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Abstract

This work, Cu-doped SnO, thin films were deposited on a glass substrate using
radio frequency magnetron sputtering. The effects of varying the O, partial pressure
during the deposition process and post-O, plasma treatment at 420 °C were
investigated. Bulk and surface oxidation states were measured by, respectively, X-ray
absorption near-edge structure spectroscopy and X-ray photoelectron spectroscopy.
The as-deposited films exhibited oxygen deficient compositions and Cu* or Cu* ions,
which depend on the deposited O, partial pressure. After the post-plasma treatment,
the films changed from an amorphous structure into a low crystalline film. X-ray
diffraction results indicated substitutional doping wherein some Sn** ions were
replaced with Cu* or Cu?* ions. The O, plasma treatment can remove Cu?* and 0%
from the film surface. The oxygen deficiency defects and Cu* or Cu?* ions present at
the surface are the key factors in controlling the sheet resistance of the Cu-doped
SnO; film. Optical transmission spectra showed that the films deposited at higher O,
partial pressures had higher transparency and increased band gaps from 3.08 to 3.78
eV. After O, plasma treatment, the films showed better than optical transmission.
However, when the O, partial pressure increased to 10%, the optical transmission
declined slightly because the film had higher surface roughness, smaller crystals and
fewer oxygens in the parent rutile tetragonal cells, enhanced the sensor response at

room temperature.

Keywords : Oxygen plasma treatment, Oxygen deficiency, Sputtering, Copper-doped

tin dioxide
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uuniinsouatpineeasuuunugiusesiuiidunszandlad lnefinisasuidaseuduges
yosfeendiaulaymsvhoondiaunaandigamainng o ndsannsiniosiid uenaNnti

ca o o

lavinsfnwautfniai@ndndfny tawn n1sfnulasaadiamdnideganiAuagidaunnin



ASANEANUANIET  NNSANYIANTRNINAY  LaznsANwdNSNaTDI9RUTENDUNILAL

dIQ
NHT

1.2 IUILaIAvaI9IUIY

YFulaantinsiasuaz livesiiduuishiyneenleniildenenauwns (Cu-doped

SnO, thin film) ethluuszendldidusinsraduuianuulusawas

1.3 Y2ULYAVAIIIUILY

1) Wduusiyneenledfideseneunasisulnomaiaeiienuuninsoualnneidly
LABzAINAUE B8 YIYeBNTLaY 0, 2, 5 uay 10 Wosidud uazn1susulpands
yosilduuFonIsieendiaunaaniigamgil 350, 420 uag 450 srmiwalTeya

2) Apseailaseadnawesdnsiogafieinieditnsvinisiaeauusidond (Xray
Diffactometer, XRD)

3) AATIevlATasLazan ureondntunlainalla (X- ray Absorption Near Edge
Structure, XANES)

4) ARTBRVUIAVBANTULATANNNUIVIIATHIOENMNY NADIaNITIAUBLANATOULUY
@94n317 (Field Emission Scanning Electron Microscope, FE-SEM)

5) TnTgisnidalTinauazdinunm felniesdledinsgiisin Energy Dispersive
Spectrometry (EDS)

6) pszimaaiifisyiuinvesiaemaila X-ray Photoelectron Spectroscopy (XPS)

7) Awwsizviguandilgwasaigmaila UV-Vis spectrophotometer (PerkinElmer,
LAMBDA 365)

8) Anmeidnunziiuiivesiduuiadae ndesqanssmiusaoznen (Atomic force
microscopy, Park System XE-100)

9) Arasngvaudanisludlngruimaiia Four point probe measurement (JANDEL,
Model RM3)

10) IpseiaudfniaduesmeaszuuinaudiLdadusasluussonielovasazdlau

1.4 UADUNIIANTUIIY

1) Anwmgueasnumuissunssuineitesiuilduunvesasissiaiifiynesnlen il

LIDAIENDILAILAZNNTISsUTAUABATADSENLUN TR UATALNDT



THedosondionuuninsouatinmedsndouiiduuisiyneenlediiiosmenouaiiie
mifoulwesnuide

mMawssuiiduusiynoonledfideseveunwiuiouly  Tasmadinerfiovuuni-
nseuatamets Ao MIlUAsuaudugesvesiweandiau 0, 2, 5 uay 10 iesidud
thilduifesluuiuleantRsemaimanaunluusseiniaveseendiuiigungd
350, 420 way 450 peALTaLTud

thilduusiyneenledMiememesuas luasiaasuuaziinsizsiautanislassaiig
auUAnaliiy wazauiRnauasmsmatiagig o
ihilduuiyneenledfiiieseneunslunaaouautinisnsaduniaanleves
GEGIENY

aiUsBuazATUNANTITY

WeugUiasine1inug

1.5 Yselevinaindnazlasu

1)

2)

s msuananniswazisnswseuiiauushyneenlen Mideneneauwndla s
s S a a [ v a6

p1stenuunilnseualnweiwuavinalinnsusuugsaudfvesilauun

[J 2/ o I aa 4 Y a va aa 4 a6 1 va

ilianunsatmguineidndunldesute audfnaid@ndvesiliauuis wu audfnig

waskazautAn1sla swwdanisiimgullunisi@ndundesisviiasaiuisdn

Ry

o 1% Y a a = a a a s D2 a a

ililaanusinudslummguiuasinatdaniswseuilaulvil ussdnsamaiuise

ihluussgndldiunsinidulusuimasaly
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Y (Y ~ a6

U wazusingmsaliinduiuiagniinnudAyden1siasieinaainn1sugnilay

q

)R

[
va o

= Yy 1 v v A a v a 1% U o Y &
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Qe

=

2.1 andAiuguvesiiduuarsiadiihfyneanles (SnO,)
2.2 AnuviEnguazanURvesianasneiatl
wa 2% @ & a I3
2.3 pruantRveniadugesvinlangeonlen
2.4 NNSLAABUNANUNIAIENTZUIUNNSAUMMDTS
2.5 \p30adlowagnannisnsiainauiRvesian
2.6 NUITENNYITD9

Y
/oY

2.1 autAnugIuvasilauusansieiaifunaanlan (Sno,)

Tlduunsdiyneenled Wuansisnadndu (N-type) Fslivosinuaunduuunsiag
Tuths 3.6-4.0 eV fimsdniFeslassaamdnuuunnsznouea laglunieinisadusznause
fiyn 2 pzMoN UAYERNTLIU 4 BEABY FIAYNUFAALEEABIILDLATINANIYDIDONTLIU 6 B ABY
ludnwair  eaAnsBaseu  (Octahedron)  vairflsandiauusazarneugniausousmafyn

3 pznew Tanvazduaumieuduii (Equilateral triangle) Aaguil 2.1

JUN 2.1 uanslassasnandnvasiiueanles [14]



A13N7 2.1 uansanURvesasusenou SnO, [14]

auumvesans SnO,
wialnana (g¢/mol) 150.71
1AT9a31 LAATZNIUDE
AUNUILUY (x10° kg/cm?) 6.85
rnasuial (°0) 1,630
oLpien (°C) 2,000
P a = 4.737 9380394, C = 3.185 99dMI0Y
a, B, v = 90 83M
an il (Qcm)? <10°

2.2 ANUNINELAZaNURYDIIEAETN RN

2.2.1 AUNUIYVBIESNIAUN

@ d'

#1350 (Semiconductor) Ae Fandilaudinisualiiegsenindailnihuag

9

a

awulnihnslandadindntuegivenmall  nemilvasisinihasdrmanimdunulnih

9 Y

oglutissening 10%-10° ecm Falassairsesnondamilertuseiusslaiaud audfima

arufounazaivislnihuesarsisinirduiuegfunisduredasadn (Lattice vibration)

uazwIne (Carrier) meluansiainyies
msduvedlasananveswosudauinannisiveaudaldsundsnulususing 9 Adawan

I3 v & a Y P o <
woauduwmaliegnaunigluveswdauianisdunazdidunisdulunuvesudsluguuuy

999A3U MsdulianududaulunisiaisuissanuusNasnaudinilidusgazlasu

Y

BNBNANITAUIINDEADUAIDY 9 UINTevinle Fuilrermeunnazdiniglulasinananadu

Y Aa 1 oA o v
WQ‘EJWJ’]MQ‘VILV]WﬂUMiEJLLGmG]’NﬂUﬂIﬂ

Y 1 a e

Tudruvasnwinzneluansnediung 2 via lawn dlannsoudase (Free electron)

a L4 [

warlaa (Hole) viall d1suduaseddnegngungiaudesarduysal (Zero absolute

Y 9 Y Y

aAa o a @ o

temperature) azdngAnssuduauiulniivieliisidnaseudassiintuluansisdai
Hesnuautundsnuisuengauetozaonuioifenit uournaud (Valance band) #iga
wilsafuuuuiussleniaudidiinaseuvssegifiu egndlsimuilogungigsiussneuas
lisundanuiesananudeudumglididnasounnsiieglusauinaudugaoonuiiy

dnmsaudasylutundsauwauinlnin (Conduction band) wadauilusingn Tuvmed



didnaseudaszugaeanainiuszlariaud azviliAagesindduiauraudisanii lea lag
Teavzuanssnansiiinduuinuazaesididnaseuaniusslndifoswnfudutesined
SuliAanisindeuiivestesicluiiusylndidesielddes q duju loasuluresing
Wisuiadioulszquaniidamasienisinlifiwesansfsing Ssasiesthanansouudladu 2

F1n

=2

2.2.1.1 msmﬁaﬁwﬁmu’%awé (Intrinsic semiconductor)
Juanshaithifisvudidneseudassuiiusviuveslea
2212 msﬁﬁ’sﬁﬂﬂﬁ@mé (Extrinsic semiconductor)
1. anshasathefinidu (N-type sericonductor)
LﬁaLiWLaumiL%aﬁﬁfmawﬁ@Lﬁﬂmauﬁ'ﬁﬁﬂmumﬂﬂ’jﬁawamaqmwé’ﬂiu
Tassadradnluwnudiagsinlidsidnnsouiulussuunaydidnaseuiuarinasenisii i

'
= a U =

wsena1sieviinilin §li (Donor) saziinduansieinthvinduidinmedasedlng

A aa a [y} [ = A o 1 o al 1 [
ADBLANATOU WATLNATEAUNAIUIULINAINILAUNITUINTERalNANT 8N waUNSI9U
{ﬂ,ﬁ (Donor level)
2. ansnesudiadu (P-type semiconductor)

= a A aAa fa o Ao 9 | )

Welsinalsiienitnaudsidnaseunidiviutesnitesneuvessinnaniy
TassasradnluununazyinliileaiintulussuuaniunsasudlanansauannNoLnaud19LAL
sotlasiuluiadiouimaundeuiilaeg1edase 1sSenansdeviiniin 35U (Acceptor) B9y

a o =% v o a af a a | A a Y] Y] = N i
Lﬂﬂﬂ‘Ua']ﬁﬂQ(ﬂ']u’]sUu@Wsﬂﬂﬂwqﬂgaaiﬁajuhlﬂfyﬂaiaa LLa3Lﬂmwuwadmu“uuu’mgﬂm’lLLﬂ‘U

6 a 1 v Yo
VLaUDIENIN LaUNGIURSU (Acceptor level)

Intrinsic semiconductor N-type P-type

Conduction band Conduction band Conduction band

0= -0~ O~ 0- 0
Donor level

Energy

Acceptor level
0= =0= =0= 0= O~

JUN 2.2 wansnisaseguasnvgBasylulaundanuvesasisitvinging o




2.2.2 3yN1AUIIUYRIAITNRILN

mswasuuadasiadididnnsedndvasaanseng q avdwaliaudfinelnd audd
auaimdn uazandAniuas vesaasivdeundadluannifiy 1wy Yo9319uaundany
(Energy band gap) maami?’iqé‘f’gﬁwzme&iNﬁ’ulﬂmmmmaqaqmﬂiuizé’fumiu
uenniinsiasuuladasaddidnnseind Sulnaseanmnsilriwedany Tnei
Tavzuuufoulug (Bulk metal) 9ziwaun1sii (Conduction band) fAnannisdadesdu
ninuveseraeudasyiinnUszneuiuseideaiuly usddlelansivuneynadnadiuagsi
Thflardundureaiauddidnaseuiugnindsegluuiinuisin Jasdenalisedudu
WHIUHA 9] Qmwﬂaamﬂu%mﬁ'm 9 DYNTALIU AdefUsTRUTUNS TR terARILAET
FerldantAnidlafinvedanednsdsuutas seninsnsifulanefuauiu (Metal
insulator transition) Ssdugfuruinveseynia Wy nqufouszmenlansiiusznauiulans
13 pznew azlifiandilunsndulanzudvsenisle widlonguioussaoufivunlugdu
wu flezmeunnnin 309 evaeyiuly axdautRimilousulavsuuuioulnaiuni

Tassaseddnnseling (Electronic structures) Wudrnuanginssuvesdidnaseu
1‘14’3".:191Lﬁa"’a’a@ﬁ?uagﬂuamﬂwﬁmﬁaammmmﬁﬂ wuandAlunndudad Wuansisiai

3

= < A Y a a a ¢ [y 2 X K N '
Mo luauUIU IﬁﬁmiﬂiﬂﬁiqﬂaLaﬂ‘Vl3@14?]?15(1aﬂjﬁ@ﬂsﬂuaﬂﬂU@ﬂﬂﬂigﬂa‘UsﬂaﬂE)gmﬁllﬁ/la%ﬂ']EJSL‘U

Y

dn wardnuazn13INses lnendanuilunnuseinnazdiinisnienmeg1eoan il

[

f
gnindnvuinelinteluseduvuily Jadunistuddulandidnaseuluiaguiluaiuise
wndeuilatuusuesdidaminiy Jeiliusngnisainisateuduignindsly (Quantum
. v g | ) ~ ¢ v | | A X &4 a £
confinement) Usngeantviiiuegredaiau lngiiusingnisaldenanilidineiiniuvseiniy

Wognluianund

usti waviveuiseeiing
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BRIE
‘
e

I

284914

b

usUInsYE uavhmeaiilia
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naar

luaas
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Qo
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Q
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Hafung ]
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o g . WHARTAVAN
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JUN 2.3 UanIaNBaEU0IINOUNIAKALIAUNAIIY [15]



audineneniniazneiiihvesianazsifsunuatliainuavesnisildsundasly

Tassasraioinsuilvuintanad azadualilnsIALTUYDITOUADTLNINUNTUNS DN U

Tnzvasianiaianz aanldussAvgiinuianuiiidmizasianudfgun Weswin

¥ '
% a A aa o aaa o U Y [24

Wiadaninuniidunizgaazilviuilunsinjisendmsunesiaiauiadenunn 899s

9 Y

o
[24 v v (% L3

dwaliivioufiadeianulilunsnevaussiowniags daunisduasisiianlviuuiansy

Y

[ (2%

agluszavunluasalinnudidgdmsunisuseivgiminuia 1leaninsuazivuin

9

WIBUWINLLARNUDINAN[15]

2.2.3 YaUNWIDINAN

= a 9 I e Ao & I P a
anuduasddulasaireliiindnlandauauyseluvunulasairandnlugaund
NINUALAELANTE]ATIAS19NANTUNALUIY UBNANALYNTRRANYIAAINULALNLALBWAY ANl
auyInlveInandalinnudAyedbwmeantiniaidndvosiauuns taun aud@nigli
audflun1siufizenedl waznginssulunsiinnszuiunissng q Faeg19estaunngas
= 1 ldyd v 1 = = v 1 = a Y
NANANLAD TOUNNWIBINANLUUWILALGY (Vacancy defect) Younwsasnanuuualaindy

(Dislocation) AaBAULATULAZVDUIANTDUADYDILNTU (Grain and Grain boundaries)

2.2.3.1 ToUNNTWANLUUYN (Point defect)
TBUNNTDIVDINANLUUAILALIT BT UNITRAS U ZRaNNRAL Ul UIINATWALS
a % = aa [ | w '
wilulassasimdnluanufifdssanassosugosanuyindivesssesinsosmney
1. UDUANTDINANWUULILAUT (Vacancy defect)
Jounnsesnaniinainnisiidezneunselossunganieluutseanidu deunnsas
lasendnuuuvenan (Schottky defect) Mifinannnsnezneuvselossunegluusnuuaniie
aelundnindeudreeanludatiavtivewdn wastaunnsomdnuuuinsuina (Frenkel
defect) Wudaunnsaandnuuuwinaudiguiu inannsiilezneunselessungaoanty
a A 1« =2 dl' v v a ::l' @ A ' a
Nnuanfigneglundnadeudieludiusnunnisasluniseniiuan i
2. Tounnseenaniuudumesandea (Interstitial defect)

TOUNNIBINANUUUIATIANIIN B¥ADUUIDENBNNTD laopu liag Niunisadlase

Y

'
Y

= 1 v 1 1 ) A I~ a = Y o oA
NN LLG}%LG{HL‘LJLLmﬂagJJizwmmLmuwmmLﬂum’mﬁuaﬂmmaﬂimwﬂﬂLLmimawau
d' ¥ 1 1 & v 1 v a %3
MLmliJLLmﬂaq%meauaamwmmaaasmawan
3. YDUNANTDINANLUUTUARRITY (Substitution defect)
P ' P A a ~ = P ~ a
maunwaaamaﬂLL‘UU@Wm@mﬂmimawawsalaaawmlﬂLmumawaumalaaau

Y2LANTNBLINVBIUN (Host lattice) [16]



2.2.3.2 UBUNNTBDINANLUULTLEY (Line defect)
YOUNNTDINANLUULTLAUDNDIUN A DNDEI9I AdlalATY LAAANNANURAUNRLUY
yalasanandue 2 997Ul Fae19v1enienIeLiintuinddinainliiinnsiaunfvedlass

nEnuuundunisiinfalandu onvvzuiesnlimudnvursUseiidunaiiy fe falawadu

al

wuuvau(Edge dislocations) uag Aalawaduuuuang (Screw dislocations) fagui 2.5

o 0 0 0 0 ¢ 0 0 0 0
¢
® o ® e o 0 o o
Vacancy == = Uiy D - Substitutional
@ 0 0 ¢ 00 @ oo
[ ]
o * e o o
]
o 0 0 0 0 0 0 0 0 0
¢
¢® %o 0 0 e
Self interstitial - - L ] r 4 Substitutional
L Y 0® ¢ 0 o0 o
¢
o ¢ o o ¢ @ ¢ o
Interstitial — g ° @
¢ 0 0 ® o 0 00

JUN 2.4 UanslaunnsBInanuunviliag1e  [17]

Screw
dislocation

; 00y
=% S e LS

OH—=O—=0

B e et e e e e
et

_.504 OO o A T =0

-5.
|

Extra row
of atoms

JUN 2.5 uansdeunnsemanuuudalainduluuveunasialanduuuuans [18]
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2.2.3.3 YBUANTDINANWUULLITTUIU (Planar defects)
JudnwazvesrnuiinUnAvewdnuuuszuiuwdieeniu 3 ngu Ao n1siseaszuny
NAa1AU (Stacking faults) F¥uIUNIU (twin planar) INFUKLAZYIUVELNTU (Grain and grain
boundaries) Founniasnanuiniisin m%mﬁm%ﬂuwﬁﬂwnﬁué (Polycrystalline) fiflwane
nsu Fdlunsasinsuasiinisdniiosiivemwanluiimmafsrfusaziinuiudeseninudas
wnsuiifinssaossvemanlufianiemieiy Sunsulazveulnvennsy Asdinavlninnig

a s 1

WaguwUasandmigaild@ndsing o lUanudnlugauad

JUT 2.6 UARINTULALYDULUATBYABYBUNTUY [19]

2.2.4 guuan19ininvasilduung

2.2.4.1 audinisinlnivesansieda
auUAnisun i luarsfsinihuediuduruninedasz inedidnnseunarlaa
A Y o a o 4 Ao ¢ a &
nande addwiudianaseulukaviinszuansedidnuiulaaluwauitaudiiuuiniy
d! v o 3 o ydﬁl g a 1 a ﬂ! U o
a1sneinituazi i laag sy Ysunaanunuiwduresnivedassluansieindign
ANUARIEYUINVBIYDIINUAUNFNY, QUNNT LAZAIIUNUILUUYDIDEABUVDIAITTD
Pannzaunadinuiou lanafiaznudianaseudelinisnszargvesnivzdassnuszauy

wFuvaINdndusuiettunisnszanewuumasi-Asn (Fermi-Dirac distribution)

f(E) = (2.1)

1
exp[(E_EF)/kT]+1
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dlo  F(E) fe eidunsnszaeuuumesiviennuinanfuiivenudidnaseuly
siundanu E figauvind T 1o 4
Er 70 S¥AUNa3UmNesl (Fermi energy level)
Kk #o aasfivesluandsiutl (Boltzmann’s constant) = 1.38x10°%3 PRIZRIGERY

T fie gaungilluvihevenaaiu

LArNIINIENYRIanuEnduluaundsugnivualag Density of state function,
Z(E) Bauaniadnuiuyesan ue N NI uAeTERUNG 1 UNNnEansanauasesag larent

WengsusendeiieUsines [20]
Z(E) = 25 (2m;)*/2EY/? (2.2)

a 5 N [ . a o
Wa  m} Ao wiadwa (Effective mass) vasdiannsauluwauiin

h A9 A1AINYBILNEIR (Plank constant)

ﬁqﬁum’]wmLLu'usuaqwmzmmaaﬁwmmﬁmfmWiauw%mimma@miijmmwmLLu'u

YINTLIULAUNS I UAUALUNEL TN WU N MU
n= [f(E)Z(E)dE (2.3)

