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1. JVADAS

Pastaraisiais deSimtmeciais energijos suvartojimas kelia didelj susirtpinima
visame pasaulyje. Jos iSgavimas sudaro daugiau nei tris ketvirtadalius Europos
Sajungos (ES) iSmetamy Siltnamio efekta sukelian¢iy dujy. Norint sumazinti
energetikos sektoriaus iSmetamy terSaly kiekj, svarbu iSnaudoti atsinaujinancios
energijos potenciala. Siuo metu ES tik daugiau nei 20 % energijos yra i§gaunama i$
atsinaujinanciy Saltiniy. Nustatytas tikslas, kad iki 2030 m. atsinaujinancios
energetikos dalis sudaryty 42,5 % viso ES suvartojimo, o iki 2050 m. bty
neutralizuotas klimatas, t.y. pasiektas nulinis Siltnamio efektg sukelianciy dujy
emisijos lygis®.

Vienas i§ galingiausiy atsinaujinan¢ios energetikos istekliy yra Saulé, kurios
energijai igauti yra naudojami saulés elementai (SE). Prognozuojama, jog iki XXI a.
vidurio SE galéty patenkinti apie 45 % viso pasaulio energijos poreikioZ Siuo metu
daugiausia (~ 90 %) naudojami polikristalinio silicio saulés elementai, tad¢iau juos
gaminti brangu ir sudétinga®. Kaip pigi alternatyva sparciai kelig skinasi organiniai
bei hibridiniai trecios kartos saulés elementai. Tarp pastaryjy proverziu issiskiria
perovskitiniai saulés elementai (PSE), kuriy efektyvumas per pastarajj deSimtmetj
sensacingai isaugo nuo 3,8 %* iki daugiau nei 26 %°.

PSE pasizymi konstrukcijos paprastumu, pigiomis Zaliavomis bei perovskito
sluoksnio absorbcija placiame $viesos bangos ilgiy diapazone®. Labai svarbi PSE
konstrukcijos dalis yra skyles transportuojantis sluoksnis, atsakingas uz skyliy
istraukimg i§ perovskitinio sluoksnio ir jy transportavima link elektrodo. Siuo metu
skyliy transportui dazniausiai naudojamas organinis puslaidininkis kodiniu
pavadinimu Spiro-OMeTAD. Deja, §i medziaga yra labai brangi, nes sintetinama
daugiapakope sinteze, kuriai reikalingi brangiis retyjy metaly katalizatoriai, agresyviis
ir itin jautris aplinkos poveikiui reagentai’®. Bene didZiausia problema -
nepakankamas PSE prietaisy stabilumas. Visi $ie i§vardinti minusai skatina ieskoti
perspektyvesniy skyliy transportiniy medziagy (STM).

Sioje disertacijoje apzvelgtos autorés susintetintos ir istirtos STM, turinéios
fluoreno, karbazolo ir spirobisindano fragmentus. Pigios ir komercinés pradinés
medziagos, paprastesné sintezé, mazesni gamybos kastai, geresni PSE efektyvumo ir
stabilumo rezultatai daugeliui jy suteikia patraukluma ir perspektyvuma Siuolaikinéje
PSE rinkoje.

Darbo tikslas — efektyviy ir ekonomisky skyles transportuojanéiy medziagy su
fluoreno, karbazolo ir spirobisindano chromoforais sintezé, savybiy iStyrimas ir
pritaikymas hibridiniuose perovskitiniuose saulés elementuose.

Darbo tikslui pasiekti buvo iSsikelti Sie uZdaviniai:

1. Susintetinti naujus mazamolekulinius fluoreno centrinj fragmenta
turinCius organinius puslaidininkius, istirti jy termines, optines ir fotofizikines
savybes bei jvertinti perovskitiniy saulés elementy, kuriuose panaudoti Sie junginiai,
fotovoltines charakteristikas.

2. Susintetinti naujas fluoreno centrinj fragmenta ir difeniletenilgrupes
turincias skyliy transportines medziagas, charakterizuoti jy savybes ir istirti molekuliy

15



pritaikymo galimybes perovskitiniuose saulés elementuose su legiruojanciais priedais
ir be jy.

3. Susintetinti naujus mazamolekulinius fluoreno su akceptorine grupe
centrinj fragmentag ir difeniletenilgrupes turinius organinius junginius,
charakterizuoti jy savybes, istirti skirtingy akceptoriy jtaka perovskito pasyvavimui ir
saulés elementy efektyvumui bei stabilumui.

4.  Susintetinti  naujus  spirobisindano  centrinj  fragmenta  ir
difeniletenilgrupes turincius organinius puslaidininkius, iStirti junginiy termines,
optines ir fotofizikines savybes bei jvertinti jy pritaikymo galimybes perovskitiniuose
saulés elementuose.

5.  Istirti Zzaliosios sintezés pritaikymo galimybes naujoms skyliy
transportinéms medziagoms su karbazolo centriniu fragmentu gauti, charakterizuoti
junginiy savybes ir nustatyti jy panaudojimo efektyvuma perovskitiniuose saulés
elementuose.

6.  Susintetinti naujus karbazolo centrinj fragmenta turinéius ir tinklintis
galin¢ius organinius puslaidininkius, istirti jy termines, optines ir fotofizikines
savybes bei nustatyti perovskitiniy saulés elementy efektyvumus.

7. Susintetinti naujg 9,9'-spirobifluoreno centrinj fragmenta ir polimerintis
galin¢ias grupes turinig skyliy transporting medziaga, charakterizuoti puslaidininkio
savybes ir iStirti pritaikymo galimybes skirtingy konstrukcijy perovskitiniuose saulés
elementuose.

Darbo naujumas ir rySys tarp publikacijy

Hibridiniai PSE $iuo metu yra viena spar&iausiai besivystanéiy SE riisiy. Siuose
elementuose STM sluoksnis yra vienas pagrindiniy prietaiso komponenty, lemian¢iy
efektyvy Saulés energijos konvertavimg. Organiniai puslaidininkiai turi pasizyméti
gana aukstu dreifiniu judriu, tinkamais energetiniais lygmenimis (HOMO, LUMO),
auksta skilimo temperatiira, amorfine busena bei ekonomiSkumu®*!. Nepaisant
reikSmingy mokslininky pastangy kuriant naujas STM, Siuo metu didziausiu
efektyvumu (26,1 %°) pasizymi brangi molekule 2,2',7,7 -tetrakis[N,N-di(4-
metoksifenil)amino]-9,9 -spirobifluorenas (Spiro-OMeTAD). Jos auksta kaing lemia
penkiy zingsniy sintezé, kuriai reikalingos inertinés salygos, Zema temperatiira,
aplinkai jautrGis ir agresyvis reagentai bei sudétinga, ilga ir brangi gryninimo
sublimacijos procedura’®. Kitas svarbus Spiro-OMeTAD trikumas — kristali§kumas,
turintis neigiamg jtakg PSE stabilumui ir §viesos konversijos efektyvumui®?, Todél vis
dar ieskoma naujy organiniy puslaidininkiy, kuriy sintez€¢ buty paprastesné,
ekologiskesné ir ekonomiskesné, o jy pagrindu sukonstruoti PSE pasizyméty geresniu
stabilumu ir efektyvumu. Atsizvelgiant j Siuos kriterijus buvo susintetintos naujos
STM, istirtos jy savybés ir sukonstruoti PSE. Visi tyrimy rezultatai aprasyti
septyniuose sios disertacijos autorés moksliniuose straipsniuose.

Pirmoje publikacijoje pristatomi du nauji organiniai puslaidininkiai, kuriy
centrinis fragmentas — fluorenas. Mazamolekuliniai junginiai susintetinti naudojant
nesudétinga trijy pakopy sintezés kelig. IStyrus savybes paaiskéjo, kad STM yra
amorfinés ir pasizymi auksta stiklé¢jimo temperatiira, tinkamu terminiu stabilumu ir
geromis fotoelektrinémis savybémis. Sukonstruotas PSE, kuriame panaudotas
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junginys su padidinta 7 konjuguotaja dvigubyjy rySiy sistema, pasizyméjo 18,3 %
energijos konversijos efektyvumu ir didesniu ilgalaikiu terminiu stabilumu, palyginti
su etaloniniu Spiro-OMeTAD.

Antroje publikacijoje pateikiama serija junginiy su difeniletenilgrupémis ir
fluoreno chromoforu molekulés centre. Sio chromoforo 9-oje padétyje esantys
vandenilio atomai yra chemiskai aktyvis ir puikiai tinka alkilinimo reakcijoms, kurios
jgalina funkcionalizuoti junginius ir gauti tikslines fotolaidzias STM. Svarbu
paminéti, kad geriausiu efektyvumu pasizyméjo PSE su organiniu puslaidininkiu
STM3, susintetintu i§ komerciniy pradiniy medziagy ekonomiskos kondensacijos
reakcijos metu. Jo pagrindu sukonstruotas PSE pasizyméjo daug zadandiais
efektyvumo rezultatais legiruotoje struktiroje (19,3 %) ir konfigiiracijoje be priedy
(17,1 %). Tai buvo geresnis rezultatas nei PSE su Spiro-OMeTAD.

Trecioje publikacijoje taip pat pristatoma serija STM su difeniletenilgrupémis
bei molekulés centre esanéiu fluoreno chromoforu, 9-oje padétyje turinCiu stiprias
akceptorines grupes. Siame moksliniame straipsnyje tiriama donoro-akceptoriaus-
donoro sgveika, akceptoriaus jtaka perovskito pasyvavimui ir PSE efektyvumui bei
stabilumui. Naudojant junginj STM13 buvo pasiektas didesnis nei 22 % elemento
efektyvumas, o praéjus 500 valandy jis sumazéjo tik 4 %. Svarbu tai, kad Sie rezultatai
pranoko Spiro-OMeTAD pagrindu sukonstruoto ir identiSkomis aplinkos sglygomis
testuoto PSE. Be to, mazamolekulinis junginys STM13 buvo gautas naudojant
paprastg sintezés kelig, todél yra pigi alternatyva Siandieniniam STM etalonui.

Ketvirtajame moksliniame straipsnyje pateikiami nauji spirobisindano centrinj
fragmentg ir difeniletenilgrupes turintys organiniai puslaidininkiai. Junginiai
pasizymi aukstu terminiu stabilumu, geromis optinémis ir fotofizikinémis savybémis
bei patvaria amorfine biisena, uztikrinanéia gerg PSE morfologinj stabilumg. Saulés
elemento, kuriame kaip teigiamus krivininkus transportuojanti medziaga buvo
panaudotas mazamolekulinis junginys STM15, efektyvumo rezultatai buvo daug
zadantys, todél $is puslaidininkis gali biiti puiki alternatyva etalonui Spiro-OMeTAD.

Penktojoje publikacijoje STM centriniu fragmentu buvo pasirinktas
fotodimerizuotas karbazolas. Pastarasis buvo gautas nesudétingos zaliosios chemijos
principais paremtos sintezés metu. Darbe apraSytas sistemingas skirtingy pakaity
itakos naujy organiniy puslaidininkiy terminéms, optinéms ir fotofizikinéms
savybéms bei PSE fotovoltiniams parametrams tyrimas. Buvo pasiektas 21 %
efektyvumas ir, palyginti su Spiro-OMeTAD, pagerintas ilgalaikis elemento
stabilumas atmosferos aplinkoje. Geriausi efektyvumo rezultatai buvo PSE su
STMZ22, todél pastarasis buvo panaudotas konstruojant perovskitinj saulés modulj
(6,5x7 cm), pasiekusj 19 % efektyvuma. Tai tuo metu buvo rekordas ne spiro klasés
junginiuose.  Siy  puslaidininkiy  praktine reikime demonstruoja  JAV
(US2023157158), Japonijos (JP2023072638), Kinijos (CN116133444) ir Europos
(EP4181225) patenty biuruose uzregistruotos patentinés paraiskos.

Sestame moksliniame straipsnyje pristatyti organiniai puslaidininkiai, turintys
komerciskai pigaus karbazolo chromoforg ir tinklintis galin¢ias funkcines grupes. Po
terminio apdorojimo molekulés buvo panaudotos invertuotos struktiiros (p-i-n) PSE
formuoti. Tokioje sandaroje naudojant polimerus galima atsisakyti legiruojanéiy
priedy, kurie ilgainiui prisideda prie elemento stabilumo mazéjimo. Buvo istirtos
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naujai susintetinty junginiy optinés, terminés ir fotofizikinés savybés bei sukonstruoti
PSE, pasizym¢j¢ daug zadanciais efektyvumo ir stabilumo rezultatais.

Paskutinéje publikacijoje aprasomas naujas Spiro-OMeTAD analogas STM26,
turintis tinklintis galin¢ias grupes. Po terminio kryZminio sujungimo susidaro lygus ir
tirpikliams atsparus trimatis (3D) polimerinis tinklas. Pastarasis buvo panaudotas kaip
STM invertuotos struktiiros (p-i-n) ir kaip tarpsluoksnis tarp $viesg absorbuojancio
sluoksnio ir skyliy transportinés medziagos jprastos konfigiiracijos (n-i-p) PSE. Abu
jrenginiai pasizyméjo rekordiniais galios konversijos ir ilgalaikio stabilumo
rezultatais, palyginti su atitinkamais etalonais PTAA ir Spiro-OMeTAD. Organinis
puslaidininkis buvo uzpatentuotas registruojant patentines paraiskas JAV (USPTO,
Reg. Nr. 18/134,751), Japonijos (JP, Reg. Nr. 2023-068376) ir Europos (EPO, Reg.
Nr. EP23168712.0) patentiniuose biuruose.
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2. MOKSLINES LITERATUROS DISERTACIJOS TEMA APZVALGA

Per didelis iSkastinio kuro naudojimas sukélé didele problema Zemés
atmosferoje — siltnamio efekta. Dél to pakilo atmosferos temperatiira, kuri savo ruoztu
sukélé sausros, potvyniy, atiaurios Ziemos pasikartojima skirtingose Zemés rutulio
— atsinaujinanéiy energijos Saltiniy paieska, galinti suSvelninti spar¢iai didéjantj
energijos poreikj auganc¢iam gyventojy skaiCiui ir industrializacijai. Daug démesio
skiriama Saulés energijos panaudojimui. Per pastaruosius $esis deSimtmecius sparciai
evoliucionavo fotovoltinés SE technologijos, ir $§iuo metu yra Zinomos keturios jy
raidos fazeést®14:

1. Pirmos kartos SE. Jie gaminami monokristalinio arba polikristalinio silicio
pagrindu. Tokiy SE gamybos technologija reikalauja daug energijos sgnaudy ir yra
labai brangi.

2. Antros kartos SE. Antros kartos fotoelektronikos technologijoje naudojami
plonasluoksniai neorganiniai junginiai, tokie kaip a-Si:H (amorfinis hidrogenizuotas
silicis), CdTe ir CIGS (Cu(In,Ga)(SSe),). Nors Sie elementai pasiZymi paprastesne ir
pigesne gamybos technologija, jie turi ir keleta trikumy — ruoSiant SE plévele yra
reikalingas brangus vakuuminis gary nusodinimo metodas, indzio iStekliai yra riboti.

3. Trecios kartos SE. Tai plonasluoksniai elementai, kurie yra sukurti taip, kad
buty pasiektas didelis galios konversijos efektyvumas, esant mazoms jrenginiy
gamybos sgnaudoms. Siai klasei priskiriami organiniai fotovoltiniai bei dazikliais
Jjautrinti saulés elementai.

4. Ketvirtos kartos SE. Tai PSE, kurie gali uztikrinti aukstg galios konversijos
efektyvuma. Juose Sviesos absorberio vaidmen; atlicka perovskitas. Tai sparciausiai
besivystanti SE riisis.

2.1. Perovskitas ir jo sandara

Perovskitas — tai oksidy klasés mineralas kalcio titanatas CaTiO3, kuris 1839 m.
Gustavo Roso buvo atrastas Uralo kalnuose. Véliau visi jo kristaling struktiirg
atitinkantys junginiai rusy mineralogo Levo Perovskio garbei buvo pavadinti
perovskitais. Fotovoltiniuose prietaisuose naudojamo organinio-neorganinio $viesa
absorbuojancio perovskito struktiros formulé yra ABXs, kur A — metilamonio
CH3NHs*(MA) arba formamidzio NH,=CH3;NH,* (FA) organiniai katijonai, B — §vino
arba alavo dvivalen¢iai metaly katijonai ir X — I, Brir CI- anijonai (Zr. 1 pav.)®.
Svarbu tai, kad pasirenkant skirtingus katijonus arba anijonus galima reguliuoti
perovskito laidumo juostos tarpg 1,6-2,3 eV diapazone'’.
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1 pav. Kristaliné 3D perovskito struktiira: A — organinis katijonas, B — dvivalentis
katijonas, X — anijonas*®

Metilamonio $vino jodido (MAPDI3) perovskito absorbentas yra Zzinomas dél
plataus sugerties diapazono, kuris apima beveik visa regimosios $viesos spektro dalj
ir pasiekia artimgjg infraraudonaja sritj (800 nm)?8. D¢l Sios prieZasties jis placiausiai
taikomas PSE gamyboje.

2.2. Perovskitiniai saulés elementai

PSE gali biiti dviejy pagrindiniy konstrukcijy — reguliariosios (n-i-p) ir
invertuotos (p-i-n) struktiiros. n-i-p atveju STM sluoksnis dengiamas ant $viesa
absorbuojancio perovskito, o p-i-n struktiiroje — lokalizuotas po absorbentu. Iprastiniu
atveju konstrukcijg sudaro penki pagrindiniai sluoksniai: skaidrus elektrodas (FTO
arba ITO), elektrony transportinis sluoksnis, perovskitas, skyliy transportinis
sluoksnis ir metalinis elektrodas (Au arba Ag) (zr. 2 pav.)®.

a) n-i-p reguliarioji b) p-i-n invertuota
struktiira struktura
Au arba Ag Au arba Ag
STM
Perovskitas
ST™M
FTO arba ITO FTO arba ITO

2 pav. PSE n-i-p ir p-i-n struktiiros konstrukcijos

Detaliis PSE n-i-p ir p-i-n konstrukcijy sudedamyjy daliy apraSymai pateikti
tolimesniuose poskyriuose.

2.2.1. Skaidris elektrodai / anodai

Kaip anodai naudojami skaidrts laidas oksidai, kurie paprastai padengiami ant
stiklo plokstelés. Sie elektrodai paprastai turi platy laidumo juostos tarpg (E>3,1 eV),
todél gali efektyviai perduoti regimosios ir infraraudonosios §viesos spindulius®. Taip
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pat labai svarbios savybés — didelis laidumas, maza savitoji varza bei nedidelé oksido
kaina. Skaidriy laidZiy oksidy pavyzdziai: cinko oksidas (ZnO)?, alavo dioksidas
(Sn0O2)?, indzio oksidas (In203), indZiu legiruotas alavo oksidas (ITO), fluoru
legiruotas alavo oksidas (FTO) ir kt. Siuo metu PSE gamyboje dazniausiai naudojami
laidiis oksidai yra FTO ir ITO, todél pastarieji buvo pasirinkti $ioje disertacijoje
apzvelgty saulés elementy anodais.

2.2.2. Elektrony transportinis sluoksnis

Elektrony transportinés medziagos (ETM) pernesa fotogeneruotus elektronus i$
fotoaktyviy PSE sluoksniy link katodo. Jos turi pasizyméti dideliu elektrony
mobilumu, suderintais energijos lygmenimis su perovskitu, lengvai iStirpti
organiniame tirpiklyje arba sublimuotis bei biti stabilios ore??,

ETM gali bati skirstomos | dvi grupes — organines ir neorganines. Kaip
organingés kilmés ETM, kurios labiau pritaikytos invertuotos struktiiros p-i-n saulés
elementams, gali biiti naudojami fulerenas (Cgo) arba jo dariniai, pvz., [6,6]-fenil-Ce1-
metilbutanoatas (PCBM)?*. Deja, Sios medZiagos pasizymi keliais trikumais, kurie
riboja jy komercinj pritaikyma — nepakankamas morfologinis stabilumas, brangi
sintezé ir gryninimo procediros, ribotas LUMO lygio suderinamumas?-%6, D¢l $iy
priezaséiy $iuo metu daug démesio sulaukia nefulereninés kilmés ETM, tokios kaip
perileno diimidas (PDI), substituoti perileno diimidai (N-PDI), naftaleno diimidas
(NDI) ir jo dariniai. Sios medziagos pasizymi dideliu elektrony mobilumu (>1,0x10-
8 cm?/Vs) ir geru terminiu stabilumu?’-?®, Neorganinés kilmés ETM daZniau
naudojamos konstruojant jprastinés konstrukcijos n-i-p saulés elementus. Tokios
medZziagos gali biti titano dioksidas (TiO,)?°, alavo (IV) dioksidas (SnO2)%, cinko
oksidas (ZnO)3, kadmio sulfidas (CdS)*’, kadmio selenidas (CdSe)®® ir kt.
Reguliarios konstrukcijos PSE dazniausiai naudojamos ETM yra titano ir alavo
oksidai. TiO yra placiai taikomas dél savo laidumo juostos energijos (4,4 eV), kuri
yra Siek tiek mazesné nei perovskito, todél yra uztikrinamas efektyvus elektrony
perdavimas®. SnO, — perspektyvi ETM dél didelio stabilumo, laidumo juostos
energijos (4,2-4,5 eV)* ir didelio elektrony mobilumo (240 cm?/Vs)3.

2.2.3.  Sviesg absorbuojantis sluoksnis — perovskitas

Hibridinis organinis-neorganinis perovskitas atlieka svarby vaidmenj PSE ir yra
bitinas Sviesos absorbcijai ir elektrony fotogeneracijai. Didelis $viesos konversijos
efektyvumas saulés elementuose gali biiti siejamas su tinkamomis optoelektroninémis
perovskito savybémis®’.

Organiniy-neorganiniy perovskito pléveliy gavimas yra svarbus aspektas, norint
jas pritaikyti saulés energijos konvertavimo elementuose. Siuo metu laboratorijose yra
naudojama daug jvairiy perovskito pléveliy sintezés metody, tokiy kaip vienpakopis
nusodinimas, dviejy pakopy nusodinimas, greitas nusodinimas-Kkristalizacija, terminis
garinimas, impulsinis lazerinis purSkimas, elektropur§kimas ir kt*®. Dazniausiai
naudojamo organiniy-neorganiniy perovskito pléveliy vienpakopio sintezés metodo
esmé yra gauti plévelg tiesiai i§ druskos tirpalo, naudojant sukamojo dengimo metoda
(angl. spin-coating)®*%°. Perovskito gavimas paremtas tirpiklio iSgarinimu ir
medziagos nusodinimu vienu metu. Prekursoriai, dazniausiai MAX, kur X = Cl, Br, |
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ir Pbl,, istirpinami tame paiame arba skirtinguose organiniuose tirpikliuose.
Dazniausiai pradinéms medziagoms iStirpinti naudojami tirpikliai yra N,N-
dimetilformamidas (DMF) ir dimetilsulfoksidas (DMSO). Irodyta, kad DMSO
tirpiklis gali sudaryti DMSO-Pbl, kompleksus, kurie pagerina perovskito pavirsiy*!-
42

2.2.4. Skyliy transportinis sluoksnis

Labai svarbi PSE konstrukcijos dalis yra skyles transportuojantis sluoksnis,
atsakingas uz skyliy iStraukimg i§ perovskitinio sluoksnio ir jy transportavimg link
elektrodo. Idealiu atveju STM turéty atitikti Siuos reikalavimus:

e  Efektyviam skyliy transportavimui HOMO energetinis lygmuo turéty bati
Siek tiek aukstesnis (ne daugiau nei 0,3 eV) nei perovskito (MAPDI; atveju apie -5,2
eV) valentinés juostos energija*;

e Pasizyméti geromis krivio pernasos savybémis. Mazg kriivininky
mobiluma galima pagerinti li¢io ir kobalto druskomis bei piridino dariniais. Taciau
Sie priedai yra higroskopiniai ir ilgainiui kenkia SE prietaiso stabilumui*4-45;

e  Pasizyméti geru terminiu stabilumu ir atsparumu drégmei;

e Puslaidininkiai turéty tirpti tokiuose organiniuose tirpikliuose, kurie
konstruojant PSE nepazeisty perovskito sluoksnio. Geros medziagy tirpumo savybés
sumazina gamybos sanaudas**;

e Pasizyméti geromis pléveliy formavimo galimybémis, uzpildyti perovskito
sluoksnio poras, taip suformuodami efektyvy kriivininky perdavima. Puslaidininkiai
turi turéti stabilig amorfing buseng (>Ty = 100 °C)*446;

e Puslaidininkiai turéty buti lengvai sintetinami, netoksiski, nekenksmingi
aplinkai ir ekonomiski*.

STM skirstomos j dvi pagrindines grupes — neorganines ir organines medziagas,
kurios gali buiti mazamolekuliniai arba polimeriniai junginiai.

Neorganinés STM pasizymi paprastomis sintezés procediiromis, Zema kaina,
geru cheminiu stabilumu, dideliu optiniu pralaidumu, tinkamais energetiniais
lygmenimis ir dideliu kravininky mobilumu, palyginti su organinés kilmés
puslaidininkiais*’-*¢. Daugiau nei 20 % PSE konversijos efektyvumo rezultatas
pasiektas naudojant CuGaO, ir CuSCN kaip STM mezoporingje n-i-p
konfigiiracijoje*®. Kitas perspektyvus neorganinis puslaidininkis yra NiOy. Jis
pasiZymi svarbiomis p-tipo puslaidininkio charakteristikomis — Egq > 3,5 eV, dideliu
optiniu pralaidumu, cheminiu stabilumu, energetiniy lygmeny suderinimu su jvairiais
perovskito absorbentais®. Pastargjj panaudojus PSE buvo pasiektas daugiau nei 18 %
efektyvumas®®. Taip pat buvo pastebéta, jog naudojant NiOy pageréja SE ilgalaikis
stabilumas, kuris po 60 dieny sumazéjo tik iki 90 %°2,

Siuo metu n-i-p konstrukcijos PSE kaip organinis mazamolekulinis
puslaidininkis daZniausiai naudojamas junginys kodiniu pavadinimu Spiro-
OMeTAD. Pastarasis pirma kartg kaip kietos biisenos STM buvo panaudotas
dazikliais jjautrintame saulés elemente (DSSC) 1998 m.%? ir iki $iy dieny vis dar yra
laikomas etaloniniu p-tipo puslaidininkiu. Spirobifluoreno centrinis fragmentas
suteikia junginiui termin] stabiluma, keturios difenilamino grupés atsakingos uz
skyliy transportavima, o metoksigrupés gerina organinio puslaidininkio tirpuma,
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uztikrina energetiniy lygmeny suderinamuma ir dél deguonies atomy saveikauja su
perovskitu**. Mazamolekulinis organinis junginys turi platy energijos juostos tarpg
(~3 eV) ir lengvai suderinamg HOMO lygmenj su perovskitu®®®, pasizymi geru
tirpumu, auksta stikléjimo temperatura, prisidedancia prie SE $iluminio stabilumo®-
%8 0 jo sintezé yra gerai iStyrinéta.

Nepaisant siy Spiro-OMeTAD privalumy, jis turi keletg traikumy. Vienas i$ jy
— penkiy pakopy sintezé (Zzr. 1 schema)®®%°, kuriai reikalingi retyjy metaly
katalizatoriai, agresyvis ir itin jautrls aplinkos poveikiui reagentai. Sudétinga
sublimacijos gryninimo procediira taip pat prisideda prie galutinés aukStos ir
komercinj prieinamumg mazinancios Spiro-OMeTAD kainos, kuri gali siekti ~300
Eur/g®.

1) HCI, H,0, 0 °C Fenilboroniné rugstis, K,CO;, 1) Fluorenonas, Mg, THF, N,, v.t., 4 val
2) NaNO,, H,0, 30 min PdCl,(PPh;),, DME/H,O0, 2) HCIVH,O0, k.t., 2 val, 0.0

3) KI, HyO k.t.,, 18 val, 90 % Ar, 80 °C, 5 val, 90 % 3) AcOH, v.t., 40 min, 56 %
Q- Q- Q0 X
b - - -0

~ o~

@ @ \ \ FeCls, Bry, CHCl,,
0. (o]
0 °Cov.t.
WS eay vreoOIRERCNS QD
°—©—N (NN ° N s NA NI 6val 87 %
/°_©_N Q‘ N_O_o\ Pdy(dba)s, BusP, NaOt-Bu,  Br Q‘O Br

toluenas, N,, 110 °C, 12 val, 45 %

(o)

0 ~
Spiro-OMeTAD

1 schema. Puslaidininkio Spiro-OMeTAD sintezés schema

Kitas svarbus $io puslaidininkio neigiamas aspektas — jo kristaliskumas. Dél
centrinio spirobifluoreno fragmento organinis puslaidininkis linkes kristalintis, t. Y.
vyksta terminis virsmas i§ amorfinés j kristaling biiseng®2. Si tendencija riboja jo
gebéjimg formuoti tolygias pléveles PSE ir daro neigiama jtakg jrenginio stabilumui®.
Taip pat yra zinoma, jog Spiro-OMeTAD skyliy transportinis sluoksnis pasizymi
mazu kritvininky mobilumu®, todél norint pagerinti puslaidininkio elektrines savybes
dazniausiai konstruojant PSE yra naudojami licio (licio
bis(trifluormetansulfonil)imido druska (LiTFSI)) ir kobalto (tris[2-(1H-pirazol-1-il)-
4-tret-butilpiridin]kobalto (IIT) druska (FK209)) drusky bei 4-tret-butilpiridino (tBP)
organiniai ir neorganiniai priedai®>®’ (zr. 3 pav). Atlikus mokslinius tyrimus buvo
pastebéta, kad tBP naudojimas labai pagerina LiTFSI tirpuma, todél suformuojamos
homogeniskesnés skyliy transportinio sluoksnio plévelés®. Nors $ie priedai pagerina
Spiro-OMeTAD elektrines savybes, taciau dél jy higroskopiSkumo ir jautrumo
aplinkos sglygoms prastéja PSE ilgalaikis stabilumas®®.
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3 pav. Skyliy transportiniam sluoksniui naudojamy legiruojanciy priedy cheminés
formulés

Vienas i8 perspektyviausiy polimeriniy puslaidininkiy yra poli[bis(4-
fenil)(2,4,6-trimetilfenil)aminas] (PTAA) (zr. 4 pav.)’®".. Per pastaruosius metus
buvo atlikta daugybé moksliniy tyrimy naudojant §j junginj n-i-p ir p-i-n konstrukcijy
lanksciuose ir didelio ploto PSE. PSE su polimeru PTAA efektyvumas 2013 m. sieké
12 %, o Siomis dienomis daugiau nei 23 %?"3. Vienas i§ PTAA privalumy yra tai, jog
n-i-p konfigtiracijos PSE polimero sluoksnis gali biiti nusodinamas naudojant Zemos
temperatiiros apdorojimo procesa, kuris termiSkai nepazeidzia perovskito’"4,
Polimerinis puslaidininkis yra stabilus aplinkos sglygoms, todél jo gamybos procesas
tampa lengvesnis’™. PTAA pasizymi dideliu atsparumu mechaniniams jtempimams ir
gali bati pritaikomas lanks¢iuose PSE™. Sio polimero HOMO energetinis lygmuo
apie -5,2 eV, tod¢l yra puikiai suderinamas su MAPbI; (-5,4 eV’®) arba misriu
perovskitu (nuo -5,4 eV iki -5,7 eV’®). Verta paminéti, kad polimerinis puslaidininkis
pasizymi labai geromis elektrinémis savybémis, jo kriivininky dreifinis judris lygus
4x10° cm?/Vs®. Nors §i STM turi nemazai privalumy, jos komercinj pritaikyma
smarkiai riboja didelé junginio kaina, kuri siekia daugiau nei 3000 Eur/g8.
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N

PTAA "
4 pav. Polimerinio puslaidininkio PTAA cheminé struktiira

Kitas invertuotoje PSE konfigliracijoje daZnai naudojamas polimerinis
puslaidininkis yra poli(3,4-etilendioksitiofenas):poli(stireno sulfonatas)
(PEDOT:PSS) (zr. 5 pav.). Grynas PEDOT turi geras elektrines savybes, taciau jo
tirpumas yra labai prastas. Norint tai pagerinti, jis yra maiSomas su PSS. PEDOT:PSS
pasizymi geromis plévedaros savybémis. Plévelé paprastai bina vienoda ir lygi®,
iSsiskirianti dideliu skaidrumu regimosios $viesos diapazone, pvz., 100 nm storio
PEDOT:PSS plévelés pralaidumas prie 550 nm yra >90 %8. Kriivininky dreifinis
judris, priklausomai nuo polimero apdorojimo metody ir priedy, gali svyruoti nuo 10
2 cm/Vs iki 10 cm/Vs®. Puslaidininkio jonizacijos potencialas — 5,0-5,2 eV.
Stambiamolekulinis junginys pasizymi dideliu mechaniniu lankstumu, terminiu
stabilumu ir mazais gamybos kaStais®. Pirmg kartg organinis puslaidininkis kaip STM
p-i-n PSE buvo isbandytas 2016 metais. Tuo metu sukonstruoto elemento konversijos
efektyvumas sieké 15,7 %, o Siomis dienomis optimizavus apdorojimo metodus ir
sglygas — daugiau nei 20 %?%.
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PEDOT:PSS >0

5 pav. Polimerinio puslaidininkio PEDOT:PSS cheminé struktiira
2.2.5.  Skaidris elektrodai / katodai

Nors elektrody medziagos tiesiogiai nesiliecia su perovskito sluoksniu, taciau jy
stabilumas taip pat daro jtaka efektyviam PSE veikimui. Auksas (Au) arba sidabras
(Ag) paprastai naudojami kaip galinis PSE elektrodas. Dazniausias nusodinimo btidas
yra terminis garinimas kai gaunama plona metaliné plévelé. Sidabro elektrodai
paprastai linke reaguoti su i§ perovskito sluoksnio migruojanciu jodu ir sudaryti
metalo jodidus ant elektrodo pavirSiaus®”. Dél to akivaizdziai keiCiasi spalva ir gali
prasidéti prietaiso degradacija®®. Aukso elektrodai stabilesni, tac¢iau jy kaina yra daug
didesné nei Ag.

2.3. Molekuliné skyliy transportiniy medZiagy inZinerija perovskitiniams
saulés elementams

Skyriuje 2.2.4. buvo aptarta, kad STM tam tikros savybés lemia jy pritaikyma
efektyviuose ir stabiliuose PSE. Nors prie§ daugelj mety susintetinti puslaidininkiy
etalonai vis dar yra naudojami konstruojant SE, ta¢iau mokslininkai nenuilsdami ieSko
naujy STM, kurios bty stabilesnés, pasizyméty geresnémis puslaidininkinémis ir
fotovoltinémis savybémis, taip pat biity pigios ir komerciskai lengvai prieinamos.

2.3.1. Fluoreno centrini fragmentg turincios skyliy transportinés medziagos

Sios disertacijos 3.1.—3.3. skyriuose yra nagriné¢jamos autorés susintetintos ir
iStirtos fluoreno centrinj fragmentg turinc¢ios STM. D¢l Sios priezasties organiniy
puslaidininkiy inZinerijos literatiriné apzvalga pradedama nuo efektyviuose PSE
panaudoty molekuliy su fluoreno centru.

Y. Huja kartu su bendraautoriais paskelbé apie dvi naujas HT1 ir HT2 fluoreno
centrinj fragmentg turin¢ias STM (Zr. 6 pav.). Naudojant pigias komercines pradines
medziagas lengvos dvipakopés sintezés metodu susintetinti organiniai puslaidininkiai,
kuriy suminé iSeiga sické net 90 %. Sie junginiai turi trimatg, panasia j Spiro-
OMEeTAD, struktiirg. HT1 yra pusiné etalono molekulé, su 9-oje fluoreno padétyje
prijungtais metoksifenilradikalais. O HT2 junginys yra Spiro-OMeTAD analogas,
neturintis vieno rysio tarp spirobifluoreno molekulés benzeno ziedy.
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6 pav. Fluoreno centrinj fragmenta turin¢iy organiniy molekuliy HT1, HT2 ir YT3
cheminés struktiiros

Junginiai pasiZymeéjo geru tirpumu jprastiniuose organiniuose tirpiklivose. HT1
ir HT2 turéjo geras elektrines savybes — $iy puslaidininkiy generuojamas skyliy
dreifinis judris atitinkamai buvo 1,12x10*% ir 1,01x10* cm?/Vs ir aplenké Spiro-
OMeTAD (10=8,25x10° cm?/Vs%). Abu nauji organiniai puslaidininkiai buvo
panaudoti konstruojant n-i-p konfigliracijos PSE su misriu perovskitu —
(FAPDI3)oss(MAPDBI3)o15.  Saulés  elementy  optimizuoti  fotovoltiniy
charakteristiky duomenys i§ fotosrovés-jtampos (J-V) kreiviy susisteminti ir
pateikti 1 lentelgje. Puslaidininkio HT2 pagrindu sukonstruoto jrenginio galios
konversijos efektyvumas sieké 18,04 % ir buvo labai panaSus j Spiro-OMeTAD
(18,27 %). HT1 atveju buvo uzfiksuotas Siek tieck mazesnis efektyvumas (17,18 %).
Atsizvelgus | gautus rezultatus galima teigti, kad junginys HT2, turintis didesng
molekuling mase, uztikrina geresnes fotovoltines savybes ir gali buti efektyvi
brangaus Spiro-OMeTAD alternatyva.

1 lentelé. Perovskitiniy saulés elementy, kuriuose naudoti puslaidininkiai HT1, HT?2
ir YT3, fotovoltinés charakteristikos ir efektyvumai

ST™M Voc, V Jsc, mA/cm? FF STM PSE, % Etalono PSE, %

HT1 1,12 21,91 0,70 17,18 18,27
HT2 1,11 22,26 0,73 18,04 18,27
YT3 1,13 23,25 0,77 20,23 19,18

D. Zhang kartu su bendraautoriais iSleido mokslinj straipsnj®, kuriame PSE su
apraSytu organiniu puslaidininkiu YT3 pasiecké rekordinj energijos konversijos
efektyvuma. Y T3 centrinio fluoreno 9-oje padétyje jvesti du metoksibenzeno Ziedai,
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o Soniniais fragmentais pasirinkti difenilaminai su fluoreno ir metoksibenzeno
pakaitais (Zr. 6 pav.).

Uzrasius UV-RS sugerties spektrus buvo uzfiksuoti puslaidininkio absorbcijos
smailiy maksimumai ties 379, 387 ir 400 nm. Junginys pasizym¢jo Silpna sugertimi
regimojoje srityje, todél nekonkuravo su perovskito sluoksniu dél §viesos sugerties
PSE. STM YT3 nustatytas HOMO energetinis lygmuo (-5,21 eV) yra aukStesnis nei
miSraus perovskito (FAPbIz)oss(MAPDBI3)o15 (-5,65 V)%, todél buvo uztikrintas
efektyvus skyliy transportas. Organinio puslaidininkio dreifinis judris sieké 1,6x104
cm?/Vs vertg ir aplenké Spiro-OMeTAD (u0=8,25%10° cm?/Vs).

Puslaidininkis YT3 buvo panaudotas n-i-p architektiros PSE skyles
transportuojanc¢iame sluoksnyje. Prietaiso konstrukcija: FTO / kompaktiskas
TiO2 sluoksnis / mezoporinis TiO, / perovskitas — (FAPbI3)oss(MAPbBr3)15 /
STM / Au. Saulés elementy optimizuoti fotovoltiniy charakteristiky duomenys
i§ fotosrovés-jtampos (J-V) kreiviy susisteminti ir pateikti 1 lenteléje. PSE su
puslaidininkiu YT3 pasizyméjo rekordiniu efektyvumu, kuris sieké net 20,23 %, 0
jrenginio su Spiro-OMeTAD galios konversija buvo tik 19,18 %. Taip pat buvo
iStirtas abiejy sukonstruoty PSE prietaisy stabilumas. Irenginiai buvo nejkapsuliuoti,
santykiné oro drégmé 30-35 %. Po 600 valandy Spiro-OMeTAD pagrindu pagaminto
PSE efektyvumas nukrito 13 %, o jrenginio su puslaidininkiu YT3 atveju buvo
matomas tik 5 % Sviesos konversijos efektyvumo sumazéjimas. Stabilumo tyrimo
rezultatai gali bati siejami su geresne STM morfologija — naujasis puslaidininkis
tolygiau pasidengia ant perovskito pavir§iaus, taip apsaugodamas jj nuo drégmeés
poveikio. Taigi, apibendrinant rezultatus galima teigti, kad fluoreno, kaip Soninio
fragmento, jtraukimas j molekule turéjo teigiamos jtakos PSE efektyvumui ir
stabilumui. YT3 yra daugeliu aspekty pranaSesné STM uz etalonu laikomg Spiro-
OMEeTAD ir turi dideles galimybes biiti komercializuota.

W. Chen kartu su bendraautoriais aprasé dvi vienpakopés Suzuki kryzminio
jungimo reakcijos metu gautas STM FH-0 ir FH-3% (zr. 7 pav.). FH-0 molekulé turi
fluoreno centrg ir Soninius trifenilamino su metoksipakaitais fragmentus. FH-3
puslaidininkio struktiira yra analogiska, tik fluoreno 9-oje padétyje prijungtas
alkilpakaitas.
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7 pav. Organiniy puslaidininkiy, turin¢iy fluoreno centrg, FH-0, FH-3, FDT-DMP
ir F2DT cheminés struktiiros
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Atlikus medziagy optinius tyrimus absorbcijos maksimumo smailés UV/RS
spektruose buvo uzfiksuotos ultravioletinés elektromagnetinés spinduliuotés srityje
ties ~380 nm. Norint jvertinti medziagy terminj stabiluma buvo atlikti
termogravimetrinés analizés (TGA) tyrimai. Buvo nustatyta, kad organinis
puslaidininkis FH-0 5 % savo masés svorio praranda ties 300 °C temperatiira, o jo
analogas su alkilpakaitu — 400 °C temperatiroje. FH-0 ir FH-3 HOMO energetiniai
lygmenys atitinkamai buvo -5,24 ir -5,26 eV. Junginiy mobilumo vertés buvo
panasios j Spiro-OMeTAD ir stipriame elektriniame lauke sieké 1,04x10* (FH-0) ir
1,88x10*cm?/Vs (FH-3).

Darbe buvo atlikti molekuliy struktiiry i$sidéstymo erdvéje kompiuteriniai
skai¢iavimai. Tarp fluoreno centro ir molekuliy galiniy fragmenty buvo pastebéti
dideli sukimosi kampai (~35°), o tai reiskia, kad molekulés pasizymi neplokstumine
geometrija. Tai uztikrina glaudZius molekuliy susipakavimo procesus kietoje
biisenoje ir STM pléveliy susidarymg esant maZai kristalizacijai®®-.

Organiniai puslaidininkiai buvo panaudoti n-i-p architektiiros PSE skyles
transportuojan¢iame sluoksnyje. Prietaiso konstrukcija: FTO / kompaktiskas
TiOzsluoksnis / mezoporinis TiO2/ perovskitas — (FAPbI3)ogs(MAPDI3)o15 / STM
/ Au. Naudojant skenuojamaja elektronine mikroskopijg buvo nustatyta FH-0,
FH-3 ir Spiro-OMeTAD pléveliy kokybé. PSE su naujomis STM geriausi efektyvumo
rezultatai gauti, kai pléveliy storis buvo 200 nm, o tai yra daug plonesnis sluoksnis
nei efektyviai veikiancio jrenginio su Spiro-OMeTAD (~300 nm). Saulés elementy
optimizuoti fotovoltiniy charakteristiky duomenys i§ fotosrovés-jtampos (J-V)
kreiviy susisteminti ir pateikti 2 lentel¢je. PSE su puslaidininkiu FH-0
pasizyméjo salyginai nedideliu efektyvumu, kuris sieké 14,9 %. O SE, pagaminto
naudojant junginj su alkilpakaitu FH-3, konversijos efektyvumas buvo daug geresnis
(18,4 %). Jis gali buti lyginamas su prietaisu, kuriame kaip STM naudojamas
etalonas Spiro-OMeTAD (19,6 %). Taigi, galima padaryti i§vada, kad alifatinio
pakaito jterpimas j molekule turéjo teigiamos jtakos medziagos elektrinéms ir
fotovoltinéms savybéms.

2 lentelé. Perovskitiniy saulés elementy, Kuriuose naudoti puslaidininkiai FH-0, FH-
3, FDT-DMP ir F2DT, fotovoltinés charakteristikos ir efektyvumai

ST™M Voo,V Jsc, mMAlcm*> FF  STMPSE, % Etalono PSE, %
FH-0 0,99 19,50 0,77 14,9 19,6
FH-3 1,07 22,10 0,78 18,4 19,6
FDT-DMP 0,97 22,40 0,56 12,3 -
F2DT 1,08 23,60 0,70 18,0 -

R. D. Gayathri kartu su bendraautoriais pristaté dvi naujas STM®’. FDT-DMP
yra puslaidininkio FH-0 analogas su ditiofeno fragmentu fluoreno centre, o su tokiu
paciu centru junginyje F2DT Soninis metoksifenilziedas pakeistas metilfluorenu
(zr. 7 pav.).
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Buvo uzrasyti naujy organiniy puslaidininkiy ultravioletinés ir regimosios
Sviesos spinduliuotés sugerties spektrai  (UV-RS). FDT-DMP absorbcijos
maksimumo smailé fiksuota ties 380 nm. D¢l papildomy fluoreno fragmenty
molekulés galuose susidaré didesné m konjuguotoji sistema, todél junginys F2DT
pasizyméjo batochrominiu poslinkiu ties 460 nm. Soniniy fluoreno fragmenty
prijungimas j molekule taip pat padidino terminj junginio stabiluma, t. y. F2DT
skilimo temperattira buvo 433 °C, o FDT-DMP - 414 °C. 1§ diferencinés
skenuojamosios kalorimetrijos (DSK) analizés rezultaty matyti, kad organiniai
puslaidininkiai FDT-DMP ir F2DT egzistuoja amorfinés biisenos. Jy stiklgjimo
temperatiiros atitinkamai yra 148 ir 157 °C. Buvo jvertintos STM elektrinés savybés
ir nustatyta, kad FDT-DMP ir F2DT jonizacijos potencialai lygts 4,93 ir 5,02 eV.
Puslaidininkiy mobilumo reikSmés stipriame elektriniame lauke atitinkamai sieké
8,08x10%ir 1,3x10*cm?/Vs.

Nauji puslaidininkiai buvo panaudoti formuojant PSE n-i-p konstrukcija.
Prietaiso konstrukcija: FTO / kompaktiskas TiO sluoksnis / mezoporinis TiO2/
perovskitas — FAPbl; / STM / Au. SE fotovoltinés charakteristikos pateiktos 2
lenteléje. Geriausiu efektyvumu pasizyméejo PSE, kuriame kaip skyliy
transportinis sluoksnis naudotas puslaidininkis F2DT. Pastarojo jrenginio
Sviesos konversijos efektyvumas sieké 18,0 %. Deja, elementas su
mazamolekuliniu junginiu FDT-DMP nepasizyméjo geru efektyvumu (12,3 %).
Tai galéjo biiti dél mazos uzpildymo faktoriaus reikSmés. Taip pat buvo istirtas F2DT
pagrindu sukonstruoto PSE stabilumas. [renginys buvo nejkapsuliuotas, santykiné oro
dréegmé 40 %. Eksperimentas vykdytas 300 valandy 25 °C temperatiroje. Buvo
nustatyta, kad jrenginys islaiké 80 % savo pradinio konversijos efektyvumo.

A. Jegorov¢ kartu su bendraautoriais paskelbé apie tris naujas fluoreno centrinj
fragmenta su skirtingais alkilpakaitais turin¢ias STM®. Kaip Soniniai fragmentai
pasirinkti etilkarbazolo chromoforai (zr. 8 pav.). Organiniai puslaidininkiai gauti
naudojant komerciskai prieinamas pradines medziagas Buchwaldo kryZminio
sujungimo reakcijos metu.
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8 pav. Fluoreno centrinj fragmentg turin¢iy organiniy molekuliy V1257, V1258 ir
V1269 cheminés strukttros

Terminiam medZiagy stabilumui jvertinti buvo atlikta TGA, kuri parodé, kad
visos medziagos 5% savo masés svorio praranda aukstesn¢je nei 450 °C
temperatiiroje ir yra pakankamai stabilios. Taip pat labai svarbu, kad atlikus DSK
tyrimus buvo nustatyta, jog visi trys organiniai puslaidininkiai egzistuoja amorfinés
biisenos. Buvo pastebéta tendencija, kad ilgesniy alifatiniy pakaity jterpimas j
molekulg sumazino stiklé¢jimo temperatiiras. Junginiy V1257, V1258 ir V1269 Ty
atitinkamai lygios 196, 183 ir 127 °C.

[Smatuoti organiniy puslaidininkiy jonizacijos potencialai buvo labai panasas —
4,85; 4,85 ir 4,96 eV. Junginiy V1257, V1258 ir V1269 mobilumo vertés silpname
elektriniame lauke atitinkamai sieké 3,6x107°, 1,2x10°ir 3x10°cm?/Vs.

Panaudojus junginius skyliy transportiniam sluoksniui, buvo sukonstruoti n-i-p
struktiiros prototipiniai PSE. Konstrukcija sudarantys sluoksniai: FTO /
kompaktiskas TiO, sluoksnis / mezoporinis TiO, / perovskitas —
[(FAPb|3)0187(MAPbBI’3)0,13]0,92(CSPb|3)o,08 / STM / Au. Fotovoltinés
charakteristikos susistemintos 3 lenteléje.

3 lentelé. Perovskitiniy saulés elementy, kuriuose naudoti puslaidininkiai V1257,
V1258 ir V1269, fotovoltinés charakteristikos ir efektyvumai

ST™M Voc, V. Jsc, mMAlcm?  FF STM PSE, % Etalono PSE, %
V1257 1,03 23,37 0,71 17,2 20,1
V1258 1,05 23,32 0,73 17,8 20,1
V1269 1,05 23,35 0,74 18,1 20,1

Pastebéta, kad ilgesnis alkilpakaitas neturi jtakos prietaisy trumpojo jungimo
srovés tankio vertéms. Taciau pastebima tendencija, kad ilgéjant alifatinei grandinélei
did¢ja uzpildymo faktorius, dél to didéja SE prietaiso nasumas. Geriausi energijos
konversijos efektyvumo rezultatai — 18,1 % — buvo PSE su puslaidininkiu V1269. Jo

32



efektyvumas tik 2 % nusileido etaloniniam prietaisui, todél pastarasis puslaidininkis
galéty biiti alternatyva brangiam Spiro-OMeTAD.

2.3.2. Spirobisindano centrinj fragmenta turinios skyliy transportinés
medZiagos

Sios disertacijos 3.4. skyriuje yra nagrinéjamos autorés susintetintos ir istirtos
spirobisindano centrinj fragmentg turin¢ios STM, todél toliau literatiirinéje apzvalgoje
aptariamos molekulés su spirobisindano centru.

X. Wang Kkartu su bendraautoriais pateiké naujag Spiro-I organininj
puslaidininkj®®. SumaZinus Spiro centrinio fragmento simetrija, buvo susintetinta
spirobisindano centrg ir karbazolo bei difenilamino chromoforus turinti STM (Zr.
9 pav.). Mazamolekulinis junginys buvo gautas per kelias reakcijy stadijas i$ pigaus
komercinio pradinio reagento bisfenolio A. Apskai¢iuotos Spiro-I gamybos sanaudos
yra tik %4 galutinés Spiro-OMeTAD kainos.

9 pav. Spirobisindano centrinj fragmenta turin¢ios organinés molekulés Spiro-I
cheminé struktiira

Uzrasius UV/RS spinduliuotés sugerties spektrus buvo nustatyta, kad junginio
absorbcijos maksimumas yra ties 307 nm. Atlikus junginio Spiro-1 DSK analize
nebuvo aptikta jokiy kristalizacijos virsmy, priesingai nei etalono atveju. Galima
teigti, kad spirobifluoreno centrinio fragmento modifikavimas j spirobisindang turéjo
teigiamos jtakos medziagos amorfiskumui. Junginio jonizacijos potencialas buvo
5,2 eV, ir tai yra $iek tiek mazesné verté nei Spiro-OMeTAD (5,22 eV)%,

Junginiy Spiro-1 ir Spiro-OMeTAD pléveliy morfologijai nustatyti buvo atlikti
mikroskopijos tyrimai. Be legiruojanc¢iy priedy (t-BP ir Li-TFSI) abiejy organiniy
puslaidininkiy plévelés pasizyméjo lygiu pavirSiumi, taciau po priedy jdéjimo atsirado
morfologijos skirtumy — Spiro-1 plévelé vis dar iSlaiké lygy pavirSiy, o Spiro-
OMeTAD atveju atsirado daug netolygumy, kurie iSsivysto dél medziagos gebéjimo
kristalintist01-102,

Tiek Spiro-I, tiek etalonas buvo panaudoti kaip STM konstruojant n-i-p
konfigiiracijos PSE. Prietaiso konstrukcijg sudarantys sluoksniai: FTO / TiO; /
perovskitas — [(FAPbI3)os7(MAPbBI3)o,13]092(CsPbls)oos / STM [/ Au. Visos
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fotovoltinés charakteristikos pateiktos 4 lenteléje. PSE su puslaidininkiu Spiro-I
pasizyméjo dideliu energijos konversijos efektyvumu (18,57 %), kuris nedaug
nusileido jrenginio su Spiro-OMeTAD efektyvumui (19,17 %). Svarbu pazyméti, kad
buvo optimizuotos medziagy koncentracijos ir pléveliy storiai. Nustatyta, jog naujo
organinio puslaidininkio optimali koncentracija (20 mg/ml) ir plévelés storis (60 nm)
yra daug maZesni nei etalono Spiro-OMeTAD (90 mg/ml ir 200 nm), o tai reiskia
daug mazesnes STM sgnaudas.

4 lentelé. Perovskitinio saulés elemento, kuriame naudotas puslaidininkis Spiro-I,
fotovoltinés charakteristikos ir efektyvumai

STM Voc, V. Jsc, MAlcm*>  FF  STMPSE, % Etalono PSE, %

Spiro-1 1,06 24,68 0,71 18,57 19,17

Sukonstravus prietaisus buvo tirtas jy ilgalaikis terminis stabilumas. Po
2400 val. PSE su Spiro-1 islaiké net 80 % pradinio savo efektyvumo, 0 jrenginio su
Spiro-OMeTAD konversijos nasumas nukrito iki 27 % pradinio efektyvumo. Dél visy
iSvardinty Spiro-1 privalumy galima teigti, kad spirobisindano centrinis fragmentas
gali biiti naudojamas kaip amorfiniy STM karkasas efektyviems ir stabiliems PSE
gauti.

2.3.3. Karbazolo chromoforus turincios skyliy transportinés medZiagos

Sios disertacijos 3.5. skyrelyje yra nagrinéjamos autorés susintetintos ir istirtos
karbazolo chromoforus turin¢ios STM. Dél karbazolo dariniy tinkamy elektriniy
savybiy, lengvo modifikavimo, terminio ir cheminio stabilumo bei pigumo Sios klasés
organiniy puslaidininkiy yra labai daug, todél Sioje literattiros apzvalgos dalyje yra
aptariamos tik j autorés junginius labai panasiy struktiiry molekulés03-104,

P. Gratia kartu su kolegomis apra$¢ mazamolekulinj junginj V886, kurio
struktira susideda i§ dviejy 4,4-dimetoksidifenilaminu 3,6-dipakeisto karbazolo
fragmenty, sujungty benzeno ziedu (zr. 10 pav.)!%®. STM buvo susintetinta dviejy
etapy sintezés metu i§ komerciSkai prieinamy ir sglyginai nebrangiy pradiniy
reagenty.

Atlikti DSK ir TGA tyrimai parodé¢, kad medziaga V886 yra amorfinés biisenos
ir pasizymi geru terminiu stabilumu. Uzfiksuota junginio stiklé¢jimo temperatiira
141 °C. Pastaroji yra didesné nei Spiro-OMeTAD (125 °C%), todél naujas organinis
puslaidininkis demonstruoja stabilesn¢ amorfing biiseng. Organinis puslaidininkis
5 % savo masés svorio praranda ties 390 °C temperatiira. Junginio V886 jonizacijos
potencialas buvo 5,04 eV, o kriivininky dreifinis judris silpname elektriniame lauke
sieké 2x10° cm?/Vs.
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10 pav. Karbazolo chromoforus turin¢iy organiniy molekuliy V886 ir GJ-pp
cheminés struktiiros

V886 pasizyméjo labai geru tirpumu organiniuose tirpikliuose, tokiuose kaip
THF ir chlorbenzenas (> 100 mg/ml). Tai labai svarbi savybé konstruojant PSE.
Junginj panaudojus skyliy transportiniame sluoksnyje buvo sukonstruotas n-i-p
struktiros prototipinis PSE. Konstrukcija sudarantys sluoksniai: FTO /
kompaktiskas TiO; sluoksnis / mezoporinis TiO2/ perovskitas — MAPbl; / STM
/ Au. Fotovoltinés charakteristikos pateiktos 5 lenteléje. Jrenginio su V886
konversijos efektyvumas sieké beveik 17 %. Tuo metu tai buvo rekordinis naSumo
rezultatas tarp ne spiro Kklasés junginiy. Organinis puslaidininkis buvo
uzpatentuotas ir komercializuotas tarptautinéje kompanijoje ,,Tokyo Chemical
Industry Co, Ltd. (TCI)*.

5 lentelé. Perovskitiniy saulés elementy, kuriuose naudoti puslaidininkiai V886 ir GJ-
pp, fotovoltinés charakteristikos ir efektyvumai

STM Voo, V. Jsc, MA/cm®>  FF  STM PSE, % Etalono PSE, %
/886 1,09 21,38 0,73 16,91 18,36
GJ-pp 1,02 23,22 0,73 17,23 17,96

W.-J. Gao kartu su bendraautoriais supazindino su nauju ir PSE efektyviali
veikian¢iu organiniu puslaidininkiu GJ-pp (zr. 10 pav.)!%’. Pastarasis yra V886
analogas, kurio molekuléje karbazolo chromoforai, sujungti ne konjuguotu benzeno
ziedu, o butilpakaitu. Autoriai teigia, kad naujosios STM sintezé yra paprasta, o
gryninimo bidai lengvi. Buvo apskaiCiuota, kad GJ-pp laboratorinés sintezés
kaina yra ~ 40 Eur/g ir sudaro tik 29 % bendros Spiro-OMeTAD kainos.

Karbazolo dariniai dél savo terminio ir cheminio stabilumo yra gerai Zinomi
kaip STM, efektyviai pritaikomos PSE®, Junginys GJ-pp 5 % savo masés svorio
praranda ties 426 °C temperatiira. Puslaidininkis pasizymi stabilia amorfine biisena
(Tg = 122 °C). Atlikus naujo puslaidininkio optinius tyrimus buvo uzfiksuotas didelis
Stokso poslinkis (126 nm), o tai reiskia, kad suzadinimo biisenoje galima tikétis
reik§mingy molekulés konformacijy. GJ-pp nustatytas HOMO energetinis lygmuo
yra-5,19 eV. Pastarasis efektyvaus kriivio transporto uztikrinimui tinkamai suderintas
su perovskito MAIPbl; HOMO lygmeniu (-5,43 eV!%). Organinio puslaidininkio
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kravininky dreifinis judris (u#0=1,22x10° c¢m?/Vs) buvo labai artimas Spiro-
OMEeTAD vertei (10=2,68x10"°cm?/Vs).

Mazamolekulinis junginys GJ-pp buvo iSbandytas kaip STM n-i-p
konstrukcijos PSE. Jrenginio struktara: FTO / SnO,/ perovskitas — MAPbl; / STM
/ Au. PSE, pagamintas naudojant GJ-pp, pasizyméjo dideliu konversijos efektyvumu
(17,23 %) ir gali buti lyginamas su prietaisu, kuriame kaip STM yra etalonas
Spiro-OMeTAD (17,96 %). Sukonstruoty prietaisy ilgalaikio terminio stabilumo
tyrimai buvo atliekami 85 °C temperatiiroje. [renginiai buvo nejkapsuliuoti ir laikyti
Ar atmosferoje 240 val. Spiro-OMeTAD pagrindu sukonstruoto PSE efektyvumas
sumazéjo ~50 %. O jrenginys su puslaidininkiu GJ-pp yra daug stabilesnis, nes
matomas 19 % galios konversijos efektyvumo sumaZzéjimas. Galima teigti, kad
aromatiniai arba alifatiniai pakaitai yra perspektyviis centriniai fragmentai karbazolo
chromoforams sujungti.

L. Gao su kolegomis paskelbé apie dvi naujas karbazolo chromoforus turin¢ias
STM (zr. 11 pav.)*° Organinis puslaidininkis EH44 turi centrinj karbazolo
fragmenta su 2-0je ir 7-oje padétyse prijungtais dimetoksidifenilamino pakaitais.
EtCz-3EHCz yra pastarojo analogas, turintis didesng konjuguota sistemg — tris
karbazolo chromoforus. Junginiuose skiriasi alifatiniai pakaitai ir jy kiekis. Buvo
apskaiciuota, kad $iy mazamolekuliniy junginiy sintezés kaina sudaro /s bendros

Spiro-OMeTAD kainos.
N I4
N

—0 Oo—

EH44 —0 EtCz-3EHCz ©O—

11 pav. Karbazolo chromoforus turin¢iy organiniy molekuliy EH44 ir EtCz-3EHCz
cheminés struktiiros

DSK analizés metodu buvo nustatytos EH44 ir EtCz-3EHCz junginiy
stikléjimo temperatiiros, kurios atitinkamai lygios 88 ir 98 °C. Abiejy puslaidininkiy
Nustatytas jonizacijos potencialas buvo 5,4 ir 4,9 eV. Deja, bet mazamolekulinio
junginio EH44 stikléjimo temperatiira yra per Zema, o jonizacijos potencialo verté per
auksta, kad jis galéty buti pritaikytas efektyviuose PSE. D¢l Sios priezasties tik
organinis puslaidininkis EtCz-3EHCz buvo panaudotas konstruojant n-i-p
konfigtracijos su priedais PSE. Konstrukcija sudarantys sluoksniai: FTO /
kompaktiskas TiO; sluoksnis / mezoporinis TiO, / perovskitas —
CSovos(MAO,13FAO,37)0,95Pb(|0,83Bl'o,17)3 [ STM/ Au.
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6 lentelé. Perovskitinio saulés elemento, kuriame naudotas puslaidininkis EtCz-
3EHCz, fotovoltinés charakteristikos ir efektyvumai

ST™M Voo, V. Jsc, mMA/cm®>  FF  STMPSE, % Etalono PSE, %

EtCz-3EHCz 1,06 22,00 0,72 17,37 18,57

Nors jrenginio su junginiu EtCz-3EHCz efektyvumas (17,37 %) Siek tiek
nusileidzia etalono prietaiso naSumui (18,57 %), jis yra pigi alternatyva kaip STM
PSE.

