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OF SILICON WAFER COATED BY TITANIUM DIOXIDE AND TUNGSTEN TRIOXIDE
THESIS ADVISOR : ASST. PROF. DR. ANURAT POOWANCUM, 92 PP.

Keywords: solar cells, photocatalysis, titanium dioxide, tungsten trioxide

The aim of this research is to study the possibility of increasing the efficiency
of polycrystalline silicon solar cells (PCS) by coating them with titanium dioxide (TiO)
and tungsten trioxide (WO;) prepared from the sol-gel process. The results show that
after coating and firing at 500 °C, the phases of rutile and anatase are detected in the
TiO, coated layer, while the orthorhombic WO; phase is detected in the WO; coated
layer. The efficiency of PCS coated in the pattern of Si/TiOx(150 nm)/WO5(150 nm)
increases 1.8 times compared to PCS without coating. This is because the coated
layer of TiO, and WOs reduces light reflectance and increases light absorbance. As a
result, PCS exhibit a high value of open-circuit voltage, short-circuit current density,
and fill factor. However, the efficiency of PCS decreases as the thickness of the

coating layers increases due to increased light reflectance.
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Yananshsiaudaddnousazunaidsueiswluddouiundmduwaduaceniing g
] s s v a Yaa & v A = P a1
drunnnwaduasofindldlagtuienlddaneudundnilosnindsagnuasluiluiivie
duwnndoy

wagkaefinglngniiaiuneg1esiaiiies lisulinulasias e Tanansisiniile
Fanesuaunsawvagaduaseindlaidu 3 Ju §991n51891u909 Kibria M. uazanzd 39y
(2018) 9B UNEANULANANTBITAGUAIDTINSuiazguATl Jufl 1 (First generation) Wulwad
wase g Mdunanifeauazratenan (Single crystal and Multi-crystal solar cells) #
UsgdnSarnnisuuaandsnumiaiy 24.7% luseduvesdjuanis sui 2 (Second

. I3 2 A & a _a s ' 1% c aa =
generation) [ uwaanasevindsiaianus Ingdruninazdsenaulumeesuesiadanou o
Usgdniamnisulamasnulssana 10.1% lusgaunesujuainig dadusedniainnis
wUaanasauaztauniigun 1 wianusathunvssendldiuaudy o e ey ldiuianidl
dulANe @319EaNUUENTEAN asalduusuuLsugIuniiaugavey ansaasieildy

d‘ddgll A v Y & v oA . . & s a sa a

UanENundala Wudu wagsud 3 (Third generation) LJuWAR LA NINAAAINNT
UszendldTanuilanng 9 Usenouniulassaiauaduadaing wu waduwaenind niikan
srauuly waanaseindndlndwesiluedusznou waziwaduaseniindNindnvesddon



uad (Dye sensitized soler cell) %ﬂﬁ‘dszﬁw%mwm3LLUaQW5N’mq&m'ﬂ 30% lusyAu
WosUuRng
NnMsAEnyTiannsvessanmaduasefingnuinludlagtuwaduase fingd
feulunisldanuluniswdanszualii wesdewhluldlugunsalvwadn wiemsldauluis
widleddu 4 Ao waduaefingiivhaintanansfsinhwileddnouiflasaauusessod-
Budutaniifanudonlumaiunldoumnniaalutiagtu Wesanlvssansamidudia
wazduneulunsndedlaidudou Ussnoufudumilunsuanlias

P ¢ ¢ a ¢ o = Y] £ o o

2.3 Iﬂi\‘iﬁ'ﬁ’]\‘lwaaﬂla\‘ﬂ%aaLLﬁQ@’]VIGIEJEULLUUiaEME]W — lRUVDNENE1ININIUN

Tnseasvssaduasoriinduiinsesdofi-oufansihansdeuiadl (p-type) wazuiln
< P Y a & ) . P S &
WU (n-type) afralitinilusessof-10u Fauanaguiuy Band diagram vessessiai-1du lu
JUT 2.1 (n) Welnsanwaduasoindluanmenliiuas aznudn laa (Hole, h*) ludanansis
L) a A = a YY) =~ o o a < Aa & _ [}
satvliaiiazindoun ldsTanansi iy Tuvaeididnaseu (Electron, e) Tudan
arsneitvliadu azedeunludvianaisisindadeil Fansiedsuiinananizanionis
w3 (Diffusion) N1evdsaINNIsunITeINmEUsTIanasnamwdnduazaseuszquaniu

d‘u d! U o a = vV g o ¥

YourN Tanansnedivlinfiszainasgqau Useanvaetasyinnisasaauiulniinielu (€)
Fuun audliihiaziinisiunssuiunsunnve Usey MinsunsvesnivsUseanas
Favsnadidauuluidifeniiuinudasanive (Depletion region or Space charge
region) a8 dlsfimuauulniiiignasiedui asdnadunivegd v uvouvosui i
Jasammy il ledRrulBuuasn s dnRsaiiuindoufitussedaides 2
auulnil Fan1siadeuiaandiiseniinsian (Drift) ludnvaedenaiinszuauns
(Diffusion current) wagnszuaiianl (Drift current) AilAviny WALiAnSITUTINAEANANS
wihriuaug AdeiumMalneas (Open circuit) FaUSuaanuvuwiuTasvsUseqlussey
ANNENvRIwaduandlugUn 2.1 ()



Depletion Depletion
® Electron region &
o Hole p-type = n-type wink, foip) o

» Distance, x

0000000 Distance, x
® 00000 y
Diffusion W @ ®
Drift oo
] ENEEETRS—S -

(n) (@)

JU 2.1 NalnNI5AUNI990an I velAsias 1 uead kaseniing (N) N15AUNITBINITE
Tuan1enlifinas (1) USunamnuvuisduresivelseglussesanudnvesead
waeAngluan e laiiinas (Green MA., 1992)

=~ A | a a i o !
JUN 2.1 () nuddianunuiwiuvesnvedidnaseunaglaaniuanaieiulunsias
JzezAUEn Jeaunsafinnsantaned TudwivisluieTanasisinh widmlusiafivay

giaou Tutanuiafiazdanunuuuuvesnmedrsunnaialea (p,) wazdianunuiiuures

q
A a

winzdeesfe Siannseu (ny) wazludagudaduaziiaumuiniuresnivedransie

didnnsau (n,) wazlimumunuuuvesnnzdetesvinlea (p,) drufidesiiansuinisdiy

JURDYDIETNIRIL WINETNUBY Ny WAL P, WARMAINUIINIBRDIUNRAANAATTEAY
= a dy = A a = [ v Y

Npo $8% pro TIUTHAUTziaunlniminanUsegliiy Feuansnnuduiuslanaunis

q'

N21uag 2.2

Npq = Npo EXP (qk—l/;o) = ;—i exp (qk—d;f’) (2.1)
Pab = Pno €XP (qk_d;)) = % exp (qk_ll;f)) (2.2)

lagfl Ny Ao mnumunLuvesansdoviagiu (Density of acceptor) [atom/m]
No 8 AuvIwiuYesansiieviiaglv (Density of donor) [atom/m™]
N fie Anuvukduresvglulagiowieans latom/m™]
q fe UszlrlihdAwiniu 1.602x10™" [Coulomb, c]
k f® Boltzmann’s constant AU 8.617x10° [eV/K]
T Ao gaumadl [K]
l/)o @ Built-in voltage [V]



nymwaakaIn1nnd luan e bldnas wadinistdeunsanulniiannnieuenasiin
NSTUALNTNRN loue > lgifrusion TINAIUFUNUSAU Schockley’s diode wanIRIENA1ST 2.3

I =1,(eV/kT — 1) (2.3)

neh Iy #e nszualnitdudidoundu (Reverse saturation current) &9 [ fiaudunius
wansly aun1si 2.4

2 2
qDcn; qDpn;
Iy = A( -+ . (2.4)
LecNp LpNp
nen A A9 NUNVTGR
=~ Y a £ | a
Do, D, A® ANFUUTLANTNITWINTVRIN L DLANATOULALLTA
Lo fe szzvnenmisunsvesddnnsou (L, = /D To) e T, Aor1tisdin
Ya9dLdnnTau

L Ao szasynansunsvedlea (L, = /Dy Ty) Wo Ty, Aeristinvedles

nsdwaduaseniindegluanneniiuas Auinusessef-1du Iisundanulnnougs
N3 oA ULIUNE 1 1UYBII19vesTan agvilinnedianaseuianisnsys uuazdy
sevdefi-idu Tnsdunadngluifidaranawminniraniasilifuas venanddeiliiaa
anusnsdnglniinlusessie vilvisressoiinariliauga didnnseuluianarsieindwiad
Anmaidouiidusessioludiiagansisinieiadusay usufudidnnseuiifieg s
aunlliiiignasrsfuninanneildaunatagmatamianmedidnaseunarloady
seusie vilinvgdidnaseuvesianasisiniwiaduasnvsloavosianasisiathuia
A mzdsyaduiniy wosundeenluluietan Juinnszualifintusuiennainiaa
maiadeufivaanmzUszq uarluanneiashlisedundsnumosd (Fermi level) frnsing
ﬂu‘maa qV, oc LLﬁﬂxﬂ‘LﬁU‘ﬂ 2.2.(n) Lma‘wmsmmﬂ 2.5 (su) LNUINANUNUIMUUYDININE
Traenrasisianansisiaiheiaduuasfiazdanfvduvindudnsnamdaning Useq

9

(Generation rate, G) @Jmﬂummﬂmmaqwmz Fanszualni 7 laanuas (Iph ) 4

ANUFUTUSH AN 2.5 (Green MA., 1992)



Depletion
® Electron region
® Hole Depletion
L ] Difusi |I'I(l‘l), ll’l(p) region
[} Iffusion
Ec o, .

E eee esee® <+«—Light + Distance, x
2 eecoe ° = X
Diffusion o %
(n) (V)

JUT 2.2 nalnn1siAunievesnvgvadlasasaugaduatoniing (n) N1sAun1aeInIve

luannegiduas (1) Ysuamnunuisiureanine Ussglusseninuanvesgad
waID1ngluan e Nuas (Green MA., 1992)

Lin = qAgreqG(Le + W + L) (2.5)

gyl W A9 m1uN119989 Depletion region

Agreq Ao MUASULEVOIYAALAID NG
aaduazglanssualiiingns (Iyep) wansasaunisn 2.6 uazilaudugs
auyalasguin 2.3

Inee = Io(€@%ee/¥T — 1) — ), (2.6)

Light
Current
T va voc

»> Voltage

+ @

(1) _VT T

(n) (%)

JUN 2.3 2asauyavaagaduate1ind (n) Anuduiussemanseualiiuasussiuliives
wankaemMadluanmeniuas wag (1) 2asauyavesatiasindluan e nduas



Anudurtusseninanszualiiiuazussiuliiveawaduasorindluanioy Aduas
Xa3U7t 2.3 (n) nuindsznaudensfimosiiddydel

usadulniidngas (Open circuit voltage, Vo) iunssiulwiirgsanilinnnivad

wasending ienszualwiniindnanwaduasenfinddavinduaud deaansamleain

ANMUFUNUSLARIAIAUNITT 2.7

K I
Ve =2 In (Lh + 1) (2.7)
q Iy

1me91  n Ao Ideality factor fAyinAu 1

naunsi 2.7 i I fwaiu Vo 61 1y istudisadntosazdmald V. anas
JafeafinisuiuuseFoswearvasiinvosmmelidiagetu fenisananiugndaudndy
(Trap state) Mintulusesso uavmsiiigaunliitlifusosse

nszualfingnaas (Short circuit current, Igc) Wunszualiiingsaniiléainivad
uaseding Wousssulifindiansintugud e Is. agfleiniu Ipn

Arfladunames (Fill factor, FF) Usuanfianain1nuessossofi-1ou LazamnInyes
i wanseuduiusiaunsi 2.8

P
FF = —F (2.8)
VOCISC
Prp = Vinplmp (29)
Pop = VocXIge XFF (2.10)

o

Ao uswiulnihngamddluigege

9

=

et V,
I

m

P

Ao nszualniigenmasliiigen

=

Ao Maslnfingaan

=

UszanSamnisulasnasounandundsnuldiveswaduaseniing (Energy
conversion efficiency, 1) @alaandndiuvesnidsivin Output sardslnin Input
AIANEURLS TUANNITN 2.11



n= Pout — Pmp — VocXIgcXFF
Pin Pin Pin

(2.11)

e Py,  feo madlwihiildanuasinnnssnuasuuikuwadiainiiing

2.4 n33UUMSLINUANI8IUES (Photocatalytic process)

nszvaunssslgnsewas iunislduadunisnssdudanssfiseruainse
Falnlnaznzdad (Photocatalysts) InefalsalfATenuasiundsnmunasiosldidusanaan
wotlaganinsonsefuliAnUFATe aLaTTLe

nalnvesnszuIunsiseuisenas Weeyninvesianaisieiatigansedusie
WEIURATATIAIINN TV B UAMYeInsuaU N3 (Band gab energy) YasansResI
vilsBidnnseulutauiniaud (Valence band ) gnnsedunariad suiildauautilud
(Conduction band ) sil¥iAinUsgalwiafiAvesianarsfeian danszurunsiiZends
nszUuMsssUfAseuaduannizoondindu Uil 2.4 Tnedussufiseuaduuiisels
lnagazladn aunsawtseoanta 2 vila lawn langaain (Transition Metals) 191 N83u4A
(Cw Tasid o (C) T1Aa (N 1udy wagTanudnansi siau (Semiconductor) L
wanLlleudald (CdS) nmnideulaeanlen (TiO,) Msawulaseanlyn (WOs) wazdadoenlys
(Zn0) Wudiu FeaisaFAzeuasdasnndieaniunldnulunssuiunassufitowaady
Fanviinansisih ilosaniladesinuaundanuiiniie aunsoneuausisietasnLe
mauLadldAnidLssUAzeuasyiinlangdni

Conduction Band A eduction
reaction
A"
Band gap |
energy
D oxidation
Valance Band reaction
D+

Semiconductor

JUT 2.4 nalnuasnszuiunssiseuasuuianansninth (eAvu Jusunsnd uavaag, 2012)
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24.1  fadeufizeuadunszurunsisafiseuasssinndanasnaiani
2.4.1.1 Wwavatulasesnles (Molybdenum Trioxide, MoOs)

TauRTulnseenlyd Afidnvardundvnviedineou faumduans
Aasthedadu (N-type semiconductor) &4iiANv8e oI MAUNS 191U WY 2.90-3.15 eV
Julpssademdnii danuadesmaneslulawfin nevavssioausimedidninslasinlda
(Landmann M. lazAtly, 2012)

2.4.1.2 llalvununenlys (Niobium Pentoxide, Nb,Os)

Tuladeumunenles [Wuasusznevetiunidvelanensmuddu vy
Ve Snuaugmsnienmdundam lasaneludh faudfidutanansivimivdadu Ames
FOIINWOUNSINUMNTU 3.8-4.0 eV IRansasiusziuoandiau (Nb-O-Nb-O) Faflmiewad
fugrudu NbO, dnvarlassadrwdndlugjvediulafommumonlest I¥ur Tassadrendn
wuululuediln sesinsendn wazyla-wenszlnuea (Pseudohexagonal, TT-Nb,Os) tdusiu
Falassauuulilurdinasuansansfimadidninslasinléd (Landmann M. uwazaa, 2012)

