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ABSTRACT

Undoped indium oxide thin films have been deposited by sol-gel spin coating technique using
indium (III) nitrate hydrate, absolute ethanol and acetyl acetone as precursor solution, solvent and
stabilizer, respectively. The effects of the film thickness, pH solution and molar concentration
precursors (indium III acetate anhydrous and indium III chloride anhydrous as precursor and
acetyl acetone as solvent) on the structural, morphological, optical and electrical properties of
In2O;3 films have been studied. Doped indium oxide thin films have been deposited by sol-gel
spin coating technique using indium (III) chloride anhydrous, absolute acetyl acetone as
precursor solution and solvent, respectively. The effects of Sb doping and Ba doping on the
structural, morphological, optical and electrical properties of In2Os films have been studied. All
films have been characterized by multiple techniques such as X-ray diffraction (XRD),UV-
Visible spectroscopy, scanning electron microscope (SEM), and four probe method to investigate
the physical properties of indium oxide films. X-ray diffraction analysis showed that the films are
polycrystalline in nature having cubic crystal structure with preferred growth orientation along
(222) plane. The growth of the films changed the direction from [111] to [100]. SEM images
show that the films are homogenous, uniform and dense without any pin holes and cracks. The
transmittance of In203 films was high up to 90%and it is probably related to the good crystalline
quality of the films. The optical gap was found to vary between 2.95 and 3.23 eV. The electrical
measurements revealed the resistivity have values aboutl.5x10- 1.7x10%(Q.cm) which made
these films suitable for optoelectronic applications.

Keywords: Thin film, indium oxide, sol-gel, spin coating technique, doping, optical properties,

electrical properties.
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RESUME
Les couches minces d'oxyde d'indium ont été déposées par la technique de sol-gel spin
coating en utilisant du nitrate hydraté d'indium (III), I'éthanol absolu et I'acétylacétone comme
précurseur, solvant et stabilisant, respectivement. Les effets de I'épaisseur, concentration molaire
des précurseurs et pH de solution sur les propriétés structurelles, morphologiques, optiques et
electriques des films d’In203 ont été étudiés. Doper des couches minces d'oxyde d'indium ont été
déposées par la technique de sol-gel spin coating en utilisant du indium IIT chlorure et
l'acétylacétone comme précurseur et solvant, respectivement. Les effets d antimoine et barium
dopé les couches minces d'oxyde indium. Tous les films ont été caractérisés par de nombreuses
techniques telles que la diffraction desrayons X (DRX), la spectroscopie UV-Visible, le
microscope €lectronique a balayage (MEB), et la méthode de quatre points pour étudier les
propriétés physiques des films d'oxyde d'indium. L'analyse par diffraction des rayons X a montré
que les films sont de nature polycristalline et présentent une structure cristalline cubique avec une
orientation de croissance préférée selon le plan (222). La croissance changé la direction de [111]
a [100]. Les images de MEB montrent que les films sont des surfaces homogenes, uniformes et
denses, sans aucune de porosit¢ et fissures. La transmittance des couches d’In,O. était élevée
jusqu'a 90% et est probablement liée a la bonne qualité cristalline des films. Le gap optique
variait entre 2.95 et 3.23 eV. Les mesures électriques ont révélé que la résistivité des couches
préparées changées de 1.5 x10a 1.7x10%(Q.cm).ce qui rend ces films adaptés aux applications

optoé€lectroniques.

Mots-clés: couche mince, oxyde d’indium, sol-gel, technique de spin coating, dopage, propriétés

optique, propriétés électrique.



CONTENTS TABLE

I T O s s S S A S S R S R RN RO A A A RS TR SN AR |
ACKNOWLEDGEMENT ..ottt csees e st sas sttt ettt s e i
B B S T R A T . bbb s s e e s e e e e e e eeeaaaeeeeeeeaeeeeaeaeaaeaaeees i
CIRRA] . ccsiusmcuiansimasion asdunssonsesdan o B A o 68 A A S GO iv
RESUME ..ottt iesess it e assss b seeassas b easesssssbsssesesesbss s et es st eas et assateaseaesasbeaseassssbsasesessstsssannsas Vv
CONTENTS TABLE coiiinsimsssis i a e i s iswiniia Vi
BT GV TN LI TN oo w0 508 5 K A RN A A S SRS R s IX
LN T N L A L S cnncn s v B o v e S s S R s S A Xiii
SENEREL INTROBIG TN i i i R S e s 1
GEIIRETEEIR N s ninsvminsos i i S oy R e o O B T R S AR e A R 3
Review of indium oxide thin fImS ...........iiiii e ae s s 3
I O I O oo s Ao R S R N S B T R S A A e B AR 4
1.1 The types of precursor (IN2003): . e e as e esae s saaan s 4
12 Methods of IaUthin DI QEPOBIEHINL . oot i e s iss e Cian s ey 5
L.2.1 SPIN COAMIME: ...t it ee et e e e et e e et e e e aeasean e aaeeeeans b aaanaeeeessssansseeeaesseennsnnanenns 5
B T N TNIEIINNRE. v A M A R A R AR M S A e R e 6
L2 T e Al O A O A N O o i s e e o e W T s o B R SR A i
k.28 Pl sc] e SO L0, oo oo i s s 1 R R A R SRR A AR RO 8
I3 Blectron D eV gD o S s i s s e e e 9
R O T ETAETEIE o ccniinn e o S A A S A SR S A S N R AN R SRR AR 10
1:: 1 he propeches ob inchim oxide thin TS, 5 s s i i 11
1.3.1 The structural properties of In203 thin films: ... 12
b B T O IO P D O I B s s R B R R 5% 17
1.3.3 EleCtICal PrO eI IES .. e iiiiiitiiiiie ettt er e e e st r s s e e s e as b e s e e e s aas b s e s aeaaeasrsnsansans 23
LA ADPICations OF InaCa thin B i e e R S S S SR S 27
1.4.1 Optoelectronic devices, including solar Cells: ... e aaaas 27
L2 (05 SEIBOTS ) wovouniswinusivn o aidsumssn s s i i i s s 6 s Eh o s B SO TR S A0 SRR S S AR P 27
1.4.3 ElectroniC DISPlays: ...t aas e s e e s aa b s e s s e s ae e s enaaes 27

Vi



L300 EUIE N BOTTSEIN suumunsnnsmsmss s o oo oo s Ao e A S RN B AN SR A R A R 28

G O SR s s T s A R B R R A L A T A S R 28
IR B oo s ot v s S R S s S B R R A A TN 29
Spin coating deposition and characterization methods for 1n203 thin films..............coooooiie. 29
I O I Y v cnsnssso s i e T S RS R T S P S I R S I A S eSS RS 30
2.1 Processing steps of preparation In,Osthin films using spin coating technique: ..................... 30
22 IEIEHCE G TII08 TNCKIIORES v inviviamersisss oo s aoe s s e i S Go s AR R RN S A e TR S S
2.2.1 Preparation Of SOIUTION: ...t cr b e rarres b e san s aa s e sas s s sa s sannsansssannnns 31
2.2. 2 Proparabion OF I8 NS v vt i sssisms s i sss siinn naneisssas sas svan s ssi i o 32
2.3 Influence of pH solution: 2.3:1 Preparation oF SOlulion: s.eaiassnsiiniminmsins e 33
2. 3.2 PreDaT AT O G TR RTINS . oisvsoinsisansnisiissisios s wansis s i saas sniss wass v s re s R o s s 34
2. NN O DI I SO S s e R G S B o I S T s 35
el R A U S R ROINT: o cvmsiscnisocsmosin i somacos i S A SO i N S A SR B A S AR S SR R AR AN 35
2.4 Breparahion of Thill TS s it s s s e S A e g 35
b a3 L s e et (e Lol [y TR Lo Th o 7 1 R U T 36
2.9 L PIeparafion O SO I0ME st e s i s o s e i e i kA 36
2.5.2 Preparation of thin f1lms: ... e s e s s e s e e s e aanas 37
Z0 THE A0 B O MBS cseinuacvmimnis oo S orms S 5 o B R R A I A TR 37
2.7 Film ThiCKN@SS: ..ttt e e e s e bbb 37
25 i Ch AR e T A0 TECHIMIIGS L wvusssamuimimiinuistsssnsnseess ke maosms it i it as o oA TS e 38
2.8.1 Scanning electron miCroSCOPY (SEM ). e e s 38
2.8.2 Fricrgy dispersive X-1ay SpECHOSCOPY (BLIS OF BIXX ) .ciccmmmssssnssimnsvnssmmsseninssmssexsisnnes 39
283 X-raviditiachon (XR D s nmn s i it e s 40
280 LN -VSI DI S DRI OSCOPING s ssnvss i cinssamsis R Aas s as a T AS RN AN B A SRR A 44
204 1 DIphtal Ban BaD oo sh s et i e e va 45
200 EOETEN LTI v o s s s s oo S S AN B S SN AN R A R AR Sl 46
2.5 ElEETICal DIODTRIRS: oisoniai i s ians s ans s o rab s e e ans s S s s s s e e B e a3 47
EIIEETEEIR 0 ¢ v voas s ot v s S R R S B R R A A TR 49
EFFECT OF FILM THICKNESS AND pH SOLUTION.... ..o 49
I R I T L s PR O A S B R RS NS Ao 50
3.1The influence of f1lm thICKNE@SS: ......ivvuiiiiiii e e 50

Vil



S D T L D I R B S onmomsim s i A S RS A N A B S SN R AN TR A AR R 50

3. 1:2 MorpholOomic al DrODEI e S i i s R R T s 55
3 S R ST IO ETNIETRNESY . ouvssnsomusmmsmmmsnsassmm s AR RS oSSR AN A3 S R AN S SR AR AN 56
O el i v bl 1 e e 57
3.1.5 EleCtICAl PrOPeITIES ... iiiiiitiiiiiiee e teiirt e er et e s ar s e s s e e aas b e s e e s s aas b s e s aeaaeasssnsansans 59
3.2 T he InTEnCE OF P SO0 i s s o i T A S SRS 60
3.2.1 SHrUCHUTAl PrOPEITIES: .. iiiiitiiiiiieeeeee ittt eee e e et e e e eetesaean s eaeeeeaas b aeeeessasansneeeaessnnnssnaneans 60
3.2 G PEODETEIEE s isvasansins s sra o san s S avaa e o e N NS S 4 oS SRR PR S R Y A SRR S 63
3.2.3 MOrpholOogICal PrOPEITIES: c.uuuuuiieiieiiit et st e e s eat s s e e s e s aeansananaees 66
3.2 The COmMPOSIIONAL PRODBTOIGE . convmsiman i irin st sadas i s iesvs S e s doih e ma oo o 66
3. S ElechiC Al DO I S i o T G T B B B s s 67
QT TS IR om0 4 59 S A SRR A A RSN S R AR RS A SR 68
SR R TR RE R s 5SS i RS N B R PSS NS G S e i 70
Effect of molar concentration DreCUEBOESE .. it o i s b s e i s e s 70
L RO I T N om0 N B AR TS NS M A S e i 71
L PR TR SO I L cossimniassi oo o R S S e R TR A R o 71
4. 1.1 FIIm thICKNESS: ...ttt s e s e s seasasb s ee s s aeasbaeaeseaes aannes 71
B T 1T a0, ¢ = T 72
4.1.3 MorphologICal PrOPeITIES: ...cciiiiiiiii ittt es s e e s assbab e aessbaabb e aeesaesbaaanes 75
4. 14 ComposIOoal PEODEIREE .. cuamummiimists st o s o i S S A s RS TR 76
A.1.5 OPUCAL PIOPETIIES: ...uueurrrriiuiiirsiressssseeeeassesaeaeseeeaaaeseaessaaesensessssesssesssssssnsnnsssensnssssssssnnss 78
0 R T L T DI MBI oo s A W A R S S A R SRR 81
4.2 fcetate Indm DICCUISOL: & o s R TR s e aEs 82
B L TR IR R BT A om0 A AR R RSB SR AP NS K 82
B U] DO R e i s R e e e A S R s 83
S N P G N PN RIS s iomss eamonssns s Ao RN o s AR R SRS S A AR AN AR 85
4. 2.4 Compotonal PRODCTRIEE, e s s s e e i s b 86
A4.2.5 OPUCAL PrOPEITIES: . .oiiiitiiieeceeeiitcee e e eetin e e e e e aeaab e e e esaesbaansneeessessnssnnaaassssnstnannaeeenessnnnnns 88
B O B P O I oo oo v R A S e S S 91
4.3 COIMPATISOIN: .eurtrruuuuerrsuusssssssassssessseaaasssssasasssassaaassssessstesssesssasssassssssessssssssssssmsssssssssssssssasansns 92
I SO ccvnaivon o im0 S R S B A R o A A A R SR S R AR S SR 93

Viil



CHRPTER 8 i s i i s e s e e e e R s 94

apand. B oped e im s A0 TS, . mormmssssnmemumssoms o s A R AAR SR RN 94
B O T O s s e s A R S R R R S R A S 95
5.1 Influence of Sb-doping INaOs: ... e e e e ae b a e e e ae s aannas 95
8L SRR D O IR s s e R T R A A VA 95
5.1.2 MorphologICal PrOPEItIES: ...cccivtiuieiiiiiiiiiiri e et et s e se s aesaaars s eesaaeasbaaasssaessannnes 93
5. 1.3 ComposItoial PrODEIIIEE ... s e s s i e s s i G s ess e ss 93
5.1.4 OPUCAL PIOPETHIES: ..eveeeerrieeienutttiaaaseas s s eaaasaseeseaasaseeassasassesasaessseessssesanesneesrees 100
310 BIECINCHL PRODEERIER i ivvusvunvinsaimisimss s svaims s sans s e AR SR I o0 GRS R AR b R R 103
3.2 Influence of Ba-doped InaUs thin FImS coonmsiisiadasanansnsiniminmsassi 105
T O T T MBI I i 48 YA A o A B A PSS A A RS 105
3.2 Moo PIODEI IS s R T R L T R B 108
S Rt DGTR] DT IR yisomummms o s kRS A R N SRR AR R VR AT EMNES 108
3 O] DIOD BT IS o i R S A e e 108
D BT 1] DO IRTE o mmnsnsssmmsmss s s s A HS AR A R RS S A R S A AR AR AN 112
G N S OIE v oo v s R A A A S S S S R T TR A SR o R VRS 113
GENERAL CONCLUSION AND PERSPECTIVES ..........cccciimisissiissassnssissasasssasssassonisssisasiviins 114
1. General CONCIUSION ....uuuueiiiiiiie et e e e e e e ae st bt ee e e e s s aeeaessenann s annnn 115
i TP CERDBCHINES s casssmimos st s o o e A S o R T o SRS S A s 117

LIST OF FIGURES
Fiol.l; Stages of SDIN cOMME 00 SUDSEEAEE . ot i s b e e S s S B s 6
Figl.2; Schetha OF 8 SpIAY DYTOLYSIS SYSIETIL ...wencssnssssnssnsnnnsnsssnassssaasnnissossansnisns sassssnanepssne sasnsnsnse 7
Figure 1.3:The phenomenon of thermal evaporation 1in a schematic[41]......ccccooiiiiiiiiiiiiiniiiiiinnnnn. 8
Figl.4:Technical details of PLD deposition [49]. ... ee e 9
Figl.5: Electron beam deposition process m schematic[dd o.....coininninnasiiisasi 10

Figl.6:A schematic representation showing the standard sputtering technique[57]. ...................11

Figl.7: Crystallographic structure , cubic bixbyte structure of indium oxide(1/16 of the units) and one unit
CIETL O TIERSCD 075 S0 s oo S8 8K A A NG R B SHA N AW A A A RS R 13

Figl.8: XRD diffraction pattern of In,Os thin films deposited on glass, single crystalline S1 (400) and KCl
single erystal subSIEateR [7 0] cumsumminmauisbis s e s 14

1X



Figl.9 :0-20 X-ray diffraction patterns recorded for In203 films grown on c-cut sapphire substrates at

RN RN LY TN SN ™ T 1 osmsomon scsononsmiopnsocrmo om0 N N5 SO S S RO AR SR 15
Figl.10 : The typical XRD patterns and SEM micrographs(as the insets) for the as-deposited In,Os thin
films and for the In203 thin films of thickness 600 nm annealed at 400 °C . .........cc.coiiiiininnnnn. 16
Fig 1.11:X-ray diffraction patterns of In2O3 thin films. ..., 17

Fig 1.12: Optical spectra of transmittance and reflectance for non-irradiated and irradiated In.Os: Fe thin
Elris ot ganimil CoRes: L5, DORICE DU BOUTN cooansnmmsninssovassmsism e wasi s s as sns A oo ns A S s 18

Fig 1.14: Spectral behavior of absorption coefficient (o) with wavelength of non- irradiated and irradiated
) Pe at - dilferent pammia:doses; B9 2 and YO0 KO o iamimsmnmisiiaiimmsitmiaiasms 19

Fig 1.14: Plots of (a«hv)"? versus hv for non-irradiated and irradiated In,Os:Fe at various gamma doses: 1,
5, 10 @nd TO0 KGY. .ottt e s e e e e e e e e e e e e e e aaneaeeeeeaeeaeeeaeeaeaaees 20

Fig 1.15: Variation of energy band gap values and Urbach energy for non-irra- diated and 1rradiated In>Os:
BEatEaninhia doseE: 1,5, PR RO ORI o sssiams s s s s s s s 21

Figl.16: Optical transmittance spectra of In,Os films formed at different annealing temperatures.22

Fig 1.17: Transmission spectra of In,Os analyzed samples (inside are presented reflec- tions spectra for the
SAIME SAIMIPLES )ittt ee ettt ee e e e s an e ee e e aean s e e eeae s baansneeessesannsaaeaaesasnsbnanaeennessnnnnes 23

Fig 1.18: Optical transmittance of InoOs films annealed at different temperatures...............u...... 23

Fig 1.19: Effect of substrate temperature on resistivity, carrier concentration and mobility of ICeO films
deposited without any oxygen gas in the chamber. ..o, 24

Fig 1.20: Effect of oxygen content on resistivity, carrier concentration and mobility of ICeO films

CUCTAOBTERN B IO oo A s S A A AR A A S S A A 25
Fig 1.22: The variation of resistivity, carrier concentration and mobility for I'TO thin films a function
AOEE AT e TIDCE U . v s s SRR R S e I T e A R A AR S % 26
S T= 0 R To ] g (1= 1 ol o T T oo T 1 (=] 31
Fig2.2: the sol gel synthesis procedure of prepared In203 thin films. ..., 31
Fig 2.3: Cut glass substrates USiNg @ Sharp PeN. . ee e e e e saa e ab e s aanns 32
Fig 2.4: The cleaning of glass substrate and films deposition. ... s 33
Fig 2.5: Flow chart showing the schematic diagram for In,Os; thin films preparation. ................ 33
Fig 2.6: Experimental procedure for the pH adjustment in the In,Oj; solution................cc.uuune.... 34
Fig 2.7: The sol gel synthesis procedure of prepared In203 thin films. .....c..ccoviiviviniiciiiinnennnnan. 36
Fig2.8: Variety of interaction products evolved due to interaction of a primary electron beam and
R TR T LTI N oo oA A AT i A A SO O S S N R B S AR S SR R 39
g 2 9 Energy dispersive X-ray spectroscop¥[9 1] coonnnniinnisiinmiiismmsiiiongais 40
Fig 2.10: Schematic of X-ray diffraction According to Bragg. .........ccccoooiiiiiiiiiiiiiiiiiiceceeeveeiie. 41



Fig 2.11: Schematic diagram of thin-film grazing incidence X-ray diffraction (a) using diffractometer
circle Q 1s the scattering vector and S 1s the surface normal which is not parallel for each other. (b)

Experimental setup of GIXRD. ... e et e e e e s ae st a e e s ae s aannns 41
Fig 2.12: Determination of § from stranger orientation [74]s .....cccccvievissssosssvessesosssssisssanassssissses 43
Fig 2.13: Schematic representation of the UV-Visible spectrophotometer[105] .......cccccevrruunee. 45
Fig 2.14 :Plot of (ahv)® vs. hv for the vacuum-evaporated CdS film[109].........ccceevvricirernnrrinnnnes 46
Fig 2.14: Function of distribution of the energy states in the bands[75]......ccouiiiiiiiiiiiiiiiennnn. 46
Fig 2.15: Determined the Urbach energy for ZnO:Al [112]. ... sanssissssssssssssnnns 47
Brg 2. 160 tour-pemts method. o e s ains s s 47

Fig 3.1: Direct thickness measurement of the film of In,O; from the cross sectional SEM images. 51
Fig 3.2: Variation of the film thickness with the number of layers..........cccccccoiiiiimiiiiiiiinnnnninnee. 51

Fig3.3: XRD patterns of nano-crystalline In203 thin films for different film thickness.Fig 3.4:Variation of
peak (222) position of In2Os3 thin films at different film thickness. .........ccooooeiiiiiiiii. 52

Fig 3.5: The texture coefficient of In203 thin films as function of film thickness along (222), (400) and
CAAE)) QITBEENCIR . co o suimmmvmins sis s i ST S A S A AR R S S A R SRR B S S R e 5 53

Fig 3.6: The evolution of grain sizeand strainof In»Os; thin filmsat different film thickness ....... 54
Fig 3.7: SEM micrographs of the In203 thin films at different film thickness: (a) 175 nm, (b) 330 nm, (c)

520 nm, (d) 690 nm and (€) 910 NI ...uuiiiiiiiiciie e eer e saaesars e s sareeebaassanseessansesnsssssnnnes 55
Fig 3.8: EDX spectrum ofthe In,Os3 thin films at different film thickness:(a) 175nm, (b) 330nm, (c) 520nm,
(d) B900m aud: (€) DEDOI covicanimmiviinumssiimaisis i s s G aais 56

Fig 3.9: The transmittance spectra of In.Ojs thin films prepared with various film thickness.....57

Fig 3.11: The plot of (hv) 2 against hy of In,Os thin films and inset shows the variation of optical band

O () 8 O T T RN IO TR R o amnvioioniniiivsinis s A R S A S A AR A A 58
Fig 3.12: The variation of film thickness for In.Osthin films at various pH solution. ................. 60
Fig 3.13: The XRD results of In,Os thin films with various of pH solution. ............cccoounveeeee. 60

Fig 3.14: the variation of crystallite size, strain and dislocation density against the pH solution.62

Fig 3.15: The transmittance of In»Os; thin films with different pH solution. ...............c..cc.ce.. 63
Fig3.16: The tauc plot of (ahv)? as function hv at different pH solution............cccecevreereenerrennen.. 64
Fig 3.17: The plot In(a) as function photon energy (hv) at different pH solution. ..........ccc......... 64
Fig 3.18: The variation of band gap Eg and Urbach energy Eu at different pH solution.............65

Fig 3.19: The SEM images of indium oxide thin films at lower pH (0.84) and higher pH (9.58).65
Fig 3.20 : The energy dispersive of lower pH and higher pH solution for indium oxide thin films.66
Fig3.21: The variation of resistivity as function pH solution for indium oxide thin films...........67

Fig 4.1: The vanation of film thickness when the molarity increases...........ccoooeeiiiiiiiciiiieiininnnn. 71

XI



Fig 4.2: The XRD patterns of In,Os thin films at different molar concentration. ............ccccuuue.. 72

Fig 4.3: The vanation of crystallite size D, strain and dislocation density as function molar concentration
i g R S L TR e 73

Fig 4.4: The texture coefficient TC(hkl) of In,Os thin films at different molar concentration precursor.

Fig 4.5: The SEM 1mages of In;O; thin films deposited at various molar concentration precursor (0.05M,
AT O LIV XY DI TRITCH 0 NIV T oo oA 3 A o A5 SR B A AR S AR N 75

Fig 4.6: The EDS of indium oxide films deposited at different molar concentration precursor (0.15M,
0.2M and 0.2M).Table 4.2: The weight percentage of In and O for In,Os films deposited at different molar
GO R IO PO U S s non s o s v P R T R S A a5 76

Fig 4.7: The transmittance spectra of In,0Os thin films deposited at different molar concentration
P O I T o s T i o S s i e T R T R s /8

Fig 4 8: The plot (ahv) ? as function (hv) for In2Os films deposited at different molar concentration
presusoe 0 T X0 Lo A8 TIVE SEL G TINVL ). ommsonscosnnmeronsionssomss s s s i s AR SRR RS 78

Fig 4.9: The plot In(a) as function (hv) for In»O3 films deposited at different molar concentration precursor
(O I 0. 150 02N 0t D 2TIEY. s s oo s s S e S S R e e e e eies 79

Fig 4.10: The variation of band gap energy and Urbach energy with different molar concentration
11 50 ) P 80

Fig 4.11: The variation of resistivity for In,Os films deposited at various molar concentration precursor.

Fig 4.12: The variation of film thickness as function molar concentration precursor.................. 82

Fig 4.13: The XRD patterns of In.Os thin films deposited at different molar concentration precursor.

Fig 4.14: The variation of crystallite size, strain and dislocation density with several values of molar
T D T DEVRY PICMNTEIENE . o ioososowioioms oo s A W R N A S A R A A 84

Fig 4.15: The SEM images of In»Os; thin films deposited at various molar concentration precursor (0.05M,
O IM. 0. 15M. 0. 2N and 0. 25M) TOF IO B0, < .oimiiiiminsian s s s s s 85

Fig 4.16: The EDX spectra of indium oxide thin films prepared at various molar concentration precursors.

Fig 4.18: The plot (chv)® versus photon energy (hv) of In2Os thin films prepared at different molar
concentration precursor (0.1M, U 15M. UM and OD20M ). cnuaimsunnansimimsimis 89

Fig 4.19: The plot of In(a) as function molar concentration precursor ( indium acetate). ...........89

Fig 4.20: The variation of band gap energy Eg and Urbach energy Eu as function molar concentration
g | e L e S0

X



Fig 4.21: The variation of electrical resistivity at various molar concentration precursors (indium acetate).

...................................................................................................................................................... 91
Fig 5.1: The XRD patterns of undoped and Sb-doped indium oxide thin films.............cccceonne. 95
Fig 5.2: The variation of crystallite size D, strain € and dislocation density with Sb doping concentration.
...................................................................................................................................................... 96
Fig 5.3: The texture coefficient TC(hkl) for Sb doped indium oxide thin films. ......................... 97

Fig 5.4: The SEM results of Sb-doped In>Os films deposited at various Sb doping concentration.98
g 5.5; EDX spectra of vnidoped and Sb-doped Izt BIIS, ..cvaivomsssinsvsvsvsassmssseissvsvssaniians 99
Fig 5.6: Optical transmittance spectra of Sb doped InzO; thin films........ccccooiiiiiiiiiniiiciiiininnnne. 100
Fig 5.7: plot of (ahv)2 as function (hv) for different concentration of Sb doping In»Osthin films.101
Fig 5.8: The plot of In(a) as function hv for Sb-doping In>Os thin films. ...........ccccoiiiiinnniian. 102

Fig 5.9: The variation of band gap energy Eg and Urbach energy Eu as function of Sb doping
concentration for Sb-doping InxOz thin fIlmS. ... e 102

Fig 5.10: The variation of electrical resistivity and conductivity as function Sb doping concentration.

Fig 5.11: The XRD patterns of Ba-doped In2Os thin films at different Ba concentration..........105
Fig 5.12: The texture coefficient TC(hkl) of Ba doped indium oxide thin films. ...................... 107
Fig 5.13: The SEM image of undoped and Ba doped In>Os films at 9mol%. .........cccocceeeeeene 107
Fig 5.14: The EDX spectra of undoped and Ba doped In;0Os films at 9mol%............................ 108

Fig 5.15: The transmittance of undoped and Ba doped In,Os film at various Ba doping concentration.

Fig 5.17: The plot Ln(a) as function photon energy incident (hv) for undoped and Ba doped indium oxide
I IS oo oo B A B35 A R YA R SR B A AR R RS RS RS 110

Fig 5.18: The variation of optical band gap energy Eg and Urbach energy Eu at various Ba doped
GO R IO oo v BN T A A A S S S S ST S TR e VA Ao R Vo il |

Fig 5.19: The variation of electrical resistivity and electrical conductivity of undoped and Ba doped
pndnn OXIde TS o vvmmmmsm R AR AR R B

LIST OF TABLES
Table 1.1: The different precursor of mdmm metals. . u i s i s 4
2anigi 12! Ahethicoretcil Properties ot I OERIL cvuswsimsemnmmssas st s 12

Table 1.3:The structural parameters of indium oxide thin films of thickness 600nm annealed at 400°C.



Table 1.4: The FWHM, average crystallite size of various molarities of indium oxide thin films.17

Table 1.5: Mobility (1), electrical resistivity (q), and volume carrier concentration (Nv)of In.O3z material

Belore and-AHer SR TERAI IO, v e R e O s 26
Table2.1: The parameters of chemical products............ooieeiiiiiiiiiiii et ee e aeaaes 32
Tablel 2: 'The parameters of chemmiCal produtls. ..o 34
Table2. 3: The parameters of chemical products...........ccoooiriiiiiieiie e eaaaaes 35
TablelA: The patameters 0L chetmCal PROICES v cnvimsminmimmiis s b e as s e Gomam e iiaen 37

Table3.1: Crystallite sizes, dislocation density and strain values of InoOs thin films extracted from XRD
B N NS v s T e A B e R S s L s R s 54

Table3.2: Structural parameters information ofprepared In;Osthin films for different films thickness.

Table 3.3: Electrical resistivity, carrier concentration and carrier mobility values of In>Os thin films
deposited usmig sol-8el- SPIN- COMING MIBTOL v st s s o sdsasm v S disasm s 58

Table 3.4: Structural parameters information of prepared In,Osthin films for different pH. .......60

Table 3.5: The crystallite size D, FWHM, strain and dislocation density for In203 thin films prepared at
IR T PO T S ORUURIORNNC oo s A W R R A S A R A s 61

Table 3.6: The atomic and weight percentage of oxygen and Indium. .........ccccuviiiieiniiinnniciinieninn 66

Table4.1: The lattice parameters of In»Os thin films with variation of molar concentration precursor.

Table 4.4: The atomic and weight percentage of In and O for In>Oj3 thin films at different molar
GO eI N O o T e A S e R S e s W S R S s 86

Table 5.1: Structural parameters information of prepared Sb-doped In>Osthin films for different
CONCENITATION OF SD..ciiiiiiiii e e s s e s aab s e e s s aeabb e aessaesaannes 96

Table 5.2: Results of quantitative elemental analysis of Sb-doped In»0; thin films....................99

Table 5.3: The variation of electrical measurement as function of Sb doping InO thin films. ..103
Table: 5.4 The XED pardiicters o Ba-doped- BiCls BIME. . cxinnn aaumimissasinaimssii 105

Table 5.5: The variation of calculated parameters from XRD patterns of undoped and Ba doped In»Os film
at different Ba cOnCenREatI, o o o o i i s i i s e s S s S s 106

Table 5.6: The weight and atomic percentage of element for undoped and Ba doped In»O5 films at 9mol%.

XV



GENERAL INTRODUCTION



GENERAL INTRODUCTION

GENERAL INTRODUCTION

A. Research background:

In the last few years, a human life is independent to semiconducting thin films which
play important role in all fields especially field of optoelectronic, microelectronic and
communication technologies [ 1]. Among them, the transparent conductive oxides (TCO)
such as SnO»2, CdO, Zn0O, In203, TiO: etc[2,3]have been extensively studied, because of
their unique physical and chemical properties and having large number of applications,
such as photovoltaic solar cells[4], sensordevices [5], light-emitting diode devices [6]
and flat panel displays[7]. Among these oxides,InoO3 1s an important one of the best
suited materials for many electronic applications due to its fascinating properties. It 1s an
n-type semiconductor with a wide band gap (E; ~3.65e¢V) [8], high optical transmittance
(in the visible region) and good electrical ¢ onductivity [9]. This 1s making it suitable to
use as photovoltaic devices, solar cell, transparent windows, liquid crystal displays, light
emitting diode (LED) and gas sensors[10,11].

There are a lot of researchers have studied the effect of several parameters on the
structural, optical and electrical properties of Indium(IIl) oxide (InoOs) in order to
improve their properties[12,13], using different method. As well known, the films
thickness 1s one of the most important fact, so this leading to investigating the effect this
fact on physical properties of our samples. By the way, several deposition techniques
have been widely used to produce In2Os thin films including RF magnetron sputtering
[ 14], chemical vapor deposition (CVD)[15], spray ultrasonic , thermal evaporation| 16],
spray pyrolysis [17], pulsed laser deposition (PLD)[18] and sol-gel method[19]. Among
these, sol-gel method 1s one of the most unpretentious techniques for InoOs thin films
preparation compared to others deposition methods, becauseof its significant advantages
such as simple, economical method, relatively cost-effective processing, and easy
precise control of material composition and permits to produce films with a good quality
120,21].In our present work, will be chose the sol-gel spin coating method to prepare
films of indium oxide on glass substrates .Then will be studied some of the structural,
optical and electrical properties of these films for use it in photovoltaic and

optoelectronics applications.

B. Research Aims
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The goal of this research is to attain optimization of optical, structural, morphological
and electrical properties of undoped and doped indium oxide thin films using sol gel
spin coating method, and that’s by changing a several parameters such as:

e Film thickness.

e pH precursor solution.

e Molar concentration of precursor.

e Antimony doped indium oxide films.

® Barium doped indium oxide films.
These parameters have been varied to make In203 thin films a proved for optoelectronic

and photovoltaic applications such as: solar cells, buffer layers and gas sensors..., etc.
C. Structure of the Thesis:

This thesis 1s divided of four chapters organized as follows:

It was starting with a broad introduction.

In the first chapter, we will provide a review of In2O3 thin films for last studies. Then we
will explain the different methods for deposit the indium oxide thin films, followed by
an explanation of structural, optical and electrical properties of films prepared at several
processes. At the end of the chapter, it will summarize the multiple applications of these
films 1n optoelectronic and photovoltaic fields.

The second chapter contains some steps of sol-gel spin coating. The different procedure
effects for deposit undoped and doped indium oxide thin films. In the present study, the
obtained films will characterize using X-ray diffractometer (XRD), scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) techniques. The
electrical and optical properties of the films will study using a four probe set up and UV-
Visible spectrophotometer, respectively.

The third chapter included the detailed results, explanation and studies the structural,
electrical and optical properties of prepared undoped indium oxide thin films at the
variation of film thickness and pH solution.

The fourth chapter has an explanation the results of InoO3 films prepared at different
molar concentration precursors (indium chloride and indium acetate).

The fifth chapter has the detailed results and interpretation of Sb, Ba doped indium
oxide thin films.

Finally, there is a conclusion that includes a summary of the main findings, concluding

remarks, and recommendations for further research.



Chapter 1: Literature review of indium oxide thin films

CHAPTER 1
Literature review of indium oxide thin
films



Chapter 1: Literature review of indium oxide thin films

Introduction:
In the few years later, the research and industry had interesting about the semiconductor materials

which have an interesting benefits for the difference applications. They are thinking to improve
those materials , which have many properties under extreme environmental conditions .One of
the most important semiconductor material is (TCOs ) transparent conducting oxides , which
have a wide band gap semiconductor , it's because the conduction band has a high concentration
of free electrons. These are caused by either material defects or exogenous dopants, whose
impurity levels are near the conduction band edge[22]. TCOs are an essential in technology
applications, it 1s represented a compromise between high transparency in the visible wavelength
and electrical conductivity (>10°Q'Cm). However , that have succeed with a wide band gap
oxide by using substitutional dopants [23] , the TCOs have a wide band gap (>3eV) at room
temperature in the undoped state that is doped to be degeneracy by increasing the free carrier
density enough to move the Fermi level into the conduction band [24]. Among them, In>O3 is one
of the most useful transparent conducting oxides (TCO) having high optical transmittance
(>80% ), large optical direct band gap 3.5 - 3.7eV [8] ,low electrical resistivity(1—- 2 x 10-4 ) cm)
, a cubic structure with lattice constant 1.0117 nm and dielectric constant of 8.9[25]. Moreover,
the researchers are interesting to use in various applications the In;O;3 thin films such as solar
cells[26], light emitting diode (LED) ,gas sensors and anti-reflecting coatings [27] . The major
goal of this study is to investigate the properties of InoO3 thin films based on previous research;
we have proposed a review of original research to nanostructure In2Os thin films using various

ways and methods.
1.1 The types of precursor (In203):
In>O3 solution can prepared by various precursor such as indium acetate , indium nitrate , indium

chloride and various solvents such as ethanol, water ,methanol ,propanol, acetylacetone ...etc in

some methods see tablel.l.
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Table 1.1: The different precursor of indium metals.

Molecule Molecular Molar Appearance Solubility in Purity

formula mass water

Indium InCls 221,177  white Very soluble 98+%

chloride g/mol powder,solid

Indium CeHolnOg 291.95 White Soluble . 99.99%

actate g/mol powder or :::iigeild Based on
Crystalline acetic acid. trace
Powder,sohd metal

analysis

Indium In(NO3)3 * 354.88 White to off- Insoluble 99.9%

nitrate 3H-.0 g/mol white trace
crystals, metal
powder, or basis
lumps

1.2Methods of In2Ozthin films deposition:

In,O3 thin films are deposited at three steps: reaction of atomic/molecular/ionic species, (11)
transport of these species through a medium, and (ii1) condensation of the species on substrates.
These steps have been created by various techniques such as: spin coating process , spray
pyrolysis, spin coating , atomic layer deposition (ALD) , electron beam evaporation (EBE),
electron beam irradiation ,pulsed laser deposition ,vacuum evaporation and sputtering (magnetron
sputtering and 1on beam sputtering).

1.2.1 Spin coating:

Spin coating is the most technique in sol-gel method used to deposit thin films; it investigated the
uniform and homogenous surface for photovoltaic and optoelectronics applications. However |,

spin coating of thin films is done by drops the precursor solution of In20s , this technique has

four steps to deposit thin films , deposition, spin up, spin off, and evaporation of solvent ,

as shown in Figure 1.1 [28] , this process can produce very fine , thin and uniform coating while
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it has a difficult with large area samples [29] . InoO3 thin films are deposited by the spin coating
process using a different way to produce the precursor solution for good, uniform and smoothing
films. The solution precursor was prepared from different ways; it can be summarized in some
points:

e Indium nitrate hydrate, In(NOs3)3;-xH2O, as precursor was dissolved into 2-
butoxyethanol , InoO3 thin films are deposited on alumina substrates (ceramic Al>O3 or
co-oriented a-Al;03) of 2.0cmx2.0cm [30].

¢ Indium acetate (Alpha-aeser,99.9% ) and urea (Alpha-aeser ,97% ) as the precursor was
dissolved in ethanol (99.9%) , which ethanol amine(>98%) was dropped till a clear
solution obtained [31].

e In(NOs) 4H,0 was dissolved in 96% ethanol with acetylacetone (hacac) [32].

Deposition Spin up
Ciii) ‘ ‘ (iv) i i
Spin off Evaporation

Figl.1: Stages of spin coating on substrate.

1.2.2 Spray pyrolysis :

The spray pyrolysis technique a low-cost, non-vacuum required, way to synthesize materials in
the form of powders and nano thin films [18, 19] , it 1s a technique based on precursor solution
which is formed the aerosol for deposit uniform and homogenous thin films. The generated
solution droplets (aerosol) are passing through several stages :(1) the solution (aerosol) is
evaporated to the heater substrate ,(2) drying the atomic cloud aerosol containing the precipitated

solute ,(3) the precipitate is annealed at high temperature ,(4) formation of In20Os thin films on
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the glass substrate[20, 21] .This steps of deposition are showing in figure 2 [37].
e

Precursor
solution

Spray
gun

Reservoir

N/
Spray

Thirm Film

Substrate
MRS Steel plate

B~ ———

Figl.2: Schema of a spray pyrolysis system.
The researcher deposit In2O3 thin films from different way to obtain homogenous and uniform
surface for photovoltaic applications .More recently, the In,Os thin films prepared by spray
pyrolysis using a solution of:
¢ InCls precursor was dissolved in deionized water with concentration 0.1M , the films are
grown at different substrates with various temperatures from 250°C to 450°C [38].
¢ Indium (III) acetate trihydrate In(CH3C0OO)2.3H>0 salt was dissolved in deionized water
with concentration (0.05M) sprayed at different temperature of substrates (Ts = 350-475
C) [39].
¢ Indium (III) acetate (0.1M) was dissolved in deionized water with added a few drops of
concentrated hydrochloric acid for homogenous solution , after that it was added
TiClswith various concentrations (0-5%) in solution , to obtain In»O3z thin films 1t was

sprayed the solution into glass substrates at temperature 450°C[40] .

1.2.3 Thermal evaporation:

Thermal evaporation is a well-known process to deposit a InoOs thin layers , under vacuum
chamber 1 x 107 torr (1.3 x 107 Pa) the source material is evaporated from crucibles heated
with electrical current shown in figure 1.3 , which facilitates the vapour particles moving a
substrates to obtain a thin films in solid state [27-28-29]. The scientist was deposited In2O3 thin

films by thermal evaporation explained with some points:

¢ The source material used to deposit InoO3 thin films 1s indium metal with a purity of



Chapter 1: Literature review of indium oxide thin films

99.99% in the form of band ,which heated in small resistance-heated tungsten boat in a
chamber evacuated to a pressure of 5x10™ Torr. Thin films were obtained on glass
substrates at room temperature with a deposition rate 6.5A°/s with various oxidation
condition by Mihaela Girtan et all [44] .

Makhija et al[45] used a fine thin powder of indium tin oxide (In2O3+17%Sn0; ,Alfa
Johnson Matthey) kept in feeder which was vibrated by electromagnet .Thin films are
deposited in vacuum 10 Pa on substrates heating at 673K after that it annealed at 700K

for one hour [45].

Vacuum chamber

™

Substrate holder

Substrate

Vapor flux

Crucible
containing
target material

| | l

To pumping system

Figl.3:The phenomenon of thermal evaporation in a schematic[41].

1.2.4 Pulsed laser deposition PLD:

Pulsed laser deposition is a physical vapor deposition technique, it used to growth a high quality

of thin films at different materials, and this technique i1s based on several experimental

parameters:

The laser pulse fluence, wavelength and repetition rate i1s depending with the physical and
chemical properties of target material. During the laser pulses the ablation plume is
generated in few seconds , this plume composed a hot bubble of plasma near the target
surface[32,33].

Target material absorb the photons from pulsed laser , the desired of material was
transferred as the substrate by laser ablation [46].

The presence of background gas (N2, NH3, O3 or inert Ar) during PLD growth can
effected on the plume composition and control in the stoichiometry of the films

,background gas is depending on the material to deposit [48].

8
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e Substrate temperature is the most important during the deposition of thin films in PLD

ProcCess.

Laser beam

Port with
quartz window

Target

carousel Heatable

sample stage

Substrate

Laser plume

Rotating target Vacuum chamber

Figl.4:Technical details of PLD deposition [49].
In>O3 thin films was deposited using PLD process (the laser pulse is Kr (248nm) with repetition
rate I0HZ , the target material is In2O3 (Sigma-Aldrich, 99.99% In203 powder) , the target to
substrate distance was Scm , the substrate temperature was fixed at 450°C and the growth
produced in 20min , finally the oxygen was maintained at 0.133 Pa) with various substrates such
as GaAs , Si, quartz and glass by Neeti Tripathi et al[50] .
1.2.5 Electron beam evaporation:
process using different source material and various parameter (pressure of chamber vacuum , It is
a physical vapor deposition to prepared a high thin films with different properties, electron beam
evaporation (E-Beam) process consists a chamber vacuum at pressure 10~ Torr or lower, the
using of source material is in the form of ingots or a compressed solid. The electron guns based
on thermionic emission, field electron emission or the anodic arc method. It 1s accelerated with
high kinetic energy and focused towards the starting material shown in figure 1.5 [51].In2O3 thin
films were deposited by electron beam evaporation electron guns , acceleration of electron beam )

which summarized in some points:

e Mehdi et al[52] were deposited the In>O3 thin films on glass substrates using low energy
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of 0.8 MeV for three fluencies 4.10'%, 35.10!° and 42.10'%electron/cm?.

Figl.5: Electron beam deposition process in schematic[41].
¢ InxOsthin films were synthesized by E-Beam process using high purity of In203: SnO2
(respectively 90 wt. % and 10 wt%,) was employed as the source material for evaporation
, on the other hand the researchers were used the voltage for the acceleration of electron

beam was 5-10KV , the current of electron beam reached 10-14mA [53].

1.2.6 Sputtering:

Sputtering process or pulvérisation as the French call it, i1s a vacuum process used to deposit very
thin films on substrates for a wide variety of purposes , it is working with several parameters
(inert gas usually Argon at ~1Pa for create plasma , the voltage , current ,the target source
materials , substrate ) shown in figure 1.6. The sputtering process have two type to deposit
In2Osthin films such as : RF sputtering with standard frequency 13.56MHz is usually applied
across the cathode—anode space and DC sputtering is focused on negative bias voltage applied to
cathode (the source target) in order to direct the bombardment of Ar+ ions in the plasma toward
the source , a stream of ejected materials then traverses across the cathode—anode distance and is

deposited onto the substrate[40,41,42].

10
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A
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iy s e
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Pump
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Figl.6:A schematic representation showing the standard sputtering technique[57].

Many researchers deposited the indium oxide films by sputtering using some effects such as:

Hadi et al [58] were deposited ITO thin films on Si substrate using RF sputtering process
with thickness of 40 nm at room temperature , the ITO target with 90 wt% In2O3 and 10
wt% SnQ> was operated under base vacuum pressure of 2.0 x10™ mbar in the pure Ar
atmosphere have deposited on cleaned substrates .After the deposition the samples were
annealed at temperature between 500°C-700°C .In other hand , In2O3 thin films were
prepared by RF sputtering process using 2 inch diameter In target (99.999% purity) , this
films were deposited on cleaned corning glass 7059 . Mounted behind the substrate
holder and was monitored with a thermocouple. The chamber was initially evacuated to a
vacuum on the order of 4 x 10 Torr by using a turbo-molecular pump. Argon gas was
used for sputtering, and oxygen was supplied as a reactive gas. The working pressure was
maintained at 20 mTorr with an O2/Ar ratio = 1:9 at a total flow rate of 60 sccm. The
distance between the target and the substrate was fixed at 50 mm[59].

Xifeng Liet al[60]were deposited In2O3 thin films by DC sputtering using pure metal
indium sputtering target embedded with 3 wt% pure metal molybdenum was fabricated
inhouse on cleaned glass substrates with thickness 3mm in chamber vacuum (2.0 x 10~
Pa) , the samples have grown at different oxygen partial pressure and temperature

substrate .

1.3 The properties of indium oxide thin films:

Since 60 years ago, Rupprecht oxidized an evaporation deposited indium layer at high

11
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temperature in air forming polycrystalline, transparent and conductive material [61]. Also , the
amorphous of indium oxide 1s used for optoelectronics applications [62].However,
polycrystalline InoO3 have a several properties (structural, optical and electrical) it summarized in
table 1 .2 for photovoltaic and optoelectronics applications. The most common type of In203 is
Sn doped In203, also known as ITO, which has been widely employed in window layers in solar
cells, transparent electrodes in liquid crystal displays (LCDs), and organic light emitting diodes
(OLEDs) (OLED)[63] . Also , the indium oxide has been doped by other materials such as
germanium Ge and titanium Ti to obtain low resistivity of the films [46,22],tungsten applied to
investigate the transmittance[65] and iron to increase the electrical mobility [66]. The theoretical

properties of In2Os3 thin films can be listed in table 1.2.

Table 1.2: The theoretical properties of indium oxide.

Parameter Values Reference
“Chemical formula ~ ImOs  JCPDS Card 044-1087

Space group Ia3 JCPDS Card 044-1087
Melting point 1913°C [67]

Crystal type Cubic (bixbyte ) JCPDS Card 044-1087
Formula unit 16 formula per cell [68]

Molecular weight 277,64 g/mol JCPDS Card 044-1087
Structure Ia-3 JCPDS Card 044-1087
Density(g/cm3) 7.12 JCPDS Card 044-1087
Lattice constant (A ) 10.117 (69

Conductivity type n-type [70]

Carrier concentration 101%-10% [71]

(cm-3)

Optical transmission (%) 75-85% [72]

Optical band gap (eV) 3.5eV |.72]

1.3.1 The structural properties of In203 thin films:
In2Os3 crystallizes in a variety of shapes as a cubic centered and hexagonal [67] see figure 1.7.

However, the cubic centered structure of indium oxide is similar to that of the bixbyite

12
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Mn;0O3(called C-type rare earth oxide structure) which the mesh of In2O3; consists of 16 unit
formula with 80 atoms as reported by Wyckoff[73]. From this mesh , 8 of 32 In atoms (Inl)
occupy the centers of the trigonally distorted octahedra (8b position), whereas 3/4 of In atoms
(In2) occupy the centers of tetragonally distorted octahedra ( 24d position), resulting in an
axcellent packing ratio (The ratio Inl / In2 = 1: 3)[68] . It is due that 8 b cations are coordinated
to six oxygen anions and to two oxygen interstitial sites but the 24 d cations are coordinated to
six oxygen anions at three distances and to two oxygen interstitial locations. The 48 oxygen
anions are coordinated to four cations[74] . The figure 1.7 reveals the meaning of 8b sites and
24d sites. Moreover, the hexagonal structure of a -alumina is same (corundum). It can be made
by using metal dopants or elaborating under high pressure (for example 65 kbar and 1000 °
C).The network parameters are: a = 5.484A and ¢ = 14.508 A[75].

L/

\

(site cation | Inl

X/

— eV A,
VAL

%

il

i
/
7

I\
P
\ /

A
d
AV

S o

i

Figl.7:Crystallographic structure , cubic bixbyte structure of indium oxide(1/16 of the units) and
one unit cell of InoO3[43, 54].
The In>O5 thin films can be characterized from XRD patterns to presented the crystallinity of the
films and found the bixbyte structure, it can be calculated the crystallite size, strain and
dislocation density from XRD patterns using FWHM of preferred orientation of In,O3 films. In
previous years, many researcher have studied the structural properties ofInoO3 films to apply and
amelioration 1t in different application. A.Attaf et al[76]has reported the structural
characterization of In20O3 thin films grown by spray pyrolysis onto different substrates ( glass ,
single crystalline Si , KCI single crystal ) . The XRD patterns of InoO3 films appeared the
orientation peaks at different pervious samples which represented the preferred orientation (222)

of In2Os/glass films is low intensity located 260=30.76° due to cubic structure .Moreover ,

In20O3/S1 films show several peaks at 29.61°, 30.76°, 33.06°, 35.76°, and 51.31 , corresponding
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to(211), (222), (321), (400) and (440) planes of cubic phase respectively with a Si single crystal
peak at 69.54° corresponding to the (400) , finally the In2oO3/KCl it observed many peaks located
at 20 = 30,69° 35, 55° and small peak assigned to (222), (400)and (800) planes of In2O3
respectively and it observed a KCI peaks at 20 = 28.42° and 20 = 58.74° corresponding to the
plan(200) and its harmonics (400) respectively (JCPDS 41-1476 file) as shown in figure 1.8.
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Figl.8: XRD diffraction pattern of In2O3 thin films deposited on glass, single crystalline Si (400)
and KCl single crystal substrates [76].
The crystallite size , strain and dislocation density were estimated from the XRD patterns of the
films (In2Os/glass ,In203/KCl, In2O3/S1 ) of (222) and (400) , it observed that the average at
crystalline size of InoO3s/KCl films and In,O3/S1 films are large , they are in the order 70and 62.5
nm respectively However, the average of crystallite size at InoOz/glass films is low crystallite
size of 18nm. The strain for (222) orientation and (400) of In,O3;/KCl films and In,O3/S1 films are
lower (0.42x107 and 0.62%x107) than In,Os/glass films (2.85x10%). In addition, the dislocation
density is varied between 26x10'", 2.04x10"™, 2.56x10' lines/m? for InoOs/glass films,
In2O3/KCl1 films and In2O3/S1 films. W. Seiler et al[77]deposited the InoO3z films by pulsed
electron beam deposition method (PED) process with the variation of temperature of substrates
at 200, 300, 400 and 500 °C , the XRD patterns shows the intensity of peaks for In,Os films
increased with increasing of temperature (figurel.9) , it is due that all the films crystallize in the

pure bixbyte structure and it can be say that the increasing is resulting a slight oxygen deficiency
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and/or the existence of stresses in the grown films. These peaks can be identified with the (222)
and (004) family planes of the InoO3 bixbyite indicating preferential (111) and (001) textures. The
peak (004) is no longer with increasing of temperature , the 20 values of (222) is lower than the
bulk value (30.58°) for increasing temperature of substrates .The crystallite size was estimated
from the preferred orientation (222) using Deby Sherrer equation , it found that the decreasing of

values with growth temperature.
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Figl.9 :0—26 X-ray diffraction patterns recorded for In203 films grown on c-cut sapphire
substrates at 200, 300, 400 and 500 °C[77].
Moreover, the In2Os3 films were prepared by thermal evaporation in the vacuum of the order of 2
x 10~ mbar on the glass substrate using InoOspowder; the films obtained were annealed at
different temperatures for one hour in the furnace with thickness 600nm. As the results, the figure
1.10 shows a XRD patterns and SEM micrograph.XRD patterns of films as deposited are
presented amorphous in nature; it is due that the films are less crystalline at low annealing
temperature which means to defects and lack of enough kinetic energy and mobility of the grains
to get oriented at respective planes. In the other hand , the films of In;Osannealed at 400°C
confirmed a crystalline phase were observed that the films are becoming crystallize in cubic
bixbyte structure , the XRD patterns presented a preferred orientation of InoO3 thin films along
(222) was common in all the films and the intensity of (222) peak gradually increased with the
appearance of the other peaks (400) ,(431) .(440) ,(622) along the increasing of annealing
temperature . However , SEM micrographs reveals that the films as -deposited are uniform
throughout without grains and that of the films annealed at 400°C has grains with spherical

shape , the surface of the films is homogenous and uniform .
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Figl.10 : The typical XRD patterns and SEM micrographs(as the insets) for the as-deposited
In>O;3 thin films and for the In,O; thin films of thickness 600 nm annealed at 400 °C .

The grain size are estimated from XRD using W-H plot and Debey Sherrer equation for the
films annealed at 400°C and SEM micrograph, this values shows in table 1.3 this values is good
agreement with FWHM from XRD, the average grain size of about 23.2 nm as reported by Sudha

et al [5].
Table 1.3:The structural parameters of indium oxide thin films of thickness 600nm annealed at
400°C.
Grain size (nm) Micro-strain Dislocation density (lines/m?)

Scherrer | W-H SEM Scherrer | W-H
method | method | images | method | method

22.25 2221 [232 |0.0063 |0.0062 | 2.02x10™

Also, Lau et al [78] used a spin coater to deposit the indium oxide thin films with various of
precursor concentration (0.3- 0.55 M) , they applied the XRD patterns to analyze the films
obtained which presented the several peaks such as (211) , (222), (400) ,(440) all the films while
the peak (222) is preferred and strong orientation, it have polycrystalline structures at all the
samples with various of concentrations(0.30 — 0.55 M) show good match with pure In,O3(PDF

card number 01-071-2194)see figure 1.11.
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Fig 1.11:X-ray diffraction patterns of In,O3 thin films.

the average crystallite size are estimated from XRD patterns using the Sherrer’s equation , this
values varied non-linearity dependent of precursor concentrations (0.30-0.55 M) and it observed
that FWHM is higher at 0.3M which can conclude the crystallite size is the smallest, it is in the
range of 10 to 14 nm as tabulated in table 1.4.

Table 1.4: The FWHM, average crystallite size of various molarities of indium oxide thin films.

Molarity (M) FWHM (%) Average
Crystallite Size

(nm)

0.30 0.873 9.43
0.35 0.611 13.49
0.45 0516 10,10
0.50 0.746 11.04
U 0.788 10.45

The degree of crystallinity was determined using the peak intensity ratio between the peaks with
the highest peak for all samples whereas high intensity ratio means a better degree of crystalline.
All indium oxide thin films show good crystallinity and the crystallinity are non-linearly
dependent on precursor concentrations (0.30 — 0.55 M).

1.3.2 The optical properties:

Dependence the optical properties of InoO3 thin films deposited on glass by using high gamma
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radiations, the In»Os thin films have been doped by iron atomic concentration withy

at different gamma doses 1, 5, 10 and 100 kGy. The films are characterized by using UV—-Vis—
NIR spectra with Perkin—Elmer Lambda 950 spectrophotometer at normal incidence and room
temperature in the wavelength range 250-2500 nm. As the result, figurel.12, iron doped indium
oxide thin films can be used as optical windows in solar cells which due to the average
transmission value increases from 79 to 88 percent after radiation in the wavelength range of 250-
600nm, indicating an improvement in optical transmission and proving it belongs to the TCO

family.
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Fig 1.12: Optical spectra of transmittance and reflectance for non-irradiated and irradiated In>Os:

Fe thin films at gamma doses: 1, 5, 10 and 100 kGy.

The films transmission has improved due to reduced scattering effects, improved crystallinity,
and structural uniformity. Even after exposure to intense gamma radiation, the interference in
transmission and reflection values of all samples indicates surface homogeneity and uniformity,
which 1s attributed to improved crystallinity. On the other hand, the variation of absorption
coefficient a (A) for non irradiated and irradiated In>O3:Fe thin films in the range of [350-600]
nm is illustrated in figurel.13. As observed from this figure that a (A) has been increased after
irradiation from 4.5 x 10* to 6.3 x 10* cm™' near the ultraviolet region [300-400] nm

corresponding to the high absorption domain, the highest absorption coefficient value was
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obtained at 10kGy. The increasing of gamma radiation effected on the sensibility of iron doped

indium oxide thin films to the absorption of high ultra-violet wavelength.
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Fig 1.14: Spectral behavior of absorption coefficient (o) with wavelength of non- irradiated and

irradiated In2O3:Fe at different gamma doses: 1, 5, 10 and 100 kGy.

On the other hand, we discovered that the absorption edge changed following irradiation,
indicating that there are differences in band gap energy. The fluctuation of the absorbance
coefficient o (A) for non-irradiated and irradiated In2O3: Fe can be used to compute the band gap
Eg. It was discovered that after irradiation of Fe thin films in the [350-600] nm region, the
energy band gap expanded, as evidenced by the shift of the absorption edge as seen in
transmission spectra. This demonstrates that incoming photons have enough energy to move
electrons from the valence band to the conduction band. The increase in Fermi level inside the
conduction band in degenerated semiconductors promoted the enhancement of crystalline quality

of films as shown by XRD and Raman patterns.
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Fig 1.14:Plots of (ahv)"? versus hv for non-irradiated and irradiated In,O3:Fe at various gamma

doses: 1, 5, 10 and 100 kGy.

Urbach's energy Eu, calculated from the exponential dependency of absorption coefficient vs
photon energy, declines for all dosages from 0.57 eV to a minimum of 0.34 eV at 10 kGy,
indicating a reduction in crystal lattice defect and degree of structural disorder. The optical band
gap has the largest value for dose of 10 kGy, whereas Eu has the lowest value, indicating that

In,O3:Fe irradiation at 10 kGy has good physical qualities.
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Fig 1.15: Variation of energy band gap values and Urbach energy for non-irra- diated and

irradiated In20Os: Fe at gamma doses: 1, 5, 10 and 100 kGy.

The refractive index can be related to the optical absorption of the films, the defects located in
crystal lattice and the variation of impurities in films. We can observed that the refractive index at
550 nm decreases after irradiation from 2.16 to a minimum value 2.03 when gamma dose 1s equal
to 10 kGy[66] .In the other hand , Senthilkumar et al [79] deposited the In2Os thin films by an
electron beam evaporation system in the presence of oxygen with an initial vacuum (base
pressure) of 5x10° mbar, an accelerating voltage of 1-10 kV. The co-precipitated In,Os powder
was used as a target material for evaporation source, it deposited on glass substrates, the samples
were annealed at different temperatures in air. The films were characterized by using a UV—Vis-
NIR double beam spectrophotometer (Carry 500-VARIAN) to obtain the optical properties of
indium oxide thin films. The figure 1.16 shows in UV-Vis region that the transmittance of as-
deposited In2Os films is lower than all annealed films , the average transmittance i1s increased
with increasing of annealing temperature from 350°C to 500°C , it is due to the enhancement in
crystallinity of the films with rising annealing temperature which can well be related in XRD
analysis, the improvement in transparency of the films is due that to decreasing the light
scattering which can be applied as transparent electrodes in optoelectronic devices .The
refractive indices of indium oxide thin films have been estimated from the weak and medium
absorption region, it observed that the values increased from 1.813 to 1.910 by increasing

annealing temperature which may be attributed to the improvement in crystallinity. In addition ,

21



Chapter 1: Literature review of indium oxide thin films

the optical band gap was estimated from (chv)? versus hv plot this values increased from 3.67
to3.84 eV by increasing annealing temperature. Such a shift in  band

gap to higher energies is attributed to the increased carrier density due to Brustein—Moss effect.
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Figl.16: Optical transmittance spectra of In»O3 films formed at different annealing temperatures.

Rambu et al[80] were prepared In2O3 thin films by using Vacuum thermal evaporation (the quasi-
closed volume technique ) ,they used a metallic In ,in the form of pellets it was evaporated from a
tungsten crucible, in a vacuum of 4 X 10° Pa at various oxidation temperatures 623 K, 673 K and
700 K .Moreover, the samples characterized to obtain the optical transmittance whereas
increased from 60% to75% . Obviously, the presence of the In metallic microcrystallines caused
a low transmittance of the films , the un-oxidized indium acts as scattering centers for light and
consequently, the optical transmittance is low .As the results , it can be estimated the band gap of
In>O3 thin films from the absorption edge region while the values is lower than 3.7eV | it is due
that increasing of density donor states near the conduction band determined by oxygen vacancies

.The refractive index of the films decreases with the increases of wavelength ().
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Fig 1.17: Transmission spectra of InoO3 analyzed samples (inside are presented reflec- tions

spectra for the same samples).

On the other hand, the In>O3 thin films prepared by using vacuum thermal evaporation on glass
substrates with effect of annealing temperatures from 573-873 K to obtain an optical properties.
As the results , figure 1.18 shows that the transmittance 1s good in the visible range and exhibits
interference pattern (the spectra have a high transmittance 85%) it means that the films have less
scattering effects, structural homogeneity, high uniform and smoothing and better crystallinity.
The band gap varied with increasing of annealing temperature from 2.9-3.5eV, it decreases at

high annealing temperature while crystallite size and density of grain boundaries is high reported

by Veeraswamy et al[81].
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Fig 1.18: Optical transmittance of In»Os films annealed at different temperatures.
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1.3.3 Electrical properties:

According to Dey et al [82], Hall measurement results for different substrate temperature with no
oxygen gas found that : the reduction of resistivity with increasing of temperature substrates due
to high crystallization of the films (confirmed by XRD patterns ) , the mobility of the Ce doped
indium oxide films increased from 4.43 to 37.8 cm?/V as the substrate temperature increased
from RT to 180 °C and the carrier concentration is higher at room temperature due that low
oxygen vacancies at deposition of the films after that carrier concentration decreased with
increasing of substrate temperature , the increase in carrier concentration from 2.53 x 10*° cm™°

to 2.73 x 10 cm™ * might be due to a larger density of Ce*" ions in In’* substitutional sites as

shown in figure 1.19.
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Fig 1.19: Effect of substrate temperature on resistivity, carrier concentration and mobility of
ICeO films deposited without any oxygen gas in the chamber.
A second part , Hall measurement results for the oxygen concentration in the sputtering chamber
is increased from 0.6 vol% to 2 vol% with the substrate temperature fixed at 160°C found that :
the carrier concentration decreases from 2.86 x 10% to 2.9 x10' ¢cm” *which due that a reduction
of oxygen vacancies, The mobility of ICeO films increased initially from 36.5 to 51 cm?*/V when
the oxygen content in the chamber is varied from 0.6% to 1.4% after that it can be seen the
decline of mobility with high oxygen concentration which means to the collisional energy loss of
the particles with oxygen during their arrival towards the substrate surface , this results related by

XRD patterns of the films and the resistivity increased monotonically with the increasing oxygen
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contents 1n the chamber.
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Fig 1.20: Effect of oxygen content on resistivity, carrier concentration and mobility of ICeO films
deposited at 160 °C.
Ghamari et al [53] were prepared the tin doped In2O3 thin films by using electron-beam
deposited process with various thickness to obtain the electrical properties. The films have
characterized by four point probe technique. As the results, the values of sheet resistance Rs
decreased with growing the films thickness, it is confirmed by XRD results which found that the
crystallite size increased in order that the grain boundaries density decreased. Therefore , the
electrical properties of ITO thin films improved by Hadi et al[58] , they prepared the films by
using RF sputtering with variation of annealing temperature , it can be found a several parameters
such as : the electrical resistivity varied linearly deceasing with the increasing of annealing
temperature from 61.23 x 10”*Q.cm to 6.68 x 10*Q.cm , the carrier concentration is higher at
post-annealed 700°C than the films at as deposited .These results is supported by the mobility
characteristics of the ITO samples as the mobility of the post-annealed sample 1s higher than the
as-deposited sample as shown in figure 1.21. It proves that the strong crystalline structure and
smoother surface roughness after post-annealing especially at temperature of 700°C helps in

improving the transmittance and electrical characteristics of the ITO thin films.
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Fig 1.22: The variation of resistivity, carrier concentration and mobility for ITO thin films a
function annealing temperature.
However, Nefzi et al [83] reported that the electrical properties of indium oxide thin films
improved while varied the parameter of gamma irradiation doses (0, 1, 5, 10, 100 kGy ) , it
noted that the resistivity reduced with the rising of gamma irradiation doses which attributed the
increase of oxygen vacancies and broken bonds. Electrical mobility is also increased significantly
but decreased slightly for 100 kGy which due to lattice deficiencies like interstitial indium and
the increase of the O vacancies’ number. The n-type of indium oxide semiconductor was

achieved by sign of Hall Effect measurement.
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Table 1.5: Mobility (1), electrical resistivity (q), and volume carrier concentration (Nv) of In203

material before and after gamma irradiation.

Dose (kGy) 0 5 100
u(em* Vv='s™h 1.17 30.99 7.18
p (107%) (Q cm) 65.02 1.02 1.40
N, (10" (cm™) 0.8 1.96 6.19

Neeti et all [50] were deposited the indium oxide thin films by using pulsed laser deposition with
different substrate ( GaAs , Si, quartz , glass ) , they measured the electrical resistivity by four-

probe technique and was also reasonably low at around 10™°Q-cm for all the samples .
1.4 Applications of In;O3 thin films:

Due to the various properties of indium oxide thin films (high optical transparency and high
conductivity); it can apply in several applications such as:

1.4.1 Optoelectronic devices, including solar cells:

TCOs are employed as transparent electrodes in solar cells. They must have a high optical
transmission to allow effective photon transport to the active layer, as well as a good electrical
conductivity to achieve the lowest possible cost[68].

1.4.2 Gas sensors:

Many years have been spent researching semiconductor materials whose conductance is directly
regulated by interaction with an active gas. Certain metal oxides have reversible chemisorptions
of reactive gases on their surfaces. In semiconductor sensors, the electron concentration varies
less linearly with pressure up to eight decades, but the mobility varies by less than a factor of two
over the same pressure range. This shows that gas chemisorptions on the surface of
semiconductor materials can be used to make gas-sensing electronic devices. Because of its
remarkable sensitivity to the chemical environment, InoOs; has been widely used in sensing
applications. The electrical characteristics of In»Os are influenced by oxygen vacancies on the
surface, which affect the sensing process. Upon oxidation, via adsorption of molecules such as
NO:z2 at vacancy sites that accept electrons, electrons are withdrawn and effectively depleted from
the conduction band, leading to a reduction of conductivity. On the other hand, reducing
molecules such as H2 can react with surface-adsorbed oxygen, leaving behind an electron and

hence higher conductivity. In203 films deposited by spray pyrolysis: gas response to
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reducing(CO, Hz2) gases have been prepared by Korotcenkov et al[11].

1.4.3 Electronic displays:

Human operators interact with electronic equipment via electronic displays. Liquid crystal
displays[89], organic light emitting diodes (OLEDs) [84], electroluminescent displays, plasma
and fluorescent displays, and electrochromic displays, among other components and device
designs, are required. Transparent and conductive films, luminous or fluorescent films, as well as
dielectric and insulating layers are needed to make these displays.

1.4.4 Humidity sensors:

Because moisture is a continual environmental element, accurate measurement and control are
critical. Moisture sensors are commonly used in home appliances, medical equipment,
agriculture, and automobiles[45]. Electroluminescent devices, anti-reflection coatings,
electroluminescent liquid, crystal liquid, crystal displays, electrochromic devices, photo thermal
devices, and light-emitting diodes are among the various applications. Because In20O3 is mainly

employed as a film, it is usually described in terms of thin film properties|68].

Conclusion:

The improvement of properties indium oxide thin films were obtained by using a various
preparation technique is reported in pervious study. The different properties such as: structural,

optical and electrical are achieved and improved with applied a variation on the method of

deposition, various substrates, annealing temperatures and background pressure etc.
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Introduction:

The growth of In203 thin films have completed by using a several methods such as reported in
pervious chapter .Many scientists use sol-gel (spin coating ) to improve the properties of indium
oxide thin films for solar cells applications, sensor gas , optoelectronics application and etc
.However , this films investigated with applied a some effects on the parameters of spin coating
process , it characterized by several methods to found a good results for future application such
as: X-Ray diffraction for structural properties ,UV-vis for optical properties , SEM for
morphological properties and four probe for technique for electrical properties . Gas sensors,
solar cells, and catalysts are just a few of the electronic devices that use In»O3 thin films. The first
half of this chapter explains the Sol-Gel (spin coating) technique for deposition thin films, while
the second portion of the chapter covers several approaches and relationships that are used to

describe films.

2.1 Processing steps of preparation In;O;thin films using spin coating

technique:

Spin coating includes placing a small puddle of fluid resin in the center of a substrate and
spinning it at a high speed. This method has the advantage of being simple to execute and
requiring just modest investments. On planar substrates with size of the order of cm2, it produces
good results [85] as reported in pervious chapter. Obviously, we use this technique to obtain
indium oxide thin films at high properties for many photovoltaic and optoelectronic application,

figure 2.1 shows the device of spin coating method.

Fig 2.1: Holmarc spin coater.
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However, figure 2.2 shows the procedure of spin coating technique for In»O3 thin films, on this

procedure it can be applied some influence of the main spin coating parameters on properties of

the deposited films.

Solvant + precursor source+
catalyser

Glass
substrate

Aging 24Hrs at room
temperature

Spin coating at
4000 rpm for 30s

Repeated
at fixed
number of
layers

Drying at 250°C
for 10min

Thin layers of
In 1D3

Annealing at
L— ssoCforiHrs / —

Glass
substrate

Iﬂ:D‘;

Fig2.2: the sol gel synthesis procedure of prepared In203 thin films.

2.2 Influence of films thickness:

To prepare the indium oxide layers, we follow these steps.

2.2.1 Preparation of solution:

The undoped indium oxide (In2O3) solution was prepared by Indium (III) nitrate hydratethat was

used as source material of In*? and it was dissolved in appropriate amount of ethanol and acetyl

acetone as the stabilizer with 0.15 M concentration. The volume ratio of acetyl acetone to ethanol

was maintained at 1:10 (see table 2.1).The starting solution was stirred for 2 h at 50°C, then

mixed and stirred with a magnetic stirrer for 24 h at room temperature to obtain a transparent

solution.
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Table2.1: The parameters of chemical products.

“Chemical name  Indium (II)  ethanol  acetyl acetone
nitrate hydrate
Molecular formula In(NO3)3-H20 C2H6O CsHgO2
Volume / 9ml 1ml
Weight 043 g / /

2.2.2 Preparation of the films:

In elaboration of the films, we have deposited the films on glass substrates to obtain good results
in their properties. Soda lime glass (SLM) slides were used as substrates with the size of (2.5 cm
x 2.5 cm x 0.15 cm). Before the deposition, the glass substrate was cleaned followed by rinsing in

methanol and acetone for 10 min then cleaned with deionized water for 5 min and dried in air , the

figure 2.3 shows the glass substrate was used .

Fig 2.3: Cut glass substrates using a sharp pen.
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e ——
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Glass Substrate cleaning
I‘---...,______..--‘

=& Bl
Oven CWF

Vacuum Annealing Spin coating

Fig 2.4: The cleaning of glass substrate and films deposition.
The prepared solution was dropped onto cleaned glass substrate, with rotation speed of 4000 rpm
for 30 s in order to obtain a well coated thin film on glass substrates. Subsequently, the coated
films were dried at 250°C for 10 min after each successive coating in a furnace to evaporate the
organic solvent. The procedures was repeated 4, 6, 8, 10 and 15 times (number of layers) in order
to achieve various In»Os3 thin film thicknesses. Finally, the film was annealed at 550°C in the

furnace for 1 h see figure2.5.

Indium Nitrate Tri- Ethanol Acetyl-acetone
hydrate [In(NO:):.3H20] [C2HsOH| [CHsCOCH:COCH:;]

i

.
[ Mixing & Stirring at 50°C for Zh and

aged for 24h at room temperature

v

[ Starting Solution ]

y

[ Spin-Coating at 4000 rpm for 30 s ]

Repeating 4,
* 6.8, 10 and

[ Drying the films at 250°C for 10 min ] IS times
4
[ Annealing the films at 550°C for 1h H In203 thin films J -

Fig 2.5: Flow chart showing the schematic diagram for In.Os3 thin films preparation.
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2.3Influence of pH solution:

2.3.1 Preparation of solution:

The solution have several parameters to produce thin films by spin coating process such as pH
solution dependent with the source precursor , in this section we have use a last solution in
previous work .In the other hand , we dissolved a NaOH powder in deionized water with
concentration 2mol/L see table 2.2. After stirred and mixed24h for transparent solution, we added
droplets of NaOH in indium oxide solution and measured the pH with pH-meter technique; it
obtained a various pH solution of indium oxide (0.84, 2.63, 5.01, and 9.58).

Table2.2: The parameters of chemical products.

“Chemical  Indium (Il) Ethanol acetylacetone Sodium

name nitrate hydroxide
hydrate

‘Molecular  In(NO3)3-H:0 C:HeO  CsHsO, ~ NaOH
formula
Yolume / 9ml Iml /
Concentration 0.15mol/L / / 2mol/L
Molecular 354.88 g/mol /
weight

no dropping

Fig 2.6: Experimental procedure for the pH adjustment in the In2O3 solution.
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2.3.2 Preparation of the films:

The glass substrates were cleaned at same previous steps. The In2Os thin films was deposited on
cleaner glass substrates by using spin coating process with same parameters of deposition (
choosing the parameters at film thickness 910nm), the films obtained was annealed at 550°C in

the furnace for 1h.

2.4 Influence of precursor source:

2.4.1 Preparation of solution:

In this section, we have to deposit an indium oxide thin films by using a various precursor source
(indium (III) acetate, indium (III) chloride (see table2.3)) to obtain a homogenous indium oxide
solution see figure 2.7. We use acetyl acetone as solvent to dissolve the several precursor sources
such as indium (IIT) acetate and indium (III) chloride with different concentration (0.5M, 0.1M.,
0.15M, 0.2M, and 0.25M).The starting solution was stirred for 2 h at 50°C, then mixed and
stirred with a magnetic stirrer for 24 h at room temperature to obtain a transparent solution.

Table2. 3: The parameters of chemical products.

“Chemicalname  Indium (II)  Indium(IIl)  acetyl acetone
acetate chloride
Molecular formula CsHgInOg InCl; CsHgO2
Volume / / 10ml
Concentration 0.5,0.1,0.15 045 (L1015 /
(mol/L) 0.2 .0.25 ,0.2,0.25
Molecular weight 291.95g/mol 221.177g/mol  /

2.4.2 Preparation of thin films:
The indium oxide thin films was deposited on cleaned glass substrate ( see cleaner procedure is
shown in figure 2.4)with the several parameters of spin coating technique (4000rpm , 30s , 6

layers ), the samples was drying at 250°C for 10min , the final films was annealing at 550°C for

1Hrs .
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CsHoInOgor InCls CsHs0,

Indium oxide solution

¥

G—— AZIng at room temperature for 24 Hrs

Homogenous solution (0.5M, 0.1M ,0.15M, 0.2M, 0.25M) l

Spin coating
Repeat the process
for 6 times
Drying at 250°C for 10min
Annealing at 550°C for 1Hrs

o

Fig 2.7: The sol gel synthesis procedure of prepared In203 thin films.

2.5 Influence of doping In;O; thin films:

2.5.1 Preparation of solution:
Preparation of Sb and Ba doping In203 solution
e Sol gel spin coating was used to make antimony doped indium oxide thin films with
varied concentrations (0, 3, 6, 9 mol% ) on glass substrates. The mitial materials, solvent,
and antimony doping supply were indium III chloride anhydrous (InCls), absolute acetyl
acetone (CsHgO2), and antimony (III) chloride (SbCls), respectively. The indium (III)
chloride concentration was 0.15 M, and the volume of actylacetone was 10ml. To obtain
clear and homogeneous solutions, the prepared solutions were agitated at 50 °C for two
hours.
e Sol gel spin coating was used to create barium doped indium oxide thin films with various
concentrations (0, 3, 6, 9 mol%) on glass substrates. The initial precursors, solvent, and

antimony doping source were Indium III chloride anhydrous (InCls), absolute acetyl
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acetone (CsHgO2), and Barium chloride (BaCls), respectively. The indium (III) chloride
concentration was (.15 M, and the volume of acetylacetone was 10ml. To obtain clear and
homogeneous solutions, the prepared solutions were agitated at 50 °C for two hours.

Table2.4: The parameters of chemical products.

Chemical name Indium(III)  acetyl Antimony Barium

chloride acetone chloride  chloride
Molecular formula InCl3 CsHgOn Sb(Cl3 BaClz
Volume / 10ml / /
Concentration(%.mol) / / 0,3.6,9 0,3,6.9
Molecular weight 220171 / 228.11 244.28
(g/mol)

2.5.2 Preparation of thin films:

The resulting solutions were dropped onto cleaned glass substrates and spun at 4000 rpm for 30
seconds after maturing for 48 hours at room temperature. The films were dried at 250°C for 10
minutes after each coating stage to evaporate the solvent and eliminate organic residues. To reach
the necessary film thickness, the spin coating process was done six times. To generate good

crystalline films, all of the samples were annealed in a furnace at 550 °C for 1 hour.
2.6 The adhesion test:

The adhesion test for thin films 1s an interesting step; It is an essential parameter in the reliability
of the deposited films, there are two methods: the test which damages the films "destructive
methods", and the other which keep the films intact "Non-destructive methods». But these types
are expensive material and we don’t have them. For this, we used the simple adhesion tests such
as; the stick tape test which sees the films that adhered well the substrate. In this work, all the

films was very well bonded to the substrate and this allowes us to continue our study.

2.7 Film thickness:

Many approaches, such as the optical method based on the interference fringe, the perpendicular
section of this thin layer from a SEM micrograph (explained later), and the gravimetric method

based on the relation, are used to determine film thickness.

d=m/(pS) (2.1)
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Where (S) and (p) are respectively the surface and the density of the thin layer studied.

2.8 Film characterization technique:

The indium oxide films obtained are analyzed to achieve their properties (structural, optical,
morphological, and electrical) such as:
1. Scanning electron microscopy (SEM) is applied to find surface morphology and energy
dispersive X-ray (EDX) (attached to SEM) to study films elemental composition.
2. The crystalline structure have been obtained by X-ray diffraction(XRD)
3. UV-Visible spectra photometer is used to achieve the transmittance in visible region
(400nm-800nm) and absorbance spectra to find a several parameters from them.
4. The Four point probe technique is employed to measure electrical conductivity of the

films.

2.8.1 Scanning electron microscopy (SEM):

Scanning electron microscope (SEM) i1s one of the common methods for imaging the
microstructure and morphology of the materials[58]which can provide information on surface
topography, crystalline structure, chemical composition and electrical behavior of the top 1 urn or
so of specimen[59].The electrons interact with the different atoms presented at the sample
surface, producing various signals that reveal information on the sample surface morphology and
composition. In fuel cells, it i1s used during the materials development stage, providing

characterization in terms of morphology, composition, and analogous abilities[60](see figure2.8).
Electron beam

Backscattered <lectrons X -ray photons

Cathodoluminescence
Secondary electrons Photons (visible light)

Auger electrons

Heat
‘R\ —— —-—*—
g —

Elpesmmen s o]

¢f

Secondary electrons g Absorbed electrons

DiMfracted elactrons=s

Transmitted electrons

Fig2.8: Variety of interaction products evolved due to interaction of a primary electron beam and

specimen (sample).
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2.8.2 Energy dispersive X-ray spectroscopy (EDS or EDX)

Energy-dispersive X-ray spectroscopy (EDS, EDX, or XEDS) 1s an analytical technique used for
the elemental analysis or chemical characterization of a sample. It relies on the investigation of
an interaction of some source of X-ray excitation and a sample. Its characterization capabilities
are due in large part to the fundamental principle that each element has a unique atomic structure
allowing unique set of peaks on its X-ray spectrum. To stimulate the emission of characteristic X-
rays from a specimen, a high-energy beam of charged particles such as electrons or protons, or a
beam of X-raysis focused into the sample being studied[89]. In quantitative analysis, the
concentration of a specific element present in a sample is measured by the intensities of peaks.
Since each element has a unique atomic structure allowing a unique set of peaks on its
electromagnetic emission spectrum, in qualitative analysis, different X-ray peaks with specified

positions in a spectrum are identified [90], the procedure of X-ray dispersive is shown in figure

2.9,

Data
output
device

Amplifier
Detector
Computer
‘@— Electron beam
L

: X-ray signal L ]

Display ¢ Sample

Fig 2.9:Energy dispersive X-ray spectroscopy[91].

2.8.3 X-ray diffraction (XRD):

XRD is a technique used to find out the nature of the materials as crystalline or amorphous. It
will define the quantification of cementations materials. The XRD analysis 1s done with an X-ray
source of Cu Ko radiation (. = 1.5406 A). It will analyze and identify the unknown crystalline
compounds by Brag Brentano method [92]. The crystalline phases of the materials 1s based on

Bragg law’s .As shown in figure 2.10 condition at which diffraction occurs in a crystalline
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material satisfying the Bragg™s law is described as:
ml=2ds 5 sin(@ 7 (2.2)

Where(A ) 1s the wave length of the X-ray beam, ( duu) 1s the spacing between the

parallel planes in the atomic lattice, (h,k and [) are the miller indices of the corresponding lattice

planes (hkl), Ouu 1s the angle between the incident ray and the scattering planes, and n is an

integer[93].
" " incident S diffracted
beam beam
0
Y W 7 S e e ry—
Ak - dhki
" a— " p—— o-A g7 2 gt ag----Yg
. .
.\"‘» ~
.
I P —— P - O O R @
o

Fig 2.10:Schematic of X-ray diffraction According to Bragg.
In the thin-film geometry, the specimen should be in the form of a thin-film deposited on to the
substrate. In this geometry, especially the X-ray beam enters the specimen with a small angle of
incidence from the surface which is shown in figure 2.11.In the other hand, X-ray diffraction
techniques are widely applied to characterize the material properties of nanostructured thin films
and bulk crystal samples. The essential information which can be extracted by using XRD
techniques 1include (1) phase identification, (i1) degree of crystallinity, (111) structure
determination, (iv) determination of lattice parameters, (v) crystallite size and strain
determination, (vi) uniform and non uniform strains, (vii) preferred orientation parameter for

example texture coefficient and (vii1) residual stress[94] .
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Fig 2.11: Schematic diagram of thin-film grazing incidence X-ray diffraction (a)using
diffractometer circle Q 1s the scattering vector and S 1s the surface normal which is not parallel

for each other. (b) Experimental setup of GIXRD.

The main parameters are discussed from XRD analyzes as follows:

Lattice parameters determination:

The set of lattice planes (hkl) is determined from the standard data and the lattice parameters are
derived using the relations for deriving the lattice parameters from X-ray reflections using (d
hklexp) values from Bragg's law. The experimental lattice parameter for a cubic crystal structure

can be calculated using the relation[95]:

1 h*+k*+1? 03)
exp y. .
Ay Qexp

Where, h, k and [ are the indices of the crystal planes, d is the inter-planar spacing and a is the
lattice constant. The crystallite size of the elaborated sample is estimated from the full width at

half maximum (FWHM) of the most intense diffraction line see figure 2.12 by Debay Scherrer's

formula as follows[96]:

~ 094
~ BcosH

D (2.4)

D: The crystallite size (nm or A°).
L: The wavelength of X-ray (nm or A°).
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B: The full width at half maxima of the peak (FWHM) in radians.
6: TheBragg’s angle (rad).

FWHM

Intensity (a.u.)

46.7 46.3 46.947.047.147.247.3 4?-44 7.547.6 4I?i? 47.8 4?.9
20 (deq.)

Fig 2.12: Determination of f from stranger orientation [74].

On the other hand ,the lattice parameters dependent with the substrate which means that there is
mismatch between substrate and the deposited thin films , this different is responsible of strains

and stresses , it can be estimated the strain from XRD patterns from stronger peak using [68,69]:

sin @

2.5)

Where (g ) 1s the mean strain in thin films, ﬂiﬁ’ is the lattice constant of thin films measured from

the XRD and a}/}¢the lattice constant of bulk (10.118 A”).
The change 1n the bulk value of lattice parameters 1s due to the stress and strain that are produced

during the crystal formation. The intrinsic stress developed in the thin films were calculated

according to the following relationship[99]:

Stress = — (2.6)
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Where Y 1s Young’s modulus of In203 (145 GPa)[100] and y 1s the Poisson’s ratio (0.31) for
In2O3[101] . The dislocation density (0) was calculated from D using the equation [102] :

5= D—Z (lines/m?) 2.7)

Texture:

The crystallographic texture of an anisotropic solid is described as the relative "organization" of
the grains, which has a significant impact on its physics and mechanical properties. The bulk of
polycrystalline materials are like this: Rocks, ceramics, metals, polymers, and other materials.
The texture coefficient (TC) represents the texture of a specific plane, which is indicating a
preferred growth. Quantitative data on the preferable crystallite is available. The varied texture

coefficients were used to determine the orientation. TC(hkl) 1s described as[103]:

I(hkl)/I,(hkI)

TC (hkl)=g= Y 1(hkl) /I, (hk)

(2.8)

Where I(hkl) 1s the measured relative intensity of a plane (hkl), Io(hkl) 1s the standard intensity of
the plane (hkl) taken from the JCPDS data, N is the reflection number and n is the number of
diffraction peaks.

2.8.4 UV-Visible spectroscopy:

The technique of UV-VIS spectroscopy is beneficial for identifying pure medicinal molecules.
Many compounds have chromophores that absorb ultra violet or visible light at specific
wavelengths. The absorption of spectra obtained from these samples at given wavelengths can be
directly attributed to the sample concentration using the Beer Lambert law. Normally, UV and
UV-VIS spectra are recorded at high and low pH, and the results of both are compared to
recognized standards for the sample in issue. UV-VIS is a simple and inexpensive technology
that provides for sample recovery and effective separation of pure chemicals without
derivitisation. For street samples with complicated mixtures, it is less useful[ 104].In our case, we
used a dual-beam recording spectrophotometer, whose operating principle is depicted in
(Figure2.13), to plot curves representing the variation of transmittance as a function of length in
the UV-Visible and near-infrared spectrums (200-800nm). These curves can be used to estimate
the thickness of the material. To determine the optical properties of the film, such as optical

absorption, absorption Urbach energy, coefficient, band gap width, and refractive
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index[105].When a beam of monochromatic light passes through a homogeneous medium of an
absorbing substance, the rate of decrease in intensity of radiation with respect to thickness of the
absorbing medium 1is directly proportional to the intensity of incident radiation as well as the

concentration of the medium, according to the UV-VIS Spectroscopy principle.

I=Ipe™ (2.9)

Where a 1s the absorption coefficient, d is the thickness of the film, Jo and [are the intensity of the

incident and the transmitted beams, respectively.

Uv-vis light
source

F:.....Jr..(........|........h

b
. Slit of exit j
‘ -l-tlii- - EEEE 8= I--.--.=
Detector | I Reference A ‘ <

Monochromator

<y

Sample

Beam
divisor

Fig 2.13: Schematic representation of the UV-Visible spectrophotometer[105] .

The absorption coefficient (a) can be calculated using the following expression:

1. 100
a=-In

rhlbrv (2.10)

where T(%) 1s the transmittance (quantity of the transmitted light), and can be directly

measured by[106] :
T(%)zéx 100 (2.11)
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2.8.4.1 Optical band gap:

The basic absorption in a polycrystalline semiconductor is connected to band-to-band transitions,
the excitation of an electron from the valence band to the conduction band. As a result, the basic
absorption can be utilized to calculate the semiconductor's energy gap[107]. The absorption

coefficient o data was used to determine the energy gap (Eg) using the relation:

ahv ~ (hv — Eg)/? (2.12)

Where, hv is the photon energy.The values of direct bandgap were estimated by extrapolation of

the linear region of the plots to zero absnrptian((uhv)zz 0) [108] see the example 1n figure .

10
CdS Eg =242 eV

84 0

(1014 eV 2m-2)

4 -
-~
S 2-
0 — , ,
1.0 1.5 2.0 ¢ i 3.0
hv (eV)

Fig2.14 :Plot of (ahv)” vs. hv for the vacuum-evaporated CdS film[109].
2.8.4.2 Energy Urbach :

Band tailing can be explained as local perturbation of the band edges by the effect of impurities
or any other defect. Density-of-states distribution integrates the number of states ateach energy
level inside the whole volume and shows that thereare conduction band states at relatively low

potentials and valance band states in high-potential regions as shown in figure below [110].
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Fig 2.14: Function of distribution of the energy states in the bands[75].

In the other hand, the energy Urbach can be calculated via the equations below:
a = Bexp () (2.13)

Where B represent constant and a i1s optical absorbance it can be obtained by taking the
reciprocal of the gradient of slope from the plot Ina against hv curve as shown in figure

Z 1511111,

6.0
5 ZnO:Al (4%) at 450°C and 0,1mol/l
5.6 -
= Valuer
5.2 Intercept -1,73148
ln O 5o Slope 2,0278 =1/Eu
48-
4.6
44 -
42 -
I S — - ; S— SUE RO ST W ——
2.0 25 35 40

Fig 2.15: Determined the Urbach energy for ZnO:Al [112].
2.8.5 Electrical properties:

The four-point method can be used either for thick material or a thin layer deposited on an

insulating substrate or isolated by a junction. We apply the four-point aligned on the In2Os3 film
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deposited on glass substrate, the distance s between the points being 1 mm (Figure 2.16). The two
outer points (1, 4) are used to inject current I, the two other points (3, 2) are used to take the drop
in potential AV.

av

S LS =

J[ w
3 4

Fig 2.16: four-points method.

The ratio AV/I are measured. Our samples are two-dimensional (the thickness w is small in front
of s); the equipotentials of the current injected in (1) are cylindrical. The current density at a

distance r from the point is:
I

] = 2mTW (2.14)
The potential drop between r and r+dr is equal to:
dv=—-L— ar (2.15)

2rw

Where p is the resistivity , It follows that the potential dV difference between points 3 and 2 due

to the flow of the current injected into (1) 1s:

. __r2s o1 . p_f
V32 = |, ———dr=—-—In2 (2.16)
Similarly, the dV between 3 and 2 resulting from the current I extracted at 4 is:
Pl
Viga '= —5 In2 (2.17)

Finally by the superposition theorem:

T |AV] |AV |

p = (=) w" = 453w (Qcm) (2.18)
The resistance per square R i1s, therefore:
AV
Ry = 4.53 l;_l =£Q) (2.19)

If we know the thickness w, we can thus deduce the resistivity p fromR g[113] .
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CHAPTER 03
Effect of film thickness and pH

solution
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Introduction:

Last studies, InoOs3 thin films were prepared by using the spin coating process at many effects
such as : annealing temperature[l14], molar concentration[115] and varied a deposition
parameter ( sputtering powers[116]) to obtain a good properties for applied in different
applications such as solar cells, gas sensor, flat panel displays and anti-reflecting coating... etc
[117]. In this chapter have a various steps of the preparation of In,Osthin films on glass substrates
by spin coating and its characterization techniques used to measure their optical, structural,
morphological and electrical properties are discussed below. This chapter discusses and interprets
the results of characterization for undoped In»O3 thin films deposited by spin coating method at
many affects (film thickness and pH solution) for the amelioration their properties for different

application.
3.1The influence of film thickness:

Indium oxide thin film was prepared by using spin coating process at various of film thickness,
this films characterized by XRD patterns, SEM, UV-Vis spectroscopy and four probe point. The
results obtained are discussed below.

3.1.1 Structural properties:

To films thicknesses of In2Os thin films were controlled by varying the number of the layers from
4to 15 layers. The film thickness was determined using SEM cross sections by calculating the
average thickness from one end to the other as depicted in Figure 3.1. As shown in Figure 3.2, the
thickness of the films increases with the number of the layers, the variations follow a quasi linear
behavior with a rate of58 nm per cycle. Form the linearity depence one can choose the number of
cycle suitable to obtain a desired thickness. The crystal structure and orientation of the In2Os3 thin
film were investigated by X-ray diffraction (XRD) pattern. The XRD pattern of all InoO3 films
prepared at different film thickness (175, 330, 520, 690 and 910 nm) on glass substrate are shown
in Figure 3.3. As can be observed in the graphic, the samples have a polycrystalline structures
with five peaks shown in Figure 3.3, assigned to (211), (222), (400), (440) and (622) diffraction
planes, matching with a body cantered cubic (BCC) phase of In,O; with a space group of
[a3(206) (JCPDS Card No. 06-0416, space group, a = 10.118 A")[118]. However, no peak related
to a secondary phases such as In or InO 1s observed. Similar result has been observed in our

earlier work and other work[96,97].
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Fig 3.1:
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Direct thickness measurement of the film of In,O3 from the cross sectional SEM images.
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Fig 3.2: Variation of the film thickness with the number of layers.

Moreover, Figure3.3 reveals that the samples have an intense peak originating from the (222)

diffraction plane, it becomes narrower, intense when the film thickness increases, suggesting the

films crystallinity improvement. The preferential growth along (222) direction may be due to the

reasons that the plan(222) requires the lowest free surface energy formation[98,99]. The data also

shows that the peak position slightly shifts to a lower 26 value as shown in Figure 3.4, this is

probably due to stress created during the films growth.
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Fig3.3: XRD patterns of nano-crystalline In203 thin films for different film thickness.
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Fig 3.4:Variation of peak (222) position of In2O3 thin films at different film thickness.

To describe the preferred growth orientation (& k /), we calculated the texture coefficient from the
X-ray data using the equation. The obtained results summarized in the Figure 3.5. It is clear that
the (222) direction has the highest texture coefficient comparing with other peaks, which
increases drastically with increasing film thickness. It is well known that the films texturation is
usually related to two factors: the growth and nucleation. The increase in the preferred orientation
of (222) plane 1s attributed to the increasing in the growth along this direction on the detriment

other planes.
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Fig 3.5: The texture coefficient of InoO3 thin films as function of film thickness along (222),
(400) and (440) directions.

The calculated crystallite sizes, strain and dislocation density is listed in Table 3.1.
It is evident from the contents of Table 3.1 and Figure 3.6, that as the films thickness increases,
the crystallite size enlarges, while the strain decreases. The same behavior is reported by
Goswami et al. In his study on In203 thin films prepared by pulsed laser deposition technique
[123]. On opposite, in our previous work|[124] we have noticed a decrease in crystallite size with
molar concentration increase. The observed improvement in crystallite sizes i1s commonly
attributed to sufficient supply of thermal energy to the coalescence the atoms over the surface
substrate and this facilitate the merging of the smaller particles into larger ones, as the results, the
crystallite sizes increases[102.103]. The decrease in strain formed in the crystal could be related
to improvement of the crystallinity, which results to produce more organized films with less point

defect.
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Fig 3.6: Evolution of grain sizeand strainof In,Oj3 thin filmsat different film thickness

Table3.1:Crystallite sizes, dislocation density and strain values of In2O3 thin films extracted from

XRD analysis.

Thickness (nm)  Peak (hkl)  20° FWHM D (nm) & x10" (Lines ex10™
(B°) /m?)
175 (222) 30.66 0.61 14 0.2 5.1 7.3
330 (222) 30.62 0.45 19 4).2 2kl 5.38
520 (222) 30.59 0.42 20.5 2.38 5.01
+().2
690 (222) 30.57 0.38 23 H).2 1.89 4.54
910 (222) 30.54 0.32 27 )2 137 3.83

The calculated structural parameters from XRD pattern of In2O3 films are summarized in Table
3.2. As can be seen from Table 3.2 the a lattice parameter of pure In2Os3 thin films increases with
the films thickness. At the same time, the internal stress changes from compressive (negative) to
tensile (positive). The similar result observed in previous study[104,105]. It can be seen that the
compressive stress in the films decreases and in contrary, the tensile stress increases with

increasing films thickness.
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Table3.2: Structural parameters information of prepared In2Osthin films for different films

thickness.
Thickness hkl 20(degree) Calculated parameters Reference parameter Stress
(nm) planes Lattice constant  d-spacing  (JCPDS card No 06- (Gpa)
a(A) (A) 0416)
175 (222) 30.66 10.101 £0.01 2916 -0.39
330 (222) 30.62 10.112 +0.01 2919 ao=10.118 A -0.14
520 (222) 30.59 10.122 +0.01 2922 d=2.921 A 0.09
690 (222) 30.57 10.129+0.01 2.924 20=30.58 0.25
910 (222) 30.55 10.136 +0.01 2.926 0.42

3.1.2 Morphological properties:

The surface morphology images of as grown In2Os; thin film having different thickness is
presented in Figure 3.7 (a)-(e). It can be seen that all the films have a uniform, smooth,
continuous and homogenous surface morphology with particle distribution consisting of spherical
and triangular shapes without any voids and cracks. However, with the increases of film
thickness, a large number of granular and dense grains are formed on top of the film. As can be
seen, the grain size increases with increasing of film thickness. This result is supported by

obtained results in the XRD analysis.
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Fig 3.7: SEM micrographs of the InoOs thin films at different film thickness: (a) 175 nm, (b) 330
nm, (¢) 520 nm, (d) 690 nm and (e) 910 nm.

3.1.3 Compositional properties:

The EDX spectra of In2Os3 thin film deposited with different films thickness are reported in
Figure 3.8. The EDX study confirms the presence of indium (In) and oxygen (O) necessary for
In>Os; formation. The silicon originates from the glass substrate. In a stoichiometric In>O3 the
atomic percentage should be 60% and 40% for Oxygen and Indium, respectively. However,
according to the EDX spectra (Figure 3.8) the films contain an excess of oxygen, this might be
due to the contribution of oxygen originating from the substrate as well as Si atoms. On the other

hand the excess of oxygen may also originate from the existence of oxygen vacancies[128].
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Fig 3.8:EDX spectrum ofthe InoOs thin films at different film thickness:(a) 175nm, (b) 330nm,
(¢) 520nm, (d) 690nm and (e) 910nm.
3.1.4 Optical properties:
The transmittance spectra of the indium oxide thin films in the wavelength range of 200—-1000 nm
are shown in Figure 3.9. All of the samples exhibit high optical transmittance more than 75% in

the visible wavelength region (400 to 800 nm). The high transmittance of these films can be
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appropriated as transparent electrode of the solar cell application[129]. Interference fringes are
noticeable in the visible region, these indicatives of uniform and homogenous obtained films
which are characteristically smooth[107,108]. Hence, the reduction in the light scattering losses
due to the films smoothness is the principal reason of the films transmittance improvement.
Besides, the transmittance spectra of our samples revealed strong absorption edges in the UV
region (A< 380 nm), which suggesting the blue-shifted absorption edge with the increasing films
thickness, as shown in the inset of Figure 3.9. This phenomenon has been reported in other TCO
thin films [109,110]. From the curve of (¢hv)? as function (hv) which depicted in Figure 3.10, the
optical band gap (Eg) can be determined by the extrapolation of the linear region of the curves to

intersect at hy axis following Tauc relationship (2.12).
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Fig 3.9: The transmittance spectra of In>Oj3 thin films prepared with various film thickness.

The inset image as shown in Figure 3.10 represents the calculated band gap values dependence
on the films. The observed band gap values are in good agreement with the reported value for the
ITO films deposited by electron beam evaporated and RF sputtering technique [112,113]. The
broadening of band gap energy with the increasing films thickness can be due to the Burstein—

Moss effect [114,115]. This phenomenon is related to increased carrier concentration which leads

to shifts the Fermi level to higher energy [116,117].
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Fig 3.11: The plot of (hv) 2 against hy of In2O3 thin films and inset shows the variation of optical
band gap (Eg) as a function of film thickness.

3.1.5 Electrical properties:

Table 3.3 illustrates the variation in resistivity (p), carrier concentrations (n), and Hall mobility
(wof In203 thin films as a function of films thickness. As shown in Table3. 2, the resistivity
decreased from 1.5 x 107°Q-cm at 175 nm to 1.5 x 107*Q.cm at 910 nm. At the same time. both
of the carrier concentration and mobility of the films rapidly increase from 1.24 x 10*' cm™ to
6.43 x 10*' cm™ and 0.65 cm?/V.S to 33.7 cm?/V.S with increasing thickness, respectively.
Similar results were reported in previous literature[111,112]. The resistivity reduced can be
attributed to the films crystallization improvement, which leads to the enlargement in crystallite
sizes which consequently reduces the free electron scattering at grain boundaries[142]and then
the carriers mobility enhancement. On other hand, the presence of oxygen vacancies and/or
interstitial indium acts as charge donor centers in the system consistent with the observed
increase of the charge carrier density and mobility[121,122]The free carriers enhancement with

the thickness is in good agreement with the films band gap broadening as deduced from the

optical characterization results.
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Table 3.3:Electrical resistivity, carrier concentration and carrier mobility values of In2Os3 thin

films deposited using sol-gel spin coating method.

Thickness Resistivity p Carrier concentration n Carrier mobility p
(nm) (Q.cm) (cm™) (cm?/VS)
175 1.50x10°7 1.24x10%! 0.65
330 1.03x10°° 1.63x10*! 1.78
520 5.20x10* 2.16x107! 5.56
690 2.80x10* 3.41x10% 13.70
910 1.50x10 6.43x10%! 33.70

3.2The influence of pH solution:

The ph solution of In2O3 1s one of the contributing parameter to obtain indium oxide thin films.
So, it effects on structural, optical, morphological and electrical properties of the films with the
best possible characteristics for optoelectronic and photovoltaic applications.

3.2.1 Structural properties:

The XRD patterns of InoO3 films deposited at various pH solutions 1s shown in fig3.11. As the
result, the diffraction patterns were well matched with the standard JCPDS data file reference
code: 0416-006-00 for bixbyte structure in the lower pH solution[145]. It observed that all the
samples have a preferred orientation along (222) .The XRD patterns at pH=0.84and pH=2.36
(without adding of NaOH solution) have a strong polycrystalline structure with high and
preferred orientation along (222) at 20=30.54° and another peaks such as (211), (400),
(440),(622) which corresponds to (21.55°) ,(35.53°), (51.14°), (60.70°), which proves the
crystallization degree of the films 1s highest, it means that the films deposited from the sol having
a lower pH (0.84 -2.36) have more grain growth. The smallest peaks and the intensity of
preferred diffraction peak plane (222) are disappeared with increasing of pH solution which
revealed that the crystallinity decreases with higher pH solution. This phenomena is related with
research of Werta et all[146] , they reported that the presence of more OH- in the solution (as the
similar result for addition a more NaOH solution for the pH adjustment), this causes a slow
growth of the layers, which leads to reduced of thickness (see figure 3.12).In the other hand , the
table3.4shows the lattice parameter o and stress ¢ of the samples for pure In;Os thin films with

different pH solution , as can be seen the lattice parameter of In.O3 decreases with increasing of
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pH solution. In the other hand, it can clearly noticed the stress decreases with increasing of OH"
in the solution, this is due to the internal stress varies from tensile (positive) to compressive

(negative) .
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Fig 3.12: The variation of film thickness for In.Osthin films at various pH solution.
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Fig 3.13: The XRD results of In>Oj3 thin films with various of pH solution.

At the same time, the lattice parameters of InoO3 thin films decreases with increasing of pH

solution these results are dependent with the variation of internal stress.
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Table 3.4: Structural parameters information of prepared InoOsthin films for different pH.

pH solution hkl 20(degree)  Calculated parameters Reference parameter Stress

planes [ .attice d- (JCPDS card No 06- (Gpa)
constant a (A) spacing 0416)
(A)

0.84 (222) 30.55 10.136 +0.01 23976 0.42
2.63 (222) 30.66 10.093 +0.01 2913 ao=10.118 A -0.055
>.01 (222) 30.74 10.067 +0.01 2.906 d=2921A -0.112
9.58 (222) 30.65 10.096=0.01 2914 20=30.58 -0.048

The table 3.5 shows the variation of several parameters (crystallite size D, full width maximum
FWHM of preferred orientation(222), dislocation density 6 and strain €), it is clearly noticed that
the FWHM increased with decreasing of intensities of all peaks for the samples at rising pH
solution attributed to deterioration of the crystallinity of indium oxide films revealed the
incorporation of defects in the structure[147].In the same time, figure 3.12 represents the
reduction of crystallite size with increasing of pH sol while the strain and dislocation density
increases due to increase the defects and impurities in films, this is demonstrate the less
crystallinity of In2O3 thin films which confirmed by XRD patterns.

Table 3.5: The crystallite size D, FWHM, strain and dislocation density for In203 thin films

prepared at different pH solution.

pH solution Peak (hk) FWHM D (nm) & x10" (Lines £x107
(B°) /m?)
(.84 (222) 0.32 27 217 0.538
2.63 (222) 0.39 21.85 2.28 2:31
5.01 (222) .35 15.61 4.47 3.28
9.58 (222) 0.78 10.92 9.13 351
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Fig 3.14: the variation of crystallite size, strain and dislocation density against the pH solution.

3.2.2 Optical properties:

The figure 3.15 shows the transmittance of InOs3 thin films deposited at different pH solution in
the region of wavelength (400-800nm), the transmittance obtained decreases from 80.55% to
70.96% with increasing of pH solution (the adding of NaOH into the prepared solution of indium
oxide ). This leads to increase in vacancy defects, which due to increase in absorption[148]. At
the same time, it may be probably causes the reduction in crystallinity of the films with rising of
pH solution which can be related in XRD analysis. The light scattering increases with the
reduction in degree of crystallinity for indium oxide thin films, which leads the lower
transparency. A low transparency for the InoO3 thin films in the visible range is not expected for

applications as transparent electrodes in optoelectronic devices.
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Fig 3.15: The transmittance of In2Os3 thin films with different pH solution.
The optical band gap was estimated using the equation (2.11) from the edge absorption which can
be plot (chv)’as function hv (see figure 3.16). In the other hand, the Urabch energy was
calculated using the function(2.12) from the edge absorbance at UV wavelength (A<380nm) of
In>Osthin films (figure 3.17),which suggesting the blue-shifted absorption edge (for band gap
values) with the increasing of pH solution (in acid medium pH= 0.84, 2.36 and 5.01) and red
shifted absorption edge(for band gap values) in basic medium (pH=9.58),the values of band gap
are illustrated in figure 3.18. It observed the values of band gap increase with increasing of pH
solution at acid medium, this variation 1s confirmed the Burstein-Moss effect [149] and decrease
at basic medium (pH=9.58). A minimum value of optical band gap (2.95eV)can be attributed the

change in crystallite size[ 150].
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Fig 3.16: The tauc plot of (¢hv)* as function hv at different pH solution.
However, Urbach energy values increases from 0.15 to 0.38 eV at with increasing of pH solution
from (figure 3.18) due to increase the disorder in structure of indium oxide thin films which

related with XRD results.
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Fig 3.17: The plot In(a) as function photon energy (hv) at different pH solution.
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Fig 3.18: The variation of band gap Eg and Urbach energy Eu at different pH solution.

3.2.3 Morphological properties:

The morphological of In;O3 thin films shows in fig 3.19, it can be seen the films have a
homogenous, smoothing surface and uniform distributed of grain size without any cracks or pin
holes at lower pH solution and higher pH. Also, the SEM measurement confirmed that the results
of XRD patterns ( the variation of crystallite size ) [99,100] ,at lower pH solution it clearly see
the grain size is the biggest this related with the good crystallinity of indium oxide thin films
which the values of crystallite size 1s bigger (27nm) at pH=0.84 than the other values for pH
solution (2.36, 5.01, 9.58) .In the other hand , the films obtained at higher pH solution have a
smallest grain size which is good agreement with the decrease of crystallite size with increasing
of pH solution , this is attributed of incorporation of more NaOH solution in the original

solution.
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Fig 3.19: The SEM images of indium oxide thin films at lower pH (0.84) and higher pH (9.58).

3.2.4 The compositional properties:

The EDX analysis confirms the presence of In and O in the films at lower pH and higher pH
solution (figure 3.20).The Na atoms appeared in the films at higher pH due to the more adding of
NaOH sol in the prepared solution for deposited In2Osthin films. The atomic and weight
percentage of O and In given in table 3.6. Obviously, it observed that the percentage of O atom
increases with the increasing of pH solution due to increase the OH" 1on in the reaction while the
percentage of In reduces with the rising of pH solution. These results related with XRD patterns
of indium oxide thin films.

Table 3.6: The atomic and weight percentage of oxygen and indium.

pH solution Elements
Wt% at%
In O Na In O Na
0.84 12.27 27.73 0 26.65 73.35 0
9.58 47.74 34.49 17.76 12.43 64.46 23.10
o cps/eV g cpsfeV
] _5 =95
504 pH=0.84 5'5 S
o’ 5,
] 5_5
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Fig 3.20 : The energy dispersive of lower pH and higher pH solution for indium oxide thin films.
3.2.5 Electrical properties:
The figure 3.21 presents variation of resistivity (p) and conductivity (6) of In2Os thin films at

varied pH solution. As the results , the resistivity increases from 1.5x 107*Q.cm to 0.059Q.cm
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with increasing of pH solution for indium oxide thin films while the conductivity decreases
accordingly. The increasing in resistivity may be attributed the detrioration of crystalline quality
and increase of total grain boundary fraction in the films, which can enhance grain boundary

scattering, thus , result in a decrease of electrical conductivity[ 153].

1200
7000
*
1000 - 6000
5000
_ 800 -
E 4000 3
i i E)
&~ 900 = 3000 C
& G
W O
a 400 2000
/ 1000
200 -
* o T 0
0 = T - T - . . . - | -1000
0 2 4 6 8 10

pH solution

Fig3.21: The variation of resistivity as function pH solution for indium oxide thin films.

Conclusion:

The variation of film thickness is found to have effect on structural, optical morphological and
electrical properties. X-ray diffraction shows the strong crystallinity of the films with rising the
film thickness and a preferred orientation along (222) for growth the film. The transmittance of
the films 1s higher in the visible region with increasing of band gap. The surface morphology of
the films 1s uniform and smoothing with increasing of grain size. The electrical resistivity reduces
with increasing of film thickness. The influence of pH solution investigated that the XRD
patterns presented that the films have a polycrystalline structure with preferred orientation along
(222) plane corresponding to In2O3 cubic structure. The crystallinity of the films reduces at
higher pH solution. SEM images showed homogenous surface and reduction of grain size. EDX
spectra revealed the presence of In and O elements in the prepared films and Na element start
appeared at the adding NaOH solution with their atomic (at %) and weight (wt %) percentage.
The transmittance of the films is higher in the visible region with increasing the optical band gap.
The electrical measurement showed that the electrical conductivity decreases with rising pH
solution. From this result, we conclude that the prepared In.Os3 films can be used as a window in

solar cells device.
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Introduction:

The precursor solute concentration is one of the important process parameters that determines the
indium ion concentration and hence the film growth, structure and characteristics. So, the
influence of the precursor solute concentration on the In>Os film characteristics has been studied
with a view to optimize the solute concentration to obtain films with the best possible

characteristics.

4.1 Precursor In2Cls;

The precursor is one of the important parameter to obtain the indium oxide thin films, it can be
optimized by varied the molar concentration precursor solution for given the best properties of
In>O3 thin films to applied in photovoltaic and optoelectronic applications. We have studied the
effect of molar concentration precursor (In2Cl3) on structural, optical, morphological and
electrical properties of undoped indium oxide thin films.

4.1.1 Film thickness:

The film thickness of indium oxide films deposited at different molar concentration precursor
was calculated by using the equation (2.1). As the result, the figure 4.1 shows the variation of
film thickness for InoOs3 films deposited at different molar concentration precursor (0.05M, 0.1M,
0.15M, 0.2M, and 0.25M), it noted the film becomes thicker as the precursor increases, film
thickness increases from 67.41to 382.24nm when the molarity was increased . Nevertheless, it
means that nucleation of In>* and O* improves with the growth of In2Os thin films; this is

because the molar concentration precursor increases with the enhancement of the films.
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Fig 4.1: The variation of film thickness when the molarity increases.

69



Chapter 4: Effect of molar concentration precursors

4.1.2 The structural properties:

The figure 4.2 shows the results of XRD patterns for deposited InoOsthin films at different molar
concentration precursor (InClz) 0.05M, 0.1M, 0.15M, 0.2M and 0.25M, it is clearly see the films
at less molar concentration (0.05M) is amorphous with more impurities, this due to reduction of
In°* and O ions in solution for coated on glass substrate to obtain indium oxide thin films. In the
other hand, the orientations plane of In»Os thin films appeared at 0.1M and increased with
increasing of molar concentration (0.15M, 0.2M, 0.25M), it is indicated the polycrystalline in
nature. The XRD patterns presented peaks corresponding to (211), (222), (400), (440), (622)
planes of crystalline In,Oswith body centered cubic (BCC) structure [(JCPDS) data card No. 06-
0416] , it noticed the films improved at 0.1M and 0.15M and have a preferred , strong orientation
along (222), the films at (0.2M,0.25M) have a strong and highest orientation along (400). As
molar concentration increases the orientation (222) plane has appeared, and the most preferred
orientation was found along (400) plane this may be due to more In**and O ions in films.
Aparna et al[154] were deposited indium oxide films by using In>Cls as precursor and reported
the nucleation along (400) plane contributed to extended diffusion length and increased mobility
of the atoms.Table4.1 shows the lattice parameters calculated using equation(2.2) of In2O3 thin
films deposited at various molar concentration precursor , it observed that the lattice constant
decreases form 10.15to 10.09A° with increasing of molar concentration from 0.1 to 0.15M which
the values lower than oo (10.118A°) . This can be explained by internal stress calculated which is
tensile with positive value at 0.1M and compressive (negative) for indium oxide films deposited
at 0.15M, 0.2M, 0.25M contributed to more In** and O% in lattice structure that leads to
pressure on lattice structure of InoO3 . It also observed the values of compressive stress reduced
from 0.15 to 0.25M and have a variation inverse with crystallite size and lattice constant which
proves that the grain boundaries decreased. Thus, when the crystallite size increases, which
indicates the improvement of the crystallinity and the number of defects decreases, it is means the
reduction in stresses[155].0n the other hand, the figure 4.3 shows the variation of crystallite size
calculated from XRD patterns increases from 14.92nm to 70.60nm with increasing of molar
concentration precursor, In»Os thin films can be viewed as high crystalline structure, which leads
to the reduction of the strain as well as the stresses in the crystal lattice of the films and
consequently to the improvement the crystallinity of In,O3 films has been well confirmed with

XRD patterns.
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Fig 4.2: The XRD patterns of In,O3 thin films at different molar concentration.

The strain € and dislocation density o decrease with a variation of molar concentration precursor,

this due to the amelioration of crystallinity in films.
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Table4.1: The lattice parameters of In2O3; thin films with variation of molar concentration

precursor.
Samples hkl 20(degree)  Calculated parameters Reference parameter Stress
planes Lattice d- (JCPDS card No 06- (Gpa)
constant a spacing 0416)
(A) (A)
0.05M / / / / /
0.1M (222) 30.46 10.15 29314 ao=10.118 A 0.0814
0.15M (222) 30.694 10.09 2.9128 d=2921 A -0.647
0.2M (400) 35.502 10.11 2.528 20=30.58 -0.138
0.25M (400) 35.509 10.11 2.5281 -0.138

8

g & =g
A ENLH-ID" i |
E

crystallite size D (nm)
&

&

=k

S § (linés/m?)x 0"

&

10 g T I ° T ; T —T ; T U
o008 010 012 014 0% O18 020 02 024 026

molar concentration

Fig 4.3: The variation of crystallite size D, strain and dislocation density as function molar
concentration precursor.
The calculated texture of the films prepared at molar concentration precursor (InCls) is shown in
figure 4.4, it can be seen the texture coefficient have a larger value at orientation (222) at
0.1Mand 0.15M due to textured growth dominant .These value increases for the orientation (400)
at higher molar concentration precursor (0.2M and 0.25M) which is the preferred growth of the
films. The low concentration of oxygen vacancies at 0.1 M and 0.15M investigates to more
favour to the [111] textured In,O3; growth at low molar concentration due to the high atomic
density [111] plane present a lower surface free energy than the [100] plane. It also noted at 0.2M

and 0.25M the oxygen vacancies increases with molar concentration precursor consequently the

72



Chapter 4: Effect of molar concentration precursors

[100] textured the growth of In2O3 films. Moreover, the rising of molar concentration leads to In

rich conditions preferred the direction [100] for the growth of indium oxide thin films[156].

Texture coefficient TC(hkl)
5 & B

=
Ch
1

0,0 -

0,1 0,15 0,2 0,25
molar concentration precursor

Fig 4.4: The texture coefficient TC(hkl) of In,Os3 thin films at different molar concentration
precursor.

4.1.3 Morphological properties:

The morphological properties of InoO3 thin films deposited at varied molar concentration
precursor are shown in figure 4.5, it can be noted the films at low molar concentration precursor
(0.05M) have not grain in surface. However, The SEM images of In,O3 films deposited at high
molar concentration precursor (0.1M, 0.15 M, 0.2M, and 0.25M)presented that the films have a
smoothing, uniform and roughness surface, it is clearly observed the grains was appeared at 0.1M
and increased at high molar concentration precursor and have a spherical shape. Similarly, the
enhancement in morphological properties related with increasing of molar concentration which

confirmed with XRD results.
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Fig 4.5: The SEM images of In2Oj3 thin films deposited at various molar concentration precursor

(0.05M, 0.1M, 0.15M, 0.2M, and 0.25M).
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4.1.4 Compositional properties:

The chemical compositions of the synthesized thin films were identified using EDX
analysis and the obtained EDX spectra are presented in figure 4.6, it shows the presence of In and
O 1n all the films with variation of molarities from 0.05M to0.25M. Furthermore, the table 4.2
illustrates the atomic and weight percentage of In increases with the increase of molar
concentration precursor while the percentage of O decreases, this results(EDX) are in good

agreement with XRD analysis which reported that in last studies by Isiyaku et al[157].
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Fig 4.6: The EDS of indium oxide films deposited at different molar concentration precursor
(0.15M, 0.2M and 0.2M).
Table 4.2: The weight percentage of In and O for In2O3 films deposited at different molar

concentration Precursor.

Molar Elements
concentration Wt% at%
In O In O
0.05 18.47 81.53 3.06 96.94
0.1 30.02 69.98 5.64 94.36
0.15 63.39 36.61 19.44 80.56
0.2 39.55 60.45 8.35 91.65
0.25 42.79 a2 9.44 90.56

4.1.5 Optical properties:

The transmission of In20O3 thin films deposited at various molar concentration precursors from
0.05M to 0.25M 1is shown in figure 4.7; it is clearly observed the transmittance of all samples
have a highly transparency in the visible wavelength region (400nm -800nm). High transparency
of the film can be attributed to less scattering, high crystallinity and homogeneity. Hence, the
transmission decreases with the increase of molar concentration precursor from 95.88% to
80.84%, it 1s due to increase the film thickness. This result has been reported with ITO films
[97,104], the transmittance spectra of films have a strong absorption edges in the UV region

(A<400nm) which investigating the red-shifted absorption edge with increasing molar
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concentration Precursor.
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Fig 4.7: The transmittance spectra of InoOs thin films deposited at different molar concentration

Precursor.

Besides, the band gap can be calculated using the plot (ahv) ? as function (hv) by applied the
equation (2.11) as shown in figure 4.8 and energy Urbach was estimated by using the plot (Ina)

as function (hv) by applied the equation (2.12) see figure 4.9.
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Fig4.8: The plot(ahv)? as function (hv) for In2Os films deposited at different molar concentration
precursor (0.1M, 0.15M, 0.2M and 0.25M).
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Fig 4 9: The plot In(a) as function (hv) for In2Os films deposited at different molar concentration
precursor (0.1M, 0.15M, 0.2M and 0.25M).
The figure 4.10 shows the variation of band gap energy and Urbach energy, it is clearly noted the
band gap was reduced (from 3.27eV to 3.01eV) with increasing of molar concentration precursor
and Urbach energy was inversed with band gap(from 0.2eV to 0.719eV), this reduction of band
gap revealed the improvement in crystallite size, it can be explained using quantum confinement
theory according to which band gap energy and crystal size show an inverse relation[159],
increasing molar concentration precursor rising Urbach energy which appeared due to

disorderliness in the system and due to the local states formed in the band gap region with
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Fig 4.10: The variation of band gap energy and Urbach energy with different molar concentration
precursor.

4.1.6 Electrical properties:

The results of electrical measurement on In2Os thin films coating are shown in figure 4.11, the
observed electrical resistivity (calculated by using the formula (2.18)) reduced with increasing
molar concentration precursor (from 0.0309Q.cm to 0.0021Q.cm), it may be related with
improvement in crystallinity of the films deposited at different molar concentration (increasing in
crystallite size) which leads to decrease of grain boundary and defects in the structure of the
films. The reduction of electrical resistivity attributed to the enhancement of free carrier
concentration[ 161 ].However, the electrical conductivity increases with increasing of molar
concentration precursor (InCl3) revealed that the n- type conductivity in In2O3 1s owing to oxygen
vacancy and interstitial indium atoms, both acting as donors. Hence, it gives rise to higher carrier

concentration as In and O concentration increases|162].
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Fig 4.11: The variation of resistivity for In.Os films deposited at various molar concentration

Precursor.

4.2Acetate Indium precursor:

In previous work, we were deposited In2Os thin films by using the chloride indium In>Cls as
precursor with variation of molar concentration after that these films can be deposited by using
indium acetate as precursor by vary the molar concentration of solution prepared and estimated
the best properties to apply it in photovoltaic and optoelectronic application.

4.2.1 Film thickness:

The film thickness was estimated from using the equation (2.1), the variation of film thickness as
function molar concentration is given in figure 4.12. It 1s clearly see the calculation film thickness
increases from 40.85nm to 202.24nm with increasing of molar concentration precursor, the film
obtained at 0.25M appears thicker compared to the other films due to roughness and morphology
property (see figure 3.35). However, this variation of film thickness can be attributed to the molar

concentration precursor on nucleation, diffusion, adsorption and desorption of atoms[163].
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Fig 4.12: The variation of film thickness as function molar concentration precursor.

4.2.2 Structural properties:

The XRD results of indium oxide films deposited at different molar concentration precursor
(acetate indium) on glass substrate are given in figure 4.13, it observed that there is no peak at
0.05M which attributed that the films are amorphous this due the less quantity of In** and O*
ions in solution. However, the orientation peaks ((222) and (400) planes corresponds a different
angle see table 4.3) was appeared in the films deposited at higher molar concentration (0.1M,
0.15M, 0.2Mand0.25M),all the samples have a preferential crystal growth along the (222)
orientation, the intensity of this orientation peak along (222) increased with increasing of molar
concentration precursor which confirmed that the In»O3 films have a good crystalline structure at
rising of molar concentration precursor related with JCPDS data file reference code: 0416-006-00
for bixbyte structure. As reported by Paz et al[164], the orientation of the grains in specific
crystallographic directions 1s related with minimization of free surface energy
density of the film and the energy density of the interface between the film and substrate. From
the high intensity of the (222) peak, it can be seen that [111] is the preferred direction of crystal
growth in all these films. In contrast, the crystallite size, strain and dislocation density were
estimated by using the equation ((2.3), (2.4), (2.5)) respectively from XRD results. The variation
of crystallite size, strain € and dislocation density o were given in figure 4.14, it is also observed
the crystallite size increases from 11.15nm to 34.85nm with increasing of molar concentration
precursor due to increase in amount of oxygen atoms into the thin film particles, non uniform

distribution of oxygen vacancies and the defects in the films decrease and the crystal quality is
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enhanced[165,101]. In addition, the variation in strain and dislocation density have an inverse
relation with crystallite size (see figure 4.14), the reduction in strain and dislocation density prove
the high quality of crystallinity. Moreover, the table 3.9 shows the variation of lattice parameter
and the values of stress, it noted stress has a negative values at 0.1M and 0.2M due to
compressive in the structure of films and a positive value at 0.25M and 0.15M due to tensile in
structure of the films. The lattice parameter has a different value along the variation of molar
concentration precursor (indium acetate) which has a bigger value at 0.15M and0.25M than the
bulk value (10.118A°) improves that the tensile stress in the lattice structure and the smallest
values of lattice constant confirmed the compressive stress in the lattice structure of indium oxide

thin films.
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Fig 4.13: The XRD patterns of In2O3 thin films deposited at different molar concentration

Precursor.

82



Chapter 4: Effect of molar concentration precursors

Table4.3: The lattice parameters of In2O3 thin films with variation of molar concentration

precursor.
Samples h k 20(degree)  Calculated parameters Reference parameter Stress
Iplanes Lattice d- (JCPDS card No 06- (Gpa)
constant a spacing 0416)
(A) (A)
0.05M / / / / /
0.1IM (222) 30.64 10.09 2.9146 ap=10.118 A -0.0468
0.15M (222) 30.715 10.893 29108 d=2921A 1.7148
0.2M (222) 29081 10.091 2.9131 20 =30.58 -0.0593
0.25M (222) 3.5 17 10.121 2.9218 0.0075
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Fig4.14: The variation of crystallite size, strain and dislocation density with several values of
molar concentration precursor.
4.2.3 Morphological properties:
The SEM images of InoOs thin films at different molar concentration precursor (Indium acetate).
It is obvious that all the films have homogenous, uniform and dense surface without any pin holes
and cracks indicating that the films are well adherent to the substrates. As the result, it 1s clearly
see the films at 0.05M have a smooth surface without clearly visible particles confirmed the

amorphous structure (related with XRD results), the surface morphology of all the samples
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(0.1M,0.15M,0.2M and 0.25M) presented a rough surface morphology with a small grains size.

Obviously, the grain size increases at high molar concentration precursor due to crystallinity

improved in the films which related by XRD results.
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Fig 4.15: The SEM images of In2O3 thin films deposited at various molar concentration precursor

(0.05M, 0.1M, 0.15M, 0.2M and 0.25M) for indium acetate.

4.2.4 Compositional properties:

The chemical compositional analysis of In>Os3 thin films prepared at various molar concentration
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precursors are presented in figure 4.16, it shows the presence of In and O in all the samples at
different molar concentration precursor (from 0.05M to 0.25M). Also, the atomic and weight
percentages of these elements in the films were tabulated in table 4.4. The atomic and weight
percentage of In increases with rising of molar concentration while the films are rich of O atoms.
Thus, EDX elemental analysis confirmed the In/O atomic ratio increases (defined as In
concentration in O) as~ 0.034%, 0.04%, 0.05%, 0.049% and 0.06% in InoO3 thin films deposited
at various molar concentration 0.05M, 0.1M, 0.15M, 0.2M and 0.25M respectively.

Table 4.4: The atomic and weight percentage of In and O for In,Os3 thin films at different molar

164

85

concentration.
Molar Elements
concentration Wit% at%
In O In O
0.05 3.33 96.67 3.33 96.67
0.1 4.6 95.40 4.60 95.40
0.15 5.15 94 85 5.15 94 .85
0.2 476 95.24 4.76 95.24
0.25 6.50 93.5 6.50 93.50
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Fig 4.16: The EDX spectra of indium oxide thin films prepared at various molar concentration
precursors.

4.2.5 Optical properties:

The optical transmittance spectra with a wavelength from 290nm to 1100nm of In2O3 thin films
obtained at various molar concentration precursors are shown in figure 4.17. This figure shows
that all the samples have a good transmittance in the visible region (400nm-800nm). The
transmittance value was found higher in the range 87.18%-92.51%in the visible region with a
sharp fundamental absorption edge. So, the transmittance of the films has been found higher due
to improvement of crystallinity leads to decrease in optical scattering and defects [111,112]. The
absorption edge in the region (A<400nm) investigated the red shifted with increasing molar

concentration Precursor.
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The band gap of In2O;3 thin films was calculated from the (ahv)?® versus photon energy (hv) by
extrapolation of the straight line of the plot (ahv)? versus photon energy (hv) for the different
molar concentration precursor, as shown in figure 4.18. The variation of energy band gap for
indium oxide thin films as a function of molar concentration precursor is presented in figure 4.20.
It is observed that the values of band gap reduces from 3.13eV to 2.97e¢V , this variation
attributed the improvement of crystallinity and increases of crystallite size of the films which
leads the quantum confinement[169].Ali et al [170] reported that the increasing molar
concentration precursor causes an increase in the density of charges and then every electron is
effectively surrounded by an exchange and correlating hole that lowers the energy level of the

electrons, and the conduction band is shifted downwards.

transmission %
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Fig 4.17: The transmittance spectra of InoOs thin films prepared at different molar concentration

Precursor.
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Fig 4.18: The plot(ahv)? versus photon energy (hv) of In2O; thin films prepared at different molar
concentration precursor (0.1M, 0.15M, 0.2M and 0.25M).

The Urbach tail was estimated from the (Ina) versus photon energy (hv) by taking the reciprocal

slope of the straight line for indium oxide thin films deposited at various molar concentration

precursors as shown in figure 4.19, the variation values of width of band tail as function molar

concentration precursor increases from 0.233eV to 0.307eV with rising of molar concentration

pPrecursor.
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Fig 4.19: The plot of In(a) as function molar concentration precursor ( indium acetate).
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Fig 4.20: The variation of band gap energy Eg and Urbach energy Eu as function molar
concentration precursors.

4.2.6 Electrical properties:

The figure 4.21 presents the variation of electrical resistivity at different concentration precursor
(indium acetate). As the result, the electrical resistivity is reduced from 6.46x102 to 1.13x102
().cm at molar concentration precursor from 0.05M to 0.25 M, it proves that the improvement in
crystalline quality. This result is good agreement with last studies of prepared cobalt oxide thin
films[171]. RaviShankar et al [172] reported that the electrical resistivity of the films decreases
with increasing film thickness. Grain boundary scattering of free electrons in thicker films is less

than in thinner films because of larger crystallite sizes.
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4.3 Comparison:

The previous literature , Yahia et al [124] prepared the indium oxide thin films at different molar
concentration precursor (they used nitrate indium as a precursor )by sol-gel spin coating process.
They found that:

1. Indium oxide films have a polycrystalline structure with a preferred orientation along
(222) at all the samples with the decreasing of crystallite size.

2. High transmission in the visible wavelength (400-800nm) with narrowing of optical band
gap (4.04-3.88eV).

3. The electrical conductivity increased from 5.8 to 25 Q.cm™'with increasing of molar
concentration precursor.

We deposited the indium oxide films at various molar concentration precursor (used the indium
chloride as precursor) by sol-gel spin coating process. We obtained that:

1. The films have a strong crystallinity at all the samples with change the growth direction
from [111] to [100]. The crystallite size increased with the increase of molar
concentration precursor. The films shows a strong crystalline.

2. All the samples have a good transmission in the visible wavelength region with the reduce

of optical band gap.

3. The electrical resistivity decreased with increasing of molar concentration precursor.
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Indium oxide films deposited by using acetate indium as precursor with varying of molar
concentration, we found that:
1. The films have a crystalline structure with preferred orientation along (222) and
the increase of crystallite size.
2. All the samples have a high transparency in the visible region (400-800 nm) with a
red shifted of optical band gap.
3. The reduction of electrical resistivity from 6.46x10% to 1.13x10? Q.cm.
As the result, we deduce that the films prepared at InClsprecursor are better than the films
deposited at indium acetate and indium nitrate precursor to continue the other effects. These films

can be applied in photovoltaic and optoelectronic applications.

Conclusion:

The effect of molar concentration precursor for indium chloride (InCl3) and indium acetate
CsHgInOs achieved that the rising of film thickness. The X-ray diffraction presented the
polycrystalline structure of the films for each precursor (indium chloride, indium acetate). For the
precursor InCls; the films change the direction growth from [111] to [100], at 0.15M the films
have a strong crystallinity when the weak peak appeared, but regarding the precursor indium
acetate the films have a strong and preferred orientation along (222) with disappeared of weak
peak . The surface morphological of In2Os thin films at each precursor (InClzandCsHoInOs) is
uniform and homogenous with increasing of grain size. The films at each precursor s solution
have a good transmittance in the visible wavelength (400-800nm). The optical band gap reduces
with increasing molar concentration precursor. The increasing of molar concentration precursors
(InClzs and CsHgInOs) improves the electrical conductivity with the reduction of electrical

resistivity.
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Introduction:

It 1s axiomatic that the properties of InoO3 thin films have optimized by synthesized different
deposition parameters such as molar concentration precursor, film thickness, pH solution,
annealing temperature and dopant concentration, etc. However, Indium oxide doped with metals
has been widely used for numerous applications in optoelectronic devices (Sn doped In,03 and
Cd doped In;03)[115,116], in humidity sensor (N1 doped In,O3)[175], used as electrodes (Zn
doped In203)[176] and etc. This part illustrates the detailed results and interpretation obtained
from the preparation and characterization of Sb-doped In>Os thin films and Ba-doped In20O3 thin
films deposited using sol-gel spin coating method. Doping with Sb and Ba is primarily done to
achieve high transparency, crystallinity and high conductivity of indium oxide thin films to apply

in the optoelectronic and photovoltaic applications.

5.1 Influence of Sb-doping In;0:s:

At our studies, we have doped InoO3 by Sb while Sb have a smallest ionic radius than In, the
films were deposited by sol gel spin coating method to improvement the structural, optical,
morphological and electrical properties. However, the influence of Sb concentration on the
properties of InoOs3 thin films 1s also discussed in detail and to achieve high quality of properties
for optoelectronic application.

5.1.1 Structural properties:

The X-ray diffraction spectra for undoped and Sb-doped indium oxide thin films deposited on
glass substrates by sol gel technique are given in figure 5.1. The spectra indicate that all the films
are polycrystalline in nature and crystallize in a cubic structure according to JCPDS card (06-
0416).No phases corresponding to antimony or any other antimony compound have been detected
in the XRD patterns. In contrast, the films at0% and 3%Sb concentration have a preferred
orientation along (222) plane. The growth along the predominant (222) plane may be attributed to
minimization of the crystal surface free energy[177], it is clearly observed at 6% and 9% Sb
concentration have a preferred orientation along (400) plane which revealed that the growth of
the films change the direction from [111] to direction [100], The other weak peaks in XRD
patterns correspond to (211), (440) and (622) planes appeared in samples obtained at undoped
and Sb-doped In20Os(3%concentration). This peaks revealed the strong crystallization of the
films. However, the increasing of doping by Sb lead to disappearance in intensities of XRD peaks

corresponding to lattice planes such as (211), (440) and (622), it attributed to imply the presence
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of a large number of vacant lattice sites, destroyed periodicities in some crystal planes and local
lattice disorders[136]. The XRD patterns shows no diffraction peaks for Sb>O3 phase which due

the complete miscibility of Sb components in the proposed composition [178].
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Fig 4.1: The XRD patterns of undoped and Sb-doped indium oxide thin films.
The lattice constant and stress were estimated using the equation (2.3) as shown in table 5.1; it
can be seen the lattice constants are less than the bulk value (10.118A°) at increasing of molar
concentration for Sb (3%, 6% and 9% ). This reduction attributed to ionic radius of Sb** (0.76A°)
is smaller than that of In"® (0.8A°), the substitution of Sb on In sites in the In.Os lattice can

decrease the lattice constant, the stress has a negative values due to compressive in the lattice

parameters.
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Table 5.1: Structural parameters information of prepared Sb-doped In>Osthin films for different

concentration of Sb.

Samples hkl 20(degree) Calculated parameters Reference parameter  Stress
planes Lattice d- (JCPDS card No 06- (Gpa)
constant a spacing 0416)
(A) (A)

0% Sb (222) 30.69 10.093 29108 -0.0647
3% Sb (222) 30.68 10.094 29141 ap=10.118 A -0.0524

6% Sb (400) 35.44 10.128 2.5328 d=2921A 0.022
9% Sb (400) 35.49 10.116 2.5291 20 =30.58 -0.0044

Figure 5.2 presents the variation of crystallite size, strain and dislocation density of Sb-doped
indium oxide thin films using the equations ((2.4), (2.5), (2.6)) respectively. However, it noted
that the crystallite size reduces from 42.10nm to 13.23nm for increasing of Sb doping
concentration; this reduction in crystallite size suggests decreased crystallinity with increased

grain boundary. The reduction in crystallite size is attributed to the enhancement in the density of

nucleation centers in the doped films. Since the 1onic radius of the Sb>* ion (0.76 A) is smaller
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formation of lower quality films with Sb doping concentration[ 181].

than that of the In** ion (0.8 A), there is a creation of compressive stress in the films on Sb
doping| 179]. Ajili et al[ 180] reported that the decrease of crystallite size may be attributed to the
increasing number of centers during incorporation of the doping into the host material . Also, the

dislocation density and strain increase with increasing of Sb doping concentration indicate the
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Fig 5.2: The variation of crystallite size D, strain € and dislocation density with Sb doping
concentration.
Figure 5.3 shows the different values of texture for the orientation (222) and (400) planes at Sb
doped indium oxide thin films from XRD data to indicate the degree of preferred orientation of
Sb-doped In2Os thin films. As the results, it observed at undoped film the texture is higher at
direction [111], it indicates the preferred orientation along (222) and a lack growth at [100] when
Sb-doped film the texture has a higher value at the direction [100] which investigates the
preferred orientation along (400) with a less growth at direction [111]. This proves that an
increase in preferred orientation corresponds to an increase in the number of grains in that

plane[182].
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Fig 5.3: The texture coefficient TC(hkl) for Sb doped indium oxide thin films.
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5.1.2 Morphological properties:

The SEM images of Sb-doping In>Osfilms are given in figure 5.4. It is clearly observed the non
spherical, island growth consisting of continuous grainsof all the samples. It is also see the
uniform and homogenous surface of Sb-doped In>Osthin films. Hence, it was found the grain size
decreased with increasing of Sb concentration which was found to be in agreement with the
decrease of crystallite size calculated from XRD profile of the samples using scherrer's formula.

From the XRD and SEM results, it is concluded the doping Sb metal ion reduces the grain size.

SEM HV: 15.0 kV WD: 6.83 mm | | VEGA3 TESCAN SEM HV: 20.0 kV WD: 7.11 mm | | VEGA3 TESCAN

View fleld: 278 pm  SEM MAG: 100 kx 5 pm View fleld: 2T.8pm @ SEM MAG: 10.0kx 5pm
Det: SE Duarte({midiy): 02708721 LPCMA-Biskra Det: SE Date{mJ/diy): 03/08/21 LPCMA-Biskra

SEM HV: 20.0 KV WD: 7.21 mm | | | VEGAZ TESCAN SEM HV: 20.0 kV WD: 8.38 mm | | VEGAZ TESCAHN

View field: 27.8 pm  SEM MAG: 10.0kx 5 pm View fleld: 278 pym  SEM MAG: 10.0kx 5pm
Det: SE Date{midiy). 0308121 LPCMA-Biskra Det: SE Date(m/dfy): 03/08/21 LPCMA-Biskra

Fig 5.4: The SEM images of Sb-doped In20O3 films deposited at various Sb doping concentration.
5.1.3 Compositional properties:

The elemental analysis of undoped and Sb-doped In2Os thin films was made by dispersive X-ray
spectroscopy. The EDX spectra of In2Os: Sb films (figure 5.5) confirm the presence of Sb, O and

In atoms in the films. The weight and atomic percentage compositions of In, Sb and O in the thin
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films are presented in table 5.2. It noted that the amount of In element decreases with increasing

Sb content, which very well supports the successful substitution of dopants in the In sites.
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Fig 5.5: EDX spectra of undoped and Sb-doped In20Os films.
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Table 5.2: Results of quantitative elemental analysis of Sb-doped In>O3 thin films.

Elements
Samples Wit% at%
In Sb O In Sb O
0%Sb 63.39 0 36.61 19.44 0 80.56
3%Sb 44.55 13.56 41.89 12.44 3.57 83.93
6% Sb 39.64 14.65 45.70 10.39 3.62 8599
9% Sb 40.89 19.35 39.76 11.87 5.3 82.83

5.1.4 Optical properties:

Figure 5.6 presents the optical transmittance of prepared thin film samples with various Sb
doping concentrations using UV-Vis spectrophotometer at wavelength range 200-1100nm. It is
found that the undoped and Sb-doped indium oxide films exhibit a high transmittance in the
range 84.69%-99% in the visible region with a sharp fundamental absorption edge. This sharp
fall in transmission near the fundamental absorption edge i1s an identification of the good
crystallinity of the films[183]. In contrast, the high transmittance with Sb doping concentration
proves a lower scattering light and it may be ascribed to the improvement of stoichiometry[184].
The absorption edge in the region (A<400nm) investigated the blue shifted with increasing of Sb
doping concentration, this is observed in the first case as shown in figure 5.6 (inset); we can

conclude that the direct transitions dominate in undoped and Sb doped indium oxide thin films.
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Fig 5.6: Optical transmittance spectra of Sb doped In20s3 thin films.

The band gap of InoOsfilms was estimated by extrapolation of the straight line of the plot of
(ahv)? versus photon energy (hv) for various Sb doping concentrations, as shown in figure 5.7.
However, the variation of band gap energy for Sb-doping InoOs thin films as function of Sb
doping concentration is presented in figure 5.9. It is obviously observed that the values of optical
band gap energy increases with increasing of Sb doping concentration from 3.18eV to 3.32 eV,
this variation attributed to increase Sb concentration which creates free carriers in the host In20x.

The excess electrons occupy the lowest states in the conduction band and enhance the effective

band gap. This behavior is called Burstein-Moss (BM) effect| 1 85].
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Fig 5.7: plot of (ahv)? as function (hv) for different concentration of Sb doping In>Osthin films.

Urbach energy of Sb doped In20s3 thin films was estimated from the optical transmission by using
the plot (Ina) as function (hv) and fitting the linear portion of the curve with a straight line. The
reciprocal of the slope of this linear region yields the value of Eu as presented in figure 5.8. The
Eu values were found to reduce from 0.487eV to 0.219eV with increasing of Sb doping

concentration (see figure 5.9).
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Fig 5.8: The plot of In(a) as function hv for Sb-doping In,Os3 thin films.

3,34
0.50
3,32 & u
3,30 ./ 0,45
3,28 0.40
< 326 >
% 0.35;*
L 3.24 LLJ
0.30
| e 8
3,20 \ 0,25
.H
3,18 n u
0,20
3,16
0 2 4 6 8 10

Sb doping concentration
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concentration for Sb-doping In>O3 thin films.
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5.1.5 Electrical properties:

The variation of electrical measurement of Sb-doped In2Os thin films as a function of Sb-doping
concentration is given in table 5.3 (figure 5.10). The electrical resistivity increases from 0.00887
Q.cm to 1.563Q . cmand electrical conductivity reduces from 0.11Q".cm™ to 0.64Q".cm'with
rising of Sb concentration, the undoped In203 thin films exhibit low resistivity due to the native
defects of oxygen vacancies and indium interstitials[ 1 86]. As Sb doping, the electrical resistivity
increase from 0.00887€2.cm at Owt % Sb to 3.990Q) cm at 6wt% Sb concentration. It is known that
Sb atoms are expected to be acceptors when substituting In atoms in In203. In the other side, the
reduction of electrical conductivity attributed to the mobility of the electrons decreases and the
impurities may precipitate, resulting in defect structures which would trap electrons to cause an
increase in resistivity. Further, because the films are polycrystalline 1n nature, the high resistivity
could be due to grain boundary effects[179]. At 6% Sb concentration, the electrical resistivity
decreased while the conductivity increased from 0.25 to 0.421Q'.cm !due to the reduction in

lattice distortion.

Table 5.3: The variation of electrical measurement as function of Sb doping InO thin films.

Sb doping Resistivity (Q.cm) | Conductivity(Q'.cm™!) | Sheet resistance
concentration Rsh (Q/o)
Owt% 0.00887 L1275 658.13

3wt% 1.563 0.641 7.10x10°

6Wt% 3.994 0.25 5.05%x10°

W% 2:37 0.421 5.71x10°
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Fig 5.10: The variation of electrical resistivity and conductivity as function Sb doping

concentration.

5.2 Influence of Ba-doped In;O; thin films:

At last studies, we obtained the films doped with small ionic radius of Sb compared by In atom.
Similarly, we prepared the films by bigger ionic radius such as Ba atom, Ba-doped In2O3 films
were deposited using sol gel method (spin coating). The films obtained were characterized by
XRD, UV-Vis, SEM and four point probe to achieved a high crystallinity, high transmittance,
good surface morphology and high electrical conductivity for applied in optoelectronic and
photovoltaic devices.

5.2.1 Structural properties:

Figure 5.11 presents the X-ray diffraction spectra for undoped and Ba-doped indium oxide thin
films deposited on glass substrates by sol gel technique. The XRD results shows that all the films
are polycrystalline in nature and crystallize in cubic structure according to JCPDS card (06-
0416), it can be seen that no phases corresponding to barium have been detected in the XRD
patterns. As the results, the undoped indium oxide thin films have a preferred and stronger
orientation along (222) plane due to free energy surface of the formation of the main planes of the
In>Os bixbyite phase, the (111) texture is expected since the high atomic density (111) plane of
the bixbyite presents a lower surface free energy plane, as it has been previously
discussed| | 87]with weak peaks such as (211), (400), (440) and (622) correspond the angle
21.47°, 30.69°, 35.5°,51.12°and 60.80° respectively which due a strong crystalline. In the other

hand , the films at different Ba doping concentration have a preferred orientation along (400)
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plane which revealed that the growth of the films change the direction from [111] to direction
[100], this phenomenon may be due a factor: that the increasing of growth along (400) lead to
prevent the incorporation of oxygen in the structure, the growth along (222) indicates the films
contains sufficient oxygen[188].Wang et al [156] reported that The incident indium species reach
the substrate surface. Such In species will play a key role by acting as an auto surfactant that
lowers the surface free energy difference between the(001) and (111) surface The same trend was
observed in previously reported Ga doped ZnO [189] The weak peaks are disappeared at Ba-
doped In20O3 films corresponding to lattice planes such as (211), (440) and (622), it revealed that
the decrease of crystalline quality. This 1s attributed a newer nucleation centers reach saturation
[190] and the difference of ionic radius between Ba>*(1.42A) and In**(0.80A), when a large
number of Ba’'replace In’*in lattice sites substitutionally, lattice distortion is intensified,

resulting in larger strain in the films and consequently affecting the normal growth ofIn2Oscrystal
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Fig 5.11: The XRD patterns of Ba-doped In2O3 thin films at different Ba concentration.
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Table 5.4: The XRD parameters of Ba-doped In20O3 films.

Ba hkl 20(degree)  Calculated parameters Reference parameter
concentration  planes Lattice d- (JCPDS card No 06-
% constant a  spacing 0416)
(A) (A)

0 (222) 30.69 10.093 29108 ao=10.118 A

3 (400) 35.59 10.088 2.5220 d=2921A

6 (400) 33.52 10.107 2.5269 20=3058

9 (400) 35.49 10.116 2:3291

The crystallite size, strain and dislocation density values were calculated from XRD patterns of
In2O;3 thin films at different Ba-doping concentration (0%, 3%, 6% and 9%); these values are
presented in table 5.5. As can be seen, the lattice constant for undoped and 3, 6 and 9% Ba doped
are less than the value of standard bulk In203 (10.118 A) lead to contraction of lattice parameter
due to interstitial doping (Ba**ions occupy interstitial sites).The variation of lattice confirmed by
the values of stress which have a negative values attributed to compressive in the lattice structure.
Montazeri et al[ 191] reported that Ba?*(1.4 A) has bigger 1onic radius than In>* (0.80A), so this
anomalously shifts occur only when Ba incorporated into InoO3 by interstitials. The crystallite
size 1s decreased from 26.31nm (0%Ba) to a minimum 24.59 nm for the In203 thin film doped at
3 %. However, opposite tendency is observed for 6% Ba doping level; that is, the crystallite size
is found to increase to reach value 30.26 nm. After that, the crystallite size decreased again 26.47
nm for the 9% Ba doped thin film, almost similar to undoped one. This behavior of the crystallite
size may be explained by the improvement and deterioration of the crystalline state of the films.
In addition, the obtained values of strain were varied from 1.47x107to 1.14x103and dislocation
density were varied from 1.09x10" line/m” to 1.44x10" line/m” for undoped and Ba doped thin
films. The minimum value of strain and dislocation density ( 1.14x107, 1.09x10" line/m?) have
been recorded for the films doped at 6% shows that this film is less strained which might be due

to good crystallinity.
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Table 5.5: The variation of calculated parameters from XRD patterns of undoped and Ba doped

In>Os film at different Ba concentration.

Ba concentration Crystallite size  Strain € x 10  Dislocation Stress GPa
(%) D (nm) density o
(line/m?) x10"
0 26.31 1.3 1.44 -0.0647
3 24.59 1.47 1.65 -0.066
6 30.26 1.14 1.09 -0.022
9 26.47 1.30 1.42 -0.0027

To describe the preferred orientation and the change direction of the films with doping Ba can be

calculated the texture coefficient at the orientation plane (222) and (400). However, the figure

5.12 presents the variation of texture coefficient TC (hkl), as the increase of Ba concentration the

value of TC (222) decreases and the value of TC(400) increases it is due to the change direction

of growth the films along the increasing of Ba concentration. The higher value of TC (400)

proves the preferred orientation at Ba-doped indium oxide and the highest growth at this

direction.
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Fig 5.12: The texture coefficient TC(hkl) of Ba doped indium oxide thin films.

5.2.2 Morphological properties:

Figure 5.13 presents the SEM images of undoped and Ba doped In2O3 films fabricated by the sol

gel spin coating technique with a different barium mol. % concentration. Surface morphology
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analysis shows that undoped and 9mol. % Ba doped In;Os thin films exhibit uniform, dense
grains and smooth surface due to good crystal quality of the films. Obviously, the grains size

reduced at higher Ba doping concentration (9mol. %) This confirmed the XRD results.

L]
SEM HV: 15.0 kV WD: .83 mm | | VEGAZ TESCAN SEM HV: 20.0 kV WD: 7.58 mm | | VEGAI TESCAN

View fleld: 278 pm = SEM MAG: 100 kx 5pm View field: 27.8 yum | SEM MAG: 10.0 kx 5 um
Det SE Date{m/diy): 02/08/21 LPCMA-Biskra Det: SE Date{m/d/y): 03/08/21 LPCMA-Biskra

Fig 5.13: The SEM image of undoped and Ba doped In2O3 films at 9mol.%.
5.2.3 Compositional properties:
The EDX spectra of undoped and Ba doped In>O3; at 9mol. %are shown in figure 5.14. As the
results, it confirms the presence In and O, the prominent peaks of Ba are also noted in the EDX
patterns of doped sample. The weight and atomic percentage compositions ofIn, Ba and O in the
thin films are presented in Table 4.6. It is clearly seen from the table thatthe amount of In element
decreases with increasing Ba content. This result based on peak broadening and peak shifts in

XRD patterns provide indirect evidence for successful incorporation of Ba into InoO3 lattice[ 191].
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Fig 5.14: The EDX spectra of undoped and Ba doped In20O3 films at 9mol%.
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Table 5.6: The weight and atomic percentage of element for undoped and Ba doped In20s films at

9mol%.
Elements
Samples Wit% at%
In Ba 0) In Ba O
0%Ba 63.39 0 36.61 19.44 0 80.56
9%Ba 47.13 4.53 48.34 11.84 0.95 87.20

5.2.4 Optical properties:

The optical transmittance of deposited thin film samples at various Ba doping concentration is
shown 1n figure 5.15. As the result, the transmittance of all the samples in the visible region (400-
800nm) 1s higher (varied between 86.36%-96.68%) due to high crystallinity of the film,
homogeneity and less scattering light. In contrast, the transmittance of the undoped indium oxide
film is lower than the transmittance of Ba doped In2Os3 film which is increased with increasing of
Ba doping concentration. The high transmittance of Ba doped In2O3 film could be used as a
window layer in solar cells. On the other side, the films have a good absorption in the ultra violet
region (<400nm), while the absorption edge corresponds the transmission from the valence to the

conduction band[192]; the absorption edge achieved a blue shifted of the optical band gap as

shown in figure 5.15.
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Fig 5.15: The transmittance of undoped and Ba doped In20s3 film at various Ba doping

concentration.

The optical band gap (Eg) of Ba doped indium oxide thin films estimated by using the
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extrapolation of the straight line of the plot (ahv) ? as a function (hv) (see figure 5.16).In
addition, the tail energy or Urbach energy Eu was estimated by taking the reciprocal slope of the

straight line of plotting Ln(a) against the photon energy (hv) (see figure5.17).
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Fig 5.16: The plot (chv)? against the photon energy incident (hv) of undoped and Ba doped In2O3
thin films.
The variation of band gap energy and Urbach energy presents in figure 5.18, it is clearly observed
the band gap have inversely variation with Urbach energy. However, the band gap increases with
increasing Ba doping concentration due to increase of Fermi level in conduction band attributed
to Burstein Moss effect is responsible for the increase of energy band gap[193]. The Urbach
energy reduces from 0.487 t00.273 eV with increasing of Ba doping concentration. This behavior
proves that the degree of structural disorder decreases with the increase of Ba concentration and

indicates the improvement of the films crystal quality.
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Fig 5.17: The plot Ln(a) as function photon energy incident (hv) for undoped and Ba doped

indium oxide thin films.
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Fig 5.18: The variation of optical band gap energy Eg and Urbach energy Eu at various Ba doped

concentration.
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5.2.5 Electrical properties:

The electrical measurement of undoped and Ba doped indium oxide film is shown in figure 5.19.
As the result, the electrical resistivity values are increased from 0.088 to 4.72x10° Q.cm may be
due to some Ba atoms became defects in the structure of the film when the Ba atoms occupy the
interstitial sites, which acts as a carrier traps rather than electron donors. In contrast, the electrical

conductivity reduces with increasing of Ba concentration as the reason of deterioration of

crystallinity which related with XRD patterns.
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Fig 5.19: The variation of electrical resistivity and electrical conductivity of undoped and Ba

doped indium oxide films.

Conclusion:

It can be concluded the doped indium oxide thin films 1s successfully with doped by Sb and Ba
atoms by varied the molar concentration of this atoms using the spin coating sol gel method. The
XRD patterns of Sb and Ba doped indium oxide films shows the change direction and the
preferred orientation peak from (222) to (400). The transmittance of doped indium oxide is higher
in the visible range (400-800nm). The band gap reduced from undoped film to doped film. The
surface morphological of undoped and doped indium oxide thin films is smooth and uniform with
the reduction of the grain size at higher Sb and Ba concentration. The electrical resistivity
increases with the increasing of Sb and Ba concentration in the film. So, the Sb and Ba atoms

revealed that no amelioration in the electrical resistivity while contributed in the rising of

transmittance which can be applied in window solar cells.
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1. General conclusion

From our studies, it can be concluded from the results of indium oxide prepared by sol gel spin
coating method on glass substrate with influence film thickness, pH solution ,molar concentration
precursor (Indium chloride In>Cls, Indium acetate CsHoInOs) and Sb ,Ba doped concentrations

are investigated the properties of such as:

e Film thickness:
The influence of film thickness exhibits The X-ray diffraction analysis presented that the
deposited thin films were polycrystalline with cubic crystal structure and a strongest preferred
grain orientation along the (222) plane. In addition, the crystallite sizes enhancement with the
thickness growth, it increases from 14 to 27 nm. Also, SEM images revealed the homogenous
and uniform distribution without any voids or cracks. The EDX spectra confirmed the presence of
In and O elements in the deposited films with nominal stoichiometry. Furthermore, the optical
measurements of the films have a good transmittance in the visible region above 75% with blue
shift in band gap energy from 3.37 to 3.7 eV owing to occurrence the Burstein—Moss effect.
Finally, the physical properties are globally improves the quality of In2O3 thin film by films
thickness, all these experimental results leads to conclude that prepared In,O3 thin films is a
promising candidate can be used as TCO material in optoelectronic devices such as solar cell

applications, due to its unique structural, optical and electrical properties.

e pH precursor solution:

The influence of pH solution achieved that the XRD patterns presented that the films have a
polycrystalline structure with preferred orientation along (222) plane corresponding to In20s3
cubic structure. The preferential growth in the (222) plane for films reduces at higher pH
solution. SEM i1mages showed homogenous, smoothing surface and uniform distributed and
reduction of grain size. EDX spectra achieved the presence of In and O elements in the prepared
films and Na element start appeared at the adding NaOH solution with their atomic (at %) and
weight (wt %) percentage. UV-Vis spectroscopy showed the high transmittance of the films
reaches to 80.55% in the visible region. Furthermore, the optical band gap (Eg) increase from 3 to
3.15eV and Urbach energy vary between 0.15 -0.38eV. The electrical measurement showed that

the electrical conductivity decreases with rising pH solution. From this result, we conclude that
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the prepared In2Os5 films can be used as a window 1n solar cells device.

e Precursor solution:

The effect of molar concentration precursor indium chloride investigated that the XRD patterns
showed the films have a polycrystalline structure with a strong and preferred orientation (222)
plane at 0.1M and 0.15M, the growth of the films change the direction at 0.2M and 0.25M from
[111] to [100] plane with the increasing of crystallite size and decreasing of defects in the films.
SEM images presented the homogenous and uniform distribution of grain in the films. EDX
spectra showed the presence of In and O atoms 1n the films. The transmittance of indium oxide
thin films is higher in the visible wave length range. The optical band gap reduced from 3.27 to
3.01 eV and Urbach energy increase from 0.2 to 0.71eV. The electrical resistivity decreases from
30.9 to 0.03 Q.cm. The films thickness increases with increasing of In and O content in the films.
On the other hand , the properties of the films deposited at molar concentration precursor indium
acetate presented by X-ray diffraction analysis which achieved that the films have a crystalline
structure with strong orientation a long (222) plane. The transmittance of the films is higher
which reaches to 95.8% in the visible wavelength region. Optical band gap reduced from 3.12 to
2.97 eV while the Urbach energy increased from 0.23 to 0.30 eV. The film thickness increased
with rising of molar concentration to be thicker for improvement the electrical conductivity by
reduction of electrical resistivity. We conclude from the results that the films prepared at
InClI3precursor are better than the films deposited at indium acetate precursor to continue the

other effects. These films can be applied in photovoltaic and optoelectronic applications.

¢ Sb and Ba doping In:0O; films:

The effect of Sb and Ba doping concentration achieved that the structural properties of doped
films revealed by XRD patterns which confirms the polycrystalline structure with a cubic byxbite
structure. The growth of the films (Sb and Ba doped In203 thin films) change the direction from
[111] to [100]. For the smallest 1onic radius of Sb, the lattice parameters are less than the bulk
value of indium oxide which proves the contraction in the structure lattice while the crystallite
size decreased at rising of Sb concentration. Furthermore, the big ionic radius of Ba has occupied
interstitial sites in the structure of the films which leads to reduce the crystalline quality, increase
the defect in the structure of the films (grain boundaries) and the decrease of lattice constant. The

SEM images of undoped and Sb doped indium oxide films showed the homogenous and the
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reduction of grain size at rising of Sb concentration while the SEM 1mages for undoped and Ba
doped indium oxide films presented the smoothing surface and the increasing of grain boundaries
in the films. The EDX spectra revealed the presence of In, O and Sb elements for undoped films
Sb doped indium oxide films and In, O and Ba for Ba doped indium oxide thin films. The
electrical resistivity for Ba and Sb doped In2O3 films increased (from 0.008 to 4.72x 10° Q.cm)
(from 0.008 to 3.99 Q cm) respectively with the decreasing of electrical conductivity according.

We conclude that the doped indium oxide film can applied in optoelectronic applications.

2. Perspectives

As the results of this study, the following future research is indicated:

® Studying the effect of Sb and Ba codoped In>Osