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ABSTRACT

This research focus on the fabrication of low-cost copper indium disulfide
(CuInSy; CIS) thin film solar cells. Solar cells based on CIS and fluorine-doped tin oxide
(FTO) with different structures were fabricated, Ag/CIS/FTO, Ag/CIS/TiIO/FTO and
Ag/CIS/CdS/TIO/FTO. The CIS absorber layer was prepared by spray pyrolysis technique
using CuCly, InCl; and NH,CSNH, as reactants. The TiO, layer was prepared by screen
printing technique using P25-TiO, paste and the CdS layer was deposited by chemical
bath deposition using a CdSO,-NH,CSNH,-ammonia aqueous solution. The crystalline
structure, morphology and composition of the obtained CIS films were characterized by
X-ray diffraction, scanning electron microscopy and raman spectroscopy, respectively.

The |V characteristic under illumination (AM 1.5) indicated that the device
without a TiO, layer (i.e CIS/FTO structure) did not respond to the light, due to ohmic
behavior of the CIS/FTO junction. For the solar cell improvement, the TiO, layer was
inserted between CIS and FTO layer. The maximum efficiency of device with a
Ag/CIS/TIO,/FTO structure was 230 x 10~ % (V.. 0.147V, J, 625 10" A/cm’, FF 0.24)
with a 3-um-thick TiO, layer. It was found that the low efficiency was obtained because
of charge-carrier recombination. In order to increase the efficiency, the CdS film layer
was added as a buffer layer for Ag/CulnS,/CdS/TiO/FTO structure. Using the optimal
conditions for CdS growth, the obtained efficiency of solar cell was improved to 3.67 x
10" % (V.. 0309V, J. 6.01 x 10°, FF 0.198). The added CdS buffer layer lead to

decreasing charge-carrier recombination which was observed by the increasing V.. value
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1.1 anuduuwazanudifguaslgyin
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Usena uasdunltinfivanntunnd ludlagduldinisfonndsnuuiasssumnilunisude
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Tandouawililunansq Ussmevilanmszaindenisldngsnuannty
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uasefindanusadsudundsauluiafegunsaiideniigaduasening (Solar Cells)
w3a Inlalaan18ad (Photovoltaics) WasuLasefindfinnnsznuvuiiulanduinuie
wena e nuasinnnsg UL 1 p1s1eims fenutuuasegivszana 1000
wavAneninvesndsuasefindlulssmelnedanaded 5 kwh/m’/day [1] Sudueni

Winngaufun1saaniniianwasafinduin

M13197 1.1 agunniainisdnvaanasnunawnuludagduiasidananglut 2564 [2]

UTTLANUINATY | e YSuuiidawantaqiu Whnnet 2564
(@ivaswnandu
Tpln)

WANIUTIA MW 1751 3630
NaIULEDRE | MW 75.48 2000
WAL MW 86.39 1608
WU MW 7.28 1200
NTININ MW 137.57 600
VY MW 13.45 160
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MUHUALATUNG I UNALNURAENEIUNILERN [2] STunaduleungnadivung

SN UNALNULIALS 25% (A15199 1.1) vpanasunaualudsemaniely 10 U 210
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UFUABITDIAN NANUTINIA agalsAmunIsHARuETaduasafindnelulsyinadadl
USinauties Wewlsuiunnudiosnis snnaddisimunansivimaluladildlunisnandosld
szuvayannadslifumugauaziesiniinnmeUssing

a v (3

waduaseindgnuualu 2 Ussianlug)q fie 1) vliadan Bulk solar cells) uaz 2)

A a s ¢

aNENUIe (Thin film solar cells) [3] waauasoindvintan Tsdrulugazidudan
Famou wilUszansnmnisuUamasnungs uidesldiaiasdnssiagslunseuiunisudn

fa

wagaesliusunadaniuiunin vilieaduaterfindviinUarddneuilsinias Tluvusiwad

6 a

wateingytialauuns@adiaanilauunegvesiane iy Faaouadagiu (Amorphous

@ A

silicon) wazTan7ilileddnouru CdTe, CulnSe,, Cu(inGa)Se, kaz  CulnS, +Juiagf
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=Y

aunsnUgnadnasuugIusesdmgnisu nszan villiaunsoandununisuanldunn
WiguiiguiugaduaseniindylinUastaneu
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madondlamsmhmaiadutuganduvensadiasoinduiefiduuidld Hosndd
Ausyavisnsgandunasiigannniy 10°an” uazdudumshsinivdauoundanuiuunss
(Direct band-gap) fAaNaIn3 19w IkaUNEsU (Energy gap) 1.5 eV [4] Femuizauiivhun
Uszgnaldiiuivaduaseiing Jagduigaduaseniindeia CulnS, iussdnsaimnisudas
waanugaan 12% [5) sesmsssmemeldayanmea Ssdsasiesliszuugginiedisisim
a9
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lneilingusvasandn 2 Usenis Ao
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1.3.1 duasznianun CulnSmMewallaailsy (Spray Pyrolysis Technique)
1.3.2 Aisizinuaudiveandn Cuns,
1.3.3 na3guiau Tio, mewallauiansu (Screen Printing Technique)
1.3.4 nMawspuian CdS mswmalinn1seuatsazateiail (Chemical Bath Deposition
Technique)
1.3.5 AnwrtladenansznuneUssansnnassaaaudse1nglaseadng CulnS,/FTO,
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2.1 WAUNWAS9U [7,8]

Tuogmeudifinnsouindsnildifissunsdlairedes uazsedundsnugnuondudy
agnadnian wiluveuds dsedundsnudeifiesdivouwnmdutianiondy upundseu
(Energy Band) woundsuaInnsaddidnaseudiuiunInuigeginiu lngaslaasves
Bidnasownsuenanetamdenaiudeududeiu Sifnaseudosusuidlaaslliieldlviaa
Msviudeuiy wazanmdnnisiudeurounnd (Pauli exclusion principle) Ul 2.1
Sidnaseuditndaaslideuiiuiuaziidlndidssiuannauilfgadiednduss fundeanud
Seafinfuagiaianio BenduauBusen (Allowed band) wnuBusenflegtuuongnisony
uauUANL (Conduction band) tazuaudugeniiegdaunienit uauinaud (Valence

U

band) TuusiazuauduganazgnAumeLaUABIIL (Forbidden band) flagiuaanaanuilyl
< =

fidianaseudegnisenin Yot sndwu (Energy gap) fintaedudidnasouliad (eV) den

WIUNEANTE IR ATD LI UAIN LA AL IUNENARAYBILAUINAUD
E, =E.-E, (2.1)
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wdsendlunauaiut Sinnseulusumisiis wasusumisaasndanulagnisneuaussann
WAITUANE 98 U AuTeu wavauulii ununnLaUNaYIuYedlanydl 2 dnveg
Snwadl 1) wnveseritmdsnuisiatosnnaui B naseuasaATaUATIENUY
wdreaunldud wazdnvad 2) iatululaveunwiedenslifvesinwes
waundsay i liauemuwazLauIaus Seuiuiy 818 naseulutauaui wienfiay
\ndeulsvLTR A UnE s gl meuonuansissuR 2.2 (n)

Yanau lugruaidulifiddneseudass vilfuounioudgnaseunsesiedidnaseu
sudiu Turasfiuauamuinadan dWesniivesinwesaundsnufinirann wildsuns ey
arufou Addliifsmofviliaidnnsoulusavanaudiedoufiingunuanniild fafutag
UizLﬂw‘fﬁﬁﬂmmwsaﬁﬂw%léfmaLLaméquiJﬁ 2.2 ()

Sanansniasnh iduianiiflandAimilyihegseninsinimasauiu Seranimilaiin
tesnidniusdinnninauiy Tdnvarreauriaudizgndidnaseunsounseasiuauay

Y1 UAULALINURLIY ANANAUNEITNIAILNNTDII VDI UNDIULBENINRUIUNIN

(3UN 22 (v) Firpgnudungmumgiivies Fameu (Silicon; S Faduansieiaifivesinaves

=

LOUNAIY 1.12 eV wae Famaulseanles (Silicon dioxide ; SI0,) Faduauiniiveainewes
uoundsnu 9 eV anmmiitliiihdaneuncsidnoulneenlarieneiudnia dodidnaseuniaud
avaundsnuainnsnszduldgeme iagannsongaesndudassdduyunesosununmil
Wisuadeunsaglondidnaseuinuterieauaundsnuanuauinaud Wguauarh vi
Tifanussaniinlndinle venondsmuimaderiddnnsewiaudgnnssdulufunuaini
247 T80 (Hole) Tufiuauniaud Falaaitumvsilyinelamileilszquiiudidnasousddu

wiiauan Tunsalvedlea arunsaulwinldufenudidnssoudass

condnction conduction

PELT
band
overlap-band Fermi level band

electron energy

valence

band valence
band

(n)

3UN 2.2 uaundanuved (n) Tavg () a1sneian (@) auau [9]



2.2 d13509A311
2.2.1 d13N9AUSEANGIALHYT
a1sneinilsziansnhgfesIneglungu IVaeen1s1es1g lawa Arsueu ()

)=

Famou (i) wosunday (Ge) waziun (Sn) Fsoznouvessimunazyiaididnasouliiviiiu

Aaa &

winnsfleznennidiinaseulusediuinaud (Valence) 4 Biannsoumindu dmiuesnen

| [

Wialfalinnunasdn 4 NdnsudiannseunaziinuiieliesnauiinnuLanss

2.2.2 gsnednhussnavansuszneu

asfefthdszianiiAnanmsadeanssenouvessindasi lilandRuiuly
yasunIganduuas wazmsvanUdooias Sainiagdwnaiadu Jandidnnsedndnng
uas ansneissantianansautsngugenldaamvessalunsesn

anshsdningu IV Ieun unatdeuersialus (Galium Asenide; GaAs) wnalde
Waaluls (Gallium Phoshide; GaP) wag diiausladlna (Indium Phoshide; InP)

ansiesninga 1V 1A wanisudald (Cadmium Sulphide; CdS) uaniflonda
lum (Cadmium Selenide; CdSe) LLﬂmLﬁameqiiﬁ (Cadmium Telluride; CdTe)

arsfssathingu VI leun Badalulsl (Lead Sulphide; PbS) Annaglss (Lead
Telluride; PbTe) #iudala (Tin Sulphide; SnS)

arsnesatinga V-V 1fun 3amouanlug (Silicon Carbide; SiC)
MeFeasisiussnnansusznoulagld GaAs uarsimogdlunisedune nsi3endn
Gahs Wiiuwiinidu ldlagldeznouansinmy Vi 1wy S, Se viie Te dslididnmsouniaud
6 Biannseu Llevnside sznoumatazdnluumudl As Tundn Sidnnseuntaudazidily
a5ausEies 5 Bldnnseu Flimdedidnnseudasy 1 dlannseu @1unside GaAs Wy
yiail vilalagldozmouainsiamy Il 13 Be, Sn w3 Cd dlovnnside oxmeumantaziin
TWunuit Ga vlmfefiindduiusslngozneumaniiosie Bi8nnseuainnanun 1 Sidnnseu

yMlinnlaadu

2.2.3 wingluansnediai [7,8]
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a a d‘d o = (- -19
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a s

Sldnnseuazirdauiilueasineanindaliamisadnadounluuinuduguewants
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Wisuialiouduildddnusgniailudeing fadufisseumealuiunuinislédidags
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Lauauddeddidnnseusgiiunazuauanuihiiauaddiinvginseq eguvgl
qq%umm’jq 0K Bidnnseuluansfssiunsiignaszdulidudasy gnarelouainuoun
wudnansanmiudidnaseuluuauannuiiteniinisiinesguszanive (Generate) wae
dendanumnuieugniantdesvie samgiivhasidnasevlusauanuianunsandunans
aninandianaseutrluidudidnaseudaudioniinissiudiveslseynine
(Recombination)

didnasounaslaadnaziinlugisondt gdiinnseulea (electron-hole pair) (3 U7l
2.8) Fluansisdininainassnalandnliun audeu (Thermal generation) uas
u@s (Optical generation) TuﬂaiﬂLLiﬂLﬁumimzﬁué”mwé’wumm%famumzﬂ"qﬁwé’mu
aeni E¢ Fsmeleuludauauhlel nalnflaesdonslasundsnunandolnnou Andaaugs

NIUIBNNAY Eg

wauvinlvlvh
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}m Ren: ombination

Ge |1eratmn

Pa
e
AU

5UN 2.3 nalnnsifianasnissiudesnneluanisaumgineg [7]

2.2.4 Yagansneinihveuavnsanazuauliings

Tueufuaiauds dnvarlassaiiswaundsnuvesansising axfinnugeenuay
Fudounn e3uelinn ununmMENuauaa (EK diagram) aunsaudidnvazlaseadng
yoaunundaulsl 2 vila Aeunundssnurosnss (Direct band gap) Fsildnuwazgamanves
LAUANUTNTAILNUIATITUIAGIAATDWOUINAUDT WazlaUNGIUYelinTa (Indirect
band gap) Teildnwazqaraaveuauauhiliuvdlingsfugaganvesuavinaud
uanafaguil 2.3 ﬁQﬁ?uamﬁ’aumJ'izmﬁJaqmi?’iqghﬁwaaaﬂduﬁawmﬁ’umm RAVEIRIENRN
was BLdnpseunnlaud lasundsnuainnisgandulaiminndsauganintesinewes
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E=hv>E (2.2)

E AD Na991UY09 Ry
A { o I3 -34
h A9 AIAYANIVDILNGYIA 6.624 x 10~ Joule sec

vV A9 AANUDUDIAAULES

Tunsdluaundssdonss wdsnuvedlrineuanuasdsdawiiy hv anunsansedu
T#8iAnmsouningagegavesuauanaudduluiegaianvosuavanuiinlilaenss waz
fldnAseuINYARNanveIAUANITALNTaNIEANa N SgagaanvesuauItaud Tnlsl
FosfimaiAsuuasrlundy waslunsdiazinsanydosndinueanuilugurosuad
Hesmsasusyiundanuresdidnaseu lunsalvesansieinihuuureding azded
mMsasuulamdsuneufemaiAsundadluundy elinseiugaranvesinuainuii
ndsuiuansfanaranFonitlnuey shuanseanuilusuresrnuiou nsgandunienns
nEuvesansnaiinguitnaatuldldfitn innegasdaudinisiunasiasnitansis