E‘?’]M%JUWJ’]ZLMU']LL‘UIHGUE’NWWWSGUEJ\‘@Lgﬂ(ﬁia‘uu@ﬂ@a

E
np = NN, exp (— —a) (2.4)
kpgT
2.2.4.2 anwihlihvesanshsdiaun
a A a & = o o = « a 1 4{' Yo @

W BasevIediinnseuansnsininasiinisindouiegiataiiasainlasungeay
WoanANusaut lilawuinn1sinfsunvesnI e asiifiAn 1w UgNLleINN1IN 2R
INMITUAULlATINEN @1530 wazdounnsowdn Fdbiianisivavesnseualnininty

Feldauruludndrluluaisisdidy Bildnmseuniaglunaviissnasvauesse
awlwifanisindeusivesdidnaseunateilunssualil a1nnguesledu (Ohm’s law)
an1nu Wil (Electrical conductivity, o) A 9ns1d@UVDIAIAINNNUILUUNTE LA LN

(Current density, J) sio Arauulnin (Electric field, E) ssgunns [21]
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J =0E =e(uyn+ ,upp)E (2.5)
Wo  pnu, f0 d@nneasivesdidnaseunazlaa mua1AU
no e ANUNUILUUYRBIANATEU

p  Fo  ANUNUILUUYBILEa
wazArdunavvasanIntd il Sendn Aranndrun Ul (Resistivity, p) F9@11150
Feulendu
1

plre—) (2.6)

Q|r

p:

2.2.5 dUUANINHEIUD9aI5NIRIUN

Wenasannsznuiuilduuisvesarsiediiimgdnssunisuasndaunalanse

AdNUTEANSNISRANAULES A1duUTEANSMTEEIoULAY wazAduUTEANSNTdwuLal
a5 AnwaglATES1MaUNENIU (Energy band) WagMIvUInA1Y0IINSLAY

(Energy gap, E,) YosfanUIIeEsnewiile

s
a a 1 I

2.2.5.1 duUseanNdn1saIIuLad
ANSANYIISIRANANUSEEANTNNSALYOULALANANUSEANTNNTAINIULAD LI DWAS
WAUNILUNTENURANUNG BASUNNEIUILALNDUNFUNRIVBINAUUN UNEIUTDIASILLAU

madiluwiuilduuanazgnaaniu fuandlugun 2.7

| X

o tle

R -
]

=]

F .
» : ky
E 0 d X
= JTUZNM1A

s

JUT 2.7 UaAUHUNIMEDUAANNTENUAUULHUTENUNS [21,22]
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ATNFMITBIINILDUNGNU

[

duUszansnsaauwas T ddenunadl

=L=(1-R)e 2.7)

R==L (2.8)

AWEIRNNTENURAN U ULUIARINAUTRNUN9zUsEuan R TAneed  waziatesuin

fatiuauniIsaznatendu

T ~ e~ (2.9)
1 1

A@N5N9AUNNTNNTINYANI UL NANTUTUYDULUUNTS AD
2
(ahv)? = A(hv — E,) (2.11)
& o o Ao P Y] a a &
AN5N9AUNNTNNTINUANTUENANTUTUYDULUULRYS AD
1
(ahv) /2 = B(hv — E,) (2.12)

Iruunsfiasalassadsndnlugaunfnlasnaon walunnuduaswas

lassamdnasiidnuaes Wanysaluuulasaiwdnlugauainmun anuldauysalveudn

uliwuiliuazwfousUasnauantinisiihvesansuagluviensdifuysnlniazived

Y

fuaulilanysalvesdnmetsauldauysalriotounniasvadasanivateyiinmeiu

do 1, AD AULUULENANATENULNUNANUI
I, AD AUUNLENEEIDUINTAN U
I Ao ANTULAYENHIURNNINTANUNY
I Ao mmL'i’J’a,JLLaqﬁLﬁumaﬁngwiu?\léuma
“

R Ao AU ANTNTALTIOULES
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s

T R AUUSLANTNITAIHULAS
= % a Q‘ =
a R duUsEAvEMInAnauLa
d R YN NTBELAUNII IUHUN AN UMD ANUNUIVBINALUN

2.2.5.2 MIQANGULEITDIENTAIRIN
lauaInnNIEnUansiadiaii fAaeanudy I wasuisdinazdeiueenluuisdiugn

AnnAuLazdILNvRoITazTioundULn Awuandluzun 2.7 lag

T+A+R=1 (2.13)

YILANTNANTAIN UL

g
5
o))
®
He

US¥ANTNITANNAULAS

Y

o))}
©
ﬁﬁ

[y

R A9 &uUseAnSnsasyiouwas

- _1)24 12
Tngi R= 3;3—2:; (2.14)
wazAAYURNIAUDING n,=n-—iK (2.15)

Wa  nm A 91UIUITS

b

[

K fo unudsdeu Sundt dudsydnsnisgade (Extinction coefficient)

Taevia n wag K 1Wuiedduns A

2.2.5.3 d1UNATDIUAUNGNNY
TanUssnilauueindvounnTavananTIUIULINTEAUNGIUTBITOUNNTBIVDY
wAnwand awfiunsiedefudsmaliseundsnumaniudoesoen Tasaglifuszdu
n¥auanizan (Discrete level) Bnsialy unsafsituseanlasaveutugarasuournand
vioveuagareau daafiouiuiauniauduiouauiind fanuvuiuiuresaniuy
NINE191U (Enerey density of state) BudlulugesinsaundsnudsieuSouduiigudi

1UTU9997 19 UNFIN UTAIUNN99BILAUNEI9U (Band tail 138 Urbach’s tail) fauansly

U 2.8
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Urbach tail

p—

AE = AE -AE'
u g g

[%
L]

JUN 2.8 Lan9dIUNINTD I UNSINUTIIIIEIUMIvBILaUI A UTLAEE U UBILa UL [23]

TN IMeaeEIUNIYBILIUNE AN TS RFeU RN TTRvBEUN1SYANGY
L9 09T a1 U193 1003Un (Urbach) tawandliifiudnvaunisgandundnasiiuduiuy

LONBLINUULTEA PaPNUAUNUS
a = ayexp [?] (2.16)
u

44' o a £ = [ a ¢ = ] a =
e a duUsEAnsnIsganau ailunisilnesvewdnudazvilndiu kv fe
nasulWpeuiindunas E, Ao Watiuaeaessun (Urbach energy) 31naunsi (2.16)

o a v v ¢ ' 1 [y [ ) 2/ 1
A131150UNU N UNTINVRIANUFUNUSTENIN AN Ina HU Wa9u (E) aztdudunsalugag

A a

NANUNAANUAINTIVOUNTAANFURUFIU (MFONANTANTNAINUAINTIYOIINUAUNGTNU

1%

Hued) nMsaindiusevesunailudunsiinfigamginig 9 92gwWigen (Eo, ao)

wa 6V < S a 4
2.3 ﬁﬁJ‘UWUa\‘lLLﬂﬁL%NL%@i%UﬂIaﬁzaaﬂ'l%ﬂ

a ¢ a o & o S v aa ¢ v ~
LW@IUIaEJL‘UULGﬁ@ﬁNﬂ'n@JUEJ@JLLﬁgﬂqLUUGLUMaWﬂWa"IEJW']UVN AUNENE AULAN LAY

(Y] < =

Y A a a v » Yo d = v a & 1
ATUYIINYN I@IEJUﬂmLLa?LLﬂﬁL%UL%@ﬂ%aqﬂiU JULATDIND IUﬂqi'ﬂﬂﬂiﬂqaﬂJ@ﬂLLﬂﬁﬁqﬂ 4 FLU

o w

A o ¢ & [ v A o [ [2% I3 4 1 ' <
UITYINA SZI\‘]']ﬁG]Iﬁ‘Vi%EJEJﬂVLsU@LUU?ﬁQG\QﬁWﬂEUVI‘UWﬂJ’WI’]LIJ‘IJLLﬂﬂL"’ZJULG?JEJi LLG]EJEJ'NI?ﬂG]’]ELIﬂ'NlI

o

A 1Y @ ! 6 =% & a ao o o« 19 Yo 3
winzaulunisidendanflinnuanizluudazuia dadudnddypeluldianlanzeanles

Y I

nilafgansansduwialatunnyia dn1sfnulunarsandfvesitlanseanlend s

o w

d1ryAe laseainaunly Fan1smivnudnyur U aazIuIavedlaswa 1wty awnsavinli

o
¥

Arnulalunisnsadudia (Sensitivity) wazn1sidonuia (Selectivity) ATU wagn1SNNNUN

a o o da ® @ A va = da o«
NAFUNANNILNN N U UDNANUANUINLANUINTU [24]
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2.3.1 nalan1sasiadauia

fiugruremannisnsduliane Midugesaziinisdsullasdimuiuniuiy

£ o

nsgaduuiaifiuia famsiinrufunudeudadidesniinseduriilfifn Uiase,
mandinidunaliinisinisufuiunsdndnmshlnihseninansu Tasdnvazniniliin
fiAnduluansisitiiu ansnsautseants 2 Snuasfe niaudsuulasaauilaiig
youinsu uaznsiasuutasmeauiliinelunsy WesnuAaasyinlimeaniliin
finsBsuudanuuiunduld (Reversible) mnfinisgeduuaznisanevesufavuiiuiives
ansfadaii %amimﬁ'auLLﬂaaﬂ"]mmﬁﬂw%wzﬁuagﬁw%mmmm%LﬁﬂmauﬁwﬂszLLa

(Conduction electron) TasUsunuvaeddnasautiinseiasshusiunsatuaau luin

2.3.1.1 nalnn1snTaTauiassisuduainnszuIun1sgaduasndiay (Oxygen
adsorption) Wefiussnlendudaiueiniadianaseuazyiujisertveendaunatoiludu

sanlyaivi (Depletion layer) Bsawiineandiaulesausy 3 sUkuu 07,07,072)

02(gas) = O02(ads) (2.17)
O2(ads) + € (conduction band) © 03(445) < 150°C (2.18)
O3(aas) + €~ (conduction band) < 20,45 > 150°C (2.19)
Oaas) + €~ (conduction band) < 0f;5) > 150°C (2.20)

Aofduiunsdndyendi Tavinenisiedeuiiiussminansuvesdidnaseudasy
Talidulvsgedasyrilianmauilnihvesfiuesnlosanas dmsuasseiaguy
(N-type) AunuIkuuYeIlsey (p) ﬁazamagjﬁnmﬁuﬂa (Depletion zone) Az ilnayvinli
AnniaBsunlasAvasiunsdngvendiliaeiu fevsdulumuauduiusiaenisud

aun1sthesluanidia (One-dimensional Poisson’s equation)

p(z) =e[p(z) —n(z) + D*(2) — A~ (2)] = &.60d?V /dz? (2.21)
do e o Use9iug U (Elementary charge)
n  fe UINBENNTOU

p fo uallaa

D* fg TMUIUBLABULIN
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A A9 IueznaulTU

g, Ao AAlABIANASH

nsssuIRvesvelusTuuNinIsTINA el p(z)  TudSunnsiiaviumnasses

a o Y A v

wihiuaiaedulivieduld Inevnlvaunistwediaunsauidymlade wadmsunsain

Y

v a

Pevigaiufisudidnaseu (Acceptor) uarAnududuredaa (a1sfadithudadu) waznis
b dulessuludauysalvesfu3nedidnaseu (Donon) way  D*e = AIAIN aunsailiou

aunsthwaalsdu
e[-n(z) + DT (2)] = &,.£yd?*V/dz? (2.22)

duiivgruinnsiasuilasesmimve n(z) = D* luausuns (Bulk) wag n(z) = 0

ANMUAUNUSILEUTpsauulni £ agla
E(z) = % = eD*[z—D]/g (2.23)

a & s a 4 o o gyl o
WD Ao ANNEIVBAABUIEG  §ITUVIRVRIUTEINIMEvRITTUUARUAUl Ve IUTEY
WgWinAUUTEINIMENRY

D*D = N, (2.24)

N A9 ANUVUILLLYDINURLY89I19N59ATUd T U0BNTLAULT LN TAMAIAIINEIV DS

AMWNFNEBDAANNNURINFUNTUITDILA

V =eD*(z— D)?/2¢,¢, (2.25)

A
o w

g muaiunsdndidugudanelu bulk v (z > D) = 0 uaglagld (2.24) $1fin D Niiuin

(z=0) ﬁ?LLWQﬁﬂéﬂ’]M’]im“ﬂUUULﬂu

__eD*D?

2&,€

= eNZ2/(2&.&4D™) (2.26)
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Energy
Conduction band
1 eVs Ecp= 0.03~0.15 eV
O A EC
& o[ .
0 Qe 0 o @ ® -o|® OF,
o
;-'; Forbidden band Ecy
y EV
Valence band
sl Z
Spdce BU"(
charge
layer

q' U nd! U o
g‘U‘V} 2.9 LOUNANIUYDIFITNNRIUN

a

nafnuLveInUannnIg (Depletion region) FevinlrAIAun WAL sUHURINURaA

Y

Waguly (Sheet conductivity) Fan1sivasunvadluaiaiiuiiluiinlassildgnlfidy

%
a

daalugunsalufaduges wazlnemlumswasuainisiiliiilessin ey, Aiuis

I
gusaanadu

Ao = e[y [{n(z) — np}dz + u, [{p(2) — py}dz] (2.27)

Wl p, waz u, Ao anmedesesdldnasounazlsa
n, Hag p, AD ANUVUILLLYRIBIANATOULALIEalTIUSHRS (bulk)
dlo anuvuuiuvesdidnaseuiiinuiiy FegneSuredieflandunisnszarsnuuimesd-Aisn

WAZNSLASUDILOUNAI9NY
ng = N.exp{—(eV; + E. — Er)/kT} (2.28)

o N, fio AunuLuuvesdidnaseuluwaulinszua (Conduction band) V; AuneAngn

¥
A a

WUR Wag E, , Ep Aoszaundinuluduiinssianazseauimasiniuananu

2.3.1.2 dledanasauiinszuagnanlilageandilaunusnuiuiiges Sno,

waznateilulaniaoaniny (Depletion region) Musaunuiinasiiisunlunaasuiu

o

& aa & 1 s ¢ = & v a °o § v a ::4'
LAFEIANIT LYU ﬂqﬁU@uuau@ﬂisﬁm LL@@JINLUEJ LBNIUDS LUUAY "DSQJNaVI{LM@@ﬂ‘ULQUWWVIGﬂU

Y
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1%
v o~ a ¥

UTuiuitanad(Desorption) Llasanuiamaiiliindunsisenfiuiiuianle Yisen
gandndu (Oxidation) wunedslfiseniiluanansseznouinisgaydedidnnsouainilaas

wialun1suaeeBiannseutigninieeendiaundudinues Sno, szgniantassnduduly

'
aaa a a

waudINTELa (Conduction band) ilvAnudunIuanas FaUfasemiinlunssuiunis

Do e

LLANINIY [7]
R + 0; — RO + 2e (2.29)
il R A0 whasmgd

2.3.2 anmihiiufaduesvinlavzoanlyd
wiaduesvilalanzeanlydnaly Tdgamgiisewing 500 fa 800 K Tunisldauly
=i a = o a a a a 1 [ =
U338101A Ngaungiigeazinsinliiniinaindidnvseidnd wag lessunauiu Fen1s
[y 6 I € Aa = o o 1Y d' v N v =~
nRduveia@uwesyinarsneingl ldeanisnaelvilinsidsunvasanusiuniuig

Tnansndnideanisdsusvasauiunuindl Wugesaisldeamgiilunisldauie

A A

Weazliiinsdsuudadluta waziinnsunsnizateveiiunieinaedeandLaunas
a ° Y a a 9 P A 2 v = ¢
NONILYNIANANNSIUABULUAI b WAl dIa1naUaURITILSY ANUAIUNIULATINYDWTULLDS

o

ggnivualagn1suaniUasuliseninuiuaglnenalnnisimdeudienveantmislug

(% '
o =1 [

antmileiutun 33U (Sensing layer) aatiulassaiiaganiavestunsiaduiiunumdfgy

o

TunsimuUszansnmuesduwes Insamnunukiuradnsewalimilaain

] =nqV (2.30)

=l 1

We v A Aenusilunisindsuivesdiannsou

n fe ﬂ??ﬂJ%U’]LLﬂU%@Q%LSﬂGﬁ@u

LHBRAITUNINANINARDIVDIDLENATOU ABANNLSIVRIBLANATOUsRau WA nTlanuae

annsaeulmdu
] = nquk (2.31)

d' A d' a & o 1 c{' a W P PN v
o E Ao awwliih uag Weswndidnaseunndildauisafiasiindugaiismenasdiy

° v ¢ = % Y} Y} aa s ¢ ¢
ﬂWLLWQﬁﬂﬂsﬁammﬂiﬂ YIADAAADINUNRANTNAUD LLNﬂL?ﬁa-IUamsﬁﬂJfluu (Maxwell-
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Boltzmann) Aflaninnisiilnfiniesainagumgll daduaaunukiuvesnseLaloula
D [25]

—qVs

J = onOeTE (2.32)

1:4' —qVs
LB U= Upge kT

2.4 MsUgniauunesienszurunsalnness
2.4.1 vanmsatnineie

a < fal o o 1 = a < a

aUnwosuluusngnisaindrdgdnagrmisdunisiinnaianiunisnoznauves
u’]ngﬂﬁﬂﬁwqmaaﬂmﬂﬁuﬁaLLazﬁmiﬂamJa'aa5Lﬁﬂmaunasqﬁaaﬂmé’wtﬁmﬁ]’mQﬂsuu
mglosounsosunianindsiuguiatunieldannzanuluayginia lneniluagly

6y a = & 4 dy a [y a I~ a6
lessuainufialey fe widonineu svneuvautazanasuunuiIvesgIusssuiaduiay
Tuvaedidnaseunfegivefidwdislian nenarauausadiseglaeegafiiatosnn
Tnedniinistoundausninilaanuiaesndl Iaevnluidu whasandiau vie lulpsiau e
Jouufadsnaridnlesneuvesiiatiazujisemaaiiivesneuvesansidinvanseni
a & a ¢ v = oaa v a = P ) g |
AaduilauvesansusenauuugIusessu §93sasansomssuiiauusludnuuetiiandn

Jtennnatninass (Reactive sputtering)

leeounnniznu

Y
Ly
5

o

pznanailmmas O
A )
o v
Aavuuth

Ent) OO0
‘ amauﬁgnrﬂ'&

Ul 2.10 msiRnadameaiiiaiti [26)

2.4.2 8ann1satnmase (Sputtering Yields)

a

gannsatdnmedeleumeUsinuerneungnatdameslingasenuiainiudise

Uunallesauiniouiidivu duansluaunisi 2.33 Gaguegiundanuveslosaunivannn

Y

nsEnukazdnTduTEnInavetlessuiannIznuivernauignatnines
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ganvasnisalawess = szneunvgaosnainiail / leseuinyuih (2.33)

(%
= %

mMsadawmesaansddnvazianzlnendsnudaidy (Threshold enerey) G?Jéwuazj U
lovoufindouiiiirvuszmeniiioth ms1ed 2.2 uandliifiudsrmdsnudaEuvesinyin
g 9 uazArBadvesnisatnnedsnessis Agnszaudasnglossuveserfnoudiiingsaiu
uansineiy Tnedaduvesnisatinmeds (Sputtering threshold) azagluzag 10-40 eV uaxi
Wé’wmiaaausuaaaﬁﬂauqaﬂ'jwwﬁwu%Léuﬁaﬁmaaﬂ13aﬂmLma%wzt,ﬁm%umuwé’wusuaq

lopauvasensnay

A5 2.2 AMEUTRSULAzAEanvetsRYiing 9 [27]

Threshold Ar energy (eV)
(eV) 60 100 200 300 600
Ag 15 0.22 0.63 1.58 2.20 3.40
Al 13 0.11 0.35 0.65 1.24
Au 20 0.32 1.07 1.65 2.43
Be 15 0.074 0.18 0.28 0.80
Cr 22 0.30 0.67 0.87 1.30
Cu 17 0.10 0.48 1.10 1.59 2.30
Fe 20 0.064 0.20 0.53 0.76 1.26
Ge 25 0.22 0.50 0.74 1.22
Mo 24 0.027 0.13 0.40 0.58 0.93
Nb 25 0.017 0.068 0.25 0.40 0.65
Ni 21 0.067 0.28 0.66 0.95 1.52
Pd 20 0.42 1.00 1.41 2.39
Pt 25 0.032 0.20 0.63 0.95 1.56
Re 35 0.10 0.37 0.56 0.91
Si 0.07 0.18 0.31 0.53
Ta 26 0.01 0.10 0.28 0.41 0.62
Ti 20 0.081 0.22 0.33 0.58
A\ 23 0.03 0.11 0.31 0.41 0.70
33 0.008 0.068 0.29 0.40 0.62
Zr 22 0.027 0.12 0.28 0.41 0.75
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2.4.3 Ind2ndu135a

aouznanauindulilaenisviliernenvesiefiegluaniemilunaramslniiin
v = [ o 1% a aa [ N
nsuandluleseu Feanunsavilalaueanfonisyuiiedianaseunindsuadagosnaui
lpsundsnuiiiesnessyilididnaseungaesnuiainesae eniinisuandiluleseu
= (% Aa v a A o Ya @ Y Y A % Y )
Fandeuniadosnganvinlidianaseuiiuengangneaninle Aenasun1suandidy
loeau Ingn1suanddulessudunsyuiunisdrdalunisasranalanivesseuuaduuni-
asoualnmeds dwsulunsduvedlansnlasundsnuudilididnasoung neenu1ainis
a 1 1 a = [ Aa 1 a A o ya &
vaslang Sund1 NMsUanUasediannseu Fandsuniaidesnannvinlididnnsounan
ponula Ao ATeATLITY
a 1 A & 4 aa a N
avedla 9 Wegnyumesneuiliunans loseuvsediannseuasiinnisuaniuaey
[y 1 [y aa N M PN v a [ 4 N a
YoanaeusEnINiy lunsdiieyniaiindeunvuiudianaseulagyilissnoufigniuiin
nsuandatulessu 13uni1 nsuanddulesouifiosainnisvusiedianasoulae
dldnnseuazfesdindsnuaatuinnimmiewindundsunsuandndulossuvesoynou