2.4.1.3 lynwndlvulaeenled (Titanium Dioxide, TiO,)

Inideulaeenlest fanwuidunadun utanarsfaiaivie
wu Inelassasndnveslmndenlneenladuisoanls 3 Tasasne laun laseasamdn
WUUBUWNE (Anatase) 3bna (Rutile) wazusalan (Brookite) lagusazinaiA1¥e9319
wUNSsuAiuanaei Toua 3.23 3.02 waw 2.96 eV muadiu nauTialuresmiey
laoonladnuin Tassasrswdnuuueunng duszansamlunisidudns sjiseuasluy
nsrvamssfaseuadlddniilassadismdnuuuing uagdaldsuanudoaldidudn
Tlawelun Wesnannsadudinisiinnssusilmivesdidnnseuld (Landmann M. uay
AUy, 2012)

2.4.1.4 veawulnseanlyn (Tungstane oxide; WOs)

viaanulnsoonles 1Wuiagasiainiiid iy JellnuautAdusige
Uiiseuaslunszuiunmsssufiseuasiia adedulnmiioulaeenles uwifiniuanunse
Tunsmeudusssietsmuenaduladldnianilmmienlaeenlys uazaseungumdsay
walugreauenaduuassansihlolan waydnerInne1Ina uLasTieuiy §iiniun
finnsfnwniefuisnsduaneivsawmulaseanledietunatsds wu lwawa (Sol-Gel)
N1358L1EA28A2145 8% (Thermal evaporation) nasuelulawdu (Anodization)
lalasinesuea (Hydrothermal) uazivanalsdlnlsdda (Flame spray pyrolysis) tusu
(adgnIud gy, 2021)

nnmsdnwmuinianasisiithede Tnndeslasenlys wagisanulas
oanlad Juidnenmlumsnevaussioudsdansililoanld waslugreaueninay wasi
vaadiuled ewniiesinuaundinudinine Sntedianunsaannsiinnissaudlmlves
Sidnasevluufsemaniiveanssuiunissajiseuadls SanansAsdavisaosdailld
MNMTFLATIERFETTEN 9 Fanszurumsdaasziideudmiuianansiadanidanann
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Tonldnsdunsgidienszuiunisleaiaa (Sol-Gel) iosrnilunszuiunisniiladne
aunuan Jaduifenlunisihunldlunsduaseiianaisisinhildlunssuiunisiss
Uiisenuas (Lakshmi K. wazaglg, 2017)

s 4 }-7%4 a
2.5  ASSUAUNSELASIENE1SA28mALAlYataa (Sol-Gel)

lwalaa (Sol-Gel) \wmadanisduasiziasdianszuaunisniuadiasuian
anuzvolsnaynevua g luiluiasnfivuineyniadnas Ineddsuduneusudusie
nswdsuaniuzredsliodluaniugretaivieaisazateiseni lwa (Sol) Aaens

a a = 1 a aaa
wisuasazataaduuuilen (Wet Process) lusgninanszuiunisieaioa asinujisen
lalaslada (Hydrolysis Reaction) a3y yiliAneun puIAENAs0asHUILADY
nszuIuNITAiuluaeuise1n1saIuwil (Condensation Reaction) viliounimasng
9] [ I~ 1 1 4? q'q 1
wuseludnwaridulasesrmvieundunEenii waa (Gel)

T Juansazane e unuiyureeun1ATe a3 eayn1aneaaoe s
(Colloidal particles) Mioglurounar Freuniparasudazdvuindnyszana 1-100 urluwuns
Twauwdnannsadsuanmlvilueald@ued funisideuudasenudunsa-wua gamgl
LaLIUAVDIFIVINaTANY

wa WuasiaudianalniinaineuninneaaseniinnsaIvLiy Jedlaumilags
Muuiiiiloaanlasesienvng (Network) veawlalvsifinTu (Dispersed Phase) waaiie
dealuidgnszuiunmsiniaginiansusenaudunusemeesn vililadanndfnsiaiy
UIEIdge (95 LATWgIUALAA, 2012)

U 'S ¥ a a % 'S 4{' ¥
nsEUIUNISERATIZAsARemAdalwaatodltlunisduasieiansusenauminelvile
ANNUTVITTIaY BnvsansuseneuantnannsduaTety dealdlunsduguiunu vie
USUNURITUIUAINTLUIUNITATOU LU NITLATBURUUNYULUILT NITATGULUUANTU
waznsindeusuui Ludu esendiduneulunsdunsiziindie duyus wazauise
R GG R R

2.6 waladuzUdten1siafeuay
wallansiedeuildulaeniluanuisaildivaledsaunnumuzauvesvilnian

a

U3unas Aaunmvesduilau wazwalulagniswnsey lngmalulagniseieugnitwunls 2 33
&
il

2e

1. 3319m18n1n (Physical process) Wunisindeuaisasuuiansassulaenisnszdu
AgnasuliegneurgneanINil Tanuazianszatensenilugnfniuiivesiansasu
FaansowsenildulalagliisnisalameSawuunseuanss (DC magnetron sputtering) way
WUUNTZLAAAU (RF sputtering) N1392LRe@19A18AUTOU (Thermal evaporation) N9
JMA15A28a1818nATeU (Electron beam evaporation) N13ANAYANUBLALIDS WA
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v o w

(Pulsed laser deposition) N1584A28LaLDS (Laser Ablation) U9dninussnisiAaauNay
Snvnzilfososiilussuuanaynaiiy

2. 38nuadl (Chemical process) Wunisiadeu Tnensldujasenad viliandu
arsbdluguuuuansusznevanvaziluvennan wdsuuuiansessu waznisldnisunndy
vosensiaTluaniuzfinn Jeanunsowioniiduldlaglisiusonilussuuggainia wu ns
Wuansaseasolnlslsda (Spray pyrolysis) [ansuviuaseinIenlnenszuiunisla
198 (Sol-Gel process) ﬁwmmﬁamwwgumfﬁm (Spin coating) n3auuufuLAGBY (Dip
coating) Wusu uenanilsuiitindeulusgasiadl (Chemical Bath Deposition), drwadn
lovainalyasuegesudulaziuantu (Successive lonic Layer Adsorption and Reaction
‘SILAR) ianunsnnIsuldannisiiaufasenad vilvldanslniniearsusznouiiiu
asavanedi elfiduansdsdulunnedouidy uazdadnsduunnisindeufidudae
ASZUIUNITNNATAZAY (Solution Based Chremistry, SBC) Sty mamﬁamwwuum’%m
MILAFBULUUTY NIIAFOULUUNWIAUSE waznsIAFeuLUUaNn3U (Screen coating) ludu
(Ukoba K., 2017)

wadanstusufensedeutugninufnulunsiusuiunuuuansesty e
Ufuusnmauifvestuau vietuildulildnuandinudiesns funadansdugudenis
iAFRULUUNMITIAGRY i ldnuegwnsatslungun1siafauvegnaIns s din
downdunerlunswdeuilaigesnn uasdunulunisudniisn

a o d' d' 174
2.7 A1TNUNIULDNEATT LLAZITUIIENLNYIVDY
Ja30u 1n3delavinnsfnenisiindsednsninvesgadnasnuiasenfindvaie
~ a [ a & & (Y] LY &
sULUU Welinauausalunsudamasukateind dundswulii dweludl
Saichon S. wagAuz (2006) levinn1sAnwInIsHaUITaaLaID g MelATIETIIUN
Tu nnsAanwinuIndymudnvesiwaauaienfing AsUsednsninnisulainadsauuasiy
3 o Y] N1 o oA ° v a = s a caa o a
Jundeulnihdadiaaniiogniiunldenuais fagaduasorfingniivgluvisnaind
UsegAnSamiies 15-18% Auutinidedsmuuinislunisuunaluladlui 9 unldlunisiis
UszAnSnmueswaduaserfindlifidniiniy nildumelulagnldsuaiuaulaludagduae
n1sunlastasauly (laseasendewnn 1-100 wiluwns) udssendliiugaduataniing

1H19991NNANTITIATIENN N B U aA kI Ang N Tl lATIas19uluasiiuss@nsamn
11AN31 80% (Nozawa T. uavmag, 2011)
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- 3 THB/W 7 THB/W 16 THB/W

804

604
33 THB/W

404

Efficiency (%)

o

. F o T T T T

T
200( 4000 6000 8000 10000 12000 140 16000
Cost (THB per m)

JUN 2.5 sandunuiazUsEansn nveagaduasenfinglunsazyaade (Green M.A., 2004)

MsAnmTIAduULArUsTAVEA YR saduasenfindlunsazgafsguil 2.5 wuin
waduasefindyail 1 AfnsliTandaneu wazunaideuorsiwlud (Hundn lugadiead
wasefindAainslafiussansnmadouszana 17% (Abdin Z. wazaalz, 2013) foideves
waduasofindgail 1 Ao thndniiunuasdunulunimaniige dnideddldfimafinuuass
mMyiawaduaefindyail 2 waduaseinduiafiduuna gifmunileudludeidoveswad
wasorfindlugeil 1 Tnswiusenuuulidvuinuns diminun waglddununsudadsh ue
ogslsfinuaduaiefindgedl 2 Ssnsiiuszavsnmdisnunniflodfisuiuaduasorinduiin
ganoulugail 1 lnswaduasoringlugai 2 duseAvsnimiies 6% (Abdin Z. uazae,
2013) slountinideldvhmsfnwmuuamdunsiauwadiasedindlugad 3 Tun dadu
waduaseindiilddnaimuinaziunadanisdaasizidanuiluuild Tnegsndueeg
N9 lakn waduaseniindvlalassasiunly wadwaserfingydeneuwuding wad
wasefindiinns iy (Judu Feinnsinumudn whnamguiieavaduasendinglugni
3 QvanunsaLiuUszAnS e lwadlageda 80% widsaaduFosiionlumsudauagiiunld
eludennded iesindunulunsndaigann dufuluitueaduasenfindia
UsgAnBaimgs sy wasdudifodlunsifauluegtud feaduwaduasending
yiladaneulugail 1 Agnldnuseunsuas

Apirak M. uagaz (2016) lavinnsAnwinisimuigadiaseningviindanau oy
Msuanwaduasefinduiadianiindinmes (SE cell) semaladuyua waduaeniing
TnssafrauuuBianiindiiomes \ulassairsguuuunisidmariliuszansamnisudas
ndsunandundanuliwenraduasorfindifiudu euidedlddnvuasadiuead
waverinduiadianiindfinmesmomaiadunuiiannslidunasasifoasazarelvalaa
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WoamloFadudusn (PSG) 1dsuuuusnniuLawewagduaefindedadaneulududy
(n-Si) Frewadantsvyuimies Ffleununvestuiidy PSG aglugas 100-110 uiluiuns
AINNISNARDUANTANILAINUIT TUTNEY PSG @191508AAIN5ALY DULAIDILTAE
Lasenfindlaanas deilen 10.93% Weeuiuwaduasenfindvindaneuildilduiidy PSG
waziilovinsvaaevantimsiniiveswaduasenfindvdndianiindinmesindeusiodu
fdy PSG anwnsarfiudszansnmnisulamdsuiuiuldde 1.47% Wefeuiuwad
uasoindydndanauy

Ghania A. wagAne (2013) livinnsAnwinisusuuelssansnmueseaduasaniing
yindaneudionszuaunsiasngmsailnlaliamdnlivians (The impurity
photovoltaic effect, IPV) mmmaﬁmmiﬂ’@umL%ﬁLmeﬁmﬂuqﬂﬁ 3 FrenI5Li
Uszdns nmasawaguasering @ ad um‘fﬂuumﬁ@ﬁ'qﬂu"mﬂszﬁumiﬁﬂmﬁa
Usingmsallnlahawmdnluuigns iWunuifalunswauieaduasoinddaenisi
ﬁﬂaﬂwwiuﬂ’liamﬂﬁuLLﬂﬂuﬂi’Nﬂ’;’mmmﬁuL.Lm%u‘V\Ii’]Lﬁ@iﬁﬁumaéummﬁmé \esnwad
aoiinduindanouiuildedalunsulamdsnuludannueindunassunsusaiia
Fanansluguil 2.6

=
-JE 1.3 [
= " - Thermalization losses 35% |
= | ,u“ . i

Comvertible Energy
% 1.0} | A :

Bamd
5  Band gap
= l.l'll i
T 4 Transimission losses 20%
= 0SH n ."[
E i |I Il'
3] | O
g 0.x L W"‘k. _ A
oL 500 1000 1500 2000 2500

Wavelength (nm)

JUN 2.6 alnasuveansiuamasukaznsgadendinuvessaniaseindyilnddnou
e 1

9133815 p9n3UTuUTIUTEANS Mnvewad uasoind vlndanousae
nszvaunaRnUTIngmInillalamdnliviansldiumnde 1PV alisufumaduasefing
Tugadl 1 Tnonsiivanside IPV fe da1den (Se) adlluwaduasenfindudadanou wuin
waduaseinduiadaneudiinaiuasdedadon fnsnovausdlutisniugnaduuas
Sumsiangetu daduanuenedulugaeannud 800 - 1360 uiluuns Snftadiornig
pyrvaouantAanlilih wuifivszAnsnmnisudamdsnugsnitwaduasenfinglaid ns
Wnansideaaituy
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Lakshmi K. waganue @ e.a. 2017) laviins@neinisuinssuiunisisauiseves
(Photocatalysis) inUszendlisauiunssurunisudamdsnuuandundsnulniwesyad
uasefind (Photovoltaic) MRy Aiaunisvensadiatendindis 3 ga nudrdsiiu
Foulwndnvosnisudamdsnulaiiwowaduaseriing Ao was nanAewaduaseniindas
annsauvamdsnuuandundsouliildundesdedaduiueg fudneninlunis
novAUsIiaual TuwaduaseniindSeildodiinluFosmnsganduuasvosianiiliaiavad
waseriing dedidedrdaunndistuoanly dufunszuaunisfidauieadestuuas fo
nszUIUMTSUFATenas anmsAnudeyaiieatunssuaunaisaufiseuas ves Lui X,
wazane 1wl A 2015 Mavinisfnwinsguiunisiinuisemisaiivesiandusaufizen
uav3efnzazda lnglamnzTagansfsinhfidanvalunindudussujfisouaia
Fedoanlyd (ZnO) Inmilluulaeenlyd (TIO,) wuaaeudalild (CdS) anseuisulnmiun
(SrTiOs) Tainvisaian (BiWO,) aanulasaanlys (WO,) 1lusiu Jagiussufiseuausas
yilaflanuanansalunsnouaussieuasiuanmaiu Taensdnwinszuiumase fzeuas
yosfanfusafiiseuaniu asfinimseaovantinieuady 3 9adldun 1). dremnuen
mauLassansillotan Tunsdinmsusuasulasiauneluvesianiie liiinsnouaussde
PaeusnnauLassanslalemnduildenn wiamsausuusetagdenmsu e
eTansisafisenasld Sanfswiseuasmnianasisiuhignihudnwlunis
Usuugeui wu nndevleoonles Ssdeenles weslaeuoenled anseufiolnmiug
waglnuvadenunumndueenled mnn1sAnvInuinagaisiafaiein TIo, Yufidnann
Tunsnevauesiouasdansilloweldd esnildesisuwundanuiintre Snviedsananse
annsiinn1sTndavdvesdianaseuludjisemaaiivesnszurunissaufiseuasle
(Wang P. wazamiz, 2011) 2). 929A210817A8 wkasi nowiiu Tluniswaudnaainlunis
povaussoLadlutInuEMARuLATiue LTI sTUINNTEUARTe ATy SuunAndl
Insuanuaulalunisfinel 3 35 laun n1sUsudsalassaiiavesdesinauaundanuaieian
a1sfeiad1 n1sUsuUgelaseaiiedesinsuaundanusienisiivaiside waznisuiulge
Tassadaluszivulumenisasslassaseuluridanisusune e dansinlavewin Ju
Au ﬁaﬁi’aaﬁaLﬁ'a‘dﬁﬁ%mLLaqﬁQﬂﬁwmﬁwmﬂizmuﬂmémﬁﬁ%mLLaqsluszj"Nmmmaﬂﬁlu
wafiueaiiu Wy CdS CdSe InP WO35 Ag,O Cu,0O BiVO, Bi,MoOg Bi;WOg RbPbyNbsO;
Hudu mnauddenuintanuiluisanulaseenlodudaidu (n-type WO,) fifiA1veaing
LOUNESUINAY 2.4 F9 2.8 eV 1 utandussufAsemsuadlutasanuenaduuasd
wouwiulaf (Sang Y. wazAmy., 2015) asjﬂﬂiﬁmmi’aqmiﬁaﬁaﬁﬂ WO5 18m51n1568AN1S
imﬁﬂmiﬁumﬁLé”ﬂmauﬁqaﬁﬂﬁmzmumiLi'wﬁﬁ%mLLaQSuamm"Lé’ Jevilidinis@nw
mnAnlunsadesUuuuresianiissfAtenanuunan Aonslidanasisianiunndi