AU UULD9IR ST [7,8]
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5 [7,8]

a150M211usans (Intrinsic semiconductor; I-Type Semiconductor) qumuﬂa

9

2.2.5 a@13neiauTem
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a

nuredeansnestuTansdeliinasiiedusiserneuulanlasy dregrududdneu

s
a a

Udgnivierediundouuiant msedursauiivesansivinilaglduuudiansiusylaa
uiludnuaizansdii nanluansieinhezdiesmeniiiossiuodiaduszifovdaiondn
waniia (Lattice) lunsdlgamgdl 0K Sidnnsouiindasusuinidesanlalasundsay
meusnuiisawe dtulukauriauddidnaseuiagninlifetussiniaud ldifisaned
ylvdidnnseuasuszdundsenlueglunauanuily lunsdfigumgiiinunng aisfs

Aithusgnsdslianunsailuila

2.2.6 ananedathlsiviaws [7,8]

mfﬁﬁ%ﬁﬂﬂu%qw%‘ (Extrinsic semiconductor) Aea1sfsdaiiifeyne
wanvasudzUuegivaznenyagiuvesalsneiiii ezaeuudanyasuiiuzUusggn
138197 BEABUATTIAB (Impurity atom) NAYBINISLANDEADUATTIABAINITOAIUANAN
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UsgquInunRantienidn n1siewuuyin @ (p-type doping) wldilleafinanntunasd
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2.2.8 a1snedathuiiai

n1slendnddneuliiduriiafivihldilauesnenainsinny Il v8401519579 Tusou
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Sidnmseu 1egnifuaslundnvesdaneudsiididnnsourniaud 4 Hidnnseu Faads
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Jona1 Wllelaanndawasd (photocurrent; 1) 3 DLUAaLAID1AE (Solar cell)
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[ =1,-1 (2.3)

L D
1=1,-1, (2.0)
e Ip Aonszuafildanaunsvedlalen
qV
I, =1 [exp(—)—1 (2.5)
b =Ll p(nkT) ]
WY | asluaunis
qV
I=1lexp(——)—-1]-1 (2.6)
ol p(nkT) }=Ir
A1 n (Ideality factor) AaAY qummﬂagﬁd n fldviniu 1 ey
qV
I=1[exp(——)—-1]-1 (2.7)
olexp( kT) 9.0
Tunsdiana9asau Ry Lﬁa@mﬂizLLaqaqmamaéLLaqmﬁmé () agle V=0
1=-I =1, (2.8)
Tunsailn99sau R, Lﬁa@ﬁ%mﬁuqqqmmLezjaéLmeﬁmé (Voo a2h0 1=0
TBE T (2.9)
I qV.
-+ =lexp(—=)-1 (2.10)
I, [exp( nkT) ]

A/ :k—Tln[I—L+l] (2.11)
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geanilloanuaeindaiu1sndrgeenuidnasateueniuavesitdaliinggaigad
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ISC X VOC

FF=——+—
Imax X Vmax

(2.12)
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o o A s a ¢ a Yo o w A s A ¢ 2
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n:hxmo% (2.13)
x100% (2.14)
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ANN2AD1NA (Air mass) APAMUNUILUUSTIAN 1991 AN NAI N1 UTUUTTEINIARIN
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AIAUATHEITEENIINISAUNVRIS MO R dstiaegn Feanwaeliandn Air Mass
1 (Air Mass 1) Lane1findivdguyuangamilofsve Air Mass 3ggnivuaniy

SEYLNINSIANIU F9a1u1sarulIndls seaunis (2.16)

Air mass =

(2.16)
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e 0 AoyuveInveindNnuisuanyuaminvilefsye

Feu193551ulunIsNIINAFRUITAR kAt AInddA ULy 48.2° [18] dMnd9ves
v aa s a & 1w v & 2
FENaNNTENUVULTAGLAIRIMAGLYINAY 1000 TRdRBA15I0uAT (LkW/m*) a1eglu

gaumgdl 25 psAwalea (25°C) Fa38n1 Air Mass 1.5 Global (AM1.5G)
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2.7.1.1 P1359UAYRIBLANATEULALIgaLUY Band to band
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2.7.1.3 M359uA309B1anAsouLAzlgaLUY Schottky-Reach-Hall (SRH)

N1557UAIVRIBLANATBUKALLEIALUY Schottky-Reach-Hall LAnaIndeunnsesves
wdnu3edaudovuinlfiAnsyfuveataundsnulndlugisdesinave swaundsau 3
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nsAuNUYIENYNTRladuateing gnAunuassnlnetdnIng mansylSaaa

dl Y a =

%9 Edman Becquerel Tul a.A.1839 1uideiigndnunlaesuisfisnisnaassuunneivia
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Ididdeusngnisalveswaduasenfinanddaouuarhuddnnfvssauamnuduialunisiiia
Usgdniamaenaaauasorfinduiinddroulu 6% uaz Bell lab loihumaassldndn
Aaslni i uInsdwnlusuun LLGiIU?i’NL’Jﬁ’]ﬁ?UET@ﬁi’]ﬂ’]QQﬁﬂiﬁLﬁuﬂzaﬂUﬂ’liﬁ’W’l

)

Uszenaldluniegsialul aa. 1958 waduasorfindgniunldlunisudnidsluialvnu

ieesdsingvnmdn Tumufisuuazs snsueanalulsliAdfsiuannsiauegresmialy
maifiudsyAnsnmuazandunulunssineaduaeiing uazinsldesnsunsnasluiiud
yilan Lidazdu msdeans nsihluldduesesddlnihdugauilignisifindwounns
naaesog Aol fludmndvduargnamnssu Ssaunsondaiwaduaterindeani
1NIERNANLFIM LI MITuUiaeeaduasedindvldunniuauieue
vaeLunngIn

N3Vl 2,16 asnsausnUssimealaduaseiiadliaintagitsnaiaduman
TnowtsanJagiviunanddneu Tanfivhainasisiniwdamsusenaviiioadaduty
annduuasiaodwlvgiwaduaseriinslulszinniisadalidsudnualdunuuiduung

% IS

Wesndanansnemndiuseinmansuseneuilan URrea9a 1 auauna 9 ukuUkaUA kALl

[

ArduUszansnisganduuasiiandudiulug wazwaduasoindNfinannisviiauain

Ufizen e
Solar cells
|
1 1 1
Silicon Non-Silicon Photoelectrochemical
| — . ~— [ |
Monocryst | | |[Multicrysta 1I1-v I1-VI —
alline lline GaAs CdTe Dye-sensitized
(Crystalline) (Thin film) solar cell w38 DSSC
Amorphous -1V
(Thin fim) CulnSez, Cu(InGa)Sea, Cu
(InGa)(SeS)2. CulnS;
(Thin film)

JUN 2.16 Uszlanveaaduaianding

a 6 a Aa

2.8.1 wadud9e1Nng vt anUNANLAY?

waalkate1ndviladanounaniaen (Monocrystalline Silicon; c-Si) Tulaseasng

fiugruvessessafi-1ou 143ansuniundndugiuiinnunuiuszuia 200 - 400 um #1ui



Sunasaziluansivihaiiafinssduiugiuses dauvuniivs 0.2 - 1 um ws1zdednIs
Tiuasmnnsenunzqisseasdefi-aulilauiniian Aaiusuuasdssenaulumedudiiunis
dvvioullas (Anti-Reflection Coating) 819%11371n @dneulaenlenioiiuuszdndninnis

annduuas wastlanglasumseanuuulildnundesnanuayluvasiiieriuausasiusu

a o o

wingthliiieduliunfian dutiiundveagaduaseindazdeuluiduialouda

PRdn Ul Auuvd e wagillosainnisiiwiundnddneudidedinuusanauingsuin

9

v

Falgannnszuaunislaasian (Czochralski process) nasaduwaauasoniing vinlwidsan

AoutNeas JUN 2.17 (n) lugavewaduatofindvindare unaniagdNyinanunuwiuianeu
JUN 2.17 (1) uanslassasnavewaduasofindutanininedniiuseansningada 24.4%

InenanaNaslfuAn1s Photovoltaics Special Research Centre [22]

rdouble layer finger "inverted” pyramids
Ilantireflection {\ '
[coating

P
bl
n thin oxide -
p-silicon (~200A) p*
vy 3
“ p NN ]
rear}contact oxide

gﬂﬁ 2.17 [waauaseinduilndanoundnifen (n) ) lugaveswauaseiing (23] (v) lassaing

"UENleiaaLLﬁQ@WWMB%Hﬂ%ﬁﬂ@UNﬁﬂL@H’J [24]

2.8.2 \YARLASD NG TUATAADUNINEN

Wwaduase g viiaddnaunnuan (Polycrystalline Silicon; poly-Si) Usznausig

q

\n3U (Grain) IUALENUBITARBUTTANANIAEATUNAN 119INA1TREBIINKANTAABUNATY

waenand e iululdliuisunsegnuian wag dameidegyiaaiy (Wire saw) T duweiu

ax a

WiukAngUAmRudnTauansd 3U 2.18 (0 uag v) wardnlonansnainausiuianeuyile

¥
add

wpAndidnuaeadiesuiuufenisvasulfararei3onisiin Edage-Define-Film-Fed-
Growth (EFG) lwaduaseriinduiadaneunyraninszuiunisaiisiitonazgnitead
wasefindviiadaneunaniie uidsduwlihmewsydvsamitesninnseiidnsniaia
Uszgnmgilununuaziinnissamsilv (Recombination) seninsweuvesinsu (Boundary)

meluddrourianvndnagdlsinuansaiiuuszdninmueagadlaainnssuiunsasig



1

Faguiu wuneanisiliinsudivwalvg du nsunsnduveskasnieluinsy nisudngad

& A 1

waveinduilndamounynan UseAninnaeanvedvaduaseiing dA1asan 20.4% [25]

JUN 2.18 waduasoinduilnddneunyuan (n) lugawaduase1induilnddnaunyugn [26]

(VNTLUIUNTAT N UL ILTAABUNYNEN [17]

2.8.3 Wwaduasarindudaunatdauaiylun

wnaldeneglud (Gallium arsenide; GaAs) 1ufanuin a15usznovufadaiih
(Compound semiconductor)  fidnvauzlassasradundnivuiiostu daneu delae
wannsudadianuminzaudusgnuinlunisthuidssendld dugaduasaiing sz
ﬁﬂ"]maﬁ’uﬂszﬁw%‘@mnﬁuumﬁqa Wazastus s saadrauduuegly Gaas danu
NIAULAUNA9IU (Band gap energy) 111n37 FaAeu LazdAlnalAgsaauafuin
dnsundsuaimaaakasorangnialulan wiiweauasoindsidn GaAs qzil
Uszdvsnwgailoifiouiu waduasenfindvladansundniien wudsadunisyiaud
LﬁlSQﬁUﬂﬁm%@quzﬁﬂ?’mquWUfﬁﬂ FanouuararsAaihvindug Tukansliiiudn
GaAs wnzaunniezldlussuuiwaduasendindiiussansangagn 27.6% a1elénns
NAEEUNINTZIL AML5 uidnidenils waduasenfindiiviiain GaAs fsiangauinile
Feududaneumnsizasnedisnaia Epitaxial GaAs uwazdeutiuiiesnnuvaondeoidu
wannszuAa As fanudufivgeunndiuannldlumnuidesnisssansamasiduay

v [~ 1%
AMUDINALUUNU



¢ A

2.8.4 waduas1indvlaWauuIg [27]

waauasefindudafiduuns (Thin film solar cells) loisuaaudnsalusza@nsnm
15-20% waduasenfindwiaflduursansandnainiaglinatsvdniiidndiuminidy
FamauadugIu (amorphous silicon; a-Si), AaUlUasdiAey (wnatdsw) lndalus (copper
indium (gallium) diselenide; CIGS) way LLﬂmLﬁEJmmaqiiﬁ (cadmium telluride; CdTe) 1Tu
fiu Fedevastandanarudutanilfifutugandunadlulassadie iespanthiien
Ausravsnisganduuasiigeiailiaunsaaireflduiidanumuniios 1-3 um Taevluudn
Tassasvesaduaseiinduinflauunsilaosdnuariindiofiufe wuu Fuainsm (Uil 2.19
(n) uaz uuy guiasansm (3Uf 2.19 () Yszneulushogiusesiivivhonszan

Fumthens¥unas (Window layer) a$santaneanlsduedlansfithlnihdaide
59N TCO (Transparent conducting oxide) @usnndnas1937n ITO, FTO %38 ZnO 1Ju
#u SlandAduansisnthelin n Afidesinwesuaundsnuiias uazflantAlusauauazih
Triled

Futwiles Buffer layer) ad1anTanfiflanifiduarstiasuindaibu lnenihiingn
vostuiviuihdusessosenhstuganduuas wagiflodndesdidnaseulugduntimeiu
uasiazaedosfiunisunsnszatvesdiinnsoussristuminsnssunauas fuanduuas

Fupanduuas (Absorber layer) a¥1991nTaniifiauifduansisdaieded fanu
AsreaUNdsILogsTWIN 1-2 eV FamnzanigaluniniunairaJuwaduasoring
yhhiiganauuaduazivasunduaadundsanulaii

J7lane (Metal contact) v‘f'mfi']ﬁL*f]usﬁ'ﬂw%LﬁaﬁwLﬁaawmzaaﬂqjawsmauaﬂ

Glass

Absorber layer

Buffer layer

Metal contacr
Absorber layer

Glass
Metal contacr

(n) ()
UM 2.19 lnssasnsveseaduasorfindviinilduune [27] (n) lassaiauuuduainsy

(Substrate) (v) lassasnawuugUilesawmsy (Superstrate)



a <

2.8.5 WAL indylindanauadagiu

Wwaakase1indylingddmouadagiu (Amorphous silicon; a-Si) fanwe

= Ayvo

waneanydnsesse f-10u Judunidnunsnarelusluuusesse ‘p - i - n’

[%
1 v

Usznoumeduiu1auingluduive a-Si 9guuaalazaINaA8guId a-Si ARUINI

U 9
Y
a [ <

audl lneusiaeinnasiieidu a-Si usgns warduldufiuraninves a-Si (Uil 2.20)

o,

TAgN L UBAINITINIIUVDLTAA LAID NN TNATAADUDAUFTIUARIYAAINUNANNTS

<9

faa (%

Muvetwaduasoingyiln Fdnouluundnivaduatoniinddinouadugiugnasng
Tisgudaninvaduaseniindvinddnounuunan uasdaigadunasiigandiuin
wszaztuieanunsodunadraduiiduuacld Feuszudaluiosnisanusunatag
nszurunsaieildenmgiion lindsudesniinisudawaduasenfindvinianou
wuuKan mangdmsuh luldlunnandiyd we Lwadwasenindaiia a-Si Tudagdu
FansiuszAnSandesnineaduaterindvinddnounuundn JaUszansninveq

Wwadkasa1nndylia a-Si AUz 10.09% lussdvuiasufininis [28]

Metal contact

(n)
UM 2.20 waduasemindvilagineuedngu (n) lugawadumefindviladareuadaugm [29]

(@) Iassasnusanuaseingstindaneundngiu [30]

2.8.6 \Wwaduasaindviauanilissinaglea

waduasarfindvinviauandenmnaglsd (Cadmium telluride; CdTe) 18u

o 1

Hanundnn uanlley naglasy gnasianieldgauszasanidreuwasldaunuei
lagdaunitevesuaundsnulnaifssiuatgauainasiussdnsningedie16.7%
[31] eegslsiinng CdTe aldsvaarsnfinnuduiiveds uanloy FedosszinsgTa

luseninenszuiun1sndn waduaserindvilnuandeuinaglsnuansdegy 2.22



Glass

Sn0:(TCO)
n-CdS (Buffer

p-CdTe {Absorber)

Meatal contact

(n) (¥)
JUN 2.21 waduasevinduila uanidenvaglsa (n) lugaaduaseindyila CdTd [32]

(@) Iassas1gaasasannduin CdTe [30]

2.8.7 waawdsarfindviia CIS

'
=~ o o a

waduase1ingvila CIS as19vnansisatvdearsusenavainsiany Hil-vi

=

UsznaulUsie vesuns, Suiday (wnatdew), F8iden (Faued) IaAduureddsnuas
1ASI@SI9NANTIA maiﬂiwim‘T,ﬂ&Jﬁmﬂ’ﬁﬁlﬁuﬁfu@mﬂﬁuLLmim”LLﬂ' CulnSe,,
Cu(InGa)Se,, Cu(inGa)(SeS), CulnS, ‘17\1531LL(ﬂ'a8ﬁ’sﬁ]8ﬁﬁ’l§ﬂﬂ'§8§‘1ﬂ§ﬂﬁ@@ﬂﬁULLﬁﬂLLaz
mwm”hwaqLLaUWé’amuﬁimviﬁu?Tuasyjﬁumiﬂ%’w%mmmsé’mﬁuﬁ‘mmmiéfqéfu R

¢ a : o & ¢ o T, ~ ¢
LGUaaLLaQ@']V]@EﬂUﬂQN CIS QﬂWG&JU’]“UmHLLVIULGZIaaLLﬁx‘lEJ’WW]EJ“UU@LLﬂ@L@JEJﬂJL%aql‘m

'
I

Hesandenuduiivieenivaduaseindsiauaniiistinaglsddafianiudasadase

Y a

Andnuazilyd uanandnisiauluresUfifnisdaiusedniaiwasiis 18% wazluids

Y

Wil laguIenTunaandn 10% Feerauesldinvaduatenfindvia C1S Duivad
Lase1finguvdauIan 33U 2.23  laisuseninsddssdnianlugnuniuas

LaunSsudanuInIsiawtgadiaeinddiaunsavilinminnitdagulasnuin

=

Ingilauansusenounuiaulalunguihe danvrireUilasdiieuladalna (CulnSy CIS)

[y a

! £ & A i q -l o~ Y Y =
A1 MUizﬁVlﬁmi@jﬂﬂamLadwgﬁﬂ’m 10 cm  AANUNINNUDILAUNAINIU 1.5 eV 949

S8
2D

N

IndiAssiuArgauauInigallaWiguiuilduuanauifednu (SUN 2.23) wazdianunse

9 q

%4 b4 a

asanedsnlildssuvagyiniadldaunuiiniinisasienieilauviindu a1y 33
alsge18a1u50u (Spray pyrolysis method) ﬁmumﬁau (Spin coating method)

wae I5Peaanen (Colloidal method)



N-C.ds (Buffer]

p-ClS (Absorber)

Mo [Contact)

Glass

(n) (%)

JUN 2.22 waduaseiindyila CIS () lugawaduasenfinduiln CIS [33] (v) lassasn

YoawaaLkaseingyta CIS [30]

4{} T T T T T T T T
AM1.5 radiative limit
/ Radiative limit with
30 potential fluctuations 1
1.4 By {o: =100 mV)
— TP Sl IA-A
9 .9 GaAs )
= S gl
§ 20+ L ® Cu(ln,Ga)Se, 4 =
o ! CulnSe.
! 2 e CdTe
L ]
§2h /&
4 Culns,
r 2 ®
10+ y Cuyp o @ CuGasSe, 1
Woe R ® 7n.P,
-”
bs FeS, Cds n
0 _"'.' 1 L L 1 L, 1 “T‘"“-—-— I
0.5 1.0 15 2.0 25 3.0 35 4.0

Band gap (eV)

JUN 2.23 ANudNTuSTEniAIN IR UNAN e TaRfuU sEANE A Ng R

2.8.8 waauaeingvlia Photoelectochemical cell

Photoelectochemical cell lulwaduasefinddunuslagliansdianinglasilugy
YAt snuvagnusznufmenszaniadeudathliilussuaseiafivesnledlaed
Frunifitulnndoulneenledfnogiadumsfaininasinddnvazasssiluanavod

doulmasgnasluinizuu TiO, lelnnougnduduluanueneduimangauduvesddouls



wavzdndianaseudiluguauiilnives Tio, u,azLﬁﬁauﬁmuﬂsmﬂﬁﬁlﬁ/\lﬂﬂﬂ'ﬁ'mmlﬂé
2995018usnfiendmduiidelniuaziadeudinduidineasdsnadsludasniasisen
N55EUIMNSTIN “Sindu-0onBuadu (Reduction-Oxidation)” datAnnieluanssidninglast
LLazﬁmuG\'aLﬁaﬂ@EJm'ieiqaLﬁﬂmauﬁué%mmﬁﬁamhLLm

74

2.9 auvAinaniinazn1znudugIuYasHaNUIe Cuns, [34]
wunmINATesss 3 win NeafuUnamsduTusUesansTaLansA AL
s¥1e BsAUsENOUNAE TR ANUR 2.24 uansusuamIAAYesTEUY Cun S finsgy
atoslugamaiivied f?gmﬂﬁlﬁmw’m CU-S, 1n-S wag Cu-ln MARTulufdy Culns, 1wy
sz"Nﬂﬁ%@ﬂﬁﬁﬂizﬂ@%@W@ﬂLLmLLaz FalnosAuanInsveuraegy 2.24 Tuidu Cu-s 4
AuEde TRl UaITUSENBURBY CuS, Cu; 7S, Cus 065, CU,S waza1sUsEneud
AnTUsENdNg InS & 1n,S,, NSy, InS Tunsdiues Cun 1Huansusenausyninslansd &
(Cuslns), N (Cusgng), @ (Cuyying) Wz Culn, LagANLLENYII0IE15UTENBUYEY ﬁm‘ﬁqam
%ﬁmﬁqmﬁgﬁﬁmﬁa@ugﬂ%ﬂ Chalcopyrite CulnS, wag Cubic spinel CulnsSg wena il
gﬂLmumﬁﬂﬁLﬁmﬁuazmemﬁ’uﬂ?’gj}ugﬁ’umnﬂ?iauﬂ%mmé’uﬁ'ua‘%ﬁa@ MSNTUFURUY
WENUBa Culns, Felaemluilassaiamdnuuy Tetragonal iilelf3ugamaiiaeands 1,318 K
fwLﬁmmim?{auuﬂaqgmwumﬁﬂ 9nlAseEs1e Tetragonal 1WulAsaasne hexagonal wag i

AnABUMAT CulnS, Neanail 1,364 K

U 2.24 wsunWignIAYBIsEUY Cu-n-S [34]



lngunfnadluaisusznouny VI auilundnadalassadiaaialalnlsd
(Chalcopyrite) uazditounnsaanlassadandndnilafilésuainnsiuasudidunisises
vosovnou lulassademalalnlss Seena9zldsusznouves Cu uas In WldiSeesaly
Tassafrauuudsiiuausd (zincblend) Fathluglassadrasenin “Copper-gold” (Cu-Au)
Tassadrsndnanalallsed wag Tassadrandn Cu-Au wansfaguil 2.25 aadnvazianizyes
lulpssasrsvlianyudn Cuins, 99z lainsefuavun ?TuasjﬁUﬂwaLﬁaaLuuﬂ%mmé’mﬁué
LLazaW%ﬁ’ﬂ,ﬂgiimqa%’wﬁ%'u%’ammgﬂLLUU CuIn-S Ssanansadnsnzilamemaiin XRD

ey I1UU

(¥)
SUT 2.25 Tassasanan [35) (n) wuumalalwlse (v) wuuBsiiuaus (Cu-Au Odering)

2.10.n15taaaUNaNUIe CulnsS,

[ (%
Y 1

nsvunITaiNTautusuRAnIstAnU AT a1 naedinsaulm AR saz AUy
& a6 o va s Ao wa o ) a as I
ussunaglduilauyilvlafaundaudfiniunesnis dnvugnisiiailduuisgnuuadu
audiu Aoisuanmsiinaiierdiedu (Nucleation) ludunisiinezaeuilulianauugiuses
] Y N R < Y o ) o < a = & a a s
wazahudaususesiuluduanalndqdunazdgavadunisianisseuduiamdy
Wenfiuegsauysel nssuiumsindeuiidugnuuaniuaesailngqfe nseuiunismiiand

LAZNTZUIUNITNLAL

4

2.10.1 n15AAaUNANUTY CulnS, A2835aUnnas
a a ¢ Y ac ¢ & A a X aa ¢ Y] a
nsindeuiiduuieiBatanesidunszuiunisiifatulumaidnd lagldeuniad

fndsnugudulossunindsnugeazgnuanduegsdeoiiies lusngiuaisasiulviesney



nameendninedsreidonfielinsruisnisiadeuiiatuduiiduuuiigiuses nnsadis
oyunAfiiindsaugeannsavhlsivaisiBisu nrslddreyninaintiulessu (on gun)
aunsondnlessuldlusnings vienanlinnnszuiunisinaddansa (Glow discharge) 3
ilulglunszurunisadeildunieds Aduuninseualnimes (DC Magnetron Sputtering)
s nszvaunstndrfamnsafonssurumsmessaiseneuluseuia Sslunsyuiuns
éf@ndn%ﬁmiL%ENLLawmLLﬁaLﬁmﬁuLﬁaIuLaqamaaLLﬁ”aasﬂumwﬂizﬁu NILUIUNTAT
Auseds Aduwundnseualmmed Wussvuildaumwivdndruntaslussuuidlalon
allimess Tnwauuwindnazvilibdnaseundouiivuulsnasedlunatauidouniouds
wolun Fufiuszoznsindouiivesdidnaseulunanauvilididneseuiloniafiazvuiuiay
Annslesauludunniu [36]

nsasTlan CulnS, o33 Auuniinsouaiamess UM 2.26 Suainnsalaimes
sevewmaaduanssdutouasiilvatnmessisduiendndunil@imsimunsasdiu
iz‘mfwmaLLmLLazamaamzLﬁm%uiuﬂwmumﬁﬁué’amﬂﬁuﬁﬁﬂéﬂﬂL%’ﬁ@jmzmumi
Sulfurization Aensevluusssimavestaiesdslasinlufiasdnuasio nsifingumgl
wuuUn@ (Conventional Thermal Processing; CPT) LLazm’iLﬁuqmwgﬁﬁ’wm’lmam%?
(Rapid Thermal Processing; RTP) wé’qmﬂm’mﬂizmumaﬂﬁﬂéuﬁlﬁazLﬁmmimgﬂmﬁﬂ
DUl Cuins, 3ahluatstutvimesaeildy cds Tnaliiaeuaisazaiand wasndsann
fuasetuntheinssuuasieiiay Zno wazdugeieaststafeegiieuviadinga lng
Uszdnsnwgsgaraasaduasefingiansildy Cuins, fe3s Auuninseuaiameslu
1598519 Mo/CulnS,/CdS/ZnO Simviafu 11.19% (V.. 728 mV, J,. 21.5 mA/cm’, FF 0.7)

(37]

Sy A/ It
= = EBE= Culn82

Mo- Cu- In-

Sputtering CTP or RTP

JUN 2.26 SdunszuIunsadeiiduuns Cuins, meishdulinnseualamesa [36]

2.10.2 N15AAUNANUNY CulnS, A28355ewians
n1ssvinefen sindeuianueswdivugiusesdsiesedlussuuayyiniadinegly

nszuILNEBEnd lnglimnuseutvasasduiielissmenanadulelUnnayanuuiagiuses



Imamﬂﬁﬂmii:maﬁ;&‘dLLUUmﬂﬁmm%@mm@igw’fuﬁmmﬂﬁmmiu N1 IAANUSDULUUAY
vy nslianufeunuusidnasey Wudy sgslsAmunsideudiedslasaldiu
st initgemanIvageN

ANSIANUSDULUUS IR LN lngaganenseuabiiinuvean (Coil) vSauwrulvaing

$ou (Hotplate) aunsznwisiuaauwamaszmedulodagun 2.27 (n)

Resistance heating evaporation Electron beam evaporation
/"_—.‘N‘: -—Substrate Substrate
% sooos +—4—_ Deposition of thin film
CET Vaporized material { +&:tmn beam
¢ e
¥ o +——F— Vaporized material
o : Electron
o k Target material |- : -
o -~ Target material D gun
[ﬁf;”_ | Evaporator Magnet
| =— Heater To Vacuum Pump
To Vacuum Pump
(n) (v)

JU# 2.27 Msiafeuilduurgisnssemeans [38] (1) nstiausousuudiamuniu

() MIAANUSDULUUABLEANATOU

JUN 227 () wanansbiruseusuua1dianasou iWumeadalnenuioulaeldan
a % = L% " . & aa a 3 2 v 1 I3
BLannToUNAILgeTdlEuan Thermionic MmnUuBianaseudelunasiaiu Ingldaunnaivgn
muAIRENIINsvIaBianaseudslaglimnuseugunniwilidnsnissemeintuogng

Yaa [

357 3N3UT 2.28 Tduuns CuinS, Ndaaseimedtssmeasliissamamenisiianuiou

wuusiumulngazldansasiuniisnuaslunaiieaninasisiuivuniiyuaeumainligs

11NN

T e,

Vapor flix Celass substrates
Unlnd; Powder

. “ann
\T ungsten

boats

U 2.28 Wldu CulnS, sememenuTauluufmiiunIg [39]



2.10.3 n15AaauNaNU1g CulnS, Arewmaliagalse
A5LPABUTNELUN CulnS, sedmatinal s duisnldnseurunismaailunisildy
Feanusasndunisduaszilaglddedddszuugyainirdadumeadafideudelasuaing

[

o3 duog19UINAINMINNITIVTINIITEANUINISIAR o UNAuAIsATaaLU 0090 95

LDE
She

ar s

asunsaaseiaulametesostionlilldseuugynyinie

1% '
a

Fuareinduiifiiuiioualng

anunsadaaviniauseltanmgiinn (300-500 °C)