Toliau modifikuojant karbazolo chromoforus turin¢ius junginius galima pasiekti
daug zadanéiy efektyvumo, stabilumo ir komercializavimo rezultaty PSE gamybos
technologijose.

2.3.4. Polimerinés skyliy transportinés medzZiagos

Autorés disertacijoje 3.6. ir 3.7. skyriuose yra apraSomi naujai susintetinti
polimerintis galintys organiniai puslaidininkiai. Junginiai buvo panaudoti n-i-p arba
p-i-n konstrukcijy PSE kaip STM arba tarpsluoksnis tarp perovskito ir STM.
Literatlirinés dalies apzvalga baigiama aukStus efektyvumo rezultatus PSE
pasiekusiomis besipolimerinanc¢iomis molekulémis.

Y. Zhang ir kt. paskelbé apie tris naujas polimerintis galinéias STM (zr.
12 pav.)!*L, Organiniai puslaidininkiai turi fluoreno centrg, prie kurio aromatiniy arba
alifatiniy pakaity prijungtos vinilgrupés. Kaip fluoreno Soniniai fragmentai pasirinkti
difenilaminai su metoksi- arba metilpakaitais.

o’ o o’ %
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VB-MeO-FDPA VB-Me-FDPA DH-MeO-FDPA

12 pav. Vinilgrupes turin¢iy organiniy molekuliy VB-MeO-FDPA, VB-Me-FDPA
ir DH-MeO-FDPA cheminés struktiros

Visy STM polimerizacija vykdyta 160 °C temperatiroje. Terminio proceso metu
vyksta polimerizacijos reakcija tarp vinilo grupiy, ir susidaro netirpus 3D struktiiros
polimerinis tinklas. Si polimerizacija nereikalauja jokiy papildomy priedy ar
iniciatoriy, kurie galéty pakenkti PSE efektyvumui ir stabilumui. Po polimerizacijos
VB-MeO-FDPA, VB-Me-FDPA ir DH-MeO-FDPA medziagy mobilumo vertés
padidéjo ir buvo lygios 3x10*cm?/Vs, 1,4x10*cm?/Vs ir 5x10° cm?/Vs. Pastebima
tendencija, kad geresnes elektrines savybes turi junginiai, kuriuose vinilo grupé
prijungta per aromatinj pakaita.

Visi organiniai puslaidininkiai panaudoti p-i-n konstrukcijos PSE. Elemento
struktiira: ITO / STM / perovskitas — MAPDI3xClyx/ Ceo / Ag.
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7 lentelé. Perovskitiniy saulés elementy, kuriuvose naudoti polimeriniai
puslaidininkiai, fotovoltinés charakteristikos ir efektyvumai

ST™M Voo,V Jsc, mMAlcm?  FF  STM PSE, % Etalono PSE, %
VB-MeO-FDPA 1,15 20,89 0,78 18,7 13,7
VB-Me-FDPA 1,16 20,17 0,77 17,9 13,7
DH-MeO-FDPA 1,09 19,54 0,75 15,9 13,7

PSE su etaloniniu polimeru PEDOT:PSS efektyvumas buvo tik 13,17 %, o
jrenginio su VB-MeO-FDPA konversijos nasumas buvo rekordinis ir sieké net
18,7 %. PSE su VB-Me-FDPA ir DH-MeO-FDPA efektyvumas buvo 17,9 ir 15,9 %.
Taip pat buvo atlikti VB-MeO-FDPA ir PEDOT:PSS pagrindu pagaminty prietaisy
ilgalaikiai terminio stabilumo tyrimai. Po 200 val. etalono jrenginio efektyvumas
nukrito iki 46 % pradinés savo nasumo vertés, 0 PSE su nauju puslaidininkiu i§laiké
85 % pradinio efektyvumo. Akivaizdu, kad naujos polimerinés medZiagos pagerino
prietaisy efektyvumus, stabilumus ir Smarkiai sumazino jrenginiy histerizg.

C. Zhang ir kt. paskelbé apie STM, turin¢ig karbazolo chromoforg ir vinilo
grupes (Zr. 13 pav.)'*?. Pastaroji buvo panaudota p-i-n konstrukcijos PSE, kurio
efektyvumas buvo rekordinis — 23,9 %.

o
¢
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MCz-VPOZ

13 pav. Tinklintis galin¢ios organinés molekulés MCz-VPOZ cheminé struktiira

Atlikus DSK analize buvo nustatyta, kad 150 °C temperatiiroje lengvai vyksta
junginio kryzminiy ryS$iy susidarymas ir gaunamas trimatis polimeras. TGA tyrimas
parodé, kad polimeras yra stabilus net iki 465 °C. MCz-VPOZ uzfiksuotas aukstas
skylininky dreifinis judris (#0=5,2x10"*cm?/Vs), kuris buvo viena eile auk$tesnis nei
etalono PTAA (10=2,03x10°cm?/Vs).

Naujas polimerinis puslaidininkis buvo panaudotas invertuotos konstrukcijos
PSE. Konstrukeija ~ sudaro: ITO / STM /  perovskitas -
(FA017MA094PDbI3 11)0,95(PDCl2)005 / Ceo/ Ag. Dél dideliy energijos nuostoliy, kuriuos
dazniausiai lemia STM optoelektroninés savybés, ir dél prastesnés sgsajos su
perovskitu invertuotos konstrukcijos SE galios konversijos efektyvumas retai
virSydavo 23 %1314 Tagiau kaip STM panaudojus polimerg MCz-VPOZ buvo
pasiekti rekordiniai efektyvumo rezultatai (23,9 %). Tuo metu tai buvo didZiausias
elementy, kuriuose naudotas ne etalonas PTAA, energijos konversijos efektyvumas.
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8 lentelé. Perovskitinio saulés elemento, kuriame naudotas polimerinis puslaidininkis
MCz-VPOZ, fotovoltinés charakteristikos ir efektyvumai

ST™M Voc, V. Jsc, mMA/lcm?  FF  STM PSE, % Etalono PSE, %

MCz-VPOZ 1,17 24,15 0,84 23,9 20,9

Atliekant prietaisy ilgalaikio stabilumo testus jrenginiai buvo nejkapsuliuoti ir
nuolatos aps$vieciami LED (400-800 nm) lempa. [renginys su 3D polimeru MCz-
VPOZ po 560 val. islaiké 91 % pradinio savo efektyvumo, o elementas su PTAA —
tik 70 %. MCz-VPOZ daugeliu aspekty pranasesnis nei PTAA, todél lengvai galéty
buti pritaikomas PSE komercingje rinkoje.

Literatiiroje ° pristatoma STM, kurios centrinio fragmento fluoreno 9-oje
padétyje yra prijungti trifenilaminai su polimerintis galin¢iomis vinilgrupémis (Zr.
14 pav.). Sis organinis puslaidininkis buvo panaudotas efektyviuose n-i-p
konstrukcijos PSE.
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14 pav. Vinilgrupes turin¢ios organinés molekulés V-TPAFDPA cheminé struktiira

Atlikus DSK analizg buvo nustatyta V-TPAFDPA polimerizacijos temperatiira.
Pirmojo kaitinimo metu uzfiksuota, jog monomeras polimerinasi 200-240 °C
temperattroje. Antrojo kaitinimo metu jokiy virsmy nepastebéta, todél galima teigti,
kad polimerizacijos procesas iki galo jvyko pirmo kaitinimo metu. Norint panaudoti
organinj puslaidininkj n-i-p konstrukcijos PSE reikéjo sumazinti kryzminio
susijungimo temperatarg iki 150 °C, kurig gali toleruoti perovskitas. Dél Sios
priezasties buvo atlikta organinio puslaidininkio V-TPAFDPA ir mazos molekulés
pentaeritritolio tetrakis(3-merkaptopropionato) (PETMP) kopolimerizacijos reakcija
(zr. 15 pav.). Esant Svelnioms reakcijos salygoms, be papildomy iniciatoriy
merkaptogrupéms reaguojant su vinilo grupémis susidaro 3D struktaros tinklas. DSK
analizé parodé, kad kopolimerizacija jvyko 100-120 °C temperatiiroje. Po pléveliy
atkaitinimo i§ polimery tirpaly uzragius UV/RS sugerties spektrus buvo nustatyta, kad
kaitinant 200 °C temperatiiroje 30 min. susidaro 80 %, 0 240 °C — 95 % V-TPAFDPA
polimero. V-TPAFDPA/PETMP kopolimero 95 % susidarymo laipsnis gautas
kaitinant 100 °C temperatiiroje.
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15 pav. Principiné V-TPAFDPA ir PETMP kopolimero susidarymo schema

Kadangi skersiniais rySiais susietos polimerinés medziagos pasizymi idealiu
Sviesos, Silumos ir mechaniniu stabilumu bei puikiu atsparumu organiniams
tirpikliams, manoma, kad jos apsaugoty perovskitinj sluoksnj nuo drégmés, taip
iSsaugant PSE efektyvumg ir stabilumg!'®-1'7, Nors dél geresniy prietaisy stabilumo
rezultaty polimerinés STM, pakeiCiancios legiruota Spiro-OMeTAD, sulaukia vis
didesnio susidoméjimo, jy pagrindu sukonstruoty prietaisy efektyvumas vis dar yra
Siek tiek mazesnis nei naudojant etalong!'®11°, Vis labiau populiaréja nauja strategija,
polimeriné STM yra naudojama kaip tarpsluoksnis tarp perovskito ir Spiro-OMeTAD,
taip iSlaikant ilgalaikj prietaiso stabiluma. V-TPAFDPA ir PETMP kopolimeras
panaudotas kaip tarpsluoksnis n-i-p konstrukcijos PSE. Konstrukcijg sudaro: FTO /
kompaktiskas TiO, sluoksnis / mezoporinis TiO, / perovskitas —
CS()|05(FAO,83MAO,17)0,95Pb(|o,83Bro,17)3 /| V-TPAFDPA+PETMP (kopolimeras) /
Spiro-OMeTAD / Au. Sukonstruoto elemento su tarpsluoksniu efektyvumas sieké
21,19 % ir pralenké palyginamojo elemento be tarpsluoksnio konversijos efektyvuma
(20,18 %).

9 lentelé. Perovskitinio saulés elemento, kuriame naudotas vinilgrupes turintis
puslaidininkis V-TPAFDPA, fotovoltinés charakteristikos ir efektyvumai

STM Voc, V. Jsc, MA/cm?  FF STM PSE, % Etalono PSE, %

V-TPAFDPA 1,13 23,9 0,79 21,19 20,18

Akivaizdu, kad V-TPAFDPA ir PETMP kopolimeras apsaugojo perovskitg nuo
drégmés, todél PSE pasizyméjo daug geresniu stabilumu (86 % pradinio efektyvumo)
nei elementas be tarpsluoksnio (69 % pradinio efektyvumo). Stabilumo tyrimas buvo
vykdytas 1032 valandas esant 40-60 % santykinei drégmei ir 60 °C temperatiirai.
Galima teigti, kad §i polimerinio tarpsluoksnio jterpimo technologija yra labai
perspektyvi norint pasiekti gerus efektyvumo ir stabilumo rezultatus.
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24. Mokslinés literatiirinés dalies apibendrinimas

Per pastarajj deSimtmetj Kuriant naujos kartos SE didelio susidoméjimo objektu
tapo PSE, kuriy efektyvumas jau virSijo 26 %. Palyginti su komerciniais silicio SE,
Sie elementai pasizymi konstrukcijos paprastumu bei pigiomis Zaliavomis. Zinomos
kompanijos intensyviai darbuojasi optimizuojant SE. Konstruojant PSE isbandomi
zinomi puslaidininkiai bei kuriamos ir patentuojamos naujos STM. Nors per
pastaruosius metus PSE pasieke rekordinius efektyvumus, jy komercializavimui yra
keletas klit¢iy. Visy pirma, skyliy transportui n-i-p konstrukcijos prietaisuose
dazniausiai naudojamas organinis puslaidininkis kodiniu pavadinimu Spiro-
OMeTAD yra brangus, nes jo penkiapakopei sintezei reikalingi brangs ir jautriis
reagentai ir sudétinga sublimacijos procediira. Be to, $is mazamolekulinis junginys
pasizymi nestabilia amorfine biisena. Todél pasaulyje kuriamos naujos lengvai
susintetinamos, amorfinés, pigios ir efektyvios STM. Kitas didelis PSE trukumas —
nepakankamas §iy prietaisy stabilumas, kurj daugiausia lemia aplinkos veikiamo
perovskito skilimas. Vyksta intensyvios polimeriniy STM, dengiamy ant
perovskitinio sluoksnio p-i-n konstrukcijoje, paieSkos. Supolimerintas organinis
puslaidininkis gali efektyviai apsaugoti perovskita nuo drégmés, taip iSsaugant
ilgalaikj SE efektyvuma ir stabilumag.
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3. MOKSLINIU STRAIPSNIU APZVALGA

3.1. Fluoreno centrg turintys mazamolekuliniai organiniai puslaidininkiai ir jy
panaudojimas skyles transportuojantiems sluoksniams gauti efektyviuose ir
stabiliuose perovskitiniuose saulés elementuose

Sis skyrius yra parasytas remiantis publikuotu straipsniu: ,,Nonspiro, Fluorene-
Based, Amorphous Hole Transporting Materials for Efficient and Stable Perovskite
Solar Cells“, Adv. Sci., 2018, 5, 1700811, S. Daskeviciate, N. Sakai, M.
Franckevi¢ius, M. Daskeviciené, A. Magomedov, V. Jankauskas, H. J. Snaith, V.
Getautis; cituota 44 kartus.

Kaip jau buvo minéta ankstesniuose skyriuose, PSE skyliy transportiniame
sluoksnyje kaip etalonas yra naudojamas organinis puslaidininkis Spiro-OMeTAD.
Apskai¢iuota, kad STM sudaro didele dalj saulés elemento kainos'?, todél dél
sudétingos sintezes, apsunkinty gryninimo stadijy ir iSaugusiy gamybos kasty Spiro-
OMeTAD vis dar néra naudojamas komerciniy prietaisy gamyboje. Sukurta daugybé
organiniy puslaidininkiy, kuriy sintezés kelias daug paprastesnis. Vienas i§ tokiy
pavyzdZiy — mazamolekulinis junginys V8861%. Jo struktiira susideda i§ dviejy 4,4 -
dimetoksidifenilamino ir 3,6-dipakeisto karbazolo fragmenty, sujungty benzeno
ziedu. Sio puslaidininkio sintezé labai paprasta, o jo pagrindu sukonstruoto kietos
busenos saulés elemento efektyvumas buvo beveik lygus prietaisui su Spiro-
OMEeTAD. Atsizvelgiant | tai, buvo susintetinti nauji mazamolekuliniai junginiai
STML1 ir STM2, turintys du ir tris karbazolilo chromoforus ir fluoreno fragmenta
molekulés centre (7r. 16 pav.). Sie organiniai puslaidininkiai susintetinti naudojant
paprastg trijy pakopy sintezés metoda. Jie yra amorfinés biisenos, termiskai stabilds ir
pasizymi aukstu galios konversijos efektyvumu. Svarbu tai, kad jrenginiai su Siomis
medZiagomis pasiiyméjo geresniu stabilumu nei prietaisas su Spiro-OMeTAD.

@ oo

16 pav. Naujy organiniy puslaidininkiy STM1 ir STM2 struktiiros

Kaip centriniai fragmentai tiksliniy produkty sintezéje naudoti komerciskai
prieinami skirtingai alkilinti fluorenai. Pastaruosius pagal Zinomg literatiroje
metodikg!'?! paveikus paraformaldehidu ir HBr acto rugstyje buvo gauti tarpiniai
junginiai 1 ir 3 su skirtingu brommetilpakaity skaic¢iumi. Jiems THF tirpiklyje
reaguojant su 3,6-dibromkarbazolu, reakcijoje dalyvaujant KOH, isskirti fluoreno
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dariniai 2 ir 4 su trimis ir dviem karbazolilo chromoforais. Galutiniai produktai STM1
ir STM2 buvo gauti paladzio katalizuojamos Buchwaldo kryzminio sujungimo
reakcijos metu (zr. 2 schema). Naujy junginiy struktiros buvo patvirtintos *H ir 3C
BMR spektroskopijos bei elementinés analizés budais.

Br VO™ \@ O
o " Q @ y
L . o
O‘Q B THE 6kt *Naotlﬁ‘inﬁi " Val OQ &
]_111(1)3(:: }lfcz)i)cnﬁ Br B’ O STMl (72 %)
45 val., 90 °C @ p \
O.O R = CH,, C,Hs - { )

-0 oL
HO(CH,0),H, @ @ Q )
HBr HOAc,
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O NaOt#-Bu, Ar, toluenas, O
O.Q 24 Val V.t Qo\
Br 5 "85% KOH,
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2 schema. Mazamolekuliniy puslaidininkiy STM1 ir STM2 sintezés schema

Istyrus susintetinty STM optines, termines bei fotofizikines savybes (zr. 10
lentele), buvo jvertintos jy panaudojimo galimybés PSE.

10 lentelé. Organiniy puslaidininkiy STM1 ir STM2 terminés, optingés ir fotofizikinés
savybés

STM T3, °C  T«?°C  Aas®,nm  1p% eV uod cm?/Vs
STM1 166 400 305, 375 511 1,5x10
STM2 146 420 303, 373 5,10 3,0x10°®
Spiro-OMeTAD 126 449 303, 387 5,00 4,1x10°

aStikléjimo (Tst) ir 5 % masés praradimo (Ts) temperatiiros, nustatytos i§ DSK bei
TGA kreiviy (10 °C/min, N, atmosfera); Pabsorbcijos spektry maksimumai (THF, 10-
4 M); Sjonizacijos potencialas, iSmatuotas i§ puslaidininkiy pléveliy PESA metodu;
ddreifinio judrio reik§més esant O elektrinio lauko stiprio reikSmei.

STM terminiam stabilumui nustatyti buvo taikomi TGA ir DSK metodai. TGA
duomenys parodé, kad tris pakaitus turintis junginys STM1 5 % savo masés svorio
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praranda ties 400 °C temperatiira, o jo analogas su dviem karbazolilo chromoforais
STM2 — ties 420 °C. Junginiai yra pakankamai termiSkai patvarts ir gali bati
panaudoti konstruojant PSE. I§ DSK analizés rezultaty matyti, kad organiniai
puslaidininkiai STM1 ir STM2 egzistuoja amorfinés busenos. Jy stikl¢jimo
temperatiiros atitinkamai yra 166 ir 146 °C. Sios temperatiiros labai gerai patvirtina
vieng i§ Wirtho postulaty, pagal kurj stiklé¢jimo temperatira didéja, didéjant
molekulei, t. y. centrinio fragmento 4-oje padétyje prijungiant papildoma pakaitg'?2.
Mazamolekulinio junginio ST M1 stikléjimo temperatiira yra net 40 °C didesné nei
Spiro-OMeTAD. Tai puikus rodiklis, kuris uztikrina stabilesn¢ amorfing buseng ir
sumazina kristalizacijos tikimybe.

Naujy fluoreno centrinj fragmenta turinéiy STM ir etalono Spiro-OMeTAD
ultravioletinés ir regimosios §viesos spinduliuotés sugerties spektrai (UV-RS) buvo
iSmatuoti THF tirpaluose ir pateikti 17 pav., a. Puslaidininkiy STM1 ir STM2
sugerties spektrai beveik identiski, ir tai patvirtina, kad néra konjugacijos tarp atskiry
dipakeisty karbazolilsaky. Abiejy junginiy spektruose yra matoma intensyvi sugerties
juosta ties 305 nm. Ji atspindi z-z" elektrony peréjimus. Silpnos sugertys ties 375 nm
atitinka n-7" peréjimus. Kadangi naujy STM didZiausia absorbcija yra UV srityje ir tik
labai nedidelé regimajame diapazone, jos tampa labai patrauklios naudoti PSE %,

2
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17 pav. Naujy organiniy puslaidininkiy STM1, STM2 ir Spiro-OMeTAD: a) UV-
RS spinduliuotés sugerties spektrai THF tirpiklyje (104 M); b) dreifinio judrio
priklausomybé nuo elektrinio lauko stiprio

Naudojant elektrony fotoemisijos ore metodg buvo iSmatuoti susintetinty
puslaidininkiy jonizacijos potencialai (1) — HOMO energetiniai lygmenys. Rezultatai
pateikti 10 lentel¢je. Junginiy STM1 ir STM2 Ip reikSmés yra beveik vienodos,
atitinkamai 5,11 ir 5,10 eV. Apskai¢iuotos reik§més yra labai artimos etalono Spiro-
OMeTAD jonizacijos potencialo vertei (5,00 eV). Nauji puslaidininkiai galéty
uztikrinti efektyvy skyliy perdavima prietaisuose, todél yra tinkami naudoti PSE. Dar
viena svarbi puslaidininkiy fotofizikiné savybé — dreifinis judris. Jis buvo iSmatuotas
naudojant kserografinj laiko 1ékio metoda (zr. 17 pav., b). Junginiy STM1 ir STM2
mobilumo vertés buvo panaSios j Spiro-OMeTAD ir silpname elektriniame lauke
atitinkamai sieké 1,5x<10€ir 3,0x10 cm?/Vs.
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Nauji V-serijos junginiai buvo panaudoti n-i-p architektiiros PSE skyles
transportuojan¢iame sluoksnyje. Prietaiso konstrukcija: FTO / SnO. [/
perovskitas — FA( g3Cso,17Pb(lo,sBro2)s / STM / Au. Saulés elementy optimizuoti
fotovoltiniy charakteristiky duomenys i§ fotosrovés-jtampos (J-V) kreiviy
susisteminti ir pateikti 11 lenteléje. Puslaidininkio STM1 pagrindu
sukonstruoto jrenginio galios konversijos efektyvumas sieké 18,3 % ir buvo
labai panasus j Spiro-OMeTAD (18,9 %). STM2 atveju buvo uzfiksuotas Siek tiek
mazesnis efektyvumas (16,7 %).

11 lentelé. Perovskitiniy saulés elementy, kuriuose naudoti puslaidininkiai STM1,
STM2 ir Spiro-OMeTAD, fotovoltinés charakteristikos ir efektyvumai

ST™M Voc, V Jsc, mA/cm? FF PSE, %
STM1 1,05 22,0 79,5 18,3
STM2 0,96 21,6 79,7 16,7
Spiro-OMeTAD 1,08 22,4 77,9 18,9

Taip pat buvo istirtas visy sukonstruoty PSE prietaisy stabilumas (Zr. 18 pav.).
Irenginiai buvo nejkapsuliuoti, santykiné oro drégmé ~ 60 %, temperattra 22 °C. Po
270 valandy Spiro-OMeTAD pagrindu pagaminto PSE efektyvumas nukrito 20 %. O
jrenginiai su puslaidininkiais STM1 ir STM2 yra daug stabilesni, nes matomas tik
6 % galios konversijos efektyvumo sumazéjimas. Stabilumo tyrimo rezultatai gali buiti
siejami su geresne STM morfologija — nauji puslaidininkiai tolygiai pasidengia ant
perovskito pavirSiaus, taip apsaugodami jj nuo drégmés poveikio.

[ —B— Spiro-OMeTAD
0.8 @ STM1
—h— STM2
T T T T T T T T T T T T
0 50 100 150 200 250 300
Laikas, val

Normalizuotas PSE
efektyvumas

18 pav. Perovskitiniy saulés elementy su tirtais puslaidininkiais stabilumas

Apibendrinant visus gautus rezultatus galima teigti, kad organinis puslaidininkis
STM1 galéty buti puiki alternatyva etalonui Spiro-OMeTAD. Tai priartinty
perovskitiniy saulés elementy komercializacija.

3.2. Fluoreno enaminy sintezé bei ju panaudojimas skyles transportuojantiems
sluoksniams gauti efektyviuose ir stabiliuose perovskitiniuose saulés elementuose

Sis skyrius yra paraSytas remiantis publikuotu straipsniu: ,,Fluorene-based
enamines as low-cost and dopant-free hole transporting materials for high
performance and stable perovskite solar cells, J. Mater. Chem. A, 2021, 9, 301-309,
S. Daskevi¢iaite, C. Momblona, K. Rakitys, A. A. Sutanto, M. Daskevigiené, V.
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Jankauskas, A. Gruodis, G. Bubniené, V. Getautis, M. K. Nazeeruddin; cituota 30
karty.

Didelio efektyvumo PSE dazniausiai gaunami naudojant organinius
puslaidininkius, sintetintus kryZzminimo reakcijy metu. Sintez¢ vykdoma naudojant
brangius ligandus ar paladzio katalizatorius inertiskomis reakcijos salygomis, 0
galutiniy produkty gryninimo procediiros yra sudétingos. Siekiant ekonomiskos ir
efektyvios sintezés buvo atlikta paprasta kondensacijos reakcija, naudojant pigias
pradines medziagas ir i$skiriant geromis puslaidininkinémis savybémis pasizymin¢ius
enaminus (zr. 19 pav.). Siy galutiniy skyliy transportiniy medziagy kaina yra vos keli
eurai uz gramg, 0 etaloninis Spiro-OMeTAD kainuoja ~92 Eur/g*?. 13 fluoreno
diaminy susintetinti enaminai pasiZyméjo ypa¢ aukstais skyliy dreifiniais judriais,
kurie sieké net iki 3,3 x 10 cm?V-1s1, Tai viena i§ svarbiausiy puslaidininkiy fizikiniy
charakteristiky, todél ir sukonstruoti PSE pasizyméjo puikiu efektyvumu — legiruotoje
struktdiroje 19,3 %, o konfigiracijoje be priedy 17,1 %. Be to, abiejy strukttry SE turi
puiky ilgalaikj stabilumg, palyginti su Spiro-OMeTAD.

o oo Y °~ o oo A 73 -~
D s O O stws

o)

19 pav. Naujai susintetinty enaminy STM3 — STMY7 struktiiros

Tiksliniy fluoreno chromoforg turin¢iy enaminy sintezei buvo naudojama
pirminio amino reakcijos su acetaldehidais metodika. Tuo tikslu 2,7-diamino-9H-
fluorenas THF  virimo  temperatiroje  buvo  veikiamas  2,2-bis(4-
metoksifenil)acetaldehidu, reakcijoje dalyvaujant Kkatalizatoriui kamparo-10-
sulfonrigs¢iai (KSR). Tokiu biidu buvo gautas enaminas STM3, kurio 9-oji padétis
kitame etape alkilinama jvairaus grandinélés ilgio halogenidais, i$skiriant tikslinius
produktus STM4, STM5, STM6 ir STM7 (zr. 3 schema). Susintetinty junginiy
struktiiros buvo patvirtintos *H ir 1*C BMR spektroskopijos bei elementinés analizés
metodais.
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3 schema. Naujy enaminy STM3 — STM7 sintezés schema

Siekiant jvertinti naujy medziagy kaina, buvo atlikta sintezés kasty analizé.
Puslaidininkio STM3 prognozuojama kaina yra ~10 Eur/g, o alkilinto analogo STM5
— ~22 Eur/g, kas sudaro tik ketvirtadalj Spiro-OMeTAD kainos.

Darbe buvo iStirtos naujai susintetinty STM optinés, terminés ir fotofizikinés
savybeés (zr. 12 lentele) bei jvertintos panaudojimo galimybés PSE.

12 lentelé. Naujy enaminy terminés ir optinés savybés

SN S S S S N A
STM3 255 — 150 403 262,381,401 508 2,79
STM4 247, 267, 272 198 153 285 265, 382, 404 510 2,79
STM5 272 159 120 399 266,382,404 509 2,81
STM6 173, 195 - 90 393 265, 383, 404 508 2,79
STM7 330 - 116 321 265,384,400 507 2,79

aLydymosi (Tiya ), kristalizacijos (Twr), stikléjimo (Ts) ir 5 % masés praradimo (Tsk)
temperatiiros, nustatytos i§ DSK bei TGA kreiviy (10 °C/min, N, atmosfera);
babsorbcijos bei emisijos spektry maksimumai (THF, 10 M); °Eg, nustatytas i3
medziagy pléveliy absorbcijos bei emisijos spektry susikirtimo.

Pirmiausia buvo atlikti terminiai tyrimai, kuriy metu jvertintos medziagy
biisenos bei atsparumas aukstoms temperattiroms. TGA parodé¢, kad junginys STM3
5% savo svorio masés praranda 403 °C temperatiiroje ir turi didZiausig terminj
stabilumg tarp Sios serijos enaminy. Pastebima tendencija, kad alifatiniy pakaity
jterpimas ] 9-ajg fluoreno padétj pablogino naujy puslaidininkiy terminj stabiluma,
taciau jy visy skilimo temperatiira yra daug aukstesné nei Spiro-OMeTAD (Ts = 288
°C125), Puslaidininkiy terminiai virsmai buvo nustatyti naudojant DSK metoda. I[domu
tai, kad junginiai STM3, STM6 ir STM7 egzistuoja tiek kristalinés, tiek ir amorfinés
biisenos, 0 STM4 ir STM5 labiau linke kristalintis. Ta¢iau po antro kaitinimo ir juose
fiksuojama tik stikléjimo temperatiira, kuri parodo, kad visi junginiai turi ir amorfing
biiseng. Stabiliausia amorfine biisena pasizymi organinis puslaidininkis STM4, nes jo
stikléjimo temperatiira yra auks$ciausia 153 °C (zZr. 12 lentele).

Skyles transportuojanciy medziagy kriivio pernesimo procese ypac svarbis yra

n elektronai'?®. Norint detaliau iSnagrinéti jy buseng buvo uZra$yti organiniy
puslaldmlnkm, gauty i§ fluoreno diaminy, elektromagnetinés spinduliuotés sugerties
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spektrai (zr. 20 pav., a). Visos STM turi dvi pagrindines sugerties smailes, kurios yra
ties ~260 nm ir ~400 nm. Maziau intensyvi absorbcijos smailé prie trumpesniyjy
bangy atspindi lokalizuotus elektrony z-7" per¢jimus. O ~400 nm bangos ilgio smailé
atsiranda dél intensyvesnés delokalizacijos nuo centrinio molekulés fragmento ir yra
priskiriama n-z" peréjimams. Taip pat pastebima, kad skirtingy alkilfragmenty
prijungimas neturéjo ryskios jtakos konjuguotai sistemai, todél absorbcijos spektrai
iSlieka beveik identiski. Atlikus valentiniy elektrony suzadinima buvo uzrasyti FL
spektrai (zr. 20 pav., a). Visy enaminy FL spektrai yra panaSds ir emisijos
maksimumas fiksuojamas ~510 nm. Matomi labai dideli Stokso poslinkiai (~100 nm)
rodo, kad suzadinimo biisenoje medziagai yra biidingi dideli geometriniai poky¢iai.
Kuo Stokso poslinkis yra didesnis, tuo labiau junginys tinkamesnis skyléms
transportuoti, nes galima tikétis didesnio kriivininky judrio!?’.
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20 pav. Naujy enaminy STM3 — STM7: a) UV-RS spinduliuotés sugerties (istisiné
linija) ir fluorescencijos (punktyriné linija) spektrai THF tirpiklyje (10 M); b)
dreifinio judrio priklausomybé nuo elektrinio lauko stiprio

Naudojant elektrony fotoemisijos ore metoda STM energetiniy lygmeny
suderinamumui i$siaiskinti buvo iSmatuoti jonizacijos potencialai (Ip) — HOMO
energetiniai lygmenys (zr. 13 lentelg). STM3, STM4, STM5, STM6 ir STM7 Ip
reikSmés atitinkamai buvo 5,01, 5,0, 5,03, 5,03 ir 4,9 eV. Jos idealiai suderinamos su
perovskito valentinés juostos energija (5,70 eV). Sis suderinamumas uZtikrina
efektyvy skyliy perdavimg i§ perovskito link katodo!?. Naudojant Eq ir Ip reik$mes
buvo apskaiéiuotos Eea (LUMO energetinio lygmens) vertés (zr. 13 lentelg). Visy
junginiy elektrony giminingumo vertés buvo nuo 2,1 iki 2,2 eV. Svarbu tai, kad jos
yra daug mazesnés nei perovskito laidumo juostos energija (4,1 eV), todél yra
uztikrinamas veiksmingas elektrony blokavimas nuo perovskito link anodo!?.
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13 lentelé. Naujy enaminy STM3 — STM7 fotofizikinés savybés

ST™M Ip 3 eV Ip b, eV Eea &, €V o9, cm?/Vs
STM3 5,01 5,39 2,22 1,2x10%
STM4 50 5,32 2,21 1,2x107
STM5 5,03 5,39 2,22 3,3x10*
STM6 5,03 5,25 2,24 2,6x10
STM7 4,9 5,34 2,11 8x10°

4Jonizacijos potencialas, iSmatuotas i§ puslaidininkiy pléveliy PESA metodu be
legiruojanciy priedy; Pjonizacijos potencialas, i¥matuotas i§ puslaidininkiy pléveliy
PESA metodu su legiruojanéiais priedais; °Eea = lp - Eg; ddreifinio judrio reikSmés
esant 0 elektrinio lauko stiprio reikSmei.

Naudojant kserografinj laiko Iékio metoda buvo iSmatuoti naujy organiniy
puslaidininkiy teigiamy kriiviy dreifiniai judriai. Jy priklausomybé nuo elektrinio
lauko stiprio yra pavaizduota 20 pav., b. Silpname elektriniame lauke (uo) junginiy
STM3, STM4, STM5 ir STM6 dreifinis judris buvo 10* cm?V-1s? eilés, o
propilpakaita turin¢io puslaidininkio STMS5 buvo uzfiksuota didziausia reik§mé — 3,3
x 10 cm?V-1s1, Svarbu atkreipti démesj, kad buvo pasiektas didesnis skylininky
mobilumas nei etaloninio Spiro-OMeTAD (uo = 1,3 x 10 cm?V-1s1)!2 atveju.
Aromatinio benzilpakaito jterpimas j fluoreno 9-3 padétj turéjo neigiamos jtakos
skyliy dreifiniam judriui — palyginti su kitais analogais, jis sumazéjo daugiau nei viena
eile.

Apzvelgiant visy atlikty tyrimy rezultatus galima teigti, kad gauti fluoreno
enaminai yra termiskai stabills, turi amorfing bliseng ir auksta skyliy dreifinj judrj
silpnuose elektriniuose laukuose. Siy organiniy puslaidininkiy HOMO/LUMO
energetiniai lygmenys leidZia juos panaudoti konstruojant perovskitinius saulés
elementus.

Naujosios STM buvo i$bandytos kaip teigiamus krtivininkus transportuojancios
medziagos Nn-i-p architektiiros PSE. Siy SE konstrukcija: FTO / kompaktiskas TiO
sluoksnis / mezoporinis TiO, / amorfinis SnO, [/ perovskitas -
[(FAPb|3)0,87(MAPbBr3)0,13]0192(CSPb|3)0,03/ STM / Au. STM buvo Iegiruotos tBP,
LiTFSI ir FK209 priedais. Visiems organiniy puslaidininkiy pagrindu
sukonstruotiems PSE buvo atlikta skerspjiivio skenuojamoji elektroniné mikroskopija
(SEM). Si analizé parodé, kad skyliy transportiniai sluoksniai i§ enaminy yra
kompaktiskai pasidenge ant perovskito ir yra ~ 120 nm storio, 0 Spiro-OMeTAD
sluoksnis — ~260 nm. Geriausiu efektyvumu pasizyméjo PSE, sukonstruotas STM3
puslaidininkio pagrindu (19,3 %). Alkilinty enaminy analogy STM4, STMS5 ir STM6
SE efektyvumai atitinkamai buvo 19,2, 19,2 ir 19,1 %. Tik junginio, turin¢io
benzilpakaita, PSE efektyvumas buvo daug mazesnis ir sieké vos 12,6 %. Galima
teigti, kad tai yra désninga, nes butent $io puslaidininkio skyliy dreifinis judris ir
uzpildymo faktorius buvo nepalyginti mazesni nei jo analogy. Svarbu paminéti, kad
tomis paciomis salygomis sukonstruoto PSE su Spiro-OMeTAD efektyvumas buvo
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19,7 % ir tik 0,4 % lenké paprastos kondensacijos reakcijos metu gauto junginio
STM3 PSE efektyvuma.

Yra Zinoma, kad legiruojantys priedai daro neigiamg jtaka PSE ilgalaikiam
stabilumui. Lic¢io druskos yra higroskopiskos, o 4-tret-butilpiridinas yra linkes
formuoti kompleksus su Pbl,, kas lemia greitesnj perovskito irima!3®. Todél buvo
sukonstruoti SE ir be priedy. Pazymétina tai, kad, matuojant priedy neturin¢ios
kompozicijos PSE, naujai susintetinty junginiy SE efektyvumai smarkiai virsijo
etaloninio puslaidininkio Spiro-OMeTAD. Geriausiu efektyvumu pasiZyméjo
junginys STM3 (17,1 %). Visi rezultatai surinkti i§ J-V kreiviy grafiky ir pateikti 14
lenteléje.

14 lentelé. Perovskitiniy saulés elementy, kuriuose naudoti skirtingi enaminai ir
Spiro-OMeTAD, fotovoltinés charakteristikos ir efektyvumai

STM Voo, V. JscmAlcm®  FF PSE, %
STM3 1,077 23,24 0,77 19,3
STM4 1,090 22,97 0,76 19,2
su STM5 1,089 22,86 0,77 19,2
priedais STMS6 1,094 22,95 0,76 19,1
STM7 1,024 2232 0,55 12,6
Spiro-OMeTAD 1,115 22,97 0,77 19,7
STM3 1,033 22,95 0,72 17,1
STM4 1,038 22,98 0,71 16,9
oty STM5 1,029 23,09 0,70 16,6
STM6 1,022 23,02 0,69 16,2
Spiro-OMeTAD 0,972 22,83 0,47 10,4

Buvo jvertintas visy sukonstruoty PSE stabilumas, i$skyrus i§ junginio STM7
padaryto SE, nes jo efektyvumo rezultatai buvo mazesni. Palyginimui buvo jvertintas
ir su Spiro-OMeTAD gauto jrenginio stabilumas. Visi prietaisai buvo nejkapsuliuoti,
nuolat apSvieciami saulés spinduliais azoto atmosferoje 500 valandy. llgalaikiai
prietaisy stabilumo rezultatai pateikti 21 pav. Visy naujy enaminy klasés junginiy PSE
stabilumo rezultatai buvo geresni nei etaloninio Spiro-OMeTAD SE.
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21 pav. Perovskitiniy saulés elementy su skirtingais enaminais STM3 — STMG ir
Spiro-OMeTAD stabilumy tyrimy rezultatai

Sios V-serijos enaminy funkcionalumo galimybes jrodo ir jy panaudojimas
pusiau skaidriy Sb,Ss3 konstrukcijos saulés elementuose, kuriy pritaikymas siuo metu
yra gana ribotas dél mazo konversijos efektyvumo ir brangiy STM. DaZniausiai kaip
etaloniné STM yra naudojamas poli-3-heksiltiofeno polimeras (P3HT). Moksliniame
straipsnyje ,,Sb2Ss solar cells with a cost-effective and dopant-free fluorene-based
enamine as a hole transport material*, Sustainable Energy Fuels, 2022, 6, 3220-3229,
N. Juneja, S. Daskeviciute-Geguziene ir kt., puslaidininkis STM6 ir P3HT buvo
panaudoti stibio sulfidy SE konstravimui. Saulés elemento su enaminu STMG6
konversijos efektyvumas buvo 17 % didesnis nei su P3HT, 0 jrenginiy skaidrumas
padidéjo 20 %. Taip pat Sio prietaiso kaina buvo daug mazesné (P3HT ~45 Eur/g,
STM6 ~17 Eur/g).

Naujy enaminy klasés puslaidininkiy pritaikymo galimybés buvo aprasytos ir
dar viename moksliniame straipsnyje — ,,Employment of dopant-free fluorene-based
enamines as innovative hole transport materials to boost the transparency and
performance of Sbh,Ss based solar cells®, Materials Science in Semiconductor
Processing, 2024, 169, 107934, N. Juneja, S. Daskeviciute-Geguziene ir kt. Nauji
organiniai puslaidininkiai STM3 ir STM5 taip pat buvo pritaikyti Sh,S3 saulés
elementy skyles transportuojanéiuose sluoksniuose. Atitinkamai SE konversijos
efektyvumai buvo 3,9 ir 4,3 % ir virsijo etalono P3HT pagrindu sukonstruoto prietaiso
efektyvuma, kuris buvo lygus 3,8 %.

3.3. Fluoreno chromoforus su akceptorinémis grupémis turinciy enaminy
sintezé ir panaudojimas efektyviems ir stabiliems perovskitiniams saulés
elementams

Sis skyrius yra para$ytas remiantis publikuotu straipsniu: ,,Passivating Defects
of Perovskite Solar Cells with Functional Donor-Acceptor-Donor Type Hole
Transporting Materials“, Adv. Funct. Mater., 2022, 3, 1-8, S. Daskeviciate-
Geguziené, Y. Zhang, K. Rakstys, C. Xiao, J. Xia, Z. Qiu, M. Daskevicien¢, T.
Paskevicius, V. Jankauskas, A. M. Asiri, V. Getautis, M. K. Nazeeruddin; cituota 10
karty.

Siame skyriuje yra apraSytas saveikos donoras-akceptorius-donoras (D-A-D)
jtakos perovskito defekty pasyvavimui tyrimas. Siam tikslui buvo susintetinti nauji
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organiniai puslaidininkiai — enaminai, turintys difeniletenilgrupes ir fluoreno
chromoforg su akceptorine grupe molekulés centre (zr. 22 pav.). Puslaidininkio
STM13 pagrindu veikiantis PSE pasieké didZiausig galios konversijos efektyvuma,
kuris virsijo 22 % ir pralenké Spiro-OMeTAD identiSkomis salygomis testuotg saulés
elementg. Malononitrilo akceptorius puslaidininkio molekuléje ne tik pagerino skyliy
transportg, bet ir prisidéjo prie perovskito defekty pasyvavimo, o tai leido pasiekti
geresnj SE stabiluma. Buvo apskai¢iuota STM STM13 sintezés kaina, kuri sieké vos
21 Eur/g. Akivaizdu, kad Sie organiniai puslaidininkiai yra puiki alternatyva
sudétingos sintezés metu gaunamam brangiam Spiro-OMeTAD.
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22 pav. Susintetinty D-A-D tipo organiniy puslaidininkiy STM8 — STM14
struktiiros

Naudojant paprasta kondensacijos reakcija, kurios Salutinis produktas yra tik
vanduo, kondensuojant pigius komercinius 2-aminofluorenong arba 2,7-
diaminofluorenong su 2,2-bis-(4-metoksifenil)aceltadehidu, reakcijoje dalyvaujant
KSR, buvo susintetinti fluorenono chromoforg turintys organiniai puslaidininkiai su
vienu (STM8 ir STM10) arba dviem (STM12 ir STM14) enaminy fragmentais.
Norint gauti junginius su stipresnémis akceptorinémis ciano grupémis, keto grupé
Knoevenagelio kondensacijos biidu konvertuota | malononitriling grupe, iSskiriant
puslaidininkius STM9, STM11 ir STM13. Detalios junginiy sintezés pateiktos 4
schemoje. Svarbu paminéti, kad pritaikytos kondensacijos reakcijos yra labai
perspektyvios, leidziancios iSvengti sudétingy reakcijy ir brangiy metaly katalizatoriy
naudojimo, o tiksliniy produkty i§skyrimo ir gryninimo procediiros yra nesudétingos.
Susintetinty junginiy struktiros buvo patvirtintos 'H ir 3C BMR, masiy ir
infraraudonosios spektroskopijy bei elementinés analizés metodais.
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4 schema. Naujy D-A-D tipo puslaidininkiy sintezés schema

Siekiant jvertinti susintetinty p-tipo puslaidininkiy kaina, buvo atlikta sintezés
kasty analizé. Numatoma puslaidininkio STM13 su dviem enaminy fragmentais kaina
yra ~21 Eur/g, o su vienu enamino fragmentu STM10 — ~18 Eur/g, kas sudaro tik
ketvirtadalj Spiro-OMeTAD kainos.

Darbe buvo istirtos naujy fluorenono ir dicianofluorenilidino enaminy optinés,
terminés, fotofizikinés savybés (Zr. 15 lentele) bei jy panaudojimo galimybés PSE.
Terminés junginiy savybés buvo jvertintos naudojant TGA ir DSK (zr. 15 lentelg)
tyrimy metodus. Termogravimetriné analizé parodé, kad organiniai puslaidininkiai,
turintys didesne aromatine sistema, pasizymi aukStesniu terminiu stabilumut®133,
Auksciausia skilimo temperatiira, kai junginys netenka 5 % savo masés, pasizymeéjo
puslaidininkis STM14 (T = 412 °C). Visy susintetinty STM skilimo temperatiira
buvo daug didesné nei Spiro-OMeTAD!%, Junginiy terminiai virsmai buvo nustatyti
1§ DSK kreiviy. Buvo pastebéta aiski tendencija tarp metoksipakeisty ir metoksigrupiy
neturin¢iy junginiy. Organiniai puslaidininkiai STM10, STM11 ir STM14 yra
kristaliniai, nes abiejy kaitinimy metu yra fiksuojamos lydymosi temperatiiros.
Metoksigrupés suteikia junginiams tiek kristaling, tiek ir amorfine biisenas. Visiems
junginiams, kuriy struktiiroje yra metoksigrupiy, antro kaitinimo metu buvo fiksuota
stikléjimo temperatiira. Organiniai puslaidininkiai V1351 ir STM13 turi stabiliausia
amorfine biiseng — stikl¢jimo temperattra fiksuota ties 140 °C.
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15 lentelé. Naujy D-A-D tipo puslaidininkiy STM8 — STM14 terminés, optinés ir
fotofizikinés savybés

Tiya 2, Tw?  Tstd, K Aabs °, Ip ¢, ugt,
ST™ 5C S’ sc’oC m eV cmiVs

171, 186, 259, 299, 313, 7
STM8 208 92 376 370, 538 5,44 1,3x10

STM9 245 - 111 379 265, 345 5,44 1,1x107

255, 285, 313, -6
STM10 244,247 202 111 338 363 513 5,49 1,4x10

236, 248, -6
STM11 239 248 175 115 347 268, 341 5,53 1,3x10

261, 299, 313, §
143 403 385 403, 598 5,43 4x10°

STM12 221,232
STM13 166 - 134 389 03323349 541 46x100

339, 351, 270, 288, 311, -6
STM14 348 217 157 412 378 395, 570 5,39 2,8x10

aLydymosi (Tia), kristalizacijos (Tw), stikléjimo (Ts) ir 5 % masés praradimo (Ts)
temperatiiros, nustatytos i§ DSK bei TGA kreiviy (10 °C/min, N, atmosfera);
babsorbcijos spektry maksimumai (THF, 10 M); ¢jonizacijos potencialas, iSmatuotas
i§ puslaidininkiy pléveliy PESA metodu; dreifinio judrio reikSmés esant O elektrinio
lauko stiprio reik§mei.

Susintetinty STM ultravioletings ir regimosios Sviesos spinduliuotes sugerties
spektrai (UV-RS) THF tirpaluose yra pateikti 23 pav., a.

a
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©
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23 pav. Naujy D-A-D tipo puslaidininkiy STM8 — STM14: a) UV-RS spinduliuotés
sugerties spektrai THF tirpiklyje (10-* M); b) dreifinio judrio priklausomybé nuo
elektrinio lauko stiprio
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Tarpusavyje lyginant STM8 su STM9, STM10 su STM11 ir STM12 su
STM13 galima pastebéti absorbcijos maksimumy poslinkius tolimesniy bangy link.
Absorbcijos maksimumy skirtumy atsiranda dél skirtingg C=0O ir C=C-(CN)
akceptoriy fragmenty. Malononitrilo funkciné grupé pasizymi stipresnémis
akceptorinémis savybémis. Junginiai STM12, STM14 ir STM13 turi dvigubai
didesn¢ konjuguota sistemg, todél jy absorbcijos maksimumai pasizymi
hiperchrominiu poslinkiu, palyginti su vieno fragmento enaminais. Plati sugerties
juosta regimojoje srityje atitinka donoro-akceptoriaus kriivio pernasos sgveikg!341%,
THEF tirpaluose buvo iSmatuoti visy molekuliy fluorescencijos (FL) spektrai, taciau
emisija neuzfiksuota.

Siekiant nustatyti puslaidininkiy energijos lygmenis buvo atlikti jonizacijos
potencialo matavimai naudojant elektrony fotoemisijos ore metoda. Eksperimentiniai
duomenys pateikti 15 lenteléje. D-A-D tipo puslaidininkiams buvo nustatytos
skirtingos Ip reik§més, kurios varijavo ~5,4-5,5 eV intervale.

Susintetinty molekuliy kriivio pernasos greitis buvo iSmatuotas kserografiniu
laiko 1ékio metodu. Dreifinio judrio priklausomybé nuo elektrinio lauko stiprumo yra
pateikta 23 pav., b, ir susisteminta 15 lenteléje. Junginiy STM9 ir STM14 dreifinio
judrio nebuvo galima iSmatuoti, todél buvo daryti skirtingy koncentracijy misiniai su
Z-polikarbonatu (1:1, 1:2, 1:3, 1:4). Gauty sluoksniy kokybé buvo tinkama
matavimams atlikti. Remiantis eksponentine kriivininky judrumo priklausomybe nuo
vidutinio atstumo tarp kriivj pernesanc¢iy molekuliy, buvo ekstrapoliuotos mobilumo
reik§més, kai medziaga yra gryna®®. Silpnuose elektriniuose laukuose didZiausiu
kriivio pernaSos grei¢iu pasizyméjo junginys STM13 uo = 4x10°6 cm?/Vs. Mazesné
molekuliy konjugacija turéjo neigiamos ijtakos dreifiniam judriui. Organinis
puslaidininkis su vienu enamino fragmentu STM9 pasizyméjo pras¢iausiu kravininky
mobilumu, kuris sieké 1,1x107 cm?/Vs.

IStyrus naujos V-serijos junginiy savybes ir jas iSanalizavus buvo konstruojami
PSE. n-i-p jrenginio konstrukcijos eiliSkumas — FTO / SnO, / perovskitas —
(FAPb|3)o,35(MAPbBI’3)0,15 / STM / Au. Buvo atlikta ViSl} elementq skerspjﬁvio SEM
nuotrauka. Puslaidininkiais padengty sluoksniy storis tik 80 nm, o Spiro-OMeTAD —
220 nm. Tai labai svarbu, nes konstruojant SE buvo optimizuotos naujai susintetinty
junginiy tirpaly koncentracijos. Duomenys apie PSE nasumo parametrus yra surinkti
i§ J-V kreiviy, susisteminti ir pateikti 16 lenteléje. Galima teigti, kad prietaisy na§umo
parametrams didele jtaka daro molekulés struktira, o ypa¢ didesné konjugacija.
Puslaidininkiy su mazesne dviguby rysiy konjuguota sistema (STM8, STM9, STM10
ir STM11) SE fotovoltinés charakteristikos neprilygo etalonui Spiro-OMeTAD.
PrieSinga situacija yra su didesn¢ konjuguotg sistemg turinciais puslaidininkiais. STM
STM12 ir STM14 prietaisy efektyvumo rezultatai atitinkamai buvo 19,92 ir 20,53 %
ir beveik prilygo Spiro-OMeTAD efektyvumo vertei. Didziausias naSumo rezultatas
buvo pasiektas su puslaidininkiu STM13, kuris buvo lygus 22,03 % ir buvo
rekordinis, nes aplenké etalona. Sio rekordinio efektyvumo priezastis galéjo biti
aukstas uzpildymo faktorius (FF), kuris parodo gerg skyles transportuojanéio
sluoksnio kokybe. Akceptoriné C=C-(CN), grupé saveikauja su nekoordinuotais §vino
jonais (Pb?*). Si saveika sumazina perovskito defektus, dél ko geréja PSE efektyvumo
ir stabilumo rezultatait®"-1%,
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16 lentelé. Perovskitiniy saulés elementy, kuriuose naudoti D-A-D tipo
puslaidininkiai ir Spiro-OMeTAD, fotovoltinés charakteristikos ir efektyvumai

STM Voc, V Jsc, mA/cm? FF PSE, %
STM8 0,963 22,80 0,687 14,97
STM9 0,991 23,25 0,670 15,37
STM10 0,895 23,01 0,662 13,54
STM11 0,871 1,59 0,497 0,68
STM12 1,089 23,77 0,769 19,92
STM13 1,112 24,34 0,813 22,03
STM14 1,070 24,2 0,792 20,53

Spiro-OMeTAD 1,121 24,16 0,793 21,48

Norint komercializuoti puslaidininkius, labai svarbu iStirti jy pagrindu
pagaminto prietaiso efektyvuma ne tik laboratorijos salygomis, bet ir didelio masto
gamyboje. Todél naudojant junginj STM13 buvo pagamintas 6,5 x 7 ¢cm dydzio
perovskitinis saulés modulis ir pasiektas 18,61 % efektyvumas.

Buvo jvertinti puslaidininkio STM13 ir Spiro-OMeTAD pagrindu sukonstruoty
PSE stabilumai (Zr. 24 pav.). Prietaisai nejkapsuliuoti, nuolat apsvie¢iami ir laikyti
kambario temperatiiroje 500 valandy, esant 12 % santykinei drégmei. Po 500 valandy
jrenginys su naujai susintetintu junginiu islaiké 95 % savo pradinio efektyvumo, o
Spiro-OMeTAD nasumo rodmenys nukrito iki 85 %.
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24 pav. Perovskitiniy saulés elementy su puslaidininkiais STM13 ir Spiro-
OMeTAD stabilumy tyrimy rezultatai

Siame skyriuje buvo apraSytos fluoreno pagrindo D-A-D tipo skyliy
transportinés medZiagos, kuriy sintezei naudotos paprastos kondensacijos reakcijos.
Atlikus terminius, optinius, fotofizikinius ir fotovoltinius matavimus nustatyta, kad
malono nitrilas kaip akceptorius organinio puslaidininkio struktiiroje buvo naudingas
ne tik skyliy transportui, bet ir PSE efektyvumui ir stabilumui. I$ organinio
puslaidininkio STM13 sukonstruoto jrenginio efektyvumas ir stabilumas buvo
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geresni nei palyginamojo Spiro-OMeTAD. Sio tyrimo rezultatai parodé, kad paprasty
skyliy transportiniy medziagy molekuliné inzinerija prisidéjo prie reikSmingy PSE
stabilumo ir efektyvumo patobulinimy.

3.4. Spirobisindano centrinj fragmenta turindiy enaminy sintezé ir
panaudojimas perovskitiniuose saulés elementuose

Sis skyrius yra para$ytas remiantis publikuotu straipsniu: ,,Design, Synthesis
and Theoretical Simulations of Novel Spiroindane-Based Enamines as p-Type
Semiconductors“, R. Soc. Open Sci., 2024, 11, 232019, S. Daskevi¢iiite-GeguZiené,
M. Daskeviciené, K. Kantminiené, V. Jankauskas, E. Kamarauskas, A. Gruodis, S.
Karazhanov, V. Getautis.

Kaip jau buvo minéta, Siuo metu PSE kaip etaloniné STM yra naudojamas
organinis puslaidininkis Spiro-OMeTAD. Sis junginys neturi stabilios amorfinés
buisenos, todél prietaiso veikimo metu vyksta terminis peréjimas i§ amorfinés |
kristaling faze. Sis virsmas yra salygotas didelés spirobifluoreno erdies simetrijos.
Tokia tendencija riboja puslaidininkio gebéjima formuoti pléveles ir neigiamai veikia
ilgalaikj PSE jrenginio stabilumg. Norint, kad junginys turéty stabilia amorfing
biisena, reikia centrinj spirobifluoreno fragmenta pakeisti mazesne simetrija
pasizyminciu spirobisindanu (zr. 25 pav.).

Spirobifluoreno Spirobisindano
centrinis fragmentas centrinis fragmentas

25 pav. Spirobifluoreno ir spirobisindano centriniy fragmenty struktiiros

Siame skyriuje aprasomi du nauji organiniai puslaidininkiai STM15 ir STM16,
turintys spirobisindano fragmenta molekulés centre (zr. 26 pav.). Nauji junginiai buvo
gauti i§ komerciskai pricinamy medziagy, atsisakant brangiy metaly katalizatoriy ir
panaudojant skirtingai substituotus anilinus. Istyrus termines savybes buvo nustatyta,
jog puslaidininkiai egzistuoja tik amorfinés biisenos, todél jie yra puiki alternatyva
kristalintis linkusiam Spiro-OMeTAD.
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26 pav. Naujy organiniy puslaidininkiy STM15 ir STM16 struktiiros

Bendra naujy STM STM15 ir STM16 sintezés procediira parodyta 5 schemoje.
Kaip pradinis reagentas naudotas pigus ir komerciskai prieinamas bisfenolis A.
Pradiniame ciklizacijos etape jis buvo kaitinamas metansulfonrigstyje. Gautas
spirobisindanas 7 buvo alkilintas jodmetanu DMF-e, reakcijoje dalyvaujant kalio
karbonatui. Atsisakius agresyvaus bromo isskirtas tarpinis junginys 8 buvo
brominamas N-bromsukcinimidu. Sios trys sintezés stadijos atliktos pagal literatiiroje
Zinomg metodikg®®. Enaminy pirmtakai 10 ir 11 su skirtingose padétyse (para- ir
meta-) esanciais benzeno pakaitais buvo gauti atliekant Suzuki kryzminio jungimo
reakcijg. Naudojant paprastg kondensacijos reakcija, kurios Salutinis produktas yra tik
vanduo, pastariesiems pirmtakams reaguojant su 2,2-bis-(4-
metoksifenil)acetaldehidu, reakcijoje dalyvaujant KSR, buvo susintetinti tiksliniai
organiniai puslaidininkiai STM15 ir STM16. Naujy junginiy struktiros buvo
patvirtintos H ir 3C BMR, masiy spektroskopijy bei elementinés analizés metodais.

CH3l,
o WO a0 0 )
4 | OH 0 0
va HO' DMF Ar, o DMEF, 0 °C o
135 °C . 18 val,, .O 21 val. .O
\ 25 QC Br

O NaOH,
STMIS:R= = PACL(PPh;),,
©2%) oy Q- THF, toluenas,
o- o Ar, 23 val., v.t. o‘B‘o
T ol 32
0 SA® o

KSR, THF,
40 min., v.t. 10: R=NH,, R;=H;
11: R=H, R=NH,

STM16: R = H,

©%) R~y =P
Q 7

o-

5 schema. Naujy puslaidininkiy STM15 ir STM16 sintezés schema

Darbe buvo istirtos naujai susintetinty STM optinés, terminés ir fotofizikinés
savybeés (zr. 17 lentelg) ir jvertintos jy panaudojimo galimybés PSE.
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17 lentelé. Naujy puslaidininkiy STM15 ir STM16 terminés, optingés ir fotofizikinés
savybés

Tta' Tka, 7\«b b, 7\e b' |PC. E d, E e' ,UOf,
ST™M 5C 5C nm nm eV eV AV, cm? /Vs
STM15 167 403 265, 355 502 534 3,02 232 9,0x10°®

STM16 157 389 260,335,365 502 530 3,07 223 26x10°

aStikléjimo (Tst) ir 5 % maseés praradimo (Ts) temperatiiros, nustatytos i§ DSK bei
TGA kreiviy (10 °C/min, N atmosfera); Pabsorbcijos bei emisijos spektry
maksimumai (THF, 10* M); ‘jonizacijos potencialas, iSmatuotas i§ puslaidininkiy
pléveliy PESA metodu; “Eg, nustatytas i§ medZziagy pléveliy absorbcijos bei emisijos
spektry susikirtimo; ®Eca = lp — Eg; fdreifinio judrio reik§més esant O elektrinio lauko
stiprio reikSmei.

Atlikus TGA ir DSK tyrimus buvo jvertintos organiniy puslaidininkiy terminés
charakteristikos. TGA analizé parodé, kad junginys STM15 5 % savo svorio masés
praranda 403 °C temperatiiroje ir turi didesnj terminj stabiluma nei analogas su
metapakaitu STM16 (T« = 389 °C). Pazymétina, kad abiejy STM skilimo
temperatiira yra daug aukstesné nei Spiro-OMeTAD (T = 288 °C%5), Tiksliniy
junginiy terminiams virsmams nustatyti buvo panaudotas DSK metodas. 1§
DSK analizés rezultaty matyti, kad abu junginiai egzistuoja tik amorfinés
biisenos. STM15 ir STM16 uzfiksuotos stikléjimo temperatiiros atitinkamai yra
167 ir 157 °C. Svarbu tai, kad naujy STM Ts yra aukstesnés nei etaloninio Spiro-
OMeTAD (Ts = 124 °C). Tai rodo, kad spirobisindano centrinj fragmentg
turintys mazamolekuliniai junginiai gali turéti geresnj morfologinj stabiluma.

Spirobisindano centrinj fragmentg turin¢iy STM UV-RS spinduliuotés spektrai
buvo uzraSyti i§ THF tirpaly (zr. 27 pav., a). Abu organiniai puslaidininkiai turi dvi
pagrindines sugerties smailes, kurios yra ties ~265 ir ~360 nm. Absorbcijos smailé
ties 265 nm atitinka lokalizuotus n-nt” elektrony peréjimus, atsiradusius dél centrinio
spirobisindano fragmento. O esant ~360 nm bangos ilgiui nevienodo intensyvumo
smailés atsiranda dél skirtingy pakaity (meta- ir para-) delokalizacijos ir yra
priskiriamos m-n" ir n-n" elektrony peréjimams. Atlikus valentiniy elektrony
suzadinimg buvo uzrasyti FL spektrai (Zr. 17 lentele). Emisijos maksimumai abiejy
junginiy fiksuojami ties 502 nm. Pastebimi labai dideli Stokso poslinkiai (~150 nm)
rodo, kad suzadinimo biisenos molekuléms yra budingi reikSmingi geometriniai
pokyc¢iai. STM15 ir STM16 draustiniy energijy juosty (Eg) vertés buvo apskaiéiuotos
i$ sugerties ir emisijos spektry sankirty ir atitinkamai yra 3,02 ir 3,07 eV (zr. 17
lentele).
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27 pav. Naujy organiniy puslaidininkiy STM15 ir STM16: a) UV-RS spinduliuotés
sugerties (istisiné linija) ir fluorescencijos (punktyriné linija) spektrai THF tirpiklyje
(10*M); b) dreifinio judrio priklausomybé nuo elektrinio lauko stiprio

Norint nustatyti naujy STM energijos lygmenis, elektrony fotoemisijos ore
metodu buvo iSmatuoti jonizacijos potencialai (Ip) — HOMO energetiniai lygmenys.
STM15 ir STM16 Ip reikSmés atitinkamai yra 5,34 ir 5,30 eV ir patenka |
pageidaujamg STM HOMO lygmens ver¢iy intervalg. LUMO energetinio lygmens
vertés buvo nustatytos apskai¢iavus Eea (STM15 2,32 ir STM16 2,23 eV) (zr. 17
lentele).

Kserografiniu laiko 1ékio metodu buvo iSmatuoti naujy organiniy puslaidininkiy
teigiamy kriviy dreifiniai judriai. Eksperimentiniai duomenys, iliustruojantys skyliy
dreifinio judrio priklausomybe nuo elektrinio lauko stiprumo, yra pavaizduoti 27 pav.,
b. Junginio STM15 silpname elektriniame lauke dreifinis judris lygus beveik 10
cm?/Vs eilés, o jo metapakeisto analogo — STM16 Siek tiek mazesnis (uo = 2,6x10°
cm?/Vs).

Atlikus visus terminius, optinius ir fotofizikinius tyrimus bei iSanalizavus
gautus rezultatus galima teigti, kad mazamolekuliniai junginiai atitinka visus
reikiamus parametrus, kad galéty biti pritaikyti PSE gamyboje.

18 lentelé. Perovskitiniy saulés elementy, kuriuose naudoti puslaidininkiai STM15 ir
STM16, fotovoltinés charakteristikos ir efektyvumai

STM Voc, V Jsc, mA/cm? FF PSE, %
STM15 1,11 22,6 0,66 16,4
STM16 1,10 22,3 0,60 14,7

Spiro-OMeTAD 1,09 22,8 0,77 19,1

Naujieji spirobisindano centrinj fragmenta turintys enaminai buvo panaudoti
kaip teigiamus kriivininkus transportuojancios medziagos n-i-p architektiiros PSE.
Elementy konstrukcija: ITO / SnO; / perovskitas — Cso,05FA0.s7MAg08Pbl2,76Bro.24 /
STM / Au. Visos PSE fotovoltinés charakteristikos susistemintos ir pateiktos 18
lenteléje. PSE su teigiamus kriivininkus transportuojanciu junginiu STM15
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pasizyméjo perspektyviausiais rezultatais — efektyvumas sieké 16,4 %. Sis
puslaidininkis termiSkai patvaresnis nei Spiro-OMeTAD ir turi tik amorfine biiseng,
tod¢l, tinkamai iStobulinus PSE gamybos salygas, jis gali biiti perspektyvi etalono
alternatyva.

3.5. Zaliosios chemijos principais susintetinty skyliy transportiniy medZiagy
panaudojimas efektyviuose ir stabiliuose saulés elementuose ir moduliuose

Sis skyrius yra para$ytas remiantis publikuotu straipsniu: ,,Green-Chemistry-
Inspired Synthesis of Cyclobutane-Based Hole-Selective Materials for Highly
Efficient Perovskite Solar Cells and Modules“, Angew. Chem. Int. Ed., 2022, 61,
€202113207, S. Daskevi¢iiite-Geguziené, Y. Zhang, K. Rakstys, G. Kreiza, S. B.
Khan, H. Kanda, S. Paek, M. Daskevic¢iené, E. Kamarauskas, V. Jankauskas, A. M.
Asiri, V. Getautis, M. K. Nazeeruddin; cituota 20 karty.

Siame skyriuje aprasomos STM, kuriy sintezei buvo panaudoti Zaliosios
chemijos principai, leidziantys atsisakyti pavojingy ir agresyviy reagenty bei tirpikliy.
Yra zinoma, kad fotodimerizuotas karbazolas yra gaunamas nesudétingos zaliosios
chemijos principais paremtos sintezés metu. Jo jvairtis dariniai pasizymi dideliu skyliy
dreifiniu judriu'®-42, Todél buvo susintetinti nauji organiniai puslaidininkiai,
molekulés centre turintys ciklobutano fragmentg ir savo energetiniais lygmenimis
tinkantys PSE gamybai (zr. 28 pav.).

Sistemingai buvo iStirta skirtingy karbazolo pakaity jtaka naujy skyliy
transportiniy medziagy savybéms. Naujos ciklobutano pagrindu susintetintos STM
buvo iSbandytos konstruojant saulés elementus. Pasiektas 21 % efektyvumas ir
pagerintas prietaiso stabilumas, palyginti su Spiro-OMeTAD. Taip pat naudojant
puslaidininkj STM22 buvo pagamintas perovskitinis saulés modulis (6,5 cm x 7 ¢cm),
kurio efektyvumas virsijo 19 % ir tuo metu buvo rekordinis tokio ploto moduliams.
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28 pav. Naujy fotodimerizuoto karbazolo pagrindu susintetinty skyliy transportiniy
medziagy strukttiros

Bendra zaliosios chemijos principais susintetinty ciklobutano pagrindu
pagaminty STM sintezés procediira parodyta 6 schemoje. Kaip pradinis reagentas
naudotas pigus ir komerciskai prieinamas 9-vinilkarbazolas. Jo fotodimerizacija
lengvai vyko kambario temperatiiroje, naudojant UV spinduliuote ir reakcijg vykdant
acetono tirpiklyje. Gautas trans-1,2-bis(9-karbazolil)ciklobutanas (12) buvo
brominamas, naudojant vandeninj kalio bromato ir bromido tirpala, taip atsisakant
agresyvaus bromo. Toliau vandens ir THF miSinyje buvo atlickama Suzuki kryzminio
jungimo reakcija ir iskirta tiksliné skyliy transportiné medziaga STM20. Sie trys
sintezés zingsniai parodé, kad, norint gauti junginj STM20, galima pritaikyti Zaliosios
chemijos sintezés principus ir nebenaudoti pavojingy aplinkai bei Zzmogaus sveikatai
medziagy. Kity Siame darbe aprasyty skyliy transportiniy medziagy galutinei sintezés
stadijai buvo naudotos standartinés Buchwaldo reakcijos salygos. Susintetinty
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junginiy struktiros buvo patvirtintos 'H ir ¥C BMR spektroskopijos, masiy
spektrometrijos ir elementinés analizés metodais.

20% H,SO,, Pd(PPhy);, 2M K,COs,
uv, 0, d KBr, KBrO; THEF, 3 val., 90 °C arba
N

acetonas, H,O, THF, NaO#-Bu,
A 15 val., k.t. 72 val,, k.t. [(+-Bu);PH]BF,,
Pd(OAc),, toluenas,
5-27 val., v.t. R R
\©\ @ ST™M17 \©\ /@’ \©\ O’O
(56 %) STM21 & :
N~

@ Y s @ o

(55 %)
@ @ STM19 STM20 swwzz@ STM23
(59 %) (70%) (61 %) (44.%)

6 schema. Naujy zaliosios chemijos principais gauty puslaidininkiy sintezés schema
Buvo atlikti susintetinty STM jvairiis terminiai, optiniai ir fotofizikiniai tyrimai
(zr. 19 lentele) ir jvertintos panaudojimo galimybés PSE.

19 lentelé. Naujy fotodimerizuoto karbazolo pagrindu susintetinty STM termings,
optinés ir fotofizikinés savybés

STM Tal‘yd Est -|;sk Aabs b’ xgm Ip ©, Eg d, Eeea ,U20 fl
oG oG oG nm nm eV eV ey CM Vs
STM17 - 122 416 291,303 450 507 291 212 7,9x10®
STM18 320 159 406 291,304 435 537 2,98 248 1,7x10%
STM19 - 162 382 289,302 427 548 305 243 33x107
sTM20 - 148 421 94306 420 554 313 221 0s
sTM21 - 157 432 L3154 5pg 293 235 5505
STM22 - 173 439 291,300 459 4,77 2,83 1,94 3,5x105
STM23 - 215 477 291,318 471 4,78 2,79 1,99 2,5x10°

aLydymosi (Tia ), stikléjimo (Ts) ir 5% masés praradimo (Tsk) temperatiiros,
nustatytos i§ DSK bei TGA kreiviy (10 °C/min, N, atmosfera); Pabsorbcijos bei
emisijos spektry maksimumai (THF, 10 M); ¢jonizacijos potencialas, i¥matuotas i$
puslaidininkiy pléveliy PESA metodu; 9Eg, nustatytas i§ medziagy pléveliy
absorbcijos bei emisijos spektry susikirtimo; ®Eea = lp — Eg; 'dreifinio judrio reik§més
esant Oelektrinio lauko stiprio reik$mei.
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I§ termogravimetrinés analizés rezultaty matyti, kad STM 5 % masés nuostoliai
atsiranda ties 380480 °C, o tai yra daug aukstesné temperatiira uz jprastinio jrenginio
veikimo temperattirg (zr. 19 lentele). Matoma akivaizdi tendencija — kuo didesné
molekuliné masé, tuo didesné ir terminio skilimo temperatira. DSK matavimai
parodé, kad visi nauji junginiai yra amorfiniai, i$skyrus puslaidininkj STM18, kuris
turi tiek amorfine, tiek kristaling biiseng. Svarbu tai, kad visos naujai susintetintos
skyliy transportinés medziagos turi didesnes stiklé¢jimo temperatiiras nei Spiro-
OMeTAD (124 °C). Tai reiskia, kad nauji organiniai puslaidininkiai su ciklobutano
fragmentu turéty turéti geresnj morfologinj stabiluma.

Nustacius, kad junginys STM18 turi kristaling biiseng, buvo iSaugintas Sio
puslaidininkio monokristalas rentgeno kristalografinei ciklobutano konfigiracijai
nustatyti. Kristalas buvo auginamas acetono ir chloroformo misinyje 7 °C
temperattroje. 29 pav., a, matyti, kad dviejy karbazolo chromofory, prisijungusiy prie
ciklobutano centrinio fragmento, rySio kampai (119° ir -119°) identifikavo molekulés
trans-konfigiiracija. ISmatuotas 98° kampas tarp dviejy karbazolo fragmenty jrodé
pseudospiro konformacijg (zr. 29 pav., b). 29 pav., ¢, matomos kampy vertés
patvirtino, kad centrinis ciklobutano fragmentas néra visiskai ploks¢ias.

a) b) ¥ 98
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29 pav. Puslaidininkio STM18 kristalografiné analizé

30 pav., a, pavaizduoti naujy STM optiniai tyrimai THF tirpaluose. Visi
junginiai turi bent dvi pagrindines absorbcijos smailes. Ties 290 nm matomas
absorbcijos maksimumas, atsirades dél centrinio fragmento -7 valentiniy elektrony
Suoliy. Absorbcijos smailiy maksimumai, uzfiksuoti srityje nuo 303 nm iki 354 nm,
yra priskiriami n-z* delokalizuotiems elektrony $uoliams. UV-RS spektry skirtumy
atsiranda dél skirtingy konjuguoty pakaity organiniuose puslaidininkivose. FL
spektrai parodé¢, kad visy medziagy atveju yra matomi reikSmingai dideli Stokso
poslinkiai (100-150 nm), todél suzadinimo busenoje galima tikétis molekuliy
geometriniy pokyc€iy. Draustiniy energijy juosty (Eg) vertés buvo apskaiciuotos is
sugerties ir emisijos spektry susikirtimo vietos ir jos varijuoja 2,79-3,13 eV (zr. 19
lentelg).
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30 pav. Naujy fotodimerizuoto karbazolo pagrindu susintetinty puslaidininkiy: a)
UV-RS spinduliuotés sugerties (istisiné linija) ir fluorescencijos (punktyriné linija)
spektrai THF tirpiklyje (10-* M); b) dreifinio judrio priklausomybé nuo elektrinio
lauko stiprio

Naudojant elektrony fotoemisijos ore metoda buvo iSmatuotas organiniy
puslaidininkiy HOMO energetinis lygmuo. Visy junginiy lp vertés svyravo 4,7-5,5 eV
(zr. 19 lentelg). Remiantis lp ir E; duomenimis buvo apskaiCiuotos elektrony
giminingumo vertés (Eea), kurios kito 1,9-2,5 eV diapazone. Sios vertés taip pat
nurodo ir LUMO energijos lygmenj. Jis turi bliti maZesnis nei perovskito sluoksnio
laidumo juosta (4,1 eV), kad biity uztikrinamas elektrony pernaSos blokavimas i§
perovskito j elektroda.

Naujy STM dreifiniy judriy priklausomybé nuo elektrinio lauko stiprumo
parodyta 30 pav., b. STM18 pasizyméjo didziausiu dreifiniu judriu silpnuosiuose
elektriniuose laukuose (uo = 1,7x1074 ¢cm?/Vs) ir pranoksta Spiro-OMeTAD (uo =
1,3x10% cm?/Vs)'?9, Junginiai STM20, STM21 ir STM22 pasizyméjo viena eile
mazesnémis wo dreifiniy judriy vertémis.

Atlikus visus reikalingus STM tyrimus buvo sukonstruoti n-i-p struktiros
prototipiniai saulés elementai. Konstrukcija sudarantys sluoksniai: FTO / SnO; /
perovskitas — (FAPDbI3)ogs(MAPbBr3)o1s / STM / Au. Konstruojant prietaisus
optimizuotos puslaidininkiy tirpaly koncentracijos. Sluoksnio storis elementuose
buvo 100 nm, o Spiro-OMeTAD — 200 nm. STM22 ir etalono energijos konversijos
efektyvumai buvo labai panasis, atitinkamai 21 % ir 21,64 %. Dideliu jrenginiy
efektyvumu taip pat pasizymeéjo ir junginiai STM17 (19,11 %) bei STM20 (18,53 %).
Deja, bet PSE su puslaidininkiais STM18 ir STM19 pasizyméjo labai mazu
konversijos efektyvumu. Tai gali biiti dél gana Zemo $iy junginiy HOMO lygmens.
Be to, yra pastebimos ir labai mazos jrenginio uzpildymo faktoriaus reikSmés (zr. 20
lentele).
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20 lentelé. Perovskitiniy saulés elementy, kuriuose naudoti fotodimerizuoto
karbazolo pagrindu susintetinti puslaidininkiai, fotovoltinés charakteristikos ir
efektyvumai

STM Voc, V Jsc, mA/cm? FF PSE, %
STM17 1,073 24,01 0,750 19,11
STM18 0,942 6,49 0,198 1,21
STM19 0,506 12,00 0,217 1,32
STM20 1,057 24,22 0,752 18,53
STM21 1,061 21,11 0,693 15,26
STM22 1,092 24,38 0,791 21,00
STM23 0,927 22,99 0,584 12,44

Spiro-OMeTAD 1,114 24,17 0,803 21,64

Buvo jvertintas STM22 ir Spiro-OMeTAD pagrindu sukonstruoty elementy
stabilumas. Eksperimentas vyko aplinkos sglygomis 550 valandy, esant santykinei
drégmei 15-20 %. Etaloniniame jrenginyje, kuriame kaip STM naudotas Spiro-
OMeTAD, konversijos efektyvumas sumazéjo daugiau nei 1,5 %, 0 STM22 pagrindu
veikian¢iame jrenginyje beveik nepastebéta jokio poky¢io (zr. 31 pav.).
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31 pav. Perovskitiniy saulés elementy su STM22 ir Spiro-OMeTAD stabilumy
tyrimy rezultatai

Visuomet svarbiu aspektu saulés elementy gamyboje islieka komercializavimo
klausimas. Laboratorijos sglygomis gavus puikius PSE prietaiso su puslaidininkiu
STM22 efektyvumo rezultatus buvo nuspresta sukonstruoti prototipinius 6,5 x 7 cm
dydzio saulés elemento modulius. Biitent i§ tokio dydzio moduliy yra konstruojamos
saulés celés pramoninéje gamyboje. Modulio efektyvumas sieké 19,06 %. Pasiektas
rekordinis rezultatas, nes tuo metu tai buvo didziausias uzfiksuotas saulés modulio
efektyvumas ne Spiro-OMeTAD klasés junginiuose.
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Sio tyrimo rezultatai patvirtina galimybe sékmingai vystyti perovskitiniy saulés
elementy gamybos technologijas, naudojant ekologiskomis salygomis gautus
puslaidininkius.

V-serijos organiniy puslaidininkiy prakting svarba liudija keturios tarptautinés
patentinés paraisSkos ,,Photovoltaic Devices Containing Cyclobutane-Based Hole
Transporting Materials®, kurios priimtos skirtinguose patenty biuruose — JAV
(US2023157158), Japonijos (JP2023072638), Kinijos (CN116133444) ir Europos
(EP4181225).

3.6. Tinklintis  galin¢iy  skyles  transportuojanfiy = medzZiagy  su
karbazolilchromoforais sintezé bei panaudojimas invertuotos struktiiros
perovskitiniuose saulés elementuose

Sis skyrius yra paraSytas remiantis publikuotu straipsniu: ,,Cross-linkable
carbazole-based hole transporting materials for perovskite solar cells”, Chem.
Commun., 2022, 58, 7495-498, S. Daskevi¢iiite-Geguziené, A. Magomedov, M.
Daskeviciené, K. Genevicius, N. Nekrasas, V. Jankauskas, K. Kantminiené, M. D.
McGehee, V. Getautis; cituota 6 Kkartus. Sio numerio Zzurnalo ,,Chemical
Communications* virSelis buvo iliustruotas pastarojo straipsnio tematika.

Siame skyriuje yra apraSomos naujos STM, kurios buvo panaudotos
konstruojant vis labiau populiaréjancius atvirkStinés konfigtracijos (p-i-n)
perovskitinius saulés elementus. Siuo atveju p-tipo puslaidininkis padengiamas pries
perovskito sluoksnj, todél privalo biti atsparus DMSO:DMF tirpikliy mi$iniui, kuris
naudojamas liejant Sviesg absorbuojantj sluoksnj. Bitent dél Sios priezasties
dazniausiai yra naudojamos polimerinés medziagos, ypac¢ galin¢ios sudaryti
tirpikliams atsparias 3D struktiiras. Tam tikslui Siame darbe buvo susintetinti du nauji
karbazolilchromoforus ir vinilgrupes turintys junginiai (zr. 32 pav.).

- v Ve
QP 9 o G s

32 pav. Polimerintis galin¢iy puslaidininkiy STM24 ir STM25 struktiiros

Bendra naujy polimerintis galinéiy STM sintezés eiga parodyta 7 schemoje.
Kaip pradiniai reagentai buvo pasirinkti komerciskai prieinami 3-brom-9H-
karbazolas ir 3,6-dibrom-9H-karbazolas. Naudojant alkilinimo metodika buvo
susintetinti tarpiniai junginiai 14 ir 16, turintys vinilgrupes. Tuomet buvo atliktos
Buchwaldo paladzio katalizuojamos reakcijos. Junginys 14 buvo sujungtas su p-
anizidinu ir gautas antrinis aminas 15, kuris toliau reagavo su pirmtaku 16, susidarant
tiksliniam junginiui STM24 su trimis polimerintis galin¢iomis vinilgrupémis. 3-
amino-9-etilkarbazolui reaguojant su junginiu 14 susidaré antrinis aminas 17, kurj
prijungus prie pirmtako 16 buvo isskirtas antras tikslinis junginj STM25. Susintetinty

67



junginiy strukttiros buvo patvirtintos *H ir 3C BMR spektroskopijos bei elementinés

analizés metodais.

cl NH,

Br 7
55 PN Q°
T e _
N BTEAC, 50% NaOH Pd(OAc),, XPhos, NaOz-Bu,
Ar, DMSO, 3 val., v.t. 14 NaO#-Bu, H,0, Ar [(+-Bu);PH]BF,,
A 1,4-dioksanas, A Pd(OAc), STM24
5 min., v.t. Br, Br Ar, toluenas, (12 %)
] ¢ BTEAC, 8 val., v.t. °
'B' 50% NaOH, N
R —
N + Ar, DMSO, 16 NaO¢-Bu,
H P 12 val., v.t. , [(z-Bu);PH]BF,,
Pd(OAc),
Br Pd(OAc),, XPhos, ’ Ar toluenas > STM23
“ QG womno | QgD | Bl @
Ar dioksanas, N ]

10 min., v.t.

JN 17
' O
7 schema. Naujy puslaidininkiy su vinilgrupémis STM24 ir STM25 sintezés

schema

Buvo atlikti naujy STM terminiai, optiniai ir fotofizikiniai tyrimai (zr. 21
lentele) ir jvertintos jy panaudojimo galimybés p-i-n konfigairacijos PSE.

21 lentelé. Organiniy puslaidininkiy STM24 ir STM25 terminés, optinés ir
fotofizikinés savybés
Tst?, Tpoli® Tk abs® Xem® IpS EgY Ee® o',
STM sc' bC SC nm nm’ eV eV eV cm?is
STM24 117 196 443 295,309 458 4,84 290 1,94 1,8x10°
STM25 56 300 404 291,319 470 4,82 2,84 198 24x10°

aStikléjimo (Tst), polimerizacijos (Tpoi) ir 5 % masés praradimo (Tsk) temperatiiros,
nustatytos i§ DSK bei TGA kreiviy (10 °C/min, N, atmosfera); Pabsorbcijos bei
emisijos spektry maksimumai (THF, 10 M); ¢jonizacijos potencialas, i¥matuotas i§
puslaidininkiy pléveliy PESA metodu; 9Eg, nustatytas i§ medziagy pléveliy
absorbcijos bei emisijos spektry susikirtimo; ¢Eea = lp — Eg; Dreifinio judrio reikmés
esant O elektrinio lauko stiprio reik§mei.

Termogravimetrinés analizés rezultatai parodé, kad abiejy junginiy terminis
stabilumas yra pakankamai aukstas — puslaidininkio STM24 5 % masés nuostoliai
atsiranda ties 443 °C, o junginio STM25 — ties 404 °C (zr. 21 lentele). Atlikus DSK
analiz¢ buvo nustatyta, kad tiksliniai junginiai yra amorfiniai ir pirmojo kaitinimo
metu buvo uzfiksuotos polimerizacijos temperatiiros. MaZesnés molekulinés masés
junginys STM24 polimerinasi 196 °C temperatiiroje, 0 analogo su didesne konjuguota
dviguby rysiy sistema tinklinimosi procesas pastebimas ties 300 °C temperatiira.
Antrojo kaitinimo metu jokiy virsmy nepastebéta, todél galima teigti, kad tinklinimosi
procesai iki galo jvyko pirmo kaitinimo metu (Zr. 33 pav., a). Svarbu paminéti, kad
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Sis tinklinimo procesas vyksta be papildomy iniciatoriy ar priedy, kurie turéty jtakos
SE efektyvumui ar stabilumui (Zr. 8 schema).

o— —o o— =g

A0 QO e o @

y W G LO
T s e B8,
/_@qu \—@_\—>§©\/NN \,@—éé

\/©) STM2S S?@) Tinklinis 3D polimeras

8 schema. Organiniy puslaidininkiy STM24 ir STM25 polimerizacijos schema

Norint jvertinti susintetinty puslaidininkiy optines savybes, buvo uzrasyti UV-
RS absorbcijos ir FL emisijos spektrai i3 tirpaly (zr. 33 pav., b). Jie parodé, kad abiejy
monomery absorbcijos maksimumai yra UV srityje ~ 320 nm, o sugertis RS
elektromagnetinés spinduliuotés diapazone labai nereik§minga. Dél didesnés
konjuguotos sistemos junginio STM25 absorbcijos ir emisijos maksimumai yra ~
10 nm pasislinkg ilgesniyjy bangy link.
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33 pav. Naujy organiniy puslaidininkiy STM24 ir STM25: a) UV-RS spinduliuotés
sugerties (istisiné linija) ir fluorescencijos (punktyriné linija) spektrai THF tirpiklyje
(104 M); b) diferencinés skenuojamosios kalorimetrijos kreivés (10 °C/min, N2
atmosfera)

Elektrony fotoemisijos ore metodu buvo iSmatuoti maZzamolekuliniy junginiy
STM24 ir STM25 jonizacijos potencialai, kurie atitinkamai yra lygis 4,84 ir 4,82 eV.
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Dreifinis judris buvo iSmatuotas kserografiniu laiko lékio metodu. Junginio STM24
silpname elektriniame lauke jis sieké¢ 1,8x10° cm?Vs, o analogo su didesne
konjuguota sistema STM25 — 2,4x10° cm?/Vs (Zr. 21 lentelg).

Pries konstruojant SE su tiksliniais monomerais STM24 ir STM25 buvo atlikti
terminio tinklinimo eksperimentai. Bandymo pradzioje ant stikliniy ploksteliy
suformuojamas junginio sluoksnis ir kaitinama medziagos polimerizacijos
temperatiiroje (STM24 — 200 °C, STM25 — 300 °C) skirtingg laiko tarpa (0, 30, 60,
90, 120 min). Po atkaitinimo visos plokstelés yra pamerkiamos j THF, kuris nuplauna
nesusipolimerinusig medziagos dalj, o 3D polimerinis sluoksnis lieka ant plokstelés.
I§ gauty THF tirpaly uzraSomi UV-RS sugerties spektrai 3D polimerizacijos
konversijai jvertinti. STM24 junginys susipolimerina per 90 min (zr. 34 pav., a), 0
aukstesnéje temperatiiroje polimerintas STM25 per vieng valanda (zr. 34 pav., b).

Po kaitinimo 200 °C=——0 min Po Kaitinimo 300 °C —— 0 min
temperatiroje:  ——30min temperataroje:  —— 30 min
—— 60 min —— 60 min

—— 90 min
120 min

—— 90 min
120 min

Absorbcijos intensyvumas, sant. vnt. &

Absorbcijos intensyvumas, sant. vnt. &,

350 400 450 300 350 400 450
Bangos ilgis, nm Bangos ilgis, nm

34 pav. STM24 (a) ir STM25 (b) terminés polimerizacijos tyrimo UV-RS sugerties
spektrai

Sutinklinti polimerai buvo panaudoti konstruojant p-i-n struktiiros saulés
elementus. Konstrukcijg sudaro: ITO / polimeras STM arba monomeras STM /
perovskitas — CSovo5(FA0,33MA0117)0,95Pb(|0,33Br0,17)3 / LiF / Cso [ BCP/ Ag Visos PSE
fotovoltinés charakteristikos susistemintos ir pateiktos 22 lentelgje. Pastebima
tendencija, kad 3D polimery pagrindu sukonstruoti SE pasizymi aukstesniais $viesos
konversijos efektyvumo rezultatais. Su junginiu STM24 gauti perspektyviausi
rezultatai — efektyvumas sieké 16,9 %. Monomeriniai puslaidininkiai dazniausiai néra
tinkami p-i-n konstrukcijos SE formuoti, nes biina neatspariis DMSO:DMF tirpikliy
misiniui, kuris reikalingas perovskitui padengti. Atlikti monomeriniy STM tirpumo
tyrimai parodé, kad monomeras STM24 yra dvigubai tirpesnis nei jo analogas
STMZ25, todél pastarojo pagrindu pagaminto SE efektyvumo rezultatai yra nepalyginti
didesni.
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22 lentelé. Perovskitiniy saulés elementy, kuriuose naudoti puslaidininkiai STM24 ir
STM25, fotovoltinés charakteristikos ir efektyvumai

STM Voc, V Jsc, mA/cm? FF PSE, %
STM24 monomeras 0,285 15,6 0,251 1,1
STM24 polimeras 0,979 20,6 0,844 16,9
STM25 monomeras 0,819 18,6 0,808 11,8
STM25 polimeras 0,944 19,0 0,823 14,6

Buvo jvertintas STM24 3D polimero pagrindu sukonstruoto saulés elemento
stabilumas. Eksperimentas truko 30 dieny aplinkos salygomis kambario
temperatiiroje. Prietaisas pasirodé stabilus ir eksperimento pabaigoje jo veikimo
efektyvumas sumazéjo tik 3 %.

Apibendrinant galima pasakyti, kad dvi naujos karbazolo pagrindu susintetintos
STM STM24 ir STM25 pasizymegjo paprasta sinteze, geru terminiu stabilumu, aukstu
skyliy dreifiniu judriu ir tinkamu HOMO lygmeniu. D¢l trijy vinilo grupiy
puslaidininkiai gali dalyvauti 3D polimerinimo procese. Po terminés polimerizacijos
junginiy plévelés tampa atsparios organiniams tirpikliams, todél jie yra perspektyvis
p-i-n konstrukcijos perovskitiniy saulés elementy gamyboje.

3.7. Tinklintis galindio puslaidininkio, turin¢io spirobifluoreno centrinj
fragmenta, sintezé bei panaudojimas skirtingy konfigiiraciju perovskitiniuose
saulés elementuose

Sis skyrius yra paradytas remiantis publikuotu straipsniu: ,,In situ thermal cross-
linking of 9,9'-spirobifluorene-based hole-transporting layer for perovskite solar
cells“, ACS Appl. Mater. Interfaces, 2024, 16, 1, 1206-1216, S. Daskevi¢iate-
Geguziené, M. A. Truong, K. Rakstys, M. Daskevicien¢, R. Hashimoto, R. Murdey,
T. Yamada, Y. Kanemitsu, V. Jankauskas, A. Wakamiya, V. Getaultis.

Siame skyriuje apra§omos naujai susintetinto etaloninio Spiro-OMeTAD
analogo STM26 (Zr. 35 pav.) panaudojimo galimybés skirtingy konstrukcijy (n-i-p ir
p-i-n) naujos kartos PSE.

- No

sty
A% 8205 YA
<afige

STM26 |}

~ e

35 pav. Naujo Spiro-OMeTAD analogo su polimerintis galin¢iomis grupémis
struktiira
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Spiro-OMeTAD analogas STM26 su keturiomis erdviniame tinklinime
galin¢iomis dalyvauti vinilgrupémis buvo gautas iSbandzius skirtingas reakcijy
schemas ir salygas. Pirmuoju biidu naudota daugiapakopé sintezé (Zr. 9 schema).
Pirmoje reakcijos stadijoje naudojant komercinius junginius 2-(4-bromofenil)-1,3-
dioksolang ir p-aniziding Buchwaldo reakcijos metu buvo i$skirtas aminas 18, turintis
uzblokuotg aldehiding grupe. Reakcijos metu susidaré paSaliniy produkty, kurie
apsunkino $io junginio kolonélinés chromatografijos gryninimo procediirg, o galutine
tarpinio junginio iSeiga sieké vos 40 %. Taip pat buvo pastebéta, kad junginys
ilgainiui atmosferos salygomis tampa nestabilus. Kitame sintezés etape gautas
junginys 18 paladziu katalizuojamos Buchwaldo reakcijos sglygomis buvo prijungtas
prie centrinio 2,2¢,7,7¢-tetrabrom-9,9¢-spirobifluoreno fragmento. ISskirtas tarpinis
junginys 19 su keturiomis uzblokuotomis aldehidinémis ir metoksigrupémis.
TreCiajame etape naudojant 10 % HCI tirpala vykdyta Boc- apsauginés grupés
numusimo reakcija. Pastaroji jvyko per 20 min. kambario temperatiiroje, iSskiriant
keturias aldehidines grupes turintj tarpinj junginj 20. Wittigo reakcijos metu,
naudojant natrio hidrida ir katalizatoriy, per 23 val. visos aldehidinés grupés buvo
transformuotos j keturias polimerintis galinCias vinilgrupes, susintetinant Spiro-
OMeTAD analoga STM26.

. ¢ 9 R . oPacos

1.4 C
NaOr-Bu, 0 0
@ PA(OAC)y, XPhos,  w\ [(t-Bi)3Ph]LIlBF4, [8—% N ¢

o” Yo  NaO#-Bu, H,0

Ar, 1,4-dioksanas, 18 o Pd(OAc), 19
25 min., v.t. I Ar, toluenas, !
’ 18 val., v.t. o P
10% HCI,
THF, 20 min., k.t.
o ~o - 5

gty 5 lasly
/IO 28518005 PaN
550 5%

(77 %)
~ e

[N 0 0.

9 schema. Organinio puslaidininkio su vinilgrupémis STM26 sintezés schema

Kadangi auks¢iau aprasytas polimerintis galin¢io Spiro-OMeTAD anlogo
sintezés budas pareikalavo daug laiko ir dideliy gamybos kasty, buvo iSbandytas
dviejy pakopy sintezés metodas (zr. 10 schemg). Naudojant komercines pradines
medziagas — 2,2°,7,7‘-tetrabrom-9,9‘-spirobifluoreng ir p-aniziding, Buchwaldo
reakcijos salygomis buvo gautas tarpinis junginys 21 su 70 % iSeiga. Pastarajam
identiskomis reakcijos saglygomis reaguojant su 4-bromstirenu, buvo isskirtas tikslinis
keturias nesocCias bei polimerintis galin€ias vinilgrupes turintis puslaidininkis STMZ26
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su 51 % iseiga. Tikslinio junginio STM26 gausinimui buvo pasirinktas biitent Sis vos
dviejy pakopy sintezés kelias.

NH,

AL $ @ -

/

Br O'O Br Pd(OAC),, O_Q_H .O ﬂ—@—o
[(+-Bu);PHIBF,, Q A

NaOt¢-Bu, toluenas, 21
Ar, 28 val,, V.t Br Pd,(dba)s;,
[(+-Bu);PH]BF,,
(é NaO¢-Bu, toluenas,
X Ar, 5 val., vit.
- o

O ©©w\

© STM26
o, (51%)

10 schema. Spiro-OMeTAD analogo su vinilgrupémis STM26 sintezés schema

o

Susintetinty junginiy struktiiros buvo patvirtintos *H ir *C BMR, masiy
spektroskopijos ir elementinés analizés budais. Apskaiiuota bendra naujojo
puslaidininkio kaina ~ 42 Eur/g yra daug maZesné nei kity pla¢iai naudojamy STM43,
Tai rodo Sio junginio didelj komercinj potenciala.

Buvo atlikti terminiai, optiniai ir fotofizikiniai tyrimai (zr. 23 lentele).

23 lentelé. Puslaidininkio STM26 terminés, optinés ir fotofizikinés savybés

Toai?,  Tsk?, Aabs °, Xem® Ip € ug ¢,
STM %%:' c?C ra1r§1 re{Fn eV cm?/Vs
STM26 253,265 460 336,395 419 5,29 8,7x10°
STM26 po kaitinimo -5
255 °C temperatiroje ) 335,394 B 538 1,3x10
STM26 + ditiolis
po kaitinimo 103 °C - - 303,383 - 5,35 1,3x10°

temperatiiroje

aPolimerizacijos (Tpoii) Ir 5 % masés praradimo (Tsk) temperatiiros, nustatytos i§ DSK
bei TGA kreiviy (10 °C/min, N, atmosfera); Pabsorbcijos bei emisijos spektry
maksimumai (THF, 10* M); ¢jonizacijos potencialas, i¥matuotas i§ puslaidininkiy
pléveliy PESA metodu; ddreifinio judrio reik§més esant O elektrinio lauko stiprio
reikSmei.

TGA rezultatai parodé, kad puslaidininkio 5 % masés nuostoliy atsiranda ties
460 °C. Tai rodo gera terminj stabiluma, nes junginio skilimo temperatira yra daug
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aukstesné nei jprastiné jrenginio veikimo temperattra. Atlikus DSK analiz¢ buvo
nustatyta tikslinio monomero polimerizacijos temperatiira. Pirmojo kaitinimo metu
uzfiksuota, kad STM polimerinasi ties 253 °C temperatiira. Antrojo kaitinimo metu
jokiy virsmy nepastebéta, todél galima teigti, kad polimerizacijos procesas iki galo
ivyko pirmo kaitinimo metu (zr. 36 pav., a). Yra zinoma, kad aukstesné nei 150 °C
temperatiira sukelia perovskito destrukcija, o tai neigiamai veikia n-i-p konstrukcijos
prietaiso efektyvuma. Deja, tikslinio STM26 monomero polimerizacijos temperatira
yra aukStesné, negu perovskitas gali toleruoti. Mokslinéje literattiroje yra duomeny,
jog vykdant kopolimerizacija su alifatiniais arba aromatiniais tioliais galima smarkiai
sumazinti 3D polimero susidarymo temperatirg!**. Todél buvo atlikta organinio
puslaidininkio STM26 ir 4,4¢-tiobisbenzentiolio (ditiolio) polimerizacijos reakcija,
kurios metu susidaré C-S-C ry$ius turintis 3D struktiiros kopolimeras (zr. 11 schemg).

o~ o

Palor e sy, £ 3

@S@s@@ﬁ?{ﬁ@s S
OO~ O N
FTT

o R Pt

B oc: o4l
3D polimeras S 80 Y
]

o %

11 schema. Organinio puslaidininkio STM26 ir 4,4¢-tiobisbenzentiolio
polimerizacijos schema

DSK terminiu metodu buvo nustatyta, kad netirpus 3D polimery tinklas susidaro
103 °C temperatiiroje. Verta paminéti, kad tai PSE pritaikyme yra iki $iol zemiausia
pasiekta 3D polimero susidarymo temperatiira, leidZianti panaudoti §j kopolimerg tiek
p-i-n, tiek n-i-p architektiiros elementuose atsisakant polimerizacijos iniciatoriy4%14°,
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a) stm26 | b) STM26+ditiolis
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g[ 5| Tpoli=103°C ]
w ]
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Temperatiira, °C Temperatiira, °C

36 pav. STM26 (a) ir STM26+ditiolis (b) diferencinés skenuojamosios
kalorimetrijos kreivés (10 °C/min, N, atmosfera)

Monomero, polimero ir kopolimero UV-RS sugerties ir FL emisijos spektry
rezultatai susisteminti ir pateikti 23 lentel¢je. Organinio puslaidininkio STM26
absorbcijos maksimumai matomi esant 336 ir 395 nm bangos ilgiui. Maziau intensyvi
absorbcijos smailé ties 336 nm gali buti priskiriama z-7" elektrony peréjimams, o
intensyvesné — n-z" delokalizuotiems elektrony Suoliams. Po organinio puslaidininkio
polimerizacijos 253 °C temperatiiroje ryskiy pakitimy absorbcijos spektruose
nepastebéta. Po terminio kryzminio sujungimo su ditioliu 103 °C temperatiiroje UV-
RS spektre buvo matomos dvi vienodai intensyvios smailés ties 303 ir 383 nm. Taip
pat buvo pastebimas monomero emisijos maksimumas, esantis ties 419 nm.
Apskaiciuota Stokso poslinkio verté lygi 24 nm.

b) 4 STM26

v STM26 po kaitinimo 255 °C temperatiiroje
STM26+ditiolis po kaitinimo

105 °C temperatiiroje

—— STM26
- - STM26 FL

Absorbcijos intensyvumas, sant. vnt.
SFluorescencijos intensyvumas, sant. vnt.

25 300 350 400 450 500 55 0 200 400 600 800 1000
Bangos ilgis, nm E™, (Vicm)

37 pav. Naujo organinio puslaidininkio STM26: a) UV-RS spinduliuotés sugerties
(iStisiné linija) ir fluorescencijos (punktyriné linija) spektrai THF tirpiklyje (10 M);
b) dreifinio judrio priklausomybé nuo elektrinio lauko stiprio

Elektrony fotoemisijos ore metodu buvo iSmatuoti mazamolekulinio junginio
STM26 monomero, polimero ir kopolimero jonizacijos potencialai, kurie atitinkamai
lygiis 5,29, 5,38 ir 5,39 eV. Puslaidininkio skyliy transportavimo savybés apibiidintos
naudojant kserografinj laiko 1ékio metoda. Esant nuliniam lauko stipriui monomero
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mobilumas lygus 8,7x10°° cm?/Vs. Po terminio kaitinimo tiek polimero, tiek
kopolimero skyliy dreifiniai judriai nedaug sumazéjo, taciau vis dar yra
palyginami su populiariais PSE skirtais puslaidininkiais (zr. 37 pav., b)°0-152,

Pries konstruojant PSE buvo jvertinta polimerizacijos konversija. Bandymo
pradzioje ant stikliuky buvo formuojamos plévelés i§ STM26 polimero ir STM26 su
ditiolio miSinio. Padengti stikliukai Kkaitinti skirtinga laikg — 0, 15, 30, 45, 60 ir 140
minuciy. Po atkaitinimo visos stiklinés plokstelés pamerktos § THF, kuris nuplauna
nesusipolimerinusj monomera bei linijinés struktliros polimerus. Ant plokstelés
pasilieka tinklinio polimero sluoksnis. Norint jvertinti 3D polimerizacijos efektyvumo
priklausomybe nuo kaitinimo laiko, i§ gauty tirpaly buvo uzrasyti UV-RS spektrai (2r.
38 pav., a, ir 38 pav., b). Isanalizavus sutinklinto spiro analogo sugerties spektrus
galima teigti, kad monomeras buvo sutinklintas po 15 minuéiy kaitinimo. ~ 90 %
kopolimero i§ puslaidininkio STM26 ir ditiolio misinio (1:2) susidaré taip pat po 15
minu¢iy kaitinimo. Taigi, susidaré 3D struktiiros netirpus polimerinis tinklas, kurj
galima panaudoti efektyviy n-i-p ir p-i-n struktary PSE konstravime.

a b — —
,_;) Po kaitinimo 255 °C temperatiroje: —— 0 min ‘_;) Po kaitinimo 103 °C temperatiiroje: —— 0 min
S —15min| S ——15min
= —30minf & — 30 min
o | ——45min < 45 min
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g g i B N —— 140min
2] vy 2 L
: Qe N o PanCor
[} [ \
E N SO = S + ko
8 ORS00 817 QééQ \
= =
£ ¢ 9 g1 L I
o oL -0 o
2 ——————— \
== T T < T T T

300 350 . 400 450 300 350 400 450

Bangos ilgis, nm Bangos ilgis, nm

38 pav. STM26 (a) ir STM26+ditiolis (b) terminés polimerizacijos tyrimo UV-RS
sugerties spektrai

Sutinklintas kopolimeras buvo panaudotas kaip STM p-i-n tipo PSE.
Konstrukcijg sudaro: FTO / STM26+ditiolis (kopolimeras) / perovskitas —
CSovosFonaoMonlspb|2,7sBr0,25 / EDAI, / Cso/ BCP / Ag (Zr. 39 pav., a). Buvo
iSbandytos skirtingos STM koncentracijos ir nustatyta, kad geriausi rezultatai pasiekti,
kai kopolimero koncentracija sické 2 mg/ml. Sukonstruoto elemento efektyvumas
buvo lygus 19,3 %, ir tai prilygo jrenginiui, kuris buvo pagamintas naudojant gerai
iStirta polimerinj analoga PTAA.
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39 pav. Perovskitiniy saulés elementy konstrukcijos p-i-n (a) ir n-i-p (b)

STM26 ir ditiolio kopolimeras taip pat panaudotas n-i-p tipo konfigaracijos
PSE kaip tarpsluoksnis, apsaugantis perovskitag nuo drégmés. Konstrukcijg sudaro:
ITO / SnO, / perovskitas — CsoosFA080MAG1sPbl275Bro2s [ STM26+ditiolis
(kopolimeras) / Spiro-OMeTAD / Au (zr. 39 pav., b). Spiro-OMeTAD buvo
legiruotas LiTFSI, Co (IIT) drusky kompleksu ir tBP. Nustatyta optimali kopolimero
koncentracija buvo 1 mg/ml. Sukonstruoto elemento su tarpsluoksniu efektyvumas
siecké 19,1 % ir pralenké palyginamojo elemento be tarpsluoksnio konversijos
efektyvuma (18,9 %). Visos abiejy konstrukcijy PSE fotovoltinés charakteristikos
susistemintos ir pateiktos 24 lenteléje.

24 lentelé. Skirtingy konstrukcijy perovskitiniy saulés elementy, kuriuose naudotas
puslaidininkio STM26 ir ditiolio kopolimeras, fotovoltinés charakteristikos

STM Voc, Vv Jsc, mA/cm2 FF PSE, %
) STM26+ditiolis (kopolimeras) 1,09 23,0 0,77 19,3
p-i-n
PTAA 1,05 23,3 0,79 19,3
STM26+ditiolis
n-i-p (kopolimeras)/Spiro-OMeTAD 1,10 224 0.77 19,1
Spiro-OMeTAD 1,08 22,6 0,77 18,9

Buvo atlikti p-i-n ir n-i-p konstrukcijos elementy stabilumo tyrimai. Buvo
testuojami PSE, kur kaip STM buvo naudojami STMZ26/ditiolio kopolimeras ir
etaloninis PTAA. PTAA pagrindu veikiancio PSE stabilumas po 30 valandy nukrito
iki 80 % pradinio konversijos efektyvumo. O STM26 ir ditiolio pagrindu pagamintas
prietaisas po 200 valandy i$laiké 84 % pradinio savo nasumo (zr. 40 pav., a). 40 pav.,
b, parodo n-i-p konstrukcijos PSE, pagaminty su ir be STM26/ditiolio kopolimero
tarpsluoksnio, stabilumus. Prietaiso be tarpsluoksnio tarp perovskito ir Spiro-
OMEeTAD konversijos naSumas po 16 valandy sumazéjo net iki 60 %, o elementas su
kryzminiu tarpsluoksniu po 24 valandy islaiké 84 % pradinio savo efektyvumo.
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Normalizuotas PSE efektyvumas, %
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40 pav. Perovskitiniy saulés elementy p-i-n (a) ir n-i-p (b) struktiiros stabilumy
tyrimai
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Sio tyrimo rezultatai patvirtina galimybe sékmingai vystyti mazamolekuliniy
organiniy puslaidininkiy ir ditioliy kopolimery pritaikymga jvairiy konstrukcijy PSE.
Buvo patvirtinta teorija, kad tinkliniai 3D kopolimery rysiai sistemingai prisideda prie
jrenginiy nasumo ir stabilumo gerinimo. Sio tyrimo svarba liudija trys tarptautinés
patentinés paraiskos ,,In-Situ crosslinking of 9,9'-spirobifluorene-based compounds
for use in optoelectronic and/or in photoelectrochemical devices and manufacture
thereof*, kurios pateiktos skirtinguose patenty biuruose — Amerikos (USPTO, Reg.
Nr. 18/134,751, 2023-04-14), Europos (EPO, Reg. Nr. EP23168712.0, 2023-04-19)
ir Japonijos (JP, Reg. Nr. 2023-068376, 2023-04-19).



4. ISVADOS

Sioje disertacijoje pristatyti perspektyviis fluorenilo, karbazolilo arba
spirobisindano chromoforus turintys p-tipo organiniai puslaidininkiai. Darbo metu
suformuluotos i§vados:

1. Trijy stadijy sintezés metu susintetinti mazamolekuliniai p-tipo organiniai
puslaidininkiai su fluoreno centriniu fragmentu. Atlikus $iy junginiy savybiy
tyrimus nustatyta, kad:

1.1. Susintetinti organiniai puslaidininkiai yra termiskai stabilts — 5 % savo
masés svorio praranda aukstesnéje nei 400 °C temperatiiroje.

1.2. Treciojo karbazolilo chromoforo prijungimas j centrinio fragmento 4-g
padétj uztikrina stabilesng amorfine biisena.

1.3. Siy organiniy puslaidininkiy jonizacijos potencialo (5,1 — 5,11 eV) ir
skyliy dreifinio judrio silpnuosiuose elektriniuose laukuose (10
cm?/V/s) vertés yra tinkamos juos panaudoti perovskitiniuose saulés
elementuose.

1.4. Perovskitinio saulés elemento, kuriame naudojamas puslaidininkis
STM1, galios konversijos efektyvumas sieké 18,3 % ir buvo
artimas prietaiso su Spiro-OMeTAD nasumui (18,9 %).

2. Kondensacijos reakcijos metu susintetintas enaminas STM3, kurio 9-0ji
fluoreno padétis véliau alkilinama skirtingais alkilfragmentais. Nustatyta,
kad:

2.1. Sie organiniai puslaidininkiai egzistuoja tiek kristalinés, tiek ir
amorfinés biisenos, taciau po antro kaitinimo fiksuojama tik stikléjimo
temperatiira.

2.2. Propilpakaitg turincio puslaidininkio STM5 skylininky judrio reik§mé
(1o = 3,3x10* cm?/Vs) buvo didZiausia ir aplenké etalono Spiro-
OMEeTAD verte (1o = 1,310 cm?/Vs).

2.3. Geriausiais efektyvumo rezultatais tiek su priedais legiruotoje
struktiiroje, tiek ir be priedy pasizyméjo puslaidininkio STM3 pagrindu
gauti perovskitiniai saulés elementai, kuriy efektyvumo reikSmeés
atitinkamai buvo 19,3 % ir 17,1 %.

3. Naudojant kondensacijos reakcijas susintetinti fluorenilo chromoforus bei
puslaidininkio centre akceptorines grupes turintys enaminai. IStyrus jy
savybes nustatyta, kad:

3.1. Didesne¢ konjuguotaja dvigubyjy rySiy sistema turintys junginiai
pasizymi didesniu terminiu  stabilumu. Auks¢iausia  skilimo
temperatiira (412 °C) pasizyméjo puslaidininkis STM14 su keturiomis
difeniletenilgrupémis ir fluorenono fragmentu molekulés centre.

3.2. Jonizacijos potencialo reik§més varijavo ~5,4-55 eV intervale, o
geriausia kriivio pernasa silpnuose elektriniuose laukuose pasizyméjo
junginys STM13 (uo = 4x10° cm?/Vs).

3.3. Su keturias difeniletenilgrupes ir malononitrilo akceptoriaus fragmenta
molekulés centre turin¢iu puslaidininkiu STM13 buvo pasiektas
rekordinis saulés elemento nasumas, lygus 22,03 %.
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Naudojant jvairias reakcijy metodikas susintetinti spirobisindano centrinj

fragmenta turintys organiniai puslaidininkiai. Nustatyta, kad:

4.1. Junginiai STM15 ir STM16 egzistuoja tik amorfinés biisenos ir gali
uztikrinti geresnj sluoksniy morfologinj stabilumg nei etalonas Spiro-
OMeTAD. Jy stikléjimo temperatiiros atitinkamai yra 167 °C ir 157
°C.

4.2. STM15 ir STM16 jonizacijos potencialo reikSmés atitinkamai yra
5,34 eV ir 530 eV ir patenka | pageidaujama skyliy transportiniy
medziagy HOMO lygmens veréiy intervalg. O junginio STM15
dreifinis judris silpname elektriniame lauke lygus beveik 10 5cm?/Vs, o
jo meta-pakeisto analogo STM16 — Siek tiek maZesnis (uo = 2,6x108
cm?/Vs).

4.3. Perovskitinio saulés elemento  su  teigiamus  kravininkus
transportuojanciu junginiu STM15 rezultatai gauti perspektyviausi —
efektyvumas sieké 16,4 %

Remiantis Zzaliosios chemijos principais susintetintos naujos skyliy

transportinés medziagos, molekulés centre turincios fotodimerizuoto 9-

vinilkarbazolo fragmentg. Atlikus junginiy savybiy tyrimus nustatyta, kad:

5.1. Tiksliniai junginiai yra amorfiniai, iSskyrus puslaidininkj STM18,
turintj tiek amorfing, tiek ir kristaling buisenas.

5.2. Junginiy dreifiniy judriy silpnuosiuose elektriniuose laukuose vertés
varijavo nuo 10 cm?/Vs iki 10~" cm?/Vs.

5.3. Puslaidininkio STM22 ir etalono Spiro-OMeTAD saulés elementy
energijos konversijos efektyvumai buvo labai panasiis, t.y. atitinkamai
21 % ir 21,64 %. STM22 pagrindu sukonstruotas saulés modulis (6,57
cm) pasieké 19,06 % efektyvuma, kuris buvo rekordinis tarp Spiro-
OMeTAD klasei nepriklausanciy p-tipo puslaidininkiy.

Naudojant alkilinimo ir Buchwaldo paladzio katalizuojamy reakcijy

metodikas susintetintos fotolaidzius karbazolilchromoforus bei tinklintis

galincias tris vinilgrupes turincios Skyles transportuojancios medziagos.

Nustatyta, kad:

6.1. Monomeras STM24 polimerinasi 196 °C temperatiiroje, 0 analogo su
didesne konjuguotgja dvigubyjy rySiy sistema STM25 tinklinimosi
procesas fiksuojamas ties 300 °C.

6.2. Junginiy STM24 ir STM25 jonizacijos potencialai atitinkamai yra
lygiis 4,84 eV ir 4,82 eV, o dreifiniai judriai silpnuose elektriniuose
laukuose — 1,8x10%cm?/Vs ir 2,4x10° cm?/Vs.

6.3. Monomero STM24 konversija j 3D strukttiros polimera jvyksta per 90
min, o jo analogo STM25 per vieng valanda.

6.4. Terminés polimerizacijos metu gautas netirpus 3D struktiiros p-tipo
puslaidininkio STM24 sluoksnis gali biiti sékmingai panaudotas
invertuotos strukttros (p-i-n) perovskitiniuose saulés elementuose Su
beveik 17 % energijos konversijos efektyvumu.

IStyrus, optimizavus ir parinkus geriausig sintezés kelia, Buchwaldo paladzio

katalizuojamy reakcijy metu susintetintas 9,9’-spirobifluoreno centrinj



fragmenta bei keturias tinklintis galin¢ias vinilgrupes turintis p-tipo organinis
puslaidininkis. Nustatyta, kad:

7.1.

7.2.

7.3.

Silpnuosiuose elektriniuose laukuose monomero STM26 teigiamy
kriivininky judris siekia beveik 104 cm?/Vs, o po terminio tinklinimo
sumazéja nedaug.

Monomeras STM26 vos per 15 minuciy 253 °C temperatiiroje tinklinasi
i 3D struktiiros p-tipo polimerinj puslaidininkj. Invertuotos strukttiros
(p-i-n) perovskitiniai saulés elementai su pastaruoju polimeru pasizymi
19,3 % energijos konversijos efektyvumu, prilygstanéiu naudojant
etaloninj polimerinj puslaidininkj PTAA.

STM26 polimerizacija su tinklinimo agentu 4,4'-tiobisbenzentioliu
susidarant 3D struktiiros polimerui vyksta sklandziai (15 minuciy) daug
Zzemesnéje temperatiiroje (107 °C). Tai leido jj panaudoti jprastos
struktiros  (n-i-p) perovskitiniuose saulés elementuose  kaip
tarpsluoksnj tarp Spiro-OMeTAD bei perovskito ir pagerinti pastarojo
ilgaamziSkuma. Prietaisas pasiZzyméjo smarkiai padidéjusiu stabilumu
ir 19,1 % energijos konversijos efektyvumu, virsijanciu prietaiso be $io
tinklinés struktiiros tarpsluoksnio (18,9 %) nasuma.
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5. SUMMARY

5.1. Introduction

In recent decades, energy consumption has been attracting considerable
attention worldwide. Its extraction accounts for more than three-quarters of the
greenhouse gas emissions produced by the European Union (EU). To reduce the
amount of pollutants emitted by the energy sector, it is important to harness the
potential of renewable energy. Currently, the EU obtains just over 20% of its energy
from renewable sources. The goal is to reach 42.5% of the total EU consumption of
renewable energy by 2030, and achieve climate neutrality by 2050, which means level
zero of greenhouse gas emissions.

The Sun is the most powerful renewable source of energy. Solar cells (SCs)
convert solar energy into electricity. It has been projected that, by the middle of the
21 century, solar energy could satisfy about 45% of the world’s total energy needs?.
Currently, polycrystalline silicon solar cells are the dominant photovoltaic technology
(approx. 90%), but they are relatively expensive and complicated to produce?. Organic
and hybrid solar cells of the third generation are rapidly gaining ground as a low-cost
alternative. Among the latter, Perovskite Solar Cells (PSCs) stand out as a
breakthrough as they have demonstrated impressive efficiency, which has been
increasing sensationally from 3.8%* to over 26%° over the past decade.

PSCs are characterized by simplicity of construction, the low cost of raw
materials, and the ability of the perovskite layer to absorb a wide range of light
wavelengths®. In these solar cells, the organic hole transporting layer is one of the key
components which is responsible for extracting holes from the perovskite layer and
transporting them towards the electrode. An organic semiconductor codenamed Spiro-
OMeTAD, which is most used for hole transporting, is very expensive because it is
synthesized in a multistep synthesis procedure. In addition, expensive rare metal
catalysts and aggressive reagents that are extremely sensitive to environmental effects
are used for its synthesis’®. However, the biggest problem is the insufficient long-
term stability of these devices. All these disadvantages open wide opportunities to
search for more promising Hole Transporting Materials (HTMs).

In this dissertation, HTMs, containing fluorene, carbazole or spirobisindane
fragments, that have been synthesized and investigated by the author are reviewed.
The low cost and commercial availability of the starting materials, simpler synthesis,
lower production costs, and better results in terms of PSCs efficiency and stability
make many of them attractive and promising HTMs in the modern PSC market.

The aim of this work is the design, synthesis, and characterization of efficient
and economical fluorene-, carbazole-, and spirobisindane-based hole transporting
materials for hybrid perovskite solar cells.

The following objectives were outlined to achieve the aim of the dissertation:

1.  To synthesize novel low molecular mass organic semiconductors bearing
a fluorene central fragment, to study their thermal, optical, and photophysical
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properties, and to investigate the photovoltaic characteristics of the perovskite solar
cells constructed on their basis.

2.  To synthesize novel hole transporting materials bearing a fluorene core
with enamine-linked diphenyl branches, to characterize their properties, and to
investigate their application possibilities in doped and dopant-free perovskite solar
cells.

3. To synthesize novel low molecular mass organic compounds bearing a
fluorene core with an acceptor group and diphenylethylene moieties, to characterize
their properties, and to investigate the influence of different acceptors on perovskite
passivation, and on the efficiency and stability of solar cells.

4.  Tosynthesize novel organic semiconductors bearing a spirobisindane core
with diphenylethylene groups, to investigate their thermal, optical, and photophysical
properties, and to study their performance in perovskite solar cells.

5. Toinvestigate the application possibilities of green synthesis for new hole
transporting materials with a central carbazole core, to characterize the properties of
the synthesized compounds, and to investigate their performance in perovskite solar
cells.

6. To synthesize novel cross-linking organic semiconductors bearing a
central carbazole core, to investigate their thermal, optical and photophysical
properties, and to study the efficiency of the perovskite solar cells constructed on their
basis.

7. To synthesize a novel hole transporting material bearing a 9,9'-
spirobifluorene central fragment and polymerizable groups, to characterize its
properties, and to investigate the possibilities of its application in perovskite solar cells
of various structures.

Scientific novelty and relevance of the work

Currently, hybrid PSCs are one of the fastest-growing types of solar cells. In
these devices, HTM is one of the key components determining efficient conversion of
solar energy. Organic semiconductors must have a relatively high drift mobility,
suitable energy levels (HOMO, LUMO), a high decomposition temperature, an
amorphous state, while also being cost-effective®!. Despite significant efforts by
researchers to develop new HTMs, currently, to the best of the knowledge of the
author, the highest efficiency (26.1%°) has been achieved in PSCs employing the
expensive molecule 2,2',7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-
spirobifluorene (Spiro-OMeTAD). Its high cost is attributed to a five-step synthesis,
which requires inert conditions, a low temperature, aggressive reagents that are
extremely sensitive to environmental effects, as well as a lengthy and costly
purification by employing the sublimation procedure’®. Another significant drawback
of Spiro-OMeTAD is its crystallinity, which negatively impacts the stability of PSCs
and the light conversion efficiency'?. Therefore, the search for new organic
semiconductors continues, aiming for simpler, more environmentally friendly, and
cost-effective synthesis methods. The goal is to develop PSCs based on these
materials with an improved stability and efficiency.
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Considering these criteria, new HTMs have been synthesized, their properties
have been studied, and PSCs have been constructed. All the research results have been
reported in seven scientific articles by the author of this dissertation.

The first publication reports two new organic semiconductors bearing a fluorene
core. The low-molecular mass compounds were synthesized by using a simple three-
step synthetic route. Upon characterization, it has been revealed that the HTMs are
amorphous and possess high glass transition temperatures, a suitable thermal stability,
and excellent photoelectric properties. The device containing a compound with an
enlarged = conjugated system demonstrated an efficiency of more than 18% and a
superior long-term stability compared to the device based on the reference Spiro-
OMeTAD.

The second publication presents a new series of compounds based on a fluorene
core with enamine-linked diphenyl branches. The hydrogen atoms at the 9" position
of this chromophore are chemically active and well-suited for alkylation reactions
enabling the functionalization of the compounds to obtain target photoactive HTMs.
It is of importance to note that the best-performing organic semiconductor STM3 was
synthesized from commercial starting materials by using an economical condensation
reaction. The PSC based on it exhibited promising efficiency results, i.e., 19.3% in
the doped structure, and 17.1% in the dopant-free configuration, thereby
outperforming the PSC with Spiro-OMeTAD.

The third publication also presents a new series of HTMs based on a fluorene
core with acceptor groups attached at the 9t position and enamine-linked diphenyl
branches. The donor-acceptor-donor interaction and the influence of the acceptor on
perovskite passivation, as well as PSC efficiency and stability were investigated. The
PSC containing compound STM13 as HTM demonstrated an efficiency higher than
22%, which decreased only by 4 percentage points after 500 hours. Importantly, this
device outperformed the PSC based on Spiro-OMeTAD when tested under identical
environmental conditions. Additionally, the low-molecular mass compound STM13
was synthesized by using a simple synthetic route, thus making it a cost-effective
alternative to the reference HTM.

In the fourth scientific article, novel organic semiconductors based on a
spirobisindane core with diphenylethylene groups were reported. The new compounds
exhibit a high thermal stability, and good optical and photophysical properties. They
are in a stable amorphous state, which ensures morphological stability in PSCs. SC
containing the low-molecular mass compound STM15 as a positive charge transporter
showed promising performance results; therefore, the latter could be an excellent
alternative to the reference Spiro-OMeTAD.

In the fifth publication, a photodimerized carbazole, which is attractive because
of its simple and green synthesis, was chosen as the central core of the HTM. The
influence of different substituents on the thermal, optical, and photophysical
properties of the new organic semiconductors, as well as on the photovoltaic
parameters of PSCs, was systematically investigated. An efficiency of 21% was
achieved, and long-term stability under atmospheric conditions was improved
compared to those of the devices based on Spiro-OMeTAD. The best-performing
HTM STM22 was used in the construction of a perovskite solar module (6.5 x 7 cm),
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and a power conversion efficiency above 19% was achieved, thus setting a record at
the time for compounds of the non-spiro class. The practical significance of these
semiconductors has been demonstrated by patent applications filed in the US
(US2023157158), Japan (JP2023072638), China (CN116133444), and Europe
(EP4181225) patent offices.

The sixth scientific article focuses on organic semiconductors containing low-
cost commercially available carbazole chromophores and cross-linking vinyl groups.
After thermal processing, the molecules were used in the inverted (p-i-n) PSCs. The
use of polymers in this type of PSCs makes it possible to eliminate doping additives
which contribute to SC degradation over a long time. The optical, thermal, and
photophysical properties of the newly synthesized compounds were investigated, and
PSCs, which showed promising efficiency and stability results, were constructed.

