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Fig. 2.1 Schematic illustration of energy levels of the materials
used perovskite solar cells: (a) TiO2, (b) ZnO, and (c) Al:O3 with
CHsNH3PblI3; and spiro MeOTAD [28,29,35].
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ASH 1281915, B 6¥191E st &5 ol Fi Utk Xi= HEH AT}
ES] A5WA FulolA zZt W Fokel fAlst R At Aba
A7E EAQSA "ok [39]. 7hARA FFe] BlS ol Aol & dApst
AETS BEAIE 9FE sl dAEEAIlolEE ddbd o2 CH3NHsM

2 220)W o}7]A M Sn” Ei PbUe e BRR XE Cl
Br, 28|11 T 22 @27 S22 o]Fojx A dAv} [40,41,42]. HE2XE
I ol EE F SA|EA CH3NH3PbBrs, CH3NH3Pbl;, CH3NH3Pblz-(Cly,
18] 31 CH3NH3Ph(I1-Cly)s e & 2221t} e transport layerZ+ BaSnO
37}, h" transport layer®+= CsSnls7F A<l FE| & 222t}

HmB 2TbolE HGHA = Aol Ags s 2o Ayl wet
nano heterojunctione 7}A|+= scaffold type®]t} planar thin film type*]
H o add dulm Alzto] rhesit [32] MR EATb0lE H G A oY
TZ2E Fig. 2.2¢] YAt
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(a) Pillared structure (b) Planar structure
baiamnn s Lo iR i

(c) Meso-superstructure

L

Py & &
LB e RN

D Hole-transporting layer

. Perovskite layer

|:| Semiconducting metal oxide
i Insulating metal oxide

E Blocking layer

D TCO glass

Fig. 2.2 Schematic diagram of (a) perovskite-infiltrated solar

cell, (b) planar heterojunction perovskite solar cell, and

(c) meso—superstructured perovskite solar cell [43,44,45].
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Fig. 2.2¢] (@9} ()= 3 At B¢dx] & 487§ BFAA (dye se
nsitized soalr cells: DSSCs)ZH-H A x o] TtEo -, Fig. 229 (a)
= perovskiteZ7} #g8] W ARLe] =27 meso-TiO:9F Z& semico
nducting metal oxideZ A}-&3F+ scaffold type HZH A7l E | 9Fd X
o] widolt} AR 4= (electron-trasnporing layer) &2 A}-8-F o] #]+=
TiO:4 ©E metal oxides= “active scaffolds”#tal & 4= At} Fig. 2.29]
(c)¥ mesoporous metal oxideS! AlLOsE HZH ATFFolE H| AR o A
43t TiOE AH&3 (a)9f= ©hE scaffold F+325 HoFa vk ALO
3= Fig. 210% YeEt#lSco] M=ol Hr] el AAME ] dFo=
AAZE FAHEA = 55y, webs] ALOz= AstE +Wehe 9= &4
Sk Aol ol d<es| HZmBE ATl ETL F FAEMA AHEskr] Hgh
scaffold?t #| &3+ “passive scaffold” B+ “inactive scaffold”2}a2 &
T At Fig. 229 (b)& mesoporous scaffold”} g1+ el A blocking
layer7} A3tE AElH o2 58] planar typee] HEZH:7lo]E )
A olth, o] AW HYAA F AU HGAAZTH ke o] AA
At o]d 3 planar typee] F|EBEAFlolE EjSAAE 500 Co Al
AAgE "2 F 3} metal oxide? scaffoldE AFE3}A] kol @ 2%
AN A7t 7hsd F5ol= FAA 78S olEF flexible Bl FHAA
v Agol Zbed Alow HAY. 1Eu scaffoldol] Bl HAbolso]

st 7] wito] FHWd w&o g dAE A low, Tl

sAbolEE Jlwe] FHsE el W F4 5
B HEo] HgdAe] Awel A5-H7w g MREATER S
sk WH S one-step deposition, two-step sequential deposition, vacuu

m deposition, “12] 1 vapor-assisted solution deposition®. & =LA ] 7}
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AE &5 4 du} [24,3446]. One-step deposition WH 2 HEH AJlo]|E
ATFA solutions @Y FAH LR coatingdle] gl stE WMot [24].
o] WH S o]83 Carnie 52 EFV U YregAel HZH227lolE HF
Al solutions 410l F AN TAS ALOz HEHEAIIOE & A
oz ofdEu hdek A9 vxels AAEAN [47]. Burschka &
< CHsNHsPbXs (X=Cl, Br, 1)@ g e sZHEX ol EE Zh7F PbXyp9k C
HaNHzX 2 o] A egtomm slzmHavtolEe] FHj4 vdAds &R
stk o] H % two-step sequential deposition<- scaffold type®] T&= 2
o= WA © &2 meso TiO27} coating® 7|3 solutiond El 2] PblE s
pin—coatingslil ©] o] CH3NH3I8-HS AHZls|lsozA 7|do A =
= %4 oltt [48] Liu 59 %12 PbClet CHsN
HilE 7|3ol| AHelsty Ssles £28 248 W4l vacuum deposi
tion WS o]-&3Fe] 15% oo FAMI &85 7FA+= planar hetero
junction HlFHAAE A xdAch [49]. 2014 Chen 52 planar 1% 2

HlZA Tl E B A A £ 5SS FEATI7] fls dmE )0

Olt

BaglolEE A

EE PAst= el o] two-stepe] o vapor-assisted solution dep
osition®™H & AFE-3}Ath o] W2 PbLet CHsNH3l F71E5 713 99
EFHE SFHAIIAL in situ &S AP RN HRZEXRTIE 25
Al 3lt}, o] AL vacuum deposition®} Bl S=EFA| v f/F7] Fo F F3+
S 1A et HoA AZolE Ht} vapor-assisted solution depositi
on’|H& AMEEt] THE HYAAE Ve 0924 V, J=198 mA/cm’, fill
factor (FF)=0.66, 1¥]a 121%% Fd¥E &S HeEATL Yang
et al.>- B3R [50].

o] Aol A scaffold typed] HEE AF}o]E B AR o] 4L b=
o] &% At} Scaffold type?] TiOvb AlOsxE scaffoldi= 7] % 7] o
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Zh-E L HAA AAE AL A% ESoR 2o [21,22,24].
Axpel Ago] ol s wo]= HRZHEATO|E WHREFEE scaffolddl] o|&
3lo] ol&al7] wWEo| scaffold7t 2 AP HIZEAFO|E EGAX =
FAME a&o] w7 wwold. o] A7l AREFE scaffolde 34
meso-TiOE 7] 9o spin-coating$to. &4 F A3ttt 184 meso-Ti
025 34 sto] AREsh= A2 dAbe] Aol B H 5o HARE T
AE ZAsE Aol A7 dow oF 20 nmA =] FFdAA P A
2 Q8 VdAae AUPESH o FAE d8iE
ertd TiCLH & He= 3vh &% TiO:4 =17]
A& Axpep Aol GAgho] dojib= 5 Aol
o AV el HEmEATO|E HFAA e B A o] &
a3k aidta & 5 Qv webA] o] Aol = TiOLS FAE =43t
7] goleti A Y ake] Ads FAAA Ao FFl F8&3% surfac
tant-templated nanoporous (STN) TiO:E A|Zslo] HZEH AFlo]|E B
AA | Ag3ste] oS st STN-TIO= £% FF5 A poly(et
hyleneoxide)s—poly (propyleneoxide)7—poly (ethyleneoxide)x (P123)3} TiO
25 ¥ %Sl titania solution= ©]&-3] A|z3dAT o] W EF FTTA
2712 U] EAstvrt AgshiaA A2 A
A7l AFdS AFA7E 29 micelles FAsHA Avh o] o] A4
I 2o AL E micellee LANFL AFA E2ZS AAHNTH me
soporous &= A ZFZT 4 Av}. Fig 2.39] STN-TiO7} W= A= ¢
& reskA FEstkske] WE Y (511,
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Mesostructured Hybrid

R Inorganic precursor
(X=-OR,-Cl...)
(%) ® ®

Hydrophilic block

Sol-Gel +
Self-Assembly

® @ ®
®®

Hydrophobic block
Polymeric

Template
Aging/ Mild
treatrment

Elimination of
the Template

Mesoporous Oxide Consolidated
Mesostructured Hybrid

Fig. 2.3 A process of manufacture for

surfactant-templated nanoporous Ti0O: with micelle.
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ol¢b HEof 7lde A EAS FFA7I7] A8 HfO.9F Nb.Os %
A g AEste A0S MYs k. HiO= W2 oA =R (55~6.
i g o ZMA blocking layer®Z# #+H-83
Row HEHE AT EC A FejH [Aatet Fyo] vAl Adty = At
NAgS e 5 A [52] NbOs& Fw=oll AHAS f o]k FA}
3 JAS Fuh NboOse oA g oz #gshadre AALe electron
T U whepA Axpe] olEs
BAA Ao R HYFHAA e AR 5Eo AHRH R IS A
| Hr} [53]. whebA] B At A= HEO:9F NboOs ZHARE 483
& sdvt. Fig. 2490 HfO29F Nb:Osé] oA dde =243 siv.

+x

©

lifetime®} diffusion lengthS Z7}A1Z
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(a)

Energy from vacuum level (eV)
B
|

348V

Energy rel. to £, (eV)

Fig. 2.4 Energy level diagram with HfO, and Nb2Os [52,53].
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HZ B2 ~7lo|E= CHsNHsPbI:E 23S X adsl¢ o two-step seque
ntial deposition®H &2 HEZH ~Fo|EE 2|3k scaffold type?] HZEH A~
7holE HFAAE Az 53] 2w BEAS dotry] 9% 243
of| 5] = scaffold typed] HAZBAFIolE H AR Alx7F HAW 87
S B A A A gsto] HAdstan A sl F5o] A WIS APt

=2

-~

1o

9%

ﬂi

2.2.2 HTM

HRZH 2T E BYAAE THEY] 918 HTMOZ+= spiro-MeOTAD,
H101, Py C, MecOTPA-FA7} 9om %2 HTMO @ P3HT, PTAA,
PANIZ} vt 228l F7] HTMS®i+= NiO, CuSCN %ol vt
[2754-57]. o] ToA%E Ldubd o7 ALE3+= HTM2 spiro-MeOTAD©]
t}. Fig. 25% HTM? 7 ¥ HOMO oldx ol Fig. 26L&
spiro-MeOTAD® F+Z24L el Ao
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E (eV)

-38eV

ity Small molecular HTM Polymer HTM Inorganic HTM
e A \ \
\l \l |

7 7
5.11 eV SldeV wEa
-5.16 eV oo—
- I
e Py )
S22eV {01 MeOTPA 51V PTAA 5236V
— -FA E—
5 4
Spiro- P3IHT PANI SAeV 53eV 2
530y MeOTAD — g
Ni0 -
CH3NH;3PbI,

Fig. 2.5 Energy level diagram with HOMO levels of
various HTMs [27].
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OCHj4 OCH,4

e Oa¥ [ (e
o s ats e

OCH; OCH;

Fig. 2.6 Structure of spiro-MeOTAD.
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Fig. 213 Fig. 2500% TiOs ZnO, AlLOs;, CHsNHs;PbI;oF $HA| ol &
HTM¢ HOMO #@'¥S vJerudct HTMZ ol A %= spiro-MeOTAD+ th
2 BAET AFo duyA gie] ¥y wiid & FAGS VA
Jet [68]. WA HEEXAIl|E HEAXNE A3 A 59 o
spiro-MeOTAD+ F3H HTMOZ AFEEHHA 15% o|ate] Fdds &
&5 VeRA AT [59].

24 spiro-MeOTAD® t&fstAl A-8a A AbEsle o] A4 o
w v THE GRS 7EA AL Y whebA] o] & Hekstr] 913 spiro-MeO
TADE tAlstE E2S ALESAY HITMS A9e gddxs Madst
o2 BHUHAAE APt o WA o] go] MEstmE thafdh o
T7F 23 Foll dt} [4849,60,61]. AA R, HRHAFl0]lE ElFAA Y F
7] HIME djAlete] 571 p-type WH=AE HTMOZ AREPS o =&

ol EA T rAMEL A1 goen AAAow FHsA AT F v

=

ZAE g 5 A [62]. Jeffrey 5o Ar+AI}AAM= F7] p-type
HEE A5 3FuFel cupper iodide (Cul)E HTMOZ HARZ B AJlo|E HYSHA
Ao ALY w] 6% FHAAITES AL 5 dArt [63]. Loz

+ 2014 Shi s°] HTMe] §l+= HE FTO glass/TiO»/CHsNHsPbIy/
Au®| FE£E 7R HARBAIE HGAAE Az Hes FAst
unction EAE 2A5tH . HEHE ATl EE two-step sequential depos
iton THoE A3t 7P e BARY T8 1049%FE Vee0.90
5V, J17.8 mA/cm?® 18] FF-065¢ #S 2v [64].

= OE H A spiro-MeOTADYE @508 gk Ao 485 =% o
a1 HA7EA e A AP EHY. 53 spiro-MeOQTADE HA A& 23 1
WS w wWZA recombination®] €L, transport resistance’} ot

hole conductivity7} 7] wZolth [65]. EUHFA 2= spiro MeOTAD<}
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. o .
A AF8-H = H7MAE Li-TESIS (-BPolt}. Fig. 2.7+ Li-TFSI¢]
TE2E YER ST
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FsC

O—wn—"0
Z
w

Fig. 2.7 Structure of Li—-TFSI.
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Li- TESIE= HTMOl H7bgozn o 7h4 ol d& yehdc A=
=58k spiro-MeOTAD®] hole conductivity® ¢F 1.6x10* cm?/Vs<ld)
ks Li-TFSI®F 3HA AFE5H AL o 1.6x10° em?/VsE hole mobility &
Z7tA4 4 9tk [31. tlEe] TESIE A7SA=7 & B4E /A

9

A7} S7Fs

.

A=dl, o]F <13 spiro MeOTAD®| 73S wf Asto

| o] HOMOZ 2 2 Fermi levele] o]l s dtt= AS 2T 4= ¢t}

O

T3 ol AL B FHAAE designdtedl B4 Q0 oA HES A o]
& g v ARAE " = AT [30]. - BPe A5
= AR AAES HEAVEA R quUA EAR FoFH. HE
(-BPE= HTMS 54 S 29 Li-TFSI®| solubility s S7HAI71WA] &
BglolEste] AHSES FAA F vt 2AH2E (-BPE Vs
S7HA 71 Ao m FEAME &% 4TS F 5 dota ddEo
et [66].

o] Ao A= Li-TFSI® o] Na-TFSI, K-TFSI, 18|32 Mg TFSL%}t
2 A 2§ cation-TFSIE 3§43 3819 spiro-MeOTADo| #7Fsto 24 7]

Eol] AFE-E 2 HIFAS Al 75 5SS vlu-EA s vk
223 A=
HTMO ZRH o|Fdte Aes wr[9s] ouyx] #dHo] -4.26 eVel

Agtt 49 eVl AuZ dukd oz ALg3tth $-7 Ao E Aus 23

4
gomm Audse shashelth
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Hofel =)o} 1= ol
a AojN HldAA ] ZeoliHete] Hw 2AE k. o] W AA}
Hl

Folv A= dats= Ble] 2y 2k 5o 270 wet g2hA

AN
=
=
=
7
w
>
g
[
oy
o
[
-
-
=)
S

m® oA ZAsEE k. o)Hd 2HL FE0] 1 sunolgda A s,
AM 15Gs= vl=ellAle] o Hat Bl gate] £t 48 oo s dev [67].
gl kAR 2] & -8 photocurrent-voltage curveZ 5B A& 4= 9+ par
ameter =58 &92lo] 7}5slyt. ZA V., I, FF, n& Y& + At V.
ol

= AF7F 04 W HFAATE THA = 7B Ao Asks 2shy

A A At [68]. L Aol 0d AR 7 b X = Hdle] AFEMA
o] W= ¢]F-9o Aol gle AdHiZa E 5 Ao dirdoRs HYA
o] AA SaHAd et AT A7 98] AE5UE (short-circuit

current density, Jo) & X &S}
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>

r‘ﬁ-\ Pmnx = I"m ij
5 e ViR
E VOC X ISC
L JSL‘
g J!11
-
3
E Pmn
e
-
-
O
‘rlt] ‘iﬂf
Voltage (V)

Fig 2.8 Photocurrent-voltage curve and photovoltaic parameters

of solar cells.
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FI= Vool L8 33 S8 5= Vst 14 T3ke vjE 23t
of W Voot L= B Vst LRtk 271 WZol FFe g2 15
O 2He el glvh ool Al FFE WEr AT

SV XL, V<, M

P V. xI -
’r] = = 2
P mnput P mnput
Voc sc Voc X Isc Vm X Im
nput Pinput Voc X Isc
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31 283

3.1.1 STN-TiO: solution A%

STN-TiO: solution< o] Ao H ¥ upel Zo] A ZF3FHTE A HA, P
123 (Mw=~1100 g/mole =+ Mw=~5800 g/mole) 1.5 g= acetylaceton

e (ACA) 8 gol ¥ oF 2AI%F &9t stirring 33t 28] titanium

-~

(IV) propoxide (TTP) 213 g ACA 2 goll =] dx2 FH[3Th oA
FAl e FAE P123 &9 stirringe] Fubd, TTP €43 4o]5:0] ST

N-TiO: solutions ¢4k} [51,69].
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3.2 HTM #7tA &4 [70]

3.2.1 Na TFSI A

(CF3S02):NH (TFSDE NaxCOsz¢}t acetonitrile (ACN)oll o] AAE4
71 A 12413 g )t REg ARG o] o, Whg-Al7]= TESI®F NaxCOsz9| ]
& Na & 7|27 111 mol%®E 35, Na 7} 583 TESIo| Wks-g <=
A= F 2pste] QolFnF St 5
0.1 M# NaxCO3 0.05~0.08 M= ®H-gA AW 12 A7 wEgA7]= A=
Fig. 31 (a)°] Yeklidth 12413k Fel= Fig. 31 (bell deiisxol
ACNel =4 & NaxCOz 23gs oA#etn o3y A5 a1y &
gl Al 1x231e] solventE A ASF31 o] solvente] A9} FE& A

o5t/ 9lah o 2~3% Bek AT YolEth

2= ACN 20 mLE 7]&2 & TFSI

=
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(a)

Gas output

Gas input

Filtration

Before After

Fig. 3.1 (a) Reacting (CFsS02):NH with NaxCO3/K2CO3/MgCOs
and (b) The excess of Na:COy/K2CO3/MgCQO3

(not soluble in acetonitrile) was removed by filtration.
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3.2.2 K-TFSI &4

Na-TFSI A3 FAFHAl (CFsSO2:NH - (TFSDE KoCOs$t
acetonitrile (ACN)ol] o] ZAALRL 7| A 12 AlZF = w2 A7t o]
o, Bg-Al7]= TESI®E KoCOz8l AlE2 K& 7|&22 11 mol%® 3t
¥, K'7F &&3] TESIO ®-§3 = JdreE Zdste HolFiesd gt
92¥E ACN 20 mLE 7|£9® TFSI 0.1 M3} KoCO3 0.05~0.08 M=
RS AT 12413 $-o] ACNel| 574 &2 KoCOz 2335 o #alal o
A3 FElO A AFEEY]  solventE A AT 9]

AL <
solvente] AL} S 52 A olslr] Ys] ¢F 2~3Y =oF xF9 Eo o

O

3.2.3 Mg-TFSI, $A4

Na-TFSI, K-TFSI ¥ 3 2t} (CFsSO2:NH (TFSDE MgCOs9t
acetonitrile (ACN)el] 2o FAAE7]oA 12 A7t B¢k w8-A 71t} o]
. WES-A]17)= TFSISF MgCOs8] H-&S Mg?'E 7|32 % 211 mol%®
3tE, Mg”7b F23 TESI w83 F %% Z#ste] YolFwg g
o §-2+= ACN 20 mLE 7|22 TFSI 0.1 M¥# MgCO; 0.15~0.18 M
& WEAIA T 12 AIZE Fol ACNel =4 &2 MgCOz 23 ak& o #ts}

by
Q
_\?_]‘

H 8N s axF e A Axst] solventE AAE T o] &
solvent®] #3}9} 2= Aolstr] Y&l oF Y Tt AF oo ¥

.

F

2
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Hunber | Ident  [Sampletype |volume |Ddution [Sampleamourt  [Method [Analysis  [Legend |
1 Samplal _Ma  Sample 20.0 1.0 1.0 Cation Cabions —
rd SamplaZ K SM"pl& 0.0 (R 1.0 Catiam C At ——
3 Sample3 My Sample 00 10 1.0 Cation  |Catons | ———
|
A0 g4 (%] T L S 00 1 190 0o HO

g e 4 pLE B 7o Ha

Fig. 3.2 Ion chromatography of cation—TFSI.

Table 3-1 Yields of cation—"TFSI complexes

Cation-TFSI complexes

Yield (%)

Na-TFSI
K-TFSI

Mg-TFSL

100.0

99.52

85.61
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3.3 AdA

3.3.1 HfO» precursor solution A%

HfO. precursor solution< hafnium chlorideE o|&&9] 05 mM, 1
mM, 3mM, 5 mM& HfCl; solution® THEo] ARE-3slt} [68]. AEAl 7]

S oF 20 £ FoF HfOs precursor solution®] ®< 3 70 TolA 20 &

3.3.2 Nb2Os precursor solution A=

Nb:2Os precursor solution<- &S] NbCls= 05 mM, 1 mM, 3mM, 5
mME Al zxste] 7T [53] A 22 HfO: precursor solution®} w3k
7P 2 HAEA 713S NboOs precursor solutiono] H7F ¢F 20 & &<t
70 CeollA ddAYsFar 1 Fo 1000 rpmol A spin—coating3d F 500

TolA 30 &1+ 24dstsict.
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34 H 2B A7l0olE HAAZRX AX

3.4.1 meso TiO2/STN-TiO: 54| A o]

H2H Tl E B FAR ] dubH o ALS-3H= TiO; solution®] F7

o

o

= Aostr] YA s+ 1A H AEHE spin—coating rates F4
2ZH AostA . 5000~9000 rpmZ7FA 500 rpmA rateE S 7HA 7]
SEME s&f 1 4 Wes aFsAY. A" STN-TIO: layers=
TiO:2} vlzb7FX 2 A sk AEjo 4] spin-coating rated FAStoZMH
Aoyt ATt STN-TiO= "¢ 22 TiO:E E3stal 9+ solution’d El
2 A Z3F coatingdl”] Wil Ak zpolE HI7[HE] mpme term=

A Fol  ZF 500 rpm, 1500 rpm, 3000 rpm o8 ZAL A Ase] A9
S A3YsF . Y ES spin—coating rateE 243 Hel+= 1 layer, 3

layer, 18] i1 5 layer® coatings}e] 29 2 @35k}
342 d|Z2H 2F)olE HFAA Ax

HEHAT0lE HYAAE Az Y3 A B34S Fig. 3.39 (3]
VEI AT FlZ P TlolE HYGHARE eV e Ay r|Hdow
fluorine-doped tin oxide (FTQ) 7]#& o] &3ttt $A- oz A

=& FAMF7] flste] FTO 7195 oA At F55 whae] i

ALEHolx® HIdL JHx WAL Zn powderE =dr} A F&E
< 4 M HCIE Zn powder?lel 2], FTOZF @olAd o= RS &9

& 5 ok AodFoss 9ed Whe T 3w £ Uus Wy

= ol8std w#3 FTOE AAsTRES g A= FTO 7|3t <



o

A3 FTO 73S triton-X100S =7 343 8o T4t of
&St sonication #] 2]ttt o] 5o FF9k ethanols 42 8ol
@]

Al 9F 10 # &<t sonication A2 gt} A # 3 FTO 7| H2S

—
-

M
o

HAFEA

a2

FEFo 7 AR TiO: underlayert titanium diisopropoxide
bis(acetylacetonate), 75 wt% solution= 2-propanol® ethanol (1:38
vol%) S 4 8dof FAlste] 2zl dEsHEE FTO glass? ol
coating 3 =21 t}. Underlayer® TiO.+= 2343l solutions 53+ T4
o hot platecl A Exejgtezr Fdd 5 J=F Az, dAd=
500 T4l 30 #3F 8 stAF . TiO: underlayers coatingdt FTO glass
E 40 mM TiCl, &9 =7k 70 CeollA 30 3k skt A7t 2
i ZE=57F599 ethanol® A2 8FaL heat gunl 2 500 CTolAl 30 £3F &
sk [711.

FTO glass® =%7F U 7Pd, TiO:%5 ethanold] 1:35 w/w% = 3|4
gk TiO: solutions 5500 rpme & 30 %%t spin-coatingsltal 120 Tl A
15 &1k Ax Fo 500 To| 2 =2oA dAgstns g

H BB vl Er AUl o7 Al83lE CHaNH:PbL:S Alxstg o T
7HA o2 o] A e. A WA, PblbE dimethylformamide

P

(DMF)el| 460 mg/mL=E A Z3Fe] 6500 rpm & 20 = =< spin-coaing
TR 70 TollA 10 & &< dA2E =224 solvent® AHEH D
MFE 25 SIAAFIY. 5 #HAA4, CHsMHsI (Methylammonium iodid
e: MADE dAsi57] Hs) AAT MAIES 2-propanoldl] 8 mg/mLE A
Z3}e] 25 %%F Pble7} coating® FTO 7]#& &do wrtgozy o=
HAglolE AAS A5ttt o] 5o 7]#HLS =523 2-propanold] 1 %=
Fob A& 2-propanolS ¥ 7] 98] ©A] 4000 rpme®E 20 *

59t spin—coating AFA . FFRIAE solvent®  AFE-3F 2-propanolS

_38_



AAs7] Y& 70 TolA 10 & FoF dA8E 3ok

HE2H7lo0lE Fo] JAdH 7|#S ¢bds 43 & HTME spin—coati
ngdl At HTM<Q! spiro-MeOTADZ chlorobenzene®] 14.5 mg/200 uL
o TR Az F7PH R, - BP 58 uLe ACNe| Li-TFSIE 52
0 mg/mLe| =& Axdte] 35 uLE H7HA R AE-sl3ir.

A %3 HRZBAIIlE HgAA AAZFon F&

me st T
10° torri vl @& 8o g Aol o ~60 nme FARE S8
=3
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4 P 4

4 /4
7 4 TiO; solution t.fl’: Pbl; solution Dip coating
ool e (CH;NH;,l solution)

..