Wasefivhunlddesmiledsseansanaeslaeiuluf vuiavesavessaisinadl
frfinsnsranesivesansiall waznisnusenisianseuvasaisiadiiviuasddwiad
winngaudmsuihunltaiusdnesiin Stainless nozzle spray SAMMEN1SNOAITINANU
cuins, semataalsslngazenitegstunuiiiarududou (U 2.29) Ingnsuesitd
Ti0, Tunsdildnuaznismuassluaudedennunsiifasazarsluid sussuuiani
Y03 dy TiO, Mbieamalianateg1959aL519unaligIusoainsesuansauinnI1y
@enenuadiase1ning nsunlatymasnanlaenisidivatinnsailsdfodnuuzn1Tn
wuuldselos Inenmsiussasrnmiuasduasnepvivasdiese lvasazaeszimeluau
PUA NISNBFAIVBINANUIS CulnS, ﬁqtﬁmﬁuszwjﬁwqmw'uamiéIﬂaiuszam?mmﬂ
ansazangazunsnaadlusendnagnsuvesilay Tio, wdnAnduildundeuunnaunseiia
f\i’ﬂmumiw'umﬂiééuqm miﬁaﬁ'fmaa?\lﬁmﬁﬁé’nwmzwaﬂmwmaumﬁauﬁ’ﬁ/\lém TiO,

YI9UUA

(n) () (m)
gﬂﬁ 2.29 Msassilduune Cuins, wuuldaeiies (n) vazlUse () Yungaalsd

(P) L@SaduUNsalse



2.11 n1sad19ilau Tio, Aremalingn3u [40]

[ A

Tmmdlonlaeanled (Titanium dioxide; TiO,) Wulaandaudmduaisiadiiiuia

q

=4

W uazdidnnunMevednaundsudseann 3.2 eV ddnvagniantenimdueunieudl

'
a v o IS

thanaaduiidulshlidfuifdudaunndosmnnmsdeseseymerunadniliing
wyudwmnganfiaziunaadusaduaseniing eynirves TIO, Tdnuarlasiairondn 3
sULUUAR 1) aruna (Anatast) 2) 34 (Rutile) 3) uglani (Brookhite) lnsdulvgjudiae
14 Tio, Millassadeuuy prUMNANI NG V3 07ad090819590 U 89T TiO, Degussa
p-25 MaluanAdeatiud fdrunauves Tio, lusnindiu syuma - st wirdu 3:1 wén
194 TO, vaesuuuluns P-25 flATIa513LUY Tetragonal Tnefinaantfrufedainis
agviouuass TiO, wuugvddmgsniuuverumadnioedsliinamntniflotnaiadu
.waduasorfindannandsinuaddtugnnduuas
AFaseilEu TIO, spmedefiunaniu Ieidufifiondnvalasiafiduiifidnvae

NEAUBENTAINS Fetorieiiintuunannisaanesivesassunss T To, paste i1
wihfadunnamiailedangszrinseuniated TIO, kagRavesgiusesssninsfiuiandu
msfuanTuinndnuazionguesia lagnsnaiaiaaiiianuvianeivsngfonsin
rurhandu iloliaalvarusinluuSinaiviiiu 5URl 230 dnvaziazlunisnisiiud
ansufidnudumaudil

1. gndn

2. §IUD9

3. TiO, paste
4. fhaniu (hanidsddnvaglinssaviofiduiesviliAsaanaie)
5

AnwarnIsUmalngasUinluAanafgiuieUasiuses g urasilay

3UN 2.30 nszuIUMIIEENTY [41]



2.12 Uisenisiiailan CdS Aae3senuansazanewndl [42-43]

Bn1sevansavaiewail (Chemical Bath Deposition) Luimafianidldiuuiuiunia

= A

130 U uarlusoudufadautfiunldsunsiluiinads ludiuainniservarsavaneind
Uszaurududaslunsiunldairsiduioussgnidusaduaseiindviafiduuis amnso
asafiduidiufvnalmguaglddunum ansazanefinuannlunisadeiiduiivarnvane u
naulasasemdnaiiauwyalaiau(Chalcogenide) CdS, ZnS, PbS, CdSe 1lusiu uagnqu
Tassasnewan Analalulss (Chacopyrite) CulnS,, CulnSe, Wudu n1suIUNISOUAITAZ AT
il gnatugulagyfasemiaaillumsivouiiielJuiiduuisedissiniiy arsazane
Usznaudeindouaslansagawiifieddoslesauvan TusiailildlansinIouain
asUszneuiiudeslensenlad leseu Fdlilesauau nsiRaufisetarsusznouldneneuly
MZUUAIRIILITL ANAUMLITBTlANT NI VA TaraNeLATSENINe 50 Fie 200 nm B
ansnsavildmnniuisiulslenisalunssuiunindeatudneds egndlsfinnunszuaunis
puasazaeiadisedinnudes lunsiiiuleniantsgaiuvasgnuuuAntuy
nswseuiauu1e Cds agliujisevedlossunaniileduazinleess (NH,CSNH,)

Tuaisavanwenluldensaunis (2.17-2.20)

NHs+H,0 7\ NH, +OH (2.17)
SC(NH),+OH oy 4\, HS +H,0+CN,H, (2.18)
HS +OH — SPHH,0 (2.19)
CED'S\ L~ cds (2.20)

da CdS freshiuanuisaintuld 2 sULUUAD 1) WUy Homogeneous FeaziAn
N3TINAves CdS Tuguresansuviaseluansazaty w3e 2) U)Aseuuy Heterogeneous
%1 Cds aznefuduiduuuivesgiuses lunsadeildy Cds ieldluwaduaseniindasdos
usuaNsLIReTiAnty faziu cds Astuaznaefunznewde fudlngviling

gannzvesiidy CdS vuguseslif

LY

2.13 U8V

v
a1 a a6

nuIfelyatiunisadueaduateingyiailauune CulnS, memalnaiUsddadl
JunauNIsHanTlidudounasnnszuiuns wasiddgylidedddssuvangyiniedauise
ansunulun1sudnieaduaso1indlauin tena13iine1vesiun1THanLTadka 01 Ing

AanaIaNsaagulansil



M.H. Valdés wazaniz (2010) [6] Wednwinisadeiiduuns cuins, fae3snisiild
G’Tunu&?wma%ﬁmqa%’w Graphite/CulnS,/Ti0,/Zn0O/TCO fAgn1sadiasuainnisi
AS¥an TCO ﬁﬁwﬁmmzﬁmgﬂmﬁauﬁw?\lém SNO,:F watuAdauay ZnO A835n1s
wndeudaeluily (Electro deposition) Tnefiideulvlunisasrsiiduderilviidy zno &
dnwaztusymaiinigAuvuiuiy (Compact ZnO) uagdnuilsdoulvieaireildy Zno
Triidnwazidugnu (Porous ZnO) Wilalfinfiufivessesso ndsanduatrsdutuines
Frefida TiO, Feisasdifutunnan uazaavineaieildy Cuins, Feisasdinlslada
NESHIFU CUCl,, InCly uae Thiourea nanluthusiaanlessy (DI water) lugnsndau
Bl 1:1:5 avsduvulsiderilesdrmau 20 seu Taeviualuse 30 3unil nga 60 Fund
vugusesiilasuaudeu 300°C uarldnslwdidudalwit aannisiaseilassasna
HANAIY XRD WUIEUIU (112), (204/220) wae (116/312) assnulna JCPD 27-0159 ua
PNMTIATERausRnsTuakazkstunelda I ILas 70 mW/em’ Uszansaanly
1AT398519 Graphite/CulnS,/TiO/compact-ZnO/TCO 1A 0.16% (Voo 0.13V, J,. 3.5
mA/cmZ, FF 0.25) Wwag LA39d319 Graphite/CulnS,/TiO,/porous-ZnO/compact-
ZnO/TCO §iUsEaMEAN 0.66% (V. 0.0.235Y, J.. 7.6 mA/crm’, FF 0.26) 1A59a$19909
porous ZnO reifiUszavsamaeieadiiosandiduiadinauinsening Zno fu

CulnS, fnsaeyoul M AuT A ARLTUYDS NTELEaA99T (J) AT WSIPWINRTTR (V,.)

Marian Nanu kagay (2005) [44] ladnwigaduaseindsilafauuie Culns,

IngduuiAna1nnN1sandununIsHangaduata1fingandaauilulmmfisulaeanlan

v

(TiO,) waraumpUiUasdinaulagala (CulnS,) Meisansunasidalsdmuanunala
1A598519 Gold/CulnS,/In,S5/Ti0,/FTO lasdfldudiasudalud (In,Ss) iWududwiesuay
vosinduta waanautinssuawazussnuneliuinsigiuamuidunas AM. 1.5 Sause

A995LTR (Voo) 0.53V NIZUaan2935 (Jy) 17mA Haunnmos 0.55 uazUszd@nsnin 5%

]

wannidWeudlauIouisulassad e niTusesnau1ag 5519 CuinS,/In,S; danuay

Y

N15571UFVR9BLANATaULarlgausIusausatazneluNanidunaniinanantus
U3gnsnelutesinavesaundsany egrelsinunissiuivesdianasousazlaadiunse

anlARIENIIAIUANAINUTENTVRIANTNIFIN

o
[ v 6 f v A

n13AUANUTIIANENTENRUSVRTAN CulnS, InN1sduAsIEvaIeTsasdingi

d' a

TunsdinounsuinnIBuLAeuNauunnll 370 °C LLAANISHUANVDINDILAIARIVDIN AL

9 Y

ilAananues Cu S wazlanwauznanfineudelugninlunsdvesdutfsuuinni

nowad lunsaltldusunadaasuinqgiuuilduivilviifandnssuiu (112) gediu



a

HAAINNITIATIZALATIAS1INENMBIALlA XRD Lay 181U WUI1dlau CulnS, &
Tassasandnviinaalalwlsyl (Chalcopyrite) wazainninitasizialamAlaATILIUNUDA

lassasedadugaunnsotvesndnde Tasead1awuy Cu-Au mode

Ryan O’Hayre wagauy (2007) [45] laAnw1dnwueiilAYYeLeaaLaaning
TA59a%1991 Au/CulnS,/Dense TiO,/In,S,/TiO/TCO Tneilidoulaly 3 suusiiaad (1)
ANUNLNTRTUTIEY TIO, (2) YUINOYNIAVBY TIO, (3) ANURUIYRITUTHLHeS 1n,S; N3
afagaduasorfindiiuainldnszan TCO 1ugruseaudraisd Tio, Wllaumun
Uszanas 150 nm wdaaniadudeuledt 1 deuiidy Tio, fMedTanIulnsusuninumnu
0, 150, 300 wag 1200 nm WagiAlduildlusufigangii 450 °C lufuusserniadndu
nan 6 alus Seulad 2 wndeviidy TiO, ﬁas%%aﬂ%uimw%’uLﬂﬁﬂummmmaqmﬂ 9,
50 wag 300 nm wagihlduildleuuideadudoulsd 1 uagaavineluioulsd (3)
WAABUTNAY In,Ss éhsﬁ%‘aL1Jﬁmuﬂummwméf’mﬁ’muiaumiamisﬁ&gawi 0,5, 15 ua
45 59UlARIUNUIVBINAY In,S5 0, 20, 60 kay 200 nm wazdsafilan CulnS, Ae3d
ALUIORAUMUIYTZNIN 1 um %uqmﬁmﬁwa%’w%gmWﬂﬂnmﬁﬁ’m%%izLmiungmﬂmﬂ
LARIRIANTI9T 2.1

waanAsaaBUaNTAnTzuatarussdun Ui luteulviiusnldssavanmgegad
ANLVLNYDITEL TiO, 150 nm fiAwviiiy 2.5% Gevlvilasaduszansangeaniivuin
ouMAYeY TIO, 200 nm HAwiniy 2.8% uazfeuluilanuiivsednningsaaiiannamun
P0ITUTIINDS 1n,55 60 nm TAWVNAU 3% HaanAsUSuAMLMUIYBITURSY TiO,
nulunmzganuiinuay melduasiaanudunineun suivduauanunuive sildy
TiO, NavNMsUSUTUINRUNIAYBY TiO, WUINTEUASA DS RNT U S I ANAAE N Y
AN U NI IeYNIA TIO, 8991115351298 A TNEAT199 1NN §D4
aN33AUBIANATBURLTINTUNINAIVDITAY CUINS, A18luTNIUTENINBLNIATUIN
Tngfldrnineuniavuindnwarnuiiauinveseynia Tio, lifldwasenalnnisaialou
Uﬁzq?ﬁqﬁ’qmmlﬁmﬂLmé’maaﬂ% mamﬂmimmummmwmsguﬂ’wL'V\Iai‘ In,Ss &
walturessednsnmfinduauiisannunun 60 nm wariiussansamananiefiany
WU 200 nm Li‘JustwLﬁam’]wmmm%"’uﬁ’wwxla%Lﬁmmﬂsﬁuwﬁwqamim@mﬂﬁuLLm

UadmynlivTunalnneudemeqtiasessieanas



A1319% 2.1 FUNUWITEVDL Ryan O’Hayre LazAnz[45]

Fouly Fum Joe Voo | FF n (%)
Tassadna e | we | e | Aem) | (V)
WU | BUNTA | YU
NN XIN NN
TiO, | TiO, IN,S3
1 Au/CulnS,/In,S3/De 0 0 50 |6.24 0.31 | 041 |08
nse-TiO,/TCO
1 Au/CulnS,/IN,S3/TiO | 150 | 300 50 | 14.0 045 040 |25
, /Dense-TiO,/TCO
1 Au/CulnS,/IN,S3/TiO | 300 | 300 50 | 13.7 030 | 044 |18
,/Dense-TiO, /TCO
1 Au/CulnS,/IN,S3/TiO | 1200 | 300 50 | 8.6 0.32 [ 034 |09
,/Dense-TiO,/TCO
2 Au/CulnS,/IN,S+/TiO | 200 9 NN 7 0.41 1030 |02
»/Dense- TiO,/TCO
2 Au/CulnS,/IN,S3/TiO | 200 50 50 |5.0 041 1040 |08
,/Dense-TiO,/TCO
2 Au/CulnS,/In,S3/TiO | 200 | 300 50 |13.2 0.46 | 046 |28
»/Dense-TiO,/TCO
3 Au/CulnS,/TiO,/De | 200 300 0 0.05 0.02 | 025 | 2.5x10"
nse-TiO,/TCO
3 Au/CulnS,/In,S3/TiO. | 200 300 20 9.70 0.22 038 | 08
,/Dense-TiO,/TCO
3 Au/CulnS,/IN,S3/TiO | 200 | 300 60 | 19.8 0.40 ]0.38 |3.0
,/Dense-TiO,/TCO
3 Au/CulnS,/IN,Ss/TiO | 200 | 300 200 | 7.8 040 |0.36 |1.1
»/Dense-TiO,/TCO
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3.1 nseaeudaUsgTUNauuIg Culns,

nMsindeuiidudusndusesiildaadanieuen Wy e1ndlagsevanzalsd
Hadeyedinussuu anuasiianevesareatasiall wagdasnsaanuvesaressatsiniidu
s TusmAdedidesnuuussuuasslvidussuuiifdnuneialn (Ul 3.1) Seszuuazgnda
fuynimna smaeanuansenuaneniameuanld Ineszuuildusenoulude 3 daundn
Ch)

1. @savaly

Wialsdvila Stainless spray nozzle

sruumuANT s TiuasE

S

FLUUMIUANAIINTOU (Heat control) kAgILTas

Nitrogen Gas

-

Solenoid Vlave

Relay switeh
24 VDC

[Thermocouple

AC

a4 300°C

Heat Control

T —

JUN 3.1 szuusiualsdnldlunismaaes



3.1.1 @15LANN LA IUNBUNITIASIUEITALAY

JUNBUNISMS BNANTazaeNE NS UaLlse

1.