wilewiln Wy ZnO—NaSrBOB:Tb3+(ZNT) MNUITEVY Lui X. hazane Wl e.A. 2015

wumslEdanansiaiiuurnanansaiiudnenmyaenseuIunsiseaufiseuadluyg
ANUgMAdULaTINadiuls uazantammsiiansiuimlnlvedidnaseuls wag 3). 929
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ANLENIAALLAIDUNITISR ﬂizmuﬂ’]sl,i'wﬁﬁ%mLLaﬂwd'Nmmm"sﬂ?{uLLaﬁquLsmfu
fanslenfisn Faainnsdnwiiunfnlunisaiislassaiiaunlumeudunenvesianaisis
#2101 1 el uN1IMBUALDIABY29ANEIAA UL U In TneyudulunisAny
nszuIuNssaUiseuaslunisiauuszaninmnsulamasuuasdundenulnives
waALAIDIANS NUINsEUIUNSsUATevesTandassuATenasdmantagansissih
Tassasulumoudunenannsnifiumsnouassionmauifimauadld fdunssuiunaiss
UfAseuasieduunldulunsfiunisnevausmianas uaziinuseansanlunisuua
wasnunandundsnulniliunwaduwasending

Satyapaul A. Singh W Giridhar Madras (2012) levin1sAnwinisusudsnnaudd
nssauiseuasetnmilludlaeanlednianisa (Comercial titanium dioxide, TiO2-c)
Tuthsmnueneaunassansihlown uaztisnnuemeduLasitesiume Tani W fien
wasnausaulnseanlyn-lnindaulaeenlan (WOs-TIO,) Inevinn1sAnuilasas1ananaeg
Janfussujisouasiifinareuszansamusawaduateniing Tnoisuainnnsihfansse
Uffsewasndnuilassairsudndemadia XRD fsgud 2.7 wui
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sUfl 2.7 wansasreaeulasiemaia XRD ves (n) visawulasoenled o) lmmdexln
panles (Satyapaul A. S. wag Giridhar M., 2012)

N3N 2.7 wananavesiandiswfisernasvidanisanulaseanledlu
wlaigaeg1sauysal (UN 2.7 (0) wasiWanauszndteunaias s ndveslniniey
loeanlen (5U 2.7 () vasandulshnisdnwinisiaiandusefiseunasin Wos Tu

USaneu 0%, 10%, 15%, 20%, 25%, 50%, 75% way100% fidsuanouszansnmmiauas a9
wandladagun 2.8
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Intensity
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U7 2.8 nanisnsradevaNtiniauas seadalulngiiiuaiwud (Photoluminescence
Spectroscope, PL) (Satyapaul A. S. wag Giridhar M., 2012)

nansinAmanas Ingldudnnisnisiasuasiemaia PL fsguil 2.8 azuansis
Usingmisaimsriudilvivesdidnaseu nanfewlotaniussiftouadinsnevausmig
uaaiid awilididnaseunaglsaiinnisnsgsu dealimnsidsuasasianiiani Tumy
fidleagiussjisomaninnssudilndvesdidnaseuazdmalirninudsuaniintu u
MIRDUALBIABLAIBINTE LIS W AT IAsAs Fsannisnaaeanuinanlninides
lasenladniinswanviamulnsesnlas 15% fansauasiiign uandliiiiuin Feanu
lnseenladauisnannisiianissiudilmivesdidnaseu waziuaudflunisiduiaigs
Ufnsewaddunssuaunsissfisewasetnmileulaoanladla

Jincheng Zhane kazaauz (2016) lévinsAnwnisiinUseansnmeaduaonfing
yiiamesoralnddetuiiduuisiiamilaseanleduasduiidulnndoulnoonled Taefnw
Anuvuvestuiisuuiaaulaseenleduarduiiduudlnndeulaeenled i duasie
UsgAnsnnveneaduatenfing anmsmaastsientuiiduunaiianulnsesnles uastu
funsnideulneanlesdldnmeiansvsumies Inemsufuasusiuuvesduiidy
fo 1 4u 2 4u wae 3 Fu nanInITaeUlaTIAIREMALATAIUITEITUTIENU Lans
leiwsgudl 2.9 wagguit 2.10
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$Ul 2.9 mamsessaeuATIVLILAsIARIE g eTesTUTIdLU AUl Toanled dae
waliandesganssmidiinaseuiuudesnsnvinflassiadu (FESEM) (n, ¢ Fuldy
waanulnseanled 1 9u (@, 2) Tuilguisamulaseenlesd 2 Tu (A, 2) Tuildy
Wamulnseanled 3 Tu (Jincheng Z. uagany., 2016)
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JUN 2.10 nan1snsivdeunnunukarlasiasganiavestuilauudbnmideulasenlyd

mewaliandasganssaudianasounuudensiaviinflandiatu (FESEM) (n, 3)

(%
o

Fuildulndeylaeenlen 1 94 (v, 9) Tuilaulndeuleeanlen 2 9 (A, 2) YU

(3

Wanlnmifleulaenlen 3 9u (Jincheng Z. Lagaug, 2016)

MN3UT 2.9 Arvvestuliduuaslnsoanled AT wautuRidy 1 u 2
way 3 Yu diotarrnunudiemada FESEM fAraanununsindy 15 unluuns 20
uluiuns ko 30 unlumns MudIRy 2n3UT 2.10 Anuvunvesduilduursimnidey
Ineanlad ASwATUTEY 1 T 2 T4 uay 3 $u deTnArmumudomeda FESEM S
ALY 60 urluins 100 unluns was 140 wrluing auadu 99ndusiinng
as1adevandimslnihvecsaduaseniindvinmesendladiuiisuianulasoanloiuas
Fuidulnmidenlaoanlsd Figuil 2.11 uaggudl 2.12 audy
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JUN 2.11 Anunnwiunszualniiwazuseduliinveswaduasanindviinmesenalnddu
Haniamulasoanlud (a) Tuilduivamulasosnled 1 9u (b) Tullduvivamulag
ponlea 2 9u (c) Tullanisanulaseonlys 3 9u (Jincheng Z. wagag., 2016)

9n3U7 2.11 nuhmrsmunndunszualwiiasaussiulniiveswaduasoing
giamosonalndduilsutamulnsosnles ¥lod s uiuduilduuasanunuivestuilsy
vawmulnseanlediiiniy demalidinunndunseualniiwazausuluivesead
wasofindudamosonalnddainias luvausfidiesiuutuiisuwazanununvesdui sy
weaaulasoanlenna dwwaliainnunuiniunssualniwazauseiuliivouwad
uasofindvinnesanalndiirngstu

20

—2a
e—b

A—C

%)

Current density (mA/cm

N I R A

0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V)

JUN 2.12 Anuvnuwiunssualniiuazussduliinveswaduasanindvianesenialnddu
aulnndleulaeenles (a) Tuilaulnwmteulaeanlesn 1 94 (b) Tuidaulnwdau
Taeanlen 2 T (¢) Fuiaulnnduulaeenlen 3 9u Uincheng Z. wazAeg., 2016)
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9N3UT 2.12 nuieumunuiunszualiiuazussiuliihwe ssaduasorfinduin
woeselalndduiidulmndonlnoenled 1efisruruduiidunazainumuive st uil
Tnmdeulaosnlesfiudy dwaliainnumuiuunseualniwazaussulnivosvad
waseniindudawesenalndiiArias luvasddlesuuduiiduaranumnuve st uil sy
Tnmfeulaoenledan dewaldainnunuiniunszualifuazausstulnfveswad
uasorfindvinnesendlnsifimgatu mnmanumuiunszualiihuazaussdulaiiaggn
lumwnmaUsEansannnsulaindsnureswadnasoindsauanslun1sned 2.1 waw
A15197 2.2 auansy

AN9199 2.1 ANUSEANSAINAITLUAINSIIUVDITAR kAR vianaToNalnA T U Ay
samulaseanlen (Jincheng Z. wagmeug., 2016)

Compact Thickness V. (V) Jee (MAcm~—*) FF n (%)

layer (nm)

W0O,(1) 15 0784+ 0.01 18.88 +0.58 0.66+0.06 9.69 +0.45
W03(2) 20 0734002 19.36 +0.39 0.65+0.02 918+ 0.62
W0O3(3) 30 0724003 1944 +031 0.64+0.04 9.04+0.32

NP7 2.1 ANUTZANS AINNTwUaINS U IwaakasaRng slamwasaalng
Y a € o & a1 £ A o S a s & ays a1 oAb
FuilduiawmulaseanledaziiAgeudoTuinduilduiazanunuivestuilauiiAf o
TurueRA1UTLENTAINNTHUAINA I UV AR IR AR T DA TaNa LnATUN AN 9d AU
lnseanlenaziiAadilednutuldukarANUMITRTUaNTAg WY
ANS19N 2.2 UseanSnnveswadkasonnindudainasanalnasuildulnmiioulneanlyn
(Jincheng Z. wazaAne., 2016)

Compact Thickness V.. (V) Joc (mA cm~—2) FF n (%)

layer (nm)

TiO,(1) 60 0.93+0.03 179640.33 0.71+002 11.79+0.31
TiO5(2) 100 0.89+0.02 16604078 0.7324+0.01 1069+ 0.69
TiO4(3) 140 0.82+0.02 16.78 +0.27 0.73+001 9944023

PNAN 2.2 Usgdnsnmnisudamdsnuveagaduatofindviininesonalnadu
HdulnmdeulasenlydaziargeluioTuiutuilduuaranunuvesduild a1 o

TurueNA1UTLENTAINASHUAINS I UTDIwaR LA RS VDA TaNa L nATUN AN LAU
lnseenledasirviadionuinduiauuasanuvunvestuiauienea gy
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namsAdenuiheumninzauiigavestuiluiaanulasoonlys uazduiidy
Tnnidenlaeenles Ao 15 ez 60 wiluwns Auddy waduaerfindvsdamesonalndiy
Haursawmulaseanlen 15 uiluwns idsesdnsamnisudandsnulniigean 9.69%
Tuynsiwaduasofindvdamosevalndduildulnmdoulaoenlssd 60 urluuns &
Usgansnimnisudasmasnulningsan 11.79%

Khalid Mahmood wasassz (2014) TgvinisAnenisiinussansnneaduasenfing
slamadsonalnddedundouianulnseanlss uavduedeulmmnisylnosnlys Tnovi
mseenuuulassadwewaduatefindulnmesenlalndfiidundeuriamilnseanlusuay
Fuedoulnnidoulaoonlsddaanslugud 2.13 dremaianininazoasdaslni
(Electrospray) @sazinisAnwianzdundsuiianulnsoanlonfidlasiadsunnset
loun Taseasiseuniaunly (Nanoparticles, NPs) Tassasnauviaunly (Nanorods, NRs) wa
Tassas1aauuly (Nanosheets, NSs) éﬁ’ﬂLLamﬂugUﬁ 2.14 G'TfﬁaaﬁaaLmuimaaﬂlsaﬁl,ﬁmmﬂ
ASALATILIAILNTEUIUNNSLELASINETUDA

gilver
S[Jiro-O-‘\lcTA y
MA-Pbls
Ti0,

WO,

F’I‘O/Glﬂss

(%

'
a

JU 2.13 lassasnwweawaduasoriindydamesenalndndtundovisanulasoanlyn
wazdurdaulnmleulaeanlen (Khalid M. wagmue., 2014)
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N aosheets (NSs)

(ﬂ) ‘|>. o > £ ) l.'"‘-_" Vi . \\ ’

Nanoparticles (NPs) Nanorods (NRs)
' w

JU# 2.14 lasasnaganiavestuindeuisamulaseanles (n) suniauilu () uieunly
waz (A) unuwll (Khalid M. uaganey., 2014)

Wonnsiaeuyseaniainaloudu (EQE) Awanslusun 2.15 uagnsivaay
Ameininveaadnasefing Usenaumigaiauruiwdunsealniiwazawssnulndin
Y] ~ S o ° | a a & A & Y] a
AegUR 2.16 AndwrinsAamIAUTEANS MWwadLawe1ing (PCE) dauwanslumsadn
2.3 wulnwaawasanndvianasanalndi it uedsulnmidsulaeanlefwastuniou
eawulnsaanlonnuulassas 19k uLIly (TiO, coated-WO; NSs) @gualiauss@nsan
ATOUAN ATAIINNUILUUNSERALNHY wazussdulnindAge wonanid Gednalsien
UseAvBnnueswaduaieniingdaadia 11.24% fegeninwaduasanfingviinwesonalndnivu

= ) & ) a P~ &
wapueawulaseanlunnUsidandundaulnmioulneanlan

100 1

(b) — NPs

. — NRs

30 4 TiO, coatetﬂ-‘_N_Og Y — NSs

e ’-‘/r”’/ ‘—:::

3 , |
w {{‘
Qa0 ) "

300 400 500 600 700 800

Wavelength (nm)

JUN 2.15 UsgdnSameisudiuveswadiaseriindyianesenalndnivuindouiisamnulag
ponlwnnazduaaeulnnilsulaoanles (Khalid M. wazaue., 2014)
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JUN 2.16 Anuvuiwiunssualiihuazamsiuliinvessaduaserindslinmasonalng

'
=

a

ANS9N 2.3 Uszan

(%
o

, 2014)

AiTuedsurawulnseantwawasdundoulnmieulneanles (Khalid M.
LATAMY.

