AsaIUadwasaindviainassanalnalagldaaUilasinlelageun

dmmsurullaa

Jazns undlq

U IAINTTUAIEATUNIU UGN
A1U7173U1IAINTTUNAITUNANY
UNIINY1FBLULRY

N.A. 2566



AsaIUadwasaindviainassanalnalagldaaUilasinlelageun

dmmsurullaa

Jazns undlq

[ '
1 =

Wendinusiiludruniiavasnnuauysalvaimsinuiaunangns
U1 3AINTSUAIEATUNI U
f19713U1AINITTUNIIUNAUNY

F1UNUSUITUATHRIUIAVINIG U1 INBaeudld

W.F. 2566

g o/ ]
AVANTVDIUNINY1ABULR



MMsWRILadwEsaindvlawassandlnilaeldnauiasinlalueiun

dusuduinloa
Yougns 11nily

WendnusilasunsinnsaneydRlidudimiweruanysaiveinisng
AUVENEATUI QYYIAINTTUAERTUMTUNA

ANV NIAINTTUNAIUN AU

a < ¢l
NAsUNRUBDULAY 8191589U3nW

e’d‘ = £y
2191589NUsNWINAN

173 01V (L
cal e ]
DIIEMUSAWNTIN
(§Y38A1ERT191TE AT.A5198 WAIYAT)
173 2021V VL
el e ]
DIIEMUSAWNTI
(§928A1ans19138 A9.991050) YULaI39)
I WA L2021V (L

[

U581 SIHTURATOUNENGNS

AUNUSHUITHASHAIUIABINGSUTONAD

(399FNEM519159 AT.Q0U TaNIENRIUAR)

$9995N15UR



Fodeq nmMsimLasLaseindydamessenalndlagldaauivesinlels
gun dmsutuilea

YofjiTou unaaozns anndla

FouSan AMINTTUANFATUNITUTAN A1V IAINTTUNSIUNALNY

919159NUSAUIMAN  999F1AMNI115Y AS.0ASUNS DunTAY

v a

Tagtuaduasonfindyianassonalndlasuainuaulosgrauinannguinise
waziatiy Wesnauauifidulubemesiuyunisdas nszuiunisudaitlidudou
UszAniaings faunsdainudangu wagumidniun lnslusuddedldviinisimu
UszAninmueagaduasoriindudamessonalnddmivduileadilasiadauuuund
(Normal structure) Tnginluyszgndldfumaduatenfingidasuemdudatlnd uagld
FFeunesuTATen (CsoirFAgssPblogsBrosr)s) tumgadunas Tnsudansmegeusendu
3 du Idundmusnldasazarsaouieswmlaleendy (CuPo) MMty 5, 10,
15 uag 20% wauivaisaratereleasinlaluenun (CUSCN) nan1snadeunuinnIsusua
ATUTl 10% YaananunuinuvesiufnUsEadasy (Trap density) uazu3uuse
sevsoszriamessenalndiuiuiilen uazsessoszmisduinleatuaiuou damalslden
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ABSTRACT

Perovskite solar cells are a type of solar cell that use a perovskite-
structured compound as the light-harvesting material. They have been attracting a
lot of attention in recent years due to their promising properties, including high
power conversion efficiency, low cost, good flexibility, and ease of fabrication. In this
work, aimed to improve the efficiency of perovskite solar cells by optimizing the hole
transporting layer in @ normal structure configuration. The carbon-based perovskite
solar cells wused cesium/formamidinium  (Csg17FAggsPo(log3Bros7)s) as  the
photoabsorber. The study was divided into three parts, with the first part involving
the use of a copper phthalocyanine (CuPc) solution mixed with a copper thiocyanate
(CuSCN) solution in varying concentrations of 5, 10, 15, and 20%. The results showed
that adjusting the concentration to 10% led to a reduction in trap density and
improved the perovskite/HTL interface and HTL/carbon interface. As a result, a
power conversion efficiency (PCE) of 15.01% was achieved under test conditions AM
1.5, indicating that the optimization of the hole transporting layer can significantly
enhance the performance of perovskite solar cells, This solution is resistant to
moisture and heat. The solar cell stability test showed that the developed solar cell

had a service life of more than 4 months, indicating its potential for long-term use.

Keywords :  Perovskite solar cell, CuPc, CuSCN, Hole transport layer
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NILUUKENLABY (Mono crystalline) WagwUuNansau (Poly crystalline) lnadiuss@nsnn

1Y a & o 1 oA < '3 a &l
nswdamainuuasorfindiluluhussann 12-18% dunguitaealuikaigaduatonfing
Lieglugundnlaun Wauurs (Thin film) lngwaduaserindlunguiaziiussdnsamyseanu

5-7% wagliminduaaaauasenfindlunguusnAeudneuin dmsugaduateindngud

a

3 (Emerging solar cells) azUsznaulumswaduasorinduinddoulalas (Dye sensitised

v o

solar cell) LlwadLasD 17N vIAA1T9UNIIAIFIUT (Organic solar cell) wazlwaduaso1fing

yimwassanalng (Perovskite solar cell) Wusu FaumazinaluladAtivefveidenunndneniu

(3 (Y

10 Tnewwaduavorfindnquildnfuwaduasonfinduiinln InefiussAvBnmasan 25% Lead
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TanUszinmwanainle Ievhlimigasdinniniu danugavgu wagausananukanilvug

Ingfld dmSuaduasorfinduuvddonliuas Aussansamgegaussann 11.9% (Kartikay

a0 o

et al,, 2020) udiFAeudreinilefisuiuaduaeifinduuudaneu uazdlandesniny
wfesog1aun wenantudmudymnnshidureddninsladluuinasessessninasas
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I‘ Second-generati |‘ Third-generation novel materials-
based solar cells

First-generation wafer-based
solar cells

Monocrystalline Si solar cells CIGS solar cells Perovskite solar cells

Polycrystalline Si solar cells CdTe solar cells Organic solar cells

a-Si solar cells Dye-sensitized solar cells

Group I11-V solar cells
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¢ Perovskite

>

Modified HTL

AT 3 URUAINTERUNSI9U (Mali et al, 2019)

LAZAINANTANYINUINLDNNAUBUINISIUNISANUSEENT A NVD IR LEIDTINE
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ANMUTUVDIANINLINGBUIZILA (Yu et al,, 2020) AeatiuluauddedaalavinnisAnwieaiu
nsasrawadnasonnduiamassenalnalaeltinaulasnlslesundinsutuiinlea (Mali

et al,, 2019) AININN 3 LWBLANUSLEANTNAIN LazanN1SEANYMIVBITULNDSSaNE NG dauTu

| & &

AN A9LTTAISUBULNUNDILAINTIUINYBILATIAT19UY T dunistrelinisindaunveg

[ o '
a a v w1

Uity dawaliuszansamlunisuuandsnuiiuguniy 8nnsdegleiiuning

W@fesUeuTaduaIningnle (TingtingXu et al, 2020) fadutietdun1sWmuigad

Y
a = Va
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1.2 dngUssaeRvaeauivY
1. emunwaduasenindudnmessedlndlngldneveslvleluenundmiuduii
loa
2. ilofnuanantAvaLas Meaw wazyslniveswaduasenfinduiamessoma-
1ne

3. WinUszlluAnen nnstgauYeaakasainduiamassanalndnndnle

=
1.3 Y9ULIANTSANEN

1. ahawaduatoniinduuumessenalndluseaunesufisinig Ineldlassasiaeadiuy
Unf (Normal structure) ¥u1m 2 x 2.5 cm? 14 FTO WWudaau wag arsuveudy
UIN

2. THmatianis Spin coating dmsuaswadiateindineassonalng

3. Ysutuilealaeldaslivesinlolesun (CuSCN) wagasUidosnnilalesiiu
(CuPo) Tnanisusumnududuliddesnin 3 an

¥ = a [ g.// a) s o g./’ a) s s

4. 9529aUlATIETINEN LaznTIdeurintanuutuiauilaatassuidunas TN -

dlnAMeLATELATIZRINTRELULY0SIAeND (X-ray diffraction)

5. insneaeuRuandinsiiihvesgaduasorfindinessenalndnanizuindoy

11995714 (Standard test)

[ (%
[ a Y o

6. H15719FDUANWULAUFIUINY1VRITURN AN hazduaunassaalng sudg

<a

(%
U %

amnrveaTaduaseiindimefsealndifiegaiumuivesiduususazdusie
NADIYaNIIALBENATEULUUEDINTIA (Scanning electron microscope)

7. arnaeunuaniinisgandusasesiuiidusaduasefinduuuinessenalnide
Lﬂ%ﬁﬂﬁ’]ﬂ’]ﬁ@ﬂﬂﬁuLLaﬂ (UV-Vis spectrophotometer)

8. NNINAdeUANIInUETRLTad kAt indvlamassonalndluseauiesluminis

1.4 Uselewinlasu
1. lomsuwaztnlansyvinanursasadwasaingsiamassonalng
2. lowaduasoindudainessanalnaNiuseansanmnuauy

a

3. ansandnaduasenfindmeisenalndniivssansnmasluseduies iansla
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2.1 nqufuazauddeiinedas

nsanfiunuddeluassll ladns@nwAuadmgul nann1s wan135IuTINNUITEN

Wendaaiiaiiunumuivaziiulszansamauaiunsalunisaniiunuide auide

v v

avulaegregnaeavinzay Ineivguiiiieidedunuideal

2.1.1 wassanalnea

wossonalng (Perovskite) luTevnluiiltiFonsiaiilassasrslaiinly Ao ABX,
Faamit 4 fantiduarsfeing arawessondlnddandnfiunnuiendt 100 e Hauuy
aflun3d uazuuuleula enfegiatu CaTio; waz CHaNH,Pbs 1usiu (Ghutaguiluleusa
dwiundsnumaden) 1ng A fe leseuvinivimihiinauszaliidunans B fe leseuuan

Yadlany WU Pb, Sn way X Aa armauiglan

AN 4 1AS9E519ve9asnessanalng

47+ http://www.thaiphysoc.org/article/81/

2.1.2 lassadrsvaaasudsaniindsinmassonalng
waduavenfindudamessendlndiinannisihanswessenalndunldiluiangandu
wasofindiieldunuddneuluigaduasefinduuunan wazsunuansdianinslasluwad
waveniinduuuddonluas Insasiidnuaslassadendanmedizesiududy q Tuluss
Al 5 Usznausie

> nszanlawmdauasiuluih Thlutangiusewaztioilun



> Funulea (Hole blocking layer) w3oduididnnseu (Electron transporting

layer ; ETL) finthiitdesiunsdunaiusenindeanunszaniadovaisin i

a

> tuarsmossonalng (Perovskite) fintrfigadunaandi3udiinnsounds
nszualnin

> duilea (Hole transporting layer ; HTL) wisduiusdidnnsou (Electron
blocking layer) finifidostulilidalavedudatuasmessonalng daelaily
lgauazdidnasousIfaIn

> Tilanglildih (Metal electrode) ihwihnsulealvsasnisiianseualniinauysel

nglassasrslunisasrawadiasenfindvdamassenalndazilseandy 2 Inseains
Ao Tassadrevily (Standard structure) warlnsaad1auuundu (Inverted structure) Waaos
Tnssadavzunnansiufifianisnisivavedsanazdidnnseu denmd 6 lnelaseadrarialy
Usrquanagluatusuuuansiudailanzlwih uasdidnasousy vaasiuasiunszan
indeuansuilnii Tassadsuuundvaginalufienianseiuiudesidnnseuat lnatuduuy

inutalangiinlii Uszgaulvaasiuaisiunssanedasuansilui

ANavizsirlnin

Juiileaa

drawassenalng

Junulaa

nszanadavansiilwia

c{' v X ¢ A ¢ a ¢ ¢
AN 5 Iﬂiﬂaiqﬂwu;ﬁﬂuﬁﬂ@ﬂL‘ﬁaaLLaﬁ@qﬂmﬂﬁju@Lwaii'@W?ﬂ,ﬂm

(a) (b)

N Gold Al
+1_‘: Spiro-OMeTAD _ F‘:JJ PCBM/TiOXx
- @ G Perovskite & Perovskite

TiO, ) PEDOT:PSS
- FTO - FTO
S Glass TS Glass

mwﬁl 6 (a) Iﬂﬁﬂﬁ%’mﬁbﬂﬂ (Standard structure) (b) lassas19suunau (Inverted structure)

A - https://www.zsw-bw.de/en/research/photovoltaics/topics/printed-solar-cells.ntml



2.1.3 paUasinlolganiun
AaUilasinlelwenun (CusCN) Wuansetunsduvulnawesusyaiunu lanvay
I3 & Aa = = v d S v = = =
Wurewwdsdunndanuaiosiuoniaddiiduarsasauluniswssuinaslnlelesiundu 9
HlAT9a519uU Hexagonal wurtzite wag Cubic zincblende flsn il 7 aeuiosinlelyen

wonduansneindvln p-type dA1vesinwssnaunasesu band gap Wu 3.6 eV (Ezealigo

[
o o

et al., 2020) Faimnumunzausunisi luldduTanduinlealuwaduasefindwuuine

9

allo,

)}

sona-lnAlassasrawuulsnd esneaeUiesinlelssnundautmduaisedunidns 3
n1siludszgndldlunisiiuninuadeswazlssdnsaanlunisuuamdsauessgad
wafinguuunessenalng (Patel et al,, 2020) dmsulassasnsesnalilosivlalaeiun
I3 1% = N Y = s o8 v & o a Y] ¢ ! Y

Julassadrmdnuuunnindeuadisindwes inliiluiaquinoudnmasnuaned1aiu
Wesannilduuns CuSCN ansanusanizuuiuiandaualugle Aslasuanuaulasgiann
wazihlUuszgnaldiduudidnivsladnduvewdsluwaduasorfindsiinddonlouas dould

Y] & o 44 & & ¢ A v & o a o @ 1%
W ldluwaduasenindwuumesvenalndiieldlutuddeagdmsunisida

L2
®
@
@

kel

©-0—(

-©-©-
¢

€0~

3

0 ¢

v

g @
® 69
@ vy Y

v 4

¢

AN 7 Tassas1sveanauilasinlalaeniug

A https://en.wikipedia.org/wiki/Copper(l)_thiocyanate#/

2.1.4 Spiro-OMeTAD
Spiro-OMeTAD feansavanedunssiiiiusuleavliioaduasenfing (solar cells)
Pldwmeluladiwaduasenfindviinlaoanles (dye-sensitized solar cells) fUszansainnis
wannszualnihastu lsans Spiro-OMeTAD tuduasazandrdnlumsainomiondnad

Le91MndvilaRanand 9 Spiro-OMeTAD fiaudnAgyiiosaniinaaudflunisaiiaesing
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Adumai i lulanaioduinhnszualilin wasdssannisgaydevenszualniig
Anduluaduaseniing Meauauiifilunsairwerididunsiniluluana deu
Spiro-OMeTAD 1nldluigaduasonfing asdreldiinnsavayluiinlduniy wazudn
nszualwihlduntude wiftdsdideidsunediaiesnnfuasazaieiiismgs daeavi
Iidutedrdnlunisldnuvessaduaseniindyinlaoenledluuinsd danuduiivngy
1514 Spiro-OMeTAD a813lsigndesenavinliiinanandufivld dseraidusuninese
Aandeuuazguamayud uavaalsiiaiiosves Spiro-OMeTAD dsansavaneiiliiiafiosuay

AaulmeA0TU T99199 TR AAAINURANAIA TNV UVD YRR LAIDINAE LaLan

Useansnmmwaawadle

2.1.5 N15ATITHANEWAUSNINILATN
a ¢ o a v 3 a 4 3

AN5AATITRANWATRILALIASIES 19 Ladkase indiwasanalng

R TeRanyusiokaslasiasvsTadLaeindinesenalndazldaunsaindas

fa @ % fa @ 1 < a % 1
aNIIANBIaNATEU NaesgansIAudanasoukUteaniy 2 vlia lawn

> nadpsganssAidianaseuiindgesiu (Transmission electron microscope: TEM)

14@nulassasreanisluvenwad Inedanaidlannsauazdeiniulgadnsofio8199
P = & vee v = ) | P & a P ¢ a Ao
Ao ANy BeaAnwrdeanieuiiegrdlilavuauiaduiivey ndesganssalvdaiisian
WINLNN hazATlTuRsdudauln Iaelddidnasauduinainiiauanazdainusiagnan
Tournu19unn TEupuwimadnunuaudnii @uisavetaninla 200,000-500,000 i v
A1 2 1@ (Two dimensional image) @1115093518adunn18lulauifglfundes

anssailduasiuudalseneay
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A9 8 ndpagansimidiannsouriindaaniu (TEM)

101 anduuinnssunasimunseuIuMsiteus ininenduuiing

> napsganssAidianaseusiindeansin (Scanning electron microscope: SEM)

o a o

ndesganssaudianaseurindensaldfnuilassasisvesiawadusonining lne

a

auadiannsouzdeInsnluuuRiveing ndesganssalviinilauadidnnsauazen

]
a v [ = [

nsEnURMsRIULENYeLIng A miiuaziuldaniziouen ililanmaldnuandu 3

v

1R ndesriaduwidnazdanuainnsalun1smiunmainiINasiganssaudianasouwuUdes

[ 1

AULAZANNTAIURNERILENVRINgNAIN Wi nWiuaglaseazBenunnitwazdaiau

I =& ¢ 1 a o [y Ay = v ! a
1731 SZNLUUU?%IUGU'U@'EJ’NUﬂaniUQquwmaﬂﬂqiﬁﬂUqIﬁiﬂaiqﬂaﬁnﬂagL@EJ@ (ﬂa&m’l‘WﬂJaa

GRRGRE))

Al 9 ndesganssaididnasouriindensin (SEM)

17 : @0 TuUIINITTULAENRIVINTEUIUNTSEUS UnIneNdeuiing

N1531A5129AlAT9E51909HEN WAZN15ATIRAUTTATEA LAY

A3 IIATIERNSIABIULYDISEENT (Xray diffractometer: XRD) Wutadedilo
Anreitanduiiugiu Fadunslinsesiuuulivianediegna (non-destructive analysis)
dednwiAeiulasainwemdn msdaidesiivesesaesluluianavesasUsznaus 1 v
Tuidsnun ez Ingordovdnnisidenvuuaznisnisdwosisdiond wozaimg
Aerfuinszuulasiaiiendn wissdlowdatifinnuddyuinlunszuiunsmunuaunin

nsudn TdniunTgeuautivesingAuLasnan e luNsEUIUNTNERAUTUABUANY 9
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‘““““Ne\
W

W\

Yy,
7
iy

AN 10 LASBIIATIZINSHRLIUUVDISIALDNDG (XRD)
A https://vvwvv.slri.or.th/bdd/th/ZZ—U%ﬂ’]iLﬂ%mﬁEﬁ‘wEl’lmam’§/71—x—ray—diffractometer—

xrd.html

& adve o | ] v @ s aa a I
XRD L‘chl/]gﬁ]ﬂﬂuaﬁnﬂLLW'ﬁﬁﬁ']EJIUﬂ@lI‘Uﬂ'JﬁﬂFﬂa@i gIUINYN IaVWUWEﬂ NIEREARIAY)

r-ﬂll A Ay va ¢ o = ] a ¢ o § v
Lﬂi@ﬂll@ﬁ/ﬂfmLﬂiqgvﬂﬂiﬂﬁﬁqﬂNaﬂsﬂaﬂaqiﬂﬁgﬂauLLagLLi NAN133LAT129191n XRD 1/]’]11/1

=]

aunsaueniezUsEnuazyiinvasianinulusssuvidindiguuuulasairawdnuuule vie

(Y]

o Y1 v ‘dl < o & el o [ Y v aa t% a
Iuuntaindaginuiiuiuduusviiale Ineviin1siaaianuuvessd@nagyisuoenunfiyy
#1199 Wiguieuiudeyaunsgiunviinisnsiainlagesdns JCPDs (Joint Committee on

Powder Diffraction Standard) \es1naisusznauusazyiin d5Ukuulasaasenanuaneig

AU LAZTEEENINTENINTEUIVTRILARNNTAS e uag 1 luseilauAunnaeiuluse 1aen
VNALAZUTZIVBIBYABNYRIANTUTENO UL A FULUULANEST (XRD pattern) W3gy

TafuaeinilaueinunLanneiy

nsgaAnAuLEIvaLTaAdIasindinassavslng
N139ANAUYDILABITAGLTIATe e NHYed1 nTeTndAIN1TRANEULAS (UV-vis

spectrophotometer) Tun1snsaadn dadundssfionldlunisamainudunauas uazaArnu

o

WnuaslugasdidgIuazdiuannngariuvsegnaaniulagdiegresmsegluesedie lng

Y

A « = LY A Y 2 a a i« Y ! = ! 1 I
‘1/Iﬂ’l’]3JEJ’]’3ﬂa‘uLLE‘N‘\]Sllﬂ’lWlIﬁlIWUﬁﬂ‘U‘UﬁJ']mLLﬁ%%um‘U@ﬁﬁﬁﬁ%@gﬁlum’Jﬁ)ﬁN Gmmuimgwmu

(%
)=

a158un3d ansUsenauldedeu wazanseliuvidnanunsaganduuadlutieniuenafumanil

g1
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d' 2 LY J A
a1 11 Lﬂi@ﬁ'}@ﬂ?ﬂ?i@@ﬂﬁﬂ&ﬁﬂ

U © httpsy//www.slri.or.th/bdd/th/22-USNSLAT BN BUNNE/68-Uv-vis-spectrophotometer.html

[

AuaudRlun1sanduLaesasilelulanaveiiagegnatgnieuadlug 9@y

Y

WIuawNNINumnauzibisianaseunigluezaeuinnisgandunawudlaey

anugluaglutunissaundanugandi Wevhmsinusuuveuwasiiniumrseas iowunan

AR08 10 NHUAULANIINWAAIAHTEANAIINEIIPAUAIAIG 9 AIUNYUB Beer-Lambert AIN1S

1
4

a v o o aa = o
AANAULEY (Absorbance) Y8sa15azwUsHUAUTIWILlaNaNlNIsANFULAT AU
anansaldinatailuszyyiauasusinnnesasing q ndegludiegnela (Auduilumalulad
WASYR)

2.1.6 NMSNAABUNIINAN

Asnadavanwazianzneliii (Photovoltaic characterization)
v 6 a & o b4 aa A
nadevanwuzlanznsliivesraduateing awnsansyvinla 2 38 A

1. NMSVNAAOUANBULLANITAD UL AR UI0anBuzlanIzn1siiivusad
wasoindluaniizauna (Equilibrium) lawn Yseansaimnisiasungaeusiy
1aun e (Overall conversion efficiency) wagUsz@nsn1nisAi1ausiu (External
quantum efficiency)

2. MINAFBUANEAIANIZTIAT 1Y58N1TNBUAUDIVBATAALAIDITINGHONAIIU
nsgdulugitszezatdu lun 9aena1ndidinaseuasaninnaunIsannduy
(Recombination life time)

ANPAZANIZANTUZAIAD (Steady-state characteristics)

I % 3 a ¢ o 1 a % 1

Judnvazanizvegaduatoniing Nanizaunabivasuwlasmuniaial laun
1. aNUULIANIEATEUE-LIIAU -V characteristics) Talaon1saraussaulnii

(Voltage, V) liiuaduasn1ingn1elilasunnsgiunseauanudusiaiuas ine
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¥ '
A =)

nszualnidenulsiiufisunas (Current density, J) MiAnduaindsingnisailule
Tadmndn WaviAsssukarnseiautasradunsinanuduiusnsena-wsas (J-V

curve) agldAuInUsEansn1mnisuUssUlaesau (Overall conversion efficiency)

v
a =

¢ anndsnusasisnsliiumadivioudiousundsnulnihfiady

2. Us@nSa1miTea19uAy (External quantum efficiency) Talaan1sa18uas
AU ATiAue17AauluY99 0.4-0.9 um asuuwasuaseiinduaza
nsvualwiiAnTy

3 } %4

NN 12 LAAINTINANMUFURUSLIIAU J-V curve VasaawaInng (auanag)
AmaslihnimgedlaannisAuiunannvenIeLanan1Izdn s () fuusaiulniing

40178293500 (Vo) Ardrdalnilngegn (Puy) Ntwaduaso1indndnlaasa

>

. _ JMPVMP
Fill Factor = m

Current Density

<
Voltage

ANA 12 NFINANMUFUNUSHIIFU J-V curve VDUYaaLEIDNRE

i Https://www.ossila.com/pages/solarcells-theory

ANNNYRLTARLAIRTTIndanTanlaann dnsrdruvesidelniiagnsenana

SEUINNTELANAN1ILANATAUAILTIAUINANEN12221995 T 138N ATaaknawas (Fill



15

Factor, FF) a@1u150eulafsaunisin 1 1o J, Ao nszualiiingsan wag V., Ao

wssaulnfingaan (Intaniwet., 2013)

V
FF = ]maxvmax |
JscVoc dgunisn 1

'
a0

UszAnSnmvesgasuasofindaiunsanilaandnsidiuveaiaeliingeganang

9

900 (P,,.) sormadlnihiilannuaseriing (P,) faun1sit 2 (Intaniwet., 2013)

PCE — Pmax — ]mameax — FF . ]SCVOC

. P P '
m m o AUNSN 2

PCE  AaAUSEENSNNURIYAALAIR1 7RG

dn ABAIAIURUILUUUDINTELEI9A5UR (A/cm?)

Voe  feadnalunivesisasida (V)

Joee  ABAIAIVIRUUNTELEN IS INYNgEn (A/cm?)
= U ‘:ll o

Vimax F’]EJﬂ’]ﬂ’;’mmwﬂﬂ‘EJVlI‘Vm’mQVLWWWQIQEj@ V)

= ABNATINVRIMAINYAIRNNTENULVLAaLEIInY (W)

A o

Prax  ABMGAMNEsARTRRAUADIRENERLA (W)

dmurnsauyavoaraduaefindfanmd 13 Usznauseuvasiidauasdevuny
fulaleanieseese p-n wazAIFNUNUTUA (Re,) karsBayunIUAUMAIFIUIUBLNTY (R LY
nszualwihazlnadnilalon fadumudud uazifumiueynsy welsinszualminingels
Ui fsumudud Sududesiimganniletestulalvinszualuiilvariiu wags
fumuesynsuagdosdiatdesuniielrnszualiiniindsldanaduaseinddusumn

TunegauamaumueunsuRzilAvi Auaug
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Iph () Rsh Vv

® O
AN 13 299sliihauyaveaduatefing (Yu et al., 2019)
nsgualninazuseiului Talnenisarsussaulniin (Voltage: V) Tidulwaa

a ¢ v PN Y] Y o Y a
a1 70 g n1elaLaIuInsgIuNsEaUANLNANY wazTnaInszualniln (Current: 1) 9

a &( 6 a [ a s A o ! [
AnTunUsngnsallnlaliamdnvessadiatoiing WeliAinsewatazisaiulniug

asadunsmanuduiusazlasaning 14

Current

Voltage Vv \

AT 14 nswlanuduiusseninanseualndin-usesuladia (- curve) (Yu et al,, 2019)

NN INANMUAUNUSTENIN9NTEA AN -w5 I UINAN @1u150AIUIUNIIAIAIUGA

v o 2 2 4 U %
ATUNTUYUR LLa3ﬂ’.l’mGI'TLW]’maﬂéﬂimlﬂﬁﬂﬂﬂjﬁmﬂju%ax‘iﬂ'ﬁ%LLaVLWﬂ’]LLﬁ%LLﬁQﬂUIWﬁ']W]@J

AUNN 3
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oc AunsN 4

Wa AV Ao wasalsanulnin o dueis e (V)
Alc Ao wasnanszualin (A)
AVye  fe mamnaussaulni (v)

Aloe Ao wannanszualniln s fuwmis Voe (A)

2.2 walalun1sieaaulauug

(3 a

Tunswseuiauusdmsuas1waawaso1nndwmassanalnauy ausawseulaan

aY AY

wirllavainvateege Gelunsazinatatuiidendaidennndieiuly
2.2.1 wetlan1384luana (Molecular beam epitaxy: MBE)

watian1s8laana Asnisasrwdnlinilutu lnsfioznounnaziiaziie o

[%
£ 4

sovlosiudutuedralusndou nisBaluanatudesegnieldanitziidzein audue

uLazguTes dmsvaieduildauuisazdesdoungiigauielieznouvesansindenuiieme

dmsunisifiniiusy mngaumgliasuiullezneudzsemeaniuly widigumginniuly
‘NI a ¥

dInaneAMANVBINANTITATY VinlundnTinaa AT dmSudeldiSeureanaiiaiife

aunsamuaulassaiavewdn auaudRnuliihlarauaudRnwaslas

Magnetic
manipulator

RHEED

UHV

RHEED gun Chamber LA

Substrate

Turbo pump

Shutter

K-cell 3

Kcell 1 el 2

Al 15 wafia Molecular bear epitaxy (MBE)

- https://capricorn.bc.edu/wp/zeljkoviclab/research/molecular-beam-epitaxy-mbe/
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2.2.2 wallalaualwesnadgeseiinlun1izanyinia (Pulsed laser deposition:

PLD)

[ = 1

walakaawesiasgesziinlunnegyainie agldid (Target) Wuasmwiudsegy

&

11 Chamber fiannzaaaniaazliniuiou Laser pulse azszmenatsilulaludaiuiy

L3

994 Target plasma material uaz Deposition 1uilduuugiuses wallailldnns Oxidation

WU N1 Oxidation 84 Cu Ty Cuo

Laser beam

Port with
quartz window

Target

carrousel Heatable

sample stage

Vacuum chamber

Rotating target

Adl 16 wiadla Pulsed laser deposition (PLD)

7 http://groups.ist.utl.pt/rschwarz/rschwarzgroup files/PLD_files/PLD.htm

2.2.3 WMALANITHUAINTOU (Spray pyrolysis)
watian1sasdlnlsladadunisnuansazatvasuugiusesniionmgias laal
v oo o o g v v & = 2 a6 a
LsaRuNiaae vilvansararsuwandiiluazessliindoulluilauuug 1uses LAAN15aAAIY
fauringrusesdnfinnisaatedivesasazateuazaisuseneulalasaisueu wdeiiies

a3rUsenauvesiaulanyeanlanuuTURNAL

ventilator

m—

chamber
aqueous
solutjon

flow
| controller
tap

}——nozzle

substrate
| hot plate

| Thermocouple

O

blower or

compressor :‘

e o

temperature
controller

Al 17 wade Spray pyrolysis
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73 https://www.researchgate.net/figure/The-system-chemical-spray-pyrolysis_figl 308178026

2.2.4 wellakuniuaseuatamasss (Magnetron sputtering)
wATlA Magnetron sputtering LJUNTZUIUNITNOLADUVDIAITHGABONIINAINN

84U lAUN1TYUAIYBUNIANINF 11UV 19015NBUNLANAIINNTEUIUNTT Glow
(Y a

discharge 9 nn1sdeunssdulnindnvidianinsaisaestinigly Chamber geygyinie

wazldussauunimaniiudunididnaseulindoufieniiu exneuvesarsiivanainii

'
A 1 a A

waeuludunugrusoninduilduuns desesveinisldinaiaiife ldndsugidlunsadig

1
L3 =

Ay drutedne Aaunlainisiniziuwiy wmadail

CY

nReudmsuNsas1alduunsluas

[

waae17ng wandunlaanmedatazyinlinuRvesiduianwusissuauiuly

ground

| Substrate |

T
Sputter ...

_
Gas inlet B // ®

I Target ]

High voltage -

mwﬁ 18 wAllA Magnetron sputtering

P http://www.thfc.de/fundamentals-of-sputtering

2.2.5 wallan13aUuLAasu (Spin coating)

wATANTT Spin coating WuATiANSRERdIsaza18aIuusIUTTlUIUEIgIUTe ]

'
a

MInLumeAMILIseUTIal a1savatefioenainUiunaziadeuuugiuseniaduildy

a

[ '
a A Y o

U dwiuinaliatiiidene gaumgiinliugiusewi aunsahlalaediig waganunsaivun
AMNNUNTesTuianlAssUSuA1L5958U0INT Spin drudeideveunaliail Ao
ansavarvdiulng NneaasuugiusesdnugaeenlianeNviinis Spin viliduldes

a1sazany wavansazansviauluilenialifingiuseslaiieninneatiandu
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o
= ‘ o abtbhundd. o # = ‘ ——
A 19 watla Spin coating
N - http://www.Spincoater.com/what-is-Spin-coating.php
inwauslanedang (Transient characteristics)
ADANWULLANIZYDUYAALAIDINNININN18TUNANFUTLAUUIUI NN NS UANE
L.LaaawumaémaauLﬁuﬁﬂwmzLawwﬁLLaquaﬂiimaa%il,ﬁﬂmaudawﬁﬁqjamwama
| Aa & I o ' o 1Y) ¥ '3 v
W Landldnaseuasanmeglukautliihnewnnndu dalalaenisnsedueadnaasusie
U %3 e’d‘ 4 1 v} [} 1 U d' a dll 1%
wasludnwuzWadnaudnag o du wagdaaussulniinaniizasasidaloananuid
VDILEAIRIAMTINU Vo MinlAIzanaanuuasnI3fy (Logarithmic decay) @nunsauiunasng
I [ 1y 4 1 4:1':: < 1 o 1 [y
Junsmanuduiusseninwiaiididnaseuasanineglunavilifinaunisannduuas

wsenulniihian1iednieas euansdnuvazanziinsvesgaduat1ingls (EnergyGuru)

n13v3deluitenisuulsatuilaaiveimuUsednsnmvesgaduaiainguuy

[
av a a a [

waisenalng {idelavinisinwanuideninesiulasiasiweaduaseniing Janvosaad
aa o s A .| P PN a a = o i
Wn1snsasiawed uazasuszneuniaudululanaziiuysza@nsan sudsiulseng g
Aa ! a a s a 6 a o ‘221’ Ve av o 1 z-:‘{’
MiikasoUseavanmvaawastaseiing lnenuideilifnwuazalaidenwelull

Mali Sawanta S. wagAn (2019) lausulgnaaduasaindimassonalnanienisly
CuSCN 931U Cs: NiOx Tutuianunlaansnmi 20(d) weiiuussaniamluisesvasniny
ehgsiarAUNUNIURRAUSaUluadLaIeI7Rg T9a1T CuSCN Nlddietasdiulatunes
soalnAanndvinazatedneie dsldinaiansmssutuilanuls CuSCN MmemAlanIs spin
coating wazn15LWANTaUUY hot plate Nigaunall 100 °C 1381 90 Wil g

dmsuihlUldnwduiaguilealuwaduasoriindmessenalnd lngainnisnadeuna

' v
a a = A

UseANSAmALAnTU Ao 19.24% Fudunalunieanauin msigaiusatfiuAINuNuUNIUsAe
AnufeulsannTunsdunuussavsninnisulamasnuldgeiuniy
~ I~ [ [y a 1% fa <@
AT 20(a, b) 1UuNITHARISNYAEN19FUgIUINET lnenaeegansAudianaseu

a

(SEM) v09t9adaiaing slonassanalnanidans CuSCN F9ldnwaelAsia319999NuRIN
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[
o

Judinvunalvgjuazazidenegrsauysal (500-800 wluiuns) wandliiuiniuiluguid
< = ] v o s s =i 2 Y o A

ALl swuaziatiesiensdasiutumessenalng dunnd 20(c, d) Asnmuthdniiany

98NN19INNA09ansIAUdanasou (SEM) ielifiufsanunuivesudasdulugad

(%
[ a o

waeAndvdanessanalng waz (d) Wunmsiulaseas1tsweswadvesnuddeiivaus 7

Ju Iaeld Cs: NiOx / CuSCN double i-HEL Haflaainn1snaassuesaulsedussansain

1ND9 19.24%

(a)

“— Perovskile
mp-TiO,+Perovskit
BI-TiO,

AMA 20 nnndesganssaudidnaseuiuansliiuilassainagaduatorindyile

wassanalnm (Mali et al,, 2019)

Lv Yanqi kaganz (2020) laWaulgadauasorindiwassenalng lnaTauiiou
Uszansamveswaduaseniingdildars CuscN iuaniilea annnisAnuinuingauysi
Readestuussansnmueuraduaserindluwaduatenfinduinmessenalnsfiasstu
wuingunsaiild cuseN iufaniinlen wazldasuoudutudlangliadanmil 216)
dwalisyavsamiiistunings 14.87% edleufulslld cuscn Ussansnmilfntues
e 11.12% anwaUseAndamiigadleld CuscN Wunawnan Jy, Voo uag FF ity
W 19.47 mA/cm?, 0.97 V way 68.45% pnuaisiu Useavsnmueswadifiutuiolaindu
mMafisturessyanBamiideudnags Seddldinedinnaiadoutuiidufigungidue 40 °C
f9 100 °C wariarmtudusing (RH) Uszana 30% ~ 50% uazldinailunisnaaounin

WS 30 U
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() ®) 1

AN 21 (a) AnInadasIasuwadmeasTanNalng (b) WHUAWITEAUNSINUVDY PSCs

(Lv et al., 2020)

[ [ [ I3 4 & o d' d" [~4 [y

ANWULVDILHUNINTLAUNSIUVBIL AR NS TaNALNAAIN 1N 21(b) Fauduseau
LOUNEIIUVBITUNITVNIUIT IR 2 UlATALININATIAS19989 CUSCN WAulaAuT Y
Perovskite WauUILaus (valence band ; VB) 489813 CuSCN 8¢l -1.8 eV Fagandn VB 7 -
3.9 eV U93a159U Perovskite viln1sanelaudidnnsouiuszansninaindu CusCN U
Fu TIO, sgAumstaun1sun i (conduction band ; CB) ¥83 CuSCN g4nin CB vaa7u
Perovskite un39didrusinlidianaseunazlaasiudifues F9UUandenuaIuIsalunis
o a & a ] v a ' vy a a a = Ao
UBLENATOUNEN wazsunabinansewalninluaculan wazinuseansnin Anuadesne

198N3R 1E9A1 XRD UBUsadnaaa ingduial 30 JusinIng 22

raphite *: Perovskite
(b) graphie . eb

Intensity (a.u.)
i

20 days

30days
o A A Al
10 20 30 40 50 60

2 0 (degree)
Al 22 (a) sUsne uagA XRD veuwaduasefing PSC Al CuSCN Furilea Taewfulily
oA duaan 30 Yu (Temp : 20 - 25 °C, RH & 25% - 30%) (Lv et al., 2020)

Lv Yangj, Yi Guo, Heng Zhang waganiy (2018) lavinnisusulsawaduateniinduiin

wassenalndnilassasisuuudsnfnienisusul edan Tio, Mmiutuindidnaseulagly
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(%
Y o

CuscN Wutamileawazafueudutuihlangluiidanimi 23) lnensldmadiauuusa
omadlulueaduanddifiuiassansamuaziafosnmildindudu 10.01% degen
waduasofindviaimessoalndiilifians CuSCN Fv 29% vesdndiuiiiuty Feduenidld
LmﬂﬁﬂnWiaULLﬁaqmﬂwmﬁ 60 °C \Juwan 24 Falus ﬁalé’waﬂsz?m%quqﬁL?;Jumammﬂmi
14 cuseN utagurlsauazarsvendututilangliih inszansiaessiadiinudese
fulunsifanadidlunsindouiivesdidnaseu-loadanind 23(b) wagnm SEM wuufnung

YoYaaREID1NNEN 1T CUSCN wagdl CUSCN AInINd 24

e
d' %2 v I3 a 6 £y
AN 23 (2) HURILATIFS 19D UTARLAIDINNY, (D) LNUATNLAUNS I

(Lv et al,, 2018)

Carbon Carben

11pm

500 nm

AT 24 A9 SEM LUUSRYINe TR aduasofingd (a) laidl CusSCN wag(b) & CuSCN

(Lv et al,, 2018)



Murugadoss uagaay (2017) léinsuiulsisaduasenfinduiaimessenalng 7
Tassasaeaduuulsnd Weifiudssavsnmesssaduasorfindlaeviinisusuuseifandui
Teafild CuSCN shemandunasvesinsfiadalrldfuaaslsiuudu (1: 1) lolglnswiuoaiiu
witaludisulelolad (10 un. / ua.) uaglnsfiadalng + lelalnsniuea (1: 2) + MAI 10

mg/ml Inedlassastagaduasoninddanini 25

(a) (b)

Au e
CuSCN A fh
-4.0

MAPbI, ce
mTio, = hv
002 1 B b-tio, 51
FTO ve - 5.3 e
Glass 7.3 h\]c:uSCN
Tio, MAPbDI,

AN 25 (@) LHURIlASIAS1990 AR LaAID17RY (D) LNUATNSLAUNAINUANUAIITLIAIN

TiO, / perovskite / CuSCN (Murugadoss et al., 2017)

At 25(a) wanauruddaseadronllilddmsumeduatoniindlunuised 914
MAPbI, Tudu Perovskite way CuSCN HTM Futilsa @rusu MAPDI, AEAUNANITYNINITY
yudsBLEnaseu (ETL) wastudndss (HTL) dusulnndlouoenles (bl-Tio,) AT TiO, (m-
TiO,) WUU mesoporous ¥t ETL wag CuSCN vty HTL fefifiuanumunin

sEAUNSINUlUAING 25(b) TEAUNGNIULDY TIO,, MAPbI; way CuSCN aglunufediu

'
=

wazdin1sAsUseaniiuseaniain deludy perovskite fisgAunaunisualnia (conduction
band ; CB) 1 -5.4 eV @asi1ni15eiu (HOMO) 1antiead -5.3 eV ¥a3tu CuSCN Laza111sa
Usuonismsiraeufivesdianasou - loa LagUsyandnimaindu perovskite ludsdu CuSCN

I¢fillevinnsmaaeuuasiian1zansg i gaumniifl 60-100 °C Wuan 2 Falug

Lee Jiyong wazAndy (2020) vinn1sAnwiednunnautivesiunisdusuveatuli

[V Y]
Y

Taanazdudlavreliiln Inely CuSCN wag Au F991nuddelaszuin CuSCN dautaies

9

9 Y & a a a 1 ] a vy A o
‘Vl'NﬂTL!ﬂ'J']Nsau%azﬂ'ﬂqusﬁugﬂﬂigaﬂﬁﬂ']‘W‘?J@Qﬂ'ﬂ"lllLﬁﬂﬁﬁuuqﬂﬂjq 20% LLagﬂJmu‘VJu‘V]WW

wizwnn1sUszaaldusslevidmsugnamnssuvuining tefves CuSCN Aawduansildlu
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gutlaaierlglinislvaiuvesUszamalnihaunsalwanuludautilanglnilafuay

v A Y =

Josnisanusousanantuwassanalndls wadalidadalusesnisteaiuanudu dedelile

1% 1% o
[ [

ine uidelddaldnuandidesiunisdunuaininsidulidutunsfiuedouriudui
Toa CuSCN Faetlosnsmsdurhuvasnruiunieusnidiandsiumessenalndfenini 26
wazdavhlisednsamnisifaliiveseaduaseniindyinnessenalnsdais 15.2-15.8%
TneUsedvsnmiliAatufinnsananmsiasundsesnundenuluduuszneuead uasld
narlumsnagoy 30 Su (3 dand) neldaududiunivg (RH) 85% Fadunaagulainsld

wallAwERU Graphene vl CuSCN viluszanSnmaunasiwaduaseriindfogliuiuiu

v
"y
(i) (if) (iif) (vi)
PMMA  Graphene PMMA Graphene
Cu etching = Suspension 7 \
Cu foil Hole  PET film e A\ 2N VTN 2 7 __ PET
Craphene R ALy i precufabr Sdlution  —Evaporation
Graphene synthesis E
R €4 Tl PMMA &raphene Perovskite
F;hMeMgéa”;iséﬁgfﬁge?” PET film <Meniscus-guided graphene transfer>
<« iHole
(iv) V) (vii) N> 9as blow iy (ix)
. CsFAMAPDI, Br CuSCN Hole Graphene  cuscN Au
T TiO, et precursor ba s Tk uas ’
Glass — n & i i Drying -
TiO, blocking layer  Perovskite layer Hot plate Hot plate PMMA removal  CuSCN/GRP(n)/Au PSC
deposition deposition Graphene/PMMA transfer CuSCN/GRP(n)

(1=ns3)

(3 a

A9 26 Tassasaaduasenndvianessonalng 1neld Graphene tosiunisfuriuves

Fuilaanaztudilanglniin (Lee et al,, 2020)

A 26 Wuwaauaseindudameisenalnd lngld Graphene Joafunsduniu
vostuilgawaztudilangluin Uszneaulusie nszan / FTO / TiO, / perovskite / CuSCN

/ Graphene / Au @afufiunsiuseninnsiugnaiis@ulaenszuiunisaiglounsiiu

a

(MGT) Ngaungil 65 °C Fevinlidu CuSCN LARNTTINFINUTY Graphene vinlnganiziula

Y

(% (% [
=

wiu Jestulavisnnusou arudu wasvihiiingdmiunisivariudseglnilafunngadu

[

Ag denalidainuaies Useansamiiagenig SIU7an 193 ATIERN1SEE U UYDITE

WONFAINLATEY XRD turian 3 dUan9i eudiu 30, 50 way 85% fan1nii 27



26

T T T T T T T T T - x T o T bd T
30% RH " 50% RH ﬁi 85% RH
- |
\ |
ST | S SO A A A A
A 3rd week 3rd week 3rd week
AN 2nd week | K, A 2nd week 2nd week
A 1st week n 1st week ﬁ A 1st week
CuSCN 0 week CuSCN 0 week CuSCN 0 week
]
& 3rd week 3rd week 3rd week
‘E
3 \ 2nd week A 2nd week |
8 P A AA N A A M A A A A [/ e A \_l?ﬂ?llfe\f/k\
A 1st week A 1st week A 1st week
—— TR TR TR, W SR EE T B ey | (NSRS (S P et i A A AR
CuSCN/GRP(1) Oweek | [ CUSCN/GRP(1) 0week | | CuSCN/GRP(1) 0 week
3rd week 3rd week A . 3rd week
wﬂ‘w_/\_/\_.—f Y, TR \W-JA\J;&_A_//L./L_.‘__A.A_ \*‘-“ lM_J\./‘/ R AT
v
* 1st week . 1st week 1st week
. o * o . . 5 SR
0. % o ¢ ¢ O & 90, S 6 ¢0 O & 40O o o0
CuSICN/GRP(:&)l Wlee CuSlCNIGRP(B) 0 erek CUSPN/GRP(:‘JZ 0 wleek

10 20 30 40 10 20 30 40 10 20 30 40

AN 27 NMsRIvERUAELUNATY XRD Aeldan1izuandeuninisaiuay (30, 50 way

85% RH ﬁqmmﬁﬁaa) WJunan 3 dUavi A1 Pbl,, perovskite wag CuSCN (Lee et al.,

Y

2020)

Yang In Seok wagmuy (2017) lawmuwaduasefindmesenalng laeldinalinnis

WuazeeIdans CuSCN Fudanulaanivgaumgiigs wagldiandmsurusunulaseasne

[ o v

AT 28 drenisld cuscN FaduTanulea (HTM) Asidun

9 9

YA FIAINA L TAALAID1ARL

(%
1 ' Y o

Uszdnsamganazanuatesiiudu lnswadaasddrglinisnedivestu CusCN luifn

" Y
o

ANMULEEMERTUNESTaNALNG dMSUNSIEWmATARLUTINTY CUSCN TJaununussui

a

50 wnluiung dwwaliusz@nsnimnisudasclain (PCE) dAvindu 17.10% lagdian Jo 7
23.10 mA/cm? , Ve 11 1,013 mV wazan FF 71 0.731 defisuiuwaduasenfindvdames-
sovalndvluild spiro-OMETAD udaunirlaa (HTM) usiiold CuscN axifiuldindn Jo GR
N1 BeUsdn CuSCN fimsiedouiivesuszqluiinlfognefiuseAnsnmannniy spiro-OMETAD
otaRen venaniwaduase indvinmedsenalndilyd CuscN Saanslifiudeniny

wEnesluszezenluan nnaau tnedausyansSninanadied 5.8% lussezian 100 Ju
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Spray of CuSCN aerosol

PCE=17.10%

S CUSCHT 5%

Perovskite | ’.

|8
~ITIO, FIR L

FTO

CuSCN film

100 nm 200 400 600 800 1000

V,. (mV)

(%
(7 (3

AN 28 Tassas1awadnasanduiainassanalng A1w SEM vasusasdulwas wazan J-V

curves UBIIARKAIDNNINETU CuSCN 1Wudutiilea (Yang et al., 2017)

= ¥

Yang Yang, Minh Tam Hoang wagamy (2020) Anwin1sasistuulniianenisly

¥ (%

asvauluwmaianisdnanusoudrluduuugaiidutuialangliirdmdunisiia

a s

AszwalnAlulwasuasoRedudanessanalnAnsNIng 29 Fan15tdA1sU ULl

¥ (%

(%
a a a tY

Uszansammnisiianszualnidilafssdutuazdesld CuSCN Ndulgasie wWotdunis
Jasiunnuduuazanuiounazidngtuwessonalnd Weinsindiii adunuiinisld
[ g.}/ QI o a o [ nl d’{ I a 1
ANSUBUNULAIINAINTatUNSU N1 ve 9B AN N TAANSUBURNTULINNIN AU Tu
% ¥ 6 e’l’ 24 ad‘ o ¥ el' dy
nszUIuN1seRANsauvesnsusullda i 8o °C anmuindeauiinaudu (RH = 55—
70%) 39280 U 80 U Us2ANSAINNISwUaInauYeadkasanfing st anassanalng

TuarAdedivindu 15.3%

Doctor-blading  Solvent-exchange Carbon belt

- Hot-pressing
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g 5%

y 4

SnO, Perovskite Hole transport layer Q
EEY Y ke
AN 29 WHURIUDINTTUIUNTTONS oYUl Nane lihiltansuey dvsuwad

uasvindvilainasseonalnd (Yang et al., 2020)
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NN 30 (2) NMINAFEUNIINATUAIS VBTN IYIDY (F18) Wagnsnasaull 80 °C (1),

Y

(b) AW SEM ATNANUBLYaaREID17ng, () A1 J-V curves Uanuaaasaning

siloossonlalndlagld CuscN Wusuhlea (Yang et al, 2020)
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N9 30(a) lWun1snegeunIsnasaAIsUauATULNlang Wi wuliniaunail 22 °C

9 Y

o

ldaunsaseununfanukiua1suausants vinlrwadnaiinduudenig waliald

aaunndl 80 °C Tun1snadamunnfna1suauasluduraduasarindvininassovlalng

9 Y

wuIrEmnsaasnnineenlalaefiwaauaserfindliidenis wazdailuinsizian
nsvudliiiAnTulasngae nmit 30(b) naw SEM vedlassadrawaduasoniing Usenauld
A28 FTO / SnO, / perovskite / CuSCN / carbon Lﬁa‘U’izLﬁummwuwaﬂ%’u&iNﬂ
Tnetanizdu SnO,, perovskite waz CUSCN SluwraUszunas 30 nm, 500 nm waz 50 nm
FIUAITU Azl 30(C) A1 JV curves vedadaseinduiamessenalndlagld CusCN

Wututilea wazasuaudutuiiludravilaenisnadaaiiusaun 80 °C vililszansnin

' £
a a

TANTUEIR 15.3% Fallen Vo 71 1.09 V, Jic 71 21.1 mA/cm? wagen FF 41 70.1%

Kartikay Purnendu wagaaiz (2020) lavinsfinyinavesnisuiuusstuilnives
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I A ¢ ¢ ¢ y) Y ° & s Aa
waduasofinguuuimessanalng lnen1susulseenisiniagguilninde asueu Nl

v ° 14 o A aa ! o 4 5 gj o A =
munumuﬂmmum@u ] NUTIATLLWINTN ﬂﬁimm*iuaum%uiwumlw% IWBANYINIT

gogaareiinanasenmnzluseeven1veIdugadu perovskite WagtuAITUBUNYILAUNIS

wninszangvesnuTUiIgtumessenalndlaegalusedniaim Anwitawaveanisiiy

Y]
& o = 14

UsEANTNINVDUIRALAIDINNE NIANEwIAUTulavesa1swmeassenalng nani193as
d9} Y & 1 = dl £ a gj 6 1 QI a ://
Tiudanstianzn e namaglaauay PMMA TugumisusudqeinaianasnInyesduy

wossevalng Tuaniznanstiainizild PVP azdainmiunistagaanaiiadsuunansing
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dl = ] = dl 901 1 & a s s & a o
iHagainnisiagaasanstininizigauin Iaseainamasuasaniinginessenalnd lunuidn
& P o . . . = o o
Hilsznaulildag 4 FTO / TiO, / TiO,- mesoporous / perovskite / carbon @nsaiainznld
PMMA uan9Ll9e@NENINNITULaanaNnugedn >10% UAzANNENININNGT 700 Falu
TugnneInAwIndeuusndsan 700 FalusluiBuinnisgesaatevastunwassonalng waz

d' a 5 1 a a Y] a P |
L@DUANINAY 1NNIFTIATIZNANUTLANTNINAITUURINA I UVDINUITUUANNINY 10.74%

fan i 31 Ingldn1s3tAsIgst UV — Vis spectra wag XRD
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A7 31 Tessas1avanvaanas ingsiamassenalng waznsinusyansainsatalug

(Kartikay et al., 2020)
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AT 32(2) 1N15AATIZRAIENAIaNTIANBIANATEULUUADINTIA FuTunn

ee

FESEM 8331110390 1uuUYa3%U perovskite Madauniswmalianisatu a1md 32(b) n1wnis
AvauYDITU perovskite lanwaeNnsyduaNtanaiy wazivuinUszual (~ 700 nm) way
AT 32(c) NMNVBINTUTTANUAUUDITU perovskite WagA1sUDU AN 32(d) TAssadg

Yowaduateindyinmeisenalnduandiudsdnvarnisuszansotuwuuliising &
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Nﬂ')’]ﬂJﬁ’]ﬂi‘gE)EJ'NENL‘LlENQ']ﬂE‘V]Lﬂﬂf\]’]ﬂﬂ’ﬁﬂi%ﬁ’]‘Nﬂu‘U’JHlﬁﬂjum\lwﬁvﬁiﬂEJG]N?S‘VI'JN‘U‘U ETL

v

(TIOy) wag HTL / 8énnsa (A1sueu) FuiliiAnnissaudadulnduazsioma i dn

Useansnmnishessey

200 nm lUIi KX

AN 32 (a) NI FESEM 4fu3a3nuunvedusmnadu perovskite (b) A FESEM ilsin
YDITULATBUASUBY e (c-d) nnvenedusaUsEa1u perovskite-carbon

(Kartikay et al., 2020)

Jin wagany (2021) lavinsusulsauwaduaserfindytamessonalndlagnisly

asuauluduilane Wi oS udisunavesmnuiaiosuazUssansnmnil A uisield

e

a0

asuswiistegraiealunisianisivavesnssualily FeussansamiAntuiiaviafy
9.73% Falastadwoseaduaterindiuszneudiety Walehaumsnnian (PET) / na
1t - FanafunTu (graphene—AgNW,) / SnO,/ CH, NH, Pbl,/ anfuau fanmil 33 Fawad
wasenfindsdamossevalndiildarsvouluduilaginiildgnunaestusgslszay

Aud5a Ingld graphene-AgNW, / PET Wudnuansuntn wagasasveududianinse

o
1Y

aunas lagld Sno, Wudananudianaseu 91nn1531A31E9% UV - Vis spectra wag XRD
LEAIAT Joc 91 16.48 mA/cm?, AN Voc 71 0.956 V, A1 FF 9 0.618 G901 109 34 d19%5Un1s

Usuugsaduasaniindyiamessevlalndlaenisidasveulutuinlanglninaunsadnwied

¥
=1

UszanSamlane 89% laglanizagredanuiinldasueudutuiilang i wislmin
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AT 38 nsmlAn -V curves (in et al, 2021)

Lv Yangi wazanz (2021) laviniswauinisiiud szansninusasaaasosing

wassenaladiltasuoududuinanglni dunuleald zn-Tio, wazduiilealy CuSCN

a

TRgAIUTEEANTAINAITWURINAIIUMNAY 14.45% TILASIAS9NTNNISNAABIUIIUITEN
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a1u150aUsEANE A ANl 85% Wleunisegauauades 30 Su ananil 35()
anaunudslaseadaeswaduaseindfiusenoudiedu FTO / Zn-Ti0,/ Perovskite /
CUSCN / carbon AW 35(b) AN SEM wuusnusweeduaeriindudinmassenalng &
#5195 uUuRa FTO wazUsynoudiedu TIO,NAs 550 nm 4y perovskite 800 nm 4y
CuSCN 180 nmuazdalaldih (Anguew) 10 nm A wdt 35(0) nsMuanszansandn J-v
curves Teaduatenfindinessonalndfivihaineafueuituazlull Zn-doped TiO,-NAs i

A519UAIBANULTUTUVDIAISTD Zn Aupnaniunieldrssdenfindnannsuinsgiu lng

a

avlduAnsfiwesiwaduatofingnuin Zndoped TiO, 2.5 mol% lar1useansamaaan
9 \Y

14.45% TagiAMunuILUunIELaan99s (J) 22.25 mA/cm? ksanulninigasida (Ve

71 956 mV wa Fill Factor (FF)  67.93% @agand1 PSC #l4f Tio, NAs winfu 11.2%

w

102 [PeroY

25

(b)

(c)

n
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N

—Pristine TiO,
——1mol% Zn-TiO,
——2.5 mol% Zn-TiO,
~——5 mol% Zn-TiO,

-
o
L

skite

-
o
N

Zn-TiO; /Perovskite
~ FTO

n-V

Current density (mA/cm?)
o

1 um

(=)

04 06 08

Voltage (V)

0.2

o
=

1.0

AN 35 (@) bRURIlATIES 190 AR ka1 7ng (b) AW SEM LUUAAUINID1aa

() n5 N J-V curves U84 TiO, ﬁU%E}%‘éLLaS Zn-doped TiO,-NAs (Lv et al., 2021)
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waep1finduuuinassanalng
Inen1susulgesien1sdnan
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lAssasaaaLae1fingines
sonalndlunuiseduseneu
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Jn llagmal e
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EDYTLATUTEANSAINTLANTU
A v ¢ P ' a
Walga1supuigsagnafedlu
A5LARNTS IaveINTEHka biln
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A1 U -Fatnosunly
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UN
Y80 gunsal uazdsaliunisidey
Tudunsiaudseansnnwadnasanfndsiamassenalndlagldnauilasin-

lolwaundmsutuiilea Ja1seil gunsnluazineonldlunisusenou nsivdeu was

a v

Jonawadwaao1nndsiamassonalng daad

3.1 d@156A%

GUEIGH AMENUR

%o . Copper(l) thiocyanate

B |

gaslutana : CuSCN
AnaNUR : Wuaisedunid ddnvuzlunsdviigu ludindu

aunsaazanslatulaeniia dalna

IANABUMNAT : 1,084 °C

%o : Diethyl sulfide

gasluiana : CgHyeS

AnanA : uanseduve Tdnvurduveamala fnduqu Ll
avaneluth semedns Tlwgs THdusvhasavesnetiesly
lolggun

YANRABULIAT : ~103.8 °C

aLAen : 92 °C

%o : Copper(ll) phthalocyanine

gasluiana : CuPc

ANt : WuasUszneudund fdnvasdundiiu 14l
fuinlea

i
IAnR[BULUAT : 250 °C

32 : Nickel(ll) 2,4-pentanedionate
gasluana : Nio,
Aauasf : Uuansusenaudurisd Tanvandunsdileigeu

ANABUUAT : 230 °C
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AMENUR

%a : Zinc 2,4- pentanedionate monohydrate

gasluiana : Zn

Aaaudd : Wusmuszavlany ddnvasilunden avanegla
lusnsavareuslsueanesedifudiudsznou Mdmduduilea

ANABUUAI : 136 °C

%o 2-Methyl-2-Propanol or Tert-butanol
gnsluana : (CH);COH

=3

Aaaudd : {uweanssedylanils Janvasiduveanadla i
NAUARIENITYS AUNTONANTUE wagtenIueald
ANARNAAI : 25 °C

qALAan : 82 °C

% : Loy uea (Ethanol)

gasluiana : GHO

Aaaudd : Juveunadla sznedne ﬁﬂ?iugu Wuweanesed
sianis Feunlidumvhasasvesansiniasenlas
ANBRUMAT : —114.3°C

qaLhan : 78 °C

%o : Spiro-OMeTED
gnsluana : CgHegNoOg

AnaNUd : Tdluansazangluduiinlea wevinliiAanisuiludh

YANABULUAT : ~240 °C

%o : d-tert-butylpyridine

gasluiana : 4-tBP

Aaaulf : 1ua1sdunid veunadladindesdou Tonauly
g@19azane Spiro-OMeTED

ANABUMAT : -40 °C

qALAan : 196 °C
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AMENUR

¥ : AaelsiuuTy (Chloro benzene,CB)

gasluiana : CHsCl

Auaudd : 1uaisnszneudunsd danvaziluveuvadla
seede anansafnnseunanainls dnduau Talw

9

qaLhan : 132 °C

%o : 2-Methoxyethanol, 2-MOE
gasluana : CHgO,
v < a N6 g Y v o
AaNla : Wuasusznaudunsd Ml dudiiazany vaumad
[GREHERGIET
YANABUUNAT : -85 °C

qaLRen : 124 °C

¥ : WTIA (Zinc acetate dihydrate)
gasluiana : Zn(Ad),

wva a o < < raa Y o [ a’.’l
AuaNUf : danvusiluvewds Wld Tddmsutunounis
WSsUAIsATAUTUAINIUBIANATOU

IANABUWAN : 237 °C

39 : Tin(ll) 2-ethylhexaniate
gaslutana : Sn(Oct)

v < 1ad § VY v o a ¢ a
Anaut : [Wuveanadlilld Tdusiinasansvesdafosdingm
IAnaBUWal : 0 °C

gaLRan : 130 °C

%EJ : Ethanolamine, MEA

gasluiana : CGHNO

[

Aaantd : Juaisuszneudunid ddnvauzluvesnamvia
naupaewenlnie T duiiinazansvosderosdinm
ANARNLAAT : 10°C

gaLean : 170 °C
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AMHNUR

=

39 : YTy lalalan (Cesium iodide)

anslutana : Csl

9

anaudd : Janwazidundnlalid Wazaredulawmiianasun

9

e

Tugsrunuuaseuludenlalalasdmsutumneassonalng
ANABUMED : 632°C

qaLAan : 1,280 °C

o : vosudAlen lelalas (Formamidinium iodide)
gasluana : FAI
AauauUR : Wundnla Wifid Tdmsutumessenalng

YANABUNAT : 335 °C

%9 : Lead(ll) bromied
gasluiana : PbBr,

a < a a6 0« = Y o v &
Auanltd : Wuaisusenavedunsd Wunedvs Tddmiudu
wassenalng
IARADULAAI : 370 °C

aLRan : 916 °C

Fo : Lead(ll) iodide (nxi)

gnsluana : Pbl,

anaut® : fanvazidunsazBendindes ieldfuanuouas
Wasuuddy 1Wamiudunessenalng

AnaBNWIa : 402 °C

aLRBA : 953 °C

o : lawnfianasuilus (Dimethyl formamide)
gasluiana : DMF

Y & v o

va & 1l s
Anaudf : Wuvewvadlalilld Iludnhazarevesansines
savlalnd
ANABUMAT : -61 °C

aLean : 153 °C
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REIGEY

AMENUR

%o : lowundia davlenles (Dimethyl sulfoxide)

gasluiana : DMSO

AauanUR : vounadludid & Ihdudvhazanevesansinessen-
dlnd

ANABUMAT : 19 °C

qaLRan : 189 °C

9 : Anisole
gasluana : C;HgO

wa < a a 6 Y o [ aaa
Auauls : WWuasuseneudunsd Todudninuiisevesans
wossanalng
IANABULNRAD : —37 °C

gaLean : 150 °C

>
L

.,

Cary
MICAL COLLTOS

%9 : Carbon (AN3UBY)
gasluana : C
Anauld : lddmsuitalangliiveweaduasonfindines-

sanalng

%9 : lovuea (Ethanol)

gasluiana : GHO

aaauld : \uveamadla semedne fndugu thanldviany
azornnszaniadouasihlilihuazyhanuazerngunsaldu |
yAnaNMaD : -114 °C

ALRan : 78 °C

%o : 0x3lau (Acetone)

gasluiana : GHO

anaudd : Wuveanadla szmedis fndugu Wudwhazane
duNIIsTmedY drnnlginauagennszaniaaaua1sin g
wazyhAuazengUnsaldu 9

gANABNLARY : -94 °C

ALRBA : 56 °C
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AMHNUR

%o : lolelnsniues (Isopropanol)

gasluana : C;,HyNO;

aauaudd : Wuveanadla szmedne szmedns fndugy
W lgvinanugazennsaniadeva1su i wagvinalng
azo1ngUnIaidu 9

ALABA : 82.6 °C

%3 : Alconox

gasluiana : -

U 9

AauauUd : [Wunsdvn Mdwsuazanenauiuin DI Wiediuvh

ANUAZDIANSTANAAR VAU NN

%o : 1ndu (Distilled water)

gasluiana : H,0

anaul® : Tdnvaurduveavadla 1l lifndu dealdluns
wisgningwing 4 luesfiRng

yAnaNmaD : 0 °C

gaLean : 100 °C

3.2 7a9 gunsal

o

g auns

¢
3%}

AN Ig9U

Fo : nszanAasuasun Wi Fluorine dope tin oxide (FTO)
Junsvaniedevaisilwiwuulusaaaiieliuasaansa dos
dulugatunessenalndliuiniign T dutididninsalunis

¥ s a 4 s 3
aswaauasoindinessoalng
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A5 hgeu

= a o

9 : dafnnszan
Wullandwmusay a1 usudnnlanszan FTO Ansae

Winlnszanatusatn lurn e uanuuunafiaednis

JD : Yousnans
TodusudinasednlglunszuIUNISIARULARLEIDINAS BLR

wiassanalng dratevunnianNUasAINtuNIsAnNaNs

49 : mUTAlAY (Kapton Tape)
Tadmsutanszanadavansinindluusiaunlidainisien

Rapasginlnineen

9 : W1 WAy (Parafilm)
THlunswedsulandinevaaliain westosnululiaiseinse
41502a180181UUINONTUNINIINAN1ITUINABUN18UBN

999 kaztosnumsuuau seme n1sslvansenn

= o

¥d : ALY (Forcep)

v o a 4' =

TgdmsuduAunszaniievandeslulrlesunsedsanysnainiie
L L

dualauwaaukasaning Naldrutesnulidlnsreneduciany

asiadimdusunsIguednaae
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A5 hgeu

%o : lulasUiua (Micropipette)
dmfugaaisazatgniusuinsidesnisedazidenuay
gnaes lnelilngaaisazatedanunsausulsunsnsvesaisia

Tngldausuiuiiv (sUdn)

= = o

Y9 : VINUIIATALE wazdvinFaue
TdlunismIguansieinioansazalgvuin 5 ml ¥5avuInBY
A1UAUABINT tnsarsialiynegisasmisuliluviaiiely

A¥AINABNISULYN Glove Box

P2 o

9 : 10a19nsLan

Iddmsuussynseanalad vienszanadovansintnilisiuiu
A158¥a18v1ANare19 WUl lUYeIuazeInluLASa9aNg

AU

¥o : lgSeAum (Syringe) wag 1
lgdwiugeansazaemulsuinsisenis lagneuldaunnass
howiAINareInlazovanseu Welmiulainavernnaz il

AMuTY Yasnuarsuuilawdntuluinans

=1

@ : 936 (Chunk)
Dugusesnszan dmduldlutuneunsiadovaisazaivasuy
n3zan FTO feLa3ad Spin coater tialglunsadrsiauunlu

FUA 9
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10x10 cm

A5 IY9U

¥o : wilwdnniuans (Magnetic bar)

Tgdmiunuansiailiidniu Jaudfuuanuiounargamgilas

Y

ID : NTTAWVIENS

[y

ANTDIAINSUTIANTUULATDITIANT LAUNTEANBTIATT 1 WHU

9

agldnvansiailifisardaded wisbdliminnisdulouves

ARG R ER R

= v 9 ~
U3 : BUININAUATITLAN

'
1A

lgdmiulddledaamstesiuansiniineangnsdinadodyn vie

ada a
ﬁ'ﬁLﬂ@JV]llﬂau%u

¥9 : 1ATDIRNANAES (Ultrasonic cleaner)
[ ¢ o ey A o a ! v
Wugunsalviranuazeinnlinduidesaiiuias 9ael

YszaNSNINNITYnANNAYD1RRTU

¥ : ipTewhANNAreIngilelau (UV-ozone cleaner)

[ PN 1 a 4

TadnsurinAIuar 8RB UNILINO N Y UURINLINTLANAADU

9 Y

asun i neuyinnsieAsuTuaNsLALl




a5

A5 IY9U

%9 : LATPUARBURIMUUMYULIIES (Spin coater)
LASBIAFDURILUUT UMY T NS ULPADUANTAYAN8RIUU
nszaniieytuilduLraztu dunsulsenauluwaduasaniing

wassenalng anansauumnuiiseuaziiailung spin 16

%o : Hot plate

Idmiuaugunilun1Nauans NIUaITaEAIEAI8 U

(%
[

WWan waznistimnusauknnszanludunaun s SoUNSuTY

N

¥9 : FINYIANUTY
M wsuiiushwiraduaseindudamessenalng lotfusnw
lulvidudaduuasadnawagliin anuguauduaind 40%

AMSUNISINNAT

=1

¥ : \nsestutalanylnilh (Carbon press)
TgdmSunauauaIsUBURIUUWRA LA D NInd slawassoNalng

el dutudlany il

o : yanaaeUUsEAVE sl

anaaaulsenouniy aunsalndinsisnauaudinigliin fd
AL SELALAT ULl Sadve Ossila Bife
Keithley uazgunsaldmiulfifuunasindauadiuiisads

AMUIULES 1,000 W/cm?
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A5 IY9U

ID : PIDNNATIENUTEANSAINABUSY (EQE)
LASBINATIENUSLANTAINAIBUAULANIDIUSUIUUDIAN
AszwabinNwadnase1indaznaniilionissdlnelngouyad
A A & v A A
ANNNEIIAAUTLANIZLNLAIRIVUAR LaeldAue1IARUN

300-900 nm

Y9 : NADIYANIIAUBLANATOULUUABINTIA
ldAnwlassadiwesiagadvseniing lnvduwasdiannsouss
d0an31AUIM VURIU8ITRg auaididnasouazannszny

nziiuuenuesing Mwivivasiiiuldansiouen

39 : LATIATIERNITIEEIUUSELeND (X-ray diffratometer,
XRD)

Hnsenantfiveian 1Asiasandnvesansusenounasus
1A8AENANNISRYIUUYDISIABND NANISIATITIAIN XRD
o 4 o [ a =] :’/ I~ I a 1
iaunsaduunlainfaninuiiutuduwsetiale wu a1s

wossonalng Wudu
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3.3 2/MLUUNITNNADY

Fusutunounisasrwwadnasaindviamassonalndauisanusenndu 3 du
#an 9 lawn AsmseuasTazaty CuSCN NiO, Spiro-OMeTED nisasisiwaauasoingines

sena-lnd wazn1sesevinuandRg o Yougaduatefing Faaunsanliunisniy

FuRULAFININGA 36

° 2
wisunszaniliia FTO vuim 2 x 2.5 cm
waLInAUAZEIANTEAN

A 4

wisutuBianaseu ZTO

A 4

Lmamu@mﬂauumwaiﬁ@ﬁ/\lalﬂm Csg.17FA) 53P0 g 83Bro.17)

A

MaaseLdNsavateduinlaa

v

'

d19aza18 CuSCN+CuPc
YSumuugy CuPc
#1510 15 20%

@1382818 Spiro-OMeTED

1

A

A

fndImSuau NN InUsEansMwueawad

l, v, PCE

A 4

NAFDUEDYTANUBUT AR

A 4

U5z U 8NN NNE9Y

A 4

PG TRt

WAz aTUNANISITY

AN 36 whuRINsARLUluTunaunsWSsLadaIaRngutainassanalng
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3.3.1 JUABUNISLAIINYIIAUALDIANTZAN

[%
a v dﬁLﬂl A

nsaswaduasefindviamessenalnalunuisedldnsyanmdasvarsilnin FTO
Hug1uses (Substate) neululdnuduiudesfinisviianuazendouiietosiuds
Uuitoushs q Ssezansahluldnudeiiedsyneufiueeduaseniindulameisealngly
Tawanunsavinldasdunousasolld

o Wnszanpdevarsiiniundmduimasnun 2 x 2.5 cm? ausuiudidesnis
Tneldfinsnnszanndnasuusuillldasedauilih

o thauAunszanidnldoenuodddlulodisnszan wdnh Alconox Mrautndunda
wasluladenszanauriiunszan ntuinAuazen duanseluniesdansledndu
a1 30 min Mt wagldindudng 2-3 afeaulsitivies

o 519N5¥9NH18UINAY Acetone a Isopropanol aruaIRuUTina1uTeduly
\n3ossansilaiindunan 30 min lneansusaveiniedsasaudliinieissisans

. IU%UWE]UQWﬁWEJ‘ZJE]QﬂﬂiéJWQ @13 Isopropanol azwiaslilulaaraunilowdu lnelides
feans FeanunsaiuBlFuiiuseneuwaddeluld wievinnslaviuiile

o WvNsananszanuazgni i liwismneUudnauluiesdfusins waathlulv

v { F N o . : , 1
AUSaUUY Hot plate figasngdl 150 C uvian 20 min wiislamuiiuesnainnszan

U

e PNUULINTEANlUATRMINANNAZE1R UV-0zone tHuan 10 min wiiagiyalsa

wardudaunauinluldnuludunaussly

3.3.2 n1sas1uvadnasanindutiawassonalng
dusuwadnasorindvianassaalndvesnuidetldlassasrawuuund (Standard

structure) 9N Wi 37 InedlaarusenautasnuasduaLmaztusasalul

Carbon electrode

V

CuSCN + CuPc 10%
Perovskite

ZTO solgel
FTO/!

A7 37 lessasrawadnasoinduiainassanalndnlaluauide
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& a £a

3.3.3 TunauMseseNTiaugenviueenlen (ZTO) AunsEUIUNIT Solgel (Zhao et al,

2012) dnsutudsudidnnsou

ZTO solgel
FTO

Glass

PN Y ¢ A ¢ a ¢ ¢ = & 1 a &
AINN 38 Iﬂiﬂai’mL?jaaLL?N@'TVW]EJSU‘LW]LwaiﬁawalﬂmLllaLﬂa@aniuu%anNquaLaﬂ@iau

nsadetuderiudidnasousudusiensnIouaisazats ZTO solgel Tngvinnis
w3pnas 2 ¥a0 MwA 9307 1 ¥n1snan Zn(Ac), mnuudu 0.30 M azanalu 2-MOE 14
whwdnnauans Wegaelunisniuansliazaty vandl 2 nauaisazais Sn(Oct) Aududy
0.15 M ava1elu 2-MOE annduiiuvind 2 asluvind 1 aunue waviivaisazans

Fthanolamine AMUWLTY 1.5 M Ladtarsinauwainiuiaineunaiiviendunal 1 Ay

9 Y

s

Aeunsasstudsriudidnaseuthaisazats ZTO nsesdnelesdnsosans (Syringe Filter)
YUIAFNTY 0.22 um

nuiiasazats ZT0 Aild venasuunszan FTO wdwvhnisindeuflduuuumy
Lﬁmé’m,ﬂ‘%'auﬂﬁauﬂaLmegum‘ilsN (Spin coater) ANAL5258U 3,000 rpm tHuian 30 s

[

niululianudeuuu Hot plate gaunnd 450 °C wunan 1 h azldiwaduaseniings

Y

(%
o

A & =3 1 =3 1 ¥ & & A = o 3
AN 38 mﬂuumumaa‘lﬂuﬂaawuLmﬂﬂu@muqmmwmmﬂunm 1 AU WDNYRAYU

solula

3.3.4 %"umaumim’%aaJa'ﬁma%saﬂahﬁﬁm%’u%’ugmﬁuu,m

nsadrstumessonalndiSuR U IENSAIELANSAYAE Cso 17FAGssP(05Br0 17)s AL
4 1.3 M Tneni593a1s Csl, FAL PbBr, Pbl, lduindvmdeuusimanniuansly DMF uag

DMSO meldisasnuansuivantidunan 2 Auneuldeu
dmunnisaseiidunessevalndviinisindeuiiaulugainuauusseiniawas
AU (Dry Glove box) Tnsiduannihanswessewalndiinauiisl iuargunsnifiwdoulfidn
fArunNANTY waznsosasaraeinessenalnddeletidnsesansvungngu 0.22 um
thansazanelanenasuunszantudsiudidnasey wavinnisedsuildu femaianis

Spin WUUNYUNIEINILLATRUATDURILUUNYUWILILUUNYY 2 58U ( two-step) A8
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A3L5250U 1,000 rpm tWutan 10 s uag 6,000 rom Wutian 20 s Inevenansiinavans

Anisole U311915 120 pl 11381 10 s gAYNEYBINITVYULIIENT 2 58U nTUINTEINT

a

a s s % 1% i o . v & 1%
wdeuildumessenalndluliaudouiguugll 100 C 1unian 15 min wdrfiswadliau

Y

[

Wuluzan 20 min azldwaddunessonalng

3.3.5 JunauNsAsENasaunsududesrtulaa (Hole transporting layer)

o 1Y P & ! 1 a &~ A a ¢ 1 [ 1% J
dusunisinaeutudiuleavesulted dnsinaeuilduuuseenidy 2 LL‘U‘UlWLLﬂ

CuSCN, CuPc tag Spiro-OMeTED fan il 39 gadinsinsuuansiuazsivazidensne Uil

Spiro-OMeTED
CuSCN + CuPc / CuSCN
Perovskite
ZTO solgel

FTO

Glass
‘:4' Y] % a ¢ a s ¢ A a & 1
AINN 39 Iﬂﬁ\??ﬁ’]\‘iL"UaaLLﬁQ@'WW]'EJ%U@LW@i?@WﬁIﬂWLN@L@@@UE‘W?UU%U&QNWUI@@

o Malw3uaITazarwraUlasinlolweniun (CUSCN) wazarsazargaeuiasnnilale-
811Ut (CuPc)
g1usunismIenga1sazate CusCN lasnaulufivinazaie Diethyl sulfide (DES)
96.0% AANUINTY 35 mg/ml udwauasiundlaniouudianniuaisneliasoaniu
1 [ a a v [ = 1 a a 1
arsuimanouvaivienlunian 1 Au dun1smsenansazaly CuPc AnannniigAIy
WNTusazazlaguanaula (%W/W) dainnsauasliuaisazaty CuSCN N1aNuudy 5 10
15 20% eud1AU wdvinsnINasazaneeamgiviesduan 1 Au neuduildanu
AaudIaIsarale NNl NATOU spin WUUNYUMILS TABNITNEAAIUY
& ¢ v = 2 a = A & &
N3¥AINTULNDTTENALNARILLATOAATDURIMUUNYWIIBINAIIUSITOU 2,500 rpm tTuian
30 s Wntaalluszana 20 min 9zlafldn CuSCN wag CuSCN mixed CuPc MUAINLUNUU

Pimua g nsutudeinulea
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e N5LASBAITAYAE Spiro-OMeTED
Fu9INN15TeEsazae Spiro-OMeTED wauaslu@avinazany Chlorobenzene 14
ndrnfouuwiindnnmuasaislfiaieaniuaisutivinauazas ududuaisiseafasen
4-BP uaz LITFSI mauastuvinuazniuansaaduial 30 min wisuldanu
ntuthansazats Spiro-OMeTED fimuasuiiaiindaidng Dry Glove box anniu
yhmsnsesansazanefeleidnTesasuIngngy 0.22 um wileviinis spin asuunszandy
messevdlnd udundouTiduuuunyumisseirioundouiuuumyumisinuiiseu

3,000 rpm tHunan 30 s axlawaadudeiulea

3.3.6 YUNBUNISIASENYINHIF T UadwdI ndviawassanalng
dnsunisvintaliinveswadnasanfindsiamessenalnaluiuiseiife Ansuau
(Carbon) Tagvinn1siaseulaenisuinadviunszanalasiainisigioniuaatiuiiai 2 h

yndwihnsmnbiwiaieiulddutalui udrwihmsdaduvaendnsadn 9 S 8

(% '
al

Fu evinsinasludueaduatonfingns 8 duvis lagldiaToinadaussiungugil 50 °C

Huan 3 min lneuswiulunisnaeg? 6 MPa naannadalninasaazdudaning 40 3

1% s a ¢ a I3 s ¢ v o a I3 wa 1 ] 1%
wlalwaduatariindviinmessonalndnauysal wiemhlviiaseiauaudfisng 9 seluld

Carbon
Spiro-OMeTED
CuSCN + CuPc / CuSCN

HTL

Perovskite

ZTO solgel
FTO

Glass

ANA 40 Tessasrawadasoinduiainessanalndillafntlwinee Carbon
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MNewe : Anaduateindiusznauliannduneunsiig q Nesuredneuy

3.3.7 myAnssiauautavagaduasanindytiniwassanalng
dmsunisiiasigiquandivesraduaserindsinmessenalngd viin1sin
UsganSnmveagadiaseriing lnsiedesinusyansnmeaduaofinguanlaguish Ossila
T¥anuduuasdifuanasgiufie 100 mw/em? 38 AM 1.5 (Air Mass 1.5) figaumgdl 25 °C
mseneidnumiuindiendenanssmididnasouiuudeinsia (SEM) Wudu uaznis

UszluAneNImNIs 9 UasveTad ka1 Nnd siamassanalnainan la
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uni 4

NANISNAABILAZNITIATIZUNANISIVY

'3 a

lun1sinsennuaudivessaduatofindviamassonalndusznaume n15AsIen
AaaudAnsliimeganaaeulssdnsamwaduaseniindvliamessenalnd nsiesen
UsgdvznnadeudunguenveaaLaseindyiamessenalnd nmsiinseinuaudinig

s

ANUAINAIYNATANITLALIUUVDISIABNG NITIATIENANWULTUTIUVDINAUAINAD

o9

fa & a1 2 v o= a a ¢ o &
"\!a‘ﬂﬁﬁﬂuaLaﬂmi@usﬁu@aa\iﬂﬁqﬂ WUy slj(ﬁ']ﬂagL@ﬂ@sﬂaﬂmaﬂqif‘]Lﬂiqgﬂf\]gLLﬁﬂﬂ@Qm@lﬂu

4.1 auantAvasvaduaseindvianassensdlndiiauuanududuvesansazaieaay

wWasnmlalwenlud (CuPc) Anauluasazansaauilaslnlelwsniun (CuSCN)

4.1.1 M3AAsiUTEENSATMvRLRadLainglauTuadudutuinles
Fuiauilea CuSCN gninseudumea1sazaly CuPc Nanuluduiosaslnyuiase

13 (W/W) uaneeiu Usenausie 5, 10, 15, uaz 20% auaisu dagniilunaaausay

'
.

Inzvauantanmugand msutudiles Inglutuneuisnuuinlasaeaduateniing
a o wa cal v ‘:’{ 1% a a

ievinmsnaaeuanantansliihveswadtaiatusmeyanaaaulseansninniswlasuas
) a P o [ 1 a a 3
WWulvin Tnen191991 2 waga il 41a-d wans Box plot @1usuaA1UsEansn1nieasd
wase19ing laglanial Power conversion efficiency (PCE), Open circuit voltage (V..), Fill
factor (FF) wag Short circuit current density (J,) 983aUnsal wudngaduasorindyiin

Aaa ¢

imessenalng (PSCs) ATAN CUSCN ma CuPc Avmdiudu 10% A1 PCE gegail 15.01%
FaflAn Jo = 20.63 mA/cm?, Vo, = 1.01 V uay FF = 71.97% uennilfuansdn PCE 1ade
Winfu 13.05 % FsAeutnagendn PSCs AldMAN CuSCN AfAeAswinfy 11.45% 91nn1s
AAsIEEnUIINSfinasazats CuPc Wilinanea1Ussansnmveswaduaeiindmin
wniulUdamaliranunuisiunssua ) teeas wivnndiiuuSuailimunzauasiilien
AUMUILUUNSELALNN T ?3@lfJu"L‘tmeé“ﬂmi%mwiamﬂaﬁuaﬂlﬁdwﬁwaqﬁaﬁmmu
sunsuazdeiafosun viliaraunuwlunszuaintuduansianmil dle uang
ANUFUTUSSERIANUBUIBLLNSEaliwaz ks Ul -V curve) veawaduasafing

sRawmassanalngd dwalinseualninindnlaanwadwaseingiusunaunn
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(@) 51 : (©) e _
£
- 14+ 1.0 @ ‘@ * | = §
13l % =l s E
~ immg < >
L 124 | Sl £ |—=—CuscN
8 W >80'9' %10 —a— CuPc 5%
114 T _ |—e—CuPc10%
10] = £ 59——cuPc 15%
E —v— CuPc 20%
91— r : : : 0.81— , i 3 : 30 T T T ——)
0 5 10 15 20 0 5 10 15 20 00 02 04 06 08 10
Concentration (wt%) Concentration (Wt%) Voltage (V)

(b) 80 (d) 21] VS mrovoo -
75- Ve | ~20] 80~ CuPc10% 19128 1ig
0] ; E 10 sl 1561 | ~
3 " ) 37| =604 12 §
=654 ° = < 184 | = =
I . V E 7]’ L | o404 s E
60 816_ o 5 £

55+ ~ 151 20§ L "
50 14 0 0

0 5 10

15 20

Concentration (wt%)

0 5 10 15 20
Concentration (Wt%)

300 400 500 600 700 800 900

Wavelength (nm)

AWl 41 Box plot wandAvaInIsIfiwesiaduaa1ing @) PCE, (b) FF, (0) Vo wae (d)

Jsc¥®3 PSC N1U58AYgIUIN CuSCN Wardl CuPc ARududuwang1aiy (e) Asdnwy J-V

vo3gUnsal () EQE v83 PSCs NiAMNETIARUAILA 300-900 UTLULIAT WIDUVIIUARIAT

Integrated current (J;)

M7 2 uanIAINISIeesae ¢ Tuduiloavessadiasoniing

HTL

Joe (mA/cm?)

Voc (V)

FF (%)

PCE (%)

CuSCN

CUSCN+CuPc 5%

CuSCN+CuPc 10%

CuSCN+CuPc 15%

CuSCN+CuPc 20%

17.30
(17.71 + 0.84)
17.75
(17.53 + 1.02)
20.63
(18.56 + 1.12)
18.21
(18.04 + 0.99)
18.61

(18.29 + 0.77)

0.997

(0.982 + 0.016)

1.001

(0.986 + 0.010)

1.010

(0.994 + 0.007)

0.999

(0.994 + 0.005)

0.986

(0.985 + 0.003)

71.76

(65.97 + 5.40)

74.96

(69.89 + 4.51)

71.97

(72.18 + 2.95)

74.07

(70.30 + 4.50)

72.26

(69.35 + 3.94)

12.38

(11.45 + 0.76)

13.32

(12.08 + 0.86)

15.01

(13.05 + 1.37)

13.49

(12.57 + 0.55)

13.27

(12.48 + 0.56)
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93 )V curve AlEFwin1svaaeuaUndYy EQE n¥oufuanumunuunsua
599 U, dm¥u PSCs 714 CUSCN wag CuSCN way CuPc 10% ludutilea wansfan1ni
a1f uandliifiuingunsaifild CusCN waw CuPc 10% Tudutilea fidn EQE Tutheaaue
AAY 500 — 750 nm tadidunnniwaddunuuitld CuscN luduilea wenaniidsdamwalst
A it agjﬁ 15.61 mA/cm? ag 16.29 mA/cm? AIuaIau %aqﬂmaﬁﬁiﬁi{miazaw CuPc
10% wavlutuinleatuiisfiganirdsaenndoaiuan Jsc Aldnmsta J - V wagarnuanis
AAs1gvieng g 1y wuimslfasazans cupc naandluluarsazans cusc thuiuog
fudpududuingay F1ainnanisUsyneuwadiienadeulseansnmdnadu FlHiu
msldansazane Cupc imnududy 10% Judwmaliausyansamasaduaonfinga
e
4.1.2 mylnssiauantiAnisdesuuavauwaduaserfindillauiudiauidudy
vasasazarenadilasnnmlaloenlull
mi‘maauQmamﬁ’am'ia'mchusuaaLLaqwﬁu%uWémﬁaaLwﬂﬁﬂ UV-vis spectroscopy
Tngldsrnueadunas 300-800 nm fikawmnnssnuuuRmifiay WeRiensannnd 42a
wunildutlsadimisnlngld CUSCN way CuPc 10% Huilinsdesrunaweiigusingd
WA CUSCN IneN13anaIueIN13dR IR IULAD1AANIINNITYANAUKAIYDIATAZAY CuPC
Feanansngaduuadlumag 500-800 nm 1esnvosinmdsnuiiaudiiles 1.7 eV (Han et
al., 2018; Seo et al., 2015) ﬁmﬁ’jﬂLLmﬁQﬂ@jmﬂﬁuﬁﬂ‘%mmﬁﬁmdnLwi”l,zjﬁmamwwia

ANENINIatuNsaNfuLasastumesTenalndld Wenuasinduruay ETL lUds

Fumossanalng uazunfeiu HTL Wuduaaving

defiansunannisitasiginisiadeuiivesuszqlu PSCs n1sdar1uUseq
(photogenerated electron transport) %3 nsdwulnlndidnaseuiisessaszninety
perovskite LLaz%u HTL ﬁx‘imwﬁl 42b ns1vaeulaenislomada PL WUy steady state 6?;\‘1
wansanmulnlngiiuaivud (PL) luaniugasivosnisindou perovskite/HTL UuNTzaN
FTO 9 nuargniufiniiensrsasunisaisloulseqsenineiiufini soudesening
perovskite/HTL NaN1TIATIZUNUI fregraamuansranunisUass PL finnueaaui
uanAafuigngsgaivdesing 760 nm dmdu HTL fiumnsinaiu nsudes PL 1AR9INNANS

A v v

2nU5¥qN508705¥1I19 perovskite/HTL nTean1ugiuanUseqdasey (Peng et al, 2018)

MtUNITUaREAIEANUTLUDY PL UST8991n157199809581119 perovskite/CuPc10% tay



56

39EADILNING perovskite/CUSCN HuhnIlolIoutiouAuve perovskite /spiro-
OMeTAD wen31nil A31ua PL 989 perovskite/CUPc10% §aganinvueaildy
perovskite/CuSCN Lantey dnwaiziliinainnsanasvesanugiuinyszqdaselu CusCN i

Nal CuPc wWiowiguniusiegnailay CuSCN

dm¥unisiangiiiaduiafunissaufuveaUszqueagunsal (charge
recombination) fewaliAnTia EIS A1elaaniazia (dark current) Inans i Nyquist Lay
esauyailvlumsinsgignuansfanini 42c wansiieseiansluiiiuiiausiiy
AudnansvesainandImdy PSCs luwan CUSCN uay CuPc 10% flussiuluued 0.85 V
aeldannede WsusnAaufumuLuUYATL (R), ATNFUMUASTFl (Re)

wWaTNIS1TNsaIRUsSENaUMEAIN (CPE) WuI1aunsainty CuPc 10% TdunIuaAugnans

9 Y

dulAntvenIaza R NN FIUITIN155I0AINUYRIUTENTRENTENINITUNDS

sovalnauazguiilaannindeieuivgunsaliily CusCN

dmsunsinsziaumuiurestutilea (Hole-only device) fiillassadradu
FTO/ZTO/Cs17FAg 5Pl 53Bro17)/CUSCN 38 CuPc 10%/carbon gna¥iaduuazuans
AudnwuELlansI9daUALLIMLILYealaadndulsE9Base (hole trap density) @
WHUAN Log-log vaudulfs J-V wanssannd 42d AUk ULYRIEafNIuUTERdaTY
anunsaUssiuldannussiusifafiiududn (trap-filled limit voltage ; Vir) (Kim et al,,
2020) Imqﬂnaaﬁﬁﬁ CUPC 10% W3 Vor, 91 (0.186 V) G?ﬂﬂdwqﬂﬂsaiﬁﬁ CuSCN iudah
Toadl (0.26 V) Fear1uvuintuvesdudn (N) aru1sanldannaunis Vo, =
eN,L*/(2¢g,) Tned e AoUTALag I, L AVOAUNUIUBY Cso17FAg5PD(lgg3Bro17)s, € AD
Aasiiladidnvinduimsvoanasenalng (~35) (Yu et al, 2022) way &y AoAuEalY
gruey1net (Yao et al,, 2019; Zhu et al., 2020) é’qﬁ’ummwmLLﬂuﬁuawqmﬁﬂ%’U (hole trap
density) v83gUnsaliild CuPc 10% wWirdy (4.50x10% cm) Andrvesgunsalfild CuscN

(6.29%10% cm™)
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nszuanuAngluihves FTO/ZTO/Perovskite/CuSCN/C way
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wenANtfmuinisdudaiunseesodumeiingves HTL/Asuau lasunsusuyss

ag19unlasnIsIda1azany CuSCN way CuPc 10% Tuduiinlea dawandluning 43 iy

L3
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4.1.3 N1531AS1TRANANFUINIINIBATNAIYNFDIBLANATBUNUUEAINIIAVD

Y I3 a 4 a 4 [

ANARVINLYaaLEI g yhawassanalng
mﬁLﬂ31zﬁ@mé’ﬂwmzmqmamwmaqmwéﬁ’mmw SEM 289 PSCs aaefdu CuSCN way
CuSCN W@y CuPc 10% lututnlea kanslunIng dda waz b [Wunurdunninnisazauyag
CuSCN Taald DES iHudvinazanelidwwaiduesradidedAnsefidumnesenalnd 51 wazain
A15ATIENAIUTU AV WAL NasTaNALNA (Csg17FA, g3PD(loesBro17)s WAE FU ZTO
NUINHAIUTELIU 500 nm kAT 60 nm ANNEIFU (AUN1SITWesNUSUTRmuNzaY) d1u

[ 1 o

ANMUIYDY CUSCN HTL waz CuPc10% luduilaaldunnarsiuegeiidodfny wasg

v
v ¢ A

ANRAYYBIAUNUIAD 92 M UaE 96 NM MNAINU KaaNsUUINAMUNUIves HTL laily

awnvasnsiUdsuwlasiulssaninmvesaduasering Fanisideunvadiunmaudsing

1% 1%
[EKY

9 wagiuiIves CuSCN way CuPc 1atduannguandmsunsusulsauseansam datu
N53LATIE% AFM Fesfiunisiiuiuiiiensavdeufiuiiuas Aedsmnuneiuse iyl
(root-mean-square surface roughness ; Rq) 929Way CuSCN way CuPc 10% ﬁﬂﬁLﬁuiu
Al d4c uaz d N13AFDULUUNYUYDY CUSCN U%qméiu%guﬁwiaaﬁwiﬁLﬁﬂ?\lémﬁ'wmumﬂ
#8 R, 71 4.8 nm Tumsnduriu Wenauiu CuPc 10% Tu CusCN FiduiilfazAsutrasey

N1 lagd R, sgadl 1.89 nm wenanil WatUTeuiieufiuinamuinsgiu spiro-OMeTAD

[ ¥
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HTL (Rq 71 7.68 nm) fatutstleinildn Cupc 10% T R, fitfosninegnsunn Usdinild

pd
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ANUUNWRUATULIIBIB U UL CuSCN vinlsiunumddglunuaudRvesdiudeussanud

perovskite/HTL wag HTL/A15usu (Yang et al., 2019)

CuSCN (d) CuSCN+CuPc10%

19.7 nm

Rq =4.84 nm RCI =1.89 nm

AN 44 ANFRYINNTAAWEIDITINEWassaNalNe ; (a) CuSCN Tutuiilea way (b)
CuSCN+CuPc 10% Tututinlea : na AFM vasnauidansizrainazaleNluansniny ()

CuSCN Tudusinlaa uag (b) CUSCN+CuPe 10% lututileauunsean FTO

4.1.4 MINAsvidemaiansiagaULYesdsdiand

AmFunTIATIERNNSIANSIagULYesdadiend (XRD) dlunisieduduaiudy
nAnvesiidu CusCN Tneduazlifl cupc Mfiwandlunnd 45 gULLUUﬂWiLgmLUWaQWéu
CuSCN ﬁmmaamé’mﬁmﬁaLﬁaumﬂgméﬁﬁﬁ%’aga JCPDS (B-CuSCN 00-029-0581) way
wanslsifiufisgagean (003) Fesdenadesfuszurunsavieuveslasiaiisguaimasuyuy
Wenyu Uung et al., 2015) LWi’]%Q%ﬁ?ﬂﬂﬂﬂﬂﬁﬁmﬂﬂ XRD Sus] Vst lassadsvasiidudy

wwnINAuduansneg1adaay Lagaiananyes CuSCN e CuPc 10% 1uganiigaii

¥ ]
YR A

Wanues CUSCN ABANENTeY Feuansimwdn CuSCN lasunisusuugslidvwdiovinisway

cuPc wrlUlutuiiduinlea
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4.2 M3Basiianesnmvasauantanliindmsunisiseuiisuidusuiinlalag 1y
d1sazargaadilasinlelesnunnnauluaisazatgaaviasnnilalyenlu

(CuSCN+CuPc 10%)

lun1saasendseansanveswaduaiafingvasgunsainldansazals CusCN,

[%
1Y o

CUSCN+CuPc 10% Wag Spiro-OMeTAD uduiilea gniseuifisudunailunisiuinw
auafieslusrzennvewaduatenfingfianmeiniawainden lneifugunsallifienudu
40-50% RH Tugauvniivies (1SOS-D-1) (Khenkin et al., 2020) ldmaaeussauaseniindil 100
MW/cm? (AM 1.5) 90109 46 9100153518 R 9z uléa1 PSCs Aildasazans
CUSCN+CuPc 10% Wudusileatiufudnuildannnin 70% vesrn PCE asiEudumndsain

pulUuIundn 150 U feuanannu@desnmden CuSCN+CuPc 10% @9t lWidnfldde

(%
Y a ¥ LYY

Asusutullvaul F9a1ndnazvrsUntdaanessenalndaineinudulenonaie feuu

guUnsalfild CUSCN+CuPc 10% Fadududeniifnindafisuiugunsalinld CuSCN (wad

<

1% a Id g o = 1 = = = = [y =] Aa o [
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12 —e— CuSCN
& | —e— CuSCN+CuPc10%
1 —&— Spiro-OMeTED

Normalized PCE
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AWM 46 MMTANBTVRIUTEAVTA AT LAIRTINETIgN Normalized lnglnseuann

A VY 1 @
?1’]5686’187/1LﬂUiﬁLUUL?ﬁW@WQﬂu

M5 3 kAAKANINTIHWESA o Tutuhilaauuutuguadeaduatefing

HTL Joe (MA/cm? Vo (V) FF (%) PCE (%)

CUSCN 17.30 0.997 71.76 12.38
(17.71 £ 0.84) (0.982 + 0.016) (65.97 + 5.40) (11.45 + 0.76)

NIOX-Zn 1%/ 19.28 1.011 72.21 14.08

CUSCN+CuPc 10% (18,04 + 1.42)  (1.000 = 0.013) (72.86 + 2.16) (13.15 + 1.18)
19.71 0.990 72.03 14.06

Spiro-OMeTAD
(17.91 + 1.10)  (0.991 + 0.007)  (70.07 + 3.09) (12.46 + 1.05)
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4.3 N15UsLIUANENINANS T UYBIaaLaIaindvlawasenalng

Fusunisuseiudneninnisidauveswaatasainduiamasanalnanlasunig
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I U

U5uugsuszansnmnisuaamaenulnigeiigafegunsalinld CuSCN+CuPc 10% Judu

q 3

inlga TAUseAnSn1niniy 15.01% aeAnlavinsnaaeuiianizuinggiu AM 1.5 &9

o

TuauAedlavinnisussiiudnen nnnslaaudioiis Ui ukNAYad haI RN TN UNANLAEN

Y v o a‘d‘&LQJ

naonszesial 1 U lngldanssdenfindnldiludiunuretnazineuldtoyasiniusunsy
AN NANAAAATNTHENUITOUNAIU LAY (TDETlab, 2562) F931n15918839M15
a & a I3 a D2 Y o a cdad a &

Annsnsudnigaduaseniingegluszaulselnmdsnuuaterind ndnunlunisinasuuie

1 MW #3pLiguwin 6,668.48 mzé’m%’umaa’ummﬁmé%ﬁﬂLW@%S@‘V\I&IM way 4,962.84 m?
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| [
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a c{' Y A 1 ] < Y v gj a 5 dl> = c{'
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ABSTRACT: Perovskite solar cells (PSCs) are an innovative technology with
great potential to offer cost-effective and high-performance devices for converting
light into electricity that can be used for both outdoor and indoor applications. In
this study, a novel hole-transporting layer (HTL) was created by mixing copper
phthalocyanine (CuPc) molecules into a copper(I) thiocyanate (CuSCN) film and
was applied to carbon-based PSCs with cesium/formamidinium (Csy;;FAg;Pb-
(Io53Broy7)3) as a photoabsorber. At the optimum concentration, a high power
conversion efficiency (PCE) of 15.01% was achieved under AMLSG test
conditions, and 32.1% PCE was acquired under low-light 1000 lux conditions. It
was discovered that the mixed CuPc:CuSCN HTL helps reduce trap density and
improve the perovskite/HTL interface as well as the HTL/carbon interface. Moreover, the PSCs based on the mixed CuPc:CuSCN
HTL provided better stability over 1 year due to the hydrophobicity of CuPc material. In addition, thermal stability was tested at 85
°C and the devices achieved an average efficiency drop of approximately 50% of the initial PCE value after 1000 h. UV light stability
was also examined, and the results revealed that the average efficiency drop of 40% of the initial value for 70 min of exposure was
observed. The work presented here represents an important step toward the practical implementation of the PSC as it paves the way
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for the development of cost-effective, stable, yet high-performance PSCs for both outdoor and indoor applications.
KEYWORDS: perovskite solar cell, mixed HTL, CuSCN, CuPc, indoor

1. INTRODUCTION

Organic—inorganic perovskite solar cells (PSCs) have received
broad interest due to several advantages, including the
possibility of large-area device fabrication using low-cost and
wet processing techniques.' ™ The power conversion efficiency
(PCE) of PSCs has rapidly increased to over 25% owing to the
outstanding semiconducting properties of organic—inorganic
perovskite materials.”"® The performance of PSCs is now at
the point where they can rival conventional technology.
Therefore, PSCs are classified as the most promising
alternative photovoltaic technology that could eventually
replace the silicon photovoltaic one where the high cost,
long energy payback time, and difficulty in PV waste
management’ are still the unsolved issues.

Good environmental operating conditions must be achieved
for PSCs to attain satisfactory performance. These conditions
include the level of humidity, oxygen, heat, and the amount of
light absorption under illumination.” PSCs technology, on the
other hand, shows one important weakness, which is the fast
degradation of the device over time.”'’ Normally, when
perovskites are exposed to moisture, the stability of the solar
cell drastically deteriorates and the degradation time frame

© XXXX American Chemical Society
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ranges from minutes to days.”'’ This problem prevents the
PSC technology from being realized in real applications, and it
must be resolved before large-scale commercial utilization.
Several methods can be used to prevent device degradation.
One efficient way is through the optimization of a hole-
transporting layer (HTL), which is relatively important in
device operation since it acts as a protective layer for the
perovskite photoabsorber layer against environmental influen-
ces such as humidity."' Therefore, one source for achieving
high-performance PSCs is to use high-quality hole-transporting
materials (HTMs). The benchmark for HTMs in device
fabrication is spiro-OMeTAD. However, it has several
problems including long-term stability, low thermal stability,
and high cost.'>"* Moreover, there are other HTMs that can
be employed to replace the use of spiro-OMeTAD to enhance
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the stability of the device, such as inorganic HTMs (e.g,
CuSCN,"* NiO,'* Cu0,'® Cul,'” PbS/CdS,'® etc.) and
polymer-based HTMs (e.g, PTAA,"” poly-TPD,”’ P3HT/
PCBM,” etc.). A device fabricated using inorganic HTMs
offers low cost as well as long-term ambient humidity stability
compared to the one using spiro-OMeTAD.”*™*' Despite
several advantages, however, improvement is still considerably
needed to ensure the long-term stability and high performance
of the devices.

The typical planar n—i—p PSC contains a cathode/electron
transporting layer (ETL)/, perovskite layer/HTL/anode. These
ETL and HTL layers not only have the primary function of
transporting free carriers to respective electrodes but also
protect the perovskite layer from direct exposure to air and
moisture.”> The perovskite layer is known to be easily
deteriorated in ambient conditions, thus affecting the efficiency
of the cell.”' In this regard, the development of cost-effective,
highly stable impurity-free HTLs is extremely critical to the
future of PSCs since efficient and durable PSCs are necessary
for practical application. One of the most interesting inorganic
HTMs to fulfill those requirements is copper(I) thiocyanate
(CuSCN)."* CuSCN has been considered a potential HTL for
upgrading the performance of the device because CuSCN
combines intrinsic hole-transport (E-type) characteristics with
wide band gaps larger than 3.5 eV.”* Furthermore, CuSCN is
readily available from commercial sources. The material is
relatively inexpensive and can be processed at low temper-
atures using solution-based techniques.”” >’ High PCE has
previously been achieved using CuSCN as the HTL in both
metal-based and carbon-based PSCs.”’™**

Another interesting HTL is low-cost copper phthalocyanine
(CuPc) since CuPc has a narrow band gap and shows good
operational device stability.””*' The device structure based on
the conventional assembly using the CuPc nanorods as HTM
and carbon as an electrode layer demonstrated the best PCE of
16.1%.”* These properties make CuPc more likely to be
compatible with CuSCN in the HTL layer for PSC fabrication.

PSCs based on CuSCN HTLs have so far been reported for
their utilization under outdoor light illumination, which is
characterized under standard light AM1.5G conditions.
However, a small number of research studies have demon-
strated their performance for indoor light harvesting;‘J The
emission spectra of indoor light sources (commonly compact
fluorescent lamps and light-emitting diodes) are in the visible
light region, which is compatible with the light absorption
range of a perovskite photoabsorber.”*** Since indoor
photovoltaic cells are expected to serve as a microwatt-level
power source for Internet of Things (IoT) applications and
smart sensors,”* environmentally stable and inexpensive PSCs
are required for the long-term utilization of maintenance-free
ToT devices.

In this work, a mixed CuSCN:CuPc-based HTL was
developed to enhance the performance of PSCs based on
Csg.17FAg 43Pb(Ig43Bry 17); perovskite as a photoabsorber, and
the properties of this mixed film were compared with control
devices using pristine CuSCN or CuPc. The most promising
modification occurred when CuPc was added to CuSCN
HTLs at a concentration of 10% w/w. The improvement can
be assigned to the superior interface properties at the HTL/
perovskite interface and at the HTL/carbon interface, which
result in higher open-circuit voltage (Vo) values. The PCE,
tested under AM1.5G of the PSCs with a structure of FTO/
ZTO/Cs7FAgg3Pb(Iy3Brg 17)3/CuSCN/carbon, was im-

proved from ~12% (pristine CuSCN) to ~15% (CuSCN
with CuPc at 10% w/w). Our devices also offer the possibility
for indoor applications. Under LED light illumination at 1000
lux, the PSCs with CuPc-mixed CuSCN layer exhibited a
maximum PCE of 32.1%, which is higher than that of the
pristine CuSCN-based device (29.8%). In addition, the devices
fabricated with the optimized concentration of CuPc HTLs
showed good reproducibility and better operational device
stability compared to devices without mixed CuPc HTLs.

2. EXPERIMENTAL SECTION

2.1. Fabrication of PSCs Based on a Mixed CuSCN:CuPc
HTL. Zinc tin oxide (ZTO) thin film as an ETL was prePa[ed ona
fluorine tin oxide (FTO) substrate by the sol—gel method.’*"” Briefly,
FTO substrates were first cleaned by ultrasonic sonication in an
Alconox ds luti deionized water (DI), acetone, and
isopropanol for 30 min, respectively. The washed FTO substrates
were then dried on a hot plate at 125 °C for 15 min before
ultraviol (UVO) tr for 30 min. A 0.15 M ZTO
precursor solution was prepared by mixing zinc acetate dihydrate
(Zn(CH,C00),-2H,0) tin(1I) 2-ethyl hexanoate (Sn(CyH,:0,),)
in 2-meth | with ethanol at an equivalent molar ratio
to metal salts. The mixture was then stirred at room temperature for
at least 8 h before being spin-coating on the cleaned FTO substrates
at 1500 rpm for 30 s. Then, the as-deposited ZTO films were
annealed at 450 °C for 1 h.

A Csg;FAg53Pb(Iy53Bry 17); perovskite film was then deposited by
following the modified adduct approach with double antisolvent
drippings from our previously published work.* Briefly, a 1.3 M
Csg17FA43Pb(I,43Brg,-); precursor solution was prepared in a N,-
filled glovebox by mixing FAI, Csl, Pbl,, and PbBr, in
dimethylformamide (DMF) and dimethyl sulfoxide (DMSO). The
perovskite solution was spin-coated on the FTO/ZTO substrates, and
double antisolvent drippings’ were employed. After that, the films
were heated at 100 °C for 15 min. The properties of the deposited
Csg,17FAg53Pb(I3Bry )5 perovskite film are presented in Figure S1
(Supporting Information).

A 35 mg/mL HTM precursor solution was prepared by dissolving
CuSCN and CuPc in 1 mL of diethyl sulfide (DES) and stirring for 2
h at room temperature to get a transp | before use. The
weight percentages of CuPc to CuSCN were 0, 5, 10, 15, and 20% w/
w. The CuPc:CuSCN solution was spin-coated onto the perovskite
layer at 2500 rpm for 30 s. It is worth noting the CuSCN layers mixed
with CuPc at concentrations of 0, S, 10, 15, and 20% w/w were
denoted as CuPc0, CuPc5, CuPcl0, CuPclS, and CuPc20%,
respectively. For the pure CuPc-based PSC, a 35 mg/mL CuPc
solution was prepared in DES, and it was spin-coated on the
perovskite layer at 2500 rpm for 30 s. A reference spiro-OMeTAD
HTL was produced by spin-coating a spiro-OMeTAD precursor
solution onto the perovskite layer at 4000 rpm for 30 s. The precursor
solution was created by mixing 36.2 mg of spiro-OMeTAD from
Feiming Chemical (99.86% pure) with 0.5 mL of chlorobenzene and
adding 14.4 uL of 4-tert-butylpyridine (98% pure from Sigma-
Aldrich) and 8.75 uL of lithium bis(trifluoro-methane) sulfonimide
(Li-TFSI from Sigma-Aldrich) solution (520 mg/mL in acetonitrile)
to the mixture. Finally, a carbon sheet was prepared by the ethanol
solvent interacting process,”” and it was hot-pressed onto the
CuPc:CuSCN layer at 50 °C for 3 min with a pressure of 6 MPa.

2.2. Characterizations. The current density—voltage (JV)
characteristics of PSCs were measured using a Keithley 2401 source
meter under AM 1.5G (100 mW/cm?) solar simulator, at 25 °C. For
the indoor performance test, a Philips 8W LED lamp (6500 K cool
daylight) was used as the light source. The intensity of light was
calibrated using a lux meter to 1,000 lux. The emission spectrum
(seen in Figure S2 of the Supporting Information) used as an indoor
light source was recorded using an Ocean Optics device (model: USB
4000). A photo mask with a precise active area of 0.0385 cm® was
used in the J-V Electrochemical impedance spectra

P

(EIS) were examined using Auto lab PGSTAT 302 N, and the
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equivalent circuit was employed to fit the experimental data to extract
the EIS p External i (EQE) spectra were
measured using a QE-R q y system (Enlitech) in DC
mode. UV—visible absorbance spectra were acquired by a UV—visible
spectrometer (Cary-50). Steady-state photoluminescence (PL)
spectra of the samples were recorded with a fluorescence
spectrofluorometer (Avantes). The PL was detected by emission
monochromators in the spectral range of 500—-900 nm. The
morphological characteristics of the cross-sectional views of the
samples were studied by scanning electron microscopy (SEM) on
JEOL JSM-IT800. Atomic force microscopy (AFM) images were
collected to observe the surface of the HTL films (XE 70 model, Park
system). The elemental compositions of HTL were studied using X-
ray photoelectron spectroscopy (XPS) on a Kratos Axis Ultra DLD
machine with a monochromatic Al Ka X-ray source (1.4 keV).

3. RESULTS AND DISCUSSION

3.1. Photovoltaic Performance. Figure 1 shows the
photovoltaic parameters of the PSCs with CuPc:CuSCN as the
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Figure 1. Photovoltaic parameters of the PSCs based on HTL with
various ratios of CuPc:CuSCN; (a) short-circuit current density (Jsc);
(b) open-circuit voltage (Voc); (c) fill factor (FF); (d) power
conversion efficiency (PCE).

HTL under AM 1.5G, 100 mW/cm? illumination (Table 1).
The weight percentage of CuPc in CuSCN-based HTLs varied
between 5 and 20%. The current—voltage characteristics of

each device were measured, and the relevant electrical
parameters were extracted. As seen in Figure la, the short-
circuit current density (Jsc) shows the same trend as that of
the PCE. The average value of Jsc is the highest at about 18.56
mAcm™ when the PSC is composed of CuPc10% as the HTL.
The average Jc decreases to 18.29 mAcm™ for the device
containing the HTL with CuPc20%. Figure 1b—d presents box
plots for the Vyc, fill factor (FF), and PCE versus the
concentration of CuPc in the CuSCN layers. The results show
that the device with CuPc10% in the HTL has the highest V¢,
FF, and PCE of 1.01 V, 0.760, and 15.01%, respectively.
Adding 10% CuPc in the HTL improves the efficiency of the
device by 21 and 203% compared to the device with pristine
CuSCN and CuPg, respectively.

The J—V curves of the devices with 0 and 10% of CuPc in
HTL are demonstrated in Figure 2a, while the corresponding
statistical PCE distribution of the devices with the best
condition (CuPc10%) compared to the CuSCN reference can
be seen in Figure 2b. The devices with 10% CuPc in the HTL
offered a maximum Jg: value of 20.63 mA/cm? With 20% of
CuPc in the HTL, however, the Js¢ drops significantly to 18.61
mA/cm?” and hence degrades the PCE of the device. Therefore,
adding CuPc at 10% concentration provides maximum
efficiency. Moreover, the device shows better reproducibility
when interpreted from the standard deviation (1.37 for
CuSCN-based devices and 0.76 for CuPc10%-based ones).

EQE measurement was performed to investigate the reason
for the improvement in the Js. of the CuPc10%-based device
compared to the pristine CuSCN device. Figure 2c exhibits the
EQE spectra together with the corresponding integrated
current density (J,) obtained from both devices. The EQE
spectra reveal the values at approximately 75.40 and 75.83% at
550 nm for the CuPc10%-based device and the pristine device.
Interestingly, the EQE values of the CuPc10%-based device are
higher than those of the pristine device in the range of 500—
800 nm, resulting in J,,, of 15.61 and 16.29 mA/cm? for the
pristine device and the CuPcl0%-based device, respectively.
These ], values are in good agreement with the Js values
obtained from the J—V measurement. It is noted that the photo
mask with the precise active area is used in the |-V
measurement. The difference between the J;,, obtained from
EQE spectra and the Jg- measured from the J—V measurement
ca:lobe derived from several factors as reported by Saliba, M. et
al.

Table 1. Ph Itaic P. ters of the Ch
Compared with the Devices Based on Pure CuPc”

PSCs Based on CuSCN Mixed with CuPc at Different Weight Percentages

HTL Jsc (mA/cm?) Vo (V) EF (%) PCE (%)

CuSCN 17.30 0.997 7176 12.38

(17.71 + 0.84) (0.982 + 0.016) (65.97 + 5.40) (11.45 + 0.76)
CuPc 1324 0.946 39.38 494

(8.16 + 2.31) (0.875 +0.105) (29.22+4.49) (2.18+1.08)
CuSCN+CuPc 5% 17.75 1.001 74.96 13.32

(17.53 + 1.02) (0.986 + 0.010) (69.89 + 4.51) (12.08 + 0.86)
CuSCN+CuPc 10% 20.63 1010 7197 15.01

(18.56 + 1.12) (0.994 + 0.007) (72.18 + 2.95) (13.05 + 1.37)
CuSCN+CuPe 15% 1821 0.999 7407 1349

(18.04 + 0.99) (0.994 + 0.005) (70.30 + 4.50) (12.57 + 0.55)
CuSCN+CuPc 20% 18.61 0.986 7226 1327

(18.29 + 0.77)

“The average values are presented in parentheses.

(0.985 + 0.003)

(69.35 + 3.94)

(1248 + 0.56)
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Figure 3. (a) Steady-state PL spectra of perovskite layers coated on pristine CuSCN, CuSCN mixed with 10% w/w CuPc, and spiro-OMeTAD;
(b) Nyquist plots with the equivalent circuit in the inset; (c) log—log plots of dark J—V curves of the hole-only device revealing Vg ; and (d) V. as

a function of light intensity.

It is worth noting that the transmittance of the CuPcl10%
film is lower than that of the pristine CuSCN film, as seen in
Figure 2d. The reduction in the transmittance could be caused
by the light absorption of CuPc, which can absorb light in the
range of 500—800 due to its band gap of 1.7 eV."""** However,
the light absorption of CuPc could not affect the light-
harvesting ability of the perovskite layer because of the light
incidence from the ETL side through the perovskite layer to
the HTL side.

The steady-state photoluminescence (PL) spectra of perov-
skite/HTL coated on FTO substrates were recorded to
investigate the interfacial charge transfer at the perovskite/

HTL interface. As shown in Figure 3a, different PL quenching
behaviors at the emission peak near 760 nm are observed for
different HTLs. The PL quenching is attributed to charge
injection at the perovskite/HTL interface or trap states.”
Therefore, the quenching in PL intensity indicates a better
hole injection at the perovskite/CuPc10% interface and the
perovskite/CuSCN interface compared to that of the perov-
skite/spiro-OMeTAD one. Furthermore, the PL intensity of
the perovskite/CuPc10% is slightly higher than that of the
perovskite/CuSCN films. This characteristic is thought to be
caused by the reduction of the trap state in the CuPc-mixed
CuSCN compared to the pristine CuSCN film.

D https//doi.org/10.1021/acsami.2c23136
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Figure 4. (a) Valence band XPS spectra; (b) energy band alignment of pristine CuSCN and pristine CuPc; (c) Mott—Schottky plots of PSCs based
on CuSCN and CuSCN mixed with 10% w/w CuPc; and (d) I-V characteristics for ohmic contact testing.

Further investigation on the trap density and recombination
mechanism was carried out on the PSCs with pristine CuSCN
and CuPc10%. Figure 3b shows the EIS spectra observed at the
bias voltage of 0.85 V under dark conditions for the CuSCN-
based device and the CuPc10%-based device. Nyquist plots of
the experimental data were fitted using an equivalent circuit
(inset of Figure 3b) to extract series resistance (R,),
recombination resistance (R,..), and constant phase element
(CPE) parameters. It was found that the CuPcl0%-based
device provided a larger arc diameter and a larger R, value,
indicating a lower charge recombination compared to the
CuSCN-based device.

A hole-only device with a structure of FTO/PEDOT:PSS/
Cs.17FA)83Pb(I)83Brg17)3/CuSCN or CuPcl0%/carbon was
fabricated and characterized to examine the hole trap density.
The obtained log—log plots of dark J—V curves are presented
in Figure 3c. The hole trap density can be evaluated from the
trap-filled limit voltage (Vig).”> The CuPcl0%-based device
showed lower Vi (0.186 V) than that of the pristine device
(0.26 V). Generally, the trap density (N,) can be achieved from
the equation Vig = eN,L*/(2¢¢,), where e is the elementary
charge, L is the thickness of the Csg 1;FAq g3Pb(I43Bry 17); film,
€ is the relative dielectric constant of perovskite (~35)," and
& is the vacuum permittivity.”** The hole trap density of the
CuPcl0%-based device (4.50 X 10" cm™) was found to be
lowe‘r than that of the CuSCN-based device (629 x 10"
cm™3).

The PSCs were also tested under various light intensities to
obtain the dependence of Vi, on the light intensity, as shown
in Figure 3d. The linear relationship is commonly recognized
to provide a slope of nkT/q, which shows the influence of the
ideality factor (n). The n value is close to 1 when trap-assisted
recombination is absent in the device, i.e, a slope of V. = kT/
q should be expected for a trap-free system.”” Based on the
data analysis, it is found that the slope of the CuPc10%-based
device (1.78 kT/q) is smaller than that of the pristine CuSCN
device (1.88 kT/q). Since the n values of these devices are
between 1 and 2, it can be interpreted that both

monomolecular recombination (n = 1) and trap-assisted
recombination (n > 2) occur in these devices, while the trap-
assisted recombination process is less likely to occur in the
CuPcl0%-based device. According to the results from analyses
of the PL, EIS, and hole-only devices, it can be indicated that
the trap state density in the HTL decreases after doping 10%
of CuPc in the CuSCN. In general, the reduction of the trap
state density results in lower trap-assisted recombination and
better performance of the device. Therefore, we speculated
that improvement in the EQE values in a range of 500—760
nm could be facilitated by a reduction in hole trap density and
the lower charge recombination that occurred in the
CuPcl10%-based device, resulting in the enhancement of the
average Jsc.