The final publication reports a new Spiro-OMeTAD analogue STM26 which
has cross-linkable groups. After thermal cross-linking, a smooth and solvent-resistant
three-dimensional (3D) polymer network was formed. It was used as an HTM in the
inverted (p-i-n) PSC and as an interlayer between the perovskite and the hole
transporting layer in regular (n-i-p) PSC. Both devices demonstrated record-breaking
power conversion and long-term stability results compared to the benchmarks PTAA
and Spiro-OMeTAD. The organic semiconductor was patented, with patent
applications filed in the US (USPTO, Reg. No. 18/134,751), Japan (JP, Reg. No.
2023-068376), and Europe (EPO, Reg. No. EP23168712.0) patent offices.

5.2. Review of Published Articles

5.2.1. Fluorene-based organic semiconductors for hole transporting layers in
efficient and stable perovskite solar cells

This subchapter is based on the published article: “Nonspiro, Fluorene-Based,
Amorphous Hole Transporting Materials for Efficient and Stable Perovskite Solar
Cells,” Adv. Sci.,, 2018, 5, 1700811, Q1, by S. Daskeviciute, N. Sakai, M.
Franckevicius, M. Daskeviciene, A. Magomedov, V. Jankauskas, H. J. Snaith, V.
Getautis; cited 44 times.

As mentioned in the previous sections, the organic semiconductor Spiro-
OMEeTAD is used as a reference material in the PSC hole transporting layer. HTM is
estimated to represent a large fraction of the cost of a solar cell'?; therefore, due to
tedious synthetic procedures, complicated purification steps, and increased production
costs, Spiro-OMeTAD is not suitable for the production of commercial devices. Many
organic semiconductors have been developed, the synthesis path of which is much
shorter, and purification procedures are simple. One such example is the low-
molecular mass compound V886'%. Its structure consists of two 4,4'-
dimethoxydiphenylamine and 3,6-diphenylcarbazole fragments connected by a
benzene ring. The synthesis of this semiconductor is very simple, and the efficiency
of the solid-state solar cell based on it was almost equal to that of the device with
Spiro-OMeTAD. Based on these data, new low-molecular mass compounds STM1
and STM2 bearing two or three carbazolyl chromophores and a fluorene fragment in
the center of the molecule (Figure 41) have been synthesized. These organic
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semiconductors were synthesized by a simple three-step synthesis procedure. Novel
HTMs were amorphous, thermally stable, and exhibited a high power conversion
efficiency. It is of importance to note that devices with these materials demonstrated
better stability levels than the device with Spiro-OMeTAD.
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Figure 41. Structures of new HTMs STM1 and STM2

Commercially available differently alkylated fluorenes were used as central
cores in the synthesis of the target compounds. According to an already known
methodology'?!, the latter reacted with paraformaldehyde and HBr in acetic acid to
obtain intermediate compounds 1 and 3 with varying numbers of bromine substituents
(Scheme 12). In their reaction with 3,6-dibromocarbazole in THF in the presence of
KOH, fluorene derivatives 2 and 4, featuring three and two carbazole chromophores,
respectively, were isolated. The final products, STM1 and STM2, were obtained
through palladium-catalyzed Buchwald cross-coupling reactions. The structures of the
new compounds were confirmed by 'H and 3C NMR spectroscopy and elemental
analysis methods.

86



,o
Pd(OAc)z
[

Br
Br. Br @ < 7—(‘!
o (t-Bu);PH]BEF,, J
Br '83' ﬁFK(r)tH *\\gﬁ;?ieﬁx Q
1
HO(CH,O0), H, B, Br @\ STMl (712 %)
HBr HOAc,

90 °C ° \

>/:</ \
O.O R =CH;, C,H g \
4 % 3, 25 c{
HO(CH,0),H, .o o, @
HBr H(;Ac @ @ y OJ
70 °C Br Pd(OAc),, (r Bu);PH]BF,,
O Q NaOt Bu, Ar, toluene, reflux O o—
g "85% KOH, KOH, N
THF, r.t.
O. /‘/\Q STM2 (78 %) Q
Brlq! ﬁ? -

Br

Scheme 12. Synthesis route to new HTMs STM1 and STM2

On the basis of the optical, thermal, and photophysical properties of the
synthesized HTMs (Table 25), their potential application in PSCs has been evaluated.

Table 25. Thermal, optical, and photoelectrical properties of STM1, STM2, and
Spiro-OMeTAD

HTM Tg%°C  Taec? °C  Aas®,nm 1o eV uof cm?/Vs
STM1 166 400 305, 375 5.11 1.5x10®
STM2 146 420 303, 373 5.10 3.0x10
Spiro-OMeTAD 126 449 303, 387 5.00 4.1x10°

3Glass transition (T4) and decomposition (Tqec) temperatures were observed from DSC
and TGA, respectively (10 °C/min, N, atmosphere); PAbsorption (excitation = Aaps max)
spectra were measured in THF solution (10 M); Clonization energies of the films
were measured by using PESA; ‘Mobility value at zero-field strength.

Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry
(DSC) methods were applied to determine the thermal stability of the HTMs. TGA
showed that a 5% weight loss of STML1, containing three substituents, occurred at
approx. 400 °C, while its analogue with two carbazole chromophores, STM2, lost 5%
of its mass at 420 °C. The compounds are sufficiently thermally stable and are suitable
for the application in PSCs. DSC analysis of STM1 and STM2 has shown that the
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target products exist in an amorphous state. Their glass transition temperatures are
166 °C and 146 °C, respectively. These temperature values support one of Wirth’s
postulates, according to which the glass transition temperature increases as the size of
the molecule increases, i.e., when an additional substituent is attached to the central
fragment at the 4™ position'??. The glass transition temperature of the low-molecular
mass compound STML is higher by as much as 40 °C than that of Spiro-OMeTAD.
The high glass transition temperature is an indicator of a more stable amorphous state
and a reduced tendency to crystallize.

Ultraviolet and visible light radiation absorption spectra (UV-vis) of the new
HTMs containing the central fluorene fragment and Spiro-OMeTAD were measured
in THF solutions; the spectra are presented in Figure 42a. The absorption spectra of
semiconductors STM1 and STM2 are almost identical, thus confirming that there is
no conjugation between individual disubstituted carbazole-based branches. An intense
m-x" absorption band with the maximum at 305 nm is observed in the spectra of both
HTMs. Weak absorption at 375 nm corresponds to n-z” transitions. Since new HTMs
have the highest absorption in the UV region and only very low absorption in the
visible spectral region, they are very attractive for application in PSCs!%,
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Figure 42. New HTMs STM1, STM2 and Spiro-OMeTAD: a) UV-vis absorption
spectra in THF solution (10#M); b) Electric field dependencies of the hole-drift
mobilities

To determine the HOMO energy level of the new semiconductors, the solid state
ionization potential (l) was measured by the photoelectron spectroscopy in air
method. The results are presented in Table 25. Compounds STM1 and STM2 have
nearly identical Ir values, 5.11 and 5.10 eV, respectively. The calculated values are
very close to the ionization potential value of Spiro-OMeTAD (5.00 eV). The new
semiconductors could ensure an efficient hole transfer in devices and, therefore, are
suitable for use in PSCs. Another important photophysical property of semiconductors
is the charge mobility, which was measured by using the xerographic time-of-flight
technique (Figure 42b). The charge mobility values of compounds STM1 and STM2
were similar to that of Spiro-OMeTAD and reached 1.5x10-%and 3.0x106 cm?/Vs,
respectively, in a weak electric field.
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The new V-series compounds were tested in PSCs with the n-i-p structure.
The device architecture was set up as follows: FTO / SnO, / perovskite —
FA083Cs017Pb(losBro2)s / HTM [/ Au. The optimized photovoltaic
characteristics data of the solar cells from the current-voltage (J-V) curves are
presented in Table 26. The power conversion efficiency of the device based on
semiconductor STM1 reached 18.3%, which is a very similar value to the one
obtained by PSC with Spiro-OMeTAD (18.9%). In the case of STMZ2, aslightly lower
efficiency (16.7%) was recorded.

Table 26. Photovoltaic parameters of the new HTMs STM1, STM2 and Spiro-
OMeTAD extracted from the best-performing devices

HTM Voc, V Jsc, mA/cm? FF PCE, %
STM1 1.05 22.0 79.5 18.3
STM2 0.96 21.6 79.7 16.7
Spiro-OMeTAD 1.08 22.4 77.9 18.9

The stability of all constructed PSCs was investigated as well (Figure 43). The
devices were without any encapsulation, at a relative humidity ~60%, and a
temperature of 22 °C. The PCE values decreased by 20% after 270 h for Spiro-
OMeTAD-based devices. However, the devices with semiconductors STM1 and
STM2 were more stable with an observed reduction of efficiency by only 6% under
the same conditions. The results of stability could be attributed to a better HTM
morphology, since the new semiconductors uniformly cover the perovskite surface,
thus protecting it from the effects of moisture.
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Figure 43. Stability test of PSCs devices with STM1, STM2, and Spiro-OMeTAD

In conclusion, a new promising organic semiconductor STM1 can be a
useful alternative to Spiro-OMeTAD. This would bring the commercialization
of perovskite solar cells closer.

5.2.2. Fluorene-based enamines as hole transporting layers in efficient and
stable perovskite solar cells

This subchapter is based on the published article: “Fluorene-based enamines as
low-cost and dopant-free hole transporting materials for high perfoerance and stable
perovskite solar cells,” J. Mater. Chem. A, 2021, 9, 301-309, Q1, by S. Daskevi¢iite,

PCE (Norm.)
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C. Momblona, K. Rakstys, A. A. Sutanto, M. Daskevi¢iené, V. Jankauskas, A.
Gruodis, G. Bubniené¢, V. Getautis, M. K. Nazeeruddin; cited 30 times.

High-performing PSCs most often contain organic semiconductors synthesized
by cross-coupling reactions. Synthesis is carried out with expensive ligands or
palladium catalysts under inert reaction conditions, and the workup procedures of the
target products are complex. In the search for a low-cost and effective synthesis
procedure, a simple condensation reaction was carried out while using cheap
commercial starting materials that provided enamine molecules with good
semiconducting properties (Figure 44). The cost of these final hole transporting
materials is only a few Euros per gram, while the reference Spiro-OMeTAD costs ~92
Eur/g*?*. The enamines synthesized from fluorene diamines showed extremely high
hole-drift mobility, whose values reached up to 3.3x10** cm?/Vs. This is one of the
most important physical characteristics of semiconductors, leading to the excellent
efficiency results of the constructed PSCs, i.e., 19.3% in the doped structure and
17.1% without doping. In addition, the SCs of both structures showed excellent long-
term stability compared to the one based on Spiro-OMeTAD.

o Ve oo S Y * o 2L 0) 00 A 4
i vl N\ Yvestive
STM4 O O STM5

Figure 44. Structures of new enamines

The synthesis of the target enamines containing fluorene chromophore was
carried out based on the methodology of the reaction of the primary amine with
acetaldehydes. Therefore, 2,7-diamino-9H-fluorene reacted with 2,2-bis(4-
methoxyphenyl)acetaldehyde in THF at reflux in the presence of camphor-10-sulfonic
acid (CSA) as a catalyst. Enamine STM3 was obtained and subsequently alkylated at
the 9™ position with halides of various chain lengths, yielding the target products
STM4, STM5, STM6, and STM7 (Scheme 13). The structures of the synthesized
compounds were confirmed by *H and *C NMR spectroscopy and elemental analysis
data.
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Scheme 13. Reaction scheme of fluorene enamines HTMs

In order to estimate the cost of the new materials, a synthesis cost analysis was
performed. The predicted price of the semiconductor STM3 is ~10 Eur/g, and the one
for the alkylated analogue STM5 is ~22 Eur/g, which is only a quarter of the market
price of Spiro-OMeTAD.

The optical, thermal, and photophysical properties of the newly synthesized
HTMs were investigated (Table 27), and the possibilities of their use in PSCs were
evaluated.

Table 27. Thermal, optical, and photoelectrical properties of fluorene enamines
HTMs

SN S S O R S AV
STM3 255 - 150 403 262, 381, 401 508 2.79
STM4 247, 267, 272 198 153 285 265, 382, 404 510 2.79
STM5 272 159 120 399 266, 382, 404 509 2.81
STM6 173, 195 - 90 393 265, 383, 404 508 2.79
STM7 330 — 116 321 265, 384, 400 507 2.79

aMelting (Tm), crystallization (Tc), glass transition (Tq) and decomposition (Tgec)
temperatures were observed from DSC and TGA, respectively (10 °C/min, N
atmosphere); PAbsorption and emission (excitation = Aaps max) SPECtra were measured
in THF solution (10 M); °Eg was estimated from the intersection of absorption and
emission spectra of solid films.

First, thermal tests were performed, during which, the state of the materials and
their resistance to high temperatures were evaluated. TGA showed that compound
STM3 lost 5% of its weight at 403 °C, and its thermal stability was the highest among
the enamines in this series. The introduction of aliphatic substituents at the 9" position
of fluorene worsened the thermal stability of the new semiconductors, but the
decomposition temperature of all of them was significantly higher than that of Spiro-
OMeTAD (Tgec = 288 °C'%). The thermal transitions of semiconductors were
determined by using the DSC method. Interestingly, compounds STM3, STM6, and
STMTY exist in both crystalline and amorphous states, and STM4 and STM5 are more
likely to crystallize. However, after the second heating, only the glass transition
temperature was recorded, thus indicating that all the compounds also have an
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amorphous state. The most stable amorphous state was identified for the organic
semiconductor STMA4, as its glass transition temperature is the highest (153 °C).

n electrons are particularly important in the charge transfer process of hole
transporting materials*?®. In order to study their state in more detail, the
electromagnetic radiation absorption spectra of organic semiconductors derived from
fluorene diamines were recorded (Figure 45a). The spectra of all HTMs have two
main absorption peaks at ~260 nm and ~400 nm. A less intense absorption peak at
shorter wavelengths reflects localized electron z-7" transitions. Meanwhile, the ~400
nm wavelength peak is the result of more intense delocalization from the central
fragment of the molecule and is attributed to n-z" transitions. It is also noticeable that
the addition of different alkyl fragments did not significantly affect the conjugated
system; therefore, the absorption spectra remained almost identical. The
photoluminescence spectra (PL) were recorded after valence electron excitation
(Figure 45a). The PL spectra of all enamines are similar, and the emission maximum
was recorded at ~510 nm. The observed very large Stokes shifts (~100 nm) indicate
that the material is characterized by large geometrical changes in the excited state.
The higher is the Stokes shift, the more suitable the compound is for hole transporting,
since a higher mobility of charge carriers can be expected*?”.
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Figure 45. New enamines HTMs: a) UV-vis absorption (solid line) and
photoluminescence (dashed line) spectra in THF solution (10 M); b) Electric field
dependencies of hole-drift mobilities

Regarding the ionization potentials (lp), the HOMO energy levels were
measured by the electron photoemission in air method to elucidate the compatibility
of the HTM energy levels (Table 28). The Ir values for STM3, STM4, STM5, STMS,
and STM7 were 5.01, 5.0, 5.03, 5.03, and 4.9 eV, respectively. They are ideally
compatible with the perovskite valence band energy (5.70 eV). This compatibility
ensures efficient hole transfer from the perovskite to the cathode'?®. The Ec. values
(the LUMO energy level) were calculated by using the Egand Ip values (Table 28).
The electron affinity values for all compounds are between 2.1 and 2.2 eV.
Importantly, they are significantly lower than the conduction band energy of the
perovskite (4.1 eV), thus ensuring efficient blocking of electrons from the perovskite
towards the anode!?®.
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Table 28. Photoelectrical properties of the new fluorene enamines HTMS

HTM Ip? eV Ip° eV Eea b, €V o9, cm?/Vs
STM3 5.01 5.39 2.22 1.2x10*
STM4 5.0 5.32 2.21 1.2x10*
STM5 5.03 5.39 2.22 3.3x10*
STM6 5.03 5.25 2.24 2.6x10%
STM7 4.9 5.34 2.11 8x10°

3lonization energies of the films were measured by using PESA without doping;
bJonization energies of the films were measured by using PESA with doping; °Eea = Ip
- Eq; “Mobility value at zero-field strength.

By using the xerographic time-of-flight technique, the drift mobilities of
positive charges in the new organic semiconductors were measured. Their dependence
on the strength of the electric field is shown in Figure 45b. At a zero-field, the hole-
drift mobility (uo) of the compounds STM3, STM4, STM5, and STM6 was in the
order of 10* cm?/Vs, and the highest value of 3.3x10* cm?/Vs was recorded for the
propyl-substituted semiconductor STM5. It is of importance to note that higher hole
mobility values than that of the reference Spiro-OMeTAD (uo= 1.3x10*cm?/Vs)1?
were achieved. The introduction of an aromatic benzyl substituent at the 9™ position
of fluorene had a negative effect on the drift mobility of holes as it decreased by more
than one order compared to the other analogues.

As a conclusion based on the results of all the conducted studies, it can be stated
that the obtained fluorene enamines are thermally stable, have an amorphous state and
high hole-drift mobility in weak electric fields. The HOMO/LUMO energy levels of
these organic semiconductors make them suitable hole transporting materials for
application in perovskite solar cells.

The new V-series HTMs were tested as positive charge transporting materials
in PCSs of the n-i-p architecture. The device construction was as follows: FTO /
compact TiO2 layer / mesoporous TiO, / amorphous SnO. [/ perovskite —
[(FAPb|3)0,37(MAPbBI’3)0,13]0,92(CSPb|3)0,08/ HTM / Au. HTMs were doped with tBP,
LiTFSI, and FK209 additives. All organic semiconductor-based PSCs were subjected
to cross-sectional Scanning Electron Microscopy (SEM). This analysis showed that
the hole transporting layers from enamines were compactly covered on the perovskite
and were of ~120 nm thickness, while the thickness of the reference Spiro-OMeTAD
layer was ~260 nm. The best efficiency results were demonstrated by STM3-based
PSC (19.3%). The SCs efficiencies of the prealkylated enamine analogues STM4,
STMS5, and STM6 were 19.2%, 19.2%, and 19.1%, respectively. The efficiency of
the device based on the compound bearing the benzyl substituent was significantly
lower and reached only 12.6%. It can be noted that this lower performance could be
predicted because the drift mobility value and the filling factor of the holes of this
semiconductor were incomparably lower than those of its analogues. It is of
importance to mention that the efficiency of the Spiro-OMeTAD-based PSC
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constructed under the same conditions was 19.7% and was only 0.4% higher than the
efficiency of the PSC based on STM3, which was obtained by a simple condensation
reaction.

Doped additives are known to have a negative effect on the long-term stability
of PSCs. Lithium salts are hygroscopic, and 4-tert-butylpyridine tends to form
complexes with Pbl,, leading to faster degradation of perovskite'®, Therefore, SCs
were also produced without additives. It should be noted that, when measuring the
power conversion efficiency of PSCs without additives, the efficiency of SC based on
the newly synthesized compounds was significantly higher than that of the compound
with the reference semiconductor Spiro-OMeTAD. Compound STM3 showed the
best efficiency (17.1%). All results are collected from the graphs of J-V curves and
presented in Table 29.

Table 29. Photovoltaic parameters of new fluorene enamines HTMs extracted from
the best-performing devices

HTM Voo, V. Jsc,mAlcm’  FF PCE, %
STM3 1077 23.24 077 193
STM4 1.090 2297 076 192
With STM5 1.089 22.86 077 19.2
doping STMé 1.094 22.95 076 191
STM7 1.024 22.32 055 126
Spiro-OMeTAD 1115 22.97 077 197
STM3 1.033 22.95 072 171
STM4 1.038 22.98 071 169
omiost STMS5 1.029 23.09 070 166
STM6 1.022 23.02 069 162
Spirc-OMeTAD  0.972 22.83 047 104

The stability of all the constructed PSCs was evaluated, except for the SC based
on STM7, which showed results of a lower efficiency. For comparison, the stability
of the device obtained with Spiro-OMeTAD was also evaluated. All the devices were
unencapsulated, and continuously exposed to sunlight under a nitrogen atmosphere
for 500 hours. The long-term stability results of the devices are presented in Figure
46. The PSCs of all new enamine class compounds showed better stability results than
the Spiro-OMeTAD-based SC.
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Figure 46. Stability test of the PSCs devices with new enamines and Spiro-
OMeTAD

The functionality capabilities of these V-series enamines have also been
demonstrated by their use in semi-transparent Sh,Ss solar cells whose application is
currently quite limited due to a low power conversion efficiency and expensive
HTMs. The most commonly used standard HTM is poly-3-hexylthiophene polymer
(P3HT). The use of the semiconductor STM6 and P3HT to construct antimony sulfide
“Sh,Ss Solar Cells with Economical and Additive-Free Fluorene-Based Enamine as
Hole Transport Material,” Sustainable Energy Fuels, 2022, 6, 3220-3229. The power
conversion efficiency of the solar cell with enamine STM6 was 17% higher than that
of P3HT, and the transparency of the devices increased by 20%. It is of importance to
note that the price of this device was significantly lower (for comparison: P3HT is
valued ~45 Eur/g, STM®6 yields ~17 Eur/g).

The application possibilities of new enamine class semiconductors were also
described by N. Juneja, S. Daskeviciute-Geguziene et al. in another article
“Employment of Dopant-Free Fluorene-Based Enamines as Innovative Hole
Transporting Materials to Boost the Transparency and Performance of Sb,S; Based
Solar Cells,” Materials Science in Semiconductor Processing, 2024, 169, 107934.
New organic semiconductors STM3 and STM5 were applied in the hole transporting
layers of Sh,S; solar cells. The power conversion efficiencies of these SCs were 3.9%
and 4.3%, respectively, thus surpassing the efficiency of the standard P3HT-based
device, which is equal to 3.8%.

5.2.3. Synthesis and application of enamines with fluorene chromophores and
acceptor groups for efficient and stable perovskite solar cells

This subchapter is based on the published article: “Passivating Defects of
Perovskite Solar Cells with Functional Donor-Acceptor-Donor Type Hole
Transporting Materials,” Adv. Funct. Mater., 2022, 3, 1-8, Q1, by S. Daskevicitte-
Geguziené, Y. Zhang, K. Rakstys, C. Xiao, J. Xia, Z. Qiu, M. Daskevic¢iene, T.
Paskevicius, V. Jankauskas, A. M. Asiri, V. Getautis, M. K. Nazeeruddin; cited 10
times.

This section describes a study of the influence of the donor-acceptor-donor (D-
A-D) interaction on the passivation of perovskite defects. Organic semiconductors
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based on units of fluorene and phenylethenyl enamine, which were distinguished by
different acceptors, were synthesized for this purpose (Figure 47). The PSC based on
the semiconductor STM13 achieved the highest power conversion efficiency,
exceeding 22%, which is higher than that of the Spiro-OMeTAD-based device under
identical conditions. Incorporation of the malononitrile acceptor units has been shown
to be beneficial not only for carrier transportation, but also for the passivation defects
of perovskite, leading to a better stability of the SCs. The cost of HTM STM13 is
comparatively very low, i.e., 21 Eur/g. It is obvious, that these organic semiconductors
are an excellent alternative to expensive Spiro-OMeTAD.

G o "o o) e Sob
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Figure 47. Chemical structures of synthesized D-A-D type organic semiconductors

By using a simple condensation reaction, in which water is the only by-product,
fluorenone-based organic semiconductors with one (STM8 and STM10) or two
(STM12 and STM14) enamine fragments were synthesized by condensing low-cost
commercial reagents 2-aminofluorenone or 2,7-diaminofluorenone with 2,2-bis-(4-
methoxyphenyl)acetaldhyde in the presence of CSA under ambient conditions. To
obtain compounds with stronger ciano acceptor groups, the keto group was converted
to malononitrile by Knoevenagel condensation, thus providing the semiconductors
STM9, STM11, and STM13. A detailed synthetic pathway is reported in Scheme 14.
It is of importance to highlight that condensation chemistry presents an excellent
potential in moving away from transition metal-based cross-coupling reactions and
the usage of metal catalysts while providing simplified product workup and
purification. The structures of the new compounds were confirmed by *H and *C
NMR spectroscopy, mass spectrometry, infrared spectroscopy, and elemental analysis
data.
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Scheme 14. Reaction scheme for fluorenone/dicianofluorenylidene enamine-based
HTMs

In order to estimate the cost of the synthesized p-type semiconductors, a
synthesis cost analysis was performed. The estimated cost of the semiconductor
STM13 with two enamine fragments is ~21 Eur/g, while that of the semiconductor
with one enamine fragment STM10 is ~18 Eur/g, which is only a quarter of the price
of Spiro-OMeTAD.

The optical, thermal, and photophysical properties of new fluorenone and
dicyanofluorenylidine enamines were investigated (Table 30), and the potential
applications in PSCs were evaluated.

The thermal properties of the compounds were evaluated by using the TGA and
DSC analysis methods (Table 30). Thermogravimetric analysis showed that organic
semiconductors with higher aromatic systems have a higher thermal stability31%,
The highest decomposition temperature, when the compound loses 5% of its mass,
was recorded for the semiconductor STM14 (Tge = 412 °C). All the synthesized
compounds have a higher Tqec than that of Spiro-OMeTAD?*?, The thermal transitions
of the compounds were determined by DSC. A clear trend was observed between
methoxy-substituted and non-methoxy compounds. Organic semiconductors STM10,
STM11, and STM14 are crystalline, their melting points were recorded in both
heating scans. Compounds bearing methoxy groups can exist in both crystalline and
amorphous states. For all compounds containing methoxy groups in their structure, a
glass transition temperature was recorded during the second heating scan. The organic
semiconductors V1351 and STM13 have the most stable amorphous state with a glass
transition temperature detected at 140 °C.
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Table 30. Thermal, optical, and photoelectrical properties of new D-A-D type HTMs

ive T R e T e W
stmg MRS o oo a7 P 541 13«07
STM9 245 ~ 111 379 265,345 544  1.1x107
STM10 244,247 202 111 338 25%6%?55’13313’ 549  1.4x10°
STM11 2233%7 S0 175 115 347 268, 341 553  1.3x10°
STM12 221,232 - 143 403 23%%’ ﬁ%%” 3 543 4x10©
stmia 33 BL 217 157 a2 FTRAR L 530 28x10°
STM13 166 - 134 389 03323349 541 4ex10°

aMelting (Tm), crystallization (Tc), glass transition (Tg) and decomposition (Teec)
temperatures were observed from DSC and TGA, respectively (10 °C/min, N;
atmosphere); PAbsorption (excitation = Aas max) Spectra were measured in THF
solution (10* M); ‘lonization energies of the films were measured by using PESA;
dMobility value at zero-field strength.

The UV-vis absorption spectra of the synthesized HTMs in THF solutions are
presented in Figure 48a. When comparing STM8 with STM9, STM10 with STM11,
and STM12 with STM13, the red-shift of the absorption maxima was observed. The
differences in the absorption maxima arise from different =O and =C-(CN), acceptor
fragments. The malononitrile functional group is a stronger electron acceptor.
Compounds STM12, STM14, and STM13 have a two-times-larger conjugated
system; therefore, their absorption spectra display a significant hyperchromic shift
compared to the enamines of a single fragment. Broad optical absorption in the visible
region corresponds to the interaction of the donor-acceptor charge transfer341%°, The
fluorescence spectra of all the molecules were measured in THF solutions; however,
emission was not detected.

To determine the energy levels of semiconductors, the solid-state ionization
potential was measured by using the electron photoemission in air of the thin films.
The experimental data are presented in Table 30. Different Ip values, in the range of
approximately 5.4-5.5 eV, were determined forD-A-D type semiconductors.

The charge carrier mobility of the synthesized molecules was measured by using
the xerographic time-of-flight technique. The dependence of the hole-drift mobility
on the electric field strength is shown in Figure 48 and Table 30. It was not possible
to measure the drift mobility of STM9 and STM14 from pure layers; therefore, the
charge transfer in layers of blends with bisphenol Z-polycarbonate (PC-Z) in mass
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ratios of 1:1, 1:2, 1:3 or 1:4 was prepared. The quality of the obtained layers was
suitable for measurements. Based on the exponential dependence of the charge carrier
mobility on the average distance between the charge transporting molecules,
interpolated mobility values were determined for pure materials'*. At zero-field, the
compound STM13 exhibited the highest hole-drift mobility uo = 4x10° cm?/Vs. The
lower molecular conjugation negatively affected the hole-drift mobility. The organic
semiconductor with a single enamine fragment STM9 showed the lowest result of
1.1x107 cm?/Vs.
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Figure 48. New D-A-D type HTMs: a) UV-vis absorption spectra in THF solution
(10*M); b) Electric field dependencies of the hole-drift mobilities

After the properties of the new compounds had been studied, PSCs were
constructed. The device construction of the n-i-p architecture was as follows: FTO /
SnO; / perovskite — (FAPbI3)o.ss(MAPbBr3)o15s / HTM / Au. The SEM images of a
cross-sectional view of all the PSC devices were recorded. The thickness of the layers
of the new organic semiconductors were ~80 nm, while that of Spiro-OMeTAD was
~220 nm. The difference in thickness was due to the optimized concentrations of the
new HTMs. The optimized photovoltaic characteristics data of the solar cells from J-
V curves are systematized and presented in Table 31. It can be argued that the
molecular structure, particularly, an increased conjugation, has a significant influence
on the efficiency parameters of the devices. Devices with single-arm compounds
(STM8, STM9, STM10, and STM11) as the HTMs exhibited a lower power
conversion efficiency compared to the reference alternative Spiro-OMeTAD. The
opposite situation was observed with the double-arm molecules. The efficiency results
of devices with STM12 and STM12 as HTMs were 19.92% and 20.53%, respectively,
and almost matched the efficiency value of Spiro-OMeTAD. The most efficient
perovskite device contained STM13, achieving a power conversion efficiency of
more than 22% and outperforming Spiro-OMeTAD. The reason for this record
efficiency could have been a high fill factor (FF), indicating a good quality of the hole
transporting layer. The acceptor =C-(CN), group interacts with uncoordinated lead
ions (Pb?*), and this interaction reduces perovskite defects resulting in an improved
efficiency and stability of PSCs!37-139,
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Table 31. Photovoltaic parameters of the new D-A-D type HTMs extracted from the
best-performing devices

HTM Voc, V Jsc, mA/cm? FF PCE, %
STM8 0.963 22.80 0.687 14.97
STM9 0.991 23.25 0.670 15.37
STM10 0.895 23.01 0.662 13.54
STM11 0.871 1.59 0.497 0.68
STM12 1.089 23.77 0.769 19.92
STM13 1.112 24.34 0.813 22.03
STM14 1.070 24.2 0.792 20.53

Spiro-OMeTAD 1121 24.16 0.793 21.48

Another issue of importance for the commercialization is the large-scale
production when upscaling from laboratory to manufacturing scale. Therefore, a 6.5
x 7 cm perovskite solar module was fabricated by using the compound STM13, and
its power conversion efficiency was 18.61%.

The stabilities of the PSCs based on the semiconductor STM13 and Spiro-
OMeTAD were evaluated (Figure 49). The devices were kept without encapsulation
at room temperature and 12% relative humidity under illumination for 500 hours. The
device based on STM13 maintained 95% of its initial efficiency after 500 h, while the
device based on spiro-OMeTAD maintained only 85%.

1. 0 T~

w 0.91
£
S 0.8
[0}
N
© 0.7
E @ Spiro-OMeTAD
2 0.6 o STMI3
0.5 T

0 50 100 150 200 250 300 350 400 450 500
lllumination Time (h)

Figure 49. Stability test of PSCs with STM13 and Spiro-OMeTAD

In this section, fluorene-based D-A-D type HTMs, synthesized by using simple
condensation reactions, are described. Thermal, optical, photophysical, and
photovoltaic measurements revealed that the incorporation of the malononitrile
acceptor units is beneficial not only for carrier transportation, but also for the
efficiency and stability of PSCs. The efficiency and stability of the device based on
the organic semiconductor STM13 was better than that of the reference Spiro-
OMeTAD. The results of this study show that simple molecular engineering of hole
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transporting materials contributed to a significant improvement of the PSC efficiency
and stability.

5.2.4. Synthesis of spirobisindane-based enamines and their application in
perovskite solar cells

This subchapter is based on the published article: “Design, Synthesis and
Theoretical Simulations of Novel Spiroindane-Based Enamines as p-Type
Semiconductors,” R. Soc. Open Sci., 2024, 11, 232019, Q2, by S. Daskeviciate-
Geguziené, M. Daskeviciené, K. Kantminiené, V. Jankauskas, E. Kamarauskas, A.
Gruodis, S. Karazhanov, V. Getautis.

In this section, two new organic semiconductors STM15 and STM16 containing
a spirobisindane fragment as a central core are described (Figure 50). The new
compounds were synthesized by using commercially available starting materials
without the use of costly metal catalysts and by combining different aniline
substituents. After the thermal properties had been investigated, it was determined that
the semiconductors are amorphous, thus making them an excellent alternative to the
crystalline Spiro-OMeTAD.

Figure 50. Structures of new HTMs STM15 and STM16

The general synthesis procedure of new HTMs STM15 and STM16 is shown
in Scheme 15. Low-cost and commercially available bisphenol A was used as a
starting material. In the simple initial cyclization step, it was heated in
methanesulfonic acid. The obtained spirobisindane 7 was alkylated with iodomethane
and a base potassium carbonate in dimethylformamide. The intermediate product 8
was then brominated by using N-bromosuccinimide, and thus eliminating aggressive
bromine. These three steps of synthesis were performed according to a known
methodology described in the literature®. Enamine precursors 10 and 11 with benzene
substituents in different positions (para and meta) were obtained by performing
Suzuki cross-coupling reactions. By using a simple condensation reaction, of which
the only byproduct is water, the target organic semiconductors STM15 and STM16
were synthesized by condensing the respective precursors with 2,2-bis(4-
methoxyphenyl)acetaldehyde, in the presence of CSA. The structures of the new
compounds were confirmed by 'H, *C NMR, mass spectroscopy, and elemental
analysis data.
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Scheme 15 Synthesis route to new HTMs STM15 and STM16

In the study, the optical, thermal, and photophysical properties of HTMs were
investigated (Table 32), and their potential applications in PSCs were evaluated.

Table 32. Thermal, optical, and photoelectrical properties of new HTMs STM15 and
STM16

Tg?  Tdec?, Aabs °, dem® IS  EgY Eea® wo’,
ST™M OgC "ECC: ?ﬂsn nrrq"n eV e%/ ee{I/ cm? /Vs

STM15 167 403 265, 355 502 534 3.02 232 9.0x10°
STM16 157 389 260,335,365 502 530 3.07 223 2.6x10°

aGlass transition (Tq) and decomposition (Tqec) temperatures were observed from DSC
and TGA, respectively (10 °C/min, N, atmosphere); PAbsorption and emission
(excitation = Aans max) SPectra were measured in THF solution (10 M); clonization
energies of the films were measured by using PESA; 9Eg was estimated from the
intersection of the absorption and emission spectra of solid films; ®Eea = Ip - Eg;
fMobility value at zero-field strength.

The thermal characteristics of the organic semiconductors were evaluated by
TGA and DSC. TGA revealed that the compound STM15 loses 5% of its weight at
403 °C and exhibits a higher thermal stability compared to the meta-substituted
analogue STM16 (Tgec = 389 °C). In particular, both synthesized enamines possess
higher decomposition temperatures than that of Spiro-OMeTAD (Tgec = 288 °C). The
DSC method was used to determine the thermal transitions of the target compounds.
The results demonstrated that both enamines are amorphous. The glass transition
temperatures recorded for STM15 and STM16 are 167 °C and 157 °C, respectively.
It is of importance to note that the Ty value of the new HTMs is higher than that
of the reference Spiro-OMeTAD (Ty = 124 °C), thus indicating that
spirobisindane-based organic semiconductors are likely to possess a better
morphological stability. It is also important to emphasize that the amorphous state of
Spiro-OMeTAD is not stable; over time, this compound tends to crystallize, which
adversely affects the long-term stability of PSCs.
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The UV-vis absorption spectra of spirobisindane-based HTMs were recorded
from THF solutions (Figure 51a). The spectra of both organic semiconductors have
two main absorption peaks at ~265 and ~360 nm. The absorption peak at 265 nm
corresponds to the localized n-n” electron transitions originating from the central
spirobisindane scaffold. Meanwhile, peaks of unequal intensity at ~360 nm are due to
the delocalization of different substituents (meta and para) and are attributed to n-x*
and n-n” electron transitions. Upon excitation of the valence electrons, the PL spectra
were recorded (Table 32). The emission maxima for both compounds were recorded
at 502 nm. The observed very large Stokes shifts (~150 nm) indicate significant
geometric changes in the excited state of the molecules. The optical gaps (Eg) of
STM15 and STM16 were calculated from the intersection of the absorption and PL
spectra of thin films and are equal to 3.02 and 3.07 eV, respectively (Table 32).
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Figure 51. New HTMs STM15 and STM16: a) UV-vis absorption (solid line) and
photoluminescence (dashed line) spectra in THF solution (10 M); b) Electric field
dependencies of the hole-drift mobilities

In order to determine the HOMO energy level of the new HTMs, the solid state
ionization potential (Ir) was measured by the photoelectron spectroscopy in air
method. The Ipvalues of STM15 and STM16 are 5.34 and 5.30 eV, respectively. They
are in the same range as the preferred 1, values of HTMs used in perovskite solar cells.
The LUMO energy level values were determined by calculating the Ee,value (2.32 eV
for STM15 and 2.23 eV for STM16) (Table 32).

The charge carrier mobility of the new organic semiconductors was measured
by the xerographic time-of-flight technique. The experimental data illustrating the
dependence of the hole-drift mobility on the electric field strength are shown in Figure
51b. The zero-field hole-drift mobility of the compound STM15 reached almost 10°
cm?/Vs, while its meta-substituted analogue STM16 exhibited a slightly lower
mobility (uo = 2.6x10° cm?/Vs).

Following a comprehensive evaluation of their thermal, optical, and
photophysical properties, it is evident that the synthesized low-molecular mass
compounds STM15 and STM16 emerge as promising candidates for applications in
organic perovskite solar cells.
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Table 33. Photovoltaic parameters of new HTMs STM15 and STM16 extracted from
the best-performing devices

HTM Voc, V Jsc, mA/cm? FF PCE, %
STM15 111 22.6 0.66 16.4
STM16 1.10 22.3 0.60 14.7

Spiro-OMeTAD 1.09 22.8 0.77 19.1

The new spirobisindane-based enamines were used as positive charge transport
materials in the n-i-p structure PSCs. The device architecture was as follows: 1TO /
SnO; / perovskite — Csoo5FA0s7MAG0sPbl276Broos / HTM / Au. All the PSC
photovoltaic characteristics are summarized in Table 33. The PSC with the positive
charge transporting compound STM15 showed the most promising results with an
efficiency of 16.4%. This semiconductor is thermally more stable than Spiro-
OMEeTAD, and it exists only in an amorphous state. Therefore, it can be a promising
alternative to Spiro-OMeTAD upon the appropriate improvement of the
manufacturing conditions of PSCs.

5.2.5. Green-chemistry-inspired synthesis of hole transporting materials for
efficient and stable perovskite solar cells and modules

This subchapter is based on the published article: “Green-Chemistry-Inspired
Synthesis of Cyclobutane-Based Hole-Selective Materials for Highly Efficient
Perovskite Solar Cells and Modules,” Angew. Chem. Int. Ed., 2022, 61, €202113207,
Q1, by S. Daskevi¢itite-Geguziene, Y. Zhang, K. Rakstys, G. Kreiza, S. B. Khan, H.
Kanda, S. Paek, M. Daskevic¢iené, E. Kamarauskas, V. Jankauskas, A. M. Asiri, V.
Getautis, M. K. Nazeeruddin; cited 20 times.

This section describes HTMs synthesized by using green-chemistry inspired
protocols so that to reduce hazardous and aggressive reagents and solvents. It is known
that photodimerized carbazoles are attractive scaffolds because of their simple and
green synthesis, and their various derivatives exhibit high hole-drift mobility40-142,
Therefore, new cyclobutane-based organic semiconductors, which are suitable for
PSC production due to their energy levels, were synthesized (Figure 52).

Systematic investigation of the influence of various carbazole substitutes on the
properties of the new hole transporting materials was carried out. New cyclobutane-
based HTMs were successfully applied in perovskite solar cells. An efficiency of 21%
was achieved, along with an improved device stability compared to Spiro-OMeTAD.
Most importantly, a STM22-based perovskite solar module (6.5 cm x 7 cm) was
fabricated and exhibited a record efficiency of over 19%.
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Figure 52. Structures of new HTMs based on substituted cyclobutane

The general synthesis procedure for the preparation of cyclobutane-based HTMs
is shown in Scheme 16. Low-cost commercially available 9-vinylcarbazole was used
as a starting reagent. Its photodimerization readily occurred under UV light in green
solvent acetone at ambient temperature. Next, trans-1,2-bis(9-carbazolyl)cyclobutane
(12) was brominated by using an aqueous solution of potassium bromate and bromide,
thus eliminating the use of aggressive bromine. To obtain STM20, an aqueous/THF
four-fold Suzuki cross-coupling procedure was applied. These three steps of synthesis
demonstrated that STM20 was obtained, and the use of hazardous substances to the
environment and human health was completely eliminated. For the final synthesis step
of other hole transporting materials described in this work, the standard Buchwald
reaction conditions were used. The structures of the new compounds were confirmed
by 'H, 13C NMR, mass spectroscopy, and elemental analysis data.
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Scheme 16. Synthesis route to novel HTMs based on substituted cyclobutane

Thermal, optical, and photophysical studies of the new HTMs were performed
(Table 34), and their potential applications in PSCs were evaluated.

Table 34. Thermal, optical, and photoelectrical properties of new HTMs based on
substituted cyclobutane

Eea

HTM Tma, Eg Tgec Aabs b, kgm Ip C, Eg d, e ,1120 f,

°C oG oG nm nm eV eV RY, cm? /s
STM17 - 122 416 291,303 450 507 291 212 7.9x10°
STM18 320 159 406 291,304 435 537 2098 248 1.7x10"
STM19 - 162 382 289,302 427 548 3.05 243 3.3x107
sTM20 - 148 421 291306 420 534 313 22105
STM21 - 157 432 29%’53;15* 445 gog 293 235 H5.q0S
STM22 - 173 439 291,309 459 477 2.83 194 3.5x105
STM23 - 215 477 291,318 471 478 279 199 2.5x10°

aMelting (Tm), glass transition (Tg) and decomposition (Tqec) temperatures were
observed from DSC and TGA, respectively (10 °C/min, N, atmosphere); >Absorption
and emission (excitation = Aaps max) SPeCtra were measured in THF solution (104 M);
°lonization energies of the films were measured by using PESA; YEg was estimated
from the intersection of absorption and emission spectra of solid films; ®Ee. = Ip - Eg;
fMobility value at zero-field strength.

The TGA results showed that a 5% weight loss of the HTMs occurs within a
range of 380-480 °C, which is much higher than the usual operating temperature of
the devices (Table 34). There is a clear trend that the thermal decomposition
temperature increases with the increasing molar mass of the synthesized compounds.
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DSC measurements revealed that all new compounds are amorphous, except for the
semiconductor STM18 which exhibits both amorphous and crystalline states. It is of
importance to note that all the synthesized HTMs have glass transition temperatures
higher than that of Spiro-OMeTAD (124 °C). Therefore, cyclobutane-based organic
semiconductors are expected to have better morphological stability.

The UV-vis absorption and PL spectra of the new HTMs in THF solutions are
shown in Figure 53a. The spectra of all the compounds have at least two main
absorption peaks. An absorption maximum at 290 nm corresponds to localized z-z"*
valence electron transitions arising from the central scaffold. The absorption peak
maxima detected in the range from 303 nm to 354 nm are assigned to n-z" delocalized
electron transitions. The differences in the UV-vis spectra arise from the presence of
different conjugated substituents in organic semiconductors. The PL spectra showed
that significantly large Stokes shifts (100-150 nm) are observed for all the molecules;
therefore, changes in the geometry of the molecules are expected upon excitation. The
optical gaps (E;) were calculated from the intersection of the absorption and
photoluminescence spectra of thin films; they range from 2.79 to 3.13 eV (Table 34).
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Figure 53. New HTMs based on substituted cyclobutane: a) UV-vis absorption
(solid line) and photoluminescence (dashed line) spectra in THF solution (10* M);
b) Electric field dependencies of the hole-drift mobilities

The HOMO energy levels of the new semiconductors were measured by the
photoelectron spectroscopy in air method. Different Ipvalues in a range of 4.7-5.5 eV
were determined for all the compounds (Table 34). Based on the Eq and Ip values,
electron affinity values (Eea) in the range of 1.9-2.5 eV were calculated. These values
also indicate the level of LUMO energy. It must be lower than the energy of the
perovskite layer (4.1 eV) to ensure the effective electron blocking from the perovskite
to the electrode.

The data on the dependence of the hole-drift mobility of the new HTMs on the
electric field strength are shown in Figure 53b. At zero-field, the compound STM18
exhibited the highest hole-drift mobility (uo = 1.7x10* cm?/Vs), thus outperforming
Spiro-OMeTAD (uo = 1.3x10* cm?/Vs)!%, STM20, STM21, and STM22 showed
one order of magnitude lower uo values.
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The new V-series compounds were tested in PSCs with the n-i-p structure.
The device architecture was as follows: FTO / SnO, [/ perovskite -
(FAPDI3)0.s5(MAPDBIr3)o15 / HTM / Au. The concentrations of the semiconductor
solutions were optimized during the device construction. The thickness of the HTM
layer was 100 nm, while that of Spiro-OMeTAD was 200 nm. The efficiencies of the
devices based on STM22 and the reference Spiro-OMeTAD were very similar, i.e.,.
21% and 21.64%, respectively. High device efficiency results were also demonstrated
by the compounds STM17 (19.11%) and STM20 (18.53%). Unfortunately, PSCs
with the semiconductors STM18 and STM19 exhibited a very low power conversion
efficiency. This could be attributed to the relatively low HOMO levels of these
compounds. Moreover, very low device fill factor values were also observed.

Table 35. Photovoltaic parameters of new HTMs based on substituted cyclobutane
extracted from the best-performing devices

HTM Voc, V Jsc, mA/cm? FF PCE, %
STM17 1.073 24.01 0.750 19.11
STM18 0.942 6.49 0.198 1.21
STM19 0.506 12.00 0.217 1.32
STM20 1.057 24.22 0.752 18.53
STM21 1.061 21.11 0.693 15.26
STM22 1.092 24.38 0.791 21.00
STM23 0.927 22.99 0.584 12.44

Spiro-OMeTAD 1.114 24.17 0.803 21.64

The stability of the devices based on STM22 and Spiro-OMeTAD was
evaluated. The experiment was carried out under ambient conditions for 550 hours at
a relative humidity of 15-20%. In the reference device which used Spiro-OMeTAD
as an HTM, the conversion efficiency decreased by more than 1.5%, while almost no
change was observed in the device based on STM22 (Figure 54).
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Figure 54. Stability test of PSCs with STM22 and Spiro-OMeTAD

o

108



Another issue of importance to commercialization is large-scale production.
Having achieved excellent efficiency results for the PSC with the semiconductor
STM22 under laboratory conditions, a prototype solar module of a size of 6.5 x 7 cm
was manufactured. The module exhibited a PCE value of 19.06%. This result is the
highest PCE ever reported for a non-Spiro-OMeTAD-based perovskite module.

The results of this study confirm the possibility of the successful development
of manufacturing technologies for perovskite solar cells while using environmentally
friendly green semiconductors.

The practical importance of V-series organic semiconductors is evidenced by
four international patent applications “Photovoltaic Devices Containing Cyclobutane-
Based Hole Transporting Materials,” which were submitted in different patent offices:
The United States (US2023157158), European (EP4181225), China (CN116133444),
and Japan (JP2023072638).

5.2.6. Synthesis and application of cross-linkable carbazole-based hole
transporting materials for inverted perovskite solar cells

This subchapter is based on the published article: “Cross-Linkable Carbazole-
Based Hole Transporting Materials for Perovskite Solar Cells,” Chem. Commun.,
2022, 58, 7495-7498, Q2, by S. Daskevidiuté-GeguZiené, A. Magomedov, M.
Daskeviciené, K. Genevicius, N. Nekrasas, V. Jankauskas, K. Kantminiené, M. D.
McGehee, V. Getautis; cited 6 times. The cover of this issue of the journal Chemical
Communications was illustrated with the theme of this particular article.

This chapter describes new HTMs that have been used in the construction of the
increasingly popular inverted (p-i-n) perovskite solar cells. In this case, the p-type
semiconductor is coated prior to the perovskite layer; therefore, it should withstand a
mixture of polar DMSO:DMF solvents used in the casting of the light absorber layer.
For this reason, polymer materials are most commonly used, especially those capable
of forming solvent-resistant 3D structures. For this purpose, in this study, two new
carbazole-based molecules with vinyl groups were synthesized (Figure 55).
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Figure 55. Molecular structures of the synthesized cross-linkable HTMs STM24
and STM25

The general synthesis pathway of new polymerizable HTMs is shown in Scheme
17. Commercially available 3-bromo-9H-carbazole and 3,6-dibromo-9H-carbazole
were chosen as the starting reagents. Intermediate compounds 14 and 16 with vinyl
groups were synthesized by using a simple alkylation methodology. Then, Hartwig-
Buchwald palladium-catalyzed reactions were performed. Compound 14 was coupled
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with p-anisidine to yield secondary amine 15, which was then reacted with precursor
16 to provide the target product STM24 with three cross-linking groups. Similarly, 3-
amino-9-ethylcarbazole reacted with compound 14 to produce a secondary amine 17,
which was then reacted with precursor 16 to provide the second target product
STM25. The structures of the new compounds were confirmed by 'H, *C NMR
spectroscopy, and elemental analysis methods.
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Scheme 17. Synthesis route to novel HTMs STM24 and STM25

Thermal, optical, and photophysical studies of the new HTMs were performed
(Table 36), and their potential applications in the p-i-n configuration PSCs were
evaluated.

Table 36. Thermal, optical, and photoelectrical properties of HTMs STM24 and
STM25

Tg?  Tpoy?®  Tdec?, Aabs °, Xem® 1p¢ Eg9 Ee® o',
HTM °gC %Og °eCc: ﬁri] nnr]n eV ei/ ee</ cm? /Vs

STM24 117 196 443 295,309 458 484 290 194 1.8x10°
STM25 56 300 404 291,319 470 4.82 284 198 24x10°

aGlass transition (Tg), polymerization (Tpoly), and decomposition (Taec) temperatures
were observed from DSC and TGA, respectively (10 °C/min, N> atmosphere);
PAbsorption and emission (excitation = Aans max) SPectra were measured in THF
solution (10* M); clonization energies of the films were measured by using PESA;
dEg was estimated from the intersection of the absorption and emission spectra of solid
films; ®Eea = Ip - Eq; "Mobility value at zero-field strength.

The results of thermogravimetric analysis showed that the thermal stability of
both compounds is sufficiently high. Tgec 0f 443 °C for the compound STM24 and 404
°C for STM25 (Table 36) were recorded. The DSC analysis revealed that both
synthesized compounds exist only in an amorphous state, and polymerization
temperatures were observed during the first heating scan. The thermal polymerization
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of the compound STM24 of a lower molecular mass occurred at 196 °C, while the
cross-linking process of the analogue with a larger conjugated double bond system
was detected at 300 °C. During the second heating cycle, no phase transitions were
observed, thus confirming that cross-linking processes occurred fully during the first
heating cycle (Figure 56a). It should be noted that this cross-linking process does not
require any use of initiators or dopants which are detrimental to the device efficiency
and stability.

To evaluate the optical properties of the synthesized semiconductors, UV-vis
absorption and PL spectra were recorded from the solutions (Figure 56b). The UV-
vis spectra showed that the absorption maxima of both monomers are in the UV range
at ~320 nm, while the absorption in the visible range of electromagnetic radiation is
very insignificant. Due to the larger m-conjugated electron system, the absorption and
emission maxima of the compound STM25 are slightly red-shifted by ~10 nm.
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Figure 56. New HTMs STM24 and 1206: a) First and second scan heating curves
(heating rate 10 °C/min, N, atmosphere, the y-axis is showing a heat flux); b) UV-
vis absorption (solid line) and photoluminescence (dashed line) spectra in THF
solution (10 M)

By using the method of photoelectron spectroscopy in air, the ionization
potentials of the low molecular mass compounds STM24 and STM25 were recorded
to be 4.84 eV and 4.82 eV, respectively. The hole-drift mobility was evaluated by the
xerographic time-of-flight technique. The charge transporting properties of the
compound STM24 reached 1.8x10° cm?/Vs at zero electrical fields, while the
analogue with a larger mw-conjugated electron system, STM25, showed a better hole-
drift mobility, i.e., its value was 2.4x10"° cm?/Vs (Table 36).

Before fabricating PSCs with the targer monomers STM24 and STM25,
thermal cross-linking experiments were carried out. At the beginning of the
experiment, a layer of the compound was formed on glass substrates and heated at the
polymerization temperature of the HTM (200 °C for STM24 and 300 °C for STM25)
for the respective duration (0, 30, 60, 90, and 120 min). Subsequently, the layers were
rinsed with THF, and the amount of the washed material was analyzed from the
absorption spectra. The results indicated that the thermal polymerization process of
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STM24 and STMZ25 to 3D networks was complete after 90 minutes (Figure 57a) and
1 hour (Figure 57b), respectively.
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Figure 57. UV-vis absorption spectra after thermal cross-linking study of STM24
(@) and STM25 (b)

The cross-linked polymers were used in PSC devices with the p-i-n architecture.
The device architecture was as follows: ITO / HTM or cross-linked HTM / perovskite
- CSo,os(FAo,gsMAO,17)0_95Pb(|o,gsBl’o_17)3 [ LiF / Ceo / BCP / Ag. All the photovoltaic
characteristics of PSCs are summarized in Table 37. The PSCs constructed on the
basis of 3D polymers exhibited higher power conversion efficiency results. The most
promising results were obtained with the compound STM24; its efficiency was
determined as 16.9%. Monomeric semiconductors are often not suitable for
fabricating PSCs of the p-i-n configuration because they are not resistant to the
DMSO:DMF mixture which is used during the formation of the perovskite layer. The
solubility of the monomer STM24 was almost two times higher than that of the
monomer STMZ25, therefore, the efficiency results of SC based on the latter are
incomparably higher.

Table 37. Photovoltaic parameters of the new HTMs STM24 and STMZ25 extracted
from the best-performing devices

HTM Voc, V Jsc, mA/cm? FF PCE, %
STM24 monomer 0.285 15.6 0.251 11
STM24 cross-linked 0.979 20.6 0.844 16.9
STM25 monomer 0.819 18.6 0.808 11.8
STM25 cross-linked 0.944 19.0 0.823 14.6

The stability of the fabricated device with the best performing cross-linked
STM24 was evaluated (30 days, room temperature). The device showed good
stability, and, at the end of the experiment, its power conversion efficiency decreased
by as little as 3%.
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In summary, two novel carbazole-based hole transporting materials STM24 and
STM25 were synthesized by simple synthesis procedures, exhibited good thermal
stabilities, high hole-drift mobilities, and the appropriate HOMO levels. Due to the
presence of three vinyl groups, the semiconductors were able to thermally polymerize
to the 3D networks. After thermal polymerization, the deposited films became
resistant toward organic solvents making their application in inverted type PSCs
promising.

5.2.7. Synthesis and application of 9,9'-spirobifluorene-based thermal cross-
linking semiconductor for various configurations of perovskite solar cells

This subchapter is based on the published article: “In Situ Thermal Cross-
Linking of 9,9'-Spirobifluorene-Based Hole-Transporting Layer for Perovskite Solar
Cells,” ACS Appl. Mater. Interfaces, 2024, 16, 1, 12061216, Q1, by S. Daskeviciate-
Geguziené, M. A. Truong, K. Rakstys, M. Daskeviciené, R. Hashimoto, R. Murdey,
T. Yamada, Y. Kanemitsu, V. Jankauskas, A. Wakamiya, V. Getautis.

This chapter describes the possibilities of using the newly synthesized Spiro-
OMeTAD analogue STM26 (Figure 58) in next-generation PSCs of various
configurations (n-i-p and p-i-n).
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Figure 58. Structure of new Spiro-OMeTAD analogue with vinyl groups

The Spiro-OMeTAD analogue STM26 bearing four vinyl cross-linkable groups
was synthesized in a facile two-step synthesis procedure from commercially available
starting materials (Scheme 18). The palladium-catalyzed Buchwald-Hartwig
amination reaction of 2,2',7,7'-tetrabromo-9,9’-spirobifluorene and p-anisidine was
carried out to give intermediate compound 1 in 70% yield. The latter was then vinyl-
functionalized by using 4-bromostyrene to generate the target product STM26 in 51%
yield. The structure of the new compound was confirmed by 'H, *C NMR, mass
spectroscopy, and elemental analysis methods. The total cost of the new
semiconductor was estimated to be ~ 42 Eur/g, what is much cheaper than the widely
used HTMs'43, This indicates the high commercial potential of this compound.
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Scheme 18. Synthetic route and polymerization scheme of the organic
semiconductor with vinyl groups STM26

Thermal, optical, and photophysical studies were performed (Table 38).

Table 38. Thermal, optical, and photoelectrical properties of novel organic
semiconductor STM26

Tooty®  Taec®  Aaps®  Aem®  Ip S g ®,

HTM (e} o nm nm eV cm?/Vs
STM26 253,265 460 336,395 419 5.29 8.7x10°
STM26 after heating at -5
555 00 - - 335, 394 - 5.38 1.3x10
STM26 + dithiol
After heating at - - 303, 383 - 5.35 1.3x10°
103 °C

aPolymerization (Tpoly) and decomposition (Teec) temperatures were observed from
DSC and TGA respectively (10 °C/min, N, atmosphere); PAbsorption and emission
(excitation = Aans max) SPectra were measured in THF solution (10 M); clonization
energies of the films were measured by using PESA; 9Eg was estimated from the
intersection of the absorption and emission spectra of solid films; ®Eea = Ip - Eg;
fMobility value at zero-field strength.

The TGA results showed that a 5% weight loss of the synthesized semiconductor
occurs at 460 °C, thus confirming that STM26 possesses good thermal stability, as the
decomposition temperature of the compound is much higher than the usual operating
temperature of the device. DSC analysis was carried out to determine the
polymerization temperature of the monomer. The polymerization temperature was
recorded to be 253 °C during the first heating scan. During the second heating cycle,
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no phase transitions were observed, which confirmed that cross-linking processes
occurred fully during the first heating cycle (Figure 59a). It is known that temperatures
above 150 °C can generate perovskite degradation, which negatively affects the
efficiency of the n-i-p structure devices. Unfortunately, the polymerization
temperature of the monomer STM26 is higher than the levels which perovskite can
tolerate. Data have been presented in the scientific literature that the temperature of
3D polymer formation can be significantly reduced during copolymerization with
aliphatic or aromatic thiols'#*. Therefore, the polymerization reaction of the organic
semiconductor STM26 and 4,4'-thiobisbenzenethiol (dithiol) was performed. It was
determined that the insoluble 3D polymer network forms at 103 °C. It is worth noting
that this is the lowest cross-linking temperature reported in the PSC field, enabling
the application of this semiconductor in PSC of both p-i-n and n-i-p architectures
without polymerization initiators!45-149,

a) stvmzs | D) STM26+dithiol
nd
nd 2 heating
2 heating
r——— 1]
Tpoly2=265°C
o) B { o] T .=103C
E] Tpolyl_253 c ﬁ| poly
st \
1 heating
st
1 heating
50 100 150 200 250 300 350 50 75 100 125 150
0

Temperature, °C Temperature, C

Figure 59. First and second scan heating curves (heating rate 10 °C/min, N,
atmosphere, the y-axis is showing heat flux) for STM26 (a) and STM26+dithiol (b)

The results of the UV-vis absorption and photoluminescense spectra of the
STM26 monomer, polymer, and copolymer are presented in Table 38. The absorption
maxima of the organic semiconductor STM26 are observed at 336 and 395 nm. The
less intensive absorption peak at 336 nm can be attributed to the z-z" electron
transitions, while the more intense peak corresponds to the n-z" delocalized electron
transitions. After the polymerization of STM26 at 253 °C, no significant changes in
the absorption spectra were observed. After thermal cross-linking with dithiol at 103
°C, two equally intense peaks were present in the UV-vis spectrum at 303 and 383
nm. In addition, the emission maximum of the monomer was observed at 419 nm. The
calculated Stokes shift value is 24 nm.

By using the method of photoelectron spectroscopy in air, the ionization
potentials of the low-molecular mass compound STM26 monomer, polymer, and
copolymer were measured, which were found to equal 5.29, 5.38, and 5.39 eV,
respectively. The hole transporting properties of the HTMs were characterized by
using the xerographic time-of-flight method. At the zero-field strength, the monomer
hole-drift mobility is equal to 8.7x10° cm?/Vs. After thermal heating, the hole
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mobility values of both the polymer and the copolymer slightly decreased but were
still comparable to those of widely used PSC materials®>0-152,

a)

" —sT™M26 | D) | 4 stz

\ - - STMZFL : v STM26 after heating at 255 °C
o ! = STM26+dithiol after heating at 105 °C
) ! s 10°
B‘ \ g w
L \ Q
c \ 8 ;
2 \ £ 10°
s N £
2 N =
< \ g

N o
A 10° : : : :
200 400 600 800 1000

o
o

250 300 350 400 450 500 55 00 00
Wavelength, nm E™, (Vicm)
Figure 60. New HTM STMZ26: a) UV-vis absorption (solid line) and
photoluminescence (dashed line) spectra in THF solution (10 M); b) Electric field
dependencies of the hole-drift mobilities

Before PSCs were made, the polymerization conversion was evaluated. At the
beginning of the experiment, a layer of STM26 with and without 4,4'-
thiobisbenzenethiol cross-linker were prepared on glass substrates and heated for the
respective duration (0, 15, 30, 45, 60, and 140 min). Afterwards, the layers were rinsed
with THF, and the amount of material washed was analyzed from the UV-vis
absorption spectra (Figure 61la and 61b). The results indicated that the thermal
polymerization process of the cross-linking spiro-OMeTAD analogue STM26 to the
3D network was completed after 15 minutes. Approximately 90% of the copolymer
from the semiconductor STM26 and dithiol mixture (1:2) also formed after 15
minutes of heating. Therefore, a non-soluble 3D polymer network structure formed,
which can be used in the construction of efficient n-i-p or p-i-n PCSs.
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Figure 61. UV-vis absorption spectra after thermal cross-linking study of STM26
(@) and STM26+dithiol (b)
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The cross-linked copolymer was used as the HTM in PSC devices with the p-i-
n architecture. The device architecture was as follows: FTO / STM26+dithiol
(copolymer) / perovskite — CSo_osFAo,sMAo,lspb|2,7sBr0_25 / EDAI, / C50/ BCP / Ag
(Figure 62a). The concentration of the copolymer was optimized to be 2.0 mg/ml. The
efficiency of the constructed device was 19.3%, which is comparable to a device
fabricated by using the well-studied polymer analogue PTAA.