2.

w3enanseiilddmsuanse el

1.1 paulasmanlsn (CuCl) mmu‘%@m‘é 97.0% 1NUSEN Sigma-Aldrich Co., Ltd.

1.2 Buifsunaslsd (INCl) ATmu3ans 98.0% 31nU3E Sigma-Aldrich Co., Ltd.,

1.3 iﬂagﬁa (Thiourea: SC(NH,),) a1nU3®W Carlo Erba Reagents

1.4 tharsailudazadauazatsseriiusiaainlesey (Deionization Water)
aesdaniada 1Wuan 20 uiit Ine Cucl, ﬁﬁﬂﬁé@mﬁagﬂazmﬂﬁwﬁﬁ
Usaannlossu daw InCL wag NH,CSNH, ioazaredstiisiaanlessu
Ay |9ifid

tharsavanemamnmnnalsufuseaiesdandlefiaduian 30 uil Tng

SnvarvosdIsaratendsnnnszuiunssanleieag LiTd wazaziUduuanin

WugurudlenalAuiuiu 60 uii

3.1.2 §IUAIVUABUNISLATENFIUTY

1.
2

>

U . . . 2
nnN3EaN FTO (Fluorine doped Tin Oxide) ¥11a 1 X 1.5 cm
hanuazeInnsrangusosgnsatsandlaiialuezdlau (Acetone) Wutian
20 W% warmumsefiaueaneges (Ethyl alcohol) 20 w1

Wravunuliusienlgwnalulasau (N,)

3.1.3 W2alse

v A o <

Y & & o Y a
atsddugunsaldrgiviiviinazesdansazarsvuindnlvaganuugiuses tu

o

Mudeilladenlgiaiusduila Stainless spray nozzle iipsaindlsaduniazaeining nu

nsnAnTaugularAUSeugs lnelldiuuseneunaniisguin 3.2 Fallsivasidensail

1.

A T

duililunsnuiiofiusvztuamesdulunsdmuausinuansazansiilva
AV

AMNUATIUIUTEU

Fesdmiuseaonia feagimilunisenseduiady
YosdmiusaYaTATANY

vt fliu Regulator LilevimthiimuauusssuuAaiim
Yosdmiusearsuia deldidendeledussdndifignaruauliila-Uase
TUsunsu Lab View tlerfmunvessiuauseuaiuss

o = o

PinFUSUDAGILAUIELUSE



3

3UN 3.3 nilwinglusunsy Lab View pauaun1silnUnves ledusuninga

3.1.4 M3AUANTMIAIERI8TUIUNIY Lab View
syuvalsdgnesnuuuliaiuisanueenidugisaiuiiantalagldlusunsy
Lab View (3Uf1 3.3) muaumaila-Uavedledueerindl wieniuaunisivavesuianimvei

a1sazay lnenihealusunsuasiiduidonldauaaddnue



1. Tnue manual anunsamuAunsiavedwialaegedassnaontia
2. v auto ansnsamuaunsivavesfaldlasnisianaiazsiuiuseu ned
TR T ARetI 20
2.1 MAUATOUNITNIIUVBI52UU tnelddnuiuseuvesnisnuailsdaciuyes
“Fadnsou”
2.2 Muunsyaglaualsdlulsayseu
2.3 MPUATLILIAMUNNEATENINNTOU

2.4 U1 automatic Wan1svinuvedleiuesandinunnaml

3.1.5 Sumaunsaiss
ﬁﬁﬂmﬂaﬂ@?ﬂi%UUﬂLﬂiéﬁﬁgﬂﬁ 3.1 4agYNIPTENAITALANLLATTILTBINAD T4
Guvhnsasdlasduneudaseluil

1. Y¥usedulaeifinszosiuasosiandy (wanssagy 3.2 melay 1) LileU3y
USinuasavanelieanuiniudesnisiagifiusz sz iuasmasiuiunazudu
Regulator IﬁEjﬂ

2. thhasdansilug udrhvieufauagiearsazasdadiifuiaaiuss ool
TwAueeddwiniiide-Un e1neaudamzniswuuesalusdnaunudie
lUsunsu Lab view uanssiegy 3.3

3. fnusgamaiuidliamdou (Hot plate) 14 300°C ndsantursduauasuy
widlfaafeundase 30 Wi tielvaamgivesdusuwhiugamgivesusiuly
ANUTOU

4. yhmsviuasdlagdouddslulusunsy Lab View Tulvus Auto n1aaanud

UIUTBUN UL

3.2 N15a319NANUNS TiO, AA8mANARUNENTY [39]
3.2.1 N15A38U TiO, paste
1. 91 TiO,-paste lneuan alpha terpineol 77 wt%, ethyl cellulose 9 wt%, TiO,
14 wt% adwefiaueansged 15 ml wazidsuofiduslnethnin (W) ves
TiO, 0.5-3.2 wt%

2. asiwsenannds 1 ludassilainaunseiaeiawsanagaaseieluaunun



UM 3.4 vionfiunansufndsiuuvuiunansy

3.2.2 JupoUNSTsENTY

1._thnsgan FTO fivhanaazeiaudrneuuwiusestagliegssnitgudenaniuiu
Wiuses (§U 3.4)

yasasULUAenansuLdtanIuaaliviaisiantihvesnszan FTO aghsashiave
thnsganiianiundlugulideudigamadl 120 °C Wuan 30 il

ivgamgiidu 450°C Wuan 30 wilitedangansyseneunediues

Ua R ML, N

angaMQIUNY 100°C INTWDITUIIUBDNIINLANBY

3.3 N15a519ANU19 CdS Ar835N15UATSAzAeLA

(Chemical BathDeposition) [22-23]

3.3.1 arsalinazaunsainly

1. @sed
2.1 nlegise 1.522 ¢ (0.05M)
2.2 arsazaswenluilonlansonlen (NH,OH)  21.03 g (1.5M)
2.3 waatdaugaing (CdSO,) 0.125 ¢ (0.0015M)

2. wissndnineslummeassszneulusne (3Uf 3.9)
1. Onmnesuun 500 ml @usuevaisazaieiadl
2. dnnesuunn 500 ml dmdudatusuluiusannlossy
3. Jnnesaunn 100 ml dmsvazasuanflsndanluteuludvulanseonlen
a

Jninesuuna 100 ml dwmivazaelnlegise



3.

5. Jnnesneaunn 100 ml

wiseailefild

1. Lﬂ%IEN Thermostatic water bath heat
2. Stirring Hotplate

3. wylewslinan Stir rod

4. Holder @USUAAAITUITU

3.3.2 YUABUNISBIVATAZAN8LAL

1.
2.

g g O iyl W

10.

11.

12.

13.

%’mm'%smwmamﬁqgﬂﬁ 3.5
IdﬁqﬂﬁzﬂﬂuéwﬂﬁwﬁuﬁwasﬂjqthLs‘fjuwa%ﬁzé’uﬁwaam%a Thermostatic
water bath heat 1@ntfos Waiasedlildaamgiindosns

msUsenlesau 350 ml lubnineddmdunssuluniseruansazanoindl
mshusenlessulutnineddmsudiduny

psthusenleseu 50 ml ludninesdwmivazansvlogiis
avansuanleudamalutaululy
avawlnlogdeluthusmnlossuieeiesdansledn
mesenlidelufnned 21,03 (~26m0) nderntundanenludefiniwdld
Tnines dmsuri Cds Tnglhmdeliidntesiearansuaniioudaumn
Sunsvuaunisiaelduvisusiudn stir rod wae holder iRnAsTuLLEasTuTN
inesdmsuria Cds finauwenluisiidndos
thininesquaslusranfousuilialyun Stir uuiA3ed Stiring Hotplate Jutaan
10 Wi MﬁﬁmﬂﬁdumlﬂiagL%SLL@BLL@@L&QJ‘EJM%J@LW@ favanoudadudnines
n&annasuiteulunaaindmit holder fndadusugulutunminlesey
vianee seULiadneaaseues CdS

a

thausueenaan holder wWhlwiadoufalulasian udreuflgungd 150°C
Huan 30 unit iitelvimaaLs

msvhawazerngunenl tansiadifudeainnimeasaniislunigugdimiy
Fuarsiadilagianie ndsanduihgunsaififasvarsadfneguidiadae
nsnlelasnaedn (HCL) seaundiasiuansiafiagvaanuniailumidunisus

dnsurAvanseiiaianemetinuseainlessu iangseu



Thermuostatic waler bath hieat

el el |

(n) (v)
3UN 3.7 (n) vann1Ruildlunisasidslnii () dnvaen1ity @eama)



1. mannsedouaUsdud (3UN 3.8 (n) wwinduwad lngldlinAnmesninli

weneenINy (Ul 3.8 (V)

(% o
U (3 A

2. dontesfagyiminiiiu daau laeldTednme fyaduitduaunaamderiiosd
W03 FTO

3. thnmduadutiuanlneveaniaiiuasuuuiagieadvestua Wuneadniies
wiouahangluuadnauntuisiassed

4. Yugaakasingldinussansannglanasnieniag Solar Simulator

(n) (@)
JUN 3.8 Fuauiaiaauysed (n) Junumdeinnssuiumsindeuaisd (¥) Tunumaann

Ugnimien1iiy

3.5 WNUNITALHUIIUITY
nsvaaesinuiilsiidsatassavimnueeadiasoriing lasazsaiiulufingg
a¥ailduuN CulnS, feitausdasuugusesiiaiuananidueaudfiduasiaihvie
B leAnwinnauiRvedassarandnluilduuns Cuins, AuAMUBINAN AudNvMTIaNTY
yeanssuanazuswumelduasavaruiin Tnedosddusgraduiuduneulaesuainns
a5197au CulnS, vuguses FTO lulassadne CulnS,/FTO LLﬁa?ﬁLﬁui’a@uﬂu TiO, L1119
Fureuazynisawsdlulasiadns Cuins,/TiIO/FTO uenanilulassadasienandesuluas
ATSEINANTENUINNAUAUIVBINANUNG CulnS, ABUTTANTNINVDITARLAID1NNY LAY
USUUENTEURUSIE NI DILALLaLIULABY foUse VBN NURLYaaNaIing N1INAaBY
anvinelusmAfedidinfidu cds sldlulaseadns Cuin,/CdS/TIO,/FTO itedsegndldiiy
FutmloNuwaduasorinduiafiduuna Cuins, Insl¥deulanianarluniservaisazaiy
willfuilaselunsnwnansenudewwaduateniing Fsn1snaassnanuadunudslunis

MuunaIfUTUnulunNISas19Ratl



nsneassdl 1 Anwaudfives TiO, uugIuses FTO lnenisuiuresidudlag
Umiinuasilay Tio, Tu TiO, paste ie@nwIAMunLwesiaN TIO, NinNansUszansnw
VL TAANADIARINALUN CuinS, InenszuIun1TNAaesn1vinlugen1sasns TiO, paste

Aeuthlugnszurunsiinsianiuiieasaduildy TiO, wansdsgua 3.9

AnynaaaiAvaL Tio,

= 311591 FTO a15aza18
[ |
BT CuClL+DI || InCL+DI | |NH,CSNH, +
(0.538w1%) Water ‘Walter DI Water
{
auilsd 30 Tind
81120 °C %igA 60 Fu 20 581
30 W BTN 300°C
i K
fadn gy %
({1 450 °C &4 L]
30 W1

nageuilszansmn

3UN 3.9 nszuunas 1 ugaduasemndilanuns Cuins, (Nsnaaeei 1)



Msneaadii 2 AnwauURnnuuvesidy Cuins, Taen1smnuAsILILTaUAITIY
alsg Aa 5, 10, 15, 20, 25, 30 58U Tneiutunseas 5 50U ANNANTIL 30 Funi nen 60
9l iedannnisnesvesilau CulnS, warANYINavRIANUNUINAY CulnS, e
UsyAvEnmvoneaduaseiing Uil 3.10 uansdumeunisnnaesii2 viludasniswuailsd
WIRInTiNaaIsazaty fvunsIIuseuUsETUsLATY Lab view Lﬁamwmmﬂmﬂmaﬂ%

AupsnI1al (WiveN 3.3)

I3
AnYINMANTIAANNHWINBIHAN Culns,

=3
314383 FTO m3aza1d
1
f | |
= = ot 1L+ 4 L 7
o T CuCL+DI || InCL+DI ||NH,CSNH,+ i
Wat Wat
(14w1%) ater al er DI Water
|
anlsd 30 Sandi
81 120 °C 7iEi@ 60 TU1H 5-30 301
30 11l BENTiNd 300°C
: TE
nata i lnela ny
2 =Y
[ 450 °C = AU
30 W19

nagauilszansnm

3UN 3.10 nszuiumsaiagadiatefinduiiaiiduuia Cuins, (Nsnaaead 2)



N1SNNABIN 3 ANIDAITIEIUYDIEITAIAUMIENISUSUURLUD NS EIULTILaTD4

CuCly:InCl; Tnenuuasnsiadiusats 0.7, 0.8, 0.9, wag 1.1 LanI9nS@IUNMRLILEUmD

4

UsEANSNNVBULAAREIDIANG SUN 3.11 LAAINTZUIUNITNAADM 3 LARTUlUTINISHEL

Y

a1saraglaensiindIvtnees CuCl, musnsidueluanmuall

=5 e 1 ) 3
ANHINUTNUADAN@IUAININY

—~ $14391 FTO w5a=a1d
|
[ | ]
=~ N CaClL, +DI || WmCL+DI1 || NH, +
laniansi Tio, T . NH,CSNE, ﬂ
Wat Wat ;
(14wi%) ater altr DI Water
anilsd 30 i
81 120 °C iga 60 3117 20 38U
30 117 AN 300°C
l 11!
Aatn v lneld 9°¢
T 3
191 450 °C /] Lt
30 11 m

nagavlszEnEmn

3UN 3.11 nszuiunmsaiaeaduateinduiailduud Cuns, (Nsneaesd 3)