A9EUNIT
Smv? > W, (2.34)

g W, fe ndsnumsuandudulossu
m f® 1IAV0IBENATOU

A < a &
v AR ATULIIVDNBLANATDU

s a s A & ¢ a ¢ o va £
nslnaAaunsa Ao N1T30dLasTeINadlT nstnafawsaviliiAadunlalaenis
Jreauaedndseninaddidninsaluanizanudumnifiivnszaeeg nnelunisuy
aayne dngliiinazanasedanimsiluuinalndtnainauazisnlasunlasegned o

Tunanaun uwazidsuuladnassluvsnulndtienlun dwanslusun 2.11
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Aston N Anode
Dark Negative Faraday Positive Anode Dark
Space Glow Space Column Glow Space
(AD) _ (NG) (FS) (PC) (AG) (AD)

| L
Cathode v Anode

+

Cathode Cathode
Glow Dark Space

LIGHT
INTENSITY

PLASMA
POTENTIAL

ELECTRIC
FICLD
1
—,_
NET CHARGEA _.4
DENZITY

JUN 2.11 lassas1avesnisingifawisa [27]

aunlninluszuuazgnaduauluaudielin (Sheath) vesudaztalniln Fsgnife

AMUNUILUUUDIUS UL NNANEL1990131n9 WA 91U URUeITNATNENBLANATOUN

v
a =

weorenadeuiiluduraziadidninsn aidnnseuiing ﬁsfjg’gmiwngmiﬂﬁﬁmmi
LﬂﬁauﬁmmﬁﬁmwaﬁaummﬁwLLaaLﬁmmwuﬁuagmﬂﬁaﬁuLLﬁ:ﬁﬂﬁLLﬁﬂLﬂ?ﬂWé’NW
LazazngaadosInMILmEnIzLaznsTIR Malndaihlrnsdesuaniatuunld
Hesndidnaseudndsnuinnnefiaslimidauasiianusauoaiuld dronssundviily
Annsuandailulessu Bdnaseuasgnisaeawtliiuasiinsazaundsuuaziinnis
suivermouduudriansuanddulessy Tnsnsyuiunisesiintusdneeiiod nnseu

agfldnuiinduainnmsvantasyesnuiaindiainadadudsiddguinlunissavinig

'
Y a o W 1

Aavisalianisafiedseoluld dnvasididynate 4 egravedlndifasouazliiu
lusun 2.11 (nsiieadamesaniadi) nmsiseadlunivuzgyyinalansdnyaenis
Jasesusnauninanisiseaasszninsdadianinsansinauniglunivuzagyinianingg
Wousaruuaanillialniinszuanss wenisfavisamelninssuansagninlviiintuuazan

s a s o v a a a = o oA
n1slnarfaviseaunsasnulilanazusinguiiunisisoakasiasusndaludiumied

LANM19AU [28]
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2.4.4 szuungalnnase (DC Sputtering)

sruulgnlduunuuuifatinmese Ussnoudedaludh 2 43 newuduldud  th
ansiadeu (Target) 1¥utaualng (Cathode) waz §1us035U (Substrate) futaualun
(Anode) Fauandluguil 2.12 Ifhnszuansausedulnlingeunnnin 1 kv azgniousening
Hlntivisaes Tuosayainia (Vacuum chamber) Tnealufngorsneuasgnldidufing
dmiunisalames T,mSwammasLﬁmﬁmzﬁlaﬁLﬁﬂmaunaaqﬁﬁwqmaaﬂmﬂﬁ’maq%ﬁLLﬂIwm
gnisssgaulninszuansadivuivesneuvesinweisneu vlifwensneunandidu
wanandsALuLLTeInsidlonauiitauelva Ussana 1 mA/cm? szuuiildananse
Tdfutharsiedouiduauaulniale 1dosanliihinssuanseldaiunsoliuniiu
auuliihla

Cr:llthode Target|
VA =
Gas Inlet ———» .f’ 0 o -
Art o — \/,
0
0 ° *
E——
Anode|Substrate T
| Vacuum

JUN 2.12 szuuavalnimness

2.4.5 szuvastanaUnaass (RF Sputtering)

sruudgnilauurawuuensienadamee Usenaumetalnil 2 93 11svuiudiy

o

! a [ as a Q) ¥ Vo o v < a 4 a af ¥ d'
Wuigfuwuuazalamesusldunasinemdsliiiduanudeduingidege Unildainud
13.56 MHz n1stdaunaluianudasilifiulenadlunissuiuszninedidnasouniegliiu

v - v & vy X o Y a e ¢ a
azpauvesiwiiauanmilunatau gy dadussuudgnilauurawuueisienadamesa
Fearunsavinulanaududiniinsdlvesfdalainess aduingaiiudaudigssuy
nlalnwess Sndudeddaunsaiuiuduiiuaud (impedance-matching network) Li8sain

Taevluuvasingludinszuaadyu ( Rf power supply) azdiadudiuaug 50 Q Tuvaz

PANFUNIVLTDUANLAUTTENIN 1 — 10 kQ sruvUSUBLALAUDIneTlUazUsENaUME1975 LC
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WONITOONLUUBNALAUTIAIUT TN (input impedance) vodlnanluiiiaiiunisaislou

nasunurasTLladyyadulauings (Output impedance) vesuwnasilindeyayauive

[y

annsagvisudygnainivanbiilisinan [29]

C?thode Target|
: #
Gas Inlet __ » /o
as Inlet o AI‘J’. ° 0 Match Box
0
0 0 (\/ RF
E——
Anode |Substrate T
| Vacuum

JUN 2.13 spuvensienadnness

2.4.6 wununsaualamass (Magnetron Sputtering)

szuulgnitanuiswuusininseualmmesuduszuunddasinsugnitdugeluanie
guyInAnuauel Jevianunsaandyninisdudeuaslulauin ssuusuniinseu

atamesaaziinisidauiuwiivdnsiudvauulniissuunsenansvs eaunlviiainud

'
A a o

AduIng ylufnwuansdunataunlainedu Ingaunludluienisdainduidiansiedeu

]

[y I

srudvauusimdnlunanisdeansvauuindazvuiudunuRiveidiasieasu
a a a [ . ' 13 o vy A PN I o A a
dwnnsauyenlazgnindiu (Trapping) lnvauuuimanyiliindeuinegmileiiurive i

a19ideu FUlUANURY NavRIn1IAnAUdLAnaTaUmaI Ayl AanaN AL NI AU U LLY

a) s

gausiiuiives wWhaswdeu dwu nsldauuwiminiiuiussuuignilauunsuuufd

14 )

alnne3e uaversionalamedeastislieaasssuuiuseaninmasdu [29] Meimanad

4

nanun v lnanudsedleaenssuvuensienwuninseuatsmesslunismseuidy wayssuull
winnzAUL1vesansiedsunidulgsiianselanzeanles thosainnisiilwiiRtdvesans

a = c{' s aa = &
Lﬂa@UlﬂJ@l LLAZEAINITONAANTITIDITIANNIANILAND UV UL LAR DU
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Cathode|13rpet
—— A\ /’ _x']‘. »“ %
Gas Inlet Ar+."~-' OGO Match Box
O
o (NIRF
—
Anode [Substrate —
| Vacuum

JUN 2.14 szuvensieviuunilnsoualamess

2.5 1AT04NBLASNANNITATIVINFNUAVDIIEN
2.5.1 w3aeiAsinisaeauudedond (X-ray diffractometer, XRD)

)N a ¢ & o o ¢ A 4 oo ¢ ~
WANANIFAATITVNITLALIUUNALDNG UIBNISUNINEBAVDIAAUSIALDNYLUULNALA

'
a o v a 6

mhSdendunldinseisinvseansuseneuniegluasimegauaziunldfinumeaziden

¢ a

WNEINULATIES19NANVD9E15H288719 IaenAlATlaAenann1sY8IN1595IdLe NI NANIIUAINY
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1 4 [h%+hk+k? 12
=% e (2.36)

M 19169810150 AUINMIAIYUIAYBAUNTY (Grain size) LAIINGATVDILYBILTOT

(Sherrer’s formula)

De = —2— (2.37)

- B2g cos 6

d' a 2 Y a A Yy A1 & = =
LB Dg AD YUNIRUBILNTU LAY ,823 A9 TYYLAINUNINNVBINANAIMULYUNANUUATINUIVDN

ANLLdNEga (FWHM) uag & Ao Ar1dadeguiialaeniluaziiareglugae 0.8 fa 1.0 Misil
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g = P20 (2.38)

ST 4tan®

NAUNIT (2.37) ko (2.38) wandlmiuInseasA1NuNI19UaINANAULTUNANLTUAT 1T
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Y = o

YIANUTNFIGA VLB UNIVUIATDLNTULAEAMLATEA faewvil Fednguaunisimiuas

Y

Usasstadedunsiuduasiseninaunisialdsudu-geaa (Williamson-Hall equation)

FELNT
B2 cOs 0 = g—i + 4e,sin 6 (2.39)
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2.5.2 né’aaqawﬁﬂﬁﬁLﬁnmamwudmnim (Scanning Electron Microscope,

SEM)
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2521 Iwuﬂﬂ’lWﬁ]’maLﬁﬂmaunman (Secondary Electron Image %#3® SEI)
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Secondary Electron Image (SEI)

2.5.2.2 Tnupn wn13nseldsdidnaseu (Backscattered Electron Image, BEI)
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Backscattered Electron Image (BEI)

2.5.2.3 Inuan1nandiannseudassnu (Transmission Electron Image, TEI)

Wudgyaiuninilendendnnisaed Transmission Electron Microscope (TEM)
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Transmission Electron Image (TEI)
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Dispersive X-Ray Spectrometer
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2.5.3 né’aeqamsﬂmmazﬂau (Atomic Force Microscopy, AFM)

a4 A o o

WuwasesdlendrAgdmsuanudnueiuiialusedvunluvesilauunslaeasas AFM

gzadanmvesiiuiatanainusnssinssuineladugunsalnsranialusuauiaan
(Probe tip ) NflUauvaudnTafinegiuaudy (Cantilever) vandaneululasa (Silicon
Nitride, SisN,) fianunsalisedilainfeundudaluuunuiivesing Feau1sonasinus
o a [ p= v ) I ¢
nsevinvateunauvedlnsulawnginaziivuindssunnlusyauunlunnny wasuselesuues
LAY AFM Feaunsafiarasiatanuiiiiduauiulndale Wy Auflndiues

wsla aeulndn nszanuiewtn Wseudurluanan1s@ininang o fawnsafiazinle
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NANNIINUVBLATOY AFM Ao Balasawesiuliiuaiuvaraunan (Tip) vesau
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gﬂﬁ 2.23 daulszneuvens3nd Atomic Force Microscopy (AFM) [33]

2.5.4 Msiasizviaeandisdlnlndidnasauaininsalal (X-ray

Photoelectron Spectroscopy, XPS)

Wumadanilamsaninsalnd (Spectroscopy) NldAnw1esAUszneu (Elemental
composition) @n1ugN19LAN (Chemical state) wag Electronic state Y9451 vu
¢ ) | = ] Y] = a . .
peAUsznovluasfiee1e TneAnwrainArndssnudaiuileon (Binding energy) U994
Inlndidnaseuiivandasseeniianevnedluasiiedts lnendinuvedineauvesssdiend

ausavlaananuduNuSeall

E = hv (2.40)



35

= i =

gl h fe Arrsfivesunasd (6.62x10% J.s)

v Ao ANMURURISIELeNG (Hz)

Weaesediendliduaisfirednsasiinnisaislounasaulidudidnaseuiey
FEAUTUNGUANS 9 B0 gluesszneu lnedidnaseunlasundanuiisswenaiunse
vgneanianezneuvsegnleaslud (lonized) naneilu Free electron Sndidnmseuiliy
lndidnnseu (Photoelectron) ideufimendsanuaalel (Kinetic energy, Ex) Tandaeu
Jatvedlilndidnaseufio ANULANAIIIBINGIUTENINezRaNTignloaalud (lonized
atom) wageznauiilegluan1izund (Neutral atom) Ba58nd1 wawaudamiled (Binding

a = = ga [ gy [V o Ya o <
energy, Ep) ¥0398Lann50u FefAandanundedldinevinlvdidanaseunaneenluilu

lndiEnaseutiue
EK = hV - EB (241)

\lo Ep vandeusidunsisensenindidnaseuiuiueiva Inetusdfuanizwindey
wavyiavedezmen  dwiuansimegnnilanausduuiaaunsoldaunsillies  usdans
iegegluanugvosdasfosiunavilaiduny work function (9) Wluilleanindad

sEU vacuum level 1A nduaatvadidnnsounialadnnuduiusiuaindsauie

LVﬁEJ'JGUE]ﬂaLﬁﬂWﬁE]u AIAUNTT

EK = hv —_ EB - w (242)

e photoelectron hy

\ fc Yacuum

Fermi

2p Lz,Ls

L

25

1s .

{

U7 2.24 dnwaizvesmainlnlladidnaseu [34)
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2.5.4.1 aUnasu XPS wazn1sIAsIE
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1. Photoelectron lines tJufiananfiddnwauziaudauiniign 3

gy lvaziduiirnilanuanuinskasianvausiavluanmnsy XPS dragraty fie 4d, fim

3d wagiia 3p

a

2. Auger lines 1Jungquuasfinfifisuuuuianie wuuiidnazwulavssd 4

Y

WUU fio KLL, LMM, MNN wag NOO Fuludeydnwalifiusueniieaniuginausudu (Initial

vacancy) wagan1ug1198avie (Final vacancy) Tun1siiin Auger process #5e7L38ndnTe
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#11971 2-electron process @4 Auger lines wuuytAnluTunasusTEAvandanuzanyine

q

[

oginindu 2aud Insunfivgdeogwdesnisiinfifiannuganazanunirslndifesiy
Photoelectron lines 191 MNN Aou191n1Aa hole Fausnlutu M wazgnéeluiidu N
(osndidnasouludu M nsglanuiunudl) uazgaineidn hole ludu N iflesanudes
dnnseusonuu Auger electron fewasanuaatiaes Auger electron

3. X-ray Satellites fadlondilHiIundsnulnnou Tunsnszdusznou
Tutantu Wlddusdendfindnuanafssiifowiiy uidnedsdiondunsdmid
nEsulnnougsnintu vlifaveddnlndidnasouiiinainnisnsefusaoudendsu
Tnimouan¥sdiondiinduuasiindosfntulutasdmdsnuBauieasi Fsaugauagsums
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Satellites MAna o lundununiidey (Me) LLamﬁugﬂﬁ 2.26
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U7 2.26 fegvesfiaiiinan X-ray Satellites ndaweluniiluwuniideu [36]

o
A & [

4. X-ray Ghosts luuneasedediondfiinainsindudalalisignidudy
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5. Shake-Up Lines ns¥u11n15 Photoelectric lilavinliinloseu

Fuanglu Ground state Wiy uslosautuendazdinsegluaniusnsedu (Excted state)
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! & Y I ° Y a . A o ¢ o
FENINANUENY hag do1ugnseau wazilunavinliiin Satellite peak Ninda1uvaUmas
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ﬁwmim%‘ﬁuuazLLSL@fwﬁﬁamﬁaLﬁu Paramagnetic @ulugjagll Shake-Up Lines Ay
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Cu2p,,

970 980 950 240 920

Binding Energy (eV})

;:;Uﬁ 2.27 uananwy Shake-Up Lines ¥83 CuO wag Cu(OH), [37]

6. Multiplet Splitting N3NBlanasaumgaeanlandunaanuszaiuan

YpsazaaNil Spin Aeldlannsewied (Unpaired electron) aglutiuiiaud (Valence level)
o Y a ' X = a . 1 a a A a £ 1
Az liAnan1ugINe (Vacancy) U @915t Coupling seninsdianmsauneninatiulml
wia91nN1sAnPhotoemission Tutdu s Audianasewneineglusznen agvinliinloseunil
Configuration 2 WUy wardnasanudu 2 A1 Judunavih T Photoelectron line 1innsuen

I3 a & A & a X yy o A |
ponlu 2 fiegey nsusniluiingesdanuisaintuliainnisloosludlutudu wu p, d
1% 1 [y = a dou v 1 a gj v A & 1% P 1A

wag f eagiguiy Fdinsiiandudousnnnitnisialudu s deniuldaingun 2.28 31ia 3p
waz 3d iensueneenidu 2 findoy uamsalUnesuwes 3d esainnisiin Spin-orbit
coupling @uinTuiiudiannsounieglu Orbital 71 Orbital angular momentum (U # 0)

Tnendunsiin Coupling 5¥1319 Magnetic field of spin (s) fu Angular momentum (1) [38]
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15000

Sn 3dgo

Sn 3dz2

10000

Intensity (a.u.)

5000

480 | 4£|55 ' 450 I 455 ' 560 ' 505
Binding Energy (eV)

gﬂﬁ 2.28 Spin-orbit splitting #ifiA 3d luawnadu XPS vea Sn

2.5.5 msmsznsleauninsalndnisganausediand (X-ray Absorption

Spectroscopy, XAS)

wadianisgandusediond (XAS) WWunsinwinisganausdienduetornenluyag
wasnulndifsaseainiamdsuiamieivesdidnnseuluezneu lnedanaunsaganiu
Feddndlilaaiinusingnisal Wlediann3n (Photoelectric effect) Fe3sdionduialnnou
A a d' 1 3 [ v e [ 4:1' a
gnoandulaedianaseuneglutundsnussduanvesesnen duandugui 2.29 lumsiin
nsganaussdiendiu nasuvessidiendazdeadiinannnimdnudamiedlutundany

[ |

o = a @ ‘:4' = Y 9 | a
szaudnuaglilandiinnseu (Photoelectron) igaesnunagindanuwinfundanudiuiuy
veefadiendndauinniindnudanieslutundinuseaudndulse@nsnisganiu
o ¢ . . a = ' @ Ao ¢ = a
$9diend (Absorption coefficient, p) fivtuaniiaaurzilunisdiondazgnanniuesuiey

Ieshengueaides (Beer’s Law) [39] fsaunsdi 2.43

I =1I,e (2.43)

We I, An AULUNYBISELDNGNNNNTENUUUAIDENS
x D ANUNUIVDIRIDENS

[ A9 ANULULUBISIFLDNGNAINIUDDNUIANAIBE N
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Continunm ‘
Photo-electron

o

4]

2
Energy

5
O—— K

JUN 2.29 nalnvasnsyuiunisaandussdiend [40]

Sample

JUN 2.30 msdanisganaussdienduuungguiu

1% a L 1 U a Q‘ d U U
MsAnEIMIEATA XAS L‘flumiammauﬂizawami@@ﬂﬁu u(E) Aduiteriduiu
nasulnmouaUnmsi XAS Usznaunialassasenan 2 ¥tin Ao 1AS9a319 X-ray Absorption

Near Edge Structure (XANES) waxlassa3ng Extended X-ray Absorption Fine Structure

(EXAFS)



41

NEXAFS EXAFS
(= XANES) - »
-
ke
I
?
D
<L
4 . .
0 100 200

E-E, (eV)

JUN 2.31 ununmanasuues XAS Usenaunig XANES wag EXAFS [41]

2.5.5.1 X-ray Absorption Near Edge Structure (XANES)

439 X-ray Absorption Near Edge Structure (XANES) Usingluaiunesuvasdeyayia

XAS fansuTnlnaveun1sganausdienduetornouauiinsenausniadndaulin oy

Uszanas 50 eV willavaun1sgandu 1aseadng XANES Afindulufinainnisaandussdiond

Ya991anATauluTUNENUTEAUAN (Core electron) warEean uznadsulUdian1uziing

agnelueznan 1nlATeaine XANES 191a1wnsatudnsisilavalgeene 1y nsen

A0ULaNTATU (Oxidation state) VpIA798719 YRALALIVDIDLADN LASWNLEEDIAUTENDU

dt:ll LY 1 [~4 ¥

MALNTlUE15F9819 WU

wonanililosiielasadne XANES Salanuduiusiuamasnunsequdianasouly

FUTEAUNGINUAN LAZAMNENUINADUVDISIADNTUINANUALY K AD LaUARUYD959E L8NG

1 dl' a < = d{' d' 1 [ v 4

15192 NUINAAUININBLANASAUALTLaVAA UL UAS ULUAI L URIUATNA SN UYDISIE LD N

[d v & v J = =
LUUIU@WNﬂQﬂWﬁ@HEﬂHW@QQWU FUTOMANVDUAVAAUINNAUNTN 2.44

k= /zh—"‘ (E — Ey) (2.44)

We  E A9 wasuluseu

E, A9 ANAIUTIALSY
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2.5.5.2 Extended X-ray Absorption Fine Structure (EXAFS)