Figure 62. Structures of p-i-n and n-i-p PSCs

The cross-linked STM26 and dithiol copolymer was also used in PSC devices
with the p-i-n architecture as an interlayer protecting the perovskite from moisture.
The device architecture was as follows: ITO / SnO, [/ perovskite —
Cs0.05FA0sMAG.15Pbl275Bro2s / STM26+dithiol (copolymer) / Spiro-OMeTAD / Au
(Figure 62b). Spiro-OMeTAD was doped with LiTFSI, the Co(lll) complex, and tBP.
The concentration of the cross-linking copolymer was optimized and determined to
be 1 mg/ml. The device with the cross-linked interlayer exhibited a PCE of 19.1%,
thus surpassing the power conversion efficiency of the reference device without the
interlayer (18.9%). The photovoltaic characteristics of both PSC constructions are
listed in Table 39.

Table 39. Photovoltaic parameters of the new HTM STM26 and dithiol copolymer
extracted from the best-performing devices

HTM Vo, V. Jsc, MAlcm*>  FF  PCE, %
) STM26+dithiol (copolymer) 1.09 23.0 0.77 19.3
p-i-n
PTAA 1.05 23.3 0.79 19.3
STM26+dithiol
n-i-p (copolymer)/Spiro-OMeTAD 1.10 224 0.77 19.1
Spiro-OMeTAD 1.08 22.6 0.77 18.9

The stability tests of the fabricated p-i-n and n-i-p devices were evaluated. The
operational stability of p-i-n devices using the cross-linked STM26/dithiol copolymer
and reference PTAA HTMs was tested. The power conversion efficiency of the
PTAA-based reference device decreased to 80% of its initial value after 30 hours.
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Meanwhile, the cross-linked STM26/dithiol copolymer-based device still retained
84% of the initial output after 200 hours (Figure 63a). Figure 63b shows the stabilities
of n-i-p PCSs fabricated with and without the STM26/dithiol copolymer interlayer.
The PCE of the reference device (without interlayer) decreased to 60% of its initial
value after 16 hours, while the device with the cross-linked interlayer still maintained
84% of its initial output after 24 hours.
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Figure 63. Stability test of the PSCs devices of p-i-n (a) and n-i-p (b) architectures

The results of this study confirm the possibility to successfully develop the
application of low-molecular mass organic semiconductors and dithiol copolymers for
various PSCs constructions. A three-dimensional copolymer network systematically
contributes to an improved device performance and stability. The importance of this
research has been evidenced by three international patent applications “In-Situ
crosslinking of 9,9'-spirobifluorene-based compounds for use in optoelectronic and/or
in photoelectrochemical devices and manufacture thereof,” which were submitted in
different patent offices: the United States (USPTO, Reg. No. 18/134,751, 14-04-
2023), Europe (EPO, Reg. No. EP23168712.0, 19-04-2023), and Japan (JP, Reg. No.
2023-068376, 19-04-2023).

5.3. Conclusions

To conclude, this work presents promising p-type organic semiconductors
containing fluorene or carbazole chromophores. In particular:

1. Low-molecular mass p-type organic semiconductors based on a fluorene core
were synthesized during a three-step synthesis. It has been determined that:
1.1. The synthesized organic semiconductors are thermally stable; the

thermal decomposition temperature corresponding to a 5% weight loss
of their mass occurs at temperatures higher than 400 °C.

1.2. The addition of a third carbazole chromophore at the 4™ position of the
central fragment not only increases a n-conjugated double bond system
of a molecule but also ensures a fully amorphous state of the compound.

1.3. The ionization potentials (5.1-5.11 eV) and hole-drift mobility values
at the zero-field hole-drift mobility (10 cm?/Vs) of these organic
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semiconductors are suitable for their application in perovskite solar
cells.

1.4. The power conversion efficiency of the device based on the
semiconductor STM1 reached 18.3%, which is very similar to that of
the device with Spiro-OMeTAD (18.9%).

The enamine STM3, which was subsequently alkylated with different alkyl

fragments at the 9" position of the fluorene moiety, was synthesized by the

condensation reaction, and its investigation has revealed that:

2.1. All organic semiconductors exist in both crystalline and amorphous
states, but, after the second heating, only the glass transition
temperature has been recorded.

2.2. The best charge transporting properties (uo= 3.3x10* cm?/Vs) have
been demonstrated by the propyl-substituted semiconductor STMS5,
and they surpassed the value of the reference Spiro-OMeTAD (uo=
1.3x10*cm?/Vs).

2.3. The best power conversion efficiency results were demonstrated by
both structures of STM3-based perovskite solar cells (with a dopant and
dopant-free), respectively, 19.3% and 17.1%.

New enamines based on fluorene chromophores with an acceptor group in the

center of molecules have been synthesized by condensation reactions. The

investigation of their properties has revealed that:

3.1. Organic semiconductors with the higher conjugated double-bond
systems are denoted by a higher thermal stability. The highest
decomposition temperature (412 °C) was observed for the
semiconductor STM14 with four diphenylethenyl groups and a
fluorenone fragment in the center.

3.2. The values of the ionization potential of different semiconductors
varied within the range of ~5.4-5.5 eV, and the compound STM13
exhibited the best charge transport properties at zero-field (1o = 4x107¢
cm?/Vs).

3.3. The perovskite solar cell based on the semiconductor STM13, bearing
four diphenylethene groups and a malononitrile acceptor fragment at
the center of the molecule, achieved a record-breaking solar cell
efficiency of 22.03%.

Novel organic semiconductors containing the central fragment of

spirobisindane were synthesized by using various synthesis methods, and

their investigation has revealed that:

4.1. Compounds STM15 and STM16 exist only in the amorphous state and
can ensure a better morphological stability of the layers than the
reference Spiro-OMeTAD. Their glass transition temperatures are 167
°C and 157 °C, respectively.

4.2. The ionization potential values of STM15 and STM16 are 5.34 and
5.30 eV, respectively. They are in the same range as the preferred values
of HTMs used in perovskite solar cells. Meanwhile, the zero-field hole-
drift mobility of the compound STM15 almost reaches 10-° cm?/Vs,
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while its meta-substituted analogue STM16 exhibits a slightly lower
mobility (uo = 2.6x10% cm?/Vs).

4.3. The perovskite solar cell based on the positive charge transporting
compound STM15 showed the most promising results with a power
conversion efficiency of 16.4%.

New hole transporting materials containing the photodimerized 9-

vinylcarbazole fragment as a central core have been synthesized based on the

principles of green chemistry. It has been determined that:

5.1. All the new compounds are amorphous, except for semiconductor
STM18, which can be in both amorphous and crystalline states.

5.2. The values of the compound hole-drift mobilities at zero-field ranged
from 104 cm?/Vs to 107 cm?/Vs.

5.3. The power conversion efficiencies of the solar cells based on STM22
and reference Spiro-OMeTAD were very similar, i.e.,. 21% and
21.64%, respectively. The STM22-based solar module (6.5 x 7 cm)
exhibited a power conversion efficiency of 19.06%, which is the highest
efficiency ever reported for a non-Spiro-OMeTAD based perovskite
module.

A series of new cross-linkable carbazole-derived hole transporting materials

bearing three vinyl groups have been synthesized via alkylation and

Buchwald palladium-catalyzed reactions. It has been found that:

6.1. The monomer STM24 underwent thermal polymerization at 196 °C,
while the cross-linking process of its analogue with a larger conjugated
double bond system was detected at 300 °C.

6.2. The ionization potential values of the compounds STM24 and STM25
are 4.84 and 4.82 eV, respectively. The charge drift mobility values
reached 1.8x10% cm?/Vs and 2.4x10° cm?/Vs, respectively, at zero-
field.

6.3. The conversion of the monomer STM24 into a 3D structure polymer
occurred within 90 minutes, while the one of its analogues STM25 was
completed within one hour.

6.4. The insoluble layer of the 3D p-type semiconductor STM24 obtained
by thermal polymerization can be successfully used in the inverted
structure (p-i-n) perovskite solar cells with a nearly 17% power
conversion efficiency.

After analyzing, optimizing, and selecting the best synthesis route, a 9,9'-

spirobifluorene-based p-type organic semiconductor bearing four cross-

linkable vinyl groups has been synthesized during Buchwald palladium-
catalyzed reactions. The investigation of its properties has shown that:

7.1. The hole-drift mobility at the zero-field strength of the monomer
STM26 is equal to 8.7x10° cm?/Vs. After thermal heating, the hole
mobility slightly decreased.

7.2. The monomer STM26 cross-links and forms three-dimensional
networks in as little as 15 minutes at 253 °C. The power conversion
efficiency of the inverted (p-i-n) structure perovskite solar cells with



7.3.

the formed polymer was 19.3%, which is comparable to one of the
devices fabricated by using the well-studied reference polymer PTAA.
The polymerization of STM26 with the crosslinking agent 4,4'-
thiobisbenzenethiol proceeded smoothly (15 minutes) at a significantly
lower temperature (107 °C). This enabled the usage of a three-
dimensional polymer in perovskite solar cells of a regular structure (n-
i-p) as an interlayer between Spiro-OMeTAD and perovskite, thus
increasing the longevity of the latter. The device with the cross-linked
interlayer demonstrated a significantly increased stability and 19.1%
power conversion efficiency, thus surpassing the conversion efficiency
of the reference device without the interlayer (18.9%).
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Nonspiro, Fluorene-Based, Amorphous Hole Transporting
Materials for Efficient and Stable Perovskite Solar Cells

Sariiné Daskeviciate, Nobuya Sakai, Marius Franckeviéius, Maryté Daskeviciene,
Artiom Magomedov, Viygintas Jankauskas, Henry J. Snaith,* and Vytautas Getautis*

Novel nonspiro, fluorene-based, small-molecule hole transporting mate-

rials (HTMs) V1050 and V1061 are designed and synthesized using a facile
three-step synthetic route. The synthesized compounds exhibit amorphous
nature with a high glass transition temperature, a good solubility, and decent
thermal stability. The planar perovskite solar cells (PSCs) employing V1050
generated an excellent power conversion efficiency of 18.3%, which is com-
parable to 18.9% obtained with the state-of-the-art Spiro-OMeTAD. Impor-
tantly, the devices based on V1050 and V1061 show better stability compared
to devices based on Spiro-OMeTAD when aged without any encapsulation
under uncontrolled humidity conditions (relative humidity around 60%) in the

dark and under continuous full sun illumination.

1. Introduction

Due to the merits of intense absorption in an almost entire vis-
ible spectral region, perovskite materials first emerged as dye
substitutes for dye-sensitized solar cells with the liquid elec-
trolyte showing a power conversion efficiency (PCE) around
4%.1" Since the first perovskite-based solar cells (PSCs) suffered
from fast degradation their architecture was shifted from liquid
electrolyte-based low PCE devices to solid-state devices using
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small organic hole transporting mole-
cule 2,27, 7"-tetrakis(N, N-di-p-methoxy-
phenylamine)-9,9"-spirobifluorene
(Spiro-OMeTAD).2l In consequence, the
photovoltaic performances have skyrock-
eted to 21.1% for small-area cells® and
20.5% for cellstl with the active area larger
than 1 cm? in just a few years. Since then,
Spiro-OMeTAD became a standard mate-
rial for the development of the new hole
transporting materials (HTMs) for PSCs.
In the majority of the state-of-the-art
devices, Spiro-OMeTAD is used as a hole
transporting material 5%l However, the
tedious synthetic procedures and puri-
fication processes of this HTM make it
cost ineffective and thus limit its application and commercial-
ization.”) Moreover, the study by A. Binek et al. showed that
Spiro-OMeTAD can significantly contribute to the overall cost
of materials required for the PSC manufacturing 'l

To engineer HTMs which are considerably cheaper than
Spiro-OMeTAD, shorter reaction schemes with simple purifi-
cation procedures are required. Successful examples include
azomethine derivative EDOT-OMeTPA," branched meth-
oxydiphenylamine-substituted fluorene derivatives V859 and
V862" enamine derivative V950, and spiro[fluorene-
9,9"xanthene] (SEX)-based materials SFXMeOTAD!™ or
%60, and X59.1'%! Some of them are reported to have equal
or slightly better performance in comparison to that of
Spiro-OMeTAD.[1215]

Besides the low cost, HTMs should meet a number of other
requirements, including excellent charge transporting proper-
ties, good energy matching with the perovskite, transparency to
solar radiation, large Stokes shift, good solubility in organic sol-
vents, morphologically stable film formation, and others. Mean-
while, numerous investigations are being carried out aiming to
improve the efficiency of HTMs, however until now only few
concrete recommendations have been made with regard to the
molecular structure modification.['7-24

Recently, we have presented the synthesis of a new class
of efficient HTMs.2*2% Their structure consists of two
4,4"-dimethoxydiphenylamine 3,6-disubstituted carbazole frag-
ments linked by a nonplanar unit. Synthesis of these HTMs
was performed by a simple two-step synthetic procedure pro-
viding a target product in high yield. Conveniently, the first step
is a basic “click” type reaction and high reaction rates (=10 min
at room temperature), simple purification procedure (only fil-
tration is required) and high yields are typical for this step. The
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Figure 1. Structures of HTMs: V1050 and V1061.

performance of CH;NH,Pbl;-based PSC with these branched
compounds was close to that of the Spiro-OMeTAD in the same
conditions.

In this work, we present the synthesis, characterization
and photovoltaic performance of two new hole transporting
materials, namely V1050 and V1061 possessing 4,4-dimeth-
oxydiphenylamine 3,6-disubstituted carbazole-based hole
transporting moieties and 9,9-dialkyl-9 H-fluorene as a central
linking fragment (Figure 1).

The coplanar central core was chosen in order to improve
the efficiency of HTM, as was previously shown by Li and co-
workers.['”] Furthermore, the properties and performance of
newly synthesized HTMs were additionally compared to that of
the state-of-the-art Spiro-OMeTAD.

2. Results and Discussions

2.1. Synthesis

The fluorene derivatives V1050 and V1061 were synthesized
by a simple two-step reaction from the key intermediates, the
bromomethylfluorenes 1 and 3, as illustrated in Scheme 1. To
synthesize intermediate 3, a slightly modified literature pro-
cedure was employed to perform the tris(bromomethylation)
of 9,9-dimethylfluorene.”’l In the next step, 3,6-dibromo-
9H-carbazole was reacted with 2.4,7-tris(bromomethyl)-
9,9-dimethyl-9H-fluorene (3) in the presence of KOH
powder to provide the intermediate compound 4. Finally,
the desired product V1050 was obtained by the palladium-
catalyzed Buchwald-Hartwig C-N cross-coupling reaction of

ar
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Scheme 1. Synthesis route to HTMs V1050 and V1061: a) paraformal-
dehyde (2.2 equiv.), 33% HBr in HOAc, 65 -70 °C; b) paraformaldehyde
(10.0 equiv), 33% HBr in HOAc, 85 -90 °C; ¢) 3,6-dibromocarbazole,
85% KOH, THF, at rt; d) 4,4"-dimethoxydiphenylamine, Pd(OAc),, P(t-
Bu);-BF;, NaO1-Bu, at reflux of anhydrous toluene.
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compound 4 with 4,4"-dimethoxydiphenylamine. Surprisingly,
di(bromomethylation) of 9,9-dimethyl-9H-fluorene was unsuc-
cessful and inseparable mixture of the reaction products was
obtained by using two equivalents of paraformaldehyde. Pre-
sumably, the presence of the small methyl substituents at the
9th position markedly stipulates the formation of trisubsti-
tuted product as well. Therefore, as the reference compound,
the hole transporting material V1061, containing 9,9-diethyl-
9H-fluorene as a central linking fragment and two equivalent
4 4'-dimethoxydiphenylamine 3,6-disubstituted carbazole-based
branches was also prepared according to the same approach.
The final compounds V1050 and V1061 were isolated by
column chromatography and precipitated from toluene or tet-
rahydrofuran into 15-fold excess of n-hexane. Obtained by such
a procedure V1050 and V1061 were amorphous compounds. All
our attempts to crystallize them were unsuccessful. The chem-
ical structure of the synthesized V1050 and V1061 products
were confirmed by 'H and "*C NMR as well as elemental anal-
ysis data. A more detailed procedure for the synthesis of hole
transport materials is included in the Supporting Information.

2.2. Thermal Properties

Thermal gravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were applied to measure the thermal stability
of the above obtained HTMs. The weight loss as a function of
temperature of V1050 and V1061 compounds is presented in
Figure 2a. A significant weight loss appears at around 400 °C
and proceeds until complete decomposition of both materials
at 600 °C.

The decomposition temperature corresponding to a 5%
weight loss (Tj) is about 400 °C, indicating good thermal sta-
bility of V1050. HTM possessing two 4,4"-dimethoxydiphe-
nylamine 3,6-disubstituted carbazole-based branches shows
slightly better thermal stability because Tj is about 420 °C. From
TGA measurements we conclude, that both fluorene-based
compounds are suitable for the application in the perovskite
solar cells. Initial small (2-3%) weight loss at <150 °C can be
attributed to the evaporation of the solvent traces remaining
after the purification procedure.

DSC analysis of the V1050 and V1061 has shown (Figure 2b)
that after purification, the target compounds exist in an amor-
phous state with the glass transition temperatures of about
166 and 146 °C, respectively. The high glass transition tempera-
ture is in good agreement with one of Wirth postulates?® dem-
onstrating that the glass transition temperature can be raised
by increasing molecular size, incorporating additional bulky
substituent into 4th position of the molecule, and enhancing
molecular interaction, which can hinder molecular motions. To
the best of our knowledge, V1050 exhibits one of the highest
glass transition temperatures among amorphous HTMs applied
in the PSCs, being 40 °C higher than that of Spiro-OMeTAD
(126 °C). A high glass transition temperature is an indicator
of the more stable amorphous state and reduced tendency to
crystallize. Recently, it has been observed that Spiro-OMeTAD
tends to crystallize in perovskite solar cells under device oper-
ating conditions,*” which in turn can lead to device degrada-
tion and failure over the longer term. Whereas, both V1050 and
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Figure 2. a) TGA curves of the V1050 and V1061 (heating rate 10 °C min~'), b) DSC second heating curves for the V1050 and V1061 (heating rate

10 °C min).

V1061 are entirely amorphous and do not show characteristic
transitions of the crystalline state (Figures S1 and S2, Sup-
porting Information). The superior properties of new HTMs
can be attributed to the presence of the branched 4,4"-dimeth-
oxydiphenylamine 3,6-disubstituted carbazole-based moieties
linked by bulky central fluorene core.

2.3. Optical and Photophysical Properties

The UV-vis absorption spectra of a new fluorene-based organic
HTMs measured in tetrahydrofuran (THF) sclution is shown in
Figure 3a and compared with Spiro-OMeTAD. The absorption
spectra for both V1050 and V1061 HTMs are almost identical.
This confirms that conjugation between 4,4’-dimethoxydiphe-
nylamine 3,6-disubstituted carbazole-based branches is absent.
Both HTMs show intense m-m* absorption band with the max-
imum at 305 nm and weak low energy absorption at 375 nm
corresponding to n-* transitions. Furthermore, absorption of
both compounds lies mainly in the UV region with a very weak
undesirable absorption in the visible spectral range. Because a
new hole transporting materials are more transparent to solar
radiation, they become even more advantageous for the applica-
tion in the PSC.* The steady state absorption spectra of pero-
vskite FA, 43Cs,1-Pb(IysBr, ;); films deposited on TiO, with and
without hole transporting materials are shown in Figure 3b.
The absorption spectra show characteristic absorption onset at
around 775 nm due to exciton abserption. All films reveal very
similar signatures when measured above 550 nm, indicating

that there is no apparent contribution of HTMs to the light
absorption of perovskite solar cells.

Here, we additionally performed time resolved photolumi-
nescence (PL) decay measurements to study charge—carrier
transport properties in perovskite films deposited on glass with
and without HTMs (Figure 4). For pristine perovskite films, PL
decays during 58 ns and reflects nongeminate electron-hole
recombination*” being the dominating radiative channel in the
neat perovskite films. When the perovskite films are covered
with hole transporting materials, the PL decay rate for all three
films becomes significantly reduced. The strong photolumines-
cence quenching indicates efficient extraction of holes at the
perovskite/HTM interfaces.

To evaluate the efficiency of the charge transfer properties
from perovskite to HTMs from time-resolved PL measure-
ments, we used previously proposed protocol.’!! The calcu-
lated charge-transfer time and efficiency values are presented
in Table 1. The charge transfer efficiency values of perovskite
solar cell devices comprising new HTMs are comparable to
that obtained with commercially available Spiro-OMeTAD. The
superior hole collection was also consistent with photovoltaic
measurements of devices, which showed similar power conver-
sion efficiencies between all devices.

2.4. Photoelectrical Properties

Xerographic time-of-flight technique was used to characterize
charge transporting properties of the synthesized HTMs. The
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Figure 3. a) UV—vis absorption spectra of V1050, V1061, and Spiro-OMeTAD, b) UV-vis absorption spectra of TiO,/perovskite (FAg53Csq17Pb(lp5Broz)s)
film and perovskite (FAgs3Csg17Pb(lgsBryz)s) deposited with Spiro-OMeTAD and V1050, and V1061 hele transperting materials.
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Figure 4. Photoluminescence decay kinetics of lead halide perovskite
(FA33Csg17Pb(lpgBry;)3) films deposited on glass substrates comprising
V1050, V1061, and Spiro-OMeTAD hole transporting layers. Photolumi-
nescence lifetimes were monitored at the emission maximum at 770 nm
upon excitation at 470 nm.

measured charge mobility values of V1050 and V1061 are
found to be comparable to the values measured for Spiro-
OMeTAD. Values of charge mobility defining parameters:
zero field mobility (o) and the mobility at the electric field
of 6.4 x 10° V cm™ are given in Table 2. The measured hole-
drift mobility for V1061 was 3.0 x 107° em? V™ 57!, while for
V1050 - 1.5 x 107° cm? V! 57! at weak electric fields. Interest-
ingly, the charge mobility values of the new HTMs at strong
field strength coming closer to the values measured for Spiro-
OMeTAD (Figure 5, Table 2). Lower hole drift mobility values
could be attributed to the presence of the bulky central fluorene
fragment, which is linked to the 4,4"-dimethoxydiphenylamine
3,6-disubstituted carbazole-based hole transporting moieties by
nonconjugated bonds. Conformational freedom increases dis-
order of molecules in the films, thus lowering mobility values.

To determine the highest occupied molecular orbital
(HOMO) energy level of V1050 and V1061, solid state ioniza-
tion potential (I,) was measured by photoelectron spectroscopy
in air method™ and results are presented in Table 2; the meas-
urement error is evaluated as 0.03 eV. Compounds V1050 and
V1061 have almost the same I, values, 5.11 and 5.10 eV, respec-
tively (Figures S3 and S4, Supporting Information). The esti-
mated I, values are very closed to the value of Spiro-OMeTAD
(5.00 eV) and compatible for application in perovskite solar cell
devices to ensure efficient hole transfer at the interface.

2.5. Perovskite Solar Cells

Currently one of the best and most reproducible results
are obtained with “triple-cation’ composition of perovskite,

Table 1. Charge-transfer time (7CT) and efficiency (CTE) calculated for
perovskite films employing various HTMs.

HTM 2[ns] CTE %]
V1050 128 2.9
V1061 15.9 734
Spiro-OMeTAD 9.6 853
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Table 2. Thermal and photoelectrical properties of V1050, V1061, and
Spiro-OMeTAD.

HTM T Tad 5 ¥ u

F9 PO V] Vs emvIs)
V1050 166 00 S 15x10f 17xI0°
V1061 146 420 510 30x10°  20x%10°
Spiro-OMeTADRS 126 449 500 41x10°  5.0x107

“IDetermined by DSC: scan rate = 10 °C min™', N, atmosphere; second run;
EThermal decomposition temperature was registered at 5% weight loss;
Ylonization potential was measured by the photoemission in air method from
films; “'Mobility value at zero field strength; “'Mobility value at 6.4 x 10° V cm™
field strength.

containing MA*, FA*, and inorganic Cs* cations.’l However,
MA™ is a volatile cation and can cause degradation of the
perovskite absorber film. Thus, during the last years, MA*-free
architectures have been extensively studied, where FA* cation is
combined with Cs*, which provides higher stability.?*** SnO,
was used as an electron transporting layer, as it can be depos-
ited at low temperatures (annealing temperature-180 °C), and
thus is suitable material for the application in tandem solar
cells F71

The nonspiro, fluorene-based compounds V1050 and
V1061 were tested in perovskite solar cells employing planar
FTO/Sn0;/FAg g3C8q17Pb(lgsBrg 2)3/ HTM/Au architecture.
Figure 6 shows current-voltage characteristics of the best
devices employing V1050, V1061, and Spiro-OMeTAD in
planar PSC. The optimized champion device efficiency for
V1050, V1061, Spiro-OMeTAD, and corresponding photo-
voltaic performance parameters are shown in Figure 6. The
V1050 HTM-based device shows the device efficiency of 18.3%
(Jsc = 22.0 mA cm™?, Ve = 1.05 V, and FF = 79.5%). This is
comparable to the state-of-the-art material Spiro-OMeTAD on
a like-to-like comparison (PCE = 18.9%, ], = 22.4 mA cm?,
Voc = 1.08 V, and FF = 77.9%). A bit lower PCE of 16.7%

W V1050, d=2.1pm

10°F : :;ﬁloﬁ:;ﬂ)‘ 4=2.7um E
107 L 1 1 1 !
0 200 400 600 800 1000 1200
g (V’.cm)uz

Figure 5. Electric field dependencies of the hole-drift mobilities () in
charge transport layers of V1050, V1061, and Spiro-OMeTAD, with cor-
responding linear fits represented by solid lines.
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Figure 6. Best performing j-V characteristics (reverse scan) of the best
devices employing V1050, V1061, and Spiro-OMeTAD.

(Figure 6) was recorded with J,. = 21.6 mA cm™, Ve = 0.96 V,
and FF = 79.7% in case of V1061. Efficiencies at stabilized
power output (SPO) of tested compounds are shown in
Figure S5 in the Supporting Information and are 16.1%,
15.0%, and 17.3%, respectively. External quantum efficiency
(EQE) spectra were recorded for typical device for each HTMs
in Figure S6 (Supporting Information). The same trend was
observed from the measured [-V curves. The statistical distri-
bution of the PSC parameters employing investigated HTMs
is shown in Figure S7 in the Supporting Information and is
indicating high reproducibility of PSC devices. Furthermore,
Figure S8 (Supporting Information) shows J-V curves from
both forward-bias to short-circuit and short-circuit to forward-
bias current-voltage sweeps of typical device from both sweeps.
While hysteresis is quite pronounced, it is comparable between
the mentioning HTMs, thus reverse scans can be used as rep-
resentatives for the HTMs performance analysis.

From the SEM cross-section images, it can be seen, that new
fluorene-based compounds form a uniform morphology on top
of perovskite layer as similar as Spiro-OMeTAD (Figure 7).

To give good performance, HTM should effectively block the
electrons and transport holes from perovskite to the Au elec-
trode. Thus, it is important for the HTMs to have excellent
film forming ability. As from the SEM cross-section images no
significant difference could be observed, contact angle meas-
urement of the HTM droplets on the perovskite film was per-
formed (Figure §9, Supporting Information). From the results
it can be seen, that V1050 solution has the lowest contact angle
of 9°, which could potentially lead to a better film forming
ability of V1050.

Additionally, we also studied the stability of fabricated
champion devices without any encapsulation at uncontrollable
humidity conditions (relative humidity = 60%, temperature 22 °C,
in dark condition) for our newly developed V1050, V1061 and
standard Spiro-OMeTAD HTMs. It can be seen (Figure 8) that
the PCE values diminished down =20% after 330 h for Spiro-
OMeTAD based devices. However, the devices based on V1050
and V1061 are seen to be more stable with observed efficiency
reduced only ~6% at the same conditions. The device stability

Adv. Sci. 2018, 5, 1700811 1700811 (5 of 7)
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Figure 7. Cross-sectional SEM microscopy image of the devices
with Spiro-OMeTAD, V1050, and V1061 as a HTM. Scale bar equals to
1000 nm.

test results revealed that the improved stability of ¥1050 and
V1061-based cells compared to Spiro-OMeTAD-based device
could be attributed to the uniform HTM capping layer on the
top of the perovskite layer, preventing the moisture penetra-
tion into the perovskite layer, which is in agreement with the
result from HTM contact angle measurement on top of pero-
vskite film. The overall good performance of PCE and stability
of V1050 over Spiro-OMeTAD provide a promising alternative
replacement for high performance PSCs.

3. Conclusions

In conclusion, a new promising nonspiro fluorene-based hole
transport materials V1050 and V1061 were synthesized and
characterized. The synthesis of these HTMs consists of three
steps starting from the commercially available materials. Solar
cells using V1050 exhibit PCEs of 18.3% which is comparable
to the performance of PSC comprising Spiro-OMeTAD (18.9%)
as HTM. Compared with Spiro-OMeTAD, new HTM addition-
ally shows several significant advantages: it has much facile
synthesis, has high glass transition temperature (166 °C) and
does not form the crystalline state. Moreover, this new HTM
also exhibits better environmental stability compared to Spiro-
OMeTAD. We believe that the V1050 can be a useful alterna-
tive HTM to Spiro-OMeTAD for perovskite solar cells, thus
bringing PSCs closer to commercial production.

® 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. Transition of the PV performance parameters (PCE, SPO, J..,
Voo, 2nd FF) of the PSCs with V1050, V1061, and Spiro-OMeTAD.
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Supporting Information is available from the Wiley Online Library or
from the author.
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General methods and materials

Chemicals were purchased from Sigma-Aldrich and TCI Europe and used as received without
further purification. The 'H and "*C NMR spectra were taken on Bruker Avance III (400 MHz)
spectrometer at RT. All the data are given as chemical shifts in 6 (ppm). The course of the
reactions products was monitored by TLC 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
analyser, Model 440 C/H/N/. Differential scanning calorimetry (DSC) was performed on a Q10
calorimeter (TA Instruments) at a scan rate of 10 K min™ in the nitrogen atmosphere. The glass
transition temperatures for the investigated compounds were determined during the second
heating scan. Electrothermal MEL-TEMP capillary melting point apparatus was used for
determination of melting points. UV/vis spectra were recorded on Shimadzu UV-3600
spectrometer. A scanning electron microscope (SEM; Hitachi, S-4300) was used to acquire cross
section SEM image of the perovskite solar cells. Contact angle measurement was performed by
Kruss, Drop Shape Analysis System DSA25.

Synthesis

2,7-Bis(bromomethyl)-9,9-diethyl-9H-fluorene (1)

A mixture of 9,9-diethyl-9H-fluorene (1.11 g, 5 mmol), paraformaldehyde (0.33 g, 11 mmol),
and 33% HBr solution in acetic acid (10 ml) was heated at 60-70 °C for 20 h. Upon cooling, the
precipitates were filtered off and tree times washed with water and dried in vacuum, affording
1.47 g of pale white solid (72.0%). The product was recrystallized from toluene/n-hexane 1:1
gave as white crystals. Mp 148-150°C.

The NMR spectra were identical to the corresponding spectra of the product referred in [1];

Anal. calcd for C19H20Br2: C, 55.91; H, 4.94; found: C, 55.68; H, 4.81.

S2

145



2,7-Bis(3,6-dibromo-9H-carbazol-9-methyl)-9,9-diethyl-9H-fluorene (2)

O O

Br Br

A mixture of compound 1 (0.82 g, 2 mmol) and 3,6-dibromo-9H-carbazole (1,30 g, 4 mmol) was
dissolved in 15 ml of tetrahydrofurane and 0.68 g (12 mmol) of 85% powdered potassium
hydroxide was added in small portions during 2-3 minutes. The obtained mixture was stirred at
room temperature for 6 h. The part of solvent was removed in vacuum. Then obtained crystals of
product 2 were filtered off and washed with water until it was neutral and three times with
ethanol. The product was recrystallized from ethanol/tetrahydrofurane 2:1 gave as white crystals
(1.82 g, 83.1%), Mp 293-295°C.

'H NMR (400 MHz, DMSO-d;) : 8.49 (s, 411), 7.72-7.48 (m, 10H), 7.35 (s, 2H), 6.94 (d, J =
7.8 Hz, 2H), 5.70 (s, 4H), 1.83 (q, /= 7.2 Hz, 2H), 1.81 (d, /=7.9 Hz, 4H), 0.10 (t, /= 7.2 Hz,
6H) ppm.

*C NMR (101 MHz, DMSO) &: 150.09, 139.95, 139.49, 136.31, 129.08, 125.65, 123.73, 123.37,
122.21, 120.21,112.21, 111.79, 55.43, 46.59, 31.77, 8.47 ppm.

Anal. caled for C43H32Br4N2: C, 57.64; H, 3.60; N, 3.13; found: C, 57.18; H, 3.31; N, 2.98.

2,4,7-Tris(bromomethyl)-9,9-dimethyl-9H-fluorene (3)

I

Br

A mixture of 9,9-dimethyl-9H-fluorene (1) (2.50 g, 12.9 mmol), paraformaldehyde (3.86 g, 129
mmol), and 33% HBr solution in acetic acid (25 mL) was heated at 85-90 °C for 45 h. Upon
cooling, the precipitate was collected by filtration, carefully washed with water and then with
ether. The brown crude product was purified by column chromatography on silica gel, using 1:24
v/v acetone/n-hexane as an eluent, affording 3.90 g of white solid (64.1%). The product was
recrystallized from n-hexane gave as white crystals. Mp 164-165°C.

'H NMR (400 MHz, DMSO-ds) &: 7.95 (d, J = 8.0 1H), 7.79-7.64 (m, 2H), 7.61-7.48 (m, 2H),
5.09 (s, 2H), 4.82 (s, 2H), 4.78 (s, 2H), 1.48, 1.44 (two s, 6H) ppm.

3C NMR (101 MHz, DMSO) : 152.21, 151.30, 139.87, 139.11, 137.89, 137.79, 132.88, 131,12,
129.18, 124.63, 124.58, 124.13, 55.74, 34.93, 34.72, 33.86, 32.27 ppm.
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Anal. caled for CI8H17Br3: C, 45.70; H, 3.62; found: C, 45.58; H, 3.51.

2,4,7-Tris(3,6-dibromo-9H-carbazol-9-methyl)-9,9-dimethyl-9H-fluorene (4)

A mixture of compound 3 (1.42 g, 3 mmol) and 3,6-dibromo-9H-carbazole (2.93 g, 9 mmol) was
dissolved in 30 ml of tetrahydrofurane and 1,52 g (27 mmol) of 85% powdered potassium
hydroxide was added in small portions during 2-3 minutes. The obtained mixture was stirred at
room temperature for 6 h. The resulting solid was dissolved in 80 mL tetrahydrofurane and
washed with water (3 x 50 mL). Then the organic layer was separated and dried over Na,SO,.
The crude product was purified by column chromatography on silica gel using 4:21 v/v
tetrahydrofurane/n-hexane as an eluent gave the product 4 as white crystals (2.83 g, 78.3%), Mp
204-205°C.

"H NMR (400 MHz, DMSO-ds) 8: 8.52 (s, 2H), 8.19 (d, J = 18.2 Hz, 4H), 7.81 (d, J = 8.0 Hz
1H), 7.71 (d, J = 8.0 Hz, 2H), 7.66-7.59 (m, 3H), 7.47 (s, 1H), 7.24-7.16 (m, 4H), 7.00 (dd, J =
19.4 Hz, J = 8.8 Hz, 4H ), 5.78 (s, 4H), 5.32 (s, 2H), 4.84 (s, 1H), 1.42 (s, 6H) ppm.

Anal. caled for C54H35Br6N3: C, 53.81; H, 2.93: N, 3.49; found: C, 53.48; H, 2.61; N, 3.18.

2,7-Bis|3,6-di(4,4"-dimethoxy)diphenylamino-9 H-carbazol-9-methyl]|-9,9-diethyl-9H-
fluorene (V1061)
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A solution of compound 2 (1.34 g, 1.5 mmol), 4,4 -dimethoxydiphenylamine (2.06 g, 9 mmol) in
anhydrous toluene (17 mL) was purged with argon for 30 minutes. Afterwards, palladium(Il)
acetate (6.7 mg, 0.03 mmol), tri-fert-butylphosphonium tetrafluoroborate (11.7 mg, 0.04 mmol)
and sodium fert-butoxide (0.86 g, 9 mmol) were added and the solution was refluxed under
argon atmosphere for 24 hours. After cooling to room temperature, reaction mixture was filtered
through Celite, 50 mL of distilled water were added and extraction was done with ethyl acetate
and distilled water. The organic layer was dried over anhydrous Na>SOy, filtered and solvent
evaporated. The crude product was purified by column chromatography using 1:4 v/v acetone/n-
hexane as an eluent. The obtained product was precipitated from tetrahydrofurane into 15-fold
excess of hexane. The precipitate was filtered off and washed with hexane to collect V1061 as a
pale yellow — green solid. (1.70 g, 77.6%).

'H NMR (400 MHz, DMSO-ds) 8: 7.65 (s, 4H), 7.57 (d, J = 7.8 Hz, 2H), 7.50 (d, J = 8.8 Hz,
4H), 7.34 (s, 2H), 7.04 (d, J = 8.4, 6H), 6.90 — 6.69 (m, 32H), 5.58 (s, 4H), 3.65 (s, 24H), 1.81
(m, 4H), 0.12 (t, J="7.3 Hz, 6H) ppm.

C NMR (101 MHz, DMSO) §: 154.63, 150.38, 142.50, 140.69, 140.10, 137.88, 137.07, 126.09,
125.79, 124706, 124.15, 123.36, 122.56, 120.40, 117.27, 115.06, 111.18, 55.60, 46.90, 31.96,
26.81, 8.79 ppm.

Anal. caled for CO99H88N6OS: C, 79.81; H, 5.95; N, 5.64; found: C, 79.48; H, 5.71; N, 5.68.

2,4,7-Tris|3,6-di(4,4"-dimethoxy)diphenylamino-9H-carbazol-9-methyl|-9,9-dimethyl-9H-
fluorene (V1050)

DO

n i?;

_0

A solution of compound 4 (2.50 g, 2 mmol), 4,4°-dimethoxydiphenylamine (4.19 g, 18 mmol) in
anhydrous toluene (35 mL) was purged with argon for 30 minutes. Afterwards, palladium(II)
acetate (9.3 mg, 0.04 mmol), tri-tert-butylphosphonium tetratluoroborate (6.5 mg, 0.02 mmol)
and sodium fert-butoxide (1.8 g, 18 mmol) were added and the solution was refluxed under
argon atmosphere for 52 hours. After cooling to room temperature, reaction mixture was filtered
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through Celite, 50 mL of distilled water were added and extraction was done with ethyl acetate
and distilled water. The organic layer was dried over anhydrous Na,SO,, filtered and solvent
evaporated. The crude product was purified by column chromatography using 6:3.5:15.5 v/v
acetone/tetrahydrofurane/n-hexane as an eluent. The obtained product was precipitated from
toluene into 15-fold excess of hexane. The precipitate was filtered off and washed with hexane to
collect V1050 as a pale yellow — green solid (3.03 g, 71.8%).

'"H NMR (400 MHz, DMSO-dg) § 7.85 (d, J = 8.2 Hz, 1H), 7.73 — 7.4 (m, 9H), 7.33 (s, 1H),
7.26 — 6.56 (m, 60H), 6.34 (s, 1H), 5.88 (s, 2H), 5.61 (s, 2H), 5.14 (s, 2H), 3.77 — 3.50 (m, 36H),
1.28 (s, 6H).

BC NMR (101 MHz, DMSO) § 154.64, 154.60, 154.58, 142.50, 142.45, 140.78, 140.54, 137.97,
137.82, 137.68, 135.04, 124.84, 124.20, 124.14, 123.34, 123.22, 117.08, 115.07, 115.02, 114.97,
55.59,55.55, 55.53, 46.36, 40.67, 40.62, 40.47, 40.41, 40.26, 40.21, 40.05, 40.00, 39.79, 39.58,
39.37,27.41.

Anal. caled for C138H1194N9012: C, 79.10: H, 5.72; N, 6.02; found: C, 78.88; H, 5.61; N,
5.88.
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The power conversion efficiency of perovskite solar cells is approaching the Shockley—Queisser limit, and
therefore this technology is next to the commercialization stage. Inexpensive and stable hole transporting
materials are highly desirable for the successful scale-up. Most high performing devices generally employ
expensive hole conductors that are synthesized via cross-coupling reactions which reguire expensive
catalysts, inert reaction conditions and time-consuming sophisticated product purification. In a quest to
employ cost-effective chemistry to combine the building blocks, we explore enamine-based small
maolecules that can be synthesized in a simple condensation reaction from commercially available
materials leading to an estimated material cost of a few euros per gram. The synthesized fluorene-based
enamines exhibit a very high hole mobility up to 3.3 x 10~* cm?® V~! s~ and enable the fabrication of
perovskite solar cells with a maximum power conversion efficiency of 19.3% in a doped configuration
and 17.1% without doping. In addition, both PSC systems demonstrate superior long-term stability
compared to spiro-OMeTAD. This work shows that hole transporting materials prepared via a simple
condensation protocol have the potential to compete in terms of performance with materials obtained
via expensive cross-coupling methods at a fraction of their cost and deliver exceptional stability of the
final device. This work provides a design strategy for the further development of novel low-cost
semiconductors
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Introd tion simple preparation methods it is believed that the commer-
oductio cialization of PSC technology during the second decade is
In their first decade, hybrid organic-inorganic halide inevitable.”*

While the very high efficiency obtained using perovskites is
a significant achievement, issues related to the high price of the

perovskite-based solar cells (PSCs) continually improved. They
are now approaching the Shockley-Queisser power conversion

efficiency (PCE) limit with the current best certified PCE of
25.5%." The improvement in PCE can be attributed to the
outstanding optoelectronic properties such as high absorption
coefficient, long carrier diffusion length, small exciton binding
energy, and high charge carrier mobility of the perovskite
material and rapid advances in the device engineering.”* Owing
to the combination of highly abundant precursor materials and
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device components such as hole transporting materials (HTMs)
and long-term stability against moisture, heat, and light are still
a concern for the commercial application of the technology;
therefore, breaking these bottlenecks is a must for the realiza-
tion of cost-effective and stable devices.'**

Until now, most of the highly efficient PSCs are based on
either the small organic molecule 2,2',7,7-tetrakis(N,N-di-p-
methoxyphenylamine)-9,9"-spirobifluorene (spiro-OMeTAD) or
conjugated macromolecule poly|bis(4-phenyl)(2,4,6-
trimethylphenylJamine] (PTAA) HTMs, both of which are very
expensive.""” For example, spiro-OMeTAD is synthesized in
a multi-step reaction scheme that requires a low temperature
(—78 °C) and sensitive (n-butyllithium) and aggressive (Br,)
reagents, resulting in a relatively high material cost and
consequently leading to a significant contribution to the total
device cost.”** Additionally, the tedious synthesis hampers
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large scale production and thereby could impede the commer-
cial success of PSCs.

Therefore, huge interest of many research groups has been
directed towards new HTM candidates to find an ideal HTM,
which would be easily scalable for reasonable cost, including
spiroxanthene-*** fluorene->** carbazole-**" silane-*
bifluorene-,** pyrene-**** and bifluorenylidene-based™ exam-
ples. However, most of the conjugated HTMs are generally
designed by linking together building blocks of the conjugated
central core with costly diphenylamine- or triphenylamine-
containing methoxy-substituted side groups using C-N or C-C
cross-coupling chemistry, respectively. These coupling reac-
tions generally require stringent reaction conditions resulting
in several disadvantages, such as inert reaction conditions,
expensive transition metal catalysts and extensive purification
procedures. The commonly used purification methods involve
sublimation or repeated column chromatography due to the
inherent formation of side products that are usual for this type
of reaction and a tiny amount of metal catalyst residues that
may remain in the hole transporting layer. The metal catalyst
residues act as traps that deteriorate the charge-transporting
properties of the synthesized HTMs and negatively affect the
performance of the resulting devices as well as greatly reducing
the material yield and therefore further increasing the final
product costs. Also the high processing cost in turn results in
a significant cost contribution of HTMs, making them indus-
trially less interesting,.

To this extent, significant effort is now being put towards
finding simplified synthetic protocols to reduce the cost of HTM
synthesis without sacrificing the efficiency. Recently, several
research groups have focussed on tuning the structure by
decreasing the number of synthetic steps, thus reducing the
synthetic complexity, cost of materials and the environmental
impact.** This includes reports based on azomethine,*
hydrazone,* and amide*! by Petrus et al. and our previously
explored aniline” and carbazole*** enamines prepared by
a facile condensation reaction. In this sense, condensation
chemistry is an excellent perspective moving away from
palladium-catalysed reactions since water is the only side-
product and expensive catalysts are not required. Moreover,
simple product workup and purification drastically reduce the
cost of the final product.

In this work, we further explore the potential of enamine
family HTMs employing fluorene as the central scaffold. Five
different substituents containing fluorene-based HTMs were
successfully synthesised employing facile synthesis using
commercially available and cheap reagents. Their optical,
thermal, electrophysical, and photovoltaic properties were
thoroughly investigated by combining experimental and simu-
lation methods. Moreover, the impact of the differently
substituted central fluorene core on different properties of the
synthesized molecules, in comparison to our earlier reports, has
been systematically investigated. All these enamine-based
HTMs have been successfully applied in PSCs with and
without additives, showing a photovoltaic performance of up to
19.3% and 17.1%, respectively, with excellent long-term
stability in both cases. With this we demonstrate that both
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simple chemistry and product purification result in estimated
material costs of a few euros per gram without sacrificing the
efficiency and in contrast enhancing the stability.

Results and discussion

Fluorene enamines were synthesized using straightforward
chemistry with excellent yields and high purity. As shown in
Fig. 1, V1275 only required one-pot reaction condensing inex-
pensive commercially available reagents 2,7-diaminofluorene
and 2,2-bis(4-methoxyphenyl)acetaldehyde in the presence of
camphor sulfonic acid. The reaction is performed under
ambient conditions and water is the only by-product separated
from the reaction mixture using a Dean-Stark trap, accelerating
the formation of the final product and significantly reducing the
reaction duration. Moreover, we note that column chromatog-
raphy or vacuum sublimation processes are avoided for the
purification, and the simplicity of the condensation chemistry
reduces batch-to-batch variations.

V1275 was further reacted with different alkylating agents to
yield methyl-, propyl-, hexyl, and benzyl-substituted fluorene
enamines as final HTMs V1237, V1235, V1236, and V1227,
respectively. The chemical structures of the synthesized prod-
ucts were verified by NMR spectroscopy and elemental analysis.
Detailed synthetic procedures and analysis are reported in the
ESLT In order to assess the price of the synthesized materials,
we performed a cost-analysis on a lab-scale synthesis (Table
51t).* The estimated cost of V1275 is ~10€ per g and that of the
alkylated product V1235 is around 22€ per g, which are a frac-
tion of the cost of spiro-OMeTAD (~92€ per g)* and less than
that of our previously developed double-armed carbazole
enamines mainly due to the less expensive 2,7-diaminofluorene
starting reagent.**

Quantum chemical calculations were performed with
Gaussian 09 software to establish the most probable molecular
geometry and absorption spectrum.”’ The density functional
theory (DFT) method B3LYP/6-31G was used for geometry
optimization. V1275, V1237, and V1227 have been chosen as
model compounds for computations, and as the different
lengths of the aliphatic substituents should not affect the
electronic properties they were ignored. Due to fragmental
motions, a large number of different conformers could be
formed. Only two typical and the most probable conformers of
each compound (a and b, after ground state geometry optimi-
zation) are presented in Fig. $1-S3.f Conformers could be
formed due to the following condition: enamine subfragments
are formed as quite well expressed m-conjugated fragments
>C=CH-N*-CH=Cx< oriented quasi linearly, and this bridge
between two O-Ph subfragments must be treated as the
important factor for fragment displacement in space. Two
chains of O-Ph subfragments of the left and right fragments
could be oriented in the shape of the upper-side roof according
to the fluorene core (see V1237 and V1275, a and b, bottom
part), but other O-Ph subfragments are oriented chaotically (see
V1227, a and b, top part). Due to the presence of benzyl
substituents in V1227, it is necessary to conclude that phenyl
fragments are not included in the core m-conjugated system

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Straightforward reaction scheme of flucrene enamine HTMs and their molecular structures.

(connection through two single -C-C- bonds with high lability).
The possibility to orient the phenyl on the fluorene core could
be realized in many ways. This factor of indeterminacy of the
phenyl position creates the condition of non-ordered distribu-
tion of enamine subfragments in the V1227 structure. For all
three derivatives, b conformers are more ordered than
a conformers. The semiempirical TD method (for singlets only)
was used for the simulation of the electronic absorption spec-
trum. Table S21 shows the excitation parameters for the three
lowest excited states S;, S,, and S;: transition energy and
oscillator strength. For all compounds (including both
conformers), S, — S; transitions are allowed and partially
allowed (oscillator strength in the interval 0.57-0.71) and the
transition energy is approximately 2.89-2.92 eV. Table S3t

Wei

presents the scheme of the population of excited electronic
states and the corresponding set of MO.

Distributions of electron density for the HOMO—1 and
HOMO as well as the LUMO and LUMO+1 for V1275, V1237, and
V1227 structures are presented in Fig. S4-86.f Any pure CT
charge redistribution behaviour was established for both a and
b conformers, and only charge redistribution between the first
and second enamine subfragments of the left fragment takes
place. It is necessary to point out that the enamine subfrag-
ments could play the role of charge donors and charge accep-
tors, depending on the fragment orientation to the central core
fluorene unit (a conformer, HOMO — LUMO transition). Also,
charge redistributions between the enamine fragment and flu-
orene core take place (b conformer, HOMO — LUMO transition

Absorption intensity, a.u
Photoluminescence intensity, a.u.
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Fig. 2 (a) Thermogravimetric analysis (TGA) data (heating rate of 10 °C min™, Nz atmosphere); (b) UV-Vis absorption (solid line) and photo-
luminescence (dashed line) spectra of V-series HTMs in THF solution (10~* M); (c) photoemission in air spectra of the charge transporting layers
V1275, V1237, V1235, V1236, and V1227; (d) electric field dependencies of the hole-drift mobility in the synthesized HTMs.
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and a conformer, HOMO — LUMO+1 transition). In general,
charge redistribution between the left and right enamine
substituents and the central core fluorene unit is typical for
both conformers.

The thermal behaviour of HTMs was evaluated by thermog-
ravimetric analysis (TGA) (Fig. 2a) and differential scanning
calorimetry (DSC) (Fig. S71) techniques. TGA analysis has
shown that V1275 has the highest thermal stability among the
series with a decomposition temperature (Ty..) of 403 °C at 5%
weight loss. The introduction of the aliphatic substituents to
the central fluorene position has led to the deteriorated thermal
resistance. However, we note that the instant weight loss at
around 400 °C is observed for all new materials suggesting that
they may undergo sublimation rather than decomposition,
enabling them to be vacuum-deposited. The thermal transitions
of V-series molecules were determined by DSC. Interestingly, it
was found that V1275, V1236, and V1227 exist both in the
crystalline and the amorphous state, while V1237 and V1235
tend to crystallize. Only the glass transition temperature (T)
was investigated for all compounds during the second heating
scan, while V1237 has the most stabilized amorphous state with
the glass transition detected at 153 °C.

The UV-visible absorption and photoluminescence (PL)
spectra of the synthesized HTMs in THF solutions and solid
films are depicted in Fig. 2b and S$8,7 respectively. All HTMs
have two major absorption peaks at approximately 260 nm and
400 nm. The less intense absorption peak at the shorter wave-
length corresponds to localised m-m* transitions. The longer
wavelength arises from more intensive delocalisation from the
conjugated scaffold and is assigned to n-w* transitions. Change
of the different aliphatic fragments has not influenced the
conjugation, and therefore, spectra of all molecules are almost
identical; however, there is a significant difference in the
absorption intensity ratio of V1227 peaks arising from benzyl
moieties. The PL spectra of all compounds are similar to the
peak at 510 nm, showing that significantly large Stokes shifts of
approximately 100 nm are observed for all molecules, and
therefore, significant changes in the geometry of the molecules
are desired upon excitation. The optical gaps (E,) of HTMs were
calculated from the intersection of absorption and PL spectra of
thin films and were found to be identical for all the materials at
around 2.8 eV.

To understand the energy level alignment of the HTMs in
PSCs, we next measured solid-state ionization potential ()

View Article Online

Paper

using the electron photoemission in air of the thin films (PESA)
with the experimental data shown in Fig. 2c. V1275, V1237,
V1235, V1236, and V1227 were found to have I values of 5.01,
5.0, 5.03, 5.03 and 4.9 eV, respectively, which ideally align with
the valence band (VB) energy of the triple cation-based perov-
skite (~5.70 eV), and therefore, efficient hole transfer from the
perovskite to the cathode should be ensured.* Spiro-OMeTAD
has been measured as well and was found to have a very
similar ionization potential of 5.00 eV (Fig. S97). Additionally, to
reveal the effect of the p-dopant as the electron acceptor we have
evaluated the ionization potentials of doped layers () since
they are known to control the HOMO energy level by removing
electrons from the HOMO to generate holes of an intrinsic
HTM, enhancing the device efficiency.'****' HTMs were doped
in the same manner as in the device fabrication part detailed in
the ESL As expected, upon doping, ionization potentials were
stabilized by around 0.3 eV further reducing the overpotential
with the VB of the perovskite thus expectedly increasing the Vi
in doped HTL-containing devices including spiro-OMeTAD
(Fig. 510 and S11t). Based on the solid-state optical gap and
Ip values, we calculated the electron affinities (E.,) of the
enamine materials to be 2.22, 2.21, 2.22, 2.24, and 2.11 eV for
V1275, V1237, V1235, V1236, and V1227, respectively. Impor-
tantly, the electron affinities of the compounds are smaller than
the conduction band energy of the perovskite (—4.10 eV), and
therefore, they should effectively block the electron transfer
from the perovskite to the anode.* We next measured the
charge mobility of the V-series using the xerographic time of
flight (XTOF) technique. Dependences of hole drift mobility on
electric field strength are depicted in Fig. 2d. The zero-field hole
drift mobility (ue) for V1275, V1237, V1235, and V1236 was
determined to be at 10" em” V' s, while the propyl
substituted V1235 was found to have the highest hole
mobility of 3.3 x 107" em® V™' s7' among the series. We note
that this is also the highest hole mobility compared with that of
our previous aniline and carbazole enamine reports and it
outperforms that of spiro-OMeTAD (g = 1.3 x 107" em® V!
s ').*% Switching to the aromatic benzyl substitution has
negatively influenced the hole drift mobility as V1227 showed
the lowest result of 8 x 107 em* V' 57! due to the larger
energetic disorder. The thermal, optical, and photoelectrical
properties of the novel HTMs are listed in Table 1.

The new V-series HTMs were implemented in n-i-p solar
cells with the following layout: fluorine-doped tin oxide (FTQ)/

Table1 Thermal, optical and photophysical properties of the newly synthesized enamines

D L0 T TEPO Tal (0 el m)  Aaflm) 45V LRV ESEY) EJEV) uf emt Vs
V1275 255 _ 150 403 262, 381,401 508 5.01 5.39 2.79 2.22 1.2 x 107
V1237 247,267,272 198 153 285 265, 382,404 510 5.0 5.32 2.79 2.21 1.2 x 10
V1235 273 159 120 399 266, 382, 404 509 5.03 5.39 2.81 2.22 3.3 x 107%
V1236 173, 195 _— 90 393 265, 383, 404 508 5.03 5.25 2.79 2.24 2.6 x 107
V1227 330 _ 116 321 265, 384, 400 507 4.9 5.34 2.79 2.11 8 % 1077

“ Melting (T,,), crystallization LT“]' glass transition (7,) and decomposition (T,..) temperatures observed from DSC and TGA, respectively

(10 °C min ', N, atmosphere).

Absorption and emission (excitation = Aans max) Spectra were measured in THF solution (10" M). ¢ lonization

energies of the films measured using PESA without doping. ¢ Ionization energies of the films measured using PESA with doping. ¢ E, estimated
from the intersection of absorption and emission spectra of solid films.” Ee, = Ip — Ey. ¥ Mobility value at zero field strength.
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compact TiO, (c-TiO,)/mesoporous TiO, (m-TiO,)/SnO,/
perovskite/HTM/Au, where the HTMs were doped with tert-
butylpyridine  (¢BP),  tris(bis(trifluoromethylsulfonyl)imide)
(LiTFSI) and tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobal-
t(m) (FK209). The detailed fabrication procedure can be found
in the ESL{

Cross-sectional scanning electron microscopy (SEM)
imaging was performed on the complete devices fabricated with
the V-series and spiro-OMeTAD (Fig. 3a and $127). The analysis
of the images shows that the HTM layers are compact and
uniform on top of the perovskite layer with a thickness of
~150 nm for V1275, V1237, V1235 and V1236, ~120 nm for
V1227, and ~260 nm for spiro-OMeTAD. The surface
morphology was evaluated by scanning electron microscopy
(Fig. S137), with the doped-HTM layers deposited on top of FTO-
glass under the same deposition conditions as in the device
fabrication. All the images of doped-HTM thin films show
homogeneous and complete surface coverage without the
presence of material aggregation.* The energy levels of the
complete devices with the studied HTMs as well as spiro-
OMeTAD can be found in Fig. 3b.****

o

Current density, mA cm?
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The initial /-V curves and the corresponding photovoltaic
parameters are presented in Fig. S14 and Table S4.F The initial
PCEs are 15.9% for V1275 (non-alkylated HTM), 18.0% for
V1237 and V1235 (methyl- and propyl-based, respectively) and
17.8% for V1236 hexyl-based devices. This initial performance
of the devices might indicate that the alkyl functionalization of
the HTM is required for an appropriate perovskite/HTM inter-
face for enhanced charge extraction through the device. Once
the maximum efficiency was reached, the corresponding
photovoltaic parameters were extracted and are presented in
Table 2. The devices containing V1275, alkylated-HTMs V1237,
V1235, and V1236, and spiro-OMeTAD present comparable
photovoltaic behaviour with the maximum PCE around 19%.
The comparison of the devices at the best performing efficiency
is confirmed by statistical data (Fig. $15). The performance is
greater than that of the benzyl-substituted V1227-based device
with 12.5% efficiency. Note that this trend can be related to the
hole mobility values obtained for the HTMs, ranging from 1.2 x
10 em* V7' 57! to 3.3 x 10~ em® V7' 57! for V1275 and
V1235, and the value for spiro-OMeTAD (1.3 x 10~ * em® V!
s~') is similar, but lower for the bulky analogue V1227 with
a hole mobility value of 8 x 107° em® V' s 1.
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(a) Cross-sectional SEM image of the photovoltaic device fabricated with the doped V1275 HTM; (b) schematic energy level diagram of the

device representing the HOMO/LUMO and the stabilized HOMO of doped layers; (c) J-V curves recorded for the champion devices for each
doped HTM; (d) normalized steady-state photoluminescence spectra of perovskite and perovskite/HTM layers deposited on glass (4., = 625
nm); (e) stability test of unencapsulated devices under continuous 1 sun illumination with the initial PCE values shown in the insert.
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Table 2 Photovoltaic parameters, series resistance, and thickness of the fluorene-based enamine HTMs extracted from the best-performing
devices (short-circuit current density calculated from the corresponding EQE)

HTM thickness

HTM Ve (mV) Jse (mA em™3) FF PCE (%) Ry (2) (nm)

Dﬂped-HTM V1275 1077 23.24 23.11] 0.77 19.3 5.9 ~150
V1237 1090 22.97 (22.74) 0.76 19.2 6.2 ~150
V1235 1089 22.86 (22.85) 0.77 19.2 5.1 ~150
V1236 1094 22.95 (22.94) 0.76 19.1 5.2 ~150
vi227 1024 22.32 (21.82) 0.55 12.6 26.0 ~120
Spiro-OMeTAD 1115 22.97 21.86] 0.77 19.7 5.7 ~260

Dopant-free HTM V1275 1033 22.95 (22.81) 0.72 17.1 22.2 ~70
V1237 1038 22.98 (22.93) 0.71 16.9 22.9 ~70
V1235 1029 23.09 22.81) 0.70 16.6 24.5 ~70
V1236 1022 23.02 (22.88) 0.69 16.2 25.2 ~70
Spiro-OMeTAD™ 972 22.83 047 104

The highest efficiency reached for each HTM (Table 2) shows
that the V1275 and alkyl-based devices have almost identical
short-circuit current density values (Js.) in the range from 23.24
mA em ? for V1275 to 22.86 mA cm 2 for V1235, respectively.
This suggests that the substitution with an alkyl chain and the
increasing alkyl chain length from methyl to hexyl do not
strongly influence the charge collection properties of the
perovskite layer. However, the benzyl-based V1227 results in
devices having a slightly lower J. value of 22.32 mA cm . Such
behaviour is also confirmed by the external quantum efficiency
(EQE) spectra (Fig. Si6at). The corresponding integrated
current densities from the respective EQEs (Fig. S16) are pre-
sented in Table 2 in brackets, and the values are in good
agreement with the measured values from the /~V characteris-
tics (within 5% error). Similar fill-factor (FF) values are obtained
for the devices employing V1275, V1237, V1235 and V1236, with
values ranging between 0.76 and 0.77. However, the FF in the
device with V1227 is reduced to 0.55, this can be explained by
the presence of benzyl groups in V1227, which causes a less
ordered packing of the molecules in the film and in the inter-
face with the perovskite, and this also leads to a greater
dispersion of solar cell parameters (Fig. $15f).** The main
parameter leading to the slightly lower performance of the v-
series in comparison to spiro-OMeTAD is the open-circuit
voltage (Voc). The cells incorporating V1275, V1237, V1235
and V1236 exhibit lower values of Vg (1077, 1090, 1089 and
1094 mV, respectively) than the reference device containing
spiro-OMeTAD (1115 mV).