N1INAaasN 4 Anwiainisiinu)izervestuilay CdS NinasioUszsdnsnmees

4

\wadwaee1ind JUN 3.12 nszuiunsaieilay CdS medseuansagaelaliindumnaain
w@SaAunszUIuNsasilan Tio, InefiingUszasdlunisiedeuiiay TiO, Meduilay CdS
P Y 2 O w I3 a & v A S a e
Weasudutuinesluwaduaseniing Tunisnaaesladteuluniaanlunsavauguilay

CdS @USUMMAUANISANNUAAILAUNIVBINAL

ﬁﬂymmﬂmﬁﬁ Buffer layer

— 11431 FTO a13az0
1
| | |
fianioniu Tio, CuCl, #DIY| InCl, +DI ~) | NH,CSNH,+ ﬂ
(14wt%) ater [t DI Water
anlsd 30 T
81l 120 °C YiEA 60 Fu17i 20 50U
30 ¥ gl 300°C A A
AadalvHngls 00°C
1H1 450 °C . N
30 Wi

m CBD CdS 80 °C

ddaulymanan

nareuils=EnEnmw

3UN 3.12 nszuiumsaiiagadiatafinduiiaiiduuis Cuins, (Nsnaaesd 4)



3.6 N15IATIRUENURAYEINANUIAZNTInUTEENEN IR A LEIRTing
3.6.1 N5LABLUNYRISIEENY (X-rey Driffraction; XRD)

= s & = - = 4 & | |
Sadiend (X-ray ) \lumduwivdniidndanugadanuenaaudu Tugiesewine 0.2-

'
A

1fUsza Tlsavuluauinuiinaniazauulniy Sdunsnsenduanstuesuinisuna

q

neangaadumnzdmsvihunlduselevdlunisf@nulassairwdnidnania As 013

q

T>o

2

A5 TUTZAUNISISE9A1v090EnNlULASIASMNANNSANEIASIAS19NAN NSRS UY

Y99598L0NG1975 0-20 ANLNNIATLNDS LLamé’quﬁ 3.13 (0 -20 Diffrectometer Method)

WMARALLYTIELaNgANNE1IAAULAEY (CUK @ ; AIUENIAAU A = 1.542 nm) ANNSENU
Y | = d ~ A = VT Y | &

A0819 B9 JunAnLAgmTaNRaNALagaRiagsRe Uy 0 (uannsenu) Tuvns
gUnsalnsradusediend (Xray detector) azindsuliiluyu 20 (yuideaiuw) wielvng

AR UNADNARIINOYBILUSNA

Incident
plane wave

2dsine

JUN 3.13 NM131R8RUUYRITIDNGTINNINATNTLROITE [47]
n\ = 2d'sind (3.1)

1w n fio Sufuveinisnszidsiadusmamiy
) fie AueAAuYesSadiond
d A T8EZWNTENINILUIUNAN
0 Aa YusENINNSIENNTENUAUTZUIUREN
anuduitussevieaudures¥dionduazimdsnuy iFonth JUuUUNS ARV
(Driffaction pattern) é?fﬁﬁ'ﬁ/i%%ﬁﬂ@ﬁ%ﬁﬁﬂisﬂauﬁ%ﬁ Diffraction pattern sinafiu Fadane
§a1neen (peak) lu Diffraction pattern dmunisdiaszilasadresndniu aunsa
mwaau%’auﬂamﬁﬂ’m Diffraction pattern AU Powder Diffraction File (PDF) Fadu

udeyangiugunuunsidgauuyessidiendvesianilla 31nN155IUTINTBNUNSANY)



v a

waglnseiTanremadadnsgfnunsndu (Xray diffraction) Inedeyadiulngazuain
loNasMeININ39a 130 JCPDs File iailugiuteyadmiuldeneds

n3U7 3.14 degfnuunndusuuuumadenuesdsdiendluaduaseniing
TAsea$19 CuInS,/TIO,/FTO Fswugaudsauuresssuiundniiagiioussdiondoonuluyui

waneeiuasnsaduunianuiinene wardiaiunsavsuenlatiinvendnluianfieng

2 v

Faediaya JCPDs File fiuungrdsiuhmeasiBenunioutugaisnvuiivansdnmeosng
TduU19 CulnS, nuszuu (112), (204, 220), (312, 116) azvioulusu(26) 27.9, 46.4, 55.1
MUAIRU warIINTeya JCPDS 01-075-0106 wanalaseastananyila Chalcopyrite Tudu
e TiO, wuszuv (101), (200) awvieuluam(26) 25.3, 48.9 a1y uagandeya JCPDS
01-084-1286 wanslassatesdnaiin Anatase warludufida FTO (Sn0,F) wuszuy (110),
(101), (220), (211), (220), (310), (301) azvioulusu(20) 26.59, 33.8, 37.9, 51.7, 51.7, 54.7,

61.8, 65.9 MURIIU Uagnveya JCPDS 01-072-1147 uanslasaasananiln Cassiterite

I I
+ CUIHSZ
B * J T102 A
# SnO
o g 3 2
5. #
< Sis
=
S -
O L +’x :ﬁ:l- :N: -
+~
=
—
CulnS, JCPDS 01-075-0106
TiO, JCPDS 01-084-1286
B SnO, JCPDS 01-072-1147 7

10° 20 30 40 50 60 70 8090
_ 20/(degrees)

JUN 3.14 fpgramsideuuressdiendlulasaasna CulnS,/TiO,/FTO

[ '
a

NgUMpgaNsideuuvessidiend dhdayaiinsunuigenanuAIMUUIAKEN

q

[y

AIBALNIVDY Scherrer ATl

D= 0.9 (3.2)
cosO




D = ARagueIuunNan
A = AuemAaY (1.540562 x 10 wwes, wield Cu Koy

B= m’mﬂf’jwqﬁﬂ?amﬁwamamqwmsam (Full Width Half Maximum ; FWHM) ﬁqqﬁqm

VOIWANUN CulnS, (Ban 112) Tuniieisifeu (radian), B :—FI\Q(ISM
T

0 = yuMIRgRUUEUTURA

3.6.2 watasuuanlasalal (Raman Spectroscopy)
uuduunngnisainisnszsiwasguuuuniliiiinnnuannnsenuinguazdna

ibnsidnaseululuanavesansgnnseduliegluaniusiiuazidognnseiuneneuig

v A 1

NAUANZANILUNATIINGINUANIIIAAANINTELTWEIBNUT BINITNTLRIMAINGT

¥ ' '
= v ]

19NN TLIMAUUEANE L (elastic process) ABUaTINTLITlinAw AN UAZNIINTLIY
wuuldgangu (inelastic  process) Aaukasinsziit0onu1dnasaIunsanueIAdY
Waguwlasluuansdiegun 3.15 Wialfiguiuanuenpauisunuvesamannseny dlvgy

LalainNNsEnUAzy AN 1sN TR AL U UEavgy Bigmisluduvasiasinnnseny

'
I =2

WiNHuNaznseaUUlign g udana s ulaitU dguntaslutuenaagiudus endn anti-

9

stoke scatter W308AA9L381I7 stoke scatter LAFIUINYILAAUUUANAIIILNTN TINAANS

YDINHIITUUDIMAINHNNTENUNUNAIIUVBILEINNTLL IV LMNA Raman Shift

Virtual
energy *

states A A

Vibrational
energy states

Ravieiah Stokes Anti-Stokes

scatterlng Raman Raman
scattering scattering

JUN 3.15 wasiinszidveaninidndsnuudsuwdacly Weeuiunnug1InauLsuALYauas

ﬁmﬂﬂizm [48]

313U 3.16  dreduanssanualinasuresiliauune Cuins, lulasase
. v ¢l d" I -1 o 1
CulnS,/TIO/FTOMaweINANEIAAY 514 nm lagaunulugle 10 - 1000 cm - Mg
oA -l o v = . &
WUA raman shift 1 292 cm~ AslATeasaKENYBY chalcopyrite [34] wenaniaiunsany

1% = a av val . 1l 2 oo % = .
lassasananyReniilanian raman shift 310 cm -~ Faillassasananiuy zinc blend [34]



Intensity (a.u.)

0 200 400 600 800 1000
Raman shift (cm '1)

g‘uﬁ 3.16 s1nuaUNASUYB AN U CulnS, Tulaseasna CuinS,/TiO,/FTO

3.6.3 NA0YANIIAUBLANATIULUUEBINTIA (Scanning Electron Microscopy, SEM)

wiaanLiavesdiannseu (Electron gun) dstualnedl 2 3llnfe Weaeu wag Field

Y A a ag

emission Az miTnAnBLaNATaY WazsinauBanasauswawlniluge 1-40 kV uag

[

nquddnaseutiindusrgnivliduadiinnsoulae Condenser lens wazUsuluialag

'
o/ v v )

Objective lens #F99N1IAVUIEUIU Xy VIIAAAF P TuIILd 1 Tnaz Indey i

oo

a4 o a & A

Arduudgnulandudeyaiisdeosnislaegnszuundidansoindidiosbidnasoudi
ganuIRINWisiindiiinaseulniaasuuRivesired s agviliAndunsisesening
SldnnseufignieasuuasosneNveneg1s NavessuAsAsIIRINa ARSI NATaUYRE
nfl (Secondary electron) FuisramnsarldAnudnuarueiiuiin vunnveawdnves
Fresiaduilduune Culns, tusnanniseanunsaiininsvdnaiuesnoudoileiiu vos
Energy-dispersive spectrometers (EDS) ﬁa%ﬂum%ﬂ SEM anwaden15Y1N19IUU08 Energy-
dispersive spectrometers (EDS) Bn31eilaglinisissdianaseulilindsauganainusns
dutusudssenavludeeznonvassniiogluanusiiuawihlfsidnaseulussdudy
waswslulgsundinuainnmsvusungaeenluanezae LaBLENRTOUIINIUDNTIAY
n¥sugenuuidunieutuAsutundinudsumuiididnnseuiivanesnty wdwud
Sudnmseumeesniniavedluguidionduasiisianzmusntu deadmdussdiond

;Y

e EDS avanunsainsesilaintunulsenaumesiguiale



SUN 3.17 nderqavssAuBianaseuwuudesnsin [49]

3.6.4 ms"a'ﬂmimqmwamm (UV-Visible Spectroscopy)

UV-Visible Spectroscopy Wumsiandsnuiiganaudnluiilodidnnseugnnszsilyt
oeflusiuundsnuiigatu iesanunngmsniididnaseuansataldaanansiegned
Jumsazanevdoduilauile sUi 3.18 3eaiildinlasiialuazetlutis Near-Ultraviolet
Region &z Visible Region Inednuasinnueadulugag 200-1100 nm Fearunsaialaly
InuafndeaswiIueIua (Transmittance) LWAeE 1990 INaN15IA1IAINAB LT IUAIVDY

Wauuns CunS,

;J‘U‘ﬁ 3.18 1A399 UV-Visible spectroscope [50]

3.6.5 N159AUSLANS NNV ILYAALEIDNNY
AN5InUSEANS ANl waIa1ndlaeldwasaingddnasd (Solar simulator) 210
#aon Xenon lamp (500W) dluansuvesuasiildio AM1.5 naurinnisindeaisunaauasil
X A 2 a v P I A 6 a aa = sy a
ANNENUUUNUA 100 mW/cm” gaungiiviedlagldigaduaseniindviingdanouduwadonsss

(MArwIn A) Feiunsinussdnsnmanguiveaeundndusiiviwazidnnseiind (PTEQ)



nsinauantd 1V lnenmsludauasefinduazinnseuaveuaiafinglagldinsos Keithley
Sourcemeter 2400 series fiasyUUBUMBINANTUATDIABNTIABTUALAIUANNITINIUNIY

LUsunsudNaes Lab View wanasagui 3.19

GPIB BUS

Keithiey' Source
PC €c—>

Meter 2400 series

(@)
JUN 3.19 szuuinUssansanveswaduasending (n) ntaalusunsuuaning

(v) Keithley Sourcemeter (p) ¥ANLilnLasYBATAY solar simulator



unN 4

NANTISNAADILAZIATIZUNANITNAADY

4.1 HaVRYUNANUIN CulnS, UUFIUTDY FTO 1A596519 CulnS,/FTO

faUsEANSNTWYD BAALEIDINNE

ASANWILTRALENDTASYIATALUNE CulnS, BUAWMIENSAS19TlaNMeATNAaUSEaY
UUFIUTeT FTO (SnO,F)/Glass laglddnsndiuvedssdu CuCl, 0.028 M : InCly 0.039M :

NH,CSNH, 0.0149M uwazlfinusiranntessududvinasaiy ssugiaviuaisazany 30 Fund

a

wgn 60 Tnfireseu vugusesiidgamgdiagi 300°C Srumseulunmsviuausd 20 sou ey
auaianeuesNsiaildl CuinS, uasitefnudns i wazamdundnvesiduils
NTBaAUTY

wE NS aAUNSTUMMIAUSENUT mafeflduuugiuses FTO Aidviandnsoudng
Inajagns Tin Oxide Tulassasie CuinS,/FTO Junpdnvasiafidmaeud et nayeiu N3
AnsgithendesganssmiBiannsoudensaluuau (FE-SEM) 99n3ufl 4.1 dnwaisiiives
HduAeutnmenuiludergusedunaanguiinuinlszuia 0.5 pm waslisessibiniles
\essnannanuunniwesduUsEansnnsunefianaLfeu (Coeffident of thermal
expansion ) 7ilsiiyinfuseminegiuses FTO AU flduune Culns, uazammumasilduilindaann
msawssfiaramunUszang 2.8 um (U7 4.2) Safiemesiomstiluussgndldidudugandu

LA AALAR NS Y TANANUN

2.00um
UM 4.1 nweing SEM Wy CulnS, femaliaaisdasuugiuses FTO




| I R Y S R A D D R |
2.00um

JUN 4.2 mwdinvnsvesilau Culns, Memaiinaidsdasuugiuses FTO

3

4.1.1 NANI5AATILINANUIE CulnS, Tulaseadre CulnS, /FTO aewalin XRD

NNTAATIEALASIASNANA2Y X-Ray Diffraction (CuKa) A1AIUANANE 30 kV
nszualiin 15 mA Siasizvisaus 10° 89 90° vosfiduung CuinS, awlsdatuugiuses FTO
mngﬂﬁ 4.3 nufinvasianung CulnS, @annasdnuseuu (112), (204, 220), (312, 116) 31N
foga JCPDS 01-075-0106 Bevsueninldumls Julassasamanuuy Chalcopyrite Lo

ATUIAIINVUIPNEN VY CulnS, taeluauniseee Scherrer’s (@1n1571 3.2) laxanawIn 50 nm

T I T I T I T I T I T I T I T
# Sn0O, JCPDS 01-072-1147 |
* CIS JCPDS 01-075-0106 |

*(112)

Intensity(a.u.)