: Sintering at 500 °C Heating at 70 °C [
1 " for 30 min
Heating at 70 °C "; 4
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Fig. 3.3 A fabrication of perovsktie solar cells.
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3.5.1 Scanning Electron Microscope (SEM) image ¥4

Perovskite solar cell®] #THI} FHe| ARG Et A7]9F #ZL o]wX]
= dlslr] 9 field emission scanning electron microscope (FE-SE
M)E ol-&3ste] 4ttt o5u T dAd G TESCANALS] M
IRA LMH® 49 (gun type: Schottky Emitter, ¥ %: 1 nm at 30 kV, 7}

S8k 500 V~30 kV)& ARg-3fe] FA 3t

3.5.2 Surface area & pore size &4

‘=

Perovskite solar cell®] #S=9] THEA 9 7|FEXE dolH7] ¢

b

3ol Brunaner-Emmett-Teller (BET) #2413 Barrett-Joyner—-Halenda
(BJH) #4192 7]%3F9 pore size distributions 315k}, o] += 3l
0 &5 A5 A MicromeriticsAhe] 3Flex® & ALg-5lo] =43}
e

=2

3.5.3 X-ray diffraction (XRD) 4]

Perovskite solar cell®] #3292 A= g} F+2&5 @2l
ol Az st AAEAES slrI9ls] vt XRDE o] &35k &
331 th. PANalyticalAte] X'Pert pro MRDE Y (X-ray generator: 3 kW)

S ARESFAT

an)

it
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3.5.4 Photocurrent—voltage curve ¥4}

A =8 perovskite solar cells®] FZA W3 EA4S Hristr] 98] HEHA
A F7F 24271 (1 sunt AM 15G, 100 mW/cm») 2 ® 443 solar

simulator (PEC-L01, 150 W Short-arc Xe-lamp, Peccell)E A}-83}<]
photocurrent-voltage curve (J-V curve)s @25yt o o
potentiostat= IVIUM technologiesAte] A2 A}-&3}

of| ;] 9123 A& diodeZ o]-&a HASAC} [72].

3.5.5 Electrochemical impedance spectra 4]

APA4tz HJld a8 HYAA = electrochemical impedance
spectra (EIS)E FAste] HYGAA dUlFdd EAstes AdE A
PRt IVIUM  technologiesAte] impedance W& ©]-83F% o
100,000-0.1 Hz HH A &A= A}, Photocurrent-voltage curve$} 722

solar simulatorE AF&3dt9 2w, 1 sun 244 EA18t9 1}
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4.1.1 F A= STN-TiO: coating 77 343}

HZH 2T E HFHAAANA LAl meso-TiO: t4l STN-TIOE
=] 271& HAAzE7] ala] STN-TiO9] FAZ

zAsdth. kg o2 TiO, Wis HERA A ES HZH ATl0lE Y
Aol ALE-3 A g-ole 270 we h2A %k oF 0.6 um (600
nm) °©]3dte] FANA =L FHAWMFT FTE&S e 06~14 um
TiO: ek FA A 16~17 mA/em’e] Jo& YeERdt & TiO. FA+
Jeol VA= @&l wivleirta A7 = vk [ 9w GBEA Vs
TiO: 5719 948 A v TiO: F77F 08 um o4 w, V.=
0901 VelA 0.85 V74A] zhaaskA Hw 1.5 um o] FAAA = Voot
HwAS FhAas Al FF Eg 7HAsHA Ao 27 o TiO, ¥
5 Vo, FF, 28] PCEL #astA =Y, ol HAte]

J:’—_‘__
TEHHANAM AZe] AAY] wroem AL 5 v [21] 53] Ve
73

<

7}
$-ol+= dark currentlA] AR FE7F ol o R Q& TiO22] Fermi
levelo] StolA| Al B WA ZhastA = A o] Elva ddHEY [73]
STN-TiO: solution coating F7o| w& == lolE Bl A 2
A%< Fig. 413 Table 4-19] el o] Wl STN-TiO: solution®l
AFEE P1232 Mno]l ~1100 g/moleQ! AleFS AL&dow STN-TIO;

i
[>
Y

;
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solution< & WA E| 2 meso TiO:H T $FA coating™ 7] wf<-of] 574 20|
of tigt s MakE Wes] #lsty] 938 1 layer, 3 layer, 18] 5
layer® 23S dAste] Mt Axpd oz STN-TIO. solutionS 1
layer coatingst¥< o 7FY =2 FHWd 388 YA oW Table

4-1o M2 & = gl5e]l 2 ol e] layerdl M= AFHEE7E #HadH o
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25

—8—TiO, 1 layer
S —e—STN 1 layer
£ 20 —A—STN 3 layer
(&] —v— STN 5 layer
< 15
E
€ 10 wm""'v»,,‘vv‘
(] ino
S [}
- b
> 5} %‘\.
o \
R
g
N
o d
_5 'l 'l 'l 'l [} L —
0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V)

Fig. 4.1 Dependence of J-V curve on STN-TiO: film layer.

Table 4-1 Photovoltaic properties of perovskite solar cells with

different STN-Ti0O: film layer

Jse Voe Eff
mA em?) (V) Fr %)
TiO; 1 layer
(426 nm) 19.04 0.858 0.60 9.83
STN-TiO; 1 layer
(172 nm) 15.80 0.901 0.60 8.59
STN-TiO; 3 layer
(229 nm) 15.25 0.859 0.64 8.35
STN-TiO; 5 layer
13.31 ) ) )
(286 nm) 33 0.875 0.59 6.85

_45_



—m— Current density
—@— Voltage
q‘A
£ 4
o 20
< -1.0
£ - ., S
- @@
€ 15- u >
] T o
= L =
3 Los S
S 104
(e]
=
o
5 T T 0.0
150 200 250 300
Thickness (nm)
1.2 12
—A— Fill factor
—w— Efficiency
0.94 v
v —_
\l’ \ -8 é
S
©  0.6- A——— ST — . 0
2 2
= 2
i -4 E
0.34
0.0 T T 0
150 200 250 300

Thickness (nm)

Fig. 4.2 Effects of STN-TiO: film thickness on

(a) current density & voltage and (b) fill factor & efficiency.
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BE&Z coatingFAE 1 layer® 1143 Abglo|A] P1239] HEApke] o}

CAR=E
g mgel AolE #AQlay] fa) AP Ayekadh AP dRAFol

~5800 g/mole®! P123=% A %3 H2HAJlo0lE B|FAA e F2AS &

i

2 111%E =2 AsS HIgoer 53] ~1100 g/moled] #AHS 7}
X P123o 2 A %3 HRZEAJlolE HUSAXHY FE7F 2718t A

o PN
= o4 4 Ak
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E
)
c
dt, —a—TiO B A%
R 2 \ A
3 ST —e—P123Mn=-1100 R X\.\
o —A— P123 Mn=~5800 " Ae
E \ A <
o 0 Tt
£ VAL
o 4%
-5 (] [ 8 ' L x‘ \
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Voltage (V)

Fig. 4.3 J-V curve of perovskite solar cells employing

Ti02/P123 Mn=~1100/P123 Mn-~5800.

Table 4-2 Photovoltaic properties of perovskite solar cells with

different molecular weight of P123 in STN-TiO:

Ay O FF %

TiO; solution 19.19 0.893 0.69 118
(P12§T]1:I4-}1T=i?12100) 17.87 1.003 0.54 9.73
(P12§T]1§4-}1T=i?52800) 18.36 0.956 0.63 11.1
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F7FH 0% spin-coating &S &9Hsl7] 8] spin rateE 500 rpm.

13

Oft

1500 rpm, 2822 3000 rpmo & FAsro 2H FHHI §85 &9l
t}. Fig. 44%} Table 4-32 ®W & 5 9l5=o] 1500 rpmel A o

&
S HPgow o] T whg] A AFE ~5800 g/moled] Bt E2}PFS

fio

7} P123=2 o] 8-3le] STN-TiO: solution= A Z3dF¥ a1 1 layer =12

E spin coating rateZ 1500 rpml 2 1A sk %35kl o}
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Fig. 4.4 J-V curve of perovskite solar cells employing

different spin—coating rate for STN-TiO: solution treatment.

Table 4-3 Photovoltaic properties of perovskite solar cells with

different spin—coating rate of STN-Ti0O: solution

(mAJsém'z) (Ié) i (12 /g

Ti%;f‘;‘in)rpm 19.19 0.893 0.69 11.8
STN'(T?’i(?Zz 333 Pmo 73 0.878 0.63 9.62
STN'g(I)é 131?)0 M 1836 0.956 0.63 1.1
STN—E‘;; fl‘l’l‘l’)" M 783 0.980 0.60 10.4
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Fig. 45+ «<¥F42 meso-TiO:;, Mn®] ~1100 g/mole?! P1232- o]
3lo] THE STN-TIO., 28]al Mno]l ~58300 g/mole}! P123& ©]-8-3}¢
= STN-TIO:Z FTO Ao coating3t samples ©]-83e] SEM
imageE 313 Ailolt}. SEM imageZEF-E LAl meso-TiO:x= 2F
426 nme] FAE M= s @]lEden, STN-TiO:x= 160~170 nm
o] FAE YeElUY Y 53 SEM image°| A+ meso-TiO:2} FTO 7|3

of AFH5Ael T4 &2 d= 2

{1

O

-l—l
)
ek

I AR =4, STN-TiO= coating

o EF Mnol ~1100 g/moledl P123% AFE8S WuY Mnol ~5800
g/moled! P123% o]&3to] ThE STN-TIOE AHE IS o
© JHE S EAR wet S22 At vEY] fEeld w2 EAE
P1232 wax’JHl 8] =5FTHAE AR H 1A Y] wel] uA AE <l v
< BAFe P1238t 8435k solution®! ACA<Fe] solubility 7} =
uheb A 71kl coatingAl U GFS FAER AXT 5 o TR FF
EAE ©& EaFe P23t $slthE A% SEM images 3 &
olst gl

Fig. 467 Table 4-4= ©] A5 9l ARG TiO: ois| FuA
I 7o A7 55 ¢ 5 %+ adsorption-desorption isotherms curve,
BJH pore size distribution® BET®4 A= Z=A8F9 . Fig. 4.69 (a)

S

= NoAtoll A adsorption—desorption isotherms curveZE H.ol+=d] YHEA o
2 OARESEE Ti09] g-5dA 7 & YEYle] mesoporous TERE e
e As
nanoporous1-%2% A 37 W&o meso-TiO:0] B a3le] S=wA 7}
THYUYA = AoR HY B3 meso - TiO:2F Mne]l ~1100 g/mole$!
P123& A}-&3le] th= STN-TIiO.9F Mno] ~5800 g/mole}! P123& Al-&-
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)

ek
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ato] W= STN-TIO; 55 vE 7|78 ztevs A4S 39 5 3
2t Fig. 469 (b)& 1100 STN-TiO2¢} 15800 STN-TiO:9] 7| &=a7]&
Hlalshe] B 7 Vel adjxzo|y, 234 0% BJH pore size distributi
onol ol&lA ~5800 g/moled] P123=& A|ZF3 STN-TiO:2] 7] &= o] 8.
0 nm® ~1100 g/mole®] P123% A %3 STN-TiO:2 7| &2 HH}t =
oh %A Aol & P123E AMERS W =

HlZmBE 2T 0l E P AR = oA Aol o R A 7] ufitol bkt
Blol o3 Z&o] HAFAHAXIT wepA] dA= AAg Hede 7
TAE e TiO A F2 FeeEs 7P dv 1% 7] gt o=
A% 71Fa7]7F SR EE ~5800 g/mole] P1232 Al &3 STN-TIO.=

&0 w2 AS Hid=d,

o

THE HEHAT0lE YA E&o] ¥ w2 AoR HRlY Table 4
~40 = BET surface area (m%g), pore size (nm), L2]3 pore volume
(cm”/g)& WeERUIATH o] AFeAl AEg 5800 STN-TiOx= ARkAl
meso-TiO:8F 7Hg 22 A7]E 7FAE 1100 STN-TiO: Atole] 54 &
Holx= Ao A= At
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Fig. 4.5 Cross—sectional view SEM images of (a) mesoTiOz2,
(b) STN-TiO: (P123 Mn-~1100), and
(c) STN-TiO: (P123 Mn-~5800) synthesized on FTO glass.
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(b) 1«\8.0 nm —a—STN (1100)

—A—STN (5800)

A /
} \ —e—TiO, ]
—e— STN (1100)
—a— STN (5800) / /l
[ ]

I3

=

8
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N
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?

150 fl.\\\‘
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/J
50 J-"/"}
)} -—--l""'A.AA'AM
e AT

Quantity Adsorbed (cm3lg STP) =

0 W‘H *.mnnmw
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Fig. 4.6 (a) N2 adsorption—desorption isotherms and
(b) BJH pore-size distribution plot of
STN-TiO: (1100)&STN-TiO: (5800)

Table 4-4 Pore characteristics of meso—TiQ2/STN-TiO-
(1100)/STN-Ti0O2 (5800)

BET . Pore
Pore size
surface (nm) volume
area (m’/g) (cm’/g)
meso-TiO, 63.6 24.0 0.419
STN-TiO, (1100) 9.38 5.46 0.015
STN-TiO, (5800) 329 9.06 0.085
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412 FAS ZAA & HFZHATolE HYAA FANS E
4 87t

71€2] HRZHEAFIOlE B YAA = underlayer (UL)A 2] ¢ TiClk &3
2] Fo] TiO: solutiong coatingdle] FHFo w2 AFE-3Ath o] A9

M BFAEE Axshe 3A4S SoldAE TiOE Fd=o= ARSI

LI

o

A AN A5 S M E A2E A0 E HYAAE wET] 98 oy
23S F3stdt. Fig. 473 Table 45 Ay AL 23 #5n
2FbolE gl HA 2] J-V curved} FAWME &85 e 9t} Fig.
473} Table 455 v Fo]& wl STN-TiO: layer:= UL¥} TiCly 22 )
o]l 71¥9 TiOZ AlEd #HZHEAvlolE A9 FAS T8
el = AL &g 4 9. 53] STN-TIO: solution= HEAIAH A
Z38 H2HalolE HdAAE Hit 0957 Vo /A ds YeER ST
o]+ 20 nma7] 2l GFA TiOE v} STN-TiOz°l E3¢+¥ TiO.7} grain®]
7] wEodl YAb Abolatol7b AW etA FAHodow wek AwA v|%
ol FTO glassoll 2= o] coating® 4= 7] wFol ARolwel IHo
A Ao FAE AT dhdE o] X
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Fig. 4.7 J-V curve of perovskite solar cells employing STN-TiO2

with/without pre-treatments (underlayer&TiCly).

Table 4-5 Photovoltaic properties of perovskite solar cells with

different pre—treatment conditions of photoanode

oAy ) FF o

UL+TiCl4+TiO, 19.19 0.893 0.69 11.8
UL+TiCl4+STN 18.36 0.956 0.63 11.1
TiClL+STN 18.70 0.968 0.65 11.8
ULASTN 18.56 0.955 0.64 114
STN 18.57 0.948 0.65 114
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Fig. 4.8 J-V curve of perovskite solar cells employing

hybrid system.

Table 4-6 Photovoltaic properties of perovskite solar cells with

different spin-—coating rate of hybrid solution

ma ) ) - e
(Taig)zutsigg ‘I'IPI:; 2022 0.854 0.63 10.8
Hybl('ig(; 5151?1?1) rpm 12.21 0.458 0.32 1.78
Hybr(;cl73301?1?1) rpm 16.18 0.836 0.56 7.61
Hybl('id6 3501?1?1) rpm 18.84 0.873 0.62 10.2
Hybl('i(:) 2701?1?]) rpm 19.63 0.865 0.60 10.3
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Fig. 4.9 Photovoltaic properties of perovskite solar cells
employing different thickness of STN-TiO: film on
FTO glass.
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(a) | (b)

- 1
SEM HV. 20.00 kY WO 5276 men
SEM MAG: 20000 kx Dot InBeam
WNU

SEM HY. 2000 kY WO 5374 mm
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SEM MAG: 300 00kx  Det InBeam
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Fig. 410 Surfacesectional view SEM images of
(a) meso-Ti02, (b) STN-Ti0O2, and (c) hybrid TiO,
(meso-TiO2+STN-Ti02) synthesized on FTO glass.
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Table 4-7 Atomic radius of various cations

Atomic radius

(pm)

Li 152
Na 186
K 227
Mg 160

20 —a— Li-TFSI 1.8 mmole/mL
o —e— Na-TFSI 1.8 mmole/mL
' —A— K-TFSI 1.8 mmole/mL
LE) 15 —v—Mg-TFSI, 0.9 mmole/mL
—&— Mg-TFSI, 1.8 mmole/mL
<
E 1
il
[
o
= 5
=
S
il
S 0
N
(s
_5 [ [ [ [
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Voltage (V)

Fig. 4.11 J-V curve of perovskite solar cells employing

various additives in the HTMs.
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Table 4-8 Photovoltaic properties of perovskite solar cells

with various additives in the HTMs

A ey ) FF o

(1.8 Lni;glsel/mL) 11.36 0.994 0.70 7.90
(1.8N1?1;1110Fl§}mL) 10.68 0.934 0.37 3.66
(1.8 Ii:lilsel/mm 2.857 0.753 0.23 0.49
(0.9M1§1;111£§}inL) 10.17 0.964 0.65 6.38
Me-TFsL 11.98 0.956 0.58 6.68

(1.8 mmole/mlL)

1.2

1.0- %
7

Li-TFSI  Na-TFSI  K-TFSI  Mg-(TFSI)2

Voltage (V)

0.8+

0.6

Fig. 4.12 Voltage properties of perovskite solar cells employing

various additives in the HTMs.
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Fig. 4.13 J-V curve of dyesensitized solar cells employing

HfO: blocking layer with different concentration.

Table 4-9 Photovoltaic properties of dye—sensitized solar cells

with different concentration of HfO2 blocking layer

Re@ oy oy T

w/o HfO, 285.5 1.009 0.721 0.66 0.482
0.5 mM HfO, 259.2 1.182 0.733 0.67 0.580
1 mM HfO, 245.8 1.136 0.768 0.68 0.590
3 mM HfO, 256.0 1.238 0.736 0.66 0.600
5 mM HfO, 329.9 1.009 0.766 0.67 0.514
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Fig. 4.14 J-V curve of dyesensitized solar cells employing

Nb20s blocking layer with different concentration.

Table 4-10 Photovoltaic properties of dye—sensitized solar cells

with different concentration of Nb2Os blocking layer

R@ ol W o

w/0 Nb,Os 285.5 1.009 0.721 0.66 0.482
0.5 mM Nb,Os 375.1 1.044 0.724 0.66 0.499
1 mM Nb,Os 259.0 1.218 0.759 0.67 0.618
3 mM Nb,Os 3134 1.070 0.720 0.65 0.502
5 mM Nb,Os 355.8 1.004 0.728 0.66 0.479

_70_



—
Q
~—

Photocurrent (mA cm?)

(b)

Voltage (V)

-
(3

-
N

o
w0

o
o

1.2

-
o

o
=)

o
o

0.4

—u— HfO,
—e—Nb,O,
° |
Jaum
‘ ®
o \l
0 1 2 3 4 5

Concentration (mM)

—n—HfO,
—e—Nb,0,

e
—

0 1 2 3 4 5
Concentration (mM)

_71_




1.0
—u— Hfo2
—o— Nb205
= os}
[ S
S
(&) l4'§'§'/€//'
©
< os}
.L:
04p

0 1 2 3 4 5
Concentration (mM)

(d)

0.9
—n— HfO,
—e—Nb,0,
)
i e
c:f .40 . .
2
()
&= 03}
Ll
0.0 [l [l [l [l [l [l

0 1 2 3 4 5
Concentration (mM)

Fig. 4.15 Photovoltaic properties of dye—sensitized solar cells
employing different concentration of HfO; and Nb2Os
on FTO glass.

_72_



(a)

250

@ 1sun/OCV —=—STN
—e—0.5mM HfO,

200k —A— 1 mM HfO,

—v—3mM HfO,

—e—5mM HfO,
e,
150 _*

100

-Z" (Ohm)

50

Z' (Ohm)

300

@ 1sun/OCV —o—STN
—0—0.5mM Nb,0,
—A—1mM Nb,0,
—v—3mM Nb,O,

200k —0—5mM Nb,O,

-Z" (Ohm)
Dl @ﬁ
/4
/

100

500

Z' (Ohm)

Fig. 4.16 EIS spectra of the dyesensitized solar cells using
(a) HfO2 photoelectrode and (b) Nb20Os photoelectrode

(@ 1 sun illumination)

_73_



432 AdA g & HEZHAT0lE HFAX FANS §8&HG7}

A7 7S BdX el EISEA o ZHE HfO.9F NbiOs7} blocking layer
AN A Axpe] A o] s 1e]a AT Sl ARS ZHAaA
Ue A2 sty webA 22 avlo]E HRdR e AEe] =5
AS FEAN77] flaiA] 7ol W A s =t A3S A5k
CFeTae AAg Aol glo]l STN-TIORHS ARg-3slo] AlzxstAtt. 2
= ZtZb Fig. 4.17, Table 4-113} Fig. 4.18, Table 4-129] eIt}
Table 4-11% ®¥ 1 mM¥ 3 mMe| HfOx5 Ae]d #&H 270l E
FAAL Jom 77 1365 mA/em’, 1379 mA/cm’® A2l ehA] ek A
(1229 mA/cm) R =t AL & 5= 9t} o]i= blocking layer® Ab-§-
¥ HfO7} #lZH 27lo]lEo A oA7[E Hdxte] A AFS HolmomA
Aot AR Kol o9} HZskAl Table 4-128 29 05 mM NboOsE
Aelg AREavolE HPAAE 1367 mA/em’e Jo5 WERE 93
1% Z&5 7= As &g 5 . o] T3 HfO9 vi7HA =
Nb:0s7}F blocking layer®] 93& g0 A AZ o] FAhste] AHEA o]
Fgdd Ao Heluh

R

rr

i
i

20
u)

_74_



-
(3

—
«
£
© 10
<
é —a—STN
= | —*—STN:05mMHO,
S —a— STN+1 mM HO,
= —v— STN+3 mM HfO,
3 —a— STN+5mM HfO,
o O
o
o
£
o
-5 ' ' '
0.0 0.2 0.4 0.6 1.2

Voltage (V)

Fig. 417 J-V curve of perovskite solar cells employing HfO:»
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Table 4-11 Photovoltaic properties of perovskite solar cells

with different concentration of HfO2 blocking layer

i o T e

w/o HfO, 12.29 0.999 0.60 7.33
0.5 mM HfO, 11.55 0.978 0.61 6.87
1 mM HfO, 13.65 0.997 0.62 8.40
3 mM HfO, 13.79 0.988 0.61 8.25
5 mM HfO, 11.83 0.938 0.58 6.41
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Fig. 4.18 J-V curve of perovskite solar cells employing Nb20s

blocking layer with different concentration.

Table 4-12 Photovoltaic properties of perovskite solar cells

with different concentration of Nb2Os blocking layer

i oy

w/0 Nb,Os 12.18 0.956 0.58 6.77
0.5 mM Nb,Os 13.67 1.012 0.67 9.31
1 mM Nb,Os 10.29 0.977 0.66 6.68
3 mM Nb,Os 10.99 0.927 0.55 5.62
5 mM Nb,Os 8.588 0.875 0.70 5.23
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ABSTRACT

Study on carrier transport enhancement in

perovskite solar cells

Kim, Hye Rin
Dept. of Environmental Engineering
The Graduate School

Sangmyung University

Perovskite solar cells is a kind of new photovoltaic devices employin
g perovskite materials having the ABXj structures (here A and B are
metal cations and X is halogen atom) as a photosensitizer. During the
past several years, the energy conversion efficiencies of the perovskite
solar cells which were originated from dye-sensitized solar cells and o
rganic photovoltaics classified as the 3™ generation solar cells have be
en dramatically increased. The perovskite solar cells are now attracting
great attention due to the high energy conversion efficiency of over 2
0%. When the perovskite solar cells are illuminated, the carriers are ge
nerated as electrons and holes in the perovskite photosensitizer. Then t
he electrons and holes move to semi—conductor oxides with a proper
bandgap and hole transport materials (HTM) with the HOMO level wh

ich 1s higher than that of the perovskite, respectively. At this time, the
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transport properties of electrons and holes are largely affected by the c
haracteristics of the carrier transport media, determining the photon-to
—energy conversion efficiency of the solar cells. In this study, therefor
e, a series of experiments to control the carrier transport properties in
the transport media have been performed in order to improve the phot
on—to—energy conversion efficiency of the perovskite solar cells.

First, an efficient method to introduce a mesoporous TiO: (meso-TiO
o) scaffold has been studied. Traditional spin-coating method with dilut
ed TiO> paste has a drawback of the difficulty in controlling the film t
hickness. In this study, therefore, the novel method using a block copo
lymer (Pluronic P-123) as a template to easily control the scaffold thic
kness and also improve the electron transport property has been sugge
sted. As a result, the photon-to—energy conversion efficiency has been
optimized at the thinner thickness (~160 nm) compared with that of t
he conventional one. In addition, it was confirmed that the respectable
energy conversion efficiency (~11.1%) which is comparable with that
of the conventional electrode can be achieved without the additional pr
ocesses such as a underlayer introduction and a TiCly treatment. This
result was interpreted by the reason why the STN-TiO: scaffold has
highly ordered structure compared with that of conventional one and t
he interfacial contact property between the STN-TiO> and TCO substr
ate 1s excellent, increasing the electron diffusion length significantly.

Secondly, the study on the additives in HTMs for the enhancement 1
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n the hole transport properties has been carried out. Several bis(trifluo
romethane)sulfonimide (TFSI) additives with different cations (i.e. Li',
Na’, K', and Mg*) have been synthesized and tested as the HTM add
itives. As a result, the smaller size of the cation included in the additi
ve salt induced the higher photovoltaic conversion efficiency and it wa
s presumed to relate with the solubility of the additive material in the
HTM. Among the considered additives, Li-TEFSI revealed the highest p
hoton-to—energy conversion efficiency because it has high solubility an
d excellent compatibility with spiro-MeOTAD which was employed as
the HTM, improving the hole mobility most effectively.

Thirdly, the studies on the introduction of an energy barrier using H
fO» and Nb:Os having different energy levels with TiO> have been perf
ormed to enhance the electron transport properties at the perovskite an
d semi-conductor interface. As a result, when both HfO: and Nb2Os w
ere coated with 1 mM concentration, the improvement of the photon-t
o—energy conversion efficiency was shown to be the largest. Conseque
ntly, it was confirmed that both HfO: and Nb2Os are the efficient mate

rials for an energy barrier.
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