In order to evaluate the photogenerated hole extraction effi-
ciency of the new HTMs, we performed thin-film steady-state PL
measurements. Perovskite layers were deposited on top of glass
and the PL spectra of the films were recorded under 625 nm
excitation wavelength. Afterwards, the HTMs were deposited on top
of the pristine perovskite layers under the same conditions as in
the device fabrication. The quenching effect was analysed in
comparison with the corresponding pristine perovskite layer and it
is presented in Fig. 3d, and the percentage of PL quenching for
each HTM is shown in Table S5.7 In spite of the perovskite/HTM
energy level mismatch, the decrease of PL intensity suggests
a good hole-extraction capability and confirms the efficient
extraction of holes across the interface from the VB of the

J Mater Chem. A

perovskite into the HOMO of enamine-based HTMs, which is
attributed to good perovskite/HTM contact.*®

The device stability was evaluated for the solar cells containing
V1275 and the alkyl-substituted HTMs (V1237, V1235 and V1236)
due to their higher efficiency than that of the benzyl-substituted
HTM V1227. As a reference, the long-term stability of the spiro-
OMeTAD-based device was also evaluated. All the devices were
unencapsulated and kept under constant 1 sun illumination in
a N, atmosphere for 500 hours. The results of the long-term
stability tests of the devices are presented in Fig. 3e. For compar-
ison, the study was carried out with all the devices kept under the
same light source. The device containing the non-substituted
V1275 HTM shows a continuous increase of PCE achieving 125%
of its original efficiency after 500 h under operation, being not only
the device having the most thermally stable HTM of the series but
also the most stable device under constant light illumination
among them. The introduction of the methyl and propyl groups
(V1237 and V1235) reduces this increase, obtaining 107 and 106%
of its original efficiency after 500 h. However, the PCE of the device
containing the longest insulating hexyl chain V1236 of the series is
only reduced to 94% of its initial efficiency after 500 h under illu-
mination. Interestingly, although the length of the alkyl chains only
slightly influences the maximum device performance (see Table 2),
it displays an influence on the time to reach this value and the long-
term device stability. The introduction of an alkyl group and with
a longer alkyl chain results in a shorter time to reach the highest
efficiency, but the long-term light stability is deteriorated. Such
behaviour may suggest that the stabilization/degradation of the
layer is enhanced with a higher/lower degree of packing due to the
longer insulating chains. In addition, these changes might also be
influenced by different relaxation processes in the thin film* and/
or photo/oxygen-doping during operation.”

The outstanding light stability of the doped V-series HTMs is
increased when compared with the most widely used HTM in PSCs,
spiro-OMeTAD, whose efficiency is reduced to 80% from its initial
performance after 500 h under constant illumination. With this
result we can confirm that the use of dopants does not negatively
affect the long-term stability of PSCs, and this fact contradicts
previously reported studies.**

In order to evaluate if the dopants chemically interact with
the HTMs and detrimentally affect the long-term stability of the

This journal is © The Royal Society of Chemistry 2020
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Fig.4 (a) J-V curves recorded for the champion devices for each dopant-free HTM; (b) shelf-lifetime of unencapsulated devices fabricated with
each dopant-free HTM (stored in the dark and dry environment RH < 10%) with the initial PCE values shown in the insert.

devices, the most promising HTMs from the series, V1275,
V1237, V1235 and V1236, were studied without the use of
additives.***' The initial /-V curves are presented in Fig. $17
and the corresponding photovoltaic parameters are listed in the
insert of Fig. 4b and Table $6.1 Once the maximum efficiency is
reached, all of them showed efficiencies exceeding 16% (Fig. 4a
and Table 2) with improved device performance compared with
the reported 10.39% PCE for dopant-free spiro-OMeTAD-based
devices previously reported by our group (Table 2).* The cor-
responding EQEs and the integrated short-circuit current
density are presented in Fig. S$16bt and the values in Table 2.
The statistical data (Fig. $181) compared at the maximum effi-
ciency show that the gradual increase of the length of the alkyl
substituents results in a slight deterioration of the device
performance. Devices fabricated with the non-alkylated HTM
V1275 are the most efficient of the series, whereas the efficiency
is gradually reduced by the introduction of the methyl, propyl,
and hexyl groups, V1237, V1235 and V1236, respectively, mainly
due to lower Ve and FF values. This difference can be attrib-
uted to different packing of the molecules compared to the
equivalent doped devices.

While the Jgc is similar to that of the equivalent doped
devices, the V¢ and FF values are significantly lower. The series
resistance (Rs) of the devices was calculated from the corre-
sponding J-V curves. The Ry is reduced with the incorporation
of dopants in the HTM layer due to the increase of the hole
mobility in the layer.** The lowest series resistance values of
5.9,6.2,5.1 and 5.2 € are obtained for devices made with doped-
V1275, V1237, V1235 and V1236 HTMs and are comparable to
the value registered for the spiro-OMeTAD device (5.7 Q). The
series resistance in the doped V1227-based device is similar to
the values obtained in the dopant-free series, denoting a charge
carrier transport issue in the device. The presence of the bulky
benzyl group can induce a less ordered packing of the molecules
in the film, also confirmed by DFT calculations, hence resulting
in a possible poor charge transfer between the perovskite and
the doped V1227 layer. This interface issue might reduce the
transport of charge carriers through the perovskite/HTM inter-
face ultimately limiting the overall solar cell performance.*®

On the other hand, devices containing the dopant-free HTMs
suffer from 4-5 times higher resistance than the doped

This journal is @ The Royal Society of Chemistry 2020

counterparts. The dopant-free HTM layer presents higher
resistance values even when we tried to reduce the series
resistance by lowering the HTM solution concentration from
20 mM for the doped HTM to 15 mM for the dopant-free HTM to
generate a thinner HTM layer. These higher values are reflected
in the lower device performance for dopant-free HTMs. The use
of the longer alkyl chain for the devices containing dopant-free
HTMs increases the series resistance of the device. This
suggests less ordered packing of the molecules in the film
reducing the carrier transport through the perovskite/HTM
interface, and therefore the HTM layer itself. This trend is not
observed for the doped HTM counterparts.®® The higher resis-
tance of the dopant-free HTM layer reduces the hole extraction
and increases the interfacial recombination at the perovskite/
HTM contact reflected in the drop of FF and V¢ in all the
devices.®

The HTM thicknesses of the dopant-free devices were
extracted from their respective cross-sectional SEM images
(Fig. $19t), obtaining films of ~70 nm. To shed light on the
surface morphology, scanning electron microscopy was per-
formed (Fig. S20). As mentioned above, the dopant-free HTM
layers were deposited on top of FTO-glass under the same
deposition conditions as in the device fabrication. A homoge-
neous surface morphology was observed for the dopant-free
HTM layers, but due to the thinner layer thickness than in the
doped counterparts, the layer underneath can be intuited. The
stability of the dopant-free devices was tested by storing non-
encapsulated devices in the dark under dry air (RH < 10%)
and periodically testing under a relative humidity of 45%
(Fig. 4b). The PCE of all HTMs shows no degradation after 250 h
from their fabrication. After 250 h, the device efficiency
increases to reach 125%, 122%, 100%, and 122% from the
initial device efficiency for the V1275, V1237, V1235 and V1236
HTMs, respectively. This result demonstrates that V-series
HTMs can also efficiently work as dopant-free HTMs in PSCs
with excellent stability.

Conclusions

We report the synthesis and a systematic study of the fluorene-
based hole transporting enamines. Novel HTMs are easily
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attainable by a straightforward synthetic scheme ensuring cost-
effective scale-up; in particular, V1275 only required a one-pot
reaction
reagents leading to the extremely low synthetic cost of approx-
imately 10€ per g. The impact of different substitution in the
central fluorene was revealed through the optical, electro-
chemical, photophysical, and photovoltaic measurements.
PSCs using the V-series compounds were fabricated in doped
and dopant-free configurations. The synthesized materials
exhibit a very high hole mobility up to 3.3 x 10 *em*V 's '
leading to a light-to-energy power conversion efficiency
exceeding 19% with the doped non-functionalized V1275,
which is on par with that of the widely researched spiro-
OMeTAD, with a remarkable improvement in the long-term
stability. While the efficiency of the spiro-based device drop-
ped down to 80% of the original PCE after 500 h without
encapsulation and constant light illumination, the doped V-
based devices achieved up to 125% of the original PCE in the
same ageing time. The devices fabricated with dopant-free
HTMs showed high efficiency, exceeding 17%, and also excel-
lent shelf-lifetime stability. The results presented here show

condensing inexpensive commercially available

that HTMs prepared via a simple condensation protocol can
compete in performance with materials obtained via expensive
cross-coupling methods at a fraction of their cost and may be
very attractive low-cost and stable semiconductors solving one
of the concerns for the near future commercialization.
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Fluorene-based enamines as low-cost and dopant-free hole transporting materials for high performance
and stable perovskite solar cells

Sarune Daskeviciute, Cristina Momblona, Kasparas Rakstys, Albertus Adrian Sutanto, Maryte Daskeviciene,
Vygintas Jankauskas, Alytis Gruodis, Giedre Bubniene, Vytautas Getautis*, Mohammad Khaja Nazeeruddin®

EXPERIMENTAL SECTION

Synthetic methods and procedures: Chemicals required for the synthesis were purchased from Sigma-Aldrich and
TCI Europe and used as received without additional purification. "H NMR spectra were recorded at 400 MHz on
a Bruker Avance III spectrometer with a 5 mm double resonance broad band BBO z-gradient room temperature
probe, *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 NMR 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, 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/. Melting points were

measured with Electrothermal MEL-TEMP capillary melting point apparatus.

NN N7 N-tetrakis|2,2-bis(4-methoxyphenyl)vinyl|-9H-fluorene-2,7-diamine (V1275)

o
Rep Vs gon

= o

0 o

Ny /0

2,7-diaminofluorene (0.3 g, 1.5 mmol) was dissolved in tetrahydrofuran (9 mL + volume of the Dean-Stark trap),
(+/-)camphor-10-sulphonic acid (0.36 g, 1.5 mmol) was added and the mixture was heated at reflux for 20
minutes. Afterwards, 2,2-bis(4-methoxyphenyl)acetaldehyde (2.4 g, 9.2 mmol) was added and reflux was
continued using a Dean-Stark trap for 6 hours. After cooling to room temperature, reaction mixture was extracted

with ethyl acetate. The organic layer was dried over anhydrous Na,SO,, filtered and solvent evaporated. The
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crude product was crystallized from ethanol (30 mL). The obtained crystals were filtered off and washed with hot
ethanol for three times. The product was recrystallized from acetone/ethanol 1:1 gave as light yellow-green
crystals (1.14 g, 60%). '"H NMR (400 MHz, CDCl;) § 7.60 (d, /= 8.4 Hz, 2H), 7.34 — 7.20 (m, 2H), 7.19 — 6.94
(m, 10H), 6.84 (d, /= 8.4 Hz, 8H), 6.67 (d, J = 8.4 Hz, 8H), 6.49 (d, J= 8.4 Hz, 8H), 5.82 (s, 4H), 4.04 - 3.57
(m, 26H). *C NMR (101 Mhz, CDCl3) 8 159.01, 158.71, 144.37, 132.82, 130.66, 130.18, 128.85, 114.43, 113.92,
113.63, 113.05, 55.46, 55.26, 37.05 ppm. Anal. caled for C77HegN2Og: C, 80.46; H, 5.96; N, 2.44; found: C, 80.14;
H, 5.82; N, 2.48.

9,9-dibenzyl-N2, N2, N7, N'-tetrakis|2,2-bis(4-methoxyphenyl)vinyl|-9H-fluorene-2,7-diamine (V1227)

/OU O O//O\::
’O N 0.0 O

- O =

o= ©

N L
Compound V1275 (0.5 g, 0.4 mmol) in dimethylsulfoxyde (20 mL) was dissolved and purged with argon for 30
minutes. Afterwards, benzyltriethylammonium chloride (0.01 g, 0.04 mmol) and 50% NaOH (0.15 mL) solution
were added. The color of the reaction turned black and then benzyl bromide (0.16 g, 1.0 mmol) was slowly added
dropwise under argon atmosphere and stirred at room temperature for 96 hours. The reaction mixture was filtered
off and washed with water three times. The crude product was purified by column chromatography using 1:4 v/v
tetrahydrofuran/n-hexane as an eluent to collect V1227 as a pale brown solid (0.29 g, 50%). '"H NMR (400 MHz,
acetone-dg) 6 7.56 (d, J = 8.0 Hz, 2H), 7.31 — 6.78 (m, 30H), 6.71 (d, /= 8.4 Hz, 8H), 6.50 (d, /= 8.4 Hz, 8H),
5.97 — 5.66 (m, 4H), 3.85 (d, J = 48.8 Hz, 24H), 3.53 — 3.14 (m, 4H). *C NMR (101 MHz, acetone) & 159.35,
159.03, 148.60, 136.29, 134.30, 132.53, 130.68, 130.54, 128.84, 127.22,127.14, 126.52, 113.86, 113.50, 112.98,
60.05, 54.88, 54.61, 10.95 ppm. Anal. caled for Co1HgoN,Og: C, 82.20; H, 6.06; N, 2.11; found: C, 82.54; H,6.11;

N, 2.15.
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N2 N2 N N'-tetrakis|2,2-bis(4-methoxyphenyl)vinyl]-9,9-dipropyl-9H-fluorene-2,7-diamine (V1235)

B
ReysSsTgoN
® v

Compound V1275 (0.5 g, 0.4 mmol) in dimethylsulfoxyde (20 mL) was dissolved and purged with argon for 30
minutes. Afterwards, benzyltriethylammonium chloride (0.01 g, 0.04 mmol) and 50% NaOH (0.15 mL) solution
were added. The color of the reaction turned black and then bromopropane (0.12 g, 1.0 mmol) was slowly added
dropwise under argon atmosphere and stirred at room temperature for 72 hours. The reaction mixture was filtered
off and washed with water three times. The crude product was purified by column chromatography using 1:4 v/v
tetrahydrofuran/n-hexane as an eluent to collect V1235 as a yellow solid (0.28 g, 52%). 'H NMR (400 MHz, CDCl;)
3748 (d,J=8.0 Hz, 2H), 7.12 — 6.94 (m, 12H), 6.85 (d, J= 8.8 Hz, 8H), 6.66 (d, /= 8.8 Hz, 8H), 6.51 (d,.J = 8.8 Hz, 8H),
5.81 (s, 4H), 3.81 (d, J = 37.2 Hz, 24H), 1.99 — 1.81 (m, 4H), 0.88 — 0.60 (m, 10H). 3C NMR (101 MHz, CDCls) &
158.79, 158.54, 149.08, 134.23, 132.65, 130.45, 128.79, 119.03, 113.71, 112.84, 111.90, 59.52, 55.25, 55.07,
17.74, 14.12, 11.52 ppm. Anal. caled for Cg3HggyN,Oy: C, 80.82; H, 6.54; N, 2.27; found: C, 80.64; H, 6.61; N,
2.30.

N2 N2 N N'-tetrakis|2,2-bis(4-methoxyphenyl)vinyl]-9,9-dihexyl-9 H-fluorene-2,7-diamine (V1236)

/OIO\\o\:\
pelivestivn
® v

Compound V1275 (0.5 g, 0.4 mmol) in dimethylsulfoxyde (20 mL) was dissolved and purged with argon for 30
minutes. Afterwards, benzyltriethylammonium chloride (0.01 g, 0.04 mmol) and 50% NaOH (0.15 mL) solution
were added. The color of the reaction turned black and then bromohexane (0.16 g, 1.0 mmol) was slowly added
dropwise under argon atmosphere and stirred at room temperature for 26 hours. The reaction mixture was filtered

off and washed repeatedly with water three times. The crude product was purified by column chromatography
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using 4:21 v/v tetrahydrofuran/n-hexane as an eluent to collect V1236 as a yellow solid (0.36 g, 63%). 'H NMR
(400 MHz, CDCl3) 6 7.52 (d, /= 8.0 Hz, 2H), 7.12 - 6.93 (m, 12H), 6.85 (d, J= 8.4 Hz, 8H), 6.65 (d, /= 8.4 Hz,
8H), 6.50 (d, /= 8.8 Hz, 8H), 5.81 (s, 4H), 3.81 (d, /= 38.0 Hz, 24H), 1.97 — 1.82 (m, 4H), 1.21 - 1.01 (m, 12H),
0.85 — 0.66 (m, 10H) ppm. *C NMR (101 MHz, CDCl;) & 158.99, 158.69, 152.04, 134.48, 132.95, 130.64,
128.90,119.25,115.91,113.92, 113.02, 111.31, 55.38, 55.26,40.11, 31.39,29.38, 23.62, 22 48, 14.12 ppm. Anal.
caled for CgoHgaN>Og: C, 81.12; H, 7.04; N, 2.13; found: C, 81.24; H, 7.11; N, 2.10.

N2 N2 NT NT-tetrakis|2,2-bis(4-methoxyphenyl)vinyl]-9,9-dimethyl-9H-fluorene-2,7-diamine (V1237)

900
0 ~\

N

® v

0\ /O

Compound V1275 (0.5 g, 0.4 mmol) in dimethylsulfoxyde (20 mL) was dissolved and purged with argon for 30
minutes. Afterwards, benzyltriethylammonium chloride (0.01 g, 0.04 mmol) and 50% NaOH (0.15 mL) solution
were added. The color of the reaction turned black and then iodomethane (0.14 g, 1.0 mmol) was slowly added
dropwise under argon atmosphere and stirred at room temperature for 120 hours. The reaction mixture was filtered
off and washed with water three times. The crude product was purified by column chromatography using 1:4 v/v
tetrahydrofuran/n-hexane as an eluent to collect V1237 as a yellow solid (0.26 g, 51%). 'H NMR (400 MHz,
CDCl;) 6 7.54 (d, J = 8.0 Hz, 2H), 7.19 — 6.94 (m, 12H), 6.87 (d, J = 8.4 Hz, 8H), 6.66 (d, J = 8.4 Hz, 8H), 6.53
(d, J= 8.4 Hz, 8H), 5.96 — 5.70 (m, 4H), 3.84 (d, J = 36.8, 24H), 1.46 (s, 6H). 13C NMR (101 MHz, CDCl;) &
158.98, 158.68, 155.02, 132.82, 132.23, 130.65, 128.90, 116.10, 113.90, 113.01, 111.03, 55.43, 55.24, 47.14,
27.56 ppm. Anal. caled for C79H7,N,Oq: C, 80.59; H, 6.16; N, 2.38; found: C, 80.74; H, 6.11; N, 2.35.
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Passivating Defects of Perovskite Solar Cells with
Functional Donor-Acceptor-Donor Type Hole

Transporting Materials

Sarune Daskeviciute-Geguziene, Yi Zhang,* Kasparas Rakstys, Chuanxiao Xiao,
Jianxing Xia, Zhiheng Qiu, Maryte Daskeviciene, Tomas Paskevicius, Vygintas Jankauskas,
Abdullah M. Asiri, Vytautas Getautis,* and Mohammad Khaja Nazeeruddin>

In this study, a series of donor-acceptor—donor (D-A-D) type small molecules
based on the fluorene and diphenylethenyl enamine units, which are dis-
tinguished by different acceptors, as holetransporting materials (HTMs) for
perovskite solar cells is presented. The incorporation of the malononitrile
acceptor units is found to be beneficial for not only carrier transportation but
also defects passivation via Pb-N interactions. The highest power conver-
sion efficiency of over 22% is achieved on cells based on V1359, which is
higher than that of spiro-OMeTAD under identical conditions. This st shows
that HTMs prepared via simplified synthetic routes are not only a low-cost

1. Introduction

Due to the outstanding photovoltaic prop-
erties, simple fabrication process, abun-
dant precursors, and extraordinary power
conversion efficiency (PCE), perovskite
solar cells (PSCs) have attracted tremen-
dous attention all over the world.™
While the very high efficiency using
perovskites is a significant achievement,
issues relating to the high price of device

alternative to spiro-OMeTAD but also outperform in efficiency and slablllty

components such as hole transporting
material (HTM) and long-term stability

state-of-art materials obtained via ive cross-coupli
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against moisture, heat, and light are still
a concern for commercial application of
the technology, therefore currently the
research is directed to the realization of cost-effective and stable
devices.['*4

Compositional engineering and crystallization control of
perovskites, interface modification, and charge transport layer
optimization are manifested to be effective ways to improve the
photovoltaic performance of PSCs.*2! It has been widely rec-
ognized that the defects as well as their density would cause
undesired charge recombination and carrier scattering limiting
the further improvement of device performance because of a
significant loss of the open-circuit voltage (Voc) and fill factor
(FF). Besides, the presence of defects also causes serious sta-
bility issues due to the phase segregation during cell operation
and induced ion migration at the perovskite/HTM inter-
face.2-51 Therefore, developing novel HTMs with added extra
functionality to passivate the perovskite defects is essential.

It is known, the introduction of electron-acceptor functional
groups in the HTM structure increases the dipole moment,
which is beneficial for intramolecular charge transfer (ICT) and
increases hole mobility of the resulting HTM.”*2?l Moreover,
the strong interaction in donor-acceptor (D-A) systems effec-
tively suppresses the nonradiative recombination loss and
improves the device performance. On the other hand, previous
studies have revealed that the uncoordinated Pb? ions at the
surface of perovskite are one of the primary sources of defects
in the perovskite layer, which could act as charge recombination
centers to hinder charge transfer. In addition, molecules con-
taining electron-deficient groups have been shown to interact
with uncoordinated lead ions (Pb*), thereby passivating the
defects of halide vacancies.**-3¥

© 2022 Wiley-VCH GmbH
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Figure 1. Chemical structures of synthesized D-A-D type hole transporting materials having different structural units.

However, most conjugated D-A-D type HTMs are gener-
ally designed by linking together donor and acceptor building
blocks using cross-coupling chemistry. Such coupling reac-
tions generally require stringent reaction conditions resulting
in several disadvantages, such as inert reaction conditions,
expensive transition metal catalysts and extensive purification
procedures due to the inherent formation of side products that
are prone to this type of reaction. Tiny amount of metal cata-
lyst residues may remain in the hole transporting layer serving
as traps that deteriorate the charge-transporting properties of
the synthesized HTMs and negatively affect the performance
of the resulting devices. To this extent, a significant effort is
to find the simplified synthetic protocoels to reduce the cost of
HTM synthesis without sacrificing efficiency. Recently, sev-
eral research groups have focused on tuning the structure by
decreasing the number of synthetic steps, thus reducing the
synthetic complexity, cost of materials and environmental
impact.?** In this sense, condensation chemistry is an excel-
lent perspective moving away from transition metal-based
cross-coupling reactions, as water is the only side-product and
metal catalysts are not required simplifying product workup
and purification.

In this work, we explore D-A-D type HTMs employing
fluorene as the central scaffold, diphenylethenyl enamine
donating arms and ketone/dicyanoylidene acceptors. Com-
bining different substituents, seven fluorene-based HTMs
shown in Figure 1 were designed and successfully synthe-
sized employing facile condensation chemistry using com-
mercially available and cheap reagents. Their optical, thermal,
electrophysical, and photovoltaic properties were thoroughly
investigated. Moreover, the impact of a different number of
enamine arms and methoxy group presence, as well as dif-
ferent acceptors on the central core were examined and various
properties of newly synthesized molecules were systematically
investigated. All these enamine-based HTMs have been applied
in PSCs, showing a PCE of over 22% with improved stability
once compared with spiro-OMeTAD. With this, we demonstrate
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simple chemistry resulting in low-cost semiconductors without
sacrificing the photovoltaic performance.

2. Results and Discussion

Fluorenone/dicyanofluorenylidine enamines were prepared
using straightforward synthesis with high purity and excellent
yields. As shown in Figure 2, single- and double-arm enamines
only required a one-step reaction condensing low-cost commer-
cial reagents 2-aminofluorenone or 2,7-diaminofluorenone with
2,2-bis(4-methoxyphenyljacetaldehyde in the presence of cam-
phor sulfonic acid under ambient conditions. It is worth men-
tioning that water is the only by-product, which was separated
using a Dean-Stark trap. To obtain cyanated compounds, the
keto group was converted to malononitrile by Knoevenagel con-
densation under basic media. The chemical structures of the
synthesized compounds were verified by NMR spectroscopy,
mass spectrometry, elemental analysis, and infrared spectros-
copy. A detailed synthetic procedures and analysis are reported
in the Supporting Information.

The thermal properties of HTMs were evaluated using ther-
mogravimetric analysis (TGA) (Figure 3a) and differential scan-
ning calorimetry (DSC) (Figure S3, Supporting Information)
measurements. TGA analysis has shown that double enamine
arm containing compounds have higher thermal stability among
the series due to the higher aromatic system,*® 3% with the
highest decomposition temperature (Ty.) of 412°C at 5% weight
loss for V1353. In addition, all synthesized compounds have a
higher Ty than that of the spiro-OMeTAD (T = 288°C).*Y
The thermal transitions were determined by DSC. A clear trend
between methoxy-substituted and non-methoxy compounds
were observed. Diphenylethenyl-substituted compounds V1329,
V1330, and V1353 are fully crystalline, having a melting tem-
perature (T.,) in both heating scans, while during the second
heating, a glass transition is observed followed by recrystalliza-
tion. The introduction of the methoxy groups allows existence in

© 2022 Wiley-VCH GmbH
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Figure 2. Reaction scheme of fl /dicianofl lid ine HTMs and their molecular structures.

both crystalline and amorphous states. Only the glass transition The UV-vis absorption spectra of the synthesized HTMs in
temperature (T;) was investigated for all methoxy-containing THF solutions are depicted in Figure 3b. Directly comparing
compounds during the second heating scan, while V1352 and V1327 with V1328, V1329 with V1330, and V1352 with V1359,
V1359 have the most stabilized amorphous state, with the glass ~ a wider and red-shifted optical bands could be noticed. The

transition detected at around 140 °C. absorption spectral difference is clearly owed to the difference
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Figure 3. a) Thermogravimetric analysis (TGA) data (heating rate of 10 °Cmin~', N, atmosphere); b) UV-vis absorption spectra of V-series HTMs in

THF solutions (10 M); c) Photoemission in air spectra of the charge transporting layers; d) Electric field dependencies of the hole-drift mobility in
synthesized HTMs.
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in electron-accepting power between =0 and =C-(CN), frag-
ments, confirming that malononitrile is a stronger electron
acceptor. As expected, the change from mono to disubstituted
enamine fragments has influenced the conjugation; therefore,
spectra of all double-arm molecules V1352, V1353, and V1359
have a significant hyperchromic shift. Broad optical absorption
in the visible region reveals push-pull communication through
the 9-ylidene double bond, in which the fluorene and the keto/
dicyanoylidene moieties serve as a donor and an acceptor,
respectively.">*¥ Photoluminescence (PL) of the molecules
in solution was measured, but no detectable emission was
observed.

For a better interpretation of the energy level alignment
of the HTMs in PSCs, solid-state ionization potential (Ip)
was measured using the electron photoemission in the air of
the thin films (PESA) with the experimental data shown in
Figure 3c. As expected, D-A-D type HTMs were found to have
a quite low-lying Ip values around 5.4 eV, which should have
enough overpotential with the valence band (VB) energy of the
triple cations-based perovskite (=5.70 eV) ensuring efficient
hole transfer from perovskite to the cathode.

We next measured the hole drift mobility using the xero-
graphic time of flight (XTOF) technique. The dependences
of hole drift mobility on electric field strength are shown in
Figure 3d and Figure S4 (Supporting Information). Some of
the materials were not able to be measured from pure layers;
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 distance between the charge transporting mole-
cules, 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 highest
zero-field hole drift mobility of 4.6 x 107¢ cm® Vs among the
series was found for V1359. Switching to the single-arm com-
pounds had a negative influence on the hole drift mobility
as V1328 showed the lowest result of 1.1 x 107 em? Vs™\. The
thermal, optical, and photoelectrical properties of the V-series
charge transporting materials are summarized in Table 1.

Figure 4a,b represents the scanning electron microscopy
(SEM) images of a cross-sectional view of PSC devices with
spiro-OMeTAD and V1359, providing a direct view of the PSCs

www.afm-journal.de

individual layers: FTO/SnO,/perovskite/ HTM/Au (see Sup-
porting Information for all experimental details). The thickness
of the perovskite films is = 750-800 nm with 90 nm of Au layer.
However, the thickness of the V1359 layer is = 80 nm which is
much thinner than that of the spiro-OMeTAD layer (=220 nm).
This is due to the smaller molecule bulk and lowers optimized
concentration of the V1359 solution. Due to the absence of a
carrier transport layer, as shown in Figure 4c, higher contin-
uous-wave photoluminescence (CWPL) intensity is found in
the perovskite thin film. When the HTM layers are covered,
the CWPL intensities decrease sharply, and the V1359 exhibit
higher hole extraction capabilities. Time-resolved photolumi-
nescence (TRPL) measurement of the films are performed, and
the results fit with a bi-exponential decay formula: f(t) = A, exp
(— t/7) + Asexp (- t/7;) were shown in Figure 4d and Table S2
(Supporting Information). The PL lifetime shown in Figure 4d
obtained from perovskite thin films was 349 ns, which is much
longer than the results from perovskite/spiro-OMeTAD (246 ns)
and perovskite/V1359 films (155 ns). Photoluminescence meas-
urements clearly show much improved hole extraction proper-
ties using V1359 that could be ascribed to an extra passivation
functionality having built-in CN units.

PSC devices using the different HTMs were fabricated by
sandwiching the perovskite thin films between an FTO/SnO,
anode and an HTM/Au cathode. Figure 5a shows the typical
current-density-voltage (J-V) curves (reverse scan) for the
PSCs with spiro-OMeTAD as a reference, V1352, V1353, and
V1359, respectively. Devices having synthesized HTMs exhibit
photoelectric conversion performance comparable to spiro-
OMeTAD, especially for the V1359, which showed even higher
photocurrent. However, the devices with V1327, V1328, V1329,
and V1330 as the HTMs exhibit relatively low PCE (Figure S5,
Supporting Information). The PCE of 22.03% consisting a Jsc
of 24.34 mA em™?, a Vo of 1112 V, and an FF of 81.3% was
achieved for the V1359-based device in comparison to 21.48% for
the spiro-OMeTAD with a Jg- of 24.16 mA cm™?, a Vg of 1121V,
and an FF of 79.3%, showing that molecular engineering of side-
arm and acceptor units fully dictates the performance of the
final device. The |-V hysteresis of the best devices is shown in
Figure 5b. A similar hysteresis index of 1.11 for spiro-OMeTAD
and 1.09 for V1359 device was found (Table S4, Supporting Infor-
mation). A total of 30 solar cells in two groups were fabricated
under the same conditions with spiro-OMeTAD or V1359 as the
HTM. Figure 5c demonstrates the statistical distribution of all

Table 1. Thermal, optical and photophysical properties of newly synthesized enamines.

D T €] To [P Ty 'O Taew [ Aabs, [nm]?) Ip. [eV]? o, [em? v 57
vI327 171,186, 208 - 92 376 259,299, 313, 370, 538 5.44 13107
V1328 245 - m 379 265,345 5.44 11107
V1329 244, 247 202 m 338 255, 285, 313, 363, 513 5.49 14.10°%
V1330 236,248 239, 248 175 s 347 268, 341 5.53 13.10°¢
V1352 221,232 - 143 403 261, 299, 313, 385, 403, 598 5.43 4.10
V1353 339, 351, 348 27 157 412 270, 288, 311, 378, 395, 570 5.39 28-10°¢
V1359 166 - 134 389 263, 323, 349, 409 541 46-10°¢

*IMelting (T,,), crystallization (T}, glass transition (T,) and decomposition (T,,) temperatures were observed from DSC and TGA, respectively (10 °C/min, N, atmos-
phere); PAbsorption spectra were measured in THF solutions (107* M); “lonization energies of the films measured using PESA; #Mobility value at zero field strength
e e
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Figure 4. Cross-sectional SEM images of the sample comprising FTO/SnO,/perovskite/ a) spiro-OMeTAD/Au and b) V1359/Au layers, c) the energy
level diagram of the devices based on different HTMs, d) CWPL spectra excited at 430 nm and e) TRPL of the perovskite thin films with or without

spiro-OMeTAD or V1359.

four photovoltaic parameters of the two groups of solar cells to
show the reproducibility of each condition. All the photovoltaic
parameters of them show a similar half-width, which means the
reproducibility of V1359-based devices is comparable to that of
spiro-OMeTAD (Table S5, Supporting Information).

Another issue of importance to commercialization is the
large-scale production when translating from laboratory to man-
ufacturing scale. To characterize the upscaling performance of
the new HTM, we fabricated V1359-based perovskite modules
sized 6.5 x 7 cm. The module exhibited a PCE of 18.61% with
a Jsc of 2.63 mA cm™, a V¢ of 8.78 V, and an FF of 80.6%, as
shown in Figure 5d (an aperture area =29 cm?, corresponding
to 20.45% with the active area, a geometric fill factor of 91%).

In addition to the PCE, the chemical stability was also
evaluated, showing the increased stability of V1359-based
device, which represents another important advantage of the
new HTM. We reported the long-term operational stability of
devices without encapsulation based on the spiro-OMeTAD,
or V1359 HTMs maintained in an argon atmosphere under a
constant illumination of 100 mW cm™2 (Figure Se). The device
based on V1359 HTM maintained = 95% of its initial efficiency
after 500 h, whereas the device based on spiro-OMeTAD was <
85%. And the long-term device stability was tested every 24 h at
about 12% RH, room temperature as shown in Figure S6 (Sup-
porting Information). While the spiro-OMeTAD based device
shows a decrease of > 7% in PCE after 500 h, almost no PCE
loss is observed for the V1359 based PSC, demonstrating the
enhanced device stability at air.

Adv. Funct. Mater. 2022, 2208317
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To explore the effect of V1359 on the perovskite/HTM
interface, we use Kelvin probe force microscopy (KPFM) to
elucidate the electric junction characteristic affected by the
different HTMs, and to understand how electric field distri-
bution impacts cell performance (Figure S7, Supporting Infor-
mation). In the measurements, we scan the cross-sectional
surface of both control and target cells. By applying small
bias voltages (0, —0.5, -1, +0.5 V), KPFM spatially maps sur-
face potential across the whole device stack; and we subtract
the 0-V profile to obtain bias-voltage-induced potential change
in the bulk of the cell. Further, we calculate the electric-field
changes by extracting the derivative of the potential change.
As bias voltage is applied, the electric current must be the
same throughout the whole device. The KPFM mapped poten-
tial distribution is determined by the equivalent resistance of
different layers and interfaces of the device, which relates to
the junction characteristics (including reverse saturation cur-
rent J, and diode ideality factor n). On both cells, the elec-
tric-field peaks locate at the perovskite/HTM and the ETM/
perovskite interfaces, indicating the cells have p-i-n junction
structure.l®! We assume the ETM/perovskite interfaces are
identical, hence we normalized the ETM/perovskite electric-
field peaks for better comparison of the two cells. On the target
cell, the perovskite/HTM junction is much stronger than the
ones on the control cell. We ascribe this electric-field enhance-
ment at HTM layer. The enhanced perovskite/HTM junction
is beneficial for charge separation, where electron-hole pairs
recombine less at the perovskite/HTM interface. The reduced

© 2022 Wiley-VCH GmbH
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Figure 5. a) J-V curves (reverse-scan) of and b) J-V hysteresis (Reverse

scan: filled circles and Forward scan: hollow circles) of the PSCs based on

V1352, V1353, and V1359 as HTMs and spiro-OMeTAD as the reference. c) Statistical deviation of the photovoltaic parameters for solar cells with
V1359 or spiro-OMeTAD respectively (15 different solar cells of each type) d) J-V hysteresis (Reverse scan “R" and Forward scan “F") of V1359-based
PSC module, the aperture area was estimated as 30 cm?. Inset is the maximum-power-point power output of this module. e) Long-term stability study
shows in situ measured PCEs of the unsealed solar modules over 500 h under Ar.

recombination rate at the treated perovskite/HTM interface is
consistent with FF improvement in cell performance and the
electrochemical impedance spectroscopy (EIS) was executed
for quantifying the parameters of charge transport in solar
cells, such as chemical capacitance, recombination resistance
and charge conductivity (Figure S8, Supporting Information).
These parameters are imperative to aid in the explanation of
the factors that determine the performance metrics of the
HTMs in the corresponding solar cells. The inset of Figure S8
(Supporting Information) shows the fitting of the EIS spectra
to an appropriate equivalent circuit model. Typically, Nyquist
plots were separated into two main regions or arcs at high
and low frequencies. As the devices predominantly differ with
respect to the HTM, the high frequency range arc is attributed
to Rer and Ccr at the interface between perovskite and HTMs.
It can be seen that the Rcr value of the perovskite solar cell
with V1359 as HTM are a little larger than those of that with
spiro-OMeTAD as HTM, which may be due to the passivation
of V1359. Moreover, to validate that charge-carrier recombina-
tion process is suppressed, we preformed the light-intensity-
dependent -V measurements. The dependence of V,; on light
intensity for the spiro-OMeTAD and V1359 based devices is
described in Figure S9 (Supporting Information), where K,
T, and e are the Boltzmann constant, temperature in Kelvin,
and the elementary charge, respectively. the slope of this plot
is correlated with the ideality factor (n) in the form of nkBT/e,
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which is the reflex of trap-induced recombination behaviour
in PSCs.”’] The slope for V1359 based device (1.31 KT/e) is
lower than that of the spiro-OMeTAD based device (1.39 KT/e),
indicating the suppressed trap-induced recombination in the
V1359 based device.

3. Conclusion

To sum up, we report the synthesis and a systematic study of
the fluorene-based doner-acceptor-donor hole transporting
materials that are synthesized by simple and “green” chem-
istry. The impact of the different side-arm and acceptor frag-
ments onto fluorene central core was revealed through the
optical, electrochemical, photophysical, and photovoltaic meas-
urements. It was found that the incorporation of the malon-
onitrile acceptor units has been found to be beneficial for not
only carrier transportation but also defects passivation via Pb-N
interactions. The most efficient perovskite devices contained
V1359 reaching the PCE of over 22% and excellent long-term
stability outperforming spiro-OMeTAD. In addition, we fab-
ricated perovskite solar mini-modules (6.5 x 7 cm) exhibiting
efficiency of 18.6%. The results of this study show that simple
molecular engineering of hole transporting materials with an
extra functionality contributes to the significant improvement
of perovskite solar cell efficiency and stability.

© 2022 Wiley-VCH GmbH
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EXPERIMENTAL SECTION

Chemicals were purchased from Sigma-Aldrich, TCI Europe and BLDpharm and used as received
without further purification. 2,2-bis(4-methoxyphenyl)acetaldehyde was synthesized as described in
the literature.'"! 'H NMR spectra were recorded at 400 MHz on a Bruker Avance 1l spectrometer
with a 5 mm double resonance broad band BBO z-gradient room temperature probe, *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 NMR 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/. MS were recorded on Waters SQ Detector 2 Spectrometer
using electrospray ionization (ESI) technique. FT-IR spectra were recorded by using a Perkin—Elmer
Frontier spectrophotometer with a single reflectance horizontal ATR (Attenuated Total Reflectance)
cell equipped with a diamond crystal. The data were recorded in the spectral range from 655 to

4000 cm™ by accumulating 5 scans with a resolution of 4 em ™.

DETAILED SYNTHETIC PROCEDURES

PO e O, OO A
Q.@ Q CSA, toluene, 1\.|1u'c Chanol. e 5 toluene, reflux {

V1327 OCH, O V1328: OCH
V1329: H R VI330: H

Figure S1. Synthesis pathway of single-substituted derivatives.

2-(2-amino-9H-fluoren-9-ylidene)malononitrile (1)

CL S Dw,

|
NE”EN

To a solution of the mixture of 2-amino-9-fluorenone (0.5 g, 2.6 mmol, 1 eq) and malononitrile

(0.19 g, 2.8 mmol, 1.1 eq) in ethanol (3 mL) triethylamine (1 eq) was slowly dropped. The mixture
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was stirred at 35 °C temperature for 16 hours. After completing the reaction, the resulting mixture
was poured into water (7 mL), and the pH was adjusted to neutral by adding acetic acid. The
precipitate was filtered off and washed with water and ethanol to collect 1 as a moss color solid

(0.54 g, 87.1%). Spectral data is in agreement with the values reported in the literature."”!

2-{bis|2,2-bis(4-methoxyphenyl)ethenyl|amino}-9H-fluoren-9-one (V1327)
3
\
o
O
LA §7

v

[s]
s

o]

2-amino-9-fluorenone (1 g, 5.1 mmol, 1 eq) was dissolved in toluene (9 mL + volume of the Dean-
Stark trap), (+/-)camphor-10-sulphonic acid (1.2 g, 5.1 mmol, 1 eq) was added and the mixture was
heated at reflux for 20 minutes. Afterwards, 2,2-bis(4-methoxyphenyl)acetaldehyde (3.3 g, 12.8
mmol, 2.5 eq) was added and reflux was continued using a Dean-Stark trap for 10 minutes. After
cooling to room temperature, the reaction mixture was extracted with ethyl acetate. The organic
layer was dried over anhydrous Na>;SOq, filtered and solvent evaporated. The crude product was
purified by column chromatography using 3:22 v/v tetrahydrofuran/n-hexane as an eluent to collect
V1327 as a dark raspberry color solid (1.98 g, 57.6%). 'H NMR (400 MHz, THF-dg) § 7.74 (d, J =
8.4 Hz, 1H), 7.58 — 7.50 (m, 3H), 7.44 (t, J= 7.6 Hz, 1H), 7.33 — 7.27 (m, 1H), 7.21 — 7.17 (m, 1H),
6.99 (d, J = 8.4 Hz, 4H), 6.87 (d, J = 8.4 Hz, 4H), 6.61 (d, J = 8.4 Hz, 4H), 6.46 (d, /= 8.4 Hz, 4H),
5.82 (s, 2H), 3.84 (s, 6H), 3.73 (s, 6H). "C NMR (101 MHz, THF) & 190.58, 157.42, 145.56, 143.25,
134.80, 133.82, 132.74, 131.92, 130.50, 128.59, 126.96, 125.68, 124.12, 121.75, 118.86, 117.66,
111.93, 110.93, 109.51, 52.76, 52.52. FTIR v (cm™): 3000 (CHyrom); 2932, 2834 (CHyig); 1712
(C=0); 1239 (C-0-C). Anal. caled for C4;sH37NOs: C, 80.46; H, 5.55; N, 2.09; found: C, 80.67; H,
5.51; N, 2.11. C4sH37NOs[M ] exact mass = 671.27, MS (ESI) = 672.21.
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2-/2-{bis|2,2-bis(4-methoxyphenyl)ethenyl]amino}-9 H-fluoren-9-ylidene/malononitrile (V1328)

* R
0.0 N

—
NC™ “CN 0

/D

Compound 1 (0.5 g, 2.1 mmol, 1 eq) was dissolved in toluene (5 mL + volume of the Dean-Stark
trap), (+/-)camphor-10-sulphonic acid (0.48 g, 2.1 mmol, | eq) was added and the mixture was
heated at reflux for 20 minutes. Afterwards, 2,2-bis(4-methoxyphenyl)acetaldehyde (1.3 g, 5.1
mmol, 2.5 eq) was added and reflux was continued using a Dean-Stark trap for 20 minutes. After
cooling to room temperature, the obtained product was filtered off and washed with water and
ethanol. The product was recrystallized from acetone/THF/ethanol 3:1:1 to collect V1328 as green
crystals (1 g, 67.6%). 'H NMR (400 MHz, THF-dq) 6 8.28 (d, J = 8.0 Hz, 1H), 8.14 (s, 1H), 7.56 (d,
J=8.0Hz, 2H), 7.45 (t, /= 7.6 Hz, 1H). 7.27 — 7.15 (m, 2H), 7.00 (d, /= 8.4 Hz, 4H), 6.85 (d, J =
8.4 Hz, 4H), 6.63 (d, J = 8.5 Hz, 4H), 6.50 (d, J = 8.5 Hz, 4H), 5.85 (s, 2H), 3.81 (s, 6H), 3.71 (s,
6H). ’C NMR (101 MHz, THF) & 160.93, 159.21, 147.37, 143.20, 135.47, 134.67, 134.07, 133.77,
132.68, 132.23, 130.46, 128.88, 127.52, 126.30, 126.04, 121.49, 119.89, 114.85, 113.71, 112.75,
75.94, 54.59, 54.32. FTIR v (cm™): 3009 (CH,rom ); 2956, 2838 (CH.jir); 2223 (CN); 1238 (C-0-C).
Anal. caled for CyH37N3O4: C, 80.09; H, 5.18; N, 5.84; found: C, 80.27; H, 5.15; N, 5.81.
CygH37N304 [M'] exact mass = 719.28, MS (ESI) = 720.29.

2-|bis(2,2-diphenylethenyl)amino|-9H-fluoren-9-one (V1329)

\
Ty
2-amino-9-fluorenone (0.5 g, 2.6 mmol, 1 eq) was dissolved in toluene (5 mL + volume of the Dean-
Stark trap), (+/-)camphor-10-sulphonic acid (0.59 g, 2.6 mmol, 1 eq) was added and the mixture was

heated at reflux for 20 minutes. Afterwards, diphenylacetaldehyde (1.3 g, 6.4 mmol, 2.5 eq) was

added and reflux was continued using a Dean-Stark trap for 35 minutes. After cooling to room
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temperature, the obtained product was filtered off and washed with water and ethanol. The product
was recrystallized from toluene to collect V1329 as dark raspberry color crystals (1.1 g, 78.1%). 'H
NMR (400 MHz, THF-dg) 6 7.61 — 7.52 (m, 3H), 7.46 (t, J = 7.6 Hz, 1H), 7.38 — 7.29 (m, 7H), 7.26
~7.16 (m, 4H), 7.15 — 7.11 (m, 4H), 7.08 — 7.01 (m, 4H), 6.49 (d, J = 7.6 Hz, 4H), 5.98 (s, 2H). "°C
NMR (101 MHz, THF) 6 190.42, 145.05, 143.07, 139.18, 138.14, 133.82, 132.78, 131.34, 127.63,
126.84, 126.62, 125.84, 124.86, 123.21, 121.81, 119.56, 119.42, 117.82, 110.04. FTIR v (cm™):
3055, 3022 (CHgrom,); 1713 (C=0). Anal. caled for C4;HooNO: C, 89.26; H, 5.30; N, 2.54; found: C,
89.17; H, 5.34.; N, 2.51. C4;H5sNO [M'] exact mass = 551.22, MS (ESI) = 552.24.

2-{2-|bis(2,2-diphenylethenyl)amino|-9H-fluoren-9-ylidene} malononitrile (V1330)

@

\
N —
NC™ “CN O

Compound 1 (0.5 g, 2.1 mmol, 1 eq) was dissolved in toluene (5 mL + volume of the Dean-Stark
trap), (+/-)camphor-10-sulphonic acid (0.48 g, 2.1 mmol, 1 eq) was added and the mixture was
heated at reflux for 20 minutes. Afterwards, diphenylacetaldehyde (1 g, 5.1 mmol, 2.5 eq) was
added and reflux was continued using a Dean-Stark trap for 20 minutes. After cooling to room
temperature, the obtained product was filtered off and washed with water and ethanol. The product
was recrystallized from acetone to collect V1330 as green color crystals (0.8 g, 65.1%). 'H NMR
(400 MHz, THF-d¢) 6 8.26 (d, J=7.8 Hz, 1H), 8.16 (s, 1H), 7.59 (d, /= 7.8 Hz, 2H), 7.46 (t, /= 7.4
Hz, 1H), 7.34 — 7.21 (m, 8H), 7.15 — 7.01 (m, 10H), 6.55 (d, J = 7.6 Hz, 4H), 6.01 (s, 2H). *C NMR
(101 MHz, THF) 6 158.83, 144.95, 141.08, 139.22, 137.97, 133.59, 133.53, 132.85, 131.41, 127.66,
126.49, 125.90, 125.53, 125.28, 124.82, 120.42, 119.64, 118.22, 113.70, 111.18, 74.30. FTIR v (cm
"): 3057, 3023 (CH,rom ); 2225 (CN). Anal. caled for C44HyNi: C, 88.12; H, 4.87; N, 7.01; found: C,
88.37; H, 4.84.; N, 6.91. Ca4H39N; [M ] exact mass = 599.24, MS (ESI) = 600.17.
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Figure S2. Synthesis pathway of double-substituted derivatives.

2-(2,7-diamino-9H-fluoren-9-ylidene)malononitrile (2)

NC”™ “CN

A solution of 2,7-diamino-9-fluorenone (0.5 g, 2.4 mmol, 1 eq) and malononitrile (0.79 g, 11.1
mmol, 5 eq) in anhydrous 1.,4-dioxane (6 mL) was purged with argon for 10 minutes. Afterwards,
was slowly dropped piperidine (2 eq). The mixture was stirred at 65 °C temperature for 22 hours.
After cooling to room temperature, the obtained product was filtered off and washed with ethanol to
collect 2 as a moss color solid. (0.48 g, 78.2%). 'H NMR (400 MHz, THF-d) & 'H NMR (400 MHz,
THF) & 7.48 (s, 2H), 7.00 (d, J = 8.2 Hz, 2H), 6.54 (d, J = 8.2 Hz, 2H), 2.91 (s, 4H). *C NMR (101
MHz, THF) 6 163.01, 148.24, 135.09, 132.94, 119.51, 119.02, 113.64, 112.42, 73.66. FTIR v (cm’
"): 3566, 3419, 3326 (NH,); 3210 (CHyrom ); 2225 (CN).

2,7-bis{bis|2,2-bis(4-methoxyphenyl)ethenyl|]amino}-9 H-fluoren-9-one (V1352)

-0,

) ® o\é) ) O o~
Retvsvtfce
o O

2,7-diamino-9-fluorenone (0.5 g, 2.4 mmol, 1 eq) was dissolved in toluene (7 mL + volume of the
Dean-Stark trap), (+/-)camphor-10-sulphonic acid (0.55 g, 2.4 mmol, 1 eq) was added and the
mixture was heated at reflux for 20 minutes. Afterwards, 2,2-bis(4-methoxyphenyl)acetaldehyde (3
g, 11.9 mmol, 5 eq) was added and reflux was continued using a Dean-Stark trap for 40 minutes.

After cooling to room temperature, the reaction mixture was precipitated into 15 times excess of
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ethanol. The obtained product was filtered off and washed with water and ethanol. The crude
product was purified by column chromatography using 1:4 v/v THF/n-hexane as an eluent to collect
V1352 as a dark green solid (1.8 g, 65.2%). 'H NMR (400 MHz, THF-d;) & 7.46 (d, J = 8.2 Hz,
2H), 7.26 (s, 2H), 7.15 (d, J = 8.2 Hz, 2H), 6.99 (d, J = 8.2 Hz, 8H), 6.87 (d, J = 8.2 Hz, 8H), 6.62
(d, J= 8.2 Hz, 8H), 6.46 (d, J = 8.2 Hz, 8H), 5.80 (s, 4H), 3.83 (s, 12H), 3.70 (s, 12H). *C NMR
(101 MHz, THF) 8 192.53, 159.50, 146.35, 137.65, 135.65, 133.91, 131.96, 130.47, 128.79, 126.00,
120.40, 113.77, 112.76, 54.62, 54.37. FTIR v (cm’"): 3034 (CHyom): 2997, 2930, 2833 (CHyir);
1714 (C=0); 1239 (C-O-C). Anal. caled for C77HseN2Og: C, 79.50; H, 5.72; N, 2.41; found: C,
79.66; H, 5.68.; N, 2.47. C77HgN20g [M '] exact mass = 1162.46, MS (ESI) = 1162.97.

2,7-bis|bis(2,2-diphenylethenyl)amino|-9H-fluoren-9-one (V1353)

®
® O

2,7-diamino-9-fluorenone (0.5 g, 2.4 mmol, 1 eq) was dissolved in toluene (6 mL + volume of the
Dean-Stark trap), (+/-)camphor-10-sulphonic acid (0.55 g, 2.4 mmol, 1 eq) was added and the
mixture was heated at reflux for 20 minutes. Afterwards, diphenylacetaldehyde (2.3 g, 11.9 mmol, 5
eq) was added and reflux was continued using a Dean-Stark trap for 15 minutes. After cooling to
room temperature, the obtained product was filtered off and washed with water and ethanol. The
product was recrystallized from toluene to collect V1353 as green crystals (1.4 g, 63.6%). 'H NMR
(400 MHz, THF-dg) 6 7.51 (d, J = 8.2 Hz, 2H), 7.38 — 7.26 (m, 14H), 7.20 (d, /= 8.2 Hz, 2H), 7.14
~ 6.99 (m, 20H), 6.48 (d, J = 7.6 Hz, 8H), 5.96 (s, 4H). *C NMR (101 MHz, THF) & 190.40,
144.11, 139.26, 138.15, 136.28, 131.01, 127.66, 126.59, 125.82, 124.79, 119.99, 118.74, 110.39.
FTIR v (cm™): 3081, 3054, 3022 (CHypom); 1712 (C=0). Anal. calcd for CegHsoN,O: C, 89.77; H,
5.46; N, 3.03; found: C, 89.66; H, 5.48.; N, 3.07. CeyHsoN,O [M ] exact mass = 922.32, MS (ESI) =
923.35.
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2-/2,7-bis{bis|2,2-bis(4-methoxyphenyl)ethenyl|amino}-9 H-fluoren-9-ylidene/malononitrile
(V1359)

O O 0\'0 @ @ ~
Relivertise
O NC™ “CN @

A
Compound 2 (0.4 g, 1.5 mmol, 1 eq) was dissolved in toluene (6 mL + volume of the Dean-Stark
trap), (+/-)camphor-10-sulphonic acid (0.36 g, 1.5 mmol, 1 eq) was added and the mixture was
heated at reflux for 20 minutes. Afterwards, 2,2-bis(4-methoxyphenyl)acetaldehyde (2 g, 7.7 mmol,
5 eq) was added and reflux was continued using a Dean-Stark trap for 25 minutes. After cooling to
room temperature, the reaction mixture was precipitated into 15 times excess of ethanol. The
obtained product was filtered off and washed with water and ethanol. The crude product was
purified by column chromatography using 1:3 v/v THEF/n-hexane as an eluent to collect V1359 as a
green solid (1.2 g, 64.2%). '"H NMR (400 MHz, THF-d¢) & 8.05 (s, 2H), 7.45 (d, J = 8.4 Hz, 2H),
7.15 (d, J = 8.4 Hz, 2H), 6.99 (d, J = 8.4 Hz, 8H), 6.84 (d, J = 8.4 Hz, 8H), 6.62 (d, J = 8.8 Hz, 8H),
6.48 (d, J = 8.8 Hz, 8H), 5.81 (s, 4H), 3.82 (s, 12H), 3.70 (s, 12H). °C NMR (101 MHz, THF)
161.35, 159.14, 146.23, 135.32, 133.89, 132.29, 130.49, 128.84, 126.11, 121.85, 120.53, 115.11,
113.69, 112.73, 75.78, 54.60, 54.31. FTIR v (cm™): 3034 (CHaeom ); 2997, 2931, 2833 (CHair); 2225
(CN); 1238 (C-0-C). Anal. caled for CggHgsN4Og: C, 79.32; H, 5.49; N, 4.62; found: C, 79.56; H,
5.48; N, 4.67. CyoHgeN4Og [M ] exact mass = 1210.49, MS (ESI) = 1211.10.
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The search for novel classes of hole-transporting materials
(HTMs) is a very important task in advancing the
commercialization of various photovoltaic devices. Meeting
specific requirements, such as charge-carrier mobility,
appropriate energy levels and thermal stability, is essential for
determining the suitability of an HTM for a given application.
In this work, two spirobisindane-based compounds, bearing
terminating hole transporting enamine units, were strategically
designed and synthesized using commercially available starting
materials. The target compounds exhibit adequate thermal
stability; they are amorphous and their glass-transition
temperatures (>150°C) are high, which minimizes the
probability of direct layer crystallization. V1476 stands out with
the highest zero-field hole-drift mobility, approaching 1 = 107~
cm® V s'. To assess the compatibility of the highest occupied
molecular orbital energy levels of the spirobisindane-based
HIMs in solar cells, the solid-state ionization potential (Ip)
was measured by the electron photoemission in air of the
thin-film method. The favourable morphological properties,
energy levels and hole mobility in combination with a simple
synthesis make V1476 and related compounds promising
materials for HTM applications in antimony-based solar cells
and triple-cation-based perovskite solar cells.

© 2024 The Authors Published by the Royal Society under the terms of the Creative
Commons Attribution License http://creativecommons.org/licenses/by/4.0/, which permits
unrestricted use, provided the original author and source are credited.
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1. Introduction

Since the use of the first device incorporating an organic semiconductor (OS) in the latter part of the
twentieth century [1], a number of innovative devices using organic materials for charge transport
have been developed. These include organic field-effect transistors (OFETs) [2], organic light-emitting
diodes (OLEDs) [3] and various types of organic or hybrid solar cells (SCs) [4-6]. Typically, these
devices comprise multiple layers of OSs, each serving a distinct function, such as light emission, light
absorption and charge transfer [6,7].

In recent decades, antimony- and triple-cation-based SCs have been significantly improved,
resulting in notably enhanced efficiencies. Hole-transporting materials (HTMs) play a pivotal
role in all types of SCs as they transport photogenerated holes to contact [89]. High hole-
drift mobility, appropriate energy levels and the capacity to create high-quality thin films are
essential attributes of effective HTMs [10-12]. Small molecules as HTMs have attracted a lot of
attention due to their well-defined structures, facile synthesis/purification, high chemical purity
and reproducible film forming ability [13,14]. Until recently, the organic low-molecular-mass
spiro-OMeTAD, derived from 9,9'-spirobifluorene, has been central to the development of highly
efficient 5Cs. The following factors are characteristic of spiro-OMeTAD. (i) It has a large band
gap (approx. 3.0 eV) and a relatively deep-lying HOMO energy level, which provides good
electronic alignment with the perovskite layers; its band gap can be further tuned to the
electronic structure of a chosen perovskite [15,16]. (ii) Spiro-OMeTAD benefits from a thoroughly
researched synthesis and solution method, making it advantageous for manufacturing both
rigid and flexible SCs on a large scale. (iii) Its high melting point contributes to the thermal
stability of a device [17,18]. (iv) Pure spiro-OMeTAD hole transporting layer (HTL) exhibits low
conductivity and hole mobility [19]. A commonly used method includes the use of additives,
such as 4-fert-butylpyridine (TBP) and LiTFSI, to enhance electrical properties of spiro-OMeTAD
films [20-22]. For these reasons, HTMs based on spiro-OMeTAD undeniably have a significant
impact on the advancement of antimony-based and triple-cation-based SCs.

Despite its numerous advantages, the crystallization tendency of spiro-OMeTAD, owing to the
symmetry of its central spirobifluorene fragment [23], limits its ability to form films, potentially
impacting device stability [24]. Taking into account this criterion, a logical approach involves removing
two arms of the spirobifluorene core [25] to transform it into the spirobisindane core [26] with reduced
symmetry. Additionally, the advantages of spirobisindane are its synthesis from a cheap commercially
available bisphenol A in high yield and simple purification.

It is imperative to synthesize new OSs via simple and green chemistry methods without
compromising the efficiency of the solar cell [27-29]. One of the approaches is the preparation
of enamines by a facile condensation reaction because condensation chemistry offers a promis-
ing alternative to palladium-catalysed reactions since it produces water as the only by-product
and eliminates the need for expensive catalysts. In addition, it includes facile product workup
and purification [30-32]. Furthermore, enamines have been successfully applied in antimony- or
triple-cation-based SCs with and without additives, showing excellent efficiency and long-term
stability [32-34].

This study is devoted to further exploration of the enamine family HTMs using spirobisin-
dane as the central core. By combining different aniline substituents, two spirobisindane-based
HTMs shown in figure |1 were designed and synthesized from commercially available com-
pounds without the use of costly metal catalysts. The optical, thermal and electrophysical
properties of V1476 and V1481 were thoroughly investigated. Both HTMs exhibited high thermal
stability and relatively high hole-drift mobility, making them viable candidates for application
as HTMs in SCs. Density functional theory (DFT) Cam-B3LYP method and 6-31G(d) basis set
(supplemented with polarization functions (d)) were used for ground-state optimization that
supplemented the experimental study.

2. Experimental section

2.1. Chemical reagents and instruments

Information about chemical reagents used for synthesis of the target compounds V1476 and V1481 and
instruments used for their characterization is provided in the electronic supplementary material.
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Figure 1. Chemical structures of the synthesized hole-transporting materials V1476 and V1481.

610267 1L Dsuadg 5y sosy/punoloBusyandiposielos [

2.2. Synthesis

2.2.1.3,3,3',3"-Tetramethyl-1,1"-spirobisindane-6,6"-diol (1), 6,6'-dimethoxy-3,3,3',3"-tetramethyl-1,1"-
spirobisindane (2) and 5,5'-dibromo-6,6'-dimethoxy-3,3,3’,3"-tetramethyl-1,1"-spirobisindane (3)

3,3,3",3"-Tetramethyl-1,1'-spirobisindane-6,6"-diol (1), 6,6"-dimethoxy-3,3,3',3"-tetramethyl-1,1"-spirobi-
sindane (2) and 5,5'-dibromo-6,6'-dimethoxy-3,3,3",3"-tetramethyl-1,1"-spirobisindane (3) were prepared
according to the synthesis procedures described in [35]. Detailed synthesis procedures are provided in
the electronic supplementary material.

2.2.2.5,5"-Bis(4-aminophenyl)-6,6"-dimethoxy-3,3,3',3"-tetramethyl-1,1'-spirobisindane (4)

A mixture of 3 (1 g, 2 mmol, 1 eq) and 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (1 g, 4.5
mmol, 2.2 eq) in 40 ml of anhydrous solvent mixture of tetrahydrofuran (THF) and toluene (1:1)
was purged with argon for 10 min. Afterwards, sodium hydroxide (1.2 g, 30.3 mmol, 15 eq) and
PACly(PPhs); (0.7 g, 1 mmol, 0.5 eq) were added, and the reaction mixture was heated under reflux
under argon atmosphere for 23 h. After the reaction mixture was cooled to room temperature, it was
filtered, and solvent was evaporated in vacuo. The crude product was purified by column chromatogra-
phy (THEF/n-hexane; 8:17 v/v) to obtain 4 as a pale yellow solid. Yield 0.94 g (89.5%). 'H NMR (400
MHz, DMSO-dg) d 7.18 (d, ] = 8.2 Hz, 4H), 7.05 (s, 2H), 6.59 (d, | = 8.2 Hz, 4H), 6.39 (s, 2H), 5.03 (s, 4H),
3.58 (s, 6H), 2.32 (d, ] = 12.8 Hz, 2H), 2.22 (d, ] = 12.8 Hz, 2H), 1.39 (s, 6H), 1.32 (s, 6H). "C NMR (101
MHz, DMSO) o 156.46, 149.21, 147.92, 144.56, 130.39, 130.32, 126.46, 123.54, 113.87, 107.12, 59.66, 58.08,
56.21, 42.99, 31.94, 30.90.

2.2.3.5,5"-Bis/{4[(4-methoxyphenyl)etenylJamina}phenyl/-6,6'-dimethoxy-3,3,3',3"-tetramethyl-1,1"-
spirobisindane (V1476)

To a solution of 4 (0.6 g, 1.2 mmol, 1 eq) in THF (5 ml + volume of the Dean-5tark trap), (+/-)cam-
phor-10-sulfonic acid (0.27 g, 1.2 mmol, 1 eq) was added, and the reaction mixture was heated under
reflux for 20 min. Afterwards, 2,2-bis(4-methoxyphenyl)acetaldehyde (1.8 g, 6.9 mmol, 6 eq) was
added, and heating under reflux was continued with the removal of water using a Dean-Stark trap
for 40 min. After cooling down, the reaction mixture was poured into 15-fold excess of ethanol. The
obtained precipitate was filtered off and washed with water and ethanol. The crude product was
purified by column chromatography (THF/n-hexane; 6.5:18.5 v/v) to obtain V1476 as a yellow solid.

181



NaOH, ‘

R
PdCI(PPh,).. R,
THEF. toluene, ©’
Ar, reflux

Figure 2. Synthesis route towards the target hole-transporting materials V1476 and V1481.

Yield 1.05 g (61.8%). "H NMR (400 MHz, DMSO-dg) & 7.41 (d, ] = 8.0 Hz, 4H), 7.09 (s, 2H), 7.00 (4, ] =8.0
Hz, 4H), 6.94-6.83 (m, 16H), 6.64 (d, ] = 8.6 Hz, 8H), 6.42 (s, 2H), 6.38 (d, ] = 8.6 Hz, 8H), 5.71 (s, 4H), 3.81
(s, 12H), 3.68 (s, 12H), 3.57 (s, 6H), 2.31 (d, | = 12.6 Hz, 2H), 2.24 (d, ] = 12.6 Hz, 2H), 1.37 (s, 6H), 1.32 (s,
6H). *C NMR (101 MHz, DMSO) d 159.24, 158.90, 156.49, 150.14, 144.67, 134.06, 132.38, 130.79, 130.60,
129.52, 128.80, 126.59, 116.22, 114.46, 113.55, 107.09, 59.53, 58.24, 56.18, 55.75, 55.49, 43.03, 31.93, 30.84.
Anal. caled for CyggHgyN201: C, 80.79; H, 6.44; N, 1.9; found: C, 80.55; H, 6.49; N, 1.9. CggHgyN>O1q
[M] exact mass = 1470.69, MS (ESI) = 1472.10.

2.2.4.5,5"-Bis(3-aminophenyl)-6,6"-dimethoxy-3,3,3',3"-tetramethyl-1,1"-spirobisindane (5)

A mixture of 3 (0.7 g, 1.4 mmol, 1 eq) and 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (0.7 g,
3.1 mmol, 2.2 eq) in 28 ml of anhydrous solvent mixture of THF and toluene (1:1) was purged with
argon for 10 min. Afterwards, sodium hydroxide (0.9 g, 21.2 mmol, 15 eq) and PdCl>(PPhs)z (0.5 g, 0.7
mmol, (.5 eq) were added, and the solution was heated under reflux under argon atmosphere for 22 h.
After cooling down, the reaction mixture was filtered and solvent was evaporated in vacuo. The crude
product was purified by column chromatography (THF/n-hexane; 2:3 v/v) to obtain 5 as a pale yellow
solid. Yield 0.68 g (93.2%). '"H NMR (400 MHz, DMSO-dg)  7.08 (s, 2H), 7.03 (t, ] = 7.6 Hz, 2H), 6.69 (s,
2H), 6.62 (d, | = 7.4 Hz, 2H), 6.52 (d, | = 7.4 Hz, 2H), 6.44 (s, 2H), 5.03 (s, 4H), 3.59 (5, 6H), 2.34 (d, | =
13.0 He, 2H), 2.26 (4, ] = 13.0 Hz, 2H), 1.41 (s, 6H), 1.34 (s, 6H). °C NMR (101 MHz, DMSQ) d 156.55,
150.14, 148.69, 144.47, 139.85, 130.75, 128.74, 124.09, 117.69, 115.55, 112.82, 107.15, 59.57, 58.19, 56.25,
43.02, 31.94, 30.87.

2.2.5.5,5"-Bis/{3[(4-methoxyphenyl)etenyl]amino}phenyl/-6,6'-dimethoxy-3,3,3',3"-tetramethyl-1,1"-
spirobisindane (V1481)

To a solution of 5 (0.6 g, 1.2 mmol, 1 eq) in THF (5 ml + volume of the Dean-5tark trap), (+/-)cam-
phor-10-sulfonic acid (0.27 g, 1.2 mmol, 1 eq) was added, and the reaction mixture was heated
under reflux for 20 min. Afterwards, 2,2-bis(4-methoxyphenyl)acetaldehyde (1.8 g, 6.9 mmol, 6 eq)
was added, and heating under reflux was continued with the removal of water using a Dean-Stark
trap for 40 min. After cooling down, the reaction mixture was poured into 15-fold excess of ethanol.
The formed precipitate was filtered off and washed with water and ethanol. The crude product was
purified by column chromatography (THF/n-hexane; 6.5:18.5 v/v) to obtain V1481 as a yellow solid.
Yield 1.08 g (63.3%). 'H NMR (400 MHz, DMSO-dg) & 7.32 (1, ] = 7.8 Hz, 2H), 7.16-7.03 (m, 6H),
6.97-6.81 (m, 18H), 6.63 (d, | = 8.4 Hz, 8H), 6.46-6.30 (m, 10H), 5.73 (s, 4H), 3.78 (s, 12H), 3.67 (s, 12H),
3.52 (s, 6H), 2.29 (d, ] = 12.8 Hz, 2H), 2.17 (4, ] = 12.8 Hz, 2H), 1.34 (s, 6H), 1.27 (s, 6H). “C NMR
(101 MHz, DMSO) d 159.20, 158.85, 156.42, 150.63, 145.68, 144.68, 140.27, 134.08, 132.39, 130.68, 130.59,
129.77, 128.75, 126.77, 118.07, 114.46, 113.54, 107.34, 59.46, 58.29, 56.23, 55.72, 55.47, 43.01, 31.88, 30.80.
Anal. caled for CogHgyN->Oy: C, 80.79; H, 6.44; N, 1.9; found: C, 80.59; H, 6.48; N, 1.9. CogHgyN>Oyg
[M] exact mass = 1470.69, MS (ESI) = 1472.18.
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3. Results and discussion
3.1. Synthesis

The overall synthesis procedure for the preparation of new HTMs V1476 and V1481 is depicted
in figure 2. A readily available low-cost bisphenol A is used as a starting compound. In the
simple initial cyclization step, bisphenol A was heated in methanesulfonic acid. Next, spirobisin-
dane (1) was alkylated using iodomethane and a base in dimethylformamide as a solvent at
room temperature. The intermediate product 2 was then brominated using N-bromosuccinimide,
eliminating the need for aggressive bromine. To obtain enamines, an amino group was introduced
into the molecule through an aqueous/THF/toluene twofold Suzuki cross-coupling procedure to
yield precursors 4 and 5 with different benzene substitutions at the para and meta positions.
Subsequently, the aminated precursors were condensed with the commercially available reagent
2,2-bis(4-methoxyphenyl)acetaldehyde in the presence of camphor sulfonic acid to produce the
target products V1476 and V1481. Water was the only by-product, which was removed from the
reaction mixture using a Dean-Stark trap. The chemical structures of the synthesized compounds
were confirmed based on the 'H NMR, mass spectrometry, and elemental analysis data (electronic
supplementary material, figures S1 and 52). It should be noted that attempts to synthesize the
target analogue with the amino group at the ortho position failed. Presumably, steric hindrance
prevented the formation of such an enamine derivative.

3.2. Thermal and optical properties

The thermal characteristics of the HTMs were evaluated by thermogravimetric analysis (TGA) (figure
3a) and differential scanning calorimetry (DSC) (figure 3b) measurements. Understanding these
characteristics is crucial, especially in the context of processing temperatures, as they can potentially
impact the long-term stability of SCs. TGA has revealed that V1476 exhibits higher thermal stability
with a decomposition temperature (Tgec) of 403°C at 5% weight loss than mefa-substituted HTM V1481
(Tgec = 389°C). Notably, both synthesized enamines possess higher Ty, than that of spiro-OMeTAD
(T gee = 288°C) [23]. The DSC measurements were employed to identify the thermal changes in the new
HTMs. The results have demonstrated that the new compounds are entirely non-crystalline with only
a glass transition temperature (1) recorded (V1476 Ty = 167°C and V1481 Ty = 157°C). Interestingly,
Ty of both synthesized HTMs are higher than that of spiro-OMeTAD (T = 124°C), indicating that
the spirobisindane-based HTMs are likely to possess better morphological stability. Furthermore, it is
worth noting that spiro-OMeTAD is not fully amorphous; it has a crystallization temperature and a
melting point, factors that can compromise the long-term stability of SCs [23].

The ultraviolet-visible (UV-Vis) absorption spectra of spirobisindane-based HTMs were recorded
in THF solutions and are depicted in figure 42. Two major absorption peaks at approximately 265
and 360 nm are present in the spectra of both HTMs. The absorption peak at 265 nm corresponds to
the localized m—m" transitions originating from the central spirobisindane scaffold. The more intensive
delocalization of the different conjugated substituents (meta and para) gives rise to longer wavelength
peaks and indicates conjugated m-n" and n-m transitions. The significant changes in molecular
geometry of the synthesized molecules upon excitation have been proven by the presence of peaks
at 500 nm, showing markedly large Stokes shifts of approximately 150 nm, in the photoluminescence
spectra of both compounds. The optical gaps (Eg) of new HTMs were calculated from the crossing
of absorption and photoluminescence spectra of thin films (figure 4b) to be similar for both HTMs
at approximately 3 eV (table 1). Notably, no shift in absorption can be observed in the spectra of
the same compounds in solution in comparison with the ones of those acting as thin films. This one
more advantageous property of the novel HTMs is likely attributed to their stereostructure. These
compounds do not form aggregates in the layers, which is the usual form for use of such materials in
SCs [36].

Furthermore, contact angle (£) measurements were carried out to assess the hydrophobicity of
the HTMs (electronic supplementary material, figure 53). No obvious difference in 6 values between
the films of the synthesized spirobisindane-based enamines V1476, V1481 and that of spiro-OMeTAD
can be observed, implying that their surtace hydrophobicity is almost the same. Therefore, it may be
assumed that the device stability should be similar.
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Figure 3. (a) Thermogravimetric analysis (TGA) data for V1476 and V1481 (heating rate of 10°C min~", N; atmosphere). (b) First and
second heating curves of differential scanning calorimetry (DSC) for V1476 and V1481 (scan rate 10°Cmin~", N; atmosphere).
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Figure 4. () UV—Vis absorption (solid line) and photeluminescence (dashed line) spectra of V1476 and V1481 in THF solutions (10~
M). (b) UV=Vis absorption (solid line) and photoluminescence (dashed line) spectra of thin films of V1476 and V1481.

Table 1. Parameters of electronic excitations (transition energy AF, and corresponding oscillator strength f,) simulated using
semiempirical TD method (for singlets).

compound AE(Sp—51) (eV)

V1476a
V1481a

V1481b

3.3. Theoretical calculations

Software Gaussian 16 was used to determine the most probable molecular conformation using quantum
chemistry methods. DFT Cam-B3LYP method and 6-31G(d) basis set (supplemented with polarization
functions (d)) were used for ground-state optimization [37]. Due to the large volume of molecular
structures, solvation effects were not considered in all cases. The three most probable molecular
conformations are presented in figure 5. Total molecular symmetry is absent. Substituents are oriented
in a chaotic manner resulting in a vast array of different conformers. All structures depicted in figure
5 were derived using the grad optimization technique, ensuring convergence of all parameters such as
Maximum Force, RMS Force, Maximum Displacement and RMS Displacement.

Electronic excitations of fully optimized structures were simulated using the semiempirical TD
method (for singlets). Table 1 presents the parameters of electronic excitations (transition energies
AE1(Sp—51), AEo(Sg—S7), AE3(Sp—53) and corresponding oscillator strengths fj, fo, f3) for all structures.
The population of low-lying excited molecular states S; and S; was achieved through partially allowed
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Figure 6. (a) Photoemission in air spectra of the charge transporting layers. (b) Electric field dependencies of the hole-drift mobility in
V1476 and V1481. (c) Photocurrent XTOF transients of holes in V1476. (d) Photocurrent XTOF transients of holes in V1481.

transitions Sy—S,, n = 1, 2 (oscillator strengths f,, > 0.2). The experimental absorption spectra of both
solutions and thin films, as depicted in figure 4, exhibit excellent agreement with simulated spectra.
Electronic supplementary material, figure S4, represents the molecular orbitals of V1476 and V1481
which are involved in ‘spectroscopic’ transitions (population of ‘spectroscopic’ states Sy, Sp). In all
instances, the predominant and most significant electron jump of the CT transition (m-m*) type occurs
between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
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Table 2. Thermal, optical and photophysical properties of V1476 and V1481.

Compound Tg (°C)y? de ¥ Agps (nm)® Ko (Nm)b Jp (V) E_._J (eV)? ea (V) fip [em*V-"'577)
V1476 167 403 265, 355 502 5.34 3.02 232 9.0x10°¢
V1481 157 389 260,335,365 502 5.30 3.07 3 26x10°°

*Glass transition (Ty) and decomposition (Tye) temperatures determined through DSC and TGA, respectively (10°C min "N,
atmosphere).

*Absorption and emission spectra were recorded for THF solutions with a concentration of10~* M.

‘lonization energies of the films were measured using photoemission of electrons in air (PESA) method.

“The optical bandgap (Eq) was estimated from the intersection of absorption and emission spectra of solid films.

“Electron affinity (Ee5) was calculated as the difference IP - £;.

"Mobility value at zero field strength.

(LUMO). Electronic supplementary material, table S1, lists the spatial distributions of electron density
for the HOMO-1, HOMO, LUMO and LUMO+1 of each compound, while transition parameters
between molecular orbitals (MOs) related to the population of ‘spectroscopic’ state are detailed in
table 1. Based on such simulations, it can be argued that the central core fragment (two pentarings
oriented at an angle of about 80° instead of perpendicular) does not participate in CT excitations, and
the molecular charge redistribution is provided between substituents only. In all cases, the orientation
of the substituents (relative to each other) is not ideal, but the presence of many phenyl moieties
associated with the single bond (each with no significant rotational barrier) creates the possibility of
quite effective partially allowed charge redistribution.

3.4. Photoelectric properties

The HOMO energy level of the material stands out as one of the most important parameters when
selecting HTMs for device applications. To assess the compatibility of the HOMO energy levels of
the spirobisindane-based HTMs for application in 5Cs, the solid-state ionization potential (I,) was
measured through the electron photoemission in air of thin films (PESA) method. The experimental
results are presented in figure 6a. Ip values for V1476 and V1481 are 5.34 and 5.3 eV, respectively. They
are in the same range as the preferred I, values (4.9-5.5 eV) of HTMs used in antimony-based and
triple-cation-based perovskite SCs [34,38,39]. The LUMO energy level was determined by calculating
Eea (electron affinity, table 2) from the interaction of absorption and emission spectra of solid films after
determination of the optical bandgap (Eg).

Another essential characteristic for an effective charge-transporting material is its charge carrier
mobility, determining the speed at which electrons or holes move in the device. Normally, hole-mobi-
lity values at zero field are 10™ cm’V s and higher values are desired for SCs. Xerographic time of
flight (XTOF) measurements were employed to measure the charge mobility of the newly developed
HTM layers. Experimental data illustrating the dependence of hole-drift mobility on electric field
strength are depicted in figure 6b. The relationship between hole drift mobility and electric field
strength is characterized by a Bassler-type dependence, which is typical for organic HTMs in most
cases [40]. The zero-field hole drift mobility of V1476, almost reaching 1 x 10° cm® Vs™, is higher
than the hole drift mobility of meta-substituted HTM V1481 which is 2 x 10® em® V™. Meanwhile,
the mobility values at strong electric fields are approximately 10 and 10 cm® V™' 5™ for V1476 and
V1481, respectively. Both materials are characterized by Gaussian charge transport: the transit time #;
was determined by the kink on the curve of the dU/d¢ transient in linear scale (insets in figure 6¢,d).
This indicates that the molecules pack closely ensuring efficient charge transfer in the layers of these
materials. In the V1481 material, at weaker electric fields, the signal kinetics (figure 64) show slight hole
trapping, which may be related to a less ordered packing of the molecules. This is also in accordance
with the lower T, of V1481 compared with that of V1476.

Table 2 summarizes the thermal, optical and photoelectrical properties of the spirobisindane-based
HTMs.
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4, Conclusions

In this work, two novel spirobisindane-based enamines were designed and synthesized from commer-
cially available starting materials. Following a comprehensive assessment of their thermal, optical
and photophysical properties, and a comparative analysis with those of the HTMs utilized in 5Cs
reported in the scientific literature, it is evident that compounds V1476 and V1481 emerge as prom-
ising candidates for applications in organic or hybrid electronics. The synthesized materials exhibit
noteworthy thermal and electrochemical stability, possess suitable energy levels and demonstrate
sufficiently high drift carrier mobility, reaching 107 cm® V™' s (V1476) at strong electric fields. These
characteristics position them favourably as HTMs for use in perovskite 5Cs and antimony selenide
5Cs. The experimental findings were complemented by the DFT Cam-B3LYP method. It has been
determined that, in the three most probable molecular conformations, the central core fragment does
not participate in charge transfer excitations, and the molecular charge redistribution occurs solely
between substituents.
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Abstract: Hybrid lead halide perovskite solar cells (PSCs)
have emerged as potential competitors to silicon-based solar
cells with an unprecedented increase in power conversion
efficiency (PCE), nearing the breakthrough point toward
commercialization. However, for hole-transporting materials,
it is generally acknowledged that complex structures often
create issues such as increased costs and hazardous substances
in the synthetic schemes, when translated from the laboratory to
manufacture on a large scale. Here, we present cyclobutane-
based hole-selective materials synthesized using simple and
green-chemistry inspired protocols in order to reduce costs and
adverse environmental impact. A series of novel semiconduce-

tors with molecularly engineered side arms were successfully
applied in perovskite solar cells. VI366-based PSCs feature
impressive efficiency of 21 %, along with long-term opera-
tional stability under atmospheric environment. Most impor-
tantly, we also fabricated perovskite solar modules exhibiting
a record efficiency over 19 % with an active area of 30.24 cnr’.

Introduction

Although organic-inorganic perovskites have been
known since the 19" century, they have currently gained
substantial attention in the field of photovoltaics and
optoelectronics.! Over the recent years, organic-inorganic
hybrid perovskite solar cells (PSCs) have been attracting
massive worldwide attention due to their low cost and facile

fabrication.” Since 2009, when Miyasaka and co-workers
reported 3.8% power conversion efficiency (PCE) of PSC,”)
the performance of these photovoltaic devices has increased
dramatically and currently PCE exceeds 25%.1" Despite
PSCs have skyrocketed in PCE, there are still several device
issues that need to be resolved especially improving the long-
term stability.* " HTM is one of the quintessential compo-
nents required for efficient and stable PSC devices. These
materials are responsible for the transport of the photo-
generated carriers from the absorber towards the electrode.
HTMs should demonstrate sufficient charge transport proper-
ties, adequate energy levels, especially HOMO level, and
good thermal stability. Despite significant research efforts
devoted to developing new HTMs, these materials are still
a weak spot in the PSC devices. In this context, small organic
molecules are particularly appealing since they offer a wide
range of structural modifications leading to the desired
properties, and are easy to synthesize, purify, and process."' ™
Numerous approaches in the development of such HTMs
including linear, star-shaped, or spiro-centered structures
were reported in order to match the required hydrophobicity.
energy levels, and the charge carrier mobility."™"! To date,
2,27, T"tetrakis-( N,N-di-p-methoxyphenylamine)-9.9"-spiro-
bifluorene (spiro-OMeTAD) dominates the field and despite
its high price is routinely used as the gold standard for the
research interests due to commercialization decades ago.!!
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As of the success of spiro-OMeTAD, many research
groups have been focused on spiro-type compounds, expect-
ing to improve the PCE with slight structural modifica-
tions. ) Several groups studied central 9.9"-spirobifluorene-
linked HTMs including dimethylfluorenyl-, ethylcarbazolyl-,
and fluorinated methoxyphenyl-terminated examples recent-
ly reported by Seo,” Chen,™ and Yang ™ respectively, as
well as the development of new central spiro-cored structures
such as spiro[fluorene-9,9'-xanthene],”” *' spirobisacridine,””
thiophene-containing spiro cores™ ) and other spiro-type
derivatives.* ) However, the synthesis of such spiro-type
compounds typically requires a multi-step reaction scheme
involving low temperature (—78°C). sensitive (n-butyllithi-
um), and aggressive (Br,) reagents resulting in a relative high
malerial cost, consequently leading to a significant contribu-
tion to the total device cost and non-negligible environmental
impact.™*" The tedious synthesis and costly purification of
HTMs may hamper large scale production and thereby could
impede the overall commercial success of PSCs.

Therefore, the hunt is now on for new organic semi-
conductors that are prepared by simple, cost-effective, and
green chemistry without sacrificing the efficiency and would
be easily scalable for a reasonable cost.l*"-*! In this sense, the
utilization of a synthetic protocols that reduces or eliminates
the use of hazardous substances is highly desirable. Moreover,
simple product work up and purification may also signifi-
cantly reduce the final synthesis cost and the environmental
issues.* " Recently, several research groups have focussed
on tuning the structure by decreasing the number of synthetic
steps, thus reducing the synthetic complexity, cost of materials
and environmental impact.[ 7l

Carbazole is known to be a promising core unit for
molecular design since it can be substituted with a wide range
of desired groups, allowing fine-tuning of optical and electro-
chemical properties.* Various carbazole-containing scaffolds
as electron donating units in the periphery were routinely
used to tune the HOMO level and applied in PSCs, showing
comparable photovoltaic performance.*!! This includes

O CR.
uv, 0, d KBr, KBrOs
N acetone, r.t. B

/ Ho0, THF, 1.t
’

©Q

s 1 O
V1297 @\.“@

V1321
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Br,

.

star-shaped SGT series,”™ benzodithiazole,™! bismethyle-
nebenzene,” ™ bipyridine,”” pyrene-based™ examples. Pho-
todimerized carbazole is an attractive building block due to
the simple, elegant and green synthesis and has been studied
as excimer-free and high hole carrier mobility material in
early works.™"!

Herein, we disclose the development of novel HTMs,
which comprises cyclobutane as a new structural core element
for HTMs flanked by two differently substituted photo-
dimerized carbazole arms in a branched fashion. The specific
arrangement of carbazolyl groups onto cyclobutane core is
also likely to facilitate the carrier transport process. More-
over, bulkiness and sterically hindered rigid frans-configura-
tion result in competition between the planarization and
repulsive steric hindrance leading to a pseudo spiro type
arrangement and diversified torsion angles. The effects of
different peripheral carbazole substituents on various proper-
ties of newly synthesized molecules have been systematically
investigated. Novel cyclobutane-based HTMs have been
successfully applied in PSCs, showing PCE up to 21% and
improved long-term stability under atmospheric environment
comparing to spiro-OMeTAD. We also fabricated V1366-
based perovskite solar modules (6.5 cm x 7 cm) exhibiting
a record efficiency over 19.0% with an active area of
30.24 em® (corresponding to 16.78% with an aperture area
=3436cm? a geometric fill factor of 88 %, the active area is
used hereafter). Most importantly, to obtain novel HTMs we
have applied protocols inspired by green chemisiry, for the
first time presenting that HTMs for PSCs could be synthesised
eliminating the use of hazardous substances in order to reduce
the adverse environmental impact without sacrificing the
efficiency.

Results and Discussion

The general synthesis procedure for the preparation of
cyclobutane-based HTMs is shown in Figure 1. The synthesis

BrPd(PPnay,‘ 2M K,COs, R“
o g

N
THF, 90 °C or
’ NaOC(CHa), :
N [(+-Bu)sPHIBF . N.
Pd(OAc)s, toluene, reflux ,—‘
Br’ 2 Br R R

19\@" @"‘ v12u{l}\©\,},©’ : v13;: @? = -./
u_/ a S N J N
v1as/so\©~.:¢ J .

V1367

Figure 1. Synthetic route to novel hole-transporting materials based on substituted cyclobutane.
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starts with the photochemical cyclodimerization of low-cost
commercially available 9-vinyl carbazole. This step only
required photoirradiation of starting material in green solvent
acetone at ambient temperature. Next, trans-1,2-bis(9-carba-
zolyl)eyclobutane (1) was brominated using an aqueous
bromate-bromide mixture as a green brominating agent to
eliminate the use of aggressive bromine. To yield V1321, an
aqueous/THF four-fold Suzuki cross-coupling procedure was
applied. With this we demonstrate that all 3 synthetic steps
required to obtain ¥1321 were selected to reduce or eliminate
the use of hazardous substances. Therefore, it could be
classified as “green” HTM. To synthesise other HTMs
presented in this work, 2 was reacted with the desired
diarylamine-based coupling partner under the standard
Buchwald reaction conditions. Detailed synthetic protocols
and full characterization of the compounds (NMR spectros-
copy. mass spectrometry, and elemental analysis) are de-
scribed in the Supporting Information.

Thermal gravimetric analysis (TGA) and differential
seanning calorimetry (DSC) were used to determine thermal
properties of the HTMs which are important to explore for
processing temperatures and might affect the long-term
stability of the PSCs. TGA suggests that novel HTMs
decompose in a range between 380470°C (Figure 3a), far
above the temperature for conventional device operation.
From TGA results, there is a clear trend that higher molecular
weight increases the thermal decomposition temperature
(Tyee). DSC measurements indicated that all new compounds
are fully amorphous and have a glass transition temperature
(T,) around 160°C except V1296, which could exist in both
crystalline and amorphous states as shown in Figure S9.
Interestingly, all synthesized HTMs have higher T, than spiro-
OMeTAD (124°C) meaning that the cyclobutane-based
HTMs should have better morphological stability. In compar-
ison, V1367 has the highest 7, of 215°C and should result in

a) b)

c)
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improved quality of the HTM layer. Moreover, microscope
pictures revealed that among the series only V1296 was prone
for rapid formation of crystallization centers on the glass
substrate, while other compounds resulted in fully transparent
and amorphous films (Figure S10).

V1296 has been chosen as a model compound for X-ray
crystallography due to the highest crystallinity among the
series to confirm the trans-cyclobutane configuration and
study the arrangement of carbazole substituents as the
different electron donors around the carbazole should not
affect the central core geometry and were ignored. V1296
packs in orthorhombic spacegroup (Pbcn; No. 60) when
grown by acetone vapor diffusion into chloroform solution.
The following cell parameters were determined by single-
crystal X-ray diffraction measurements: @ = 10.54500(10) A,
b=207442(4) A, ¢=311322(4) A, a=pf=yp=90°, V=
6810.09(17) A3. The cell consists of four V1296 molecules
(Z=4) with an asymmetric unit equalling to half molecule
(Z'=0.5). Molecular geometry and packing are visualized in
Figure 2, whereas detailed crystallographic data is provided in
Table S1. As visualized in Figure 2a, two carbazole units were
found to be attached to the central cyclobutane core with the
same bond angles of 119° and —119°, respectively, indicating
the trans-configuration. Moreover, as shown in Figure 2b, the
dihedral angle between the cyclobutane-connected carba-
zoles is measured to be 98° revealing a pseudo spiro
conformation and being close to the dihedral angle between
spiro-connected fluorenes in spiro-OMeTAD (90°).% In
addition, central cyclobutane ring was found to be not
completely flat as demonstrated by different torsion angles
shown in Figure 2c.

The ultraviolet-visible absorption (UV/Vis) spectra in
THF solutions of cyclobutane V-series HTMs are shown in
Figure 3b. All new compounds have at least two major
absorption peaks. The same absorption peak at 290 nm

Figure 2. Molecular geometries of ¥1296 obtained by X-ray diffraction analysis with an indicated bond (a) and torsional angles (b and c). d) View
down crystallographic a-axis of the molecular packing model. For clarity, diphenylamine groups are shown as wireframe, the eyclobutane ring is

coloured in orange, and hydrogen atoms are omitted.
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Figure 3. a) Thermogravimetric analysis (TGA) data (heating rate of 10°Cmin~', N, phere). b) UV/Vis absorption (solid line) and

photoluminescence (dashed line) spectra of V-series HTMs in THF solution (107 M). c) Photoemission spectra of the charge transporting layers
measured in air. d) Electric field dependencies of the hole-drift mobility in synthesized HTMs.

corresponds to localized m-t* transitions arising from trans-
1,2-bis(9-carbazolyl)cyclobutane central scaffold, while ab-
sorption peaks at longer wavelengths arise from more
intensive delocalization from the different conjugated sub-
stituents and are assigned to n-* transitions. The PL spectra
revealed that significantly large Stokes shifts (100-150 nm)
are observed for all molecules, therefore changes in the
geometry of the molecules are expected upon excitation. The
optical gaps (E;) were calculated from the intersection of
absorption and photoluminescence spectra of thin films. They
were found to be similar for all the compounds at around 3 eV
(Figure S11).

The solid-state ionization potentials (/) of HTMs were
determined using electron photoemission spectroscopy in air
(PESA) of the thin films to assess the HOMO energy levels
(Figure 3c¢). I, values of novel cyclobutanes were found to be
lower than 5.7 eV, which equals to the valence band (VB)
energy of the triple cation-based perovskite, therefore
efficient hole transfer from perovskite to the cathode should
be ensured. Based on E, and [, values, we calculated the
electron affinities (E,,) in the range of 1.9-2.5 eV. Important-
ly, calculated E,, are smaller than the conduction band (CB)
energy of the perovskite (—4.10 eV), ensuring the effective
electron blocking from the perovskite to the electrode.

Xerographic time of flight (XTOF) measurements were
used to determine the charge mobility of the V-series layers.
Dependences of hole drift mobility on electric field strength
are shown in Figure 3d. V1296 exhibited the highest zero-

Angew. Chem. Int. Ed. 2022, 61, 202113207 (4 of 8)

field hole drift mobility (#,) among the series having the
values of 1.7x 107" em’Vs™', outperforming that of spiro-
OMeTAD (4, =1.3 x 10~* ecm*Vs").1) The highest hole drift
mobility of V1296 could be explained due to its crystalline
nature, however, the rapid crystallization in the film might
result poor film forming properties and deteriorated PSC
performance. V1321, V1361, and V1366 showed one order of
magnitude lower g, values. The thermal, optical, and photo-
electrical properties of the cyclobutanes are summarized in
Table 1.

The schematic energy level diagram of the devices
containing different HTLs is shown in Figure 4a, and the
detailed preparation process is described in the see the
Supporting Information. Figure S12 and Figure 4b represent
the SEM of a cross-sectional view of PSC devices with spiro-
OMeTAD and V1366, providing a direct view of the PSCs
individual layers: FTO/SnO,/perovskite/HTM/Au. Thickness
of the perovskite films are about 700 nm with 70 nm of Au
layer. However, the thickness of the V1366 layer is about
100 nm which is much thinner than that of the spiro-
OMeTAD layer (=200nm). This is due to the smaller
molecule bulk and lower optimized concentration of the
V1366 solution. Due to the absence of carrier transport layer,
as shown in Figure 4c, higher continuous-wave photolumi-
nescence (CWPL) intensity is found in the perovskite thin
film. When the HTM layers are covered, the CWPL
intensities decrease sharply, and both HTM materials exhibit
similar hole extraction capabilities. Also, the PL lifetime

© 2021 The Authors. Angewandte Chemie Intemational Edition published by Wiley-VCH GmbH
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Table 1: Thermal, optical, and photophysical properties of newly synthesized compounds.

Cmpd. Ta T, T s A Ip E, E. Ho
lﬂqlll lvq)‘l [Bqlll [nm]["I [nm]“" [ev-ll‘] [eV]“' [ev][fl [sz v s"]l'l

V1244 - 122 416 291, 303 450 5.07 291 212 7.9x10°¢
V1296 320 159 406 291, 304 435 5.37 2.98 248 1.7x107
V1297 = 162 382 289, 302 427 5.48 3.05 243 33x107
vi321 = 148 421 291, 306, 334 420 5.34 313 221 1x10°
V1361 - 157 432 291, 315, 354 445 5.28 2.93 235 25%x10°°
V1366 = 173 439 291, 309 459 477 2.83 1.94 35x10°
V1367 - 215 477 291,318 4n 478 2.79 1.99 25%x10°¢

[a] Melting (T.,), glass transition (T;), and decomposition (T...) temperatures determined by DSCand TGA, respectively (10°Cmin "', N; atmosphere).
[b] Absorption and emission spectra were measured in THF solution (10~* M). [c] lonization energies of the films measured using PESA. [d] £,
estimated from the intersection of absorption and emission spectra of solid films. [e] E., = [,—E,. [f] Mobility value at zero field strength.

Energy (eV)

—— Porovekite
o Perovskite/V1366|

[ Perovskite/Spiro|

w72 750 7S 800 K5 W NS

Wavlength (nm)

PL (Norm. units)

0 1000

Time (ns)

Figure 4. a) Schematic energy level diagram of the devices containing different HTLs. b) Cross-sectional SEM image of the sample comprising
FTO/SnO,/perovskite/V1366/Au layers. c) CW-PL spectra (excitation: 480 nm) and d) PL lifetime of the perovskite thin films with or without

spiro-OMeTAD or V1366.

shown in Figure 4d obtained from perovskite thin films was
286 ns (Table S2), which is almost 2 times longer than the
results from perovskite/spiro-OMeTAD and perovskite/
V1366 films.

PSC devices using the different HTM materials were
fabricated by sandwiching the perovskite thin films between
an FTO/SnO, anode and an HTM/Au cathode. Figure 5a
shows the typical current density—voltage (J-V) curves
(reverse scan) for the PSCs with spiro-OMeTAD as a refer-
ence, V1244, V1321, and V1366, respectively. Devices having
synthesised HTMs exhibit photoelectric conversion perfor-
mance comparable to spiro-OMeTAD, especially for the
V1366, which showed even higher photocurrent. However,
the devices with V1296, V1297, V1361 and V1367 as the
HTMs exhibit relatively low PCE (Figure S14). Such deter-

Angew. Chem. Int. Ed. 2022, 61, €202113207 (5 of 8)
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iorated performance of V1296 and V1297 could be explained
by quite deep HOMO levels, which could lead to the
mismatch with the perovskite VB, while V1367 has one of
the lowest hole drift mobility among the series. On the other
hand, the PCE of 21% consisting of Js of 24.38 mAcm 2,
a Ve of 1.092 'V, and an FF of 79.1 % was achieved for the
V1366-based device in comparison to 21.64 % for the spiro-
OMeTAD with Jg 0f 24.17 mAcm ™, a Vi of 1.114 V, and an
FF of 80.3%, showing that molecular engineering of side-
arms fully dictates the performance of the final device. The J-
V hysteresis of the best devices is shown in Figure 5b. A
similar hysteresis index of 1.08 for spiro-OMeTAD and 1.12
for V1366 device was found. A total of 20 solar cells in two
groups were fabricated under the same conditions with spiro-
OMeTAD or V1366 as the HTM. Figure 5c¢ demonstrates the

© 2021 The Authors. Angewandte Chemie Intemational Edition published by Wiley-VCH GmbH
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Figure 5. a) J-V curves (reverse-scan) of the PSCs based on V1244, V1321, and V1366 as HTMs and spiro-OMeTAD as the reference. b) J-V
hysteresis of spiro-OMeTAD and V1366. c) Statistical deviation of the photovoltaic parameters for solar cells with V1366 or spiro-OMeTAD,
respectively (10 different solar cells of each type). d) Photograph of the unsealed 6.5x 7 cm solar module. e) J-V curves of V1366-based PSC
module; the designated illumination area was estimated as 30.24 cm’; inset is the maximum-power-point power output of this module.

f) Recently reported PCEs of perovskite solar modules with an active area of 10~100 cm? and PCE over 15% for both n-i-p and p-i-n architectures.

statistical distribution of all four pho-
tovoltaic parameters of the two groups
of solar cells to show the reproduci-
bility of each condition. All the photo-
voltaic parameters of them show a sim-
ilar half-width, which means the re-
producibility of V1366-based devices
is comparable to that of spiro-OMe-
TAD (Table S3). As shown in the
Figure S13, we observe an iodine/lead
atoms ratio (1.84) in the spiro-OMe-
TAD/perovskite layer while a constant
iodine/lead atoms ratio (1.42) is ob-
served in the V1366/perovskite layer,
which means more iodine should be
diffused into the spiro-OMeTAD be-
tween the interface of perovskite thin
films and HTL.

Another issue of importance to
commercialization is the large-scale
production when translating from lab-
oratory to manufacturing scale. To
characterize the upscaling perfor-
mance of the new HTM, we fabricated
V1366-based perovskite modules
sized of 6.5x7cm as shown in Fig-
ure 5d. The module exhibited a PCE
of 19.06% with Js- of 2.99 mAcm2,
a Vo of 8.275 V, and an FF of 77 % as
shown in Figure Se. And the PCE of

Angew. Chem. Int. Ed. 2022, 61, 202113207 (6 of 8)
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Figure 6. Long-term stability of the perovskite thin films and devices. Representative XRD
patterns of the perovskite thin films with different HTMs before and after 5 h heating (85°C)
under ambient conditions (60% RH): a) spiro-OMeTAD, b) V1366. The green and black dashed
lines indicate the peak positions of the 001 reflection of the Pbl, crystal phase and the 110
reflection of the perovskite phase, respectively. c) Long-term stability of PSC devices (stored in
the drawer, tested every 24 hours, 15%-20% RH, RT) made with spiro-OMeTAD and V1366.
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the module stabilizes at = 19%, consistent with the reverse-
scan J-V curve. To the best of our knowledge, the PCE value
over 19% is the highest PCE ever reported for non-spiro-
OMeTAD based perovskite module. This is also illustrated in
Figure 5f and Table 54, to facilitate the comparison of the
device itself, we summarized the recent reports with photo-
voltaic performance and device structure of perovskite solar
modules prepared by different methods with an active area of
10-100 em” and PCE over 15% including both n-i-p and p-i-
n architectures. In addition, from the broader view, the highly
efficient module using V1366 not only shows one of the state-
of-the-art performances for both n-i-p and p-i-n architectures
but also clearly shows the proficient scalability and combined
advantages of green-chemistry approach developed V1366
HTM.

In addition to the PCE, the chemical stability was also
evaluated showing the increased stability of V1366-based
device, which represents another important advantage of the
new HTM. Figure 6a.b shows representative XRD patterns
of the perovskite thin films with spiro-OMeTAD and V1366
before and after 5 h heating (85°C) under ambient conditions
(60% RH). While the reference perovskite thin-film shows
decomposition to Pbl, after storage, the V1366-based film
maintains its good phase purity. It is most likely that the
V1366 slows the moisture ingression kinetics, due to denser
layer structure and less doping. The long-term device stability
is tested every 24 hours by operating the three PSCs per
condition. While the reference device shows a decrease of
more than 5% in PCE after 550 h, almost no PCE loss is
observed for the V1366-based PSC, demonsirating the
enhanced device stability.

Conclusion

Drawing the results together, we report the synthesis and
a systematic study of the cyclobutane-based hole-transporting
materials that are synthesized by simple and “green” chemis-
try. The impact of the different side-arm fragments onto
cyclobutane central core was revealed through the optical,
electrochemical, photophysical, and photovoltaic measure-
ments. It was found that cyclobutane fragment increases the
glass transition temperature of final HTMs being more
amorphous and morphologically stable. Additionally, hole
drift mobility values of cyclobutane-centered HTMs up to
10~*em*Vs ™" order of magnitude, have been reached which
outperforms spiro-OMeTAD. The most efficient perovskite
devices contained V1366 reaching the PCE of 21% and
excellent long-term stability. Most importantly, we fabricated
perovskite solar modules exhibiting a record efficiency over
19% with an active area of 30.24 cm’. The results of this study
cover the main requirements for the successful implementa-
tion of perovskite solar cell technology.
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Supporting Information
Experimental section

Chemicals required for the synthesis were purchased from Sigma-Aldrich, TCI Europe, and
Fluorochem and were used as received without additional purification. "H NMR spectra were
recorded at 400 MHz on a Bruker Avance III spectrometer with a 5 mm double resonance
broad band BBO z-gradient room temperature probe, *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 NMR 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/.
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Detailed synthetic procedures
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Figure S1. Synthesis scheme for final HTMs.

1,2-di(9H-carbazol-9-yl)cyclobutane (1)
N

N,
A solution of 9-vinylcarbazole (12 g, 62 mmol) in acetone (125 mL) was irradiated (GR.E.
125W helios italquartz) for 15 hours at room temperature. Air was bubbled through the
solution continuously. The precipitated product was filtered and recrystallized from acetone to
give pale creamy crystals. (8.5 g, 70.8%). '"H NMR (400 MHz, THF-ds) & 8.02 (d, /= 8.0 Hz,
4H), 7.72 (d, J= 8.0 Hz, 4H), 7.34 (t. /= 7.6 Hz, 4H), 7.13 (1, /= 7.6 Hz. 4H), 6.53 - 6.29

(m, 2H), 3.22 - 2.99 (m, 2H), 2.80 — 2.63 (m, 2H). 3C NMR (101 MHz, THF) 138.27,
123.59, 121.69, 118.15, 117.15, 107.88, 52.48, 18.59.

1,2-bis(3,6-dibromo-9H-carbazol-9-yl)cyclobutane (2)
Br, Br
N
N
Br’ Br

Compound (1) (1.9 g, 4.9 mmol) was dissolved in THF (50 mL). Afterwards, 20% H>SO4 (50
mL) solution was added, following by dropwise addition (10mL/min) of KBr and KBrO3
solution (69 mL H20, KBr 4.1 g, KBrO3 1.15 g) and stirred at room temperature for 72 hours.
The precipitate was collected by filtration, washed with water and hot methanol for three
times to give 2 as white crystals. (3.1 g, 88.6%). "H NMR (400 MHz, THF-ds) & 8.26 (s, 4H),
7.65 (d. J= 8.8 Hz, 4H), 7.50 (d, J = 8.8 Hz, 4H), 6.41 — 6.13 (m, 2H), 3.14 — 2.96 (m, 2H),
2.85 — 2.64 (m, 2H). *C NMR (101 MHz, THF) & 139.05, 129.02, 124.33, 123.45, 112.47,
111.59, 54.51, 20.75.
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1,2-bis|3,6-bis(4,4’-dimethoxy)diphenylamino-9H-carbazol-9-yl|cyclobutane (V1244)
o— o

O ""*@-«

1
,OQNM,@J

3P

A solution of compound 2 (0.5 g, 0.7 mmol, | eq) and 4,4’-dimethoxydiphenylamine (0.98 g,
4.3 mmol, 6 eq) in anhydrous toluene (7 mL) was purged with argon for 30 minutes.
Afterwards, palladium (II) acetate (0.02 eq), tri-tert-butylphosphonium tetrafluoroborate
(0.027 eq) and sodium tert-butoxide (6 eq) were added and the solution was refluxed under
argon atmosphere for 5 hours. After cooling to room temperature, reaction mixture was
filtered through celite, extracted with ethylacetate and distilled water. The organic layer was
dried over anhydrous Na2SQy, filtered and solvent evaporated. The crude product was purified
by column chromatography using 3:9.5 v/v THF/n-hexane as an eluent. The obtained product
was dissolved in acetone and precipitated into 15 times excess of ethanol. The precipitate was
filtered off and washed with ethanol to collect V1244 as a pale green solid. (0.52 g, 56.3%).
'H NMR (400 MHz, THF-ds) & 7.66 — 7.51 (m, 8H), 7.08 (d, J = 8.8, 1.7 Hz, 4H), 6.88 (d, J=
8.8 Hz, 16H), 6.71 (d, /= 8.8 Hz, 16H), 6.34 — 6.18 (m, 2H), 3.69 (s, 24H), 3.03 —2.91 (m,
2H), 2.70 — 2.60 (m, 2H). *C NMR (101 MHz, THF) & 154.95, 142.47, 141.24, 137.03,
124.27, 124.13,123.92, 116.39, 114.17, 110.55, 54.75, 54.54, 20.62. Anal. calcd for
CzsH7aNeOs: C, 77.88; H, 5.76; N, 6.49; found: C, 77.97; H, 5.72; N, 6.41. Cg4sH74NsOs[M']
exact mass = 1294.56, MS (ESI) = 1294.97.

1,2-bis|3,6-bis(4,4’-dimethyl)diphenylamino-9H-carbazol-9-yl|cyclobutane (V1296)

L "”‘©~
q
oS0 o

Q &

A solution of compound 2 (0.5 g, 0.7 mmol, 1 eq) and 4,4’-dimethyldiphenylamine (0.84 g,
4.3 mmol, 6 eq) in anhydrous toluene (7 mL) was purged with argon for 30 minutes.
Afterwards, palladium (II) acetate (0.02 eq), tri-zert-butylphosphonium tetrafluoroborate
(0.027 eq) and sodium tert-butoxide (6 eq) were added and the solution was refluxed under
argon atmosphere for 22 hours. After cooling to room temperature, reaction mixture was
filtered through celite, extracted with ethylacetate and distilled water. The organic layer was
dried over anhydrous Na;SOs, filtered and solvent evaporated. The crude product was
recrystallized from ethanol/toluene 1:1 to give V1296 as pale green crystals. (0.46 g, 55.4%).
'H NMR (400 MHz, THF-ds) 6 7.67 (s, 4H), 7.66 (d, J = 8.8 Hz, 4H), 7.12 (d, /= 8.8 Hz,
4H), 6.93 (d, J= 8.4 Hz, 16H), 6.85 (d, /= 8.4 Hz, 16H), 6.39 — 6.25 (m, 2H), 3.09 —2.92 (m,

3
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2H), 2.79 - 2.59 (m, 2H), 2.22 (s, 24H). 3C NMR (101 MHz, THF) & 144.59, 138.67, 135.70,
128.59, 127.45, 123.16, 122.52, 120.71, 116.07, 108.91, 52.89, 18.84, 17.92. Anal. calcd for
CusHuNg: C, 86.41: H, 6.39; N, 7.20; found: C, 86.24; H, 6.45: N, 7.31. CssH74Ng[M*] exact
mass = 1166.60, MS (ESI) = 1167.06.

1,2-bis(3,6-bisdiphenylamino-9f-carbazol-9-yl)cyclobutane (V1297)

& @
O ”"@

B
0.5
°5 &

A solution of compound 2 (0.5 g, 0.7 mmol, 1 eq) and diphenylamine (0.72 g, 4.3 mmol, 6 eq)
in anhydrous toluene (7 mL) was purged with argon for 30 minutes. Afterwards, palladium
(II) acetate (0.02 eq), tri-zert-butylphosphonium tetrafluoroborate (0.027 eq) and sodium tert-
butoxide (6 eq) were added and the solution was refluxed under argon atmosphere for 27
hours. After cooling to room temperature, reaction mixture was filtered through celite,
extracted with ethylacetate and distilled water. The organic layer was dried over anhydrous
NaySOy, filtered and solvent evaporated. The crude product was purified by column
chromatography using 1:9 v/v THF/n-hexane as an eluent. The obtained product was
dissolved in THF and precipitated into 15 times excess of n-hexane. The precipitate was
filtered off and washed with hexane to collect V1297 as a pale green solid. (0.44 g, 58.7%).
'H NMR (400 MHz, DMSO-ds) 6 7.89 (d, J= 9.2 Hz, 4H), 7.83 (d, J = 2.0 Hz, 4H), 7.27 -
7.05 (m, 20H), 6.97 - 6.79 (m, 24H), 6.39 — 6.24 (m, 2H), 2.93 — 2.75 (m, 2H), 2.70 - 2.55
(m, 2H). '*C NMR (101 MHz, DMSO) § 148.42, 139.76, 138.02, 129.65, 126.33, 124.09,
122.46, 122.02, 119.67, 112.27, 54.24, 21.65. Anal. calcd for C7sHssNe: C, 86.50; H, 53.54; N,
7.96; found: C, 86.65; H, 5.50; N, 7.85. C7sHssNs[M*] exact mass = 1054.47, MS (ESI) =
1054.90.

1,2-bis|3,6-bis{4-| V,N-bis(4-methoxyfenil)amino]fenil}-9H-carbazol-9-yl|cyclobutane
(V1321)

08 Qo
3 9
A solution of compound 2 (0.1 g, 0.14 mmol, 1 eq) and 4-methoxy-N-(4-methoxyphenyl)-N-

(4-(4.4,5,5-tetramethyl-1,3.2-dioxaborolan-2-yl )phenyl)aniline (0.61 g, 1.4 mmol, 10 eq) in
anhydrous THF (10 mL) was purged with argon for 10 minutes. Afterwards,

4
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tetrakis(triphenylphosphine)-palladium(0) (0.115 eq) and 2M K2CO3 (4 mL) were added and
the solution was heated for 3 hours at 90 °C. After cooling to room temperature, reaction
mixture was filtered through celite, extracted with ethylacetate and distilled water. The
organic layer was dried over anhydrous Na>SOs, filtered and solvent evaporated. The crude
product was purified by column chromatography using 4:8.5 v/v THF/n-hexane as an eluent.
The obtained product was dissolved in THF into 15 times excess of n-hexane. The precipitate
was filtered off and washed with hexane to collect V1321 as a pale yellow - green solid. (0.16
g, 70.2%). 'H NMR (400 MHz, THF-d;) & 8.34 (s, 4H), 7.76 (d, J = 8.8 Hz, 4H), 7.59 (d, J =
8.8 Hz, 4H), 7.51 (d, J = 8.6 Hz, 8H), 7.02 (d, J = 8.8 Hz, 16H), 6.97 (d, J = 8.6 Hz, 8H), 6.82
(d, J= 8.8 Hz, 16H), 6.50 — 6.35 (m, 2H), 3.74 (s, 24H), 3.19 — 3.02 (m, 2H), 2.86 — 2.68 (m,
2H). '*C NMR (101 MHz, THF) & 154.17, 145.70, 139.26, 137.80, 132.26, 130.62, 125.34,
124.20, 122.65, 122.48, 119.37, 115.94, 112.55, 108.21, 52.85, 52.74, 18.86. Anal. calcd for
C1osHooN6Os: C, 81.08; H, 5.67; N, 5.25; found: C, 81.35; H, 5.54; N, 5.23. C108H9oNsOs[M "]
exact mass = 1598.68, MS (ESI) = 1599.45.

N-(4-methoxyphenyl)-9,9-dimethyl-9H-fluoren-2-amine (3)

0 v,
)
Q0
Anhydrous dioxane (12 mL) with few drops of distilled water (0.02 eq) was purged with
argon for 20 minutes. After that, the temperature was raised to 80 °C, palladium (II) acetate
(0.005 eq) and XPhos (0.015 eq) were added. The mixture was stirred for 1.5 minutes and
temperature was raised to 110 °C. 2-bromo-9,9-dimethylfluorene (2.7 g, 9.9 mmol, 1 eq), p-
Anisidine (1.5 g, 11.9 mmol, 1.2 eq) and sodium rert-butoxide (1.4 eq) were added and stirred
for 1 hour. After cooling to room temperature, reaction mixture was extracted with ethyl
acetate and distilled water. The organic layer was dried over anhydrous Na2SOs, filtered and
the solvent evaporated. The crude product was purified by column chromatography using
1:12.5 v/v THF/n-hexane as an eluent. Pale brown crystals were collected as a final product.
(245 g, 78.7 %). '"H NMR (400 MHz, DMSO-de) & 8.01 (s, 1H), 7.68 — 7.53 (m, 2H), 7.44 (d,
J=7.6Hz, IH), 7.25 (t, /= 7.4 Hz, 1H), 7.16 (t, J= 7.4 Hz, 1H), 7.14 - 7.02 (m, 3H), 6.97 -
6.84 (m, 3H), 3.73 (s, 3H), 1.38 (s, 6H). *C NMR (101 MHz, DMSO) § 155.29, 154.30,
152.89, 145.47, 139.65, 136.60, 129.78, 127.34, 125.89, 122.90, 121.36, 120.86, 119.02,
115.07, 114.19, 109.53, 55.69, 46.63, 27.63. Anal. caled. for: C2xHyNO: C, 83.78; H, 6.71:
N, 4.44: found: C, 83.94: H, 6.66; N, 4.42.

1,2-bis{3,6-bis[NV-(9,9-dimethylfluoren-2-yl)-N-(4-methoxyfenil)amino]-9H-carbazol-9-

yl}cyclobutane (V1361) NI
2 Q
of o Go
q
sy S0 30
ey

A solution of compound 2 (0.5 g, 0.7 mmol, | eq) and 3 (1.35 g, 4.3 mmol, 6 eq) in anhydrous
toluene (10 mL) was purged with argon for 30 minutes. Afterwards, palladium (II) acetate
(0.02 eq), tri-fert-butylphosphonium tetrafluoroborate (0.027 eq) and sodium fert-butoxide (6
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eq) were added and the solution was refluxed under argon atmosphere for 5 hours. After
cooling to room temperature, reaction mixture was filtered through celite, extracted with
ethylacetate and distilled water. The organic layer was dried over anhydrous Na2SO4, filtered
and solvent evaporated. The crude product was purified by column chromatography using
5.5:19.5 v/v THF/n-hexane as an eluent. The obtained product was dissolved in THF and
precipitated into 15 times excess of n-hexane. The precipitate was filtered off and washed
with hexane to collect V1361 as a yellow-green solid. (0.67 g, 57.3%). '"H NMR (400 MHz,
DMSO-ds) & 7.88 (d, J = 8.4 Hz, 4H), 7.78 (s, 4H), 7.55 (d, J= 7.8 Hz, 4H), 7.49 (d, J= 7.8
Hz, 4H), 7.28 (d,J = 7.2 Hz, 4H), 7.24 — 7.16 (m, 8H), 7.11 (t,J = 7.4 Hz, 4H), 7.00 (d, J =
8.6 Hz, 8H), 6.93 (s, 4H), 6.80 (d, J = 8.6 Hz, 8H), 6.69 (d, J = 8.4 Hz, 4H), 6.42 — 6.23 (m,
2H), 3.64 (s, 12H), 2.92 — 2.77 (m, 2H), 2.76 — 2.56 (m, 2H), 1.17 (s, 24H). *C NMR (101
MHz, DMSO) § 155.83, 154.82, 153.15, 149.03, 141.15, 140.42, 139.09, 137.50, 131.40,
127.37, 126.76, 126.35, 125.32, 123.94, 122.86, 121.12, 119.41, 119.19, 118.17, 115.27,
114.25, 111.87, 55.55, 53.96, 46.56, 27.29, 27.25. Anal. caled for C116HesNgO5: C, 84.95: H,
6.02; N, 5.12; found: C, 84.85; H, 6.06; N, 5.15. C16HosNgO2[M "] exact mass = 1638.76, MS
(ESI) = 1639.48.

1,2-bis{3,6-bis[ V-(9-ethylcarbazol-3-yl)-N-(4-methoxyfenil)amino|-9H-carbazol-9-

yljcyclobutane (V1366) o
ZQ Q
3°F Q t‘

A solution of compound 2 (0.5 g, 0.7 mmol, I eq) and 9-cthyl-N-(4-methoxyphenyl)-9H-
carbazol-3-amine!!! (1.35 g, 4.3 mmol, 6 eq) in anhydrous toluene (10 mL) was purged with
argon for 30 minutes. Afterwards, palladium (II) acetate (0.02 eq), tri-fert-butylphosphonium
tetrafluoroborate (0.027 eq) and sodium terr-butoxide (6 eq) were added and the solution was
refluxed under argon atmosphere for 5 hours. After cooling to room temperature, reaction
mixture was filtered through celite, extracted with ethylacetate and distilled water. The
organic layer was dried over anhydrous Na;SOs, filtered and solvent evaporated. The crude
product was purified by column chromatography using 4.5:8 v/v THF/n-hexane as an eluent.
The obtained product was dissolved in THF and precipitated into 15 times excess of n-hexane.
The precipitate was filtered off and washed with hexane to collect V1366 as a yellow-green
solid. (0.71 g, 60.7%). "H NMR (400 MHz, THF-ds) 5 7.84 (d, J = 8.0 Hz, 4H), 7.75 (s, 4H),
7.69 — 7.58 (m, 8H), 7.37 (d, J = 8.4 Hz, 4H), 7.33 — 7.25 (m, 8H), 7.19 — 7.11 (m, 8H), 6.97
(. J=17.4 Hz, 4H), 6.92 (d, J = 8.8 Hz, 8H), 6.68 (d, J = 8.8 Hz, 8H), 6.38 — 6.26 (m, 2H),
4.31 (q,J="7.0 Hz, 8H), 3.65 (s, 12H), 3.08 — 2.93 (m, 2H), 2.71 — 2.58 (m, 2H), 1.33 (t,J =
7.0 Hz, 12H). *C NMR (101 MHz, THF) 8 154.55, 143.30, 141.94, 141.50, 140.44, 136.86,
136.20, 125.19, 124.98 124.35, 123.79, 123.69, 123.56, 122.77, 120.21, 118.13, 116.09,
115.97, 114.11, 110.49, 108.88, 108.19, 54.74, 54.52, 37.04, 20.57, 13.14. Anal. caled for
Ci112Ho4N1004: C, 81.82; H, 5.76: N, 8.52; found: C, 81.91; H, 5.70; N, 7.50.
C112H9aN1004[M*] exact mass = 1642.75, MS (ESI) = 1643.47.
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Bis(9-ethyl-9H-carbazol-3-yl)amine (4)

%G
Vel

Anhydrous dioxane (14 mL) with few drops of distilled water (0.02 eq) was purged with
argon for 20 minutes. After that, the temperature was raised to 80 °C, palladium (II) acetate
(0.005 eq) and XPhos (0.015 eq) were added. The mixture was stirred for 1.5 minutes and
temperature was raised to 110 °C. 3-bromo-9-cthylcarbazole (2.7 g, 9.8 mmol, 1 eq), 3-amino-
9-ethylcarbazole (2.5 g, 11.8 mmol, 1.2 eq) and sodium fert-butoxide (1.4 eq) were added and
stirred for 30 minutes. After cooling to room temperature, reaction mixture was extracted with
cthyl acetate and distilled water. The organic layer was dried over anhydrous Na2SOs, filtered
and the solvent evaporated. The crude product was purified by column chromatography using
3:22 v/v THF/n-hexane as an eluent. Light orange brown crystals were collected as a final
product. (3.24 g, 81.6 %). 'H NMR (400 MHz, THF-de) 8 7.94 (d, J = 7.6 Hz, 2H), 7.81 (s,
2H), 7.42-7.30 (m, 6H), 7.24 (d, /= 8.4 Hz, 2H), 7.06 (t./ = 7.2 Hz, 2H), 6.89 (s, 1H), 4.37
(q, /=72 Hz, 4H), 1.38 (t,J= 7.2 Hz, 6H). '*C NMR (101 MHz, THF) 5 140.46, 138.61,
135.27, 124.98, 123.66, 122.90, 119.98, 118.30. 117.79, 108.76, 108.17, 37.04, 13.13. Anal.
caled. for: CagHasNa: C, 83.34; H, 6.24; N, 10.41; found: C, 83.14; H, 6.29; N, 10.49.

1,2-bis{3,6-bis|N,N-bis(9-ethylcarbazol-3-yl) amino|-9H-carbazol-9-yl}cyclobutane

(V1367)
%
SURCIRCESe

7

-ﬁ'N Nf_-
Cr MO

A solution of compound 2 (0.5 g, 0.7 mmol, 1 eq) and 4 (1.72 g, 4.3 mmol, 6 e¢q) in anhydrous
toluene (12 mL) was purged with argon for 30 minutes. Afterwards, palladium (II) acetate
(0.02 eq), tri-fert-butylphosphonium tetrafluoroborate (0.027 eq) and sodium rert-butoxide (6
eq) were added and the solution was refluxed under argon atmosphere for 6 hours. After
cooling to room temperature, reaction mixture was filtered through celite and diluted with
ethylacetate and distilled water resulting in solid precipitate formed, that was filtered and
crude precipitate was purified by column chromatography using 4.5:8 v/v THE/n-hexane as an
eluent. The obtained product was dissolved in THF and precipitated into 15 times excess of
ethanol. The precipitate was filtered off and washed with ethanol to collect V1367 as a
yellow-green solid. (0.62 g, 43.7%). 'H NMR (400 MHz, THF-ds) & 7.92 — 7.50 (m, 24H),
7.38 —7.10 (m. 36H), 6.93 (t, /= 7.4 Hz, 8H), 6.46 — 6.29 (m, 2H), 4.24 (q. / = 6.8 Hz, 16H),
3.11 -2.94 (m, 2H), 2.70 — 2.57 (m, 2H), 1.28 (t,J = 6.8 Hz, 24H). *C NMR (101 MHz,
THF) & 142.76, 142.40, 140.41, 136.70, 135.94, 128.72, 127.96, 125.07, 124.46, 123.66,
123.32, 122.85, 120.24, 118.04, 115.74, 115.44, 110.45, 108.83, 108.10, 54.73, 37.01, 13.17.
Anal. caled for CiaoH114Ny4: C, 84.39; H, 5.77; N, 9.84; found: C, 84.28; H, 5.83; N, 9.89.
CiaoH 114N 14[M*] exact mass = 1990.94, MS (ESI) = 1991.12.
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Carbazole-based molecules V1205 and V1206 capable of cross-
linking via three vinyl groups were synthesized by a simple process
and applied as hole-transporting materials (HTMs) in inverted
perovskite solar cells (PSC). Novel HTMs were thermally polymer-
ized to provide films resistant to organic solvents. A PSC with V1205
exhibited a photovoltaic conversion efficiency of 16.9% with good
stability.

Organic-inorganic hybrid perovskite solar cells (PSCs) have
been attracting increasing worldwide attention as a competitive
alternative to conventional silicon-based solar cells' owing to
their low-cost constituent materials, solution processing® and
high power conversion efficiencies (PCEs).” Currently, the high-
est PCE of 25.8% (certified 25.5%) under standard illumination
published in peer-reviewed journals was achieved in a so-called
“regular”, or n-i-p configuration, where HTM is deposited on
top of the perovskite absorber layer." As an alternative, in recent
years, also p-i-n (or “inverted”) configuration of PSCs has been
explored with efficiencies getting close to those of the best
regular PSCs (the highest published PCE value is 25.0%).”
Moreover, inverted PSCs have an advantage in tandem applica-
tions where atomic layer deposition of SnO, if often used to
provide a functional protective contact that enables sputtering
of transparent conducting oxides.® The advantages of PSCs with
the inverted p-i-n architecture over n-i-p ones include the
absence of dopants in the hole transporting layer, negligible
hysteresis behavior, and compatibility with organic electronics
manufacturing processes.” However, in the case of p-i-n
devices, solution-processing of the perovskite absorber layer
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adds additional constraints on the choice of HTMs, as it usually
should withstand a mixture of polar DMF:DMSO solvents.
Therefore, so far the most popular choice of organic HTMs
for such devices are polymers, such as PEDOT:PSS® and PTAA,”
or combination of them.'® As an alternative, several strategies
have been reported, e.g. use of self-assembled monolayers,"!
change of the perovskite precursor solvent'* or use of soluble
precursors that are subsequently transformed into insoluble
films."* Recently, cross-linkable fluorene-based HTMs have
been introduced into inverted PSCs devices resulting in rela-
tively high performances.'* These small-molecule-based HTMs
can be in situ converted into solventresistant, cross-linked
networks. This approach provides an ideal solution to avoid
tedious synthesis and purification that are often encountered
for polymers.

On the other hand, the low-cost 9H-carbazole as a starting
material is interesting due to its excellent charge-transport
properties, high chemical stability, and simple functionaliza-
tion of the structure with a variety of functional groups, which
enable fine-tuning of the optical and electronic properties of
target HTMs."” Therefore, carbazole-based derivatives have
been employed in organic light-emitting diodes,'® organic thin
film transistors,’”” and dye-sensitized solar cells.'"® In recent
years, carbazole-based HTMs have also attracted much atten-
tion in perovskite solar cells.'®

In this work, cross-linkable carbazole-based HTMs V1205
and V1206 (Fig. 1), containing three vinyl groups, were synthe-
sized in the simple reactions from commercially available
materials and their properties were investigated. The new

o208 B, 28 Fom
‘\/@/ Vizos -\,O) vi2e

Fig.1 Molecular structures of the synthesized carbazole-based cross-
linkable HTMs V1205 and V1206.
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compounds underwent thermal polymerization to form
solvent-resistant films. As a proof of concept, PSCs of p-i-n
configuration were constructed, and a promising PCE of 16.7%
was reached for a device with polymerized V1205, indicating a
great potential of the presented class of cross-linkable dopant-
free HTMs.

For the target materials to undergo in situ cross-linking, it is
required to incorporate at least two groups that can undergo
polymerization into the structure of the final cross-linked net-
works. Therefore, commercially available 3-bromo-9H-
carbazole and 3,6-dibromo-9H-carbazole were chosen as start-
ing compounds and two precursors 1 and 2 were synthesized by
using a simple alkylation reaction scheme (Scheme 1). Next, in
a sequential Hartwig-Buchwald palladium-catalyzed amina-
tion, p-anisidine was first coupled with 1 to yield compound
3, which was then reacted with precursor 2 to provide the target
product V1205 containing three cross-linking 4-vinylbenzyl
groups. Similarly, the precursor 1 reacted with 3-amino-9-
ethylcarbazole to produce compound 4, which could be treated
with compound 2 to provide the final product V1206 bearing
cross-linking 4-vinylbenzyl groups. V1206 was designed by
replacing 4-methoxyphenyl groups in V1205 with carbazolyl
moieties. Structures of the synthesized compounds were con-
firmed by NMR and elemental analysis data. Detailed synthesis
procedures and analysis data are reported in the ESL+

To evaluate the optical properties of the synthesized com-
pounds, UV/vis and photoluminescence (PL) spectra were
recorded from the solutions (Fig. 2a). The UV spectra for both
monomers, V1205 and V1206, show an absorption maximum
(Amax) in the UV range at 325 nm, while only negligible absorp-
tion in the visible range of electromagnetic radiation has been
recorded. The latter property is particularly important in
devices with a p-i-n architecture, in which the light first passes
through the HTM layer. Furthermore, it can be seen from the
PL spectra that the emission of V1206 is slightly red-shifted by
9 nm, compared to that of V1205, which corresponds to the
increased n-conjugated electron system.
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Fig.2 (a) UV/vis and PL spectra of the solutions of V1205 and V1206

(THF, 10" M}; (b) first and second scan heating curves of V1205 and
V1206 (heating rate 10 “C min~, the y-axis is showing a heat flux). Cross-
linking experiment of V1205 (c) and V1206 (d) films. The UV/vis spectra of
the solutions prepared by dipping spin coated HTM films into THF after
heating at 200 °C (c) and 300 °C (d) for the respective duration.

For the evaluation of the thermal stability of the synthesized
carbazole-based materials and their ability to undergo a cross-
linking process, thermal properties were studied by means of
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). Both compounds showed excellent thermal
stability, with a Ty, of 443 “C for V1205 and 404 °C for V1206,
as seen from the TGA analysis (Fig. $1, ESIT). The DSC curves
have shown that both investigated compounds exist only in an
amorphous state since no endothermic melting peaks were
detected during both heating cycles (Fig. 2b). For V1205, during
the first DSC heating cycle, the glass transition process was
detected at 117 °C, followed by an exothermic process at 196 °C,
suggesting that thermal polymerization occurred at this

NaOC(CHy)s.
[(+-Bu);PH]BE,,
PA(OAc),

H,0

e V1205
Br, Br Ar, toluene, reflux
BTEAC. .@ .Q
50% NaOH, N
O S+ Q Toeon 2
Ar, I:]MSD. NaOC(CHy);.
reflux [(r-Bu);PH]BE,.
Pd(OAc),
V1206

2. XPhos.
Nauc(a-[,), H0

Ar, H—dmunc reflux
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+
Scheme 1 Synthetic route to V1205 and V1206
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temperature. During the second heating cycle, no phase transi-
tions were observed, confirming the formation of the cross-
linked polymer. For compound V1206, with higher molecular
weight, a lower T of 56 "C was detected and the cross-linking
process started at ~270 °C with a peak at ~300 °C (Fig. 2b).
Again, during the second heating cycle, no phase transitions
were detected. It should be noted that this cross-linking process
does not require any use of initiators or dopants, and conse-
quently, no unexpected impurities and defects that are detri-
mental to the device efficiency and stability can be introduced.

To evaluate the cross-linking ability of the thin films of the
carbazole-based HTMs, the amount of washed material from
the spin-coated film was evaluated by means of UV/vis spectro-
scopy detailed cross- into an insoluble polymer while in the
case of V1206 this process was faster - it took only 30 min. For
both films, the cross-linking was completed roughly after 1.5 h
of heating. The cross-linked films have shown to be resistant to
the DMF:DMSO (4:1) solvent mixture, as after exposure to
them the UV/vis absorption spectra of the films remained
almost the same (Fig. S7 and S8, ESI¥).

Next, the ability of new HTMs to transport charges was
evaluated by the xerographic time-of-flight (XTOF) technique.
The measured electric field dependencies of the hole drift
mobilities in V1205 and V1206 are presented in Fig. 3. For
both new HTMs, measurements from pure layers were not
possible due to their insufficient quality, therefore, the charge
transfer in layers of blends with bisphenol Z-polycarbonate (PC-
Z), in weight ratios of 1:1, 1:2 or 1: 3, which were of suitable
quality, were studied in detail (Fig. S2-S5, ESIT). Based on the
exponential dependence of the charge carrier mobility on the
average distance between the charge transporting molecules,”
interpolated mobility values were calculated for the case of pure
material. Compound V1206 bearing higher number of carba-
zolyl chromophores showed good charge transporting proper-
ties, i.e. reached 1077 em? V~' s™! at strong electrical fields
(Fig. 3a). The simpler compound V1205 showed slightly lower

® V12050497 eV)
B VI208H (5.06 eV)

O 200 400 600 800 1000 48 50 52 54
£7 viom)™ vlev]

E]

2500

® V1208 (500 eV)
W V1206 H (5.05 8V)

50 52 56 58 60

54
miev)
Fig. 3 (a) Charge mobility of V1205 and V1206; (b) UV emission spectra of
not heated (V1205) and cross-linked (V1205H) samples; (c) UV emission
spectra of not heated (V1206) and cross-linked (V1206H) samples.
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hole drift mobilities, yet still comparable to that of popular
HTMs for PSCs. Since the cross-linking process does not affect
the chromophoric system of the HTMs, it had only a minor
influence on the hole drift mobility. Hole drift mobility of
V1205 even increased slightly after cross-linking (Fig. 86, ESI{),
as was confirmed by the time-of-flight (TOF) method, as no
measurement results were obtained by the XTOF method.
Unfortunately, it was not possible to measure the hole drift
mobility of V1206 after cross-linking using neither the XTOF
nor the TOF method. In addition to charge transporting proper-
ties, ionization potentials were measured through photoelec-
tron spectroscopy in air (PESA). The values were 4.97 eV and
5.00 eV for V1205 and V1206, respectively (Fig. 3b and c). As
expected, these values changed negligibly after cross-linking
(Fig. 3b and c). The recorded ionization potential values are
consistent with the values reported for other HTMs used
in PSCs.

To evaluate the performance of materials acting as hole-selective
layers in PSCs, devices with p-i-n architecture (Fig. 4a) were
fabricated and characterized. As an absorber material, triple-cation
perovskite was used, with a nominal precursor solution composition
of Csp05(FA 5:MAg.17)0.05Pb(lo £3Bro7)s. The films of the organic
HTMs were prepared by spin-coating from toluene followed by
the annealing at 200 °C (1.5 h) for V1205 and 300 °C (1 h) for
V1206 to achieve crosslinking, as was determined previously. A
detailed description of the fabrication and characterization of the
devices can be found in the ESL+ The photovoltaic performance of
the perovskite solar cells was evaluated from their photocurrent
density-voltage (J-V) characteristics. The crosslinked V1205
allowed for higher open-circuit voltages (Vi) and current density
(Jsc) and, as a consequence, the higher PCE of 16.9% than that of
V1206 (Fig. 4b and Table 1). As seen from Fig. 4c, only minor
hysteresis was recorded. Performance of the employing thermally
cross-linked HTM films was compared with that of neat films. As
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Fig. 4 (a) Architecture of the PSEs; (b) J/V measurements of the new
HTMs (cross-linked), reverse scan; (c) J/V measurements of the cross-
linked V1205, showing reverse and forward scans; (d) statistical distribution
of the PCE for the HTMs studied.
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Tablel Performance parameters of the measured devices. The data extracted from J/V scans (reverse and forward), and includes average with standard

deviation, as well as best value (in brackets)

HTM Jsc (mA em™) Voc (mV) FF (%) PCE (%)

V1205 14.6 + 0.5 (15.6) 120 + 81 (285) 24.5 + 0.4 (25.1) 0.4 + 0.3 (1.1)
V1205 cross-linked 20.4 £ 0.2 (20.6) 971 £ 6 (979) 82.8 & 1.1 (84.4) 16.4 + 0.2 (16.9)
V1206 18.3 + 0.2 (18.6) 759 £ 33 (819) 75.7 £ 3.1 (80.8) 10.5 + 0.8 (11.8)
V1206 cross-linked 18.6 + 0.2 (19.0) 911 + 23 (944) 80.4 + 1.7 (82.3) 13.7 + 0.6 (14.6)

presented in Fig. 4d, PCE recorded for the devices employing
monomer films of V1206 was lower (by 10.0% on average) compared
with that of the devices with crosslinked same HTM. Lowering of
PCE can be attributed to the formation of direct contact between
perovskite and ITO due to the damage of the HTM film during
solution-processing of the perovskite film. This in turn led to an
increased interfacial recombination, which reduced V.. Interest-
ingly, devices with the monomer V1205 practically did not function.
Apparently, the HTM layer was severely damaged in this case. The
solubility of both monomers was tested in a DMF and DMSO
mixture (4:1) since this mixture of solvents is used during the
formation of the perovskite layer. Solubility of monomer V1205 was
almost twice higher (10 mg/50 pl) than that of monomer V1206
(10 mg/80 pl) what is in accordance with the obtained results. In
order to estimate the stability of the fabricated devices with the best
performing cross-linked V1205, we have retested the devices after 30
days (N, atmosphere, dark, room temperature). Overall, the devices
have shown a good shelf lifetime. For the best pixel, 97% of the
initial performance was retained. The main reason behind the
slightly lower performance was a drop in Voc (Fig. 89, ESIT), which
could be attributed to the increased number of defects in the bulk of
perovskite. A more detailed statistical analysis of the aged devices
can be found in Table S1 (ESIT).

In summary, two novel carbazole-based hole-transporting
materials, namely V1205 and V1206, were synthesized by a
simple process with high yield and investigated. The synthe-
sized compounds exhibit good thermal stabilities, high hole-
drift mobilities and appropriate HOMO levels, indicating that
these materials can be promising HTMs in PSCs. Due to the
presence of three vinyl groups, compounds V1205 and V1206
are able to undergo thermal cross-linking during the heating at
200 °C and 300 °C, respectively. After thermal polymerization
the deposited films became resistant towards organic solvents.
By employing cross-linked V1205 and V1206 as HTM layers
between perovskite and ITO in inverted type perovskite solar
cells, the PCE is improved to 16.9% (V1205) and to 14.6%
(V1206) under AM 1.5G 100 mW cm * illumination. To achieve
higher efficiency, further optimization of the concentration of
the cross-linkable HTMs is under investigation and will be
reported later.
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Materials and HTMs synthesis

Chemicals were purchased from Sigma-Aldrich, TCI Europe and used as received without further
purification. "H NMR spectra were recorded at 400 MHz on a Bruker Avance IlI spectrometer with a
5 mm double resonance broad band BBO z-gradient room temperature probe, *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 NMR 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 Q350 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 ') was performed on a Perkin
Elmer Lambda 35 UV/VIS spectrophotometer. Diffraction grating crack width 1s 2 nm. Spectral
recording speed is 2 nm s !. The layer thickness of the solution is d = 1 cm. The wavelength X is given
in nm. The time-resolved fluorescence spectra of the sample in solution (THF, 10~ mol I'') were
recorded on an Edinburgh Instruments FLS920 light emission intensity spectrophotometer. The layer
thickness of the solution 1s d = | cm. The crack width of the diffraction grating is 1.5 nm. The

wavelength A 1s given in nm.

3-bromo-9-(4-vinylbenzyl)-9H-carbazole (1)

Br

Nog

3-bromocarbazole (1 g, 4.1 mmol, 1 eq) was dissolved in dimethylsulfoxyde (25 mL) and purged with
argon for 30 minutes. Afterwards, benzyltriethylammonium chloride (0.1 eq) and 50% NaOH (0.4

mL) solution were added. When the reaction mixture turned red 4-vinylbenzylchloride (0.63 mL, 4.5
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mmol, 1.1 eq) was slowly dropped and the mixture was stirred at room temperature for 3 hours under
argon atmosphere. The obtained product was filtered off and washed with ethanol to collect 2 as a
white solid (1.25 g, 85%). 'H NMR (400 MHz, DMSO-d;) & 8.44 (s, 1H), 8.21 (d, J = 7.6 Hz, 1H),
7.69 —7.59 (m, 2H), 7.56 (d, J= 8.4 Hz, 1H), 7.47 (t,J= 7.6 Hz, 1H), 7.36 (d, J= 8.0 Hz, 2H), 7.24
(t,J=7.6 Hz, |H), 7.12 (d, J= 8.0 Hz, 2H), 6.65 (2d, J, = 17.6, J, = 10.9 Hz, 1H), 5.74 (d. J=17.6
Hz, 1H), 5.66 (s, 2H), 5.20 (d, /= 10.9 Hz, 1H). *C NMR (101 MHz, DMSO) 140.98, 139.34, 137.63,
136.75, 136.59, 128.63, 127.47, 127.15, 126.84, 124.68, 123.44, 121.73, 121.41, 119.97, 114.76,
112.08, 111.70, 110.32, 45.93.

3,6-dibromo-9-(4-vinylbenzyl)-9H-carbazole (2)

S

3,6-dibromocarbazole (1.5 g, 4.6 mmol, 1 eq) was dissolved in dimethylsulfoxyde (40 mL) and purged
with argon for 30 minutes. Afterwards, benzyltriethylammonium chloride (0.1 eq) and 50% NaOH
(0.5 mL) solution were added. When the reaction mixture turned dark yellow 4-vinylbenzylchloride
(0.72 mL, 5.1 mmol, 1.1 eq) was slowly dropped and the mixture was stirred at room temperature for
12 hours under argon atmosphere. After that, was extracted with ethyl acetate. The organic layer was
dried over anhydrous Na;SO., filtered and solvent evaporated. The obtained product was white
crystals. The product washed three times with ethanol and filtered off to collect 2 as white crystals

(1.84 g, 90%). Spectral data is in agreement with the values reported in the literature [1].

N-(4-methoxyphenyl)-9-(4-vinylbenzyl)-9H-carbazol-3-amine (3)

s O
O

Anhydrous dioxane (10 mL) with few drops of distilled water (0.02 eq) was purged with argon for 20
minutes. After that, the temperature was raised to 80 °C, palladium (II) acetate (0.005 eq) and XPhos
(0.015 eq) were added. The mixture was stirred for 1.5 minutes and temperature was raised to 110 °C.

Compound 1 (2 g, 5.5 mmol, 1 eq), p-Anisidine (0.8 g, 6.6 mmol, 1.2 eq) and sodium tert-butoxide
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(1.4 eq) were added and stirred for 5 minutes. After cooling to room temperature, reaction mixture
was exftracted with ethyl acetate and distilled water. The organic layer was dried over anhydrous
Na,SOy, filtered and the solvent evaporated. The crude product was purified by column
chromatography using 1:9 v/v THF/n-hexane as an eluent. Pale gray solid were collected as a final
product (1.74 g, 78%). '"H NMR (400 MHz, DMSO-d;) 8 8.02 (d, /= 7.6 Hz, 1H), 7.75 (s, 1H), 7.65
(s, 1H), 7.52 (d, J=8.4 Hz, 1H), 7.46 (d, J= 8.4 Hz, 1H), 7.38 — 7.28 (m, 3H), 7.16 — 7.06 (m, 4H),
6.99 (d, J=8.6 Hz, 2H), 6.81 (d, J= 8.6 Hz, 2H), 6.62 (2d, J; = 17.6, /= 10.9 Hz, 1H), 5.70 (d, /=
17.6 Hz, 1H), 5.54 (s, 2H), 5.16 (d, J = 10.9 Hz, 1H), 3.67 (s, 3H). 13C NMR (101 MHz, DMSO) &
153.16, 141.02, 139.32, 138.20, 137.83, 136.66, 136.63, 135.67, 127.51, 126.79, 126.09, 123.28,
122.50, 120.78, 118.92, 118.87, 118.12, 115.10, 114.64, 110.58, 109.87, 108.63, 55.72, 45.87.

9-ethyl-N-[9-(4-vinylbenzyl)-9H-carbazol-3-yl|- 9H-carbazol-3-amine (4)

Anhydrous dioxane (10 mL) with few drops of distilled water (0.02 eq) was purged with argon for 20
minutes. After that, the temperature was raised to 80 °C, palladium (II) acetate (0.005 eq) and XPhos
(0.015 eq) were added. The mixture was stirred for 1.5 minutes and temperature was raised to 110 °C.
Compound 1 (2 g, 5.5 mmol, 1 eq), 3-amino-9-ethylcarbazole (1.4 g, 6.6 mmol, 1.2 eq) and sodium
tert-butoxide (1.4 eq) were added and stirred for 10 minutes. After cooling to room temperature,
reaction mixture was extracted with ethyl acetate and distilled water. The organic layer was dried over
anhydrous Na,SOy, filtered and the solvent evaporated. The crude product was purified by column
chromatography using 1:9 v/v THF/n-hexane as an eluent. Pale green solid were collected as a final
product (1.82 g, 67%). '"H NMR (400 MHz, DMSO-d;) & 8.11 — 7.90 (m, 2H), 7.85 — 7.74 (m, 3H),
7.56 — 7.44 (m, 4H), 7.41 — 7.30 (m, 4H), 7.29 — 7.18 (m, 2H), 7.17 — 7.03 (m, 4H), 6.62 (2d, J, =
17.6,J>=10.9 Hz, 1H), 5.71 (d, J=17.6 Hz, 1H), 5.56 (s, 2H), 5.17 (d, /= 10.9 Hz, 1H), 4.46 — 4.27
(m, 2H), 1.37 - 1.19 (m, 3H). 3C NMR (101 MHz, DMSO) 3 141.02, 140.38, 138.99, 138.25, 138.17,
136.67, 136.63, 135.51, 135.14, 127.53, 126.79, 126.03, 125.89, 123.37, 123.26, 122.55, 122.45,
120.80, 118.87, 118.80, 118.50, 118.34, 114.64, 110.63, 110.14, 109.85, 109.65, 109.36, 108.79,
107.89, 45.89, 37.39, 14.24.
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N3 NS_bis(4-methoxyphenyl)-9-(4-vinylbenzyl)-N? No-bis[9-(4-vinylbenzyl)-9 H-carbazol-3-yl|-
9H-carbazole-3,6-diamine (V1205)

G“ "“O

o300 o,
@)

A solution of compound 2 (0.5 g, 1.1 mmol, 1 eq) and compound 3 (1.4 g, 3.4 mmol, 3 eq) in
anhydrous toluene (12 mL) was purged with argon for 30 minutes. Afterwards, palladium (1) acetate
(0.02 eq), tri-tert-butylphosphonium tetrafluoroborate (0.027 eq) and sodium zert-butoxide (3 eq) were
added and the solution was refluxed under argon atmosphere for 8 hours. After cooling to room
temperature, reaction mixture was extracted with ethylacetate and distilled water, filtered through
celite. The organic layer was dried over anhydrous Na,SO,, filtered and solvent evaporated. The crude
product was purified by column chromatography using 3:22 v/v acetone/n-hexane as an eluent. The
obtained product was precipitated from acetone into 15 times excess of n-hexane. The precipitate was
filtered off and washed with ethanol to collect V1205 as a pale green solid (0.89 g, 72%). '"H NMR
(400 MHz, DMSO-dy) 6 7.95 (d, J= 8.0 Hz, 2H), 7.75 (d, J = 8.0 Hz, 4H), 7.59 — 7.43 (m, 6H), 7.40
—7.30 (m, 8H), 7.21 (d, J= 8.0 Hz, 2H), 7.18 — 7.03 (m, 10H), 6.83 (d, /= 8.9 Hz, 4H), 6.75 (d, J =
8.9 Hz, 4H), 6.70 — 6.57 (m, 3H), 5.81 — 5.66 (m, 3H), 5.54 (s, 6H), 5.26 — 5.11 (m, 3H), 3.65 (s, 6H).
3C NMR (101 MHz, DMSO) § *C NMR (101 MHz, DMSO) § 154.19, 143.43, 141.74, 141.38,
141.09, 138.00, 137.67, 136.80, 136.72, 136.66, 136.61, 127.68, 127.56, 126.85, 126.79, 126.30,
124.91, 124.03, 123.48, 123.34, 123.30, 122.40, 120.95, 119.20, 117.21, 116.08, 115.04, 114.66,
110.96, 110.76, 109.94, 55.60, 45.94. Anal. caled for Cy7Hg NsO,: C, 84.98; H, 5.65; N, 6.43; found:
C,85.17; H, 5.54.; N, 6.41.

N3 Nt-bis(9-ethyl-9H-carbazol-3-yl)-9-(4-vinylbenzyl)-N? Né-bis [9-(4-vinylbenzyl)-9 H-
carbazol-3-yl|-9H-carbazole-3,6-diamine (V1206)
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A solution of compound 2 (0.5 g, 1.1 mmol, 1 eq) and compound 4 (1.7 g, 3.4 mmol, 3 eq) in
anhydrous toluene (13 mL) was purged with argon for 30 minutes. Afterwards, palladium (II) acetate
(0.02 eq), tri-fert-butylphosphonium tetrafluoroborate (0.027 eq) and sodium fert-butoxide (3 eq) were
added and the solution was refluxed under argon atmosphere for 23 hours. After cooling to room
temperature, reaction mixture was extracted with ethylacetate and distilled water, filtered through
celite. The organic layer was dried over anhydrous Na,SO,, filtered and solvent evaporated. The crude
product was purified by column chromatography using 1.1:3.9 v/v THF/n-hexane as an eluent. The
obtained product was precipitated from THF into 15 times excess of n-hexane. The precipitate was
filtered off and washed with ethanol to collect V1206 as a pale green solid (0.94 g, 66%). 'H NMR
(400 MHz, DMSO-dg) 8 7.83 — 7.77 (m, 4H), 7.75 — 7.70 (m, 6H), 7.52 — 7.43 (m, 6H), 7.39 — 7.26
(m, 14H), 7.20 (d, J= 8.0 Hz, 2H), 7.16 — 7.03 (m, 10H), 7.01 — 6.93 (m, 4H), 6.67 — 6.50 (m, 3H),
5.74 — 5.61 (m, 3H), 5.48 (s, 6H), 5.22 — 5.10 (m, 3H), 4.26 (q, /= 7.0 Hz, 4H), 1.19 (t, J=7.0 Hz,
6H). C NMR (101 MHz, DMSO) & 142.82, 142.26, 141.05, 140.39, 137.99, 137.45, 136.59, 136.38,
136.00, 127.70, 127.55, 126.82, 126.74, 126.01, 123.73, 123.41, 123.32, 122.42, 122.30, 120.87,
119.05, 118.70, 115.67, 114.88, 114.60, 110.62, 110.24, 109.84, 109.36, 45.91, 37.35, 14.16. Anal.
caled for Co1H7 N7t C, 86.57; H, 5.67; N, 7.77; found: C, 86.37; H, 5.64.; N, 7.81.
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ABSTRACT: A novel 9,9"-spirobifluorene derivative bearing thermally cross-linkable vinyl groups (V1382) was developed as a
hole-transporting material for perovskite solar cells (PSCs). After thermal cross-linking, a smooth and solvent-resistant three-
dimensional (3D) polymeric network is formed such that orthogonal solvents are no longer needed to process subsequent layers.
Copolymerizing V1382 with 4,4'-thiobisbenzenethiol (dithiol) lowers the cross-linking temperature to 103 °C via the facile thiol—
ene “click” reaction. The effectiveness of the cross-linked V1382/dithiol was demonstrated both as a hole-transporting material in
p—i—n and as an interlayer between the perovskite and the hole-transporting layer in n—i—p PSC devices. Both devices exhibit better
power conversion efficiencies and operational stability than devices using conventional PTAA or Spiro-OMeTAD hole-transporting
materials.

KEYWORDS: cross-linking, temperature, hole-transporting layer, perovskite solar cell, spirobifluorene

H INTRODUCTION (ETL) and a p-type hole-transporting layer (HTL)." Hole-
transporting materials (HTMs) play critical roles in efficiently
extracting and transporting photogenerated holes from the
perovskite layer to the electrode, as well as suppressing charge
recombination in PSCs.”" In general, HTMs should possess
the following properties: (1) appropriate energy-level align-
ment with perovskite materials to guarantee effective hole
extraction and electron blocking; (2) high hole mobility; (3)
good solubility in common solvents; (4) excellent film-forming
ability; (5) good thermal, photochemical, air, and moisture
stability; and (6) low cost."' However, the requirements for
HTMs vary depending on the device configurations.'* For n—

Organic—inorganic metal halide perovskite solar cells (PSCs)
have received significant interest from the photovoltaic
community due to their skyrocketing power conversion
efficiencies (PCEs) from 3.8 to 26.1%," to compete with
established solar cell technologies such as crystalline silicon (c-
Si) and copper indium gallium selenide (CIGS).”* Moreover,
PSCs may be scaled up using a low-cost solution process from
widely available abundant precursors showing promise as a
future mainstream photovoltaic (PV) technology.”” PSCs can
also be integrated as top cells into tandem solar cells when
combined with existing mature PV technologies to increase
efficiency beyond the Shockley—Queisser limit of single-

junction devices.”” However, besides impressive efficiency, R“_“i"ed= September 18, 2023
the long-term stability of PSC devices under practical working Revised:  December 4, 2023
conditions still requires further improvement to satisfy Accepted:  December 7, 2023
stringent market demands. Published: December 20, 2023

A typical PSC consists of a perovskite light absorber
sandwiched between an n-type electron-transporting layer

© 2023 The Authors. Published by
American Chemical Societ; https://doi.org/10.1021/acsami.3¢13950

v ACS Publications 1206 ACS Appl. Mater. Interfaces 2024, 16, 1206-1216
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Scheme 1. Synthetic Route of the 9,9'-Spirobifluorene Polymer Precursor V1382 and Its Schematic Thiol—Ene Cross-Linking

Using 4,4'-Thiobisbenzenethiol as a Cross-Linker
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i—p PSCs, since the HTM layer is fabricated on top of the
perovskite layer, a thick HTM film is required to ensure full
coverage of the rough perovskite surface and suppress the
diffusion of metal from the top electrode into the perovskite.
Also, the HTM film should ideally be hydrophabic to protect
the perovskite from moisture ingress. Although various kinds
of HTMs have been developed, 2,2’,7,7"tetrakjs(N,N-di‘p‘
methoxyphenylamino)-9,9"-spirobifluorene (Spiro-OMeTAD)
has been proven to be the most reliable and effective HTM for
use in n—i—p PSCs. ' Spiro-OMeTAD has a large bandgap
(about 3.0 eV) and a relatively shallow highest occupied
molecular orbital (HOMO) energy level of around —5.1 eV,
which provides good electronic alignment with perovskite
materials. In addition, the synthesis and solution-based film
processing of Spiro-OMeTAD are well established and are
well suited to the fabrication of large-area solar cells. On the
other hand, chemical dopants or additives, such as lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), cobalt(III) com-
plexes, and 4-tert-butylpyridine (fBP), are needed to improve
the conductivity and hole mobility of the pristine Spiro-
OMeTAD. These hygroscopic dopants have an impact on the
device’s long-term stability due to moisture ingress and ion
migration. Therefore, an interlayer that is hydrophobic” and/
or able to block ion migrationm between the perovskite layer
and HTM layer would be helpful to improve the stability of
PSCs.

In the case of p—i—n devices, solution-processing of the
perovskite absorber layer puts additional constraints on the
choice of HTMs, as the materials must now be made resistant
to the perovskite precursor solution, commonly a mixture of
polar dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO) solutions. So far, polymeric HTMs, such as
poly(3,4-ethylenedioxythiophene):polystyrenesulfonate (PE-
DOT:PSS),"” poly[3-(4-carboxylatebutyl)thiophene]
(P3CT) derivatives, """ and poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA)*"*' or combinations thereof,
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are widely used for this am:;licat.icn.u’23 Among them, PTAA,
with its excellent electrical properties and chemical neutrality,
has attracted particular interest.”*' ™" However, the strongly
hydrophobic PTAA film surface results in the dewetting of the
perovskite precursor solution and low-quality perovskite
films.*® Despite several attempts to modify PTAA, such as
chemical cloping,m"m surface pc'st‘treatment,"l and interfacial
functionalization,™ the tedious synthetic process and batch-to-
batch variation of PTAA remain signiﬁcant issues restricting its
application to large-scale device fabrication. In this regard,
small molecular organic molecules offer potential advantages,
such as a well-defined molecular weight, ease of synthesis, and
good reproducibility. To insolubilize small molecular mole-
cules, the use of molecules with anchoring groups such as
phosphenic acid (—PO(OH),) or carboxylic acid (—COOH)
that can spontaneously bind to the transparent conducting
oxide surface to form a conformal hole-collecting monolayer
has been demonstrated as an effective way by our groups and
others.”* ™ An alternative approach is to polymerize the small
molecules in situ via crosslinking reactions. Soluble small
molecules bearing cross-linkable units, such as vinyl, acrylate,
azide, and oxetane groups, can form insoluble cross-linked
three-dimensional (3D) networks under thermal or ultraviolet
(UV) treatment.”” ™ Such cross-linked 3D networks could
enable solvent-resistant hole-transporting layers"”f"(’ and
protective interlayers.47’4” However, the reported cross-linkable
systems would not be suitable for flexible p—i—n PSCs with
film substrates or for n—i—p PSCs due to their high cross-
linking temperatures (usually >180 °C), which exceed the
tolerance of the underlying layers.

In this work, we report the development of a 9,9'-
spirobifluorene-based molecule functionalized with four vinyl
groups (V1382) for the targeted cross-linkable HTL (Scheme
1) and its application to PSCs. To lower the cross-linking
temperature, the introduction of an aliphatic cross-linker
containing four thiol groups, pentaerythritol tetrakis(3-

hitps://doi.org/10.1021/acsami3c13950
ACS Appl. Mater. Interfaces 2024, 16, 12061216
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Figure 1. Differential scanning calorimetry curves (scan rate, 10 °C min~'; N, atmosphere) of (a) V1382 and (b) a mixture of V1382 with 4,4'-

thiobisbenzenethiol.

Table 1. Thermal, Optical, and Photophysical Properties of V1382 and V1382/Dithiol

Tay (7€)
V1382 253, 265
V1382 after heating at 255 °C*

V1382/dithiol after heating at 103 °C®

Tae: (°C)*
460

Aspe (nm)b A (nm)b Ip (eV)° Hg (em® V! s"}d

336, 395 419, 441 529 87 x 107°
371 - 538 13 % 107°

303, 383 - 535 13 % 107

“Polymerization (T,q,) and decomposition (T,.) temperatures observed from DSC and TGA, respectively (scan rate = 10 °C min~", N,
atmosphere ). “Absorption and emission spectra were measured in THF solutions (10~ M) or thin films. “Ionization energies of the films measured
using PESA. dMnbiIity value at zero field strength. “After annealing, films were rinsed with THF several times.

mercaptopropionate) (PETMP), has been reported.”’ We
chose a dithiol-terminated diphenylsulfide, 4,4'-thiobisbenze-
nethiol, as a cross-linker since it has a shorter insulating part
than PETMP and may generate a stable radical form to
facilitate the thiol—ene “click” reaction with V1382. We found
that the cross-linking between V1382 and 4,4'-thiobisbenze-
nethiol (dithiol) can occur at a low temperature of 103 °C to
form an insoluble 3D polymer network. To the best of our
knowledge, this is the lowest cross-linking temperature
reported for HTLs for PSCs. Benefiting from the mild cross-
linking conditions, this cross-linkable system is suitable for
applications in both p—i—n and n—i—p PSC architectures.
Devices employing the cross-linked V1382/dithiol as the hole-
transporting layer in p—i—n PSCs and as the interdayer
between the perovskite layer and Spiro-OMeTAD in n—i—p
PSCs have shown improved performance and long-term
stability compared with devices using conventional HTMs.
These results demonstrate cross-linking as an efficient strategy
for low-cost and high-performance organic semiconducting
materials, not only for photovoltaics but also for other
optoelectronic devices such as light-emitting diodes, photo-
transistors, photocells, and so on.

B RESULTS AND DISCUSSION

The polymer precursor V1382, which possesses a 9,9'-
spirobifluorene core and four vinyl cross-linkable groups, was
synthesized in a facile 2-step synthetic procedure with
commercially available starting materials as shown in Scheme
L. During the first step, the palladium-catalyzed Buchwald—
Hartwig amination reaction of 2,2',7,7'-tetrabromo-9,9'-
spirobifluorene and p-anisidine was carried out to give
aminated precursor 1 in 70% yield. Compound 1 was then
vinyl-functionalized by using 4-bromostyrene to generate the
target product V1382 in 51% yield. Structures of the
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synthesized compounds were characterized by nuclear
magnetic resonance (NMR), elemental analysis (EA), and
mass spectrometry (MS). The total cost for V1382 is
estimated to be 42 € g7', much cheaper than widely used
HTMs,™ indicating its strong potential for large-scale
manufacturing processes (Table SI). Detailed synthesis
procedures and analysis data are given in the Supporting
Information.

The thermal properties of V1382 and its cross-linking
reaction with 4,4'-thiobisbenzenethiol were investigated by
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). The decomposition temperature corre-
sponding to 5% weight loss (T4.) of V1382 was estimated
from the TGA curve to be 460 °C (Figure S1), confirming that
V1382 has good thermal stability. As shown in Figure la, an
exothermic peak was detected at 253 °C during the first scan,
while no distinct phase transition could be observed until 350
°C in the second heating scan, suggesting that thermal cross-
linking of V1382 occurs at 253 °C. In contrast, after mixing
V1382 with a dithiol cross-linker, 4,4"-thiobisbenzenethiol, in a
molar ratio of 1:2, the exothermic peak shifted to the region of
103-120 °C, and the crosslinking temperature (Tpq,) was
detected at 107 °C (Figure 1b). The results imply that the fast
thermal cross-linking occurs due to the facile thiol—ene “click”
reaction. It is worth noting that this is the lowest cross-linking
temperature reported in the PSC field, ™% enabling the
application in both p—i—n and n—i—p PSC architectures.

To evaluate the optical properties of V1382 and formed
polymers, ultraviolet—visible (UV—vis) absorption and photo-
luminescence (PL) spectra were measured from tetrahydrofur-
an (THEF) solutions and thin films. The results are shown in
Figure 52 and summarized in Table 1. The absorption maxima
(Aps) of V1382 were observed at 336 and 395 nm. The less
intense absorption peak at 336 nm can be assigned to the

hitpe://doi.org/10.1021 /acsami.3c13550
ACS Appl. Mater. Interfaces 2024, 16, 1206-1216
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Figure 2. UV—vis spectra of (a) cross-linked V1382 and (b) V1382/dithiol films with different annealing times. (c) FTIR spectra before and after

cross-linking of V1382 with dithiol.
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Figure 3. (a) Electric field dependencies of the hole-drift mobilities in charge transport layers and (b) photoelectron yield of V1382 and cross-

linked films measured in air.

m—m* transition, while the more intense absorption peak at
395 nm corresponds to the n—z* transition. After polymer-
ization of V1382 at 255 °C, wide absorption band ranging
from 275 to 450 nm was observed, while after thermal cross-
linking using dithiol at 103 °C, the absorption spectra of the
polymer had two main peaks at around 303 and 383 nm. In
addition, the emission maxima (4,,,) of V1382 were observed
at 419 and 441 nm with a Stokes shift value of 24 nm.
V1382 films with and without 4,4'-thiobisbenzenethiol
cross-linker (molar ratio = 1:2) were prepared by spin-coating
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the corresponding materials in THF solutions (V1382 20 mg
mL™"). The ability to form insoluble cross-linked networks was
evaluated by measuring the UV—vis absorption of these spin-
coated films. The results are shown in Figure 2ab. After
annealing the films of V1382 without and with the dithiol
cross-linker for only 15 min at 255 and 103 °C, respectively,
and rinsing with THF several times to remove soluble parts,
absorbance from the films was still detected. It indicates that
the cross-linking of these films occurred under these
conditions, resulting in good solvent-resistant films. We note

https//doi.org/10.1021/acsami.3c13950
ACS Appl. Mater. Interfoces 2024, 16, 1206-1216
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Figure 4. Structure of (a) p—i—n and (b) n—i—p PSCs. (c) J=V curves and (e) MPPT of p—i—n PSCs. (d) J=V curves and (f) MPPT of n—i—p

PSCs.

that such rapid cross-linking is quite unusual for thiol—ene-
type polymerization according to our previously reported
works, " suggesting that spiro configuration might be
sterically or energetically favorable for this type of reaction.
A longer time frame was used to quantitatively cross-link the
films. The cross-linking process in both cases was completed
after annealing for 60 min.

Fourier transform infrared (FTIR) spectra (Figure 2c) were
recorded to ascertain the occurrence of the cross-linking. After
V1382 cross-linking with dithiol at 103 °C, the peak of S—H
stretching vibration at 2520 cm™' and the peak of C=C
stretching vibration at 1625 cm™" disappeared compared with

1210

the peaks before heating confirming that fast thermal cross-
linking occurs after heating V1382 with a dithiol cross-linker at
103 °C.

The hole-transport properties of the HTMs were charac-
terized with the aid of xenographic time-of-flight (XTOF)
measurements (Figure 3a). At zero field strength, V1382
demonstrates a hole-drift mobility of 8.7 X 1075 cm? V™' s7%.
After thermal annealing, regardless of using the dithiol cross-
linker, the hole mobilities of cross-linked films slightly reduce
to 1.3 X 107% em®* V7' 57, yet are still comparable to those of
popular HTMs for PSCs.”>™ In addition, the solid-state
ionization potential (I,) of V1382 and the cross-linked films

https//doi.org/10.1021/acsami3¢13950
ACS Appl. Mater. Interfaces 2024, 16, 1206-1216
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Table 2. Photovoltaic Parameters of p—i—n and n—i—p PSCs Derived from J-V Measurements

p—i—n PSC Devices

d

HTM" scan” J.. (mA cm™2)° v, (V)° FF° PCE (%)° HI
cross-linked V1382/dithiol F 23.0 (226 £ 0.3) 1.09 (1.08 + 0.01) 0.77 (0.77 + 0.02) 19.3 (18.7 £ 0.4) —0.027
R 23.5 (228 + 0.4) 1.07 (1.07 £ 0.01) 0.75 (0.74 + 0.02) 18.8 (18.1 £ 0.8)
PTAA F 233 (215 + 0.8) 105 (1.05 = 0.01) 0.79 (0.77 % 0.02) 19.3 (17.5 £ 1.0) —0.090
R 223 (211 +0.7) 1.06 (1.05 + 0.01) 0.75 (0.75 + 0.03) 17.7 (16.6 + 1.1)
n—i—p PSC Devices
HTM® scan” I.. (mA am%)* v, (V) FF* PCE (%)° HI¢
cross-linked V1382/dithiol/Spiro-MeTAD F 224 (221 + 04) L10 (105 + 0.03) 0.77 (0.75 + 0.01) 19.1 (17.6 + 0.8) —0.032
R 224 (221 + 04) 1.09 (1.06 + 0.02) 0.76 (0.76 + 0.01) 185 (17.8 + 0.5)
Spiro-OMeTAD F 226 (222 + 04) 108 (1.05 + 0.02) 0.77 (0.75 + 0.01) 189 (17.5 + 0.8) —0.050

R 22.5 (221 + 0.4)

1.07 (1.06 + 0.01) 0.75 (0.74 + 0.01) 18.0 (17.4 + 0.5)

“HTM (V1382/dithiol/1:2 molar ratio) were spin-coated on FTO substrates or on top of the perovskite layer from PhCI solution to fabricate p—
i=n or n—i—p P5Cs, respectively. The optimized concentration of V1382 is 2.0 and 1.0 mg mL™" for p—i—n and n—i—p PSCs, respectively.
PForward and reverse indicate the scan direction from Jsc to Ve and from Ve to Jsc, respectively. “The average and standard deviation values
were given in parentheses. dHYS[EI'ESiS index (HI) = (PCEg,,,... — PCEg, ..0)/PCEg, ...

were measured by using photoelectron spectroscopy in air
(PESA). As shown in Figure 3b, the ionization potential of the
V1382 film was measured to be 5.29 eV. The I, values slightly
increase to 5.38 and 5.35 eV in the case of cross-linked V1382
without and with 4,4’-thiobisbenzenethiol, respectively. The IP
values of the cross-linked V1382 films are smaller than the
valence band (VB) of typical perovskite materials such as
CH NH,Pbl, (MAPbI,, VB = 5.45 eV) or
CsgosFAg oMA, sPbl, 7sBrg,s (FA: formamidinium, VB =
5.56 eV)™ and larger than those of conventional HTMs
such as PTAA or Spiro-OMeTAD. As shown in energy-level
diagrams of both p—i—n and n—i—p PSC devices (Figure S3),
compared to conventional HTMs, the smaller energy-level
offset between the cross-linked V1382 and the perovskite
suggests that more efficient hole transfer could be expected for
the cross-linked V1382.

X-ray photoelectron spectroscopy (XPS) measurements
were carried out to prove the interaction between the cross-
linked V1382/dithiol and the perovskite
(CsposFApgoMAy 1sPbly 7sBrg 55). Figure S4 presents the XPS
spectra of Pb 4f peaks in the pristine perovskite film and the
perovskite film with cross-linked polymer surface modification.
Compared to the pristine film, the peaks of Pb 4f,,, and Pb
4f;/, in the modified perovskite film shifted 0.3 eV to a higher
binding energy, implying an interaction between the cross-
linked V1382/dithiol and the perovskite surface. This could
benefit solar cell operational stability.

To evaluate the efficacy of the HTM formed by the cross-
linking between V1382 and 4,4"-thiobisbenzenethiol (named
cross-linked V1382/dithiol) in PSCs, both p—i—n devices
[fluorine-doped tin oxide (FTQ)/HTM/perovskite/ethylene-
diammonium diiodide (EDAL)/C,,/bathocuproine (BCP)/
Ag] (Figure 4a) and n—i—p devices [indium tin oxide (ITO)/
SnO,/perovskite/(with or without HTM interlayer)/Spiro-
OMeTAD/Au] (Figure 4b) were fabricated. In the p—i—n
PSCs, EDAL, was used as a post-treatment for the perovskite
surface to improve the cell voltages.™ A triple cation perovskite
(CsposFAy oMA, 1 PbL, - Bry »,) with a bandgap of 1.56 eV was
selected as the light absorber material.***®  Cross-linked
V1382/dithiol was used as the HTM and the HTM interlayer
in p—i—n and n—i—p PSCs, respectively. The details for the
device fabrication are provided in the Supporting Information.
The current—voltage (J—V) curves of devices were measured
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under AM L35G illumination at 100 mW cm™, and detailed
device parameters are listed in Table 2.

In the p—i—n PSCs, all HTMs are used without any dopants
or additives. Devices with PTAA as the HTM were also
fabricated as references. The performance of the cross-linked
V1382/dithiol-based devices with different concentrations of
V1382 (0.125—4.0 mg mL™") is presented in Table S2 and
Figures S5—59 in the Supporting Information. The morphol-
ogy of the perovskite films was characterized with the help of
scanning electron microscopy (SEM) (Figures S10 and S11).
All of the perovskite layers are smooth and pinhole-free,
indicating that the perovskite films are not significantly affected
by the concentration of V1382 used for cross-linking.

The concentration of V1382 used for cross-linking with
dithiol was optimized to be 2.0 mg mL™". Devices with cross-
linked V1382/dithiol fabricated by using <2.0 mg mL™! of
V1382 exhibited a lower open-circuit voltage and a larger
hysteresis, while those using >2.0 mg mL™" of V1382 showed a
lower fill factor. Under the optimized conditions, in the
forward scan, the cross-linked V1382/dithiol-based p—i—n
devices exhibited a short-circuit current density (Jsc) of 23.0
mA cm™, an open-circuit voltage (Vc) of 1.09 V, and a fill
factor (FF) of 0.77, resulting in a PCE of 19.3%. The Jsc values
derived from the J—V measurements were consistent with the
values integrated from the incident photon-to-current
efficiency (IPCE) spectra (Figures S6—58). Compared to the
reference devices based on PTAA (Figures 4¢, S12, and 513),
the cross-linked V1382/dithiol-based devices showed com-
parable PCE (19.3 vs 19.3%), higher Vi, (1.09 vs 1.05 V), and
smaller hysteresis (—0.027 vs —0.090). The higher Vi of the
cross-linked V1382/dithiol-based devices could be attributed
to the larger ionization potential (or deeper HOMO energy
level), resulting in a better energy alignment with the VB of the
perovskite material.

To compare the operational stability of p—i—n devices using
cross-linked V1382/dithiol and reference PTAA HTMs,
maximum power point tracking (MPPT) was carried out
under AM 1.5G in an inert atmosphere (Figure 4e). The PCE
of the PTAA-based reference device degraded to 80% of its
initial value after 30 h. In contrast, the cross-linked V1382/
dithiol-based device still retained 84% of the initial output after
200 h, indicating the superior long-term stability of the cross-
linked HTMs. In addition, Figure S14 shows the much
improved thermal stability of the unencapsulated device using'

121 https://dol.org/10.1021 facsami 3¢13950
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Figure 5. (a) Steady-state PL and (b) time-resolved PL spectra of the perovskite films (CsysFAgoMA 5PbL, 75Brg55) fabricated on quartz, PTAA,
and cross-linked V1382 /dithiol substrates excited at 688 nm with an excitation fluence of 100 n] cm™, The perovskite is probed through the glass

side.

the cross-linked V1382 /dithiol, which remained at 91% of its
initial PCE after being heated at 85 °C in air for 50 h under a
relative humidity of 40%, while the PCE of the PTAA-based
device dropped to 76% of its initial value.

The electrical properties of the devices were investigated
with the aid of impedance spectroscopy (AM 1.5G, zero
applied bias; Figure 515). The data are analyzed with a simple
equivalent circuit comprising series and parallel resistances
together with a parallel capacitance element. At low bias
voltages, the parallel resistance is determined by recombination
and/or leakage currents, with larger values indicating either
better quality of the perovskite layer or more efficient charge
extraction from the perovskite absorber. The parallel resistance
of the cross-linked V1382 /dithiol-based device was estimated
to be 228 cm?, higher than that of the PTAA-based device
(152 © em?). It indicates that the interfacial recombination
could be suppressed in the case of the device with cross-linked
V1382/dithiol. The results are in good agreement with the
trend in Ve

The effect of the cross-linked V1382/dithiol as the interlayer
between the perovskite layer and Spiro-OMeTAD on the
performance of the n—i—p PSCs was investigated. In this case,
Spiro-OMeTAD was doped with LiTFSI, the Co(llI)
complex, and tBP. Devices using the doped Spiro-OMeTAD
without the interlayer were also fabricated as reference n—i—p
devices (Figure S16). The concentration of V1382 on the
cross-linking precursor used for the interlayer was optimized
and determined to be 1.0 mg mL™" (Table 83, and Figures
§17-520). As shown in Figure 4d, after optimization, the
device with the cross-linked interlayer exhibited a PCE of
19.1% with a Jsc of 22.4 mA cm™?, a Ve of 1.10 V, and an FF
of 0.77 in the forward scan. For the reference device without
the interlayer, slight drops in Ve and PCE were observed
(Voc = L.08 V and PCE = 18.9%). It implies that by inserting
the cross-linked V1382/dithiol interlayer, the interfacial
recombination could be suppressed. As confirmed by
impedance spectroscopy (Figure $21), the parallel resistance
of the device increased from 71 to 252 Q cm? after inserting
the cross-linked V1382/dithiol interlayer, supporting the
above statement. The operational stability of the devices was
assessed by running them at the maximum power point under
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AM 1.5G for 24 h. As shown in Figure 4f the PCE of the
reference device degraded to 60% of its initial value after 16 h,
while the device with the cross-linked interlayer still
maintained 84% of its initial output after 24 h. In addition, a
thermal durability test on the unencapsulated devices was also
carried out under an ambient atmosphere. The results are
listed in Figure 522. After heating the devices at 100 °C for 1 h,
the efficiency of the reference device without the interlayer
dropped to 58% of the initial efficiency. In contrast, under the
same conditions, the efficiency of the device using the cross-
linked V1382/dithiol interlayer still retained 71%. Since the
cross-linked V1382/dithiol with a water contact angle of 69°
(Figure $23) shows similar hydrophobicity to doped Spiro-
()METAD,S-"'w the better stability of the cross-linked V1382/
dithiol-based PSCs could be attributed to the suppression of
the metal diffusion®” and the interfacial defect passivaﬁon,m'“
caused by the insertion of the sulfur-rich interlayer.

In order to investigate the interfacial charge transfer kinetics,
steady-state photoluminescence (PL) quenching and time-
resolved PL (TRPL) decay on the perovskite films deposited
on quartz, PTAA, and cross-linked V1382/dithiol were
conducted.”> As shown in Figure 5a, after fabricating
perovskite on HTM layers, the PL peak intensity was reduced,
falling to 56 and 35% for PTAA and cross-linked V1382/
dithiol, respectively. The TRPL lifetime for the pristine
perovskite film was found to be 196 ns, and the TRPL lifetime
for HTM/perovskite films decreased to 120 and 75 ns for
PTAA and cross-linked V1382/dithiol, respectively (Figure
5b). The stronger PL quenching together with the shorter PL
lifetime indicates that cross-linked V1382 /dithiol has a better
hole extraction ability than PTAA. There is no significant
difference between the PL properties of perovskite/Spiro-
OMeTAD and peravsk.ite/cross-linked V1382 interlayer/
Spiro-OMeTAD (Figure S24 and Table $4).

B CONCLUSIONS

In summary, a low-cost 9,9"-spirobifluorene derivative bearing
four vinyl groups (V1382) was designed and synthesized. Due
to the presence of vinyl groups, V1382 can undergo thermal
cross-linking at 255 °C to form a solvent-resistant polymeric
network. Importantly, by mixing V1382 with 4,4"-thiobisben-

https2//doi.org/10.1021/acsami.3c13950
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zenethiol in a molar ratio of 1:2, the cross-linking temperature
can occur at 103 °C via a facile thiol—ene reaction. The cross-
linked V1382/dithiol film exhibits appropriate hole mobility
and ionization potential, implying its potential as an HTM in
PSCs. Taking advantage of the low cross-linking temperature,
the cross-linked V1382/dithiol can be used as the HTM and
HTM interlayer in p—i—n and n—i—p PSC devices,
respectively. Devices with the cross-linked V1382/dithiol
were found to show suppressed interfacial recombination,
resulting in better power conversion efficiencies and opera-
tional stability than devices using conventional hole-trans-
porting materials such as PTAA and Spiro-OMeTAD.

H MATERIALS AND METHODS

Fabrication of p—i—n PSCs. Preparation of Transparent
Conductive Oxide Substrates. Glass/FTO substrates (10 sq”',
AGC, Inc.) were etched with zinc powder and HCl (6 M in
deionized water) and consecutively cleaned with 15 min ultrasonic
bath in water, acetone, detergent solution (Semico Clean 356,
Furuuchi chemical), water, and isopropanol, followed by drying
with an air gun, and finally plasma treatment. The substrates were
transferred to an inert gas-filled glovebox for further processing.

Preparation of Hole-Transporting Layers. V1382 was mixed with
4,4'-thiobisbenzenethiol (molar ratio = 1:2, concentration of V1382 =
0.125—4 mg mL™") in chlorobenzene. The HTM solution (100 xL)
was deposited on the FTO substrate using spin-coating (3000 rpm for
30 s, S s acceleration), followed by heating on a hot plate at 110 °C
for 1 h. In the case of bare V1382, 8 mg mL~' V1382 was used. The
hole-collecting material PTAA (2.0 mg mL~" in anhydrous toluene)
was deposited by using spin-coating (4000 rpm for 30 s, S s
acceleration), followed by heating on a hot plate at 100 °C for 10 min.

Preparation of Perovskite Layer. The
CsosFAggoMAg sPbl, ;Bry 55 precursor solution was prepared from
Csl (69 mg, 0.27 mmol), MABr (85 mg, 0.76 mmol), Pbl, (2.24 g
4.85 mmol), PbBr, (96 mg, 0.26 mmol), and FAI (703 mg, 4.09
mmol) dissolved in a mixture of DMF (3.0 mL) and DMSO (0.90
mL). After stirring at 40 °C for 30 min, the solution was filtered with a
0.45 um PTEE filter. 190 uL of the solution was placed on an FTO/
HTM substrate and spread by spin-coating (slope 1 s, 1000 rpm 10's,
slope § s, 6000 rpm 20 s, slope 1 s) to make a thin film. 300 uL of
chlorobenzene was dripped over the rotating substrate at 3 s before
the end of the spinning at 6000 rpm. The films were then annealed on
a hot plate at 150 °C for 10 min. These perovskite samples were
moved under Ar to a vacuum deposition chamber, where 0.5 nm of
ethylenediammonium diiodide (EDAI,) (deposition rate 0.03 nm
s™') was deposited by thermal evaporation.

Preparation of Electron-Transporting Layer and Metal Elec-
trode. The above samples were moved under Ar to a vacuum
deposition chamber, where 20 nm of Cg, (deposition rate 0.05 nm
s™') and 8 nm of BCP (deposition rate 0.01 nm s™') were deposited
by thermal evaporation. The top electrode was prepared by depositing
100 nm of silver (deposition rate, 0.005 nm s™') through a shadow
mask.

Fabrication of n—i—p PSCs. Preparation of Transparent
Conductive Oxide Substrates. Glass/ITO substrates (10 sq~')
were etched with zinc powder and HCI (6 M in deionized water)
and consecutively cleaned with a 15 min ultrasonic bath in water,
acetone, detergent solution (Semico Clean 56, Furuuchi chemical),
water, and isopropanol, followed by drying with an air gun, and finally
plasma treatment. The substrates were transferred to an inert gas-
filled glovebox for further processing.

Preparation of the SnO, Layer. The SnO, layer was prepared by
spin-coating a colloidal dispersion (15% in H,0) diluted with
deionized water (volume ratio = 1:1) on the ITO substrates (400 uL
for each substrate, slope 2 s, 3000 rpm 20 s, slope 2 s) followed by
annealing at 150 °C for 30 min. A plasma treatment was performed
after cooling the substrate to room temperature, before transferring
the samples to an inert gas-filled glovebox for further processing.
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Preparation of Perovskite Layer. The
Csg0sFAg s0MAy 1sPbl, 7sBrg 55 precursor solution was prepared from
Csl (69 mg, 0.27 mmol), MABr (85 mg, 0.76 mmol), Pbl, (2.24 g,
4.85 mmol), PbBr, (96 mg, 0.26 mmol), and FAI (703 mg, 4.09
mmol) dissolved in a mixture of DMF (3.0 mL) and DMSO (0.90
mL). After stirring at 40 °C for 30 min, the solution was filtered with a
0.45 um PTEFE filter. 190 uL of the solution was placed on a glass/
ITO/SnO, substrate and spread by spin-coating (slope 1 s, 1000 rpm
10 s, slope S s, 6000 rpm 20 s, slope 1 s) to make a thin film. 300 uL
of chlorobenzene was dripped over the rotating substrate at 3 s before
the end of the spinning at 6000 rpm. The films were then annealed on
a hot plate at 150 °C for 10 min.

Preparation of Cross-Linked V1382 Interlayer. V1382 was mixed
with 4,4'-thiobisbenzenethiol (molar ratio = 1:2, concentration of
V1382 = 1.0, 2.0 mg mL™") in chlorobenzene. 100 uL of the solution
was spin-coated on top of the perovskite layer (3000 rpm for 30's, S s
acceleration), followed by heating on a hot plate at 110 °C for 1 h.

Preparation of Hole-Transporting Layer. Spiro-OMeTAD (0.06
M) was mixed with an oxidizing agent [tris(2-(1H-pyrazol-1-yl)-4-
tert-butylpyridine)cobalt(111) tris(bis(trifluoromethylsulfonyl)imide)]
(FK209, 0.15 equiv) into a solution of chlorobenzene, 4-tert-
butylpyridine (tBP, 3.3 equiv), and lithium bis-
(trifluoromethylsulfonyl)imide (LITEFSI, 0.54 equiv). After being
stirred at 70 °C for 30 min, the suspension was filtered with a 0.45 ym
PTFE filter to remove insoluble Co(II) complexes. 90 uL of the
solution was spin-coated on top of V1382 (slope 4 s, 4000 rpm, 30 s,
slope 4 s), followed by annealing at 70 °C for 30 min.

Preparation of Metal Electrode. Gold electrodes (80 nm) were
thermally deposited on the top face of the devices by using a shadow
mask.
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EXPERIMENTAL SECTION
Equipment and Characterization

Chemicals were purchased from Sigma-Aldrich, TCI Europe and used as received without further

purification.

'H NMR spectra were recorded at 400 MHz on a Bruker Avance III spectrometer with a 5 mm
double resonance broad band BBO :z-gradient room temperature probe, '3C NMR spectra were
collected using the same instrument at 101 MHz. The chemical shifts, expressed in ppm, were relative
to tetramethylsilane (TMS). All the NMR 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 (EA) was performed with an Exeter Analytical CE-440 elemental analyser,

Model 440 C/H/N/.

Mass spectrometry (MS) was performed on Waters SQ Detector 2 Spectrometer using electrospray

ionization (ESI) technique.
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Synthesis

Scheme S1. Synthetic route of the V1382.

NH, Br ©
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N N?" N7, N7 -tetrakis(4-methoxyphenyl)-9,9’-spirobi[fluorene]-2,2’,7,7’-tetraamine (1)
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1
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A solution of compound 2,2°,7,7’-Tetrabromo-9,9’-spirobifluorene (3 g, 4.7 mmol, 1 equiv) and p-
anisidine (5.9 g, 47.5 mmol, 10 equiv) in anhydrous toluene (47 mL) was purged with argon for 30
minutes. Afterwards, palladium (IT) acetate (0.02 equiv), tri-tert-butylphosphonium tetrafluoroborate
(0.027 equiv) and sodium fert-butoxide (8 equiv) were added and the resulted solution was refluxed
under argon atmosphere for 28 hours. After cooling down to room temperature, the reaction mixture
was extracted with ethyl acetate and distilled water. The organic layer was dried over anhydrous
Na,S0,, filtered and solvent evaporated. The crude product was purified by column chromatography
using 8:17 v/v THF/n-hexane as an eluent. Pale green solid were collected as a final product. (2.7 g,
71% yield). '"H NMR (400 MHz, DMSO-d) 6 7.73 (s, 4H), 7.54 (d, J= 8.0 Hz, 4H), 7.00 — 6.87 (m,
12H), 6.79 (d, J= 8.4 Hz, 8H), 6.23 (s, 4H), 3.67 (s, 12H). ’C NMR (101 MHz, DMSO-dg) & 154.14,
150.79, 14428, 136.61, 132.96, 120.61, 119.86, 114.96, 113.37, 111.64, 65.48, 55.65 ppm. Anal.
caled for Cs3HyyN4O4: C, 79.48; H, 5.54; N, 7.00; found: C, 79.77; H, 5.52; N, 7.04.
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N2 NP N7 N7'-tetrakis(4-methoxyphenyl)-N>, N* . N7.N” -tetrakis(4-vinylphenyl)-9,9-
spirobi[fluorene]- 2,2'.7,7 -tetraamine (V1382)

o

gapiio-
7 3N A
Q-

o -0

V1382

A solution of compound 1 (0.2 g, 0.2 mmol, 1 equiv) and 4-bromostyrene (0.2 g, 1.1 mmol, 4.5 equiv)
in anhydrous toluene (22 mL) was purged with argon for 30 minutes. Afterwards,
tris(dibenzylidencacetone)dipalladium(0) (0.063 equiv), tri-teré-butylphosphonium tetrafluoroborate
(0.09 equiv) and sodium rert-butoxide (6 equiv) were added and the resulted solution was refluxed
under argon atmosphere for 5 hours. After cooling down to room temperature, the reaction mixture
was filtered through celite, extracted with ethylacetate and distilled water. The organic layer was dried
over anhydrous Na,;SO,, filtered and solvent evaporated. The crude product was purified by column
chromatography using 1:4 v/v THF/n-hexane as an eluent. The obtained product was precipitated from
THF into 15 times excess of ethanol. The precipitate was filtered off and washed with ethanol to
collect V1382 as a pale yellow solid. (0.15 g, 51% yield). '"H NMR (400 MHz, THF-ds) 6 7.51 (d, J
= 8.4 Hz, 4H), 7.20 (d, J = 8.6 Hz, 8H), 6.97 (d, J = 8.6 Hz, 8H), 6.92 — 6.78 (m, 20H), 6.67 — 6.53
(m, 8H), 5.57 (d, J= 17.6 Hz, 4H), 5.05 (d, J = 10.9 Hz, 4H), 3.75 (s, 12H). >*C NMR (101 MHz,
THF-dg) 6 154.68, 148.14, 146.11, 144.97, 138.45, 134.54, 134.47, 128.93, 124.82, 124.81, 122.14,
119.29, 118.32, 117.12, 112.68, 108.59, 63.78, 52.76 ppm. Anal. caled for CgsHesN4O,: C, 84.41; H,
5.67; N, 4.63; found: C, 84.27; H, 5.62; N, 4.65. CgsHggN4O4[M*] exact mass = 1208.52, MS (ESI) =
1208.61.
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