4149 Extended X-ray Absorption Fine Structure (EXAFS) Usingluaiunnsuves
Tuay10s XAS RausuTaauseaniaseadne XANES wiloraun1Iganau TWaunseiiedaudnm
Fremdeendneulszanas 500 eV i1 1,000 eV Taseadne EXAFS iiin tuaninlndidnnasou
flgnuanvdesananesneulusznienisganduiiu sswaiduduedulurutuernousey
Frailiannisnszdaarvaziounduinunsnasniuadulnindidnasouvesdies dygiol
EXAFS faldannnisunsnaenfuszninendulnladidnaseulneuuinueenisnszsideasiien
Wasuuasmuamdsuvesdsiondiiiutusildianisunsnaesuuuiasunasingna

aduiuluusng Dudyaas EXAFS feusaunisi 2.45

_ H(E)—po(E)
X(E) == 5~ (2.45)

'
=Y

e u(E) feaUnasunisaanaussdionduedansiieee way ue(E) eaiunasunisaaniu
Fadendiugiuvetaznaudase (Atomic background absorption) TnalAseasng EXAFS

anansaseulegluguilandu sine veaiiuds k wagiiuds R 1991
x(k) = ¥;|4;(k)|sin(2kR; + 6;(k)) (2.46)

TneNdUs k Ao 1aueau (Wave number) vadlWlndidnnsou d9r1uinlaannndssnuves
v ¢ a a | a A v oA & ¢
Sedendminaunisi (2.44) uag R Ao szuen1asenitveneuiganausediondiseznoy
YAV DAINUYNINUSETENINIDLHA DY

= = v ¢ ¢ & Y] A a

o x(k) Weuliedlusuvenasiuvasmatenduudasnatiudygyiaiinain
TWlmdidnaseutignnszidafiverneuseudeuilad j uavesnauviind j Inueisesnoueging
NozABUNANY (MTosnauiganaussdiend) lusseziall R; AatlulT139@n150RNTUINTT
nszideenidudu q musinvesasneulnefunaznatuesauni1sh (2.46) Usaunardures
A15N52LIINUVBLABUTLALRBINUUTLNDUABUSUIUNUBNDIIUA (LaNUARA) kaztavung

Y

15058439 (FauUsluilandu sine) wouUagnuadlATIAs I EXAFS gnmnundsaunisn 2.45

] 2 N]'S]'(k,Rj)F]'(k,R]‘) —2Rj

] exp(—207k?) (2.47)
d‘ U ! v v d’l
ilefuusudazmilanuvangsisil

1. S, Ao A1 scale factor Wumasildiludanvuinveuenlagalagsiu du1ain

shake-up taz shake-off U8I0EABNNADITEINANTZNUAUNITNILLAY
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N; f® A1 coordination number ¥3aIUIUBEABNYTAT |
S; f1® A1 Total loss factor Yes@ERoNUNANS
F; Ain ANaHav09u1nueinIsnseids (Effective EXAFS scattering amplitude)

R; fi® S28¥111938nI90¥ARNTOUT N UBEADNNAN

o R LD

A; Ao AnadevesszasndouivuuUAmnNNssuredlndiannsou
(Photoelectron mean free path)
7. g; Al A1ASNIVEY Debye-Waller (Debye -Waller factor) 1upnfiuans Mean square

deviation veIuUs R;
wawesmsnseiaaiifusulsvosileidu sine Tuaunsi (2.46) Wuwlasiuvesezaol
§;(k) = 0;(k,R;) + 0.(k) (2.48)

ool ¢, uay 9, Fewlavewmensauiidudinszsduareznaunarsmudiv

U = v

(% < (% al = v O a 6
deyey1s EXAFS LJudsysy1auve9naunun s Asulunmsiiaseidygiu 33des

o T o

o a & aal S & . =2
LLenN iy,iyﬂmm’mmmmuaE]ﬂI(ﬂEJ’Jﬁm‘JLLUaQLLUUZ\JJLiEli (Fourler transform) FANNIsLLUAS

[

doyeyreu EXAFS Negluilenduvessiouds k WeglugUvesileaddudiuls R deastelilsius
AATEREUEXAFS Tapenuidudidudy fa1swnainal j = 1, 2, 3,.. uonannsuuas
< a & Y a ¢ ¥ [ 1o W £ a

WUke8uaINITIATIZUEINDIDIAENTZUIUNITUTENIUAIN R IEDIUDEYVER (Least square)
ielduszinuAiwlsanloun N, R uar o Naeandesiuanesy EXAFS 7ilaainng

NAasy
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awv ad v
2.6 UIIYNLNYIVDY
NNNSNUMIMITIUNSSuTanashsihfyneenlendadulangeenlydnieinng
n1sunluUszyndnseliadngunsaldidnnsetindlinainvats wu UjAsedunsiziues

aaa a Y

(Photocatalysis), TalniinTuseuas, waduasenfing Meiduiwes dassufiseroendind

o

wihaouanna s [1-4] Wesantagansiadifyndeentad (SnO,) dmludanfidaiu
TUssuasiaranunsainlWdlaf (Transparent conductive oxide) Liuansnedurviadu
(N-type) Bailvasinauaunasaglutig 3.6-4.0 eV dnsdnedlasaiananiuunnsenouea
. :’/ v a v d! Y Qll = v = 13 o ¥
Aatiutindeelatianuaulanvsf@nwauaudiveshiynesnleduazgnisunluyussenald

Po-Ming Lee uagAniz [42] isnlasieaunalnnisaianssualnngeatsalutuiianay

~ ¢ ~ cs' ~ . . a & a a s
uevesRyneenled lnedinsaanauniunail (Chemisorption) vadeanlauuuiuRivesilay
usAyneanten MAnann1seuluusseInIAreIeeandiau (O,annealing) HiAN15a314
awrnliirluduiinvesfiynesnled 1Wunauiainyszguesesndiaulessuuuiiuii
a 3 A . . ] &) Y ' a &
Auneenlyn Awdneny (Lifetime) wazanaiuiiasiulunssiudilnivesddianasoulss
MAn91INN15818598 UV-laser (266 wiluiuns) lutuidyneenles Fadundinunszau
dnfumainnssualingoaisarulutuiavesilauds lfetime azAiula 8.3 ms

Y. Yuan wavauz [43] ladnwinalnnisnsiadunia udsdrdgydinsunisiiia
Uszdnsnmnisnsaduvendugesviiawiinoudnmes ielfinuszdnsaimnissuives
ayn1AsEAULIlUYRIAYnaanlad Tagn1siNAIINNUILLLYDIDEABNTY (SN) WAUYIA
(Dangling bond) Néslsidezmouunduiusemeniives Auneenled men1seuluusseiniea
lulesiau (hydrogenation) LunAnveegRauUuflidNmveIiuR Tnulausnalnn1snsiadu

wa A & s o aaa A [ o v a

autAvesdumaslansoanleduardnssuiisenau 9 wavlasunisusulsalasldnisiiy
lolasiau wnanuAnvesezneuvedansliduda Fohuihnduiunldau (Active site)
d1m5UnT19dunia ANduRUST0INITIATIERO0NTLAUNTZAUNAIIUBALUTE 2 Ols
P (Y § @ 13 a A = 1 I3
Neafulesidud n15a1neendiau (O,) wazganduninail (O) nasnaunqulansenbun
(-OH) MIudruusznevraspunIAuilY SnO, FLANTUNSIAINNTEVIUNS Hydrogenation
1nMslEmalian1TIaTIenins1ent (X-ray photoelectron spectroscopy) A43UT 2.32
LAZaINNITIATITIAY (R spectra) Tauaninisanasvangulansenles (-OH) tiulaain
Tugiaavaau (Wavenumber) Uszanad 3500 cr @RS AUNUsEIenINN0snaudnaann3o
wanuunukuulilausnsvengy lensenles (-OH) uanansanasvedngulansenlys ey
nseuluussenialulasiauinaiaduasguin 2.33 avhliiiudssansameesaudiinig

n9uLiavatgunsel
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Intensity
Intensity

528 530 532 534 536 528 530 532 534 536
Binding Energy(eV) Binding Energy(eV)

Sn0y-H-10 Sn0,-H-15

Intensity
Intensity

528 530 532 534 536 528 530 532 534 536
Binding Energy(eV) Binding Energy(eV)

SUT 2,32 uanansiiAsest XPS 4e$3315 hydrogenation # 0, 5, 10 wag 15 $2lus [43]

1.0
[«}]
Q
5
S SnO_-H-15
g 99 Sn0:-H-10
@ ' SnOz-H-S
® SnO2
-

0.8

3800 3600 3400 3200 3000
Wavenumber(cm'1)
gﬂﬁ 2.33 L@nd IR spectra U94n15 hydrogenation 91 0, 5, 10 wag 15 Galug [43]

N. Hongsith wazaue [44] lavinnsAnweenlanvedlangiioiiduduweinsiadu

¥
=

123 a a wa < Y LY & aa (Y] 1 P
wie Imenisagiiinant@nisiumnsiaduniana aztusgiuaianula (Sensitivity) Tunis

U
A52199ULAE 1agazTundiuniIsanduaan@launnunl Wulundasaninelussaunun

Y Y

(% v 6

(Depletion layer, Ly) duiusiuaueninau1es (Debye Length) Ao se8zAINanv0a6

Uaaanmgiunianiuil Lagau1nueIaunIAnIavuIAveLnNTy Megui 2.34 Faunse
a Y1 =1 14 13 1 s . 1 Y @ 1
’e]ﬁ‘U’WEJiG]’)’WIU']WU@QLﬂﬁumﬁlﬂ,ﬂ?ﬂﬂLﬂumﬁu@u&ﬂa%‘i (Diameter, D) Q%LL‘U\?E]E]ﬂVLﬂL‘Uu 3 YN

Ao D>>2Ly, D>2L4 Wag D~2L4 31NN INEANUFUNUSTEN LA U UANENA1 9B BN TUAY
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Araulalunisnevauesufia (Response) wiuladndlaiduriugudnansfvuiadilng

D~ 2Ly agvhliuszansninlunisnevaueuiaiiuuInduy

D~2L4 D> 2L, D> 2L,
14 - 5 - 210
| L =5nm 5 _
121 ref9 | L - 180 —
— ' [ L g
- : : =
' L | 50
L - [ E
] i ' —_
. ] ; -120 @
2 . 3 %
-
| 64 Loo X
-
~
U;: 4 4 L 60 |
= ‘ >
: o)
2 :I'L"f? L 30
W
0 LA pa—— T T T — 0
0 235 50 75 100 125 150 175 200

Diameter (nm)

JUN 2.34 wansanuduiusseniraduinuaudnaaveseunaduaaublunisneuaues
[44]

Neha Bhardwaj waganie [5] 31891UN1589ATIEMlATIAT9UluAYUNooN LAk IY
A v ~ a a a o e & ¢ Y ad
N15:39M8NB9WAY  (Cu) baLiuUsEANSAINNITRTIaduRgA1suaulaeanlen 838019
wwilwuuten ( Facile wet chemical method) HaY89n15:307189uWA9ABLATIAS 1 baT AU
‘VlNLLawaﬂIﬂNa%NuﬂuaqﬂEJEJﬂVL‘Uﬂ‘ AnnAaida (field emission scanning electron
microscopy, FESEM) Wudﬂimqa%ﬂwadﬁqﬂaaﬂi%ﬁﬁé’ﬂwmzL“f]uLLr;iuqu FINTLADNDILA
adlllulaseasrefyneenles dnavinliauinvesgandn (Crystallite size) anad Lagns
f & & fa v = ¢ A & v ~
navaueaianuidueiwisulagldlaswaduiluiunesnlyn Ndemeaisall 1%
Cu 3giinIngndusianisveulaeenleniiinduegrauniieiisuiulassasiaunludun
fay v Y oA I a a . a
panbyanlilallonasins wazidun1suiiy N15v1900nTLIU (Oxygen vacancies) TuAyn
20N bUn
Dengbaoleer Ao @y Masaya Ichimura [45] iduunsayneenleniiiienis Sb way
Cu W38UA8ITNNINILES (Photochemical method) Taaltasazane Aiusenaunie SnSO,

a

wazasazaefldile SbCls v3e CusO, Ugnilduasuunszanuasangmesedel  nsing

a

WalnsalnUveadidnasounuinid Sb vse Cu o¢ Tuilduune Felimsfnwnsaaumngiinisey

9 Y

v

Hauayneenles N1un1TTeMaIAe NudN1sH lALinTundsIneulngldouna

400 ° C luussenmevedlulasiau faguil 2.35
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1LOOE+07
F 5
A
_ LOOE+05}
g
3
c * Cu-Sn0, [2mM] .
o # Cu-Sn0, [20mM] Na,SO,[50mM] '
1.O0E+03 |
-+ 5b-Sn0, [2ZmM]
o Sn0,
1.00E+01 ’ ’ ' )
0 100 200 300 400

Annealing temparature [°C]

JUN 2.35 waemnuduiusseninsanimenumulniinresistivityiuaamgiiluniseu

(Annealing temperature) [45]

UBNINNNTY (Annealing) Bnnilsisflansnsatiuusandivesianuioflduunsls
Aa N1sviwataun (Plasma treatment) Salil M. Joshi uazmnuy [46] gy Indium Tin Oxide
(ITO) Qﬂ‘dqﬂgﬁuima RF sputtering LazA1ILARBUAIINITATEA86 (Spin coating) U4
ADRAREA AsUUNTEINLAzAIENdLarauluuITEINIARINIA kare1snaw audAnislnives
TdnBsnavilimeuiuniuanasis 8 seiu nammeaosmuInsnanaNiiuszansluns
anANUFUMUYETIaNFITUR 2.36 uaznIwanaundeuiasendiudunsifiumy ey
maaaan%muuuﬁuﬁa (Oxygen surface functional groups) YugLRBINUAAINITaAANIN
Asuaulel [47] Hui Huang wazAnsy (48] 1@1’51smudw‘l’ﬂwmamaaﬂ%wuﬁ]umuﬁmﬂfjmm
poNBLL Fufinmsgatureseendiauiiiiuindwmaliinnsuiuussanifveadue sl

Uszansnmlunisnevauesasufiamuiuiuladgun 2.37
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10"

JUN 2.36 wansAnan1nanuimumuivgamgiluusaveiinveniseu [46]

| —m—no plasma treatment
—— 0, plasma cleaning
—A— O -ArRIE x5

T T

T ¥ T ¥ T T 14 L - 1 I
100 0 100 200 300 400 500 600 70O @800

Anneal Temperature [°C]

40
3
4@
<
=
30 o
i |
) .
o
1fﬂf
is As-deposited
10 f e e e
ﬁf -.--—"'"‘f
L
0 L L L 1 i 1 i
] 50 100 150 200

Gas concentration {ppm)
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JUN 2.37 wansanuduiusvesnisnevaueuiaiiousuaveuiaiutuvesiauurazyiin

YDINIDU [48]



uni 3
ad o =) a v
I9NT1IANLUUIIUIY
unilfunsiiauetuneulunisdiiiuguide Jangunsal uasmada@lddinszs
Hduunesansisinidynesnlediidesmensunnisalagmadaeisionuuninsou
alnwels  uragAuugesv0Iiweendiau 0, 2, 5 uay 10 % wazmsusulssaudfves
WéumaéﬁaLwﬂﬁﬂaaﬂ%wuwmamﬁqmmﬁ 350, 420, wag 450 °C
3.1 Fupounaeteuiiduunsiyneanleffifofevesuns
3.2 SumeunsUiulpsautRvesTiduusiynsenlediidofevomuns

3.3 Tunaun1snnialduuishiynesnlenfidemenaiunsiamnailnmig 9

RF Magnetron Sputtering

Deposition Conditions

Vary O, partial pressures of
0%, 2%, 5% and 10% in Ar

|
Oxygen Plasma Vary temperature at 350,
Conditions 420 and 450 °c
|

Characterization

| | | |
Structural Surface Electrical Optical Gas-sensing
properties properties Properties Properties properties
| | | | |
XRD
Sensor
XAS XPS .
4-probe UV-Vis responses
EDS AFM
FE-SEM

dl L o a a o
E‘U‘Vl 3.1 BWHURNINITALUUIIUIRY
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3.19UNUNTSINTINNANUNAYNDaN lwATIRBRIENDILA

3.1.1 w3sudagsaeFunldlunuide

Tunuideldansesiuiu nszanalad (Microscope slide) Unluviauazeindae
wn309a198ans1ladla (Ultrasonic Cleaner) Tuaz@lau (Acetone) Wurian 15 udl anuy

inluwhemeudalulasiau (Nitrogen)

¥
Y

U 3.2 FuneunsvinAuareniansesu

3.1.2 myUgnidaunsirematinasionuuntinsauainmnass

awv o a a s a sa & v ° a a
luaudderiniswisuiauuisiyneenleniionienans lngagyinalnnesad

ANUAUEDEVRILAABBNTLAY (O,) 0, 2, 5 WAy 10 % YadusseInIALAaaIsnay (Ar)

1. unihdyneenludiliiedienaiuns (Cu-doped SnO, target) fidnwaziu
1 174 1 a Q‘ 4 a
WHUNAUYUIALAUNIUANGNAY 7.62 cm 11U 1 cm AAMUUTENT 99.9 % Wi lufinluy
LWASDIAUMLNDSS
2. d¥agsessunszanaladiniudunounisyinauazonssusesd1nes
& =~ a 1% ' 1 YY) o A
WAROUAYINTA (Chamber) vaansasadnmede ldssugeseninathiviansessuniseey
6 cm

3. WATTUULATENgUANYINAYIYINNZUINIADBNINTBUARBUAYINTA

9 v v Y

%
a

UsenaumeinIesguanyInalsnis (Rotary pump) dvihilunisasisgeyeiniadudulviu
NoUAFDUANYINIA IINTEAUAIUAUVTIEINIATINIAAIINAUAINIIUTTEINIAUTZUY

107 mbar sipunagldinIasguwuuunslounsiu (Diffusion pump) Wisanauduluieaday
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gauynAlisnasdieszAuauay 10°-10° mbar nSoudulinszuunaeidumetl Ngaumal
A1N11 15 °C 911 nifszuieauseuliiuAIesguiuungbatndu Muuniinsou waz

=}
Whaseany

v '
I~ I %

4. lanuauiunsedy 2x10° mbar neun1sUgnilau (Base pressure) 4Un
szuunseferneuingrienndeuayyine Tneldiuveaaiasmunusniinisiva
(Mass flow controller) fiauaumsiaulagamdaumuni (Control Unit) iwtihilidush
muauUBINAveLiaivdesiiigrienndevayyinia Willanuduvaeinay (Working
pressure) 7l 5x10° mbar Wiiefivzwdeuvhanuazanimmiveadiasado

5. Uaunasdnemdslifinnseuaadu ainud 13.56 MHz nieuduiaas
RF matching box Ag m%qLﬁal,ﬁumﬁmsiauwé’qmumrwLLmﬂﬁWLﬁmé’igﬁgflmiﬁlé’mﬂqm
uwarannisazvieudynaainiuaalwilfiign wazsinnisadames (Pre-sputten) 1Ty
svpgaan 15 Wit Ainndsludlh 100 w

6. msndamasuiinta (Shutter) tilefiaziBunszuiunisgnildulngld
na1 120 wift sevdaieuly

7. vmsugnilaudideuls anwsugosvesingeendiau 0 % ¥8UTILINA
fgesneu waanUgnilduaiaudanazUanisdnefineluieandauguainiauwasunaais
mMasliinszladdy s9aUsTUUAN 9 Lﬁué‘haqLLé'aL%ﬁmLﬂﬁauquﬁgmmﬁ’ls‘?}jmﬂuaaﬂm

8. ‘v‘hLSﬁuLﬁmﬁuﬁgwmmﬂsﬁgumauﬁUﬁ'aulsummﬁuéamaﬁﬁ”waaﬂ%wu 2,5

uag 10 % YoIUTTYINALAABISNBY

m151991 3.1 Weulvildlunisugnilay

AuUsdmiunisugnilay Feulafifmun
wWhansiadeu (Target) Cu-doped SnO,
mmﬁu‘ﬁudaumiﬂqﬂ?\lﬁu (Base pressure ) 2x10¢ mbar
ANURUYEUaNTaN (Working pressure) 5x10 mbar
maalnilunisugnilas (Power) 100 Watt
wantunsUgnildu(Time) 120 min
ANUAUEDBYDINRRNTLAU (Oxygen partial pressure ) 0,2,5and 10 %
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JUT 3.3 insesafauilduunensienuuninseuatnimess

s &

3.2 JupaunsUTulpautRvasiauuIsiunaanlynniaafenauns

lusuidvarldinatianisvieendiaunataunfngamagi 350, 420 uag 450 °C Ay

w583 PECVD (Plasma Enhanced Chemical Vapor Deposition) I@aﬁ%’umuﬁﬂﬁ

1.