SnnvewaakaseindviamasanalnAanituirdeuiaawulnseanlun

=

wazduedeulnmiisylneenlyd (Khalid M. wasauz., 2014)
Sample Jsc Yoc FF PCE average PCE Jsc from
+ standard deviation® EQE
(mA/cm?) V) (%) (%) (mA/cm’)
Pure WO; NPs 5.0 0.740 0.58 2.14 2.14+0.2 4.81
Pure WO; NRs 5.82 0.780 0.72 3.27 3.27+£03 5.65
Pure WO; NSs 6.48 0.780 0.75 3.80 3.80+0.2 6.41
TiO; coated-WO; NPs 11.0 0.825 0.67 6.08 6.08+£0.3 10.8
TiO; coated-WO3 NRs 15.0 0.855 0.70 9.10 9.10£0.3 14.7
TiO; coated-WO3 NSs 17.0 0.870 0.76 11.24 11.24+0.1 16.9

Chanu P. wag Sukanya K. lsvinisfinwinsusulsaussdvanmueamasuaseiing
wuvddauliuas (DSSCs) MrensdaasIeyt TiO, arenszulunswaaa amsuldnseuduy
Fu TiO, blocking layer lng3gadou wagnyuiiss Aauwandlupisnem 2.4
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o
v a

M13199 2.4 annglunawssuduildulnmilleulaeenleauunszandilil areisn1sgu

a

Lﬂﬁ@ULLﬁ%ﬂ?iﬁl}“ﬂLﬁﬁﬁN

AM12TM AL URAY - .
anusalunis | anudalunis AUNUNVBY
TiO_ BL uunszan FTO .
‘ P Dip coating Spin coating Hau TiO, BL
(9.31./u7¥) (sau/un¥) (nm)
Dip coating Spin coating
Dip V1 - 2.93 - 280
Dip V5 - 9.23 - 174
Dip_V10 - 12 - 149
- Spin_1000 - 1000 180
- Spin_2000 ! 2000 85
- Spin_3000 ! 3000 74
- Spin_4000 - 4000 68

(3

Mnannznaeteuiuidunodeulaeenlssuunszaniilnih deiinsduedeu
warmMInyUiIEs Wt Suildafivhmawdondeiimsfadevarlinnumunvesduiidui
anhfufiduedoude IS unies mnannenaeieusuiidulnmdeulneenlufuy
nszanthlusln fMe3Sansguedou uaznsuumd ssazhluimsiasmslafiuas
AuasnAUsEavsnmuesadiasoiing fauanslunssil 2.5

/-:l' a a I3 a ¢ a Yy Aa a a v & a
M1FIN 2.5 ﬂﬁgﬁWﬁﬂqW‘ﬁ@ﬂlﬂjaaLLﬁQ@’W](ﬂULLUUaEJE]iJI’JLLﬁQ NUNTARDUNINWBULAADU TIiO,

AU UIVBSN

CellNo. |WduTio BL| VO© | J3€ FF "

(hm) (Volt) |(mA/cm?) %
Standard ) 073 | 862 | 5186 | 3.28
Dip_V.1 280 075 | 1152 | 4327 | 375
Dip_V.5 174 075 | 1033 | 4692 | 3.61
Dip V.10 149 0.74 10.01 37.15 2.75
Spin_1000 180 078 | 949 | 5035 | 373
Spin_2000 85 078 | 798 | 5477 | 3.41
Spin_3000 74 0.77 8.42 50.12 3.26
Spin_4000 68 077 | 739 | 5355 | 3.07
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PNA151991 2.5 UsrAnSanveseaduaterinduuvddenliuas Adnsideufinde
fuindeu Tio, wui waduasenfinduuuddonhuasidduiidy Tio, Feisnsuiadou as
yhliiaUsyansnmgedudonmuvesiuiidugaly weussavinmganiwaduaseniing
wuuAdeuluasiiduiidy Tio, FewmedamandeulneiBnsmyumies

MNMIAaEINUT waduaseriinduuuddenhnafiinisiedevindretuindeu
TiO, blocking layer Iag33 Dip coating finunuvastundou 280 unluuns szl
UsgAnSnmvanwaduasenfinduuuddoulinasasand 3.75% lnoifinduuszan 14.33%
deiflsuiuaduasgiililsyansaimies 3.28%

Heping Shen uazay (2018) ¥ sfnwnisiinUssansnmusswaduaseniing
wiaganeululuafnwesonalns (Monolithic perovskite/Si) Tngvinnisannisiinnissanga
Tmivesdidnaseumelnniloulnoonlas Ausnusosseves p-Si/TiO, Tneduliduuns TiO,-
ALD Uy p-Si aggnadisdrsmaianinadouduesnoudiondsriunaian (Plasma
enhanced atomic layer disposition, PE-ALD) ﬁ'ﬁLLaqugU‘ﬁ 2.17 97nN19%1539d80U
UszAnsnmuesmaduasening wuin waduasenfinduiindaneululuainmesonalndisidu
sewsie p-Si/TIO, Inefidusesse p-Si/TiO, @nnsawfiauszavsamliuiwaduaefinduin
Faneululudanmesenalndligeanta 22.9%

Antireflection foil

Spiro /| — “— " MO0k
PTAA : = Perovskite
ALD TiO2 . g
Si(p*) I— —1

Poly-Si(p*)

c-Si(n)}—— ‘

JUN 2.17 lassasawan uesamndvila@dnoululudanmesevalndiivusessie p-Si/Tio,
(Heping S. wazagug., 2018)

Yibo You wazamz (2019) lgvinisAnwinisifindszansnmueawaduasenfinglay
Msatrawaduaseniindsinmesonalnduuduniou TiO/ WO, Aldarnnsadiatiuaiey
femedanmaiadeuduasnou (Atomic layer deposition, ALD) wagismsiadeunuumy
wies muadu Fauandluguil 2.18
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(Ethanol)

Anncaled at
500°C for 0.5 h
Anncaled at
450°Cfor2 h
Spiro-OMcTAD 3 MAI /
(Chlorobenzenc) 7 (Isopropyl W)S
Thermal Anncaled at
_Spiro-
evaporation 150 °C for 10 min

Perovskite

JUN 2.18 Tunoun1sasnwad waseind vilamesenalnduuduadou TiO,/WO;
(Yibo Y. uazmnz., 2019)

nMsAnwINIsUsEANE N nveswaduaseing lnenisadwaduaserinduin
wesealnFuuTAGey TI0,/ WO, WU Fuadau TiO, Qﬂﬁ%’]ﬂ%liUUﬂ‘i%ﬁ]ﬂﬁﬂWﬁ’]%ﬁﬁ]z
vt dutuiussninawaduasoniindvinmosonalndfunsyantiliih Tnefiezanunsa
Fudansiinnissudaludvesdidnnseunatlsafius nusesneveswaduasening vin
wesevlalndrunszani il uenandduadou WOs Fadusfiulseans nmwliuidu
wiau Ti0, lunsdudansiinnissiusilvdvesdinnseunaslsadivinnsesrevoswad
wasofindrdamasenalng uenanidmuindovldundsuilvuinaununaes TiO,
Windu 7 wiluiuns deealieaanaio1indduse@nsainnisudasndanuuaseningidu
wasulifinldasdia 20.14 % %‘I’qqm’jﬂL%aél,l,aqmﬁméﬁ%gumﬁau WO, Wiotwpdeu TiO,
Wisegnslaognmids fananslumseil 2.6
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AN5199 2.6 USEaNSnnveswaawasaningedamesenalnauuduindsuiaamulnseanion

1
(% A

wazduaaulnmeulneenlan (Yibo Y. warmAne., 2019)

Devices Voc[V] JomA em?] FF[%6] PCE[%]
Pure WO, Average 1.03+0.03 22.81+033 67.6+2.36 15.92+0.83
Champicn 1.06 22.26 72.07 17.04
TiO; (1 nm) /WO, Average 1.04 £0.01 23244039 70.14+2.71 16.94 +0.74
Champion 1.06 22.72 72.13 17.32
TiO; (4 nm) /WO, Average 1.04£0.02 2322+038 7236210 17.49 £ 0.60
Champion 1.07 23.65 76.50 19.40
TiO; (7 nm) /WO, Average 1.06 £0.02 2346+ 045 73.35+230 18.19£0.83
Champion 1.09 23.54 78.55 20.14
TiO; (10 nm) /WO,y Average 1.06 £0.01 2345+033 72.64+2.01 18.03 £ 0.63
Champien 1.09 23.65 75.62 19.50
TiO; (15 nm) /WO,y Average 1.06 £0.01 232810863 70.56£1.76 17.46£0.71
Champion 1.06 23.42 72.41 17.96
Pure TiQ, (7 nm) Average 1.094£0.01 21571035 67.35+2.54 16.12 £0.87
Champion 1.10 21.67 71.42 16.99

1NMsAnwILATeRR NIzl uunAnlunsiauvaduaser ing il
UsrAvsnnlunisuamdanuuadidundsnuliihogdudiununn dudyad 1 8 3 s
wiTwwaduatenfindyialassasisuilunaswaduatenvindyidanosenalnaiduiwad
uasofingfianunsalvuszansamlunisuamdanuuadiidundsnuluinligs wideds
Aensadawaduasoringlusuuvudenansesudiaen wazdununsadngs dalsivany
dwsulunisiunldeulu@andied egralsinu Gudinwaduaseniinduinddneuazln
UsgAvsamlunisulamdanuuaddidundsnuliiimniy uifdavnzaulunisiunly
Tudemded 1Hesnnsudailidudeu uazdunu Jedsnaduiifonuazinngldeniy
Tagtu nuddvanivafsadulunmsiaunasfnuiwaduasanfinduiin@inouneise 9
Fanudn mzmumilﬁ'wgﬁ%snLLaasuaﬁaﬂmsﬁqﬁaﬁwﬁguLﬂuﬁlﬁ%’ummau%mﬂﬂ’ﬂ%’a
ogranlunninUssgndlisauiuwaduasefing ainmsidediinusn wudau@lunng
Huiussufseuasuestanansiadin wu nndelaeenles iamlasoenled ifins

Unldsunugaduatofinduudinsiinisldinatianiianududounaggsen dnnadandnly

£
1Y

Fendivd lden 9udTeddadnuviand@lunisidudassgiseiwas lnenisiidan
ansnsrni i laeenloduasisamulasesnlasunldiumaduasonfing lnvastaeiiu
AINNENNNTOLUNNSAANAULES Fudinmsiinnsruiillvesdidnasou wasAnwanuduly
Iplunsifinuseansnnlunisnannszualniihveswiudanoudldlunsnanigasuaiand ng
Imaﬁwmaﬂ%’uLﬂﬁaugﬂLLumlaqmﬂﬁﬂiumsﬁﬁugﬂ%gumﬁauawum«'u%aﬂauéf’gaﬂszmumi
e Fudunssuiumsiivinldie Sredsendn Sniddldhmsfinuadulunisadng
Fundouseninstundeulnmideylneenlvsuardundeuiisanulnseanlusarsmaina
N133uAFOY efnwauannsalunsiinussaniamnsudamdsnusandungdsay
Iniveawaduaseniing



uni 3
A5 UN15IVY

gunsaluazasaiinidluntsneass
3.1.1  gunsal 1ATesle uazansiall

3.1

M1379% 3.1 aunsaluazanselnlddmsunisnaaes

L3 IS
UNIULAYENILAY

nszantiliin (Fluorine-doped Tin Oxide, FTO)

uHUFaNaUTHAna1enan (Si-wafer Polycrystalline)

Tnmflealelglnswonles (Titanium (V) isopropoxide (TTIP), ACROS OGANICE 98%)

laLReuaang (Sodium tungstate dihydrate (Na,WO,), LOBA 99%)

LNUea (Ethanol absolute (C,HsOH), Merck 99.7%)

nsalalasmaasn (Hydrochloric acid (HCL), Merck 37%)

nsabumsn (Nitric acid (HNO)s, Merk 65%)

lalasautlasoanlas (Hydrogen peroxide (H,O,), QRec Extra pure 35%)

11Us1#anleoeu (Deionized Water)

AN5197 3.2 LAS09LeN AN UNITNARDY

\30sile U KHEn
LAT09TNABIEN N LERTINE (Solar simulator light) TOP-X450 | TOPTION
\A3aeinnSIRgULYDISEONG (X-ray Diffusion, XRD) D2 phase Bruker
AT 9ITAAUMUIRAEAIIUNEAIUVDIN UK IT WU (Wyko

NT110 VEECO
Surface Profiler)
NA9IANIIAYBLANATOULUUABINTIA (Scanning Electron

o JCM-5000 JEOL
Microscope, SEM)

o o ¢ LAMDA
sesaUalastnladiweos (UV-Visible spectrophotometer) 050 PerkinElmer
P30 InsLdRE (Contact Angle Meter) - -

4w o ' o Model
w3osindeygradliiiln (Keithley digital source meter) 2400 KEITHLEY
\n3esesadalaalay (Digital phosphor oscilloscope) D51054 RIGOL




A15197 3.2 WSesilefltdusunisnaase (sa)
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\n30sile U HHER
\3esRIneataffives (Digital Multimeter, DMM) GDM360 | GWwINSTEX
wdesvheuaze1ndansileda (Ultrasonic Cleaner) - -
Lﬂ%@x‘i@ﬂﬂﬂﬂ%@%ﬂﬁ@&hﬂi’)ﬂL%’J (Fast Firing) - -
Lﬂ%amumﬂm%’sga (Stirrer) C-MAG IKA
P30T 4 Fums (Analytical balance) BSACZVf/ﬂrS_ satorius
WH1gunaies (Furnace) GmbH Nabertherm
Agnloasiall (Fume Hood) - GENCON




3.2

ad

9N1INAADN

& ax o = = = o &
VUABDU LLAZITNNTININADN LLﬁ@\T@QEﬂW 3.1 bAZUINYALLRYANITNAADIAIU

[

TiO, Sol-gel ] [ WO, Sol-gel ]

» 2

[Lﬂéauﬂfmuﬂimﬂﬁﬂwﬂﬂ] [ WADUBNULLELTANDY ]

-

32

MTIADULTIFIRIA AT IAA TN
dueia (Contact Angle meter )

LW

"

*  g579apulaseaswanslemAa XRD

* ATIEBUANIUNUINIBLATEY Wyko Surface Profiler
*  anvEsUANENTRMILEWLWATA UV-vis Spectrophotometer

-

[ AsasYlaveaauase e dmuwalian1sAuNae ]

.

p59aaulsEaANS MwA1swUaanaanu i

fBLASDITaRILADTIng

d' 5 ad o a
E‘U‘Vl 3.1 YUABULALITANUUNITNARDY
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3.2.1  nmsdwaszvasusenauinmitisulasanlan wasnsamulasaanlan
3.2.1.1 msdauasizvasusznaulnmibenlaesnlesn ae3slwalaa

