pagalba ir
palaikymas. Per $iuos septynerius paZinties metus ji kartu dziaugési sékme ir krimtosi,
kai nesisekdavo. Dziaugiuosi, kad $is zmogus vedé mane moksliniu keliu.

Atskirg padéka noréciau iSreiksti ir laboratorijos kompanionei bei draugei dr.
Sariinei Daskeviciiitei. Smagu buvo augti ir tobuléti kartu su Tavimi.

Aciu visiems prof. dr. Vytauto Getaucio grupés nariams uz pagalba, patarimus,
draugyste ir geros atmosferos palaikyma laboratorijoje.

Esu be galo dékinga savo Seimai uz riipestj ir palaikyma.
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