SN A LWDN

8.
9.

a

ilauvanis 4 Weulvmnusugsingvateandaui 0, 2, 5 waz 10 %

Y

o A
UINALLUINVUIA 1X3 cm

A 4 Weuly Tavnldluviemenduasases PECVD
a & a Ao
1 UassUUMeeanTlaunonsInIsia 15 sccm
CWalsansdunarsaaulamusuny 2 Pa
- Waszuulvigaumgiiin 350 °C Tngdidnsnisiiuauvesgaumgil 2 °C/min

. Lilogaungifa 350 °C vhmsaananaunfingalndia 50 W l6aan 30 min

Tunnsvinnanaun

. Uninspauvasdnemasliihnssuaadu iedunalauiaysogmgilad

\legaungilanasauisgaumgiivios (~25 °C) uimtafingeandiaunaylsmivy

1 duenIINNDAIRTUDILATEY PECVD

10. yhefiRoulvvetgamiin 420 waz 450 °C mua1Ry
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muUsdmsunisugnilay Foulvitimua
ALy (Base pressure ) 2 Pa
dnsnshavesfinweandiau (Flow rate) 15 sccm
é’mmmﬁmmqmm:ﬁ 2 °C/min
maglniln (Power) 50 Watt
naluniswatau (Time) 30 min

qmmiﬂumswmam (Plasma temperature)

350, 420 and 450 °C

gﬂﬁ 3.4 4p309 PECVD (Plasma Enhanced Chemical Vapor Deposition)
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3.3 JunduN1INTIVIANENUINAYNRanlwAlTaRIENBILAIRIENATiARIG
3.3.1 N93ATATIATIEE19

1. TR A ULesadisng (X-ray diffractometer, XRD)
U : PANalytical, EMPYREAN
anuil : quiiaesiledty wminerdoveuniu
\DumediaiililinseilassaiendnuassyyviaansUsznevvesilduunadyneenlad
fidesevauns (Cu-doped SnO, thin film) TnsendenisBavesisdidndlunsenuiuset
ylFAandauuressadind wasasiousanunfiyusing  fu Juegivesdusznou

JUs wazdnuuenan Wuldmungueausnd na = dsind

JUT 3.5 iasesliansiaseinisidediuusediend (X-ray diffractometer, XRD)

2. MTBATIEINIANGusdiand (X-ray absorption spectroscopy, XAS)
aoudl : aontuisouasdulasaseu
TuaudBErN153LAIIERLATIES1S XANES 98 Uaniean1ugn1aaiivetaynoy
Tnglan1zet1989d@n1uz00ndLaty uanmaﬁé’@'gﬂLLuumaQﬂﬂi@Jmﬂﬁu%’ﬁLSﬂsﬁﬁL“ﬁu

nanvainueiAlsznaumaall Jaunsaldinuunviinvesiuananioaisusenaula
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measured at BL5.2/SLRI

L L L
9200 200 PEOD 9800

Photon energy (eV)

U7 3.6 awlnefumsganauisdiendlutu K (K-edge absorption) ¥89eynaunaduag

(Cu metal)

3. MTIATIENEIBINEIU (Energy Dispersive Spectrometry, EDS)
U : OXFORD instruments
ldl 6 d‘ A Aa v U al ¥ ¥ L%
anuil : AudinTelle e antuwmaluladnszaeundidnummsainnseds
lusAdelainisiwsziesausenounaniiveaflauuisfynesnleniidasiy
VoA TeazuaniaUsinavessnilumegisludndiuvasuSunaumin (weightd%) way
= o (% [} a a6 a ca v
aznay (Atomo%) Feanunsniumdndiunisaiivesilauuishyneanleniiiienienoua
AUnNASH EDS 98laninudNnusseni eI udaadondlsgnnsiaduls (X-ray counts)
MauAU Y U w8391u (Energy) Mdlunmsiasizilumbenladidnasoulian (keV) mainu

X finfiinTuluainaiuszdenndesiusgiiluesdiisznauvesilay

gﬂﬁ 3.7 1304 Energy Dispersive X-ray spectroscopy (EDS)
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4. NFOIRaNIIALUBIANATEULUUARINTINAIINAZIBEAGY (Field Emission
Scanning Electron Microscope, FESEM)
3u: JEOL, JSM-7001F
a0uil | 1 Inerdenainsal
HueFesdieflannsolilunisnnaienesidnvasiiuin sUssweseynia amnumun
Y8089 wazanvaen1InsEevealalulasadisgania liiiandndwsunsiasen

Secondary Electron Detector 5@@’1&431’11/\1171'1538 Secondary Electron Image (SEI) t3u

@ =

Feueurun1nalaann Secondary Electron Detector (SED) NSULEINFIIUINBLANATOU

e

a

NAnT (Secondary electron) 11qABONNIAINHURIVBITUIIUTBYNHIBLENATOUTUL

9 Y

Uszanana amilauandimdudnwugresiuinvesiunlsiaulavudusnu (Morphology)

&
@

3
l“ - FE-SEM JSM-7001F

t..

N Y fa & | a
E‘U‘VI 3.8 ﬂa@\if\}a‘ﬂiiﬂu@l@ﬂmi@u&‘U‘Uﬁ@ﬁﬂ'ﬁﬂﬂﬂ’ﬂmagLQEJ@E:]\‘I

3.3.2 N159ASITATATIaEelusEAuNURA

1. Myleswiandauiimeendisdliladidnaseuanivsalal (X-ray
Photoelectron Spectroscopy, XPS)

a01u? : @aonvuIdenaaRulasnsau

¥
a A

Tunuadelavimsimaeiiandeiiuiavedlauuishyneenleniiiemenaaunime

q

wadla XPS lagyinisnsiadunazinAmdsnuaaivesdidnaseuiignnssdulivaneenuy

9 9

cal o

Wesnusingnisallwlandidnmin (Photoelectric Effect) Andauaauiinlaiiaiunse
dnurf1uIundunIAINas91udaiuiien (Binding Energy) 9998Lanaseau Faidumn

W9 IIaNNNT0TEYs9 (Haue Li fs U) waganusniuaiiusnanuiivesTanld
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JU7 3.9 inseadlolsziiaguilulaewmaiindianlasaladinlndidnaseusiessdidnd

2. MmIATeidnuriuResiidunneiie ndesganssaiusezney (Atomic
force microscopy: AFM)
U : Park System XE-100
anuil : Inendoudanssumsdanisteya  anvtumeluladnszeemndinnamng
GUIIEIAIN
TusAtedesnsiagldinada APM ieindnudnuusvosiuinfiofiazliduds
anuusnensluusiazdoulvlngerfovdnnsvosdunsisenvesussszniniegnon fuiuduia
Tusgduulufuiiuiavesarslasaginisinimaudfifiogdnwusiuiaveaiduuns

a cal A v = i i A
Auneenleniiomenaund wazAny1A1AIUY3E (Roughness) Tasusiasiauly

JUT1 3.10 naBaganssAtLsioznay (Atomic force microscopy : AFM)
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3.3.3 N159ASISRANUANIIHAN

1. asrataanmdumuliinge wissledelnsuinada (Four-point probe
measurement)
U : Model RM3
a0udl : qudmaluladdidnnsedinduazaoufiumneuisnd (NECTEC)
Toaut@nigludinienisinataningrunuliidndalau (Sheet resistance) 994
Hsuuraiiofilumuiadaa anmiitlnih (Electrical conductivity) waganngumulng

(Electrical resistivity) ¥as¥au

JU 3.11 iasesilednlnsuindda (Four point probe measurement)

3.3.4 NNSIATIZAAUUANILLES

1. InauURn1uasag (UV-Vis spectrophotometer)
U : PerkinElmer, LAMBDA 365
anud : Amendeudanssumsdansteya  aandumaluladwszeeninduinnumms
aANTeU

v a A 1

Juedesenildlunisnsaiausunamaiasan intensity lugreadeIuasdraias
ynimzaruniegngandulnedieens Inefiannuenedunasaziauduiusiuinuuas
%ﬁmmmmsﬁaq’hﬁaasjﬂa%ﬂumu%’aﬁaﬂﬁmﬁﬂﬁ Lﬁa@mmiﬁammaﬂuémmmaqLﬁu
(Visible light) wazaunsnurluA1uInA1981I9ua UG (Band gab) vesilauusfyn

20NYANILIDAILNDILAILA
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e el

g'tl‘ﬁ 3,12 4A309 UV-Vis spectrophotometer

3.3.5 N5 ATITRaNUALA AU

1. YoauTRudaduaes meoszuuinaudiniaduses

A07u9 : AnEINeans annduwalulagnszaouna A satanseds

s Aa

[ va e I3 s & A v X A o a
SUVINANUALNALGULYDT L UUTEUUNATINVUNINDIANITADUAUDIVDINANNUND

wAalaeviIN1TInAIANNA I UN LY INANaN D uUIsInAwazluan1e M duwdanisn

aU1AT9ANULANAI9VDIANANUA N UL IE N Sa VN I LD ST AU uRI T As UL Uad

Y oW 2 ' & Py ° v o & vy
waraunsauantnisagetuluunevauasmawialesn seausatnlultduniaguwaslon

wuiy lngszuuddiulsenauidAyaadl

1.

Yuau (Air pump) LWuemaivhwifiidudiniussermavesutansdesnisasin
a v @ o v A ady v A o al (%] & 1 Y]

wazvauztRgInuNYwN I uussenAUnAN e Inisuiuussen AR A E LAY
1A383lRIndnIINsvia (Mass Flow Controller, MFC) vinntifiniuaudnsnisivia
Y9aUsIEINAlUSTUUNTInLA A ua s

I3 o L4 d‘ d‘ a a 1
N3 uthiiieUadausazussengnielusyuy
199889 (Chamber) Wunwurildduremaaaunsintdaduas
A1mos (Keithley 2400 SourceMeter) iantnninaudanisluinluszuuinuia
< I's
DS

a s o Y A & v o
AauTmes viwtil iudeya (Data logger) wazUszananansin
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}E Valve Flow in Data logger
MFC M
Sensor
N
Acetone o
AIR PUmP Chamber \ W - A
Ill e 2 B
Flow out Keithley 2400 SourceMeter
— e
a / i =
o
i §
2 Jmn' [
S ) it —

U7 3.13 szuuinauifuiadues




uni 4

NAN1SIAYLLAZN1SDAUSIINE

o a

UVI'ﬁIL‘fJuﬂﬁﬂ’lLﬁ‘uaNaﬂ’]ﬁ%@JLLﬁBﬂ’]i@ﬁUi’]ﬂNﬁ%@ﬂﬂﬁﬂU?ﬂﬁ’]iﬁ!ﬂﬁ’Juﬁﬂqﬂ’e)’e)ﬂl%ﬁ
AFefensunanisilaoimaiaeifienuuninsoualinneds uiazanudugosvasfing
9NTaU 0, 2, 5 WAz 10 % wazthduursluvhesnBiaunatasnfigumgil 350, 420, uay
450 °C \fleu3uUgsantAnanaanaglnihvosiidy Tnswan1siiasgsiazuiinuide
iasialuil
4.1 namsideuaznmseAunenalidasiainesiiduuniyneenledfidese
MDA

4.2 uamFideuaymssAvenaauiRmalniivesiiduusiiyneenlediidese
NOIUAY

4.3 uamFAdeuaymssAvenaauiRimaLamesilauuiiynesnlediidese
MDA

4.4 namiTeuarnmsefunenadilasaindussduiufiuesdaiaesidy

uiyneenlediiFeseveund

4.5 uamFAdeuaymssAveraauiRnimninfavesiiduusiyneanlediiie

AENDILAY

4.1 nan153LLazN1TAUTIENALTATIET19YaINaNUNRYnaanlYalTaR Y

NDILLAY
4.1.1 HANTSIATIZINITLAYAUUVRISIFLOND

IINNSANYINTRERUUTDITIFRNFVRINALUUIAYN DN LYATIIBAIENDIUAY 391

N15IARATLALY 20 WU 20 83M1 19 65 B9AN BNIINTTLANTUVDIYN 0.02 B3MIFDTUNT

a6

A a o Ao a aa
LW@’JLﬂﬁqgﬁiﬂiﬂaﬁqﬂLL@S‘EJU'EJUGUUWGUENﬁ’]iﬂi%ﬂ@UW@J@EﬂuwaﬂJ

Y

JUN 4.1 wanensidedtuuvesisdendvasiiduuniuneenleniilionenouneneu
N15Y199nBLaUNaNaL (As-deposited) eiazANUFUEEURINEINTLAU 0, 2, 5 thag 10 %
' & v v 1 = < @ IS
wudwansidgauwessidiendlidusingszsuiule 9 vise Wuedmugiu (Amorphous) 013

Jaeeildduszdoululassais Wannsafinzdudulasiaisuazansusznauiegluiiay
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W
3 5%
s
Z
2 20
g
=
0%
T T T T T T 4 T
20 30 40 50 60

20 (degree)
JUN 4.1 n1sideaivuvesisdienduasilduunsfiuneenledfiiiosienasuainounsvin

2ONTLIUNAAN LABLANUAULDYVBINYDBNTLAU 0, 2, 5 wag 10 %

a

& o o ¢ a e a A A v
JUT 4.2 uanenisidgniuuvesdedienduesildauuisiyuneenlediliiasfmenauns
WiazAINAUEREYRINwBBNTLAY 0, 2, 5 ULag 10 % MAIN1TYNeanTLaunNaIauI gl
350 °C wumwan1siansiaeauuvesisdiendlivsngszuiule 4 wie Wuedugiu gl

d‘ A L b4 d' I a6 o o a d‘
ausanvdudulasasrawazarsusenoufiegluiaundaainnisiteandiaunaiauni

gaunil 350 °C Tunnaurugosvesinveandiau

10%
0,
S
.2 -
5 2
(0]
@
. W
g = = JCPDS:41-1445
i T | N ‘rli 1 1 | T" 1 mT
20 30 40 50 60

20 (degree)
JUN 4.2 n1sideauuvessidienduesiiduunsiuneanleniiionienaund waagaA1uau
§08v03Nw0INTLIU 0, 2, 5 Uay 10 % NaIN1T1eenTlaunaIauIngungil

350 °C
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Ul 4.3 uansnisidenuutesiidionduesiiduunsiiynoonlediiiofenauns
uAagALR U YeIfimeandiau 0, 2, 5 uay 10 % wansvieendlaunatauigamnd
420 °C wuhlduiivgniienudugesvasfneeandiaudaud 2 % Tull Usingszuiudauans
faflarandundn (Crystallinity) dfisdu uazanansofiazduduarsusznoulufidy annisny
sTUNUT 3 20 WU 26.67, 33.94 Wag 52.16 a3 denndedfiugiudieyatnsgiu JCPDS
no. 41-1445 maaﬁuﬂaaﬂlﬂfﬁ (Sn0,) M39AUTEUIU (110), (101) waz (211) ﬁﬂiﬂﬂgﬁu%’mwu
fnmsdniFedasiaamanuuunnsznouea (Tetragonal) waganszunuivsinganusadudy
maderemeundulasads dunmnmadeulumaruiey 26 Wty vesssuwuiyn
oonles 1AN9INNN5NT2021M195EM 958U (D-spacing) YBIHANAAAT AINNHVBILUTN
(Bragg’s Low) %qmm&;mmﬂmﬁﬁﬁmiﬁawmLLmaaﬂUTuﬁqnaaﬂlGﬁﬁ Tnefiarsanansedl
Yes8zRon (Atomic radius) ¥8MaILAs ( Cu* AU 0.077 nm, Cu?* Wiy 0.073 nm) Bsd]
yuafdnndniafiveadiyn (Sn® wiidu 0.083 nm) 91nnseznenvemaLAslULuTy
funisernenvesiynilowilissurvvesiynoenledgnideulufianisiiyy 20 huty

= 4 Yl A 1% = o = ¢
Feanunsndudulaideznenvemewnadiluidelulasiadsvesiuneanles

s —a S
g s§ &
3
s
£
o 2%
=
g
£
0%
‘ ‘ JCPDS:41-1445
T T T L T r T I —
20 30 40 50 60

20 (degree)
JUN 4.3 msidenuuvessidionduasiiauunsiiuneenlenililonionauag iazai1uei
§08v03MNURINTLIU 0, 2, 5 Az 10 % NAIN1TI8NTLAUNAIANI NN

420 °C
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a

JUT 4.4 uanin19ideuuvessidiendvesiiduuisiuneanlenilanienauns
WiREAUAUEREVRINLBBNTLAY 0, 2, 5 kA 10 % YAIN15VN0aNTLAUNAIANI N UNY
450 °C wan13iansaguuvessidiondusingseuiviyneanlen denndesiugiuteys

11M3gIU JCPDS no. 41-1445 wazfenundundniiudy

Intensity (a.u.)

‘ | JCPDS:41-1445

20 30 40 50 60
20 (degree)
JUN 4.4 n1sideauuvessidiendvasiiduuisiuneanlunfiilinfnieneaund winzA U@

§08v03Nw0BNTLIU 0, 2, 5 LAy 10 % NaINITIeNTLAUNAIANI RN T

450 °C

nNSeendlaunataunigamgl 350, 420 uaz 450 °C wuinfianudundn
(Crystallinity) mmsﬁmﬁaqmﬂQmmﬁmsﬂumiﬁﬂaam%wuwmamqﬁu danaludnasnu
unnedniunisintesiiveseznenliinnuiussdouluauinlussezotudunndu
MnszuUivIIngatunsailudurnvuinvesndn (Crystallite size) 9MNaUN15v84
\w93L595 (Scherrer’s equation) LARIR AL 4.1
KA

D= (a.1)

- L xcosO

A =

dloe D e awmvewdn (wluwns,nm)
Kk fe AAsfidaniiy 0.94
fio mueAAWYeIsIEend CuKa dAwifu 0.15418 nm
f A8 ANUNTIYRILA & AINFININAN (Full width at half
maximum, FWHM)

0 Ao YUVDINTALIUY
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MnvuInveIndnansadwaldanziteoulviivsngssurunieiinnudundn
whiiu Fsanunsadualéideulindnisvhesndiounataufigamaf 420 uag 450 °C &
P13 4.1 wudewiaveskAneglutae 5.24 f 7.26 nm uazeuinveskEniuuliiiduty
m’mL’ﬁaulsuﬂ'ﬁﬂqﬂ?\léuﬁm’mé’fu&ia%aﬁwaaﬂ%wwﬂmﬁu lesanilUSinamesesndiau
Tuftduifintu muanududesvesfiieandiau 0, 2, 5 uag 10 % muddy dwalisnsau
ynaafl (Chemical composition) 484 Sn sia O 1 1:2 AifiAuasysaity uasiletildly
yhosndlaunaanilonmgil 420 uay 450 °C wuddarnudundndiutu nnsfiindan
wnwedmiuernouveiyniazeandau lunssaudiiudulasiadiandndunsenldl
8nass aenndestumsiinssuiuiiinuniisessenanaiuasaugauesoniuty dwa

MUY INA NN [49]

137 4.1 wansvuInveInanvesilanufyneanlediiiemenaial uiasaiusudoy
Y9IMYBANTIU 0, 2, 5 Uag 10 % naIN1TeanTaunaaungungil 420

ey 450 °C

UUAIMITNAENT | AR ULREURY -
. - 20 FHWM (red) punveswan (nm)
(°C) neeangLau (%)
0 - . ;
2 33.96053 1.65652 5.24
420
5 34.03076 1.18752 7.31
10 33.96053 1.18217 7.35
0 34.04422 1.33230 6.52
2 34.10917 1.29342 6.71
450
5 34.14747 1.22044 7.12
10 34.20225 1.19728 7.26
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&y

4.2 nan1sidguasnisefusenasuinlwiivesidauunsiyneenlaniienienaung

4.2.1 wan153nanInauNIuinga

AT 4.2 WEAIAIAINAIUMI UL IlaNUIsAyneenlediliadlenacung
WAAZAUAUEREYRINTDDNTLAU 0, 2,5 Uay 10 % NBULATNAINITYN

PONTLAUNAEUNNRUNE 350, 420 waz 450 °C

Foulvmsnanan mwmuﬁaamaqm% ANUAUUTWRY (KQ/5q)
29NTLAU (%)
0 1.81x10°
HduneumMsvimanasn 2 898.86
As-deposited films 5 -
10 -
0 -
oonTuUNAATIgUMYd 2 3.586
350 °C 5 6.237
10 7.261
0 -
aaﬂ%muwmamﬁqmmﬁ 2 205.76
420 °C 5 467.29
10 613.82
0 -
onTuNANA IRyl 2 554.49
450 °C 5 1.252
10 1.742

INNANITIAAUAMUAUNIUTIUHY (Sheet Resistance) WUIIMFIRINN1TYN
) o L o AaX o/ J v a oA
20NTLAUNANANIARNAUT AN TUNTNNATULAEFUNAINAIAUAIUNNUTILEUN AR
wazaunin1sineanglaunatafanusausul antanislnivesilaulan fe gaumgiin
420 way 450 °C
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4.3 Han133deuazN1TAUTIEHaENURNILEaIYaINaNUIIAYnaanluaTaR Y

NDILLAY
4.3.1 NAN15INAINITEINIULES

A 3InAINsdsH LAY (Transmittance) vesTlduu1sAynoanludiiafeneuns
wazALSULeEURIIweaNFau 0, 2, 5 Way 10 % NeuLATMaINITTe8NnTLauNaIaNIT
gaunqi 350, 420 uay 450 °C FeinmoAsestnAInTTaIRuLES (UV-visible spectrometer)
LanImLduRUSsEnIeAnIsasuLasiuauenaulurenueIAduiinue iy
(Visible Light) Uszanad 300-800 nm

Ul 4.5 uanannuduiusseninsinisdaiuuasfuauenduvesiiduuig
ﬁuﬂaaﬂimﬁﬁﬁaﬁawamm LAALANNAULDEVRINYDBNZLAY 0, 2, 5 Wag 10 % ABUANS
Veondunatau wWinldnAmsasiunaidinnuuansisegnadiulddn Tneflandutuly
flauiifinisugniiarudugosvesfnwoandiaugeiu dsimsdwiuuasiidouudasdai
49AAADINUNITANVBINITVINBBNTLAU (Oxygen vacancy) tulassasisvasaynaan e
Wzt eseendauluiiduasdinanonszuiunsiineondinduresiufd
rowadufiueenles (Sn0,) Aiaruluseuas Fedusonliuameaniuldfainisdsinuuas
3949 [50]

100
90 _ | T ‘
! O T P
e V"‘ﬁﬁ%ﬁ
. T0-
) .
< 60
o J
g0+ ¥4 g
E 40 - ¢ . oaF . g
@ oo e A
= 0 T [ 0%
20 ——2%
i —o— 5%,
10 4
N JE 10%
0 il T g e AN L | e S T T ; = ;
300 400 500 600 700 800

Wavelength (nm)

JUN 4.5 anuduiusseniansdesiunasiuanueInauvesiiauusiuneanteniliie
AIUNBILAY LAALAINUAUEDEVYDINIYBBNTLAU 0, 2, 5 ey 10 % ABUNITN

DONTYLIUNAAUN
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a

NH9RINN15YNRBNTLAUNAANINRUNH 350, 420 wag 450 °C fagUN 4.6 Wuin

9 Y

aunsaUFulantRluamesiauusiuneanlenillesienasnvgnildumeninudugos
6 a = 3 14 Aa ! 1 | 3 a X
Y93fNwRoNTLAuT 0, 2 kay 5 % wWinldainnisidAnisaeinuwacdugianuesiuiniy

wagilduugnaieaunug oy ueingeandiaugas 9 91 5 uay 10 % WUImawineanTiau

Y
'

a

Na1auINeunnil 420 way 450 °C fnavinlrAain1sdsuLaIanadantssUssum 5

9 Y

Wasidud (esaniinisvinesndawiindululassadis wazeradidnuaisanivg oy

N193N58439VBARTD991NVBUNTY [51] kardlAUTUSTVRIAUNRLANTY [52]
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100

(a) 350 °c

90 -
80
70
60 - Al
= ' e

40 ;7 £ pmeemtmE

Transmittance (%)

30 1
20
10+

.....