*(204)/(220)

*(116)/(312)

1020 30 40 50 60 70 80 90
20(Degree)
U 4.3 XRD TulAssaia CulnS,/FTO



4.1.2 NANT5IAIITWUIE CulnS, Tulaseas1e CulnS, /FTO
faeumAlla Raman Spectroscopy

NANTIATIERRELUN CulnS, §eLA3as Raman Spectroscope Mhalwasfinuemed
514 nm Tneaunulugig 10 — 1000 cm mﬂgﬂﬁ 4.4 Fewuinfinvesiiduuns Cuins, Sidums
Uszanas 245294 cm ?fqasgiuﬂzjuiﬂiaa%ﬁqmﬁﬂ Chalcopyrite (Raman mode A1) [34]
aonndestumilaTzilassaiawdniae XRD Fudlefiarsaninmuaimussadnain FWHM
wudTlugasuniad 204 '’ fidn FWHM wiriu 167 e @sitedn@uaiinti davendsildy
flsdannmvomanaeutneuarlusiumisi 293 cm” A0 FWHM Wiy 30 cm @atsuen

MuduiinanAumnAvuegme waruenanidmudaunlannisasdinandoutoutiun
a A ~ % = a 13 o 1 -1 )

8n Ao AuCu mode HlATIATNNANWUUTIUAUA UuazdlAUnIUszann 332 cm - [34] 89913
ApTikanmemalln Raman Spectroscopy (HEAITIUAZIEARIATINN 4.1) @IUNTaUIHAN

U CulnS, Algdindnnillassasiainndy 1 sliadued

Intensity (a.un.)

1 i i i i $ } i
200 400 600 800 1000
Raman shift cm *
JUN 4.4 stnuaansuvesiiauuag Culns, Tulasaasie CulnS,/FTO

A15197 4.1 anlnannnsinsuiuauntesalatlulasaasne CulnS,/FTO

Raman shift (cm ) 293 294 245 332

FWHM (cm ) 30 167 39 a1

4.1.3 ANANEBAZIANIZVINTTUALAZIIIN UYL TAALEIRTINY
1A598519 Ag/CuInS,/FTO
ANz YR TERaLaLIRuMelinelinIMeLENNIATEIL AM 1.5 ALy
Wals 100 mw/cm” ﬁqmmﬁﬁaq NUINATIAS Ag/CulnS,/FTO fanwauzidu Toviudla Aalans

IS v 1

lusui 4.5 e sudalATeas 190 IuAUNE S UVRITIE AMA NYULIANIEU0IYB I

q



LOUNSIU TR FUY dagAdunssANWBLaNATa ARSI Serelduune CulnS, daduans
Aeftutiai 1Y99I U0 UNSINUUTEINM 1.5 eV Uagg1uses FTO (SnOxF) §eansiafini
iU Heainwetuaund sz 3.2 eV lugui 4.6 (n) deinseusavesianiisaesyin

agfluanmzauna uauaUBUeIauU1 Cuns, aggnideuiiuanluduvdndifigsiuwauay

)

1ved FTO wazlethlunageuysednsnmlduas vibiianalnsiudvesUseanmedunmelu

[y

Fanuazmelusessie viibiliawsaaelewdidnasousanungeasmeuenlinanifiagu 4.6 &9

Fodrinidulymvdniiatumelusadniilasasnseninstugandulasiniutuminengy

wasluaa ka1 RngvdaNauug

[xlO_S] '

I

g

5 L

< |

Z L

~)

2

=

%)

= L

=

s I

=

(m b

=}

O -2

1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
-0.1 -0.05 0 0.05 0.1

Voltage (V)
a 1Y) 1Y) v v 2
JUn 4.5 @maﬂwmzmww‘ummzLLaLLazLLimumsﬂmm’mLﬂzJﬁ,JLLmLLm100 mW/cm

Tulaseasne Ag/CulnS,/FTO

Vacuum Vacuum Vacuum

-4.0 L

-4.0 L S e — -4.5
4.5 fmm = o= 45 |- -50 Loooooo
q

-5.0 § -5.0 |- .55 L
....... |
-5.5 - 5.5 fr—m— 1 UszawnegnnIzAuaINuas
6.5 o =
-6.0 |- -6.0 2ﬂﬁii?ﬂﬂ?ﬂﬂaﬂixﬂwﬂ%ﬂuwﬁﬂ
-7.0 a . o 1l
.65 - 65 L 3 Bilanasaugnerelaudiusasde
7 = ar '
70 L 20 5 4 msvusvasszanivzlusavde
) FTod v 80 - FTO| CIS
-7.5 I~ -7.5 C18
-8.0 I~ -8.0 |-

JUN 4.6 LAUNAINUTDS (N) KAUNEIUYBY FTO Uag CulnS, vauzliiinsaeste

() WOUNSITLVEY FTO Uag CulnS, tuanmaunameiiuazgnaienisuas [51,52]



4.2 wavestuNEIUIe CulnS, ULREY TiO, Ta598%14 CulnS,/TiO,/FTO

faUseanSnmvasraaLaIe ing
NAYBINISANYILYAALAIDINAENAaNUIY CulnS, tneldiioulvvesansazane
waginataasgiiuiaeiiulaseaing CulnS,/FTO lasnisuildy TiO, Ngniafiou

AIELNATANUNANTUAIUUFIUTOS FTO 910 TiO, paste (51888L88AN198519910

=

W19 3.2) Geazladay TiO, AANUKUT 3 um AU TiO, uldlaeduuifAnia TioO,

'
=% 0 o a I

uansfeiaieie 18y warddnvasifusuniaifivuiauluuasifloduiadiady
fduazddnvausidulasarieifgnsuuasi liinuddudageuanadogud 4.7
arsavarsiasdasuuildn Tio, amnsaunsnduasluluresineseninsoyniaves
Tio, vldflduune Culns, darunurananieiisuiulaseadne CulnS,/FTO Ay
Y19 CulnS, ﬁié’ﬁ@mauﬁ'&ﬂumﬁ?{aﬁaﬁwﬁ@ﬁ HealUsdimaavasuuildy TiO, 34
Duansaeiheiagu asildiiufivessesdessniteduiinazidufiviy uwaziiled
N15N3EAUIINUAIILILIEINTINTIAA (Generation) YoIUSEININEUIN 31NATT
AATILHABAIMNENY SEM WUIaNWULYIRNaN CulnS, datAsizrinlamanaaidse
aquuiay TiO, (gﬂﬁ 4.8) ﬂ'am’ffmL?EJ*ULﬁauﬂ’iﬁ/‘\léuﬁ'amsﬁawugwiaq FTO
uamm‘l‘fgﬂﬁ 4.9 nanifesesdintuiewiainauLand1esdulsEAnsnng
Y818i191nANNSBY (Coefficient of thermal expension ) filaiiafusgninefldy

TiO, AU Way Culns,

UM 4.7 g SEM Wy TiO, smemalafiuianiuasuuguses FTO



UM 4.8 neing SEM #lsx CulnS, semealinasdasuuilay Tio,

JUN 4.9 MARTIsUeIEN CulnS, MmeweadaaiUsdasuuilau Tio,

4.2.1 HaN15AIITUNANUNS CulnS, Tulasedsie CulnS, /TiO,/FTO

famatian XRD

N153LA1¥LATIAT19HANA28 X-Ray Diffraction (CuKa) AIAIINAISANEY 30
KV nszualidln 15 mA SiAsievisans 10° 89 90° Yoaflduu1e Culns, asdasuy
Way Tio, mﬂg‘dﬁ 4.10 wufinvasfiduuis Culns, fidenndssfussuiu (112), (204,
220), (312, 116) weadaya JCPDS 01-075-0106 Fsyavoninfidudilailassasrndn
WUU Chalcopyrite wagiiafiulramivuiandnves Culns, tasldaunisves
Scherrer’s  (@un1sfi 3.2) ldautandn 38 nm  deflvuinvesndniidnanile
Wisuiisuduruiandnfisruialaainlassadne Cuins,/FTO 910015005 suLfisy

YuARANTIanlaTIadns (CulnS,/FTO wasCulns, /TiO,/FTO) e saagulag



[

YUIANENVOINAUUNS CulnS, Nas19TumeAlaaUsdTugAuIUIANENYDI§IUTBY

Y

RERIET

3 # Sn0, JCPDS 01-072-1147]
FE S TiOn JOPDS 01-084-1286
* CIS JCPDS 01-075-0106 ]

i
1
220}

1

1
%

2043,

H
%

Intensity(a.u.)
¥,

i I i 1 i i i

10772030 407 30 80 70 80" 90

26(Degree)
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4.2.2 HaN15LATIZHNANUIS CulnS, Tulaseadne CulnS, /TiO/FTO
faeAlA Raman Spectroscopy
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81708U 514 nm Tasaunulugias 10 - 1000 cm - (wanss1eazldondannsieil 4.2)
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4.3.3 HANI5ALATIZHLASIES19NANWANUI9 CulnS, ABANUNUIVDY TiO,
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wanamsiinedivsveninduwaduaserfindeonunazazusingnisdnesdanain
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A15197 4.3 UszavSanweawaauasenngmelakeuluinuiuseuvesnisadsaian Culns,

uausevlunisalse Vo (V) Jo (A/cm?) FF Efficiency (%)
5 0 0 0 0
10 0 0 0 0
15 0 0 0 0
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30 0.047 168 x 10~ 0.25 1.97x 10"
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TumAselaRnunssuIunsaitaraduaiefindslafiduuns Cuins, Aenssuiails
dunuiilagldvhmadnassdrausiniadontan waennidsviowadanisadne nisadiaead
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98ua JCPDS ¥89 CulnS,, TiO,, CdS uaz SnO,

L1
Pattern : 01-072-1147 Radiation = 1.540600 Quality : Altemnate
Sn0a 2th il nl ok !
26.591| 999 1 1 0
33.888| 615 1 0 1
37959 149 2 0 0
Tin Oxide 38.991 24 1 1 1
Cassiterite 42645 7 2 1 0
51.787| 226 2 1 1
54 767 46 2 2 0
57.855 19 0 0 2
61.892 29 3 1 0
62.618 1 2 2 1
64768 26 1 1 2
65.981 31 3 0 1
69.259 1 3 1 1
Lattice : Tetragonal Mol. weight = 150.69 71.306 9 2 0 2
74477 1 2, 1 2
8.G.: P4Z/mnm (138) Volume [CD] = 7147 78727 9 3 2 1
81.152 3 4 0 0
a= 473700 Dx = 7.002 83.744 5 2 2 2
84.207 1 4 1 0
Dm = 7.000 87.246 2 3 3 0
89.817 4 3 1 2
c= 318500

Z=_ 2 KHeor= 707

ICSD coliection code: 016635

Remarks from ICSD/CSD: REM ~ REF

Test from ICSD: At least one TF missing.

Additional pattern: See PDF 88-0287_

Temperature factor: ITF.

Sample source or locality: Specimen from Cornwall, England, UK.
Data collection flag: Ambient.

Baur, W.H_, Acta Crystallogr., volume 9, page 515 (1958)
Calculated from 1CSD using POWD-12++

Radiation : CuKa1 Filter : Not specified
Lambda : 1.54060 d-sp : Calculated spacings
SS/FOM : F21=1000(0.0000,22)

v

Ul 0.1 doya JCPDS wos nszanthlnlihlusauas FTO




§1J17i 9.2 ?”Jaga JCPDS 84 Anatase Titanium Dioxide

tdy 1 dl Y o U ¥ dl = 1 3 1 ¥ o ¥ 6 v 1%
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Pattern : 01-075-0106 Radiation = 1.540600 Quality : Calculated

CulnS: 2th i h k I
17.953| 83 1 0 1

27.967( 999 1 1 2

29.100( 58 1 0 3

Copper Indium Sulfide 32.430| 194 2 0 0
Roquesite, syn 36.367 1 2 0 2
37311 62 2 1 1

44132 22 1 0 5

*44.132| 22 2 1 3

46.463| 353 2 0 4

*46.463| 353 2 2 0

50.253 17 3 0 1

52.403 1 3 1 0

55.057( 128 1 1 6

Lattice : Body-centered tetragonal Mol. weight = 242 49 55150 232 3 1 2
55.770 9 2 1 ]

S.G.: 142d (122) Volume [CD] = 336.64 *55.770 9 3 0 3
57.801 39 2 2 4

a= 551700 Dx= 4784 60.344 1 2 0 6
60.946 2 1 0 7

Dm= 4710 61.090 3 3 2 1

62.943 1 3 1 4

c= 11.06000 66.057 14 3 0 5
*66.057| 14 3 2 3

Z= 4 licor=" 1092 67.722( 20 0 0 8

67.903 40 4 0 4]

70.284 1 4 0 2

70.751 7 2 1 7

70.884 6 4 1 1

74.879 65 3 1 6

75487 14 3 2 5

75487 14 4 1 B

ICSD collection code: 028739 77106 13 2 0 8
Test from ICSD: Calc. density unusual but tolerable. 77.278 26 4 0 4
Test from ICSD: No R value given 77278 26 4 2 0
Test from ICSD: At least one TF missing. 79.548 1 4 2 2
Sample preparation: Prepared at 1173 K 79.996 4 3 0 7
Additional pattern: See PDF 27-159. 84 560 5 4 1 5
Data collection flag: Ambient. 86.147 33 2 2 8
86.274| 51 4 2 4

88.458 ] 4 0 6

88.898 4 2 1 g

89108 7 4 3 1

Hahn, H., Frank, G., Klingler, W., Meyer, A.D., Stoerger, G., Z. Anorg. Allg.
Chem., volume 271, page 153 (1953)
Calculated from ICSD using POWD-12++ (1997)

Radiation : CuKa1 Filter : Not specified
Lambda : 1.54060 d-sp : Calculated spacings
SS/FOM : F30= 91(D.0084,39)

gﬂﬁ .3 Uaya JCPDS a4 Copper Indium Disulfide




U v.4 oya JCPDS wos CdS

tdy 1 dl ¥ o U ¥ dl = 1 3 1 ¥ o ¥ 6 v 1%
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Spray Deposited CulnS,/T10, Thin Film Solar Cells

JKaliang, S Chaisitsak”
Department of Electromes Engmeering, Faculty of Engineering,
King Mongkut's Institute of Technology Ladkrabang, Ladkrabang. 10520 Thailand
*Corresponding Author: kesutich@kmutl ac.th

Abstract — Copper indium sulfide (CIS) solar cells with
Ag/CIS/TiOETO/glass structure were fabricated by non-
vacuum methods. The nanoporous TiQ, and nanocrystalline CIS
films were prepared by screen-printing and spray pyrolysis
techniques, respectively. The obtained films were examined using
field-emission scanning electron microscopy and X-ray
diffraction. The solar cell properties were characterized under
AM 1.5. The porous nature of TiO; layer was found to cause the
formation of manocrystalline CIS with a very small grain size
within the TiO, matrix. The photocurrent could not be observed
in any devices without a TiO; layer (i.e. CIS/FTO), while it was
detected for the devices consisting of TiO; layer (i.e.
CIS/TiOyFTO). The thickness of TiO; layer was optimized for
maximum efficiency. The highest efficiency obtained solar cells
was 2.3 % 107 % (Vo 0.147 V, Ti: 6.5 <1l]'{-&-"rmz. FF: 0.24) with
a 3-pm-thick TiO,.

Keywords - CulnSy; solar cells; TiOy; spray deposition; screen
printing

I. INTRODUCTION

Chalcopyrite compounds [1-6] are expected as one of the
alternative materials to silicon solar cells, due to their high
optical  absorption efficiency (o = 10* em™, low light
degradation, and high radiation resistance. Copper mdium
disulfide, CulnS, (CIS) 15 part of the I-II-VI group of
senuconductors, with chalcopyrite structure. CIS 1s chemucally
stable, non-toxic and 1s a suitable material for lugh-efficiency
solar cells because its bandgap (1.5 V) [1-2] is close to the
ideal energy gap, which i1s well matched with the solar
spectrum [3]. The CIS based solar cells with conversion
efficiency over 12% have already been reported by using the
expensive vacuum evaporation techmique [4]. Among the
various deposition techniques, spray deposition 1s an attractive
method for deposition of large-area films due to its simplicity
and low cost [3]. However, this technology suffers from low
efficiencies.

The purpose of the present work was to prepare CIS based
solar cells by usmng a spray deposition techmque, and to
mvestigate the microstruetures and photovoltaie properties for
CIS/nano-porous T10; structures. The crystalline structure and
the morphology of the obtained films were examined using X-
ray diffraction and field-emmssion scanmng  electron
microscopy (FE-SEM). The solar cell properties were
characterized under AM 1.5

978-1-4673-6352-5/13/$31.00 ©2013 IEEE
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II. MATERIALS AND METHOD

Copper indium  sulfide (CIS) solar cells with a
Ag/CIS/TIOyFTO/glass structure were fabricated.
Commercially available F-doped tin oxide (FTO) glasses were
used as a substrate. Before the deposifion, the substrates were
cleaned by ultrasomication in acetone and ethanol baths for 20
nun, and then dried with mtrogen flow. The Ti0; layers were
prepared on the substrates by screen-printing Ti0, paste,
which consisted of Ti0; powder (Degussa P25) and ethyl-
cellulose i a-terpmeol with ethanol. Here, the thickness of
T10; films was controlled by changing the weight ratio of
Ti0, powder. After dying the films were then calemned at
450°C for 30 mun n ar to remove organic compounds m the
films. The CIS films were then deposited onto the TiO»-coated
substrates by spray pyrolysis from agueous solutions of CuCl,,
InCl; and (NH,),CS (thiourea) under an atmospheric pressure.
The copper/mdmm’ sulfr melar ratio (CwIn/S) m the
solution was fixed at 0.9/1/5. An excess of thiourea was
necessary in the final solution, since sulfur is very volatile
during the growth. The concentration of Cu” in the source
solution was 0.01 M. The source selution was sprayed by a
nozzle ({: 0.5mm) with compressed N1 onto a heated substrate
(a glass or a TiO;-coated substrate). The temperature of the
substrate was fixed at 300°C. The number of spray pulses (30
sec spray and 60 sec pause) was fixed to 20 cycles, resulting
m a ~2.8 pm-thuck CIS film on glass (~140 nm/cycle). Here,
no post-deposition amnealing was done. Finally, a silver
electrode dot was formed on the back of the samples to
complete the solar cells.

The surface morphology and cross-section view of the films
were examined using field-emission scanming electron
microscopy (FE-SEM). The crystalline structure was analyzed
by X-ray diffraction (XRD) between 10° and 90° with a step
size of 0.02° using CuKo monochromatie radiations, and the
crystallite size was estimated by the Scherrer’s equation [3]
The phases were identified usmg JCPDS files. To identify
secondary phases in the CIS films, The cwrrent—voltage (IV)
measurements were carried out using a Keithley 2400 source
meter under 1-sun llununation (AM-1.5, 100 mW/cm®) from
a solar simulator. The light tensity was calibrated using a
poly-Si solar cell.

NEMS2013,Suzhou,China, April 7-10.2013



I RESULTS AND DISSCUSION

4. Thickness control of nanoporus TiO:

Firstly, the T10; films were deposited onto FTO glasses
substrate to investigate the film coverage. surface morphology
and film thickness In order to control the thickness of Ti0,
films, the P25 weight ratio of TiO, paste was varied m the
range of 0.5~ 3.2 wt.%.

Fig. 1l{a-c) shows the surface images of the TiO; coated
with different P25 weight ratios; (a) 0.5wt.%. (b) 1.0wt.% and
(c) 8.0 wt %. The film thicknesses were estimated to be about
0.1 pm. 0.2 pm and 1.7 pm, respectively. It should be noticed
that the particles of P25 consisting of small particles (anatase.
~20 mm) and large particles (rutile. ~40 nm). For the samples
coated with a low P25 weight ratio (0.5wt% (Fig. la) and
1.0wt.%(Fig. 1b)), the crystalline gramn of the FTO under
layers were observed on some surface areas (in the circle),
showmg mecomplete coverage of the Ti0; films. Such an
mcomplete coverage could be a cause of lowering the solar
cell performance due to the ohmie contact of CISFTO
junctions, as will be deseribed later. However. when the
weight ratio was mereased to 8.0 wt.% and above, a complete
coverage of TiO; particles on the FTO glasses could be
obtained, as shown n Fig.le

Fig. 1(d) shows the relationships between the TiO, powder
(P25) weight ratio and the thickness of nanoerystalline Ti0;
films. The thickness of the films was measured using SEM.
and the data were averaged over 3—4 different positions of the
sample. The linear relationship between the P25 weight ratio
and the thickness was confirmed. The thickness of one weight
ratio percent was obrained as 0.214 jm. For all studied pastes,
the peeling-up at the exterior were not observed. This result
mdicates that the nano-porous Ti0, film can be formed on the
rough surface of the FTO glass by a screen printing technique,
and its thickness can be readily adjusted by varying the weight
ratio of T10; powder i1 the paste.

B. Effect of Ti0y interlayer on crystailine stucture of CIS
thin filin.

In order to ivestigate the effect of T1O; layer on the growth
of CIS films, the CIS films were deposited on FTO glasses
and T10;-coated FTO glasses. Fig. 2 shows the typical surface
and cross-section of as-deposited CIS films on the different
types of substrates: (a) FTO/glass and (b) TiO2-coated
FTO/glass substrates. Here, the CIS films were deposited
under the same conditions-as described in the experimental
section, while the TiO; film was prepared using the paste
contamnmg 14 wt.% P25

The obtained CIS films for both substrates had a good
adherence to the substrate. In both cases, rough surfaces of the
films were observed and were assumed to be formed by the
aggregation of small crystallites to a dense structure. For the
CIS on Ti0,-coated FTO (Fig. 2b. left), however, a poorer
surface coverage with no pinholes was observed, compared to
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Fig. 1. (a-c) Surface and cross-section SEM images of TiO; deposited on
FTO at different TiO: weight ratios; (a) 0.5wt %, (b) 10wt % and (c) 8.0
wt.%. The circles show the FTO grains without TiO, coverage, indicating the
mcomplete coverage of the TiO; on the substrates. (d) Film thickness of the
Ti0; films as a function of Ti0; powder (P23) weight ratio

(c)

those on FTO (Fig. 2a, left). From the cross-section SEM
images. it appears that both films were umform and the grains
extended through the entire film thickness. The different
interfaces were not discernible, but could be observed as
shown in Fig. 2. The thickness of CIS film on FTO was found
to be about ~2 8 pm_ whale that of CIS on TiO;-coated FTO
was only ~1.6 pm. Since the sereen-printed Ti0; film consists
of a mesoporous network of T10; nanoparticles, the precursor
solution may easily permeate into those pores during the
deposition, resulting in the formation of nancerystalline CIS
within the TiO, layer.

Fig. 3 show the X-ray diffraction pattern of the CulnS,
films deposted on the TiO; films with various film
thicknesses; (b) 0.1 um (c) 0.2 um and (d) 3 pm Here the
CIS films were deposited under the same conditions. The
XRD pattern of the film on FTO glass 1s also shown for
comparison (Fig 3a). For all deposited CIS films. major peaks
comrespondmg to diffraction from (112), (220/204) and
(312/116) planes of CIS, which are charactenistic of the
chaleopyrite structure (JCPDS No: 075-0106). were observed.
The peaks were broad, showing that the obtamned films were
small-sized nanocrystalline CIS. The average crystalline size
of CIS was estinated from XRD data using Schemrer’s
equation applied to the most mtense diffraction lines. The
narrow size distribution ranging from 4.4 nm to 5.8 nm was
found for the CIS on the FTO substrate; however, the use of
Ti0y-coated FTO substrate decreased the crystalline size and
the size distribution became broad (the calculated sizes were
m the range of 2.8~7.6 nm, 2.6~8.7 nm and 3.7~8.1 nm for 0.1



Fig. 2. SEM images of surface and cross-section of (a) CulnS,/FTO/glass, (b)
CulnS:/TiO: (~3um)FTO/glass.

pm-thick, 0.2 pm-thick and 3 pm-thick TiO/FTO substrates,
respectively). These results also confirm that the porous
nature of TiO; layer may causes the formation of
nanoerystalline CIS with a very small grain size within the
Ti0; matrix
C. Effect of Ti0, laver thickness on I-V characteristics of

solar cells

The IV characteristies of the devices with CIS/FTO and
CIS/T1O/FTO structures in the dark and under illummation
were measured (Fig. 4). For the devices with CISFTO
strueture, ohmic behavior was observed [5]. As indicated from
the IV curve i Fig. 4(a). clearly, no significant photocurrent
was detected under 1llununation. This could be explained with
the pinning of the Fermi level at the CIS/FTO contact due to
large densities of deep defeets at thus interface. resulting in the
large recombination between the holes m valence band of CIS
and the electrons in conduction band of FTO [6]. However. by
mserting a thin-layer of TiO, between CIS and FTO. the
devices with CIS/ TiOy/FTO structure showed diode behavior
as shown in Fig. 4 (b). A small photocurrent density of 3.18 =
107 Alem? could be observed under illumination. resulting in
power-conversion efficiency (1)) of 81 » 107° %. Here, the
thickness of the TiO: layer was approxmmately 4 pum The
performance enhancements m the CIS/TIOFTO structure
could be due to the reduction of CIS/FTO contacts by the TiO;
mterlayer as well as the nanostruetured interface between the
p-type CIS and the n-type TiO, [7]
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Fig. 3. XFD pattern of the spray-deposited CIS films on the bare FTO glass
(a) and on the TiO; films with various film thicknesses (b-d); (b} ~0.1 pm. (c)
~0.2 pm and (d) ~3 um.

=11 T
. @
!? a- <
gl 4
=
g 0
g :
8
(S <
-1 Jb: uL gl
Valtage (V)
[x107] T T
~ k)
s
21}
=
i
P
E
g1t 4
=
It 4
-l —i.:i v '..:l dl
Voltage (V)
Fig. 4 Typical IV characteristics measured m dark (D) and under
tllumination (L) for (a) Ag/CISFTO/glasz and (b) Ag/CIS/TiO:

(~4pm)/FTO/glass.



The thickness of TiO; laver in the solar cell with
CIST1I0yFTO structure was optumzed for maxumum
efficiency. The thickness of TiO: was varied in the range of
0.1~ 6.6 pm_ by changing the P25 weight ratio of TiOs paste

Fig. 5 shows the vanation of average open-circut photo
voltage (Vgc), short-circuit photocurrent density (Jgo). fill
factor (FF) and power-conversion efficiency (1) as a function
of nanoerystalline T10s-layer thickness. The IV characteristics
of the fabricated solar cells were measured under I-sun
conditions. As shown previously m Fig. 4. the photocurrent
could not be observed in any devices without a TiO, layer,
while it was noticeably detected in the devices consisting of
Ti0; layer. The I.. mcreased to about 6.5 » 107 Alem® with
increasing the films thickness to 3 pm. However, further
inecreasing of the T10, thickness negatively impacted the solar
cell efficiency by decreasing the V. and the FF [8]. The
highest efficiency obtained for hetrojunctions p-CIS/n-TiO;
solar cells was 2.3 x 107 % (V. 0.147 V. I 6. 5107 Afem®
FF: 0.24) with a 3-pm-thick Ti0,.

v CONCLUSIONS
Copper mdum sulfide (CIS) solar cells with
Ag/CIS/T10,/FTO/ glass structure were fabricated by non-
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Fig. 5. Vigc. Jsc. FF and conversion efficiency (n) of the CIS/TiOyFTO solar
cells as a function of TiO;-layer thickness. The solid lines are drawn as a
guideline for the eye

1103

vacuum methods. F-doped tin oxide (FTO) glasses were used
as a substrate. The nanoporous T10, films were prepared by
screen-printing TiO» paste. The linear relationship between
the weight ratio of TiO, powder in the paste and the thickness
of the film was observed. The CIS films were deposited by
spray pyrolysis from aqueous solutions of CuCly, InCl; and
(NH;),CS under an atmosphenc pressure. SEM 1images
mdicated that the obtamned CIS films were umform and the
grains extended through the entire film thickness. X-ray
diffraction pattern measurements showed that the CIS films
were nanocrystalline chalcopyrite. The porous nature of TiO,
laver was found to cause the formation of nanocrystalline CIS
with a very small gram size withun the T10; matrix. The solar
cell properties were characterized under AM 1.5, The
photocurrent could not be abserved in any devices without a
TiO; layer (1.e. CISFTO), wlule 1t was detected for the
devices econsisting of T10; layer (1e. CIS/TIOFTO). The
thickness of TiO, layer in the solar cell with CIS/TiO)FTO
structure was optinized for maximum efficiency. The highest
efficiency obtained solar cells was 2.3 x 107 % with a 3-um-
thick TiO:.
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