Titanium (IV)
) ) Ethanol (C,H,OH)
isopropoxide (TTIP)
|

[ AuENs 15 Wi ]
‘ HCL
[ AIUETS 30 W17 ]

"

Tnwilsuleeenlunlwawa
(TiO, Sol-gel)

(%
Y

JUN 3.2 Tumpunsdaassiansuseneulnnilledlaeenlennaneisleaaa

nsduaszviarsuseneulnnilledlaeenlenmeisleaanandlusy
7 3.2 uaviiswaziBundsl

1. prgarsazvanglmmdenlelalnsnsonlys (Titanium(V)
isopropoxide, TTIP) Usu1au 8.9 Hadans

2. drarsazarglnmdeulelglnsnsenlaganaulueniuea USunm
143 fadans MntunIuseLAIesnuanduna 15 uiil

3 dunsalalasaaesn (HCY mnadady 2 Tuand (M) 91ntiuniu
seedesnmuasduna 30 it agldlmndeulaeenlesiaa
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3.2.1.2 Msduasizviasusenaunsanulaseanlanaa aedslvalaa

Sodium tungstate
DI water
dihydrate (Na,WO,)
| ]
[ Na,WO, Solution ]

Py

[ a5 15 wdl ]

3

[ A19MznNaUAI8 DI water

P

[ muans 2 42l ]

—

naawulnseanlenlvaiaa
(WO, Sol-gel)

JUN 3.3 TumsunisdaAseviasuseneuisamlnseanledinameislvaia

nsdaasizvalsuseneunsdnulaseanleniaanieiswalalanly
SUTl 3.3 uariivoasBondell
1. Faeansleieusisann (Sodium Tungstate, Na;WOg) 1.0 N3
2. thansTuRessfeann avangluiiusaanleseu 10 Sadans
3. ansavanslafeuisameiinseulTadludnnes weansalundn
(Nitric acid, HNO,) mnudsidufosay 65 Usina 20 fiedans avvesluaisazans 91niu
nuasidunan 15 wi
4. thansavaefildundramyneudioinusaainlossuy 10 ads wleld
doansanmsdnzneundniunivlslaswuleseenlss (Hydrogen peroxide, H;0,)
Usinau 2 Tadans antuiluniunandisedesniuasidunar 2 42lus avldvisamulng
ponlyAlaa
322 nswleutuadaulnmideylaesnleduasisanulasesnleduunszan
Wil (FTO)
nszaniliinazgnindeumelnnlvulaeenlyduasisaunulaseanled
Tneilyuuuunmsiadeuuandugui 3.4 uasiidunsunmsguedoudsil
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JUuuu FTO/WO,/TiO,
TUuuy FTO/TIO,

---TiO,
.---TiO, _ .--WO,
l---FTO " .--FTO
FUuuu FTO/TIO /WO,
FUuuy FTO/WO, , ---WO,
---WO _“:---TiUZ
"\ FTo ~ o

JUN 3.4 sUuuutweioulnmdelasenlenuasivanulaseanlyduunszandalih

3.2.2.1 Mawseutununszantlif
nawTeudusunszanthlndh fveazdendal
1. danszanilwilildvnn 2 wuiums x 3 wuiwes ntdudily
Sraviiauareasenend 9 newhmsansieismanlessuluedessansluie
Tneldgaumaiilumsanavindu 60 ssnwales Wuna 15 wil
2. thnszaniildaindedt 1 ludwheenuealaglfiniesdansleda
Hunan 15 wil Tigamgiivies
3. thnszandildanded 2 Aduenasuwimnduhluduilugge
AL
3.2.2.2 mawRetuedeulnmielaeenivsuunszaniluii
nawienduedeulnmienlaeanles Feisnsuedou Tnems
thnszanilylihdwsouldanded 3.2.2.1 fululmnieulasenludiaaiinioslfainded
3.2.1.1 lagyhnsgundeuidunatdis q ielildaiiumuisening 150-300 unluins
niuthlinfigamgd 450 wag 500 asmusaidea Wuna 2 Falug aldduedousuuuy
FTO/TIiO,
3.2.2.3 mawitaduieuiawilpseanlziuunssanthli
nawsenduedeuiianulnseenled Feisnmsguadou e
thnsganihliiiinIouldainded 3.2.2.1 quluisamulasoenludiaaiiniouldanded
3.2.1.2 lngvinsquindeuidunaidig 9 welildaumunsening 150-300 uiluing
niuthlnfigamgd 450 wag 500 esmumaidea Wuna 2 Falus agldduedousuuuy
FTO/WQOs
3.2.2.4 mawisudundevlnindeulasenluduasiianulasoonlsd vy
nszaniabiin
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thnszamiliihwesldanded 3.2.2.1 wlulnndelaoonld
waiiwIenldanded 3.2.1.1 Tngvhnsguiadouidunaidn q welildanumuisening
150-300 wiluans W luouliiannifuilugulussamulasesnledaaiiniouldanded
3.2.1.2 Tagvhmsguadeuifunaing  welildaramunszwing 150 - 300 uiluns waz
iluiniigungd 450 uay 500 ssrnealdea \unan 2 1lus agldduedeuguuuy
FTO/TIO2/WOs
3.2.2.5 Mmawssutuiadevianulnseenleduaslmmieoulasenleduy
nszaniabiin
thnszanilihiiwosildainded 3.2.2.1 faluvisamulnsesnlyd
watiwIouldainded 3.2.1.2 Tagvihnssaadeuidunaisis 9 wlelilfanumunsening
150 - 300 wiluns dlveuliuienduiludululnndeulasenlsdfinafiniouldannde
7 3.2.1.1 lngynsquadeuidunadg q Wolildnuvuisening 150-300 unluiins
waztluwnfigumgdl 450 uar 500 eariwaldea Wunan 2 42lus azldduiadeuguuuy
FTO/ WO4/TiO,
323  nawssutuadeulnmisulasenleduazisanulaseanlasuuusiu
Fanau (Si)
uudaneuazgnLAdeumesULuuRwandusul 3.5 laoflswazidennis

FUuuu SYWO/TiO,
JUuuu SI/TIO, ---Tio
R [Wk
:---Polycrystalline Si , ;- Polycrystalline Si
- T e
3Uuuv Si/TIO, /WO,

JUuuy SYWO,

TiO;

v v .- Polycrystaliine Si . -Polycrystalline Si

JUN 3.5 sunuutwedeulnnilelasenleduaviivanulaseanlyduuusiudineu

3.2.3.1 NMSASEULHUTANDU
1. YINNSA1UKUT A NOUTUIN 3 LWUALUAT X 3 LWURLUAT A28
leuealuaiessanledadunan 10 wil figungiivies
2. hnszandilaanded 1 "lfdﬁﬂummmmuﬁqmﬂﬁ?uﬁ’ﬂmﬁulﬂuﬁ
@mmm%u
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3.2.3.2 mawReuduedoulnmdeslaeenlefuuusudaney
mawssnduedeulnndelasonlafdeitnsiuedeu Taeniai
wiuganeuinienldnded 3.2.3.1 ululnndeslasenludinaiivIosldanded 3.2.1.1
Tngvhnsguadoudunasine 4 Welildamumuisening 150-300 uiluwms andutily
wiigaungfl 500 ssnwaifea Wuna 2 $9lus aeldtundousuuuy ST,
3233 mawoutuadeuiiamilpseenleduuusiuianon
mawssnduedeuianulaseanled Fetsnmstuadou Tasnsih
uiudaneuiiwialldanded 3.2.3.1 fuluisamulaseonladiaaiinieldanded 3.2.1.2
Tnevhmsquiadeudunaidng q elildaumnseaning 150-300 uiluans andutily
gyl 500 ssrmwaidea Wunm 2 Falas azldfuadousuuuy Siwos
3.2.3.0 mawisudundoulnndeulaeenles wasisamulasoonleduy
WHUBANY
vhunuganeuisdonldanded 3.2.3.1 fululmnideslasenlusiaa
Awsenldnded 3.2.1.1 Ingvhmsguiadeudunasiig 9 Welildanuvunssning 150-
300 wiluiuas ildevliuisnnduiluguluiianulasoonledinadindealdandad
3.2.1.2 Tngvhmsgundouidunasig q ielildanumunszning 150-300 uiluwns uas
ihlinigamagi 500 esmwaiea e 2 $alus aglddundousuuuy SiTIOWO;s
3.2.3.5 mawssutuedeuiiamulasoonled uarlnmieulaoanlsduy
AV RGN
Thududaneudiwiosldanded 3.2.3.1 fuluisawmulaseanludiaa
fwTeildanded 3.2.1.2 Inevhnsguedeuidunaisi o wielildaumuisewing 150 -
300 wiluwns tlvsuliuisnntuilugululnndeuleeenlsdinaiindsaldanded
3.2.1.1 Tagvihnsguedeuidunatdng 9 wislildaumusening 150-300 unlumns uay
thluwnfigaungli 500 ssmiwaBea 1una 2 Fala agldduniouzuuun Siy Woy/Tio,
324  msleszimavestuadeulnmieslaoenled uasissaulnsoanlysd
nshneislavesiundoulnmieulaeenles wardundouimmulas
oonledTinumad fmeaxndoadsil

wAf oUWy FTO/TIO, wag FTO/WO; U

4

V8 ne (X-ray diffractometer, XRD) 1R8vi1ng

1. dnsgandilavia g4
Jnszilaniownsseinnisidsauused
Ansesingumaiiviesieded CuKe

2. yhasneaeuaINyy 20 7 10° i 70° Fresnsnisursedluusazdisy
Wi 0.5 3unil/step wazvinisivdeyann 0.02°/step

3.2.5 NSASIVEBULSIAGRT (Surface Tension) vasansusznaulnmiiieulasanlyn
wazansusznauisanulasoanlud daenTesTayudus (Contact Angle

Meter)

f57asLunnail
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nsinAudravesasUsznaulnmideulaeenlys uagansnsznouisainy
Insoenles fswaziBondal
1. thansUszneulmmideylneenlufianenamuuniudaney anguins
PINABULIIR FreiedasTaunduia nsazshnistaen 3 afaudathuduumaais
GG
2. hansuszneuisamulnseenlefaanenatuuuiudaney ntuvinns
PINABULIIRI FeieTesTrynduialasagyiinisiadn 3 afudniunduiameiae
GG
326 n153LASITRANLNUIYBITuAdaulmmdsulasenlys wazitediay
laseanlun
¥iees FTO/TIO, @il 3.2.2.2) FTO/TIOZ/WO; (Yo7 3.2.2.4) Si/TiO,
@oft 3.23.2) uay SITIO,WO; (@ofl 3.2.3.4) lUinmamuvestundouseaI asna N
LATANMEIUYD I LT U Ima‘tsﬁ’ué’ﬂmﬁ@ﬁ’qLLamﬂLugUﬁ' 3.6 N1YIAEYLAYNIT
Waguisusuml westundeu (Fuvus M) fusurieuiudanaudieds (fuvs R)

AU ULPRB UL NNARAEYRINITIA 5 ASY

2175

1500

F 1000

JUT 3.6 AumiainmsinAnumuIvestulatieu (M) Lagaurtavediiuianeusneds (R)

327 mwnsiaudimudessuadeulnmieulasenlyd wazisaaulas
panlun
1h#ega FTO/TIO, (Tafl 3.2.2.2) FTO/TIO,/WO; (ot 3.2.2.4) Si/TIO, (T
71 3.2.3.2) uaz S/TIO/WO, ([Wafl 3.2.3.4) lUSaAIn1sdewHIULAS (Transmittance) AN
AANAULES (Absorbance) uareAINTTaEEYIBULAS (Reflectance) gAY 200-800
wiluuns fewedes UV-Visible Spectrophotometer fiseaziBendad
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1. 1hihegs FTO/TIO, (efl 3.2.2.2) FTO/TIO/WO; (defi 3.2.2.4) SI/TIO,
(o7l 3.2.3.2) uaz SI/TI0/WO; (Weil 3.2.3.4) Mafisunisdossunasueanias UV-Visible
Spectrophotometer
2. HaAmsTalutasanueniadu 200-800 uiluwns nEuinIsIad
nsdesHIULAY WagAIN1TATTuLAIBIRIa81a TnsusazAazyinsTn 3 ade elwld
AedsanmsUszananavedlusungy UV-Visible-NIR
3. YNTUUAIAINITAANAULAIIINAINTHRIHULAILAL AN TALY D ULAS
melusunsu UV-Visible-NIR
328 msadrsinlavzwasuaeniinddlemadianisiiunians (Screen printing
technique)
msadsilavswaduasonfinddomaiinmsfiaians Tnsgunsaflunisadng
2lave Fauandluzud 3.7 Ysgneudae (n) widwiundunuiulmaniuiifanmenes
{lave () nnlansRunazniiesgiiilon (a) wrugrsundmiufisnians (1) 1o wae (3)
in3esaunieugiegTIniia (Fast firing) Tunounsadieinlansvoswaduaseriing
frwaziBondel
1. dududdnou unismanefiduvdsinglnuaniu Alanaedmdsuina
shenmergililleuudouseamgil 120 ssmwadea um 30 Wil Wielinnesglidlouuis
2. dusnwiwienldainded 1. thawhnsRuiaedumiiadglnuaniu
fifiaamane Busbar wag finger M8n1iu INtususguvgfl 180 eariwaldea uiu
10 W ilelinaEuuis
3. thuiuddneuignszuiunseuseaiuieugeganigifieiai g
Fast firing Lﬁ@iﬁasmamiameéL%gj%gu n-si i 9 luie3eq Fast firing fduuszneurosey
0 T Beususiaendsil
3.1 Toudl 1 fungaumgfii 300 esmiwaldoa w1y 10 Jundt el
languits wazwlaansusznauduniduazivinazaisaie q Tussimgoonannueu
WAGEDIN
3.2 Twudl 2 Avusgumali 600 ssAwadea uiu 10 Uit i oler
Tl duntnfinnismasuszanguas Glass frit wnsnidngduindovvewad
wasoringluauiedures n-si wagdalwiidundsiAnnismaeuazaisresdy
ozgililoviliAnnssuatudaneufisesduiainidu Ali-phase T
3.3 Touil 3 Amungavgdi 915 esriwailead w7 3und 1 old
Flanesmumininnsnaeuazateveiy LLazLLwiLﬁwdﬁuﬂ’mmﬁz}gu n-Si @ 9 1An
nsslavesiisesdudaidu Ag-Si-phase uarinliindundsdiin ALSi azunsan
drluluduusiuganeu p-si Bendn Back Surface Field (BSF)
3.4 Touit 4 \Juvdnagamaiivesnd deldsudvinananloud 3 3el
gaumaiigalszana 250 samwaled Wulvugaving
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a. ﬁ']l,wiue‘z?ﬁﬂauﬁw'mmzmumsa‘um”aamm%’auqaaﬂf]mmL%ﬁ WA
samgfianasudy nthluiulilugaeaudu

Silver paste

for rear side Aluminium paste

()

Q)

JUN 3.7 gunsaldmsuasitalanglviiuvwaduaseiied (n) windmiunsdunuiulug
ansunfiadnatevestilany (¥) n1ilavedukaznevgiilley (A) wiueein
dmsuiiniate (1) oy war (3) 1ATe0UAINTDUAIRENNTINGY

329 msiauszdnsnmlumsndanssudlniwssukiudanaufiguadoudety
wdsulnmileulneenlunuaznidnulasoanlun
msiauszansnmlunsnannszualiivesuniudaneudiiinisguadeusie

Fuedeulnmieulaoenlusuazianulaseanles Tnsthwaduaenfingfiniunisadn
Falany 91nde@t 3.2.8 thlsauszansarmmisliivesunudaneudioind oaind 0ein
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Feyyraulutin (Keithley digital source meter) AeldlaTnsdnassaniizuasoiing (Solar
Simulator Light) fiauanslusuil 3.8 Iseavidundialuil

1.

MNISARGITEULTOAS BITIaesEN1ITLEeITiRg TnsazyinsuSum
ANEAINWBLETITAWINAY 126000 Lux

Y% uauwad uasefingnelusuny swaweias 09918098019z
wasorfinddananslugui 3.9 (n) Tnoilanuiilunisfuuasueasad
Lo Tind Ao 1x1 ASINLURLLAS é’ummﬂugﬂﬁ 3.9 (V) LagyiNg
seanelilvonniosiadayanaliiidfuwaduaeniindiesudauan
Lazdhay

nvuazldlusunsa LabVIEW program lun1sUszatanatoyaln
w3 e Tadaaalnd1d ol ld dussiulifuazaranumuiuidy
nsualnivesaduasening

Yinansiaaiilaainded 3. ilumuiamAUszans nmnisulas
w&snuuasdundsnuliihvesweduasefinganaunsd 2.1

JUN 3.8 gunsaldmsunmisinaUsedns amlunisudanseualuiveswad uaserfing

UszNausiY ASeIatanzIateiing wazinsevindayeralnii
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(") @

JUM 3.9 MIpnguasnlns ssdnaeLatingliduwaduasenfing (n) dunyan1sane
FUIUDAAEIDNNNE NYDILAIAT D9T18DIFN 1T WEIRNARAY (3) NuRtuNSTUaSU
LAIYDIYAALAIDINAENVUA 1x1 HNTITURLUAT
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NaN15)gkazaNUsIgNa

4.1  nsaaasizasusznaulnmitisulasanlys wazneanulnsaanlunaie

NITUUNIT AR

SUT d.1uaz 4.2 uansdnvazavesansuszneulnmiionlaeenleduazanssyney
aawmulaseanlys fildanmsdaaneisenszuiumslvana awddu :1namnuinea
lmdeulnoonledifidnvardvnyiuluruesiinatianulaseonlsdiifindes wasass
wgninluvhnsduedeuriioadsiundevvedlnndeslaeenlsduarduadouanulng
oonluiuuusudaney Wefnwauduldlumafiuanuamnsalumssdanszualniiseld

JUM 4.2 dnuaznavesastsvneurisawulaseenlen Nlianmisdaaneisienssuiumsiuaia
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4.2 wani1sAsziinavesdnsusznaulnmiionlaoanlen waznsamulag
aanluanaseulaannIsdaAsIERfensZUIUNISwaRa AlewmAtiANIg

\Reuuvesssdildnd (X-ray Diffraction, XRD)
4.2.1 arsasisinavasasusenaulnimitisulaoanlanainnisdwnsiziinae

NSTUUNTS1YaLRE
i Ti0, 500°C
¥ *
5 | [ . ]
1 \| n.lla A boeg ah v
__._.__,.,.._..._....._._--—’ Ve AW ¥ L_I'_;“-___Mf-b‘- -
i ' Ti0,450°C
3
3 f ; f :
\_-) - I b i e v
:_ Ny N _____.Il,_ * . v .":l If" L
s Ti0O, Rutile; v
2 1 2
—
'_ TiO, Anatase; »
| |
1l 1
C M 1 L 1 M 1 L 1 . 1 i
10 20 30 40 S50 60 70

2-Theta (Degree)

35U 4.3 XRD pattern vasansusenaulnmilleulaeenladsionssuiunisleann nawu
M3ITIaNgR 450 uag 500 asrnwaidea Juan 2 Falus

MM ngidaemaianisd snvueessdid ndwuiananseninseuna
(anatase, JCPDS no. 21-1272) LLazglwﬁ (rutile phase, JCPDS no. 21-1276) Uu“ﬁgumﬁau
lmiflenlaeenledmdsrumsieniionmgll 450 uay 500 ssraidea Wunan 2 §alus fs
nanslugud 4.3
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4.2.2 n153A51EAEYR9E5USENaUNdulnsaanlYenaINN1SEWLASIEYA Y

ASTUAUNSIYALRA
) g ——— WO, 500°C
- I L] . ~' )
:-—-‘| '-—J[L’Ik—-r'li 4 j.ﬂ_i_:::‘;:jfjus:j_;dg o]
- WO, 450°C
-'. s . L} ... '.“ : :a. ‘: :.. ?’ 0.::“1 ot
? —— WO, orthorhombic; ¢
s
S’
'ga - |.” " |1 I|r| il L1
n
E X
=T WO, XH,0: i
- L
. — _FTO: e

10 20 30 40 50 60 70
2-Theta (Degree)

35U 4.4 XRD pattem vesansusenauiisawmulasoanledsionssuiunisleaian A1un1s
ENNRUMNTINISINIT 450 wag 500 sarwaded WWuaan 2 Falus

MNMTBRTERBmaian1sdeLuuressddndnumlavesansusenourivanulas
aanlealainsn (WOs.XH,0, JCPDS no. 35-1001) uaziWavesvisainulasoanlyd (WOs,
JCPDS no. 83-0948) il ol T uiadiauigungil 450 aernwaldud asuanslunini 4.4
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Turaue AT uauni USRI g d 500 aeAngalded AsIanUanIziaveivainy

¢

Tnseonlanniilaseasnanuuaasissaudniiewnaifen

43  msaetwedeulnmiedlasenluduazdundautisanulnseanlyd
43.1 NSATIVEBULSIRIAT (Surface Tension) vasansUsznaulnnileulasanlun
wazansUsznauisainulnseanluddaeia3 asdayuduiia (Contact Angle
Meter)

YY)

JUN 4.5 yududaseninausu@dnaudiu (n) nndeulaeenluiiaa
way (1) visaaulaseenlyniaa

SUT 4.5 (n) uay 4.5 (3) uansyuszinswiudansudulnmdenleeenludiaa
wazvisaaulaseenieiion mud1iy suiilnunauansdesvmiinssisings wagdanziu
Fanldon lunsrssiutuyuidandesuanifaenrainiussfiian wazdinrmannsode
Anfudanlaa (Boonsong S. wag Wichai P., 2000)

31NUANIINABDINUINYUTEIsanulasoenledmaduinudanauden
Winfu 39.72+2.04 vsen Faflenannninguszrinslmnideslneenludinatuuiudanoudide
WA 26.64+1.48 03 wadanadundngiuiiuansliiuiisamulaseenledioad
ANNEsatunsEanzuusiudEneuldieendlminilleulasenlysiag
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4.3.2 nsaravuedeulnmilvulaesnluntazsuniaunsanulnsaanlanuu

WHUFENDU AIBNTTUIUNITTUATOU

SUT 4.6 () uaz (3) uanasiuBaneurdavananansudu (n-Si wagdud
(p-Si) AuEIRY %’jumﬁau"l,mmLﬁaulmaaﬂlsuﬁl,l,az%gumﬁauﬁqaLmulmaaﬂlsziﬁ%gﬂa%ﬂma
nsguusudaneusuduasuulnndeilaeenlednauasiisanulnsesnldiaaniunaii
fvua Fauansguuunsadatwadeulusuil 4.7

(n) ()

JUT 4.6 wiuFdneunsumsauadiou (n) mudulay (v) Aud

Uy Si/WO/TiO,
31’“\]\] SVTIOZ -_-:,___ TIO.‘-.
4y i 5" WO,
- - ;--- Polycrystalline Si J ;-= Polycrystalline Si

3Uuuu SiI/TiO /WO,
FUuuu Si/Wo, L Va 1 ° i - WO,
| -
WO, o,

b - .- Polycrystaliine Si o - Polycrystaliine Si

JUN 4.7 sUsuuduedoulnmilieylneanleduazrisamulaseenleduuuiuddneu
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(m) ()

U flag aﬂwmuﬂuawul,ﬂaauuul,l,wusnaﬂawaqmumnmwamwm 500 aaALALTYA Lﬂu
nan 2 #2lua (n) ‘Uumaaugmwu Si/TiO, (v) suumaaugmwu Si/WOs (R) Hu
WFOUTULUU SI/TIO/WO; Uag (1) TunRauzukuy Si /WOs/TIO,

sﬂﬁ 4.8 LLamwamia%?N%’umﬁaul‘mmLﬁmﬂ,ﬂaaﬂlszjél,l,avﬁaamulmaml%ﬁumwiu
Fanau waamuﬂmmwammm 500 sarwaled Wunan 2 9alus wui nsAFaUFULUY
Si/TiO, ummau1Lauaéumﬁzjumaaumﬂﬂ’nmsmaamﬂLLUU Si/WOs Luaamﬂlmmuw
Tnoenludiaaiiusaisisninfamulasoonladiaa (Waasureluiite 4.3.1) dawald
Tnmdvuleeenlsdimadanizfuskudaneuldfvasdanuadwaueuinninisanulas
oonledian 3U 4.8 (A) wandlsifuindionisiafiouRaguiuy SY/TIO/WO, Furesisany
Inseanledmaauisadanziuuiudanouldauasiiauaiauouindy Wefionsanis
AnusiansvesiuladousUuuUTwAReU SI/TIO, waw SI/TIO/WO; Ssgnidenldifieing
anudulUlalunsifinanuansnsalumsudanssualniiveswsiuddneu
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a

4.3.3 Nami'}'ﬂﬂmwuwaa%y'umﬁauuuLm'u%ﬁnawé’amun'\ﬂmﬁqmwgu
500 aspnsadeailunan 2 49l
m’mmwaq%y’umﬁauLﬂuﬁﬁﬂuﬁﬁaﬁﬁyﬁﬁqmaﬁaﬂizﬁ%%ﬂ’lwmamaé
waseriing 1nnansmaasansliiuitmmuestuedouuusiunusuiundauay
nanlunsquiadeudauandluasieil 4.1

AN 4.1 HANITIAAIAINUNUNIVDITULARBUUUMHUTANDU

$runuadilunig walunsqy Y
JULUY JupRoy wgau/ede Gundp | T TnaeY o
Fupdou WOs
TiO, Lag WO5 Laa TiO, 138 0 TiO, WO,
1 - 10 - 150+1.61 -
Si/TiO, 2 - 10 - 300+5.96 -
3 - 10 - 450+8.12 -
1 1 10 15 150 150+7.21
2 1 10 15 300 150+4.99
Si/TiIO/WO5 2 2 10 15 300 300+4.97
3 1 10 15 450 150+5.39
3 3 10 15 450 450+13.73

NHANTIARIANLRUIYRITULAE B UL E A LdL TS ST 19U Uan
warsuaunsslumsqy dwiolui

1. duedeulnmidsnlneenlsddaumuiiiu 150 wiluwns (Si/TioL(150 nm))
Lﬁaﬁwmsajm 1 pfadunan 10 Sundl

2. dupdeulnnidonlaoenlsdiaumumindu 300 wiluans (Si/Ti0L300 nm))
Lﬁaﬁwmﬁajm 2 p¥sndsay 10 Jund

3. umdeulnmideulaeenlusinnuumingy 450 uiluwns (Si/TIONE50 nm))
dlevinsdu 3 adanssay 10 Fund

4. duedevlnnidenlaeonlesinnumun 150 uluunsuaviawmulasosnldil
ALY 150 Wluluns (Si/TiOx(150 nm)/WO5(150 nm)) il 9vin15qu
lnndoslaeenled 1 afaduna 10 Jurit wasvinssuisanulnsoonlas 1
aduunan 15 3undl

5. duedeulnidenlaeonlusfinumun 300 wiluwesuazsianulnseanlysil
AU 150 TR (SI/TIOA (300 nm)/WO,(150 nm)) ilevhmsgulmmides
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noonled 2 adsadiay 10 3undt uasyhnsduisawulasoanied 1 adudunm
15 Ju

6. tundoulmmioulasonladfarumun 450 wiluwmsuasiisanulnseonludiia
AUV 150 unlulns (Si/Ti0A450 nm)/WO5(150 nm)) 1 8vin 159
Imndeulavonied 3 afsndiaz 10 Tunft wasvhnsdustsawulazeonled 1 ada
Dunan 15 il

a a

7. fwedsulnndisulaesnleniniurun 300 unluwsswazisanulnseanlannd
AIUNUN 300 wtusUAS (Si/TiOL(300 nm)/WO5(300 nm)) 1l 811111594
Tnnilleulasenled 2 AStAstaz 10 TNl wagyihnsuiivamulaseanlys 2 A

9

ASIAT 15 UM

aa

8. duwpdeulmnienlneenlesiiannumun 450 unluwnsuavianulnsosnlysdi
AUNUI 450 WILULUAS (Si/TiOx(450 nm)/WO5(450 nm)) Wi ovins9u
lnndenilneenlsd 3 afirtsay 10 37l wagvinsguitsawulasesnles 3 ads
atay 15 3unil

q

a

4.4 WaNISINAMANUANIILAIVITULARDUNASHIUNITININUNNH 500

4
'é]\‘iﬂ']l,sﬁal,‘%ﬂﬁ L’f]unm 2 ‘Bll'ﬂﬁN
Lasenfindfidonndilanysynoudisnaunamanstenaus awiALeIAEUTiRIN 7

400 ulwiuns Sendtuassansihilean (Ultraviolet light) AnueAdulugae 400

800 urluiuns Bendiuasfinandiu (Visible light) wazAnueaduiisnanin 800 wiluiuns

Sunduadunsse (nfrared light) waduasoindvilndaneuaunsaulamadsanuuaady

T lealuduasiivondy uiudamdsunaadulnilugirmnusnaduwadunsisales

A (Stuart R.W., 2007) é’ﬂﬁy'umﬂmmsaLﬁmﬂsxﬁmﬁﬂwwiuﬂWiLLUaﬂ‘wa‘“amuLmL’f]‘ul%lﬂw

Tugrendunasdunsusalalagldvilramuasnsalunisuamdsnunandulniilugweas

Fusaiuanas Ussaninmlaesiveaaduaefindaziiniy AILLVIAHARINGIIAIINL

ﬂﬁluLLaqﬁlmmé’amﬂﬂaLamLLaxLLaa‘ﬁuauﬁu%agﬂLﬁaﬂmLﬁaﬁmmﬂsxﬁm%mwiuﬂmt,ﬂaﬂ

Wé’wuummﬁméLfJuWé’aaﬁuIWWwawzjaéummﬁméﬁgﬂﬁwm%ﬂumu%’m‘f
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4.4.1 WANISINAINITADINIUVDILES (Transmittance) VBIYUAFDUUUNTZAN

RO
160
——FTO
1 -~ ~ FTO/TiO,(150 nm)
140 - FTO/Ti0,(300 nm)

—-—--FTO/Ti0,(450 nm)
| —--=--FTO/Ti0,(150 nm)/WO,(150 nm)

;\3 P | Ezggfoz(soo nm)/WO,(150 nm)
s “ . _ —_— i0,(450 nm)/WO,(150 nm)
o - == FTO/Ti0,(300 nm)/WO,(300 nm)
g 100 4 ——— FTO/Ti0,(450 nm)/WO (450 nm)
4

@ J

5

= 80
S _

®
© - ---- -

G 60 )

c J

s | N~ 47 8 \WN\__
€ 40 - R E

T T

I I ? I
500 600 700 800

. I
200 300 400

P
A2131812Aa18 (nm)

JUN 4.9 AslanuduiussendnmnisdesiureiasiuaueInay (Wavelength, nm)

Mnuamsvaaedhusuil 4.9 uandifuindinmsdewiunaswosdundeuiaanag
dodundeuiinnumuuasidnuduingu midewiuiamestundoudmalasnssde
UsyAvBnmuanraduasefing waduaserfinduedussvinmaadouasannsndesinudy
doulUsessotudunasfiveausudaneuldigs Uong-Hwa S., 2008)

deldliAansgyidendanuinnousuiieninnisgng andunaswesiuadouuay
dielldansdesiuuasigiiundeusioadirumi mnuanisvaseaandlfifiuindy
LARBUFURUY FTO/TIOL(150 nm) Uag FTO/TIOA(150 nm)/WO5(150 nm) fiAnnisdess1uves
wasgaiigndsgnidenitiiieAnwanuduldlslunsifisanuamnsalunisudnnszualdii
YOIUHUTANDY
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4.4.2 wan13iAAINIIAANAULES (Absorbance) wazA1N1TALNDULES
(Reflectance) Ua9FUAADUUULNUTANDU

Polycrystalline Si
80 i Si/TiO,(150 nm)

Si/Ti0,(300 nm)
—-—--Si/Ti0,(450 nm)
70 - === Si/Ti0,(150 nm)/WO;(150 nm)
------ Si/Ti0,(300 nm)/WO;(150 nm)

’\3 I | e — Si/Ti0,(450 nm)/WO,(150 nm)
23 60 == Si/Ti0,(300 nm)/WO,(300 nm)
oy ——— Si/Ti0,(450 nm)/WO;(450 nm)
©
—b
oy
@
=)
=
@
as
3
G
re
c
«
-(_ il
(cw

1 g | d | * | L)
400 500 600 700 800
AUg1AaY (nm)

SUN 4.10 nymianuduiusseninsemsasviowvasiaiiuadtueinay (Wavelength, nm)

U7 4.10 uandliifiudn usiuddnounuumanenaniliinisaziounasgdludisniuas
SanshloanuniiAinisasieutaswnlurisrdunasiivendiu undednsadouwnudaney
fgansiadsunuImgAnsTunsaeeulaandunsududuunudaneuiiusmainnis
wdeu Tnouledundouiinumuniintunisasvounaslurissansilloaniuuilduana
AnsazvisunaslurassanshleanilesadiduaindgalugegnannsniSosaiuls
FastolUTl Si/TIOA450 nm)/WO5E50 nm) < Si/TiO5(300 Nm)/WO5(300 nm) < Si/TiO(300
nM)/WO3(150 nm) < Si/TiOx(450 nm)/WO3(150 nm) < Si/TiO»(150 nm)/WO3(150 nm) <
SI/TIOA(150 nm) < Si/TIOA(450 nm) < Si/TIOA(300 nm) < Si Turaueiinisasviounadlugas
AuempauLaiteaiunduiivuslduiuiuiietundeuiinumuniniy Ansasstou
LLaﬂusu'am?{uLLaqﬁuaqLﬁuL"%'&qui’wﬁ’mnﬂm"’wagﬂu%qq@LﬁamﬁauLLm'u%ﬁﬂauiugULLUU
ﬁﬂm'aiﬂﬁ Si < Si/TiOx(150 nm)/WO3(150 nm) < Si/TiO,(300 nm)/WO3(150 nm) <
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Si/TiOx(450 nm)/WO5(150 nm) < Si/TiOx(150 nm) < Si/TiO,(300 nm) < Si/TiO(450 nm)
< Si/TiIOx(300 nm)/WO5(300 nm) < Si/TiOx(450 nm)/WO5(450 nm)

Polycrystalline Si

l .2 al Si/TiO,(150 nm)
Si/Ti0,(300 nm)
d —-—--Si/Ti0,(450 nm)

s Si/TiO,(150 nm)/WO;(150 nm)

1.0 4 ¥ U Si/Ti0,(300 nm)/WO,(150 nm)

e Si/Ti0,(450 nm)/WO;(150 nm)
------- S/Ti0,(300 nm)/WO,;(300 nm)

:é N o
2 0.8+ ——— Si/Ti0,(450 nm)/WO,(450 nm)
=
1@
[~ Ny Y ~ 1 T -
@p ——————————
& 06-." - AP\ NN T
o
< | G S’ B 5. Y i st Cr e
=
-5 )
44/ e =
02d M BEE\__T
0.0 : , . : i | ' | . | .
200 300 400 500 600 700 800

o
A1u819A8YU (nm)

JUN 4.11 nslAnuduiussenindinisganfulasiuanueInay (Wavelength, nm)

YK

103U 4.11 ATMANUFURUSTENI19AINITAANAULAIRUAIINYIIATY

wandlAiud A nNIsRaNauLaIITLUSNNRUAUAINI Az auve e Aauansluaunisi 4.1
(Green M.A., 1992)

Absorbance = log(1/Reflectance) (4.1)

ANNANITNARDILAAIIALAUIN LLﬂiu%ﬁﬂauﬁgﬂmﬁauﬁaﬁmmi@jmﬂﬁmmL‘ﬂ'mﬁu
TugrenuenduLassansi o Imsﬁmmi@mﬂﬁuuaa:ﬁLLu’J‘[ﬁmﬁmﬁumummmwm
vostuedeufiuindu denisiadouiifarnisgandunasgefianfenisadevluguiuy
Si/TIO(450 nm)/WOs(450 nm) Iumaﬂé’uﬁummi@@ﬂﬁuLLaaﬁumLLﬁu%éﬂauﬁﬁmimﬁaU
é’as%gumﬁaulwmLﬁmﬂ,maaﬂlszjﬁuazﬁqamulmaaﬂlszjﬁﬂﬁuﬁmmiamﬂﬁuLLmamaﬂuﬂm
AMNEMAA ULl uALANIMIYBITuIAR s UTINATY 1iasanlnmideylnoenlyd
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wazvisaulaseanludiduianansiwinifiitesiuaundanuiini1seglutis 2.96-3.25 ev
wagdlanuannsalunnduiiseil§itemeuadddlutisnnusmeduuasdanslloan
(Lakshmi K. uazany., 2017) ovnsadsuasuuiaudanouswihliinisnevauosrouas
7l Adwmalirnisganduuaniiniy widlonnumnvsstundeudiudurilimsasfounas
TugasauemeduLasiuesiuiianuniy dawalviinnsgandunadurisedudnananag

Mnuansnaasnandliiuiukudanoufiannisazvieuuasdiags(ganauuasi)
Tutsmnueneduuassansillean udiilegnindeuselnmideulnoonlsduazianulas
oanludrnisazviounasiuyisnnuenind uuassansilloanndudatanas denale
aruaansalunisganduuaslurasaruemadudindnimgausasingaanidendouudy
FENBUMELFULUU Si/TIO,(150 nm)/WOs(150 nm)

45 Wan1520A1UsLANS NN IadLaIR1NngNlin1stAaauf8 ey

lananluauazivawnulasoanlun
UsgAns nmweswaduaserindauisaruinldainaunisi 2.11 deesue
sreassdenliluuni 2 defl 2.3 Ty Efficiency = (Ve X Ju X FF) / Py 4518 Voo, Jsc, FF a8
P, AoAksan ulNH1 002995 ArAUNEILEUNSE AN R2935 ATlaaunanes wazAn
Masuidn suau Aussiulndideansasiazmanuruwiunssualiingniges fe
Ausstulnihuaznszugliiihveswaduasorfingiigsignuasdlsifinmssolnanuielifinigde
fugunsaites edldluslh wanafsdaddalunisiduunasdne ndsnuveusaduaseniingly
yourilifllvian Afladuramesrodndiuszninaiidsliihgsaaseussiulwiidanssgaiu
AanuuLLunseualnindna e masuaseing (Faanduaunisi 2.8 Tne FF = Prp /
(Ve X Ji0)) Anfladunames Jumsiinesiuansienaninsessofi- dureavaduasending
Armdslalfirudnde drdrdalaiinglaanuasinnnsznuasuumaduasenfing gldifie
Wigugulseansnmwanuasefind AuaA1u19551u lnawasuain fingaziiusednsnim
WU 100% WloanunsalUasundsnunasfidaanuainaiafy 126,000 ux WWusidaladii
YU lavndu 1,000 W/m? (Peter M. uagaaig., 2020)
4.5.1 WANMIIAANAMUAUNUSIZHINAIUIRIUNTZHELNHY (mA/cm?) wag
wsanulni (V) vaswaduaaniing
U 4.12 (n) uae (1) wansdnwurresdrauuazdvanvesuuianoy
pruddy Fadenangninduiioldaanumuuiunssualifiuasussiulnivoasad
wasefindneldiedosiransannzuatending nadilduandugui 4.13
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JUN 4.12 BunuwaduasefingfunisasistalaneiieldinAiaumnuiniunssia b

LAZANLSIAUINTT (N) FNBULVBIVIAUVDILNUTANBU (V) SNYMLIBIVIUINUDY

LHUTANDU

20

sudlwin (mA/cm?)

AIMUKRUILLUUNT

—l— Polycrystalline Si
A— Si/TiO,(150 nm)
Si/TiO,(300 nm)

—— Si/TiO,(450 nm)

—@— Si/TiO,(150 nm)/WO;(150 nm)
—@— Si/Ti0,(300 nm)/WO4(150 nm)
—+— Si/TiO,(450 nm)/WO;(150 nm)
—@— Si/TiO,(300 nm)/WO;(300 nm)
—¥— Si/Ti0,(450 nm)/WO;(450 nm)

0.2
k39Ul (V)

0.5

JUN 4.13 anuvwidunseualiiuazussiulnihveswaduasenindafousiglnnitley

Tneanluanazisamulnsoanles



56

JUN 4.13 wananansinAranuvusdunsesaliiuasusaiuliivesead
waaefing AradnaazgnlddmsuauIuausuliilnasiagAAuruILLY
nszuabiindmeasianmsiunauandduun 4.14

. B ussaulnATnoees L 50 &'E‘

480 m | @ Aramuunszualnihdanases 5

> e 18 £
£

S 460 - . i

& 4

[ ]

4 ) - 16 N
i =
= 440 - . =z
sz - 14
= 3

= ro
I P

e 420 12 2

Z

=

° ST

= c

400 - n m n " . &
| T T T T T T T T 8

o 0'5 \
l« W WO W02
pov 5“ A Q0 “‘“ 220 o Q0 ‘\ﬁ“ o 229 ‘\“ﬂ

Sr“()lks ‘\q\01& ‘110'1.& ‘lr“()'z.@ |1\07.

JUN 4.14 Ausaiulnilidngess uagAnunnkiunseualiihaneasveseadiaseing
maneumglnimideulneenlen wavisawulaseanlys

U7 4,18 nansmndusius sevdneaussaulii 102595 uazAAN
Wi un el g aeasveeg uaseindfidn s eus g i oulaoenlsd waz
alnseenlys nuiAmmuLunseualiindmasvewadLaseiingindoudaedu
\ARBUTULUY SI/TIO, Wazduiadiousuuuy SITIO/WO; fdranasegraiulddniiomnumn
vostuadeuinniu SsgUuuuwadiasenfingfifdundeuzuuu S/TIOA150 nm)/WOs(150
nm) avilildAussduliiidnisasuazarmmruuiunssualidnia gl uuazden
1NN wEudaneuiusrnnedeuRn Wesnduedeulnmdeulneenlssuasdundou
Wamulasoenlasanunsavilirmmsaseunaslursnuemaautassanstlolanveuniy
%ﬁﬂauammLLamﬁmmmag]mﬂﬁuuaﬂuﬂmmmm’mfﬁ'ué’aﬂdn
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4.52  wamsAuIMUsEANSANaduEIRTIng
wsenulniinlnaeas Aenurudunseliingnins afladunawmes wag
PoyanltlunisAunaulssdnsnmveswaduaserindluguuuug q daandlunisiei 4.2

A1599 4.2 AN5196@R9AN wsaruliln99s Anuvwdunselningm99s Alaaunamas
wazUsEANS NNYBIaaLEIRIng

Ve Jsc Efficiency
sULUUwAdLAIR1INE FF

(mV) (mA/cm?) (%)

Polycrystalline Si 398.99 15.85 0.314 1.99
Si/TiOx(150 nm) 399.98 16.18 0.299 1.94
Si/TiOx(300 nm) 400.01 14.24 0.293 1.67
Si/TiOx(450 nm) 400.01 10.05 0.270 1.08
Si/TiOx(150 nm)/WO3(150 nm) 460.00 19.99 0.383 3.52
Si/TiOx(300 nm)/WO3(150 nm) 477.00 18.17 0.383 3.32
Si/TiOx(450 nm)/WO5(150 nm) 399.96 18.26 0.290 2.12
Si/TiO5(300 nm)/WO5(300 nm) 400.02 10.11 0.394 1.59
Si/TiOx(450 nm)/WO3(450 nm) 399.99 8.91 0.424 1.51
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Abstract
Light property is a crucial factor in photoveltic power generation. Therefore, the
study of light absorption and ransmission of materials is important for developing of solar
cell eoating material. Titanium diexide (TiO:) and mnesten trioxide (WO are the
important candidates for useas the solar eell coating material. Because TiO; and WO have

a narrow energy band gap and have photocatalytic properties which are the essential
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properties for the solar cell application. The aim of this work is to investigate the light
absorbance ability of the TiCh and WO, coating layer. The gel of TiO: and WO, was
synthesized by the sol-gel method. The synthesized gel of TiO: and WO; was coated on
the conduetive glass (FTO) by using the dip-coating technique. The light absorbance of the
coated surface was examined by the UV-Visible Spectrophotometer technigue {UV-Vis),
The surface of coating home geneity and the coating density were evaluated by 3D imaging
which was investigated by 3D reconstruction of the sumples by Synehrotron X-ray
twmographic microscopy (SR-XTM) technique. The results show the light absorption
ability of the conductive glass coated by W04 is higher than that of TiO:. However, the
coating homogeneity and the coating density of the WO coated layer are lower than that
of the TiO: coated laver. The unevenness of the WOh coated laver is the cause of non-
uniform light absorption. The homogeneity of the coating layer is decreased with
increasing the coating layer number because the coating is unevenly distributed resulting
in some areas are denser than others. From all the experimental results, it is concluded that
eventhe TiC: coated laver has a tendency to increase the absorbance less than WO coated
layer, but it is aceeptable considering of uniformity coated layer. Consequently, TiO. is
suifable for applving to solar cells becanse of its increasing of absorbance capacity and

redueing of li ght reflection.

1. Introduoction

Alternative energy is increasingly being used to generate electricity these days. The
most well-liked is the production of electricity using solar power. The idea behind solar
energy production is the conversion of light energy into electrical energy using
photovoltaic cells. The solar eells' eonstruetion material has an impaect on how efficiently

photovoltaic energy is produced. The material is suited for use in photoveltaie panels due
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to its strong light absorption capabilities and low energy band gap. As a result, while
developing new solar cell materials, absorbance properties and energy band gap are taken
into consideration. Polverystalline silicon is the substance with the aforementionsd
qualities that is now most frequently used to produce solar cells. Even though
polyverystalline silicon has a narrow energy band map and strong optical absorption, there
are still constraints on how much pewer can be produced, regardless of lifetime, the
absorbance range's limitation and ather factors that influence the effectiveness of electriciny
generation. Therefore, scientists focus on developing materials that enhance solar cells’
capacity to generate power. The most commonly used materials are photocatalysis
materials with good light absorption capability. The solar cells ability to absorb energy is
increased as a result. More enerpy can be generated by the solar cell as the absorbance
rises. Materials such CaS, CaTe, Ti0a, WOk and ete. are most commonly utilized. 9004 af
the sunlight is absorbed by Ca% and CaTe, demonstrating their excellent light-absorbing
abilities [1-2]. However, Substances containing cadmium were later discoversd to be
harmful o the environment. Currently, it is not well-liked. For producing solar cells, TiCh
and WO are widely employed. These materials are eoated using a variety of processes,
including silk sereening, spin coating, dip coating and ete [3].

The multifaceted approach te the practical applications of photocatalysis while
taking inte account different technical and material aspects [4]. Which consists of
hybridization of photocatalysis  with  other technologies, photocatalytic  reactor
development [5], photocatalyst immobilization methods, low-cost photocat lyfie materials,
photocatalytic activities as a function of the wavelength and durability of photocatalysts
against deactivation and fouling [6-8]. However, surface morpholo gy, agelomerated size,
thickness, density, home peneity or consisteney of the coated layer, among other factors,

play a significant role in determining the parameters of the photocatlytic process [9-10].
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Currently, there are many technologies and techniques to detect such a factor. One of the
techniques that has gained attention and which builds credibility in material inspection and
analysis is synchroton light technelogy.

KTM beamline located at BL 1.2W is the experimental facility for X-ray tomographic
microscopy. With the synchrotron radiation penerated from the 2.2-Tesla multipole
wigpler of Siam Photon Source (SPS), the XTM beamline offers the high-intensity x-ray
beam for microtomography to provide the reconstructed crosssectional detail and 3D
visualization of various kinds of samples at the resolution up to 1 micron (0.72-micron
pixel size). The application of X-ray tomographic imaging is appropriate for ressarch
projects that seek to describe things in three dimensions, such as the internal morphology
of samples, engineering defects, porosity, surface roughness, and pore distribution [11-13].

This research aims to investigate the uniformity and density of titanium diexide and
mungsten trioxide coated layers using Synehrotron radiation X-ray tomographic microscopy
(SRXTM) technique coating on conduetive glass by a dipping procedure that influences
the ability of absorbance and transmittance. The titanium dioxide and mngsten trioxide
materials were first synthesized by using the sol-gel method. Prior to analyzing the
fundamental characteristics, sueh as structural phase, absorbance, and transmittance
properties using XRD and UV-Vis, respectively. The results were then confirmed and
further supported by science using the SEXTM method on how the coating layer's density
and homogeneity affect optical properties.

I, Materials and methods
1.1  Synthesis of Titaninm dioxide (Ti0:) and Tungsten trioxide (W)
2.1.1  SBynthesis of Titanium diexide by Sol-gel methed
Titaninm (IV) isopropoxide (TTIP) {ACROS ORGANICE, 958%) was

used as a precursor for preparation of Titanium diexide {TiO2). Titanium (TV) isopro poxide




76

was first dissolved in ethanol and then stirred with 600 - 300 rpim for 15 mins. After stirring
for 15 min, the reactants begin to react and form to be a clear white solution. Hydroc hloric
acid (HCL) with eoncentration of 2 malar (M) was applied in aclearwhite selution to adjust
the pH to a value of 3. Continue stirring the ¢lear white solution with the same speed but
increase the spinning time to 30 mins, The white solution is gradually reacted with HCl
and turns into a milky white gel of TiO..
2.1.2  Synthesis of Tungsten trioxide by Sol-gel method

Sodivm mnpgsme (MaaWou) (LOBA, 99 %) was used as a sarting
material and then first dissolved in deionized water (DI} to form a clear white solution.
During stirring with speed of 600 - 500 rpm for 15 mins, the clear white solution was
acidified with 20 ml of nifrie acid (HNO.). For this stage, slowly drop of HCL into the
solution, it can be seen that the solution gradually reacted and eolorehange to vellow. Then
continues stirring for 15 mins with the same spesd, to make the chemical completely
reacted unfil a yellow-green solution is obtained. Onee the impurities were filtered and
washed with deionized water more than 10 times, to achieve a purity phase of vellow wet
powder. Final step, yellow wet powder and 2 ml of hydrozen peroxide (H:0:) were mixed

and stirred with G00-800 rpm for 2 hrs to get a yellow elear gel of WO..

1.1 Characterization of Titanivm dioxide and Tungsten trioxide coated lavers
22,1 Preparation of Fluorine doped Tin Oxide (FTO) glass specimens

Fluorine doped Tin Oxide (FTO) was used as a glass substrate surface.

Before using, FTO glass substrates were cut into 2 em » 3 cm rectangle before being

washed to reduce the contamination on the surface before use. First sequence for washing

is used ultrasonie cleaner with deionized water at 60°C for 15 mins. Then, first cleansd

FTO was washed with ethanel again by using an ultrasonie eleaner at room temperature
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for another 15 mins. The washed FTO Weorkpieces until finished all the steps will be dried
and stored in a desiceator cabinet to be ready for use.
222 Preparation of TiO: and WO coated onFTO conduetive glass
TiCk and WOs gel were suceessfully coated on FTO conductive glass
substrates by using typical dip coating technique. The number of TiO: and WO coated
lavers is the main factor invelved in the study on the effect of lisht absorption and
transimission. Before testing, all coated sample were heat treatment at a temperafure range
of 450 and 500°C for 2 hrs o achieve a single phase of TiCs and WOk coated on FTO
conductive glass substrates. FTOYTIOr and FTO/WO: sam ples are now led to the next step
aof characterization and properties test.
223 Structural phase analysis of TiO: and WO coated material
The struetural phase of FTO/TiOh and FTOMW s samples was identified
by Heray diffraction {(XRD, Bruker D2 PHASER) with the analytical 2-theta range of 10°-
T0P, using a step time of 0.5 sec/step and step size of 0.02%/step.
224 Surface analysis of TiD: and WO, coated layer on FTO glass
The surfaee of FTO, FTO/TiO: and FTOWO, samples was identified
by Fizld Emission Seanning Electron Microscope (FE-SEM. model MIRAZ) with the

analytical magnification 100 x and 5.00 ke

13 Svonchrotron radiation X-ray tomographic microscopy
X-rays were carried out as the spectral range of synchrotron radiation for
computing 3D fomographic reconstructionat 1.2 W beamline [Synchrotron Light Research
Institute (SLRI), Thailand]. X- ray radiation ¢ hanged the amplitude of a wave after going
through the sample. When maximum height of the amplitude was low after passing through

the sample, X-ray radiations were absorbed in heavy or high attenuation materials, which
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caused a dark shadow in the radiographic image. On the other hand, if the height of the
amplitude was still high after passing through the sam ple, most of the X-ray radiations were
transmitted, which cansed a bright shadow in the radiographic image. As a result, one
radiographic image can have many shades of shadew depending on the atienuation of the
materials in the sample. The radio graphic images of the sample were collected at 180 with
0.1 angular inerements for a complete datset. In order to minimize the artifacts, a
polvehromatic X-ray was attenuated with 200 micron-thick aluminum foil, with a mean
energy of about 11.5 keV. The radiographic images were collected on a sCMOS camera
with a pixel size of 144 pm. The data was pre-processad and reconstructed in three
dimensions based on a filtered-back projection algorithm using Octopus Reconstrue tion
software. After that, reconstrueted images were visualized by using Drishti software. An

example for analytical procedure with the SRXTM technique.

14  Optical Properties of FTO/TIO and FTOMWO ;3 samples
Cary 300 UV-Vis spectrophotometer was used o analytical the light absorption
and transmission of FTO glass, FTOYTiCh and FTOWO, coated material. Absorption and
fransmission are measured in the wavelength range of 200-800 nm as this is because of a
comprehensive range for nsing materials on solar cells.
The overall flow chart of material preparation, methed and eharac terizations of

fitanium dioxide and mngsten trioxide coated layvers was shown in the Fig. 1.

(Fig. 1. here)
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3. Results and Discussion
3.1 Structural phase analysis of TiO: and WO, coated material

The struetural phase of TiC: and WO coated materials synthesized via sol-gel
method was characterized by X-ray diffraction. As the XRD result from Fig. 2{a), TiO:
coated material after heat treatment at 450°C and S00°C exhibited sharp diffraction peaks
attributed to mixed-phase of TiO: anatase phase and TiO: rutile phase. The single phase of
TiTh anatase phase and TiO: mtile phase can be confirmed by JCPDS no. 21-1272 and
JCPDS no. 21-1276, respectively. In the case of WO, coated material after heat treatment
at 450°C, the imperfect phase or second phase of WO XH.O (TCPDS no. 35-1001) is still
found and mixed with the eomplete phase orsingle phase of WO (JCPDS no. 83-0948).
However, when heat treatment at 500°C, WO, XH:0 was completely reacted with
temperatire and evaporated the chemical water, then finally form o be completely single
phase of WO, From the XRD results, it is revealed that the heat treatment temperatire of
TiTh and WO coated material is not the same firing condition. The tem perature used to
form the single phase of TiO: is wider than the temperature used to form a single phase of

WO

(Fig. 2. hera)
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Fig. 3 shows the surface morphology of (a.) FTO glass, (b)) FTOTiC: and (e.)
FTO/WO: by FE-SEM technique. Itwas observed that TiO: exhibits a more uniform coated
dispersion over the FTO-substrate than WO, Additienally, it was found that the particles
af Ti0, were smaller than the particles of WO, coated on the workpiece surface, suggesting
that Ti0: produced using the sol-gel method is more reactive of ehemical reaction than
Wi In addition, fissures can be seen all aver the FT O-surface when looking at Wos
coated laver. The surface tension of the fairly liquid WO sol-gel is really what makes the
Wi coatings clump and produce unequal distribution on FTO-substrate. The FE-SEM
technology was used o examine the coating layer’s surface that the unevenness of the
coated laver not only influences the density of the coated laver but it also effected to the
aptical properties of the material.

{Fig. 3. here)

From Fig. 4, the 3D reconstruction with gradient color from blue to red was
applied to identify the density of materials. It was found that the pure FTO glass (Fig. 4
(a)) showed the blue color due to a low density. Whereas the FTO glass with TiD: (Fig. 4
(b-dy) showed the green color. From this result, it implies that Ti0: has a higher density
than the pure FTO glass, It also found that TiO: particles were homogeneously coated on
the FTO glass. After dipping more layers of TiD: particles on the FTO glass, the density
was higher by changing from light green to dark green color as shown in Fig.4 (b-d).

Mevertheless, after applying the dipping process for WO particles, the 3D
reconstruction showed the blue color as shown in Fig.4 (d-f). That means WO, particles
were barely coated on the FT O plass except the edge of the sample ({red arrow).

{Fiz. 4. hera)
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The uniformity and density of TiO: and WO coated laver demonstrated by the
SRXTM radiographic analysis technique as changes with the number of coating layers
increases. This is a mainfactor that affeets theability of light absorbance and transmittance.

The visible light wavelength range between 350-750 nm was usad to studied as
the wavelength range in which both materials had high absorption and eould be used in
solar cell operating conditions. From Fig. 5, 1tis found that the FTO conduetive plass has
lovw absor bance properties. Atter coating with TiO: and Ws, the percentage of absorbance
was higher with a tendency to increase directly proportional to the mumber of TiCh and
Wi coated layer. From this result, FTO/WO; coated material has a higher absorbance
than FTOVTiO: coated material. However, the distribution of the coated laver is uneven,
resulting in low absorbance abnormalities for more layered coatings. While the light
absorbance of FTO/TIO, coated material tends to significant rise as the number of layers
increased and the absorbance of FTO/TIO: was steady throughout with the condition of
visible light analysis.

(Fig. 5. here)

Fig. 6shows the light ransmitiance propertes of FTO glass, FTOTiO: and
FTOWOs coated material. The light transmittance property is opposite with light
absorption property. Of course, the light ransmittance of uncoated FTO conductive glass
must be higher than that of FTO/TIO: and FTO/WO, coated material. Then, especially of
FTO/TiO: and FTO/MWO; coated material was considered on light ransmiftance property.
From this result, FTO/TiO: coated material has a higher transmittance than FTOMWOh
coated material. While the light absorbanes of FTO/'TiOn coated material tends fo decrease
significantly when the number of coated layvers is increassd. For FTOW Os coated material,

the light transmittance of FTO/WO: coated material is lower than FTO/TiO: coated
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material. It was also found that the abnormal transmittance property with insignificant

increase in value when increase of coating number, due to the unevenness of coated layer.

{Fig. & herg)

4. Conclosions

This work demonstrates that the SE-XTM technique can be used to analytical a
uniformity and density of TiD: and WOy coated lavers influencing absorbance and
fransmittance properties. The optical property test confirmed that the absorbance tends to
increase with increasing of the coated layer density. The increasing of TiO; coated layer is
more significantly increased the coated density. In addition, with the same experiment of
Wi, coated laver revealed that the uniformity and density of WO coated laver were lower
than those of TiOh coated laver. The unevenness of Wik coated laver caused the uneven
absorbance, besides the uniformity of coated laver decrease as the number of coated laver
increase. As the coated material is unevenly distributed, some areas are denser than others.
From this result, The TiO: coated layer is most acee ptable considered of uniformity coating
layer that can be verified with the SE-XTM technique, even though the TiO: coated layer
has a tendency o inerease the absorbanee less than W0, coated layer. Consequently, TiCh

is mere suitable for using as a coated material that need to increase their li ght absorption

ability.
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Fig. 2. XRD pattern of Ti0: and WO, after heat treatment at 450°C and S00°C.
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Fig. 3. FE-SEM images of {a.) FTO glass, (b)) FTO/TiO: and (c.) FTO'WO,
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Fig. 4 The 3D Reconstruction of 7 glasses with the gradient color for identify the density
and thedipping particles (a) the FT O glass without dipping process, (b-d) the FTO
with dipping TiO: particles for (b) 2 layers (¢) 4 layers (d) 6 layers and (e-g) the

FTO after dipping with WO for () 2 layers (f) 4 layers (g) 6 layers, respectively.
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