0
100

(b) 420 °c I
90 - ¢

80 -
70

Transmittance (%)

Transmittance (%)

—o— 0%

20 ——2%
—— 5%
10 ——10%
04 ot s IS

— T T T T
300 400 500 600 700 800
Wavelength (nm)

JUN 4.6 anuduiusseninemnsdsiukasiunuenduvesilauusiyneenleniie
AIENBILAY LAAEAINNAUERYVBINTOBNTLIU 0, 2, 5 kag 10 % NaINITYN

2ONTAU NANaNNUNgI 350, 420 Uag 450 °C
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NNHaNsAshuLawesTldasuAyneenludidesevesuasieunsinwanauiled
maﬂ%’umméfuéa&Jsuaaﬁ’mjaaﬂ%Lﬁ]uﬁluﬂizmumiﬂgﬂ?\léuLﬁusﬁu AWARDAINTA LA
Tudemuendinvesidulvdafiuduain 50-80 % wWiewfiuaududes 0, 2, 5 wag 10 %
pruddy Feaudiniuasgnuivugslidianisdeiuuasiifistufuaueadulunis
aanduiiduas Faduresihuunundsnuiaiiutu annsadunlenisimmsdenuuas
yesiduuAyneonludiiosenaas Gellanuduiusiuaveatosinsuaundsnuuuy
039 (E,) nofinrsanldanduuszaninnsganduuas (o) vesansieing Seduiusiuen

FUUSEANDNTABIULET (T) WARIANUFUNUS AIFUATS

a=1n (l) @.2)
T
2
(ahv)? = A(hv — Eg) (4.3)
= & ) a £ &
W« R qUUTEANINIYANAULAS
d R SN NNBELAUNII IUHUNANUNMTDANUNUIVBINALUN
T R AUUTTANTNTASIULES
E, A PDIINOUNAITUBUUNTI

AYRIINUUNAIU (E,) vesildunounsyimanaungniiiuduain 3.08 &4 3.78 eV
d‘ U 1 24 a QI ‘;’ o o U 1 U
WeAUAUYDYY0I1900NTLAUANATY 0, 2, 5, WAz 10 % A1UEIAU LATAIYIIINg
LaUNAIULAUNIITEINSIenTRuNanalunn 9 anudugssveinsUgnilay ewin

a

ATUNIVDILDUNGI91U (Band tail) 91989N15HASUVDINITIALI YA L ULAATIG FINT

Y

a ] [ a v o a s aAa [ = A
WasuwUasanugandiunsueskaunasnuialamnindlauniinandundn Inefidaums
o unasudu U Tuaundu Asluduniin STt el uUadugIuIiA19e9I9

[ a | a6 aa v a U aa [ =2 Y 1 [ 1 I 1
LOUNAIUNLAUNITWANNINITIALTHRINIANUTUNEN LEAIAIDEINNITAIUIUAITDIIN
LAUNSIIUNBUNTYINBNTLAUNAANMALVAINITVN0ONTLAUNAEU NGV 420 °C
AaguR 4.7

AUPNVDILAUNAIIU (Band tail %38 Urbach’s tail) @991989U9UNNIDINENT]
Wetuluansnewatn 1wy ¥99919U9990nTau (Oxygen vacancies) 9¥AaUWIUUINTRD
(Dangling bond) ANwaENYsalveHan (Crystallite quality) [53] anunsaldussidiuaiy

WUTUYDITDUNNIBITLAA L ULARNAAIFUNT

a = ayexp [2—:] (4.4)
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A U

e« Ao dulssaAVEMIgANGU

P

a

ap AD MIAMDITUVDINANUAALYTN
hv A9 WasulpauMinTy

E, o wanuvedessina (Urbach energy)

IN3UT 4.8 wanadn E, vasilduunsiyneanleniiionenaduanauwasnainisi
2ONTLAUNAIAUINQUNNT 420 °C WUIINBUNITYIRBNTLAUNAIAUITAIAAAIIN
619.5 meV §4 333.7 meV Fegannasinisnisiinesndiauluunasanunugovdsnaliiaud
Insdiumaaiiveseendauiiuiutas lUandounnsednaNIBINITVINDONTLAY

o ° | =~ ~ I o A oA X =

WANSIINNTYIINATENT A1 E, gnasasdiiiesindanuilundniiiiudy wagdn
nilaUsgifuaviiudaulidunsiinduves E, 9710 386.5 meV i4 430.9meV F9a1u15a
huneSunegsiuiunsndaanindunulninnanas Fsnrsih i aiinandeunnseswdn
R LU ¥9971990988nTLaU [54,55] dwwaliiuaninnisiilniuasaenndesiuen E, 9
1% =~ v 1 A a X &L a 1Y [ a PN a <
91909 UNNIDILINTUUUHURINAIINN T DRNTRUNAIENNTIgUUNH 420 °C Uavtiii
ToUNNTDALBIRINNITVINDNTRUNTALRUYDIENTIUgNAIANAUE D8 VRINTRONTLIUT
10 % A1 E, Mas 111y 430.9 meV a@8nndodnun1sannisnisassiulasvesilay

WHD991NAANISUIN0NTAY kazN1SUNIWTNTLALTY [56]

4.0

—=— as-deposited films
- #- post O, plasma treatment films »

3.8

3.6 1

3.4 1

Direct Band Gap (eV)

3.2

3.0 T T T T T T T T T T T
0 2 4 6 8 10

Oxygen partial pressure (%)

JUN 4.7 AudUiusseninea Ya eI ala UNAI UL UUATIRUANR LY L YR YRBNTLAY
lunsugnilduusdynesnlenilliiamenaaing a9nN13veeniaunalauny

gaungil 420 °C
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—=— as-deposited films
600 + - ®- post O, plasma treatment films

500 +

(meV)

w400 -

300 1

Oxygen partial pressure (%)

JUN 4.8 anuduiusseninadindenuveessiaiuaiududosvesingeandiaulunis
UgnilauunsiyneanledNiiafmenadad 89n159eenaunalauInaungl
420 °C

INNAVBINITINAUAIUATUNIULTILAU WAL AN TAIHIULEIVDIN AU
Wnaguuiulafemsned 4.3 nuinnsiheendaunatain a1unsauuusaudiinig

wasuazlniihvesiduunshiuneenlen luuiluunavy waseulunsvieendaunaiauniia

¢ a1 o

fignfe N1svieandaunataugamgil 420 °C FailduiAnsun i iAuagnsamIuLas

Tughumusaiugsiigaflefisuivgaumaidulunsvieendiaunaian seulunuideids

13 1 o

[ a6 A o q' a a ¢ v a a
1@La@ﬂWﬁN‘V]‘W’]ﬂWiW@WﬂNWWQ&!MQll 420 °C YN UATIELALNYUNUNAUNDUNITNDDNYLIU
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1597 4.3 LAAIAIAIUATUNIUTILNULALAINTARULAITDITAL UIAYNBan yATITe

AENDILASUBILARLAINUA UL DY VDINYDBNTLAU 0, 2, 5 way 10 % nauLkay

VRINITYN BONTLAUNGEUNTIRNE 350, 420 uaz 450 °C

y ANUAULDEVRY | AUAUMIUDY | NTAIRIULES
Reulanswaaun N R ,
Maepnglau (%) | WWu (KQ/sq) (%)
0 1.81x10° 30
L ) 2 898.86 a5
WANNBUNITVNINATEN
5 - 80
As-deposited films
10 - 85
0 - a0
poNTIUNAALTIRUMYS 2 3.586 50
350 °C 5 6.237 85
10 7.261 85
0 - 52
poNTIIUNAAL RN 2 205.76 65
420 °C 5 467.29 92
10 613.82 82
0 - 55
aaﬂ%muwmﬁmﬁqmmﬁ 2 554.49 65
450 °C 5 1.252 82
10 1.742 80
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4.4 HANTSIVYLALNITBAUTIBNALTIIATIAS 19 TUSEAUNURIKAZLTIUSUINSVD S

Wa &IU’I\?ﬂUﬂ’ﬂaﬂ'l‘UmllLﬁlaﬂ’JﬂﬂaﬂLLﬂ\‘l
4.4.1 NANITAATIENF N TINANIUUAZANINAUI VWAL

"U']ﬂﬂ’]ﬂ‘ﬁﬂa@\ifﬂaﬂiiﬂualﬁﬂ@i@uu‘UUﬁ@ﬂﬂi’m?ﬂiﬂiﬁﬂ@ﬂ’]Wﬂ’]ﬂ@Lﬁﬂﬁi@un EJJ‘IUfI

A v

(Secondary Electron Image) londnuwariufinuay inesddsznoumaniivesiidgulagizns

Y

a

AATILNT0LTINEIU (EDS) @18idnaseu 20 kV awnsadaldaiiudn 1.5 um 99nRaved
G gﬂﬁ 4.9 %Lﬁuﬁﬂé’ﬂwmzmaqwuﬂaﬁ?\laummmamgmuasmaLﬂﬂm%“:u EDS uansg Cu,
Sn, uag O Fauanifasmidussduszneundnluiiduyniteuly

M397 4.4 uanalodiFudeznouaes O, Sn wag Cu ﬁgmmmaﬁxlémwﬁqﬂaaﬂl%jé
fFomenosunsnouLazndhosndiaunaian Inaund snsidiuaes [Snl0] Wiy 1:2
Fatudndiues ((Cul+SnD(O) i1 1:2 w3e (O] = 66.7 % war ((Cul+[Snl) = 33.3 %)
szdaunaldinusinameseondioutuiisnsiaudisnit 2 % ndfinsieududosves
Aepondiau 0, 2, 5 uag 10 % siuruodifudosneuvetondaulinsiiiniuain 64.57%
59 64.69% FernuaziBuniiiodolduas EDS (~ 0.1 %) wazdmsusiusznauvaLaty
N wag O axfinuAananlusedugs [57] faduauidedieldiunaianisiinsesinng
AANaUTIEBND (X-ray absorption spectroscopy, XAS) LLazmﬁmeﬁi’a@L%qﬁuﬁa AaY
ondLsdlnlndidnasouauninsalall (X-ray Photoelectron Spectroscopy, XPS) a1
Tunsimsgiludrusioly dsanieendaunanauinuinensiaiuees [O)/[Cul+sn] lula
fimswasundasSunuesneuvesesiUsynouluiidy Fedlifiuinnisvhesndounatauiay

danaluseaufiuRINay

E‘Uﬁ 4.9 LLﬁﬂﬂWUN’J SEM uazalunaiu EDS ‘ZJ’E]\TW&?LIU’NWUﬂ@EJﬂI%WVILQE)WJEJV]’ENLLGN
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AN3197 4.4 wansUesidudasnouvetsigluiiduiyneanlydiliofienaiuniveusas
ANNAUYDYVDINYODNTLAU 0, 2, 5 hag 10 % NoULaERAINITNI0NTLIU

WAA VRN 420 °C

Fewlunswanasn jmmufamaa “ " © [O)/[Cul+[Sn]
nwoondlau (%)| (at. %) | (at. %) | (at. %)

0 6.28 29.14 64.57 1.82
aunoun1sii 2 6.22 29.19 64.59 1.82
WANFUN 5 5.96 29.36 64.68 1.83
10 5.93 29.38 64.69 1.83
0 6.14 29.24 64.62 1.83
PONFLaUNAIELNT 2 6.18 29.22 64.61 1.82
Qm‘mgﬁ 420 °C 5 5.95 29.37 64.68 1.83
10 5.83 29.45 64.72 1.83

MslATIERANImUITesiiduUiynoenlediiedienosuns fondesansseil
BLlanATRULULARINTIAANAZLBEAEY (FE-SEM) U JSM-T001F Qmﬂﬁauﬁmazmmé’u
g98909NURONTAY 0, 2, 5 uag 10 % NBUNITVINDDNTLAUNAIENT mwwmgﬂuaméﬂ’ﬂguﬁ
4.10(a) Aunuivesilauegluye 1.78-3.95 pm %uagjﬁ’umméﬁ’usjammﬁwaaﬂ%wu
Funaldinilorududesiiniudmasionnumnuesnsindeuiiduiitivunanas osan
gasnaneanigensnaulunisadamesitiaisimiaevanas [58,59] vilwonsinisiadauilay
anasLUULEuduTUALT U ap e iToendauiiinty ogndlsimuanuunvediduung
n§ansheendiaunatamiigaumail 420 °C fvuafianaagudiu uansfaguil 4.10(0) Fenns
vheendraunanauvhlmAnsussisenfuiuivesdidudsmalfAnmstinnsou waslinvan

= A a & a a s
29NVDIATLAABUNUILIUNUNIVDIN AL [60]
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JUN 4.10 nwsinvevesiiduusiyneenledilemenaiund : (a) auneunsvitesndiau

Waraun way (b) Naundanisvineandiaunataunigamgil 420 °C
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4.4.2 N15ATIZIFATIUTUINTAEMATANISAANAUSIF BN

q Y

MsAszinisgandussdiend (xAS) lumadafimunzdmiunisiiessiianlu
L%qﬁﬂLﬁam’maaw‘qmﬁmﬁ’ammmi Faawnasuvesdayanos XAS Ussnaudiedyaial 2 939
Ao 1. 9729 X-ray Absorption Near Edge Structure (XANES) @131150U 1417 LASIZ AN
psfUsEnaUNIALAT wazan ugoandinturessinmiuesduszneululaseadie 2. 4
Extended X-ray Absorption Fine Structure (EXAFS) @a130U1113tAT1 RN LATIA519994
ogAou AIIENIUSE JULUUNMsTufvesluanavesansiianla Wudy esnnli¥ediond
TunsfnwBsiimdssgaisnnafiazunsnduaansidlulussduoznen ansnsaiioglddnw
audanislassadradausuns Bulk properties) nievsiou Tnglusuidediinisianis
aandufadiondludiaues XANES iy gaussasdiiiofiasvianiugniaedl (Chemical
state) vov0dUsznavlulasadsviatou

$UTl 4.1 wansanasunisgandusdiond (XANES) aniugndaaudy Lyedge o9
ozAey Sn vasTlduuRyneanleffiliefevneuns deinlugas -120 f3 +170 eV 50U 9
AnuENdauty Lyedge dudulumsinntas 0.2 ev annauidevesan T. Tangcharoen
wazAnz 1#51891u97 Sn anuendaudu Liedge Usznouludenindsuaniuzues
B18nm3eu (electronic transition) ANEasu 3932, 3941, 3951, 3956 eV LATAUNUINTT
pAndugandugeaaiindsann 3962 eV [61] mIswdsuanuzvosdidnmseudulunungnis
\d@9n (Selection Rule) maaamuzwé’wm%’ju Ls-edge Feaonndastun1sldeuan usves
518NNTOUNTY 2pss 1‘1JE'J"ﬂamuzwé’muﬁﬁqdwaagluazmam Ao 5s, 5p, 6s, 4f Lag 5d
[61,62] Fatiudnuazvasanna XANES (Fingerprint) finnuduiusiulasiasnmdnuaes
ozmonTsaenndasfuiineanlefiansstunuidoneunthil [61-64] aunm3u XANES v
92AvY Sn AouALVdIMTMoenlaunatalvesTiduAynoonludiiTefevneuns usay
ANNAUEREUDIN1YBBNTLIU 0, 2, 5 LAY 10 % WAAIGNWMEYBIALUNATY XANES Lay
funtsvosmganduddiondmsatuionun Faddumimagandugegaiingaan 3960 ev
FaduaiUnadu XANES v0905R0% Sn @auENEInuTY Ly-edge uwansdvlasiadiaveiiv
oonled (Sn0,) Tiaveendinduwiniu +4 luildufynoonlediiFesmemesuns

sU 4.12 LLamaLUﬂm%’umifﬂﬂﬂﬁu%’aﬁwﬂ%ﬁmuzwé’amu%ﬂ K-edge vo38¥mas Cu
fiduunafiyneenludfiiosenssunsieunazndanisviesndiaunaiauinnanusug oe
pnUSuildLieueandmuNanain L uEos 0 % wansaUnasa XANES $u K-edge n34
fuanafunisganaussdiondveslasaine aeviedesnlas (Cuo) Wevhmsinanny
XANES iisuiulassasnsnetivesoonlefinnsgiu Saliifiuifidumdrdfosiusznouves

7OILAILALTLATDINTLATUYNNY +2
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durouhesndiaunatainiiaudugos 0 % awnadunsganausdiendidouly
Tufirmandsnusas Fseziiiulsanveunisgandudeaenndesiunsiitiavesndinduanas
wazddunisnisgandudediondgegausnngtuuinssfuannia XANES 999 Cu,0
éf’;al,mmamhﬁmama%Lﬂiww‘ié’fiwﬂémé’quaumﬂugﬂmaq Cu,0 nanfiunewnlugy

999 CuO FILAVDBNTLATUWINAY +1 WAE +2 AUAIAU

3960 eV

— All samples

T T —— T T T
3850 3900 3950 4000 4050
Energy (eV}
JUN 4.11 arnnsunisganaussdiondludu Ly-edge Y0s0emay Sn

1+ 2+
Cu Cu

8995 9000
——Cu,0
——Cu0
—— As-deposited (O,= 0%)
All samples
(except as-deposited at O_= 0%}

T T T T T ! T j J ) !
8980 8990 9000 9010 9020 9030
Energy (eV)
JUN 4.12 awdnasumsaandussdiendluty K-edge vataznay Cu Wigufiua1suInsgIuYes

CuO Av Cu,0
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4.4.3 naMIAATRIaATINURIGBndsdlnlndianaseuaUninsalal

Tlaufynesnlusfiiesenesunsieutaydniheendiaunanasnynanuiubes veq
freoandiaugniasigiosdusznavuazaniugniaaiifiiuia domadaend.sd
Tlndidnnseuaiuninsalad (XPS) 903Ul 4.13 wansarunaduvealnlndidnaseud
UJanudespamnamnszdudundsu 3d vesesneuiiu Yinisamadusaziadmdnuaad
yesdidnnseuiignnszdulvivaneenuilesansingnsallnlndidnasn (Photoelectric
Effect) Amdsnuraififaldiansnindumundumeamdsnuiamis 1wosdidnasou
(Binding Energy) FaifluAnianzianzas shlsianunsaszyosdusznauessinuazaniuznis

a a d” a (% 14
Lﬂ@JUiL'JmWUNTU@ﬂ'Jﬂ@l@

(%
YY) [y

1N3UN 4.13() wansaiunaiu XPS ¥810¥nayl Sn Ns¥AUTUNGIU 3d WUl
Y] e ~ o o | ale fa &N v '
WUl (MsafudLmiaiInaneen) YealduAunoenleANiionIuNoIuAInow
WANEUT N80AVDY Sn 3ds/, Wag Sn 3ds, Weuldluianielifiundsnudawmileiain 486.51
019 486.57 eV way 494.93 514 495.00 eV AMUAIAU AUNTRNTUIBIANUAUE DY VDINDY
a oA a a AL a a X A aa a )

2NTLAU 0 -10 % WANIINLLBUSUIUDBNTLIUNNURUNUTUDLH DUVDINUNINTOBNTLATU
U Sn (SnO,) iiLNINTU wAndsannn1syinesndlaunalaundsnunmileansdsgui
4.13(b) N88AUBI Sn 3ds/, WaE Sn 3ds, aeulllufidnisianndsnudawmielain 486.48

14 486.38 eV d1915U89AYDS Sn 3ds,, Way 494.87 519 494.82 eV d115UYAYBT Sn 3ds,

[
] a

FaanIDINISARSANTUYRY SN* (SN0, Wi Sn?* (SnO) TusyAuiuRivesiduaanndns

AUNISNAYDIINNVBIDONTLAUY [65]
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20000

15000 +

10000 +

Intensity (a.u.)

5000

I b I n ! n
485 490 495 500
Binding Energy (eV}

20000

w 0%

15000 +

10000

Intensity (a.u.)

5000

! B ! *
490 495 500
Binding Energy (eV}
JUN 4.13 awdnadu XPS vesegnoy Sn TsEAUTUNEY 3d : (a) TAunaun150N BN

warEun way (b) Waundansvineendiaunataunilgamgil 420 °C
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91n3U7 4.14(a) uansaunadu XPS YasozAe Cu flsgdutundsny 2p vosiidy
foun1siesndiaunatauiiinaudugossis 4 nudnvauzesaUnnsu XPS Aszaudu
WHNU Cu 2ps), WaE CU 2Py FndsauBamilen 933.0 uaz 952.7 eV muddu donndes
U Cu* (Cu,0) waz TindsnuBawden 934.3 uaz 954.3 eV @enadasiu Cu?* (CuO) AT
uATereunthil [26-28] Fatuaninsalnsedldnituinvesiidudeunsnatauiininy
fugey 0% Wu Cu (Cu,0) earuduteyveifiwoondlautinduain 2-10 %
wuimdsnudamdendeuldlufiensiiiuiu Seaenadosiundsnuiamioives cu®

(CuO) uananlin1sAUTINEAYBY shake-up satellite NG IUTAUAIGY (MFONAIUTA

IS a A

wilergein) dndeadadisuiuseandniiintu adudnuuzvssseniiialu Cuo Hua
Baduntsfieguas Cu? (CuO) TiuR2 [66-68]

NNFUT 4.14(b) ndsnsvheendlaunanasidufinusudosuesfinoondiau 0 %
femdudamiervemeuniissfusundsau Cu 2ps/; WinTuann 933.0 eV 1du
934.3 eV Funnldinisfidamdsudamisdesannsagaduoendiauuuiiuialéd
WA duTiaufugasveIfngeandiau 2-10 % nuitauduretsoanIedyyinves
Tnldidnaseuanastsveniafinanionududuremeaunsiituiinduanas femaua
waniiaunsoasuldhnmsinoendaunananiigumgil 420 °C amnsawiin Cu* (CuO) e
penBinduan Cu* (Cu,0) LHu Cu?* (CuO) uiiuinvesiidy WeTldutiugnugnienudy
donvasfimoandiaud 0 % uazuoninifiduugnienufudesvosfngoaniau 2-10 %

USunauves Cu?* (CuO) 9nieneananNuRIvesTia
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Statellit k
Statellite peak ¢, 2P, - I{\f;“a/o

Intensity (a.u.)

Cu™ 0%

T T v T T T T T T T T T
930 935 940 945 950 955 960 965
Binding Energy (eV)

(b) 2
Cu
10%

5%

2%

Intensity (a.u.)

0%

T T T T T T v T v T T T T

930 935 940 945 950 955 960 965
Binding Energy (eV)

JUN 4.14 awdnadu XPS vedanan Cu NTeAudundsny 2p : (a) Wdudoun1soendiauii

wa1ENn way (b) Waundansvineendiaunataunilgamgil 420 °C

1054 4.15 wansadnniu XPS vesavnay O fsgfutundsnu 1s vosiidudouuay
wdimsvheondiaunatdin lneUndudraiunay XPS vasesmon O fissdutundsny 1s
axUsznauluing 3 ven suiindafindsnubamilen 530.5 eV $fitoandiaunandiy (Lattice
oxygen) Tuguves 0% l4ddnusgeidu O Suflaosfindsnudawnden 531.7 eV 81989013
P1900NTLAU (Oxygen deficiency defects) #39%09311998300nTLAU (Oxygen vacancies) 1%
Hdnwsdeidu O, uazanvheindsnuBamiled 533.3 eV é’ﬁﬂﬁqmi@m‘i’uaaﬂ%wuﬁﬁuﬁa
(Chemisorbed oxygen) wazngulansandia (Hydroxyl group) lddnuyseailu O [69-71]

TefilUasidus O, O wag O, YaIlALNaULATHEINITIINAIAN108NTLIUILYNAIUIUAIN
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NUNLANIINVDIAUNMASY XPS UB90EMBY O NTLAUTUNSIU 1S VDILFAALUDN WARNIAT

AN5199 4.5

(a)
10%
35
s
> 5%
‘w
c
9
£
2%
0L o
v oc
o 0%
T - 1T T T
525 530 535 540
Binding Energy (eV)
(b)
k 10%
5
s
2 5%
w
o
8
E -———A———V
2%
0L
0%

. - -
525 530 535 540
Binding Energy (eV)

JUN 4.15 anau XPS vatarnau O NseAudundau 1s : (a) Waunsuniseandiausi

WA waw (b) Wdundansviheendaunaiaunigamail 420 °C
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AN 4.5 uanaUesidudves O O, Oy , 9951dmves [Oy)/[0.] WarANUATUNIULTS
WU (Sheet resistance) YesTlaNAUNDNLYATTBAIENDIAT WAAZAIINAY
g08YINYRNTLAU 0, 2, 5 ka¥ 10 % NOULAYUAINISYIEBNTLIUNAIAUNT

gaun il 420 °C

ANUAUEDYVDI AU
4 o - O] | 01 | O] |[OWIo]] , R
Wauluniswanaun | Aweandau ANUNIULTS
(%) (%) (%) ,
(%) bR (KQ/sq)
0 6.02 67.43 26.55 0.39 1.81x103
Wdunoun159in 2 6.38 | 67.12 | 26.50 0.39 892.86
NWAFUN 5 6.29 72.46 21.25 0.29 N/A
10 4.64 73.55 21.82 0.30 N/A
0 8.56 69.65 21.79 0.31 N/A
DDNTLAUNAIANN 2 6.84 66.60 26.57 0.40 205.76
figaunadl 420 °C 5 785 | 66.46 | 2569 | 0.39 467.29
10 7.98 67.35 24.67 0.37 613.82

AnSUTNEUNAUNITINNTRUNANELT  B9ANUSUE8vIRwRRNTLI U URILUS
dAsanN1IVINeeNTauL (Oy) waz sandlaulaniiy (O) @onrdssiu Sn-O laeyl N151A
2ONTLIY ABNINAVBINAINUTATelUaUNATY XPS ¥890Enl O NTLAUTUNSINUY 1S
Feduiusiuaulilauysainiedadiuail (Non-stoichiometric composition) Yaunnsedves

a t:ll % o 6 1 0 + o ++ 4{' [} 1 % a Q' r-:’f{ 1 ﬁ‘L v
DONTAUNFUNUSAU Oy U VOV, ey VI 1leanuniugosvasn1geandlaul i udsnali

& A dl

Wauiin15v1nve9eenTauanad wazaandaukaniviudusiulaludnsidiuves [01/[0] 9

(%
o v

fimanasiumsiiuesifusmnusudesvesinveondiau Fadlifiuinosndioutiudvasy
N13VINDBNTLIU

Huitrusuges 0 % wdamInAToendounatan Tulnalunissiusafuues
sondlauiiofinosndunaniiviarantaunnisin1svIneondiay wanslunsed 4.5 H&ud
ANURUERY 2 % ndInsThesndlaunanandmalunisiuasunlatesdusznounaniives
pondlauuuiuindntos urogrdlsimudmiuiiduiiruduges 5 uay 10 % USunaes
Founnsesnsvineenduuluiiduivtuegaiitedfyndinnisimatdun

Tneflugruretessuszneumaniuazanuemaniluiidufiynoenlediiiede
nowunsaziumadismiuldanysalnsdadiuall duaruuana11eIrNtounnsonIs

Y199DNTHAULALDDNTLIULANTY TuaIUTLs192TNTaAUIwaLLEUDNAaLN NaI91NNTTYIN
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ONTLAUNANFUNE NS VAN UL NIBAT WAL BIAUTENDUNIWLATIVRIIAL  NNNaTBIAUNASY
XPS uag XANES @uilaasnalnvesnisnata vilslunsalvesildunugnimeninunuges ves
finweandiau 0 % Aaugnusenausie Cut uway Cu® Weluiiueanled windsainnisi

sandlaunataun Cut viufiseiueendiausasudsuaniuzilu Cu? aeslunsdivasildud

& A

UgnAeausiuges veaieeandiau 2, 5 uay 10 % Waunignugnusznausme Cu®* \elu

Y Y

Tnssasvesiveanlemidudnilng nsvihwanaueendiaufigamgi 420 ° C {uusmanau

lun1smdn Cu®* uar O sandnituiildunasuruiansyuiunsiuandlusun 4.16

Oxygen vacancies ® Oxygen vacancies

a L3

U 4.16 unuidauansnalnadmsunismdans Cu® uar O aandniurildulunaraun

pandlauilgamgil 420 °C

dlefuRvesildy cui3efiusanles (Cu*—doped Sn0,) dudafundsnuves
20n319UNaaN" (Energetic oxygen plasma) ¥l CUZ* way 0% ARITUAUNE I3
penfiauLazgnidneenainiiuin TusewinsiivhenBlaunaaundsnuaatvesmanauinds
liissnefiazidn Cu?'uaz 07 ponanildu ﬁqﬁuqmwgi (420 °C) Wudaidianudndy
pganlunisfiaznsgdulifuszans cu? fu o lufidudusouas Fan1sszauBadae
pondlaunanauiilesisansniidn Cu? way O sananiiuiin MduilhAndudesing
vogenTLauAnty

MsvReendlauenaiinldiie Yoeincweseandiau O, vise iudumesaidua Sn, 39
yvdanaroan nnsiiiihvesiiueanled anae Kilic waz Zunger tawadn S WWunaln
dwiumnulsiauysansdadiuail [2] Jslddeasuin o, uaz S 1uamndmsunisvie
pondiauluiiusenlen Lﬁaqmﬂﬁwé’amuﬁﬁqgmqﬁwdw Oy wag Sn; Ui uTIuaIN
$1u3¥B03A Godinho LAazAMY NUIINEII1UNTABHT (Formation energy) Tidnan

Yuduves O, luly Sn, wagsiad Oy, war Sn; Hududeunnseaiiiades dawsinnisaviadu
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sn; Wneauuarenadidinbiiinanulianysainsdadiuad watvegslsiniunalnanis

PPN TLIUNNIINYDIINIVDIDDNTLAUTLANTULA8AIN [72]

¥
av A

Ty tlaAnwIAIAIUA UM TR LTI AN FURUS AR SINUBAS 1@ WY B
[0//[0] wagn13nfiegues Cu* war Cu* lFelufiveenleaiiiuma e n Cu fdaud
dianmsouiiiosnin sn* lidnawdu Cu* wise Cu® Adnluunuilu Sn* Aagusengidadu

a &

Sudianmsau (Electron acceptor) WaganAITNRUTLUUTIDIDLANATOU (Electron

ey

concentration) YIMAIN15UINANTaNA9 AUAIUNIULT LN UVDINAUNDULAEUNAINITVN
28NTLAUNAIANIAAILUATTIN 4.4 TAUABUNITNANAUITAIAIUAIUN T ILNUNFS
11NN 1.81x10° KQ/sq AUdnT1d1ua0d [O)/[0] AU 0.39 FIAMUATUNIULT WA

a

aunsadnlalangiiquvgniiaiudugesvesingeendiay 0 wag 2 % Wdugnuanmeaiy

Y

[y 1

AULDLUBINTBONTLAUN 5-10 % AIUAMUNIUTIUHUTFUNI12ENT1EIUV0I [OV] / [OL]
AN

PAIINAITVIDBNTLIUNAANT ATAIUATUNIUTILEUYDINAUTANanaI9819U7N

Y a6 d' £y 1 6V a d! Ql' a QI dy 1

gL IuiaNAUAUE a8 Y09f1900NTAU 0 % NUANANANOSUIENITRINTUVDIAIAIY

FunULBIHUYRIdNTUNRD Rs1du [0)/[0,] anasann 0.39 i 0.31 1d9aINeendLau

] v a6 d' £y 1 | ¥ a 1 dl' el'd

PAEUT ANUSUNAUNAIUAUEDY 2-10 % ATAUAIUNIULTILKNUANALTDIINNTAL

USUNUTaUNNTBIUDI90NTRUMNTULAE NISVIANIE U Cu?* ANURD NaYDINISVINeDNTLAUY

PANFUIUUNURIVDINAUYN AL AIANUATUNULTIHUN AN AILA L TANAINUATUN LN LD YN

6.67x10° kQ/sq WalUTsuiisuiunuitenounini [45]

4.4.4 MIRATIBRAN BT NURIVINANUIIIEN S0 9aNTIALLTIaENDY

v
A a

HuRivesilauushyneeanledilemenaiunigninuninsisimemadandes

¢ o 4 a & A 1%
anTIANLIIREABNIINIAENITIAAIAIINYTYTEN LRI UNUN 2 asndlulasiuns Tagla
ALARYANGE09Y8IANNYIUTE (The root-mean-square (RMS) roughness) 3n5U# 4.17(a)
WERININLRD (AFM image) Tuluu 2 3R uag 305 veaflauunehyneanleniilomenatuns
Aoun1svinesndlaunaiaun Januindennuduges vesfingeandiaulunisugnilduiiuay
310 0 % 94 10 % dwaliFIANvgUsEVRIaNaIaIIN 2.400 nm 83 1.648 nm A1LAIY
AUERYYDINNTOBNTLAUNANTY FuNUSAUVUIAVDIBUAIA (Particle size) Nanasly
n3rUIUNTUgNHAY (Growth process) [58] waluszuuugnilduiivsunuingeandiaunie
ANUAULNLTY Yilvisvaeuveteandlnuma iU UaEnoNTat0TINeY danavilingaeu
satretensneuanadlioluruivesneuvesdiinlieznauvand an1saremnasauli

A = ! ! ! a a s a [ a a

pznonvonllulszunuianai@sasdmasiovuiunisnainidulnesuduinniva

(Nucleation) udasuiulatuaunaieilungurieu (slands srowth) wazladuises 9 suiu
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nauseudaudisiuiudunguiouvesnguoznouiilngiu (Coalescense) duanas vl

[ [y

fufnvesfiuduieuusssuazanumunvesiiduanas aenndeafunaALNITEITIRY
910 FE-SEM ilonnududesvaseantiauifiutu Snsnisugnilduanasuagiinanlunis
fnFeseynafiunnturhliiuivesiiduiugey
#a19nn1svieendiaunaauidinaniilinisiuiseediveseuniaidnvuziiuy
sufvantuiflosandanudundn Wiuldnuavesnisinnsdeauuresiediond
fiusngazuu deavilimanuusussiiuinanas (73] uansagudl 4.17(0) uiflduiinan

[y 1

AUBEURINIOBNTLAY 10% AIAIUVTVTTAWUWINAY 2.229 nm INTIEWENIUVBINT

¥

WAL LU AT AUNURY denalidndenuinuriviliinauvseindu wagaziin

lI .
y "0 ot 08 m ]

lpdrediesimnunugaluilauniianumuiien [74,75]

ia) - . .

0%
RMS = 2.400 nm

2%
RMS = 2.395 nm

5%

RMS =1.812 nm

. 10%
RMS = 1.648 nm

(b).

0%

RMS =2.342 nm

FI .
o -
b o4 o8 0 g H

2%

RMS =2.291 nm

‘| .
. "3 04 0] 2 q 2

RMS = 1.621 nm

| .
o o4 a8 g 18 H

10%

RMS =2.229 nm

A 1%

SUN 4.17 AU (AFM image) Tu 2 §f way 3 ddvesilduuisfuneenleniiiasie

79904 : (@) NAUADUNITVI08NTLAUNAEUT WA (b) WAUNFINITVIN2NTLAUY

WAAUN
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4.5 namsdguaznsafuenagulAnIInTIIaLidvasiauusiuneanleniilanly

NBILLAY

dmsumsuszgnaldiduinsiaduuiadniduieadinsianisiasunlasvesaudh

a [ a

Ml 9i Fafnainmsniuiivesiagianisgadurseatenisgaduuiariliaiaiig

aumuvseAau i uuaeunlasii Gaudinsliiniadeuudastias venta
Aua1unsavesianlunisnsiadunia warineenuiluguuuuveAIn1snauaued
(Response) AYauN1T [76]

Rq—Ry

a

2

Wls R, Ao Aanuimuniuluangniuia

2

R, A9 Aranudunuluussena

I~ 1

S AR ANITABUAUBY

a ! als a Al &N v Y] &
"\]’]ﬂE‘LJ‘V] 4.18 LLZ‘WNV’ﬂﬂ'ﬁ@l@‘UﬁUENGU@QW@&IU’N@Qﬂ@@ﬂI“(jﬂWL"\]@@'JEIV]E]Q?]U LLAEAN

lovator@lau (Acetone) Nigaumaiivio (~25°C) JUN 4.18(a) UaAIAINITNOUAUBITDIT Y
founTsvieendlaunataun wuiwaninisidsuuvamisliihinuiinReuliidunugni
ANMUAUEDEVDINTDBNTLAU 0 WAL 2 % WiNHULEIINAAUTUIAUAUMUNEILITAIALA
luussenia Felaunaulgnelenudugesvesfinveandiay 5 wag 10 % IAUATLUNIY
a a ! A A A Y] % 8 & v a oA a
fgannifiundtasssdienazainsadala (>10°0/sq) Fellanudiunudauiunguiuly
dnsunisinlUdnudusiasiadunia

&

NAIINNITYINBNTLIUNAFULAAIAINITRDUANBIRBINE AI5UT 4.18(b) WawuAyn

]

3 = ¥ % 1

aaﬂl%ﬂ‘ﬁL%aéhemaaLmemaai’mmmauauaalﬁﬁ’u?\lawﬂqﬂmammmuaaﬁGuaﬁw
90nTaU 2, 5 uaz 10 % Lsnuavesnisi i fifndsaunsaTannudumudasiule
suiulaiidumdannIseendlounanauLaninsneUauein duiansanainnadauay
UauRawesszuuin drsldosudadnssuuinasdiuldildnaluvevaniu (~ 7 uidl) Mié
nflduReUNSYINaNEL dIaInTuAINISAEUALBIENBLIT IR IuIdINsanSI 9Ty
WhaldALazAeudend uazdslaszuuldosuia nuIveUIADINITRaUALedlIaNT
%9 (~ 5 wifl) wazAuunuanadldlndifsatudeunisudesudadnszuutn  Sandeu
Tunsnsaeduuialundee o Widedresmds dmfumsiauialuszuulefisyiuanududu
& a a

Tuusseania 300 misaruluiudiy, ppt) TliuinnsviteandlaunaiauiausaLiy

UszAngnmlunisnevauessiewianiiuiivesilduiunaenlenidonienauas 1leand
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nsvIReenduiiiufinginiineunsesndiaunatan dudunisfiuaumuiuiures
Budnaseuluuauiit (Conduction band) dviudidnaseumeaniazgniudesandiau (113gn
Fusendiau) nareifusendiaulessy viliarudiumuiiiagaiuluusseinia uasly
sazifgafudeinisenaduufaluvsseinialovesesdlau viliAnufiseneendiady
(Oxidation) AusenBauiiny (Msaesendiaw) Audidnaseundululunauiii [5,43] vilven
Arwsumuiiinanas fdunsnneendiauindusudmilsiitamuddydmiunindy
fansaadunfais uasilduiivgninenusuges veafinweandiau 10 % fiAn1sneuaussd
a9 mszifieanuiunuiiussenagsninildusidu 9 viliiAnnnuuandaeAiadm

1 a o w

sununidluvaeiiviauaglifiviianuin vililiainsnevauesgs uardnullaaunaid Aty

o

=

AodnuyariuiINdANUvTvITasdma i ilanulhlunislunisnsadunia g

I3 wa Y Y & aa
LWUUANUAVDINITLUUAINTIAULNENA
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& v

sATedlfvinsUgniiduunsiyneanlediiiofenosunsienaineifion
wunfinseualawmeslundazanudugesvesfingean®iau 0, 2, 5 waz 10 wWesidus wazyh
nsUfuUTsandAvesiiduutaiienisineandiaunatanifigaumgd 350, 420 uaz 450
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whanuulusalas uonanidlavinnisimsziautinisil@ndndagy laun nsfinwilassaing

= wa

HANTIgaNIARAZITINNAIA NMSANwIaNTRNIE NsAnwIandRnialnili wagn1sfiny

Y
aad a

dvisnavetasAusznaumualiniiuiouaznelulaseaine aunsaazunan1sivelanmaluil
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Y
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420 °culy anunsnfiezuiuusslaseadiandn wagUsingszurunsaduansiada
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nesuathulassassvasiyneanled Mnnadeutesssuunsidsnuuvesisdiond dedleu
fugudeyauInsgu JCPDS no. 41-1445 vesiyneenlys

2) nmsinaudfnsliiuasuaswesilduusiynoenlediiiosemesuns wuinildy
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ARTICLE INFO ABSTRACT

Keywords: Cu-doped SnO, thin films were deposited on a glass substrate using radio frequency magnetron sputtering. The
Copper-doped tin dioxide effects of varying the O, partial pressure during the deposition process and post-O, plasma treatment at 420 °C
Tin dioxide

were investigated. Bulk and surface oxidation states were measured by X-ray absorption near-edge structure
spectroscopy and X-ray photoelectron spectroscopy. The as-deposited films exhibited oxygen deficient compo-
sitions and Cu* or Cu®* ions, which depend on the deposited O, partial pressure. After the post-plasma
treatment, the films changed from an amorphous structure into a low crystalline film. X-ray diffraction results
indicated substitutional doping, wherein some Sn** ions were replaced with Cu™ or Cu®>* ions. The O, plasma
treatment can remove Cu®* and O?~ from the film surface. The oxygen deficiency defects and Cu™- or Cu®*-
doped present at the surface are the key factors in controlling the sheet resistance of the Cu-doped SnO, film. The
minimum sheet resistance was obtained after the plasma treatment of the films deposited at a 2% O, partial

Oxygen plasma treatment
Oxygen deficiency
Sputtering

pressure.