To further investigate the reason for the improvement in the
Voc of the device after mixing 10% CuPc, the valence band
(VB) XPS spectra of the as-prepared pristine CuSCN and
CuPcl0% films were recorded, and the results are demon-
strated in Figure 4a. The measured energy offsets between the
valence band edge (Eyg:) and the work function (Eg), which
could be evaluated from the linear extrapolation (solid line in
Figure 4a), were at 1.93 and 1.83 eV for the pristine CuSCN
and CuPcl0%, respectively. The lower energy offset for the
CuPcl0% could be attributed to the difference in the Eyyp
(Figure 4b) of pristine CuSCN and pristine CuPc, which were
5.3 and 5.2 eV,” respectively. As a result, the Eyp: of the
CuPcl0% was at a relatively similar position to that of the
pristine CuSCN, so the changing of V. could not be due to
the alteration in energy-level alignment of HTLs. Therefore,
the Mott—Schottky measurement was further performed to
investigate the origin of the variation in Vgc. The Mott—
Schottky curves (C™2~V) of the pristine CuSCN-based and
CuPcl10%-based PSCs are presented in Figure 4c. The built-in
potential (V},;) was determined from the linear regions of the
C™2=V curves, which revealed that a higher Vi, of 1.19 V was
obtained for the CuPcl0%-based device, whereas the pure
CuSCN-based device had a V;; value of 1.06 V. A greater V,, in
the solar cell results in a stronger built-in electric field, which
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enables better charge carrier extraction in the devices™*” and

hence better performance in the device using CuPc10% HTLs.
The reduction in the hole trap density, as observed by the
above-mentioned techniques, could be the main reason for the
greater Vi, in the CuPcl0%-based device.

It was also found that the contact at the HTL/carbon
interface was greatly improved by mixing 10% CuPc in the
CuSCN layer. As shown in Figure 4d, the ohmic contact
behavior of the FTO/HTL/carbon films with pristine CuSCN
as HTL demonstrates a nonlinear I—V curve with a current
level less than 0.02 mA at 5 V, while that of the CuPc10%/
carbon enhances the current level to 0.19 mA at § V. The
linearity of the -V curve also improves dramatically upon
blending 10% CuPc in CuSCN, indicating that doping the
HTL with CuPc improves the ohmic contact between the
carbon and HTL terminals. Improving the quality of the HTL/
carbon contact allows better charge transfer between interfaces,
which results in a high . value, as discussed earlier.

Moreover, the CuPcl0%-based PSC showed a more stable
power output at the maximum power point over 35 s
compared to that of the pristine CuSCN-based device (as
seen in Section S3 in the Supporting Information). Addition-
ally, the CuPcl0%-based PSC had a slightly lower hysteresis
index (HI) of 0.110, while the CuSCN-based device had an HI
value of 0.127. This improvement in the operational stability
and the reduction in HI can be attributed to the lower hole
trap density for the CuPcl0%-based PSC, as a lower hole trap
density can reduce charge recombination and increase the
charge carrier lifetime, leading to improved device performance
and stability."**

3.2. Morphology and Crystallinity. Top-view SEM
images of pristine CuSCN and CuPc10% films are displayed
in Figure Sa,b, respectively. It is evident from the images that
the pristine CuSCN film contains large pinholes with a
diameter of approximately 20—80 nm. Conversely, the
pinholes on the CuPcl0% film are smaller in size (<20 nm)
and have a lower density. Cross-sectional SEM images of the
PSCs with CuPc:CuSCN film are presented in Figure Sc,d. It is
worth noting that the deposition of CuSCN using DES as a
solvent does not result in significant harm to the perovskite
films.”" The average thickness of the Cso,1-FAgs:Pb(Io 53Br0,17)3
perovskite and ZTO films were found to be around 500 and 60
nm, respectively. Based on the optimized parameters, the
thicknesses of CuSCN HTL and the mixed CuPcl0% HTL
were not significantly different, and the average values of the
thicknesses are 92 nm and 96 nm, respectively. This result
indicates that the thickness of HTLs is not the reason for the
variation in the photovoltaic performance. The change in bulk
and surface properties of the mixed CuSCN:CuPc HTL could
be the main reason for the enhancement in the PCE.
Therefore, AFM analysis was further performed to investigate
the surface topology and the root-mean-square surface
roughness (R ) of the pristine CuSCN and CuPcl0% films.
As seen in Figure Se,f, the spin-coating of pure CuSCN HTL
produces a very coarse film with R, at 4.84 nm. When mixed
with 10% CuPc in CuSCN HTL, on the other hand, the film is
relatively smoother with a compact surface, having the lowest
R, of 1.89 nm among the other substrates. In addition,
compared with the benchmark spiro-OMeTAD HTL (R, of
7.68 nm), the CuPc10% film provides a remarkably smaller R,
value. The results from top-view SEM images and AFM images
indicate that the CuPcl0% film has improved compactness
compared to the pristine CuSCN film. Therefore, low film

cuscN  (f) CuPc10%

19.7 nm 9.6 nm

Ry =4.84 nm R;=1.89 nm

Figure 5. Morphology of CuPc:CuSCN film-based PSCs; top-view
SEM images of (a) pristine CuSCN and (b) CuSCN mixed with 10%
w/w CuPc coated on perovskite film; cross-sectional SEM images of
PSC based on (¢) pristine CuSCN and (d) CuSCN mixed with 10%
w/w CuPc; AFM images of (e) pristine CuSCN and (f) CuSCN
mixed with 10% w/w CuPc coated on perovskite film.

coarseness is the reason why the substrate of mixed
CuPc:CuSCN affects the surface roughness. The effects have
essential roles in the interface properties at perovskite/HTL
and HTL/carbon interfaces.™

Fourier transform infrared (FTIR) spectroscopy in ATR
mode was also conducted to observe the chemical interactions
between CuPc and CuSCN substances. Figure 6a shows the
collected absorbance FTIR spectra of pristine CuSCN, pristine
CuPc, and CuPcl0% films in the range of 400—4000 cm™".
Peaks observed in the CuPcl0% film were the summation of
the peaks found in the pristine CuSCN and pristine CuPc.
There was no peak shift or peak that appeared after mixing
CuPc with CuSCN. The FTIR result implies that the CuPc
molecules physically blended with CuSCN in the HTL with no
chemical interactions among them.

X-ray diffraction (XRD) measurement was also performed to
confirm the crystallinity of CuSCN films, with and without
CuPc. As shown in Figure 6b, the diffraction patterns of
CuSCN film fit well with the JCPDS card (f-CuSCN 00-029-
0581) and demonstrate a strong (003) peak, which
corresponds to the reflection planes of the rhombohedral
structure.” The absence of other XRD peaks indicates that
film growth proceeded explicitly perpendicular to the substrate,
and the main peak of mixed 10%CuPc in CuSCN is slightly
stronger than the main peak of pristine CuSCN, which shows
that the CuSCN crystallinity has been improved by mixing
CuPec.

To better confirm the interaction between CuPc and
CuSCN in the mixed HTL, elemental composition analysis
by X-ray photoelectron spectroscopy (XPS) was performed in
the pristine CuSCN and CuPc10% films coated on a cleaned
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Figure 7. Photovoltaic parameters of the PSCs based on CuSCN with different CuPc mixing concentrations under 1000 lux illumination. (a) PCE;
(b) FF; (c) Voc; (d) Jsc; (e) statistical PCE distribution; and (f) J=V curves of the devices under 1000 lux illumination.

Si-wafer. The XPS survey scan spectra and high-resolution XPS
scan spectra over Cu 2p, S 2p, C Is, and N 1s are
demonstrated in Figure 6c—g. The experimental data were
fitted using a Gaussian distribution. The XPS survey scan
spectra in Figure 6¢ confirm the existence of Cu, S, C, and N
elements in all films. In addition, the Cu 2p binding energy
(Ey) region (Figure 6d) of the pristine and the CuPc10% films
consists of both two peaks as well at 953.3 and 933.4 eV, which
could be assigned to the Cu 2p,;, and Cu 2p;,, states,
respectively, and the Cu 2p,;, and Cu 2p;/, peaks in the
CuPcl0% film were shifted by approximately 0.1 eV toward
lower E, when CuPc was incorporated into the CuSCN
system. Furthermore, the core-level spectra in Figure 6e reveal
characteristic peaks at E,, of 165.5 and 164.2 eV for the S 2p,,
and S 2ps), levels, respectively, which are consistent with those

observed for CuSCN. These characteristics could be related to
the presence of C—S or Cu—S bonds.”* These characteristics
suggest the formation of CuSCN, and all of the peak values are
in good agreement with previous reports.”” The C 1s peaks at
E,, of 285.0, 285.7, and 286.8 eV (Figure 6f) correspond to C—
C, C-N, and C=O0 bonds. Moreover, N 1s peaks of C—N
(400.7 eV) and C=N (399.4 eV) bonding states were
observed as expected. All of the above elemental characteristic
peaks confirm the formation of CuSCN in the solid state via
solution deposition, without obstruction by the presence of
CuPc molecules.

3.3. Low Light Application. The light conversation ability
of the CuSCN-based and CuPc10%-based devices under low
light conditions was characterized using JV measurement at
1000 lux illumination. The photovoltaic parameters are plotted
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in Figure 7 and summarized in Table 2 for better comparison
with other reports. It is seen that the average PCE under low
light for the CuPc5%-based PSCs (28.8% with SD of 3.8% and
a maximum value of 32.1%) was higher than that of the
pristine CuSCN-based one (24.9% with SD of 6.2% and the
maximum value of 29.8%). The main PCE improvement was
due to the enhancement in the [ value, which could be
ascribed to the reduction in trap density, as observed by the
characterizations mentioned above. The reduction in trap
density induced by the insertion of CuPc into the CuSCN film
could be beneficial for collecting photo-generated charge
carriers under low light conditions. It is worth noting that the
CuPcl10%-based PSCs provided slightly higher average PCE
(26.4% with SD of 3.3% and a maximum value of 29.8%)
compared to that of the pristine CuSCN-based one.

When comparing our CuSCN:CuPc-based devices with
others, our devices provided Jsc values higher than 200 uA/
cm®. The larger Jsc value under low light conditions could be
caused by various factors, We speculated that the reduction in
the trap density was one of the main reasons for this
characteristic. In addition, our champion device achieved a
maximum power density (MPD) of larger than 100 yW/cm?,
implying that our device is at the very top for indoor perovskite
photovoltaic technology.

3.4. Device Stability. The static contact angles of a water
droplet on the surface of perovskite/unmixed CuPc in CuSCN,
perovskite/mixed 10%CuPc in CuSCN, and perovskite/spiro-
OMeTAD were measured; optical images are shown in the
inset of Figure 8a. The CuSCN film had a relatively
hydrophilic character with a contact angle of 74.3°. When
mixing CuSCN with CuPc at 10%, the film displayed a much
larger contact angle of 95.1°, indicating the eminent ability of
CuPc to serve as a moisture-proof layer, which can thus
provide dual protection for the perovskite layer, guaranteeing
the stability of perovskite devices. However, the spiro-
OMeTAD film (contact angle of 79.6°) had a relatively
hydrophilic character, which is still less than that of the pristine
CuSCN film.

The long-term stability of the unencapsulated PSCs with
pristine CuSCN, CuPcl0%, and spiro-OMeTAD in ambient
air was periodically tested by storing the devices at 40—50%
RH and room temperature (ISOS-D-1 protocol).’® As seen in
Figure 8a, the PSCs with CuPc10% maintained 70% of their
initial average PCE value after more than 90 days, exhibiting
excellent stability. CuPcl0% and carbon layers are hydro-
phobic in nature, which is expected to protect the perovskite
from moisture. Therefore, the CuPcl0% HTL is a better
choice compared to the pristine CuSCN. The PSCs with
benchmark spiro-OMeTAD were also considered for the test
under this condition. The average PCE of the devices using
spiro-OMeTAD as HTL dropped below 50% in 170 days, but
the average PCE of the CuPcl10%-based devices was still more
than 66% of their initial value on the same day.

On the other hand, thermal stability (ISOS-D-2 protacol)*
was observed by storing the unencapsulated devices in a N,-
filled chamber at a temperature of 85 °C. As seen in Figure 8b,
the average PCE of the device declined steadily upon
continuous heating for ~100 h. The pristine CuSCN PSCs
showed an average PCE drop of approximately 50% of the
initial PCE value after 1000 h, while the spiro-OMeTAD PSCs
presented approximately 30% of the initial PCE (70% drop).
This observation demonstrates that the pristine CuSCN layer
helps improve the thermal stability of the better PSCs.

Table 2. Photovoltaic Parameters of the Champion PSCs under Low Light Conditions”
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Figure 8. (a) Shelf stabilities of the best PSCs stored in ambient air conditions without any encapsulation (temperature of 27 + 5 °C and relative
humidity of 40 + 5%) for 360 days; inset: contact angle measurements of water droplets on pristine CuSCN, CuSCN mixed with 10% w/w CuPc,
and spiro-OMeTAD coated on perovskite films. (b) Thermal stability testing of the unencapsulated PSCs stored in N, at 85 °C. (c) UV light
stability testing of the unencapsulated PSCs stored in N, under UV 365 nm illumination with an intensity of 523 mW/cm?

However, it is notable that organic compounds (CuPc and
spi.ro-OMeTAD) do not have good thermal resistance, which
explains why pristine CuSCN is better than CuPc10% for the
ISOS-D-2 protocol. An approach for improving the thermal
stability of the devices must be applied.””

Finally, we investigated the UV light stability of the devices
using the previously reported method,™ by subjecting them to
continuous UV irradiation at a wavelength of 365 nm and
intensity of 523 mW/cm?, which is equal to 113 times the
amount of UV light from the sun below 400 nm in wavelength.
The normalized PCEs for the UV light stability test are shown
in Figure 8c. The CuPcl0%-based device demonstrated better
UV light stability compared to that of the benchmark spiro-
OMeTAD-based device. The average PCE of the CuPcl0%-
based device remained at 95% of its initial PCE after the first
30 min of continuous UV exposure. However, the average PCE
value dropped dramatically by more than 30% of its initial PCE
after extended exposure to UV light for 70 min. On the other
hand, the spiro-OMeTAD-based device showed 88% of its
initial PCE value after the first 30 min; the value dropped by
more than 40% after 70 min. Compared to the duration of
actual sunlight exposure on Earth,‘“ the 30 min UV test is
equivalent to approximately 56 h of sunlight. Therefore, the
CuPcl10%-based device would maintain its performance with
only a slight drop in PCE for the equivalence of 56 h actual
sunlight exposure on Earth.

4. CONCLUSIONS

We have shown that the mixed CuPc:CuSCN HTL at 5—10%
w/w improves the performance of CuSCN-based PSCs. The
main reason behind the efficiency enhancement is assigned to
the reduction of trap density at the perovskite/HTL interface
and the improvement of the HTL/carbon interface. The
reduced trap density suppresses the charge recombination in
the device. Subsequently, CuPc molecules improve the surface
roughness and the compactness of the mixed CuPc:CuSCN
HTL. The inclusion of CuPc molecules within the CuSCN
layer does not adversely impact the crystallinity of the CuSCN
film, and furthermore, there is no evidence of chemical
interaction between the two materials. The PSCs based on the
mixed CuPc:CuSCN HTL provide better moisture stability
due to the hydrophobicity of CuPe. Finally, this research work
opens up the possibility of applications for outdoor and indoor
photovoltaics along with other optoelectronic devices.
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Abstract

Currently, several techniques have been employed in order to obtain a better quality of perovskite solar cells
(PSCs). In this research, we focus on the development of the hole transporting material HTM) for the efficiency as
well as the stability enhancement of the PSCs. Here, a hole transporting layer (HTL) was fabricated using zinc-
doped nickel oxide (Zn-doped NiOy nanoparticles and the HTL was incorporated into the cesium-formamidinium
(CsFA) based PSCs to improve the electrical properties. As a result, PSCs with 1% Zn-doped NiOx demonstrated
the highest power conversion efficiency (PCE) up to 14.72% with an open-circuit voltage (Voc), a short-circuit
current density Jsc) and a fill factor of 1.02 V, 19.59 mAscm? and 0.734, respectively. Moreover, the PSCs with
Zn-doped NiOy showed an enhancement in shelf-stability under aging conditions. The physical properties of the
Zn-doped NiOy were analyzed using X-ray photoelectron spectroscopy (XPS) and transmission electron
microscopy (TEM). The morphological characteristics of the HTL surface were examined by scanning electron

microscopy (SEM) and the photovoltaic properties were analyzed in more detail.

Keywords: Perovskite solar cells, Doping, NiOx, Zn, Hole transporting layers

1. Introduction carrier diffusion length and lifetime, and power
generation stability (Meng, You, & Yang, 2018;
Song, Yin, Li, & Li, 2021).

A regular PSC has a device structure of

Perovskite solar cells (PSCs) have attracted

tremendous attention in the field of energy as an
emerging photovoltaic device with a high potential

to rival the Si-based solar cells since the power anodeselectron  transporting  layer  (ETLyperov-
conversion efficiency (PCE) of the PSCs has been skite/hole transporting layer (HTLycathode (Sahoo et
sharply increased from 3.8%252% over a short al, 2018). The state-of-the-art PSCs mostly require
period of time and the device also offers low organic HTL such as spiro-OMeTAD deon et al,
fabrication cost (Sahoo, Manoharan, & Sivakumar, 2018). Although the air stability of spiro-OMeTAD-
2018; Shahiduzzaman et al, 2020; Zhou, Zhou, based PSCs has been extended up to several hours,
Tian, Zhu, & Tu, 2018). High PCE can be attributed the cost of spiro-OMeTAD (500 USDigm is
to the unique optoelectrical properties of the extremely high and also the thermal stability and
perovskite such as high light absorption ability, low preparation methods remain unsolvable (Serhan et
exciton binding energy (Miyata et al, 2015), long al, 2019). Alternatively, inorganic HTMs such as
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