1. Introduction

Transparent conducting oxide materials, such as ZnO, SnO,, In,03,
Cd,Sn0,, are used in several gas sensing applications. These materials
enable the monitoring of specific gases in real time to better protect the
environment and for human safety. Among these materials, SnO5 is one
of the most promising candidates because of its small grains, which can
respond to reducing or oxidizing gases through changes in its electrical
resistance. SnO, can also detect some toxic gases, such as H,S, CO, NO,
and NO, [1,2]. In addition, this material has a wide band gap
(3.6-4.0eV) with high optical transmittance (> 70%) in the visible
region and shows n-type conductivity with low resistivity (10~>Q cm)
[3]. To develop the gas sensing properties of SnO,, modifications with
different doping elements, namely Sb [3-5], Cu [1,6], and Pt [7], have
been studied for their high sensitivity and stability, fast response times,
and good selectivity. Various methods to deposit SnO, films have been
investigated, including spray pyrolysis, sol-gel, sputtering, and photo-
chemical depositions [8-11]. Cu-doped SnO, films are of interest be-
cause of their enhanced sensor performance and compatibility with
hetero-junction devices between n-type SnO, and p-type CuO. The in-
troduction of Cu in SnO; has the purpose of decreasing the grain sizes in

* Corresponding author.
E-mail address: aparporn.sa@kmitl.ac.th (A. Sakulkalavek).
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the nanostructures [1,12]. The performance of gas sensors critically
depends on the electrical properties that are controlled by defects, such
as oxygen vacancies (Vo) and dopants present in the SnO,, as well as
any present nanostructures [8,13].

There are several methods that can be employed to modify the
surface and oxygen content of metal oxide films, such as annealing
under O, gas and oxygen plasma treatment [14-17]. Oxygen plasma
treatment, an efficient technique in the field of surface modification, is
used to control the oxygen functional groups on the film surface. In this
work, vacuum deposition and plasma treatment processes were used for
Cu-doped SnO, deposition. The effect of the O, partial pressure in the
sputtering and post-O, plasma treatment at 420 °C on the local atomic
structure, chemical state, and sheet resistance of the Cu-doped SnO,
thin films were investigated.

2. Experimental
2.1. Thin film deposition

A glass slide substrate was cleaned in an ultrasonic cleaner with an
acetone solution for 30 min. The Cu-doped SnO, (99.9%, 76.2 mm
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diameter) target was used for radio frequency (RF) magnetron sput-
tering deposition on the glass slide substrate: the target power density
was ~2.2W/cm? The substrate target distance was maintained at
60mm and the temperature during deposition was in the range
25-45°C. The vacuum chamber was evacuated to a base pressure of
6 x 10~ Pa. Before deposition, the target was pre-sputtered for 15 min
in an Ar atmosphere to remove any contamination from the target
surface. The sputtering power, working pressure, and deposition time
were kept at 100W, 5 x 10~ ! Pa, and 120 min, respectively. The O,
partial pressures of 0%, 2%, 5%, and 10% in Ar were studied to de-
termine the O, content in the films. The as-deposited films were further
used for plasma treatment using a plasma-enhanced chemical vapor
deposition system. The O, plasma treatment was applied using an RF
power of 50 W at 420 °C for 30 min.

2.2. Characterization

The crystal structures of the films were studied using X-ray dif-
fraction (XRD, PANalytical Empyrean). X-ray absorption near-edge
structure (XANES) spectroscopy was employed to investigate the local
atomic structure, as well as the oxidation state of the elements of in-
terest, using the Synchrotron Radiation Lightsource at Beamline 1.1
(BL1.1w) of the Synchrotron Light Research Institute (SLRI), Nakhon
Ratchasima, Thailand. The storage ring was operated at an electron
energy of 1.2GeV with the electron beam current in the range of
140-80 mA. The XANES spectra near the Cu K-edges (8979 eV) and Sn
Ls-edges (3929 eV) were recorded in the fluorescence mode at room
temperature using a 19-element Ge detector and compared with Cu foil,
CuO, and Cu,O as references. The chemical state and chemical com-
position of the resultant crystal at the surface were investigated using X-
ray photoelectron spectroscopy (XPS; ULVAC-PHI, PHI5000 VersaProbe
II) at the SUT-NANOTEC-SLRI joint research facility, SLRI
Monochromatized Al Ka radiation at 1486.6eV was used as an ex-
citation source. A dual beam charge neutralization using low-energy
electron beam and ion beam was used during the measurement to
minimize charging effect. All binding energies were calibrated with the
Cls peak of adventitious carbon at 284.8 eV. This calibration method
may provides the error in binding energy interpretation of approxi-
mately 1.44eV due to variation in work function of the samples
[18,19]. The XPS spectra were fitted with PHI MultiPak XPS software
using a combination of Gaussian-Lorentzian lines. The elemental
compositions of the films were analyzed with energy dispersive spec-
trometry (EDS; OXFORD instruments, X-Max 20 mm? equipped in
SEM). The calibration was performed by X-ray calibration by using
manganese element (Mn). The system is performed automatically
measure energy and finding the centre of Mn peak by adjusting dis-
criminator threshold from fast, medium and slow. The surface and
cross-section images were measured by field emission scanning electron
microscopy (FE-SEM; JEOL, JSM-7001F). The electrical properties were
measured using four-point probe measurements (JANDEL, Model RM3).

3. Results and discussion
3.1. Structural properties of as-deposited and post-plasma treatment films

Fig. 1 shows the XRD patterns of the as-deposited and post-O,
plasma treatment Cu-doped SnO, thin films using different O, partial
pressures. All of the as-deposited films show similar XRD patterns with
an amorphous structure. After O, plasma treatment at 420 °C, low
crystalline peaks at (101) and (211) of SnO, (JCPDS no. 41-1445) can
be observed. This indicates that the increase in grain size is not sig-
nificant, even after the O, plasma treatment at 420 °C. It was observed
that after O, plasma treatment, the reflection peaks, in the Cu-doped
SnO, film, shifted from their standard positions. XRD spectra indicate
that substitutional doping of some Sn** ions occurred - replaced with
Cu® or Cu?* ions. The incorporation of Cu (Cu® = 0.077 nm,
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Fig. 1. X-ray diffraction pattern of Cu-doped SnO, thin films of as-deposited
and post-O, plasma treated films under different oxygen partial pressure per-
centages.

Cu?* = 0.073 nm) leads to distortion of the lattice and shift of the re-
flection peaks, due to substitution for larger Sn ions (Sn** = 0.083 nm)

[6].
3.2. Compositional analysis of the Cu-doped SnO, films

FE-SEM was used to measure the surface morphology and film
thickness, as shown in Fig. 2, and the estimated thicknesses of the films
are shown in Table 1. The thickness of the as-deposited Cu-doped SnO,
films was in the range 1.78-3.95 um and is dependent on the O, partial
pressure. It was observed that the film thickness decreased as the
oxygen partial pressure increased because a decrease in the Ar gas ratio
reduces bombardment on the sputtering target [20,21]. The deposition
rate decreased linearly with the oxygen partial pressure. However, the
film thickness, after the O, plasma treatment, was slightly less than for
the as-deposited films. This decrease caused the plasma to interact with
the film surface, resulting in etching and the subsequent removal of the
surface material [22]. The FE-SEM image reveals the porosity of the
film surface after the O, plasma treatment, which is important for gas
sensor applications. The plasma interaction with the film surface has
both mechanical and chemical effects. The ion collision on film surface

= 100 nm

= 100 nm

I

Fig. 2. Surface and cross-section images of the Cu-doped SnO,; (a) and (c) are
the as-deposited film, while (b) and (d) are the post-O, plasma treatment film.
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Table 1
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Atomic percentage of Cu, Sn, and O, and thickness and ratio of [0]/[Cu] + [Sn] of the Cu-doped SnO, thin films under different oxygen partial pressure percentages

before and after O, plasma treatment.

Plasma condition O, partial pressure (%) Cu (at. %) Sn (at. %) O (at. %) [0]/[Cu] + [Sn] Thickness (um)
As-deposited films 0 6.28 29.14 64.57 1.82 3.95

2 6.22 29.19 64.59 1.82 3.50

5 5.96 29.36 64.68 1.83 2.20

10 5.93 29.38 64.69 1.83 1.78
Post-O, plasma treatment 0 6.14 29.24 64.62 1.83 3.60

2 6.18 29.22 64.61 1.82 3.24

5 5.95 29.37 64.68 1.83 2.14

10 5.83 29.45 64.72 1.83 1.57

mechanically etches, whereas chemical reactions, between the ions and
neutral oxygen on the film surface, changes the film composition. For
the EDS measurements, the penetration depth of the electron beam
interaction was approximately 1.5um, as estimated by Monte Carlo
simulations. The EDS results indicate the average film composition,
showing that only O, Sn, and Cu was present in all of the deposited films
studied.

Table 1 shows the atomic concentrations of O, Sn, and Cu in the as-
deposited and post-plasma treated films. Commonly, the ratio of [O] to
([Cul+[Sn]) is 2.0 ([0] = 66.7% and ([Cu]+[Sn]) = 33.3%), the
stoichiometric composition. It was observed that the oxygen content is
lower than the stoichiometric ratio by ~2%. As the O, partial pressure
increased, the O atomic % only increased from 64.57% to 64.69%,
which is less than the reliable resolution of EDS (~0.1%) and for light
elements like N and O, there will be a high level of errors [23],
therefore we used additional techniques, XPS and XAS, to determine the
atomic concentration in the films. For the post-plasma treated films, the
ratio of [0O]/[Cu] + [Sn] does not change the average film composition.
This indicates that the O, plasma only affected the surface of the Cu-
doped SnO, films.

3.3. Chemical state and chemical compositions

X-Ray absorption spectroscopy (XAS) is a powerful tool for element-
specific characterization of local structure and chemistry. The XAS
spectrum is typically divided into two regimes: XANES and extended X-
ray absorption fine-structure spectroscopy (EXAFS). Because X-rays
penetrate matter, the bulk properties of the material will be obtained
from XAS. XANES was used to identify the bulk chemical state of the
films. Fig. 3 shows the Sn Ls-edge XANES spectra of the Cu-doped SnO,
film and reference absorption peaks of SnO,. The Sn Li-edge XANES
spectra were collected at energies from —120 to +170 eV around the

3960 eV
3943 eV \/“\
—— All samples
T T T T v T =
3850 3900 3950 4000 4050
Energy (eV)

Fig. 3. Sn Lz-edge XANES spectra of Cu-doped SnO, thin films.
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Sn Lz-edge using a step size of 0.2 eV. Tangcharoen et al. reported that
the Sn Ls-edge spectrum of the Cu-doped SnO, has five electronic
transitions at 3932, 3941, 3951, and 3956 eV, and a strong absorption
at 3962 eV [24]. The electronic transitions must follow the dipole se-
lection rule of the Ls;-edge absorption, which corresponds to transitions
from the 2p3,» to higher unoccupied levels (5s, 5p, 6s, and 4f) to reach
the final 5d level [24,25]. Thus Fig. 3 indicates that the films show the
XANES fingerprint for SnO,, in good agreement with the literature
[24-27]. The XANES spectra of the as-deposited and post-plasma
treated films with different O, partial pressures have similar char-
acteristics in their absorption peaks. A strong absorption peak of the
films was found at 3960 eV. The Sn Ls-edge XANES spectra revealed
that the local structure was SnO», with Sn*™ states ions, existing in the
Cu-doped SnO,.

Fig. 4 shows the XANES spectra of the Cu K-edge of the as-deposited
and after O, plasma treatment Cu-doped SnO, films. All of the films
(except as-deposited at O, = 0%) exhibit similar XANES spectra com-
pared with the CuO standard, indicating that the copper species in these
films mainly exist in the form of Cu®", except for the Cu-doped SnO,
(as-deposited at O, = 0%). Careful evaluation of the XANES region
suggests that the absorption edges shift to lower energies, indicating
that the copper may exist in the form of Cu*. Thus, this species mixes
between the Cu?*- and Cu™- doped in the as-deposited Cu-doped SnO,
at 0% oxygen partial pressure.

3.4. Surface chemical compositions

The surface chemical compositions were determined using XPS
analysis for the as-deposited and post-plasma treated films at different

1 2+
Cu” Cu

\\

8995 9000
——Cu,0
—— CuO
—+— As-deposited (0,= 0%)
All samples
(except as-deposited at O,= 0%)

9000 9010 9020 9030

Energy (eV)

8980 8990

Fig. 4. Cu K-edge XANES spectra of the as-deposited and after O, plasma
treatment Cu-doped SnO, films with CuO and Cu,O as references.
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Fig. 5. XPS spectra of the Sn 3d core level for the Cu-doped SnO, thin films: (a) as-deposited and (b) post-plasma treated films.
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Fig. 7. XPS O 1s spectra of the (a) as-deposited and (b) post-plasma treatment Cu-doped SnO, thin films for partial pressures of 0%, 2%, 5%, and 10%.

Table 2

Percentages of Oc, Oy, Oy, and sheet resistance of the Cu-doped SnO, thin films before and after O, plasma treatment.

Plasma conditions O, partial pressure (%) [Oc] (%) [O.] (%) [Ov] (%) [Ov1/[0.] Sheet resistance KQ/sq
As-deposited films 0 6.02 67.43 26.55 0.39 1.81 x 10°

2 6.38 67.12 26.50 0.39 892.86

5 6.29 72.46 21.25 0.29 N/A

10 4.64 73.55 21.82 0.30 N/A
Post-O, plasma treatment 0 8.56 69.65 21.79 0.31 N/A

2 6.84 66.60 26.57 0.40 205.76

5 7.85 66.46 25.69 0.39 467.29

10 7.98 67.35 24.67 0.37 613.82

O, partial pressures. The Sn 3d peaks in the XPS spectra are shown in
Fig. 5. All of the peaks of the Sn 3d5/2 in the Cu-doped SnO, thin films
are within 486.5-486.6 eV and the peaks of the Sn 3d3/2 are located
within 494.9-495.0 eV. These results indicate that both as-deposited
and post-plasma treated films possess Sn*™.

The Cu 2p spectra of the as-deposited Cu-doped SnO, thin films with
different deposition O, partial pressures are shown in Fig. 6(a). Two
types of Cu 2p peaks were observed at 933.0 and 952.7 eV, and at 934.3
and 954.3 eV. Both types correspond to the binding energies of Cu 2p3,»
and Cu 2p;,,, which represent the Cu* and Cu®* chemical states

[28-30]. It was found that the Cu™ state was present at the surface of
the as-deposited film for an O, partial pressure of 0%. As the O, partial
pressures increases from 2% to 10%, the binding energy of the Cu 2p5,,
peak shifts to higher energies due to the presence of the Cu®* state. In
addition, the presence of shake-up satellite peaks of the Cu 2p5,5 and Cu
2p;1,2 centered at 943.4 and 963.1 eV, respectively, confirm the for-
mation of Cu?* on the surface [28-30].

After the plasma treatment, a reduction in the binding energy is
observed and ascribed to the contribution of oxygen adsorbed on the
surface. The binding energy of Cu 2ps,, shifts from 933.0 to 934.3 eV
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Fig. 8. Schematic showing mechanisms for removal of both Cu** and O?~ ions in O, plasma treatments at 420 °C.

for the film deposited with an O, partial pressure of 0%. As the O,
partial pressure was increased from 2% to 10%, the binding energy of
the Cu 2ps,, peak decreased, see Fig. 6(b). These results indicate that
0, plasma treatment at 420 °C enhances the Cu®" state present on the
surface of the film when deposited with an O, partial pressure of 0%.
Furthermore, Cu®** ions may be removed from the surface of the film
deposited with an O, partial pressure of 2-10%.

The O 1s spectra of Cu-doped SnO, with different oxygen partial
pressures before and after O, plasma treatment are shown in Fig. 7(a)
and (b), respectively. In general, there are three O 1s peaks that appear,
which can be attributed to the lattice oxygen (O, 530.5eV) from the
Sn0O,, oxygen deficiency defects (Oy, 531.7eV), OH™ groups, and
chemisorbed oxygen or dissociated oxygen (O, 533.3 eV) [31-33]. The
percentages of Oc, O, and Oy of the as-deposited and post-plasma
treatment of the Cu-doped SnO, thin films results were calculated from
the peak areas of each XPS spectra and the results are provided in
Table 2.

For the as-deposited films, the O, partial pressures mainly affect the
oxygen deficiency defect (Oy) and lattice oxygen (Or). The Op peak
corresponds to Sn—O and the Oy is in the middle region of the binding
energy and related to the non-stoichiometric composition. There are
multiple oxygen defects (VO, V¥, and V™) around Oy. As the O, partial
pressure is increased, the amount of oxygen deficiency defects is de-
creased, while the lattice oxygen is increased. Notably, the ratio of Oy/
O, decreases with the increase in O, partial pressure percentage, in-
dicating that the oxygen compensates for the oxygen deficiency defects.

For the films deposited at O, partial pressures of 0%, the plasma
treatment results in oxygen incorporation to increase the lattice oxygen
and decrease the oxygen deficiency defects, as shown in Table 2. For the
films deposited at O, partial pressures of 2%, the plasma-treatment film
slightly changes the oxygen surface chemical composition. However,
for the films deposited at O, partial pressures of 5% and 10%, the
concentration of oxygen deficiency defects in the Cu-doped SnO, sig-
nificantly increases after the O, plasma treatment.

Based on the chemical composition and chemical state, the Cu-
doped SnO, films exhibit nonstoichiometry with the different oxygen
deficient defects (Oy) and lattice oxygen (Oy). In this section, we discuss
and propose a mechanism for the O, plasma treatment at 420 °C for the
chemical state and composition of the Cu-doped SnO, film. From the
XPS and XANES spectra, there are two mechanisms of O, plasma
treatment at 420 °C: First, in the case of the film deposited at O, = 0%,
the as-deposited film is composed of Cu™ - and Cu®?*-doped SnO,. After
0, plasma treatment, the Cu™ state can react with oxygen and trans-
form into the Cu®" state. Second, in the case of the films deposited at
0, = 2%, 5%, and 10%, the as-deposited films are composed mainly of
Cu?*-doped SnO,. The O, plasma treatment at 420 °C is the driving
force for creating Cu®>* and O®~ from the film and the schematic of this
process is shown in Fig. 8.

Film surfaces of Cu®**-doped SnO, are exposed to the energetic

216

oxygen plasma. Cu?>* and O?~ collide with energetic oxygen ions and
are then removed from the surface. During the O, plasma treatment, the
kinetic energy of the plasma may be insufficient to remove Cu** from
the film. Thermally, 420 °C is necessary to activate the Cu?™ that is
weakly bound to O?~ in the SnO, film. Bombardment of oxygen plasma
removes both Cu®>* and O~ ions, thus producing oxygen vacancies.

Oxygen deficiency may be caused either by oxygen vacancies (Oy)
or tin interstitials (Sn;), which affect the electrical conductivity of SnO,.
Kilic and Zunger suggested that an Sn; dominated mechanism of non-
stoichiometry [13]. They concluded that Oy and Sn; was responsible for
the oxygen deficiency in SnO,, due to a high energy of attraction be-
tween Oy and Sn;. In contrast, Godinho et al. found that the lowest
formation energy was related to the Oy, and not the Sn;, and both Oy
and Sn; are stable defects: although Sn; formation may contribute to the
overall nonstoichiometry, the dominant mechanism of oxygen defi-
ciency will be Oy formation [34]. In this work, the sheet resistance of
the films was directly related to the ratio of [Oy]/[O.] and the present
Cu™- or Cu®"-doped SnO, at the surface, because Cu has fewer valence
electrons than Sn, Cu™ or Cu?* ions at interstitial sites will act as
electron acceptors and decrease the electron concentration. The sheet
resistances of the as-deposited and post-plasma treated films are shown
in Table 2. The as-deposited films had a sheet resistance greater than
1.81 x 10° KQ/sq with a [Oy]/[Oy] of 0.39. The sheet resistance was
only measured for the as-deposited film at O, partial pressures of 0 and
2%. The as-deposited films, deposited at O, partial pressure of 5-10%,
had a high sheet resistance, because the ratio of [Oy]/[Or] was low.

After plasma treatment, the sheet resistance of the films dramati-
cally decreased, except for the film at an O, partial pressure of 0%. One
possible explanation for the increased sheet resistance of the film is that
the ratio [Oy]/[0;] of the Cu-doped SnO, thin film at 0% decreased
from 0.39 to 0.31 after the O, plasma treatment. For the post-plasma
treated films deposited at O, partial pressure of 2-10%, the sheet re-
sistance clearly decreased because of the increased number of oxygen
defects and the lack of Cu?* doped at the surface. The effect of the
plasma on the surface of the our films was responsible for the lower
sheet resistance of our films compared to those of Ao and Ichimura who
reported a higher resistance at ~6.67 x 103 KQ/sq [11].

4. Conclusions

The effects of the O, partial pressure employed during the deposi-
tion process and of a post-O, plasma treatment at 420 °C on the mi-
crostructure, atomic structure, chemical state, and sheet resistance of
Cu-doped SnO, films were investigated. The O, partial pressure is a
primary contributor to the concentration of oxygen and the formation
of Cu™- or Cu?*- doped in the as-deposited films. The ratios of [Oy]/
[O.] and the presence of Cu™- or Cu®*- doped at the surface are key
factors in controlling the sheet resistance. Post-plasma treatment at
420 °C is a process to control the ratio of [Oy]/[O.] and the amount of
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Cu*

or Cu®™ ions on the surface of Cu-doped SnO, films. The influence

of O, plasma treatment at 420 °C on the crystal structure of the Cu-
doped SnO, thin film is found to not be significant. The minimum sheet
resistance was obtained after plasma treatment of the films deposited at
a 2% O, partial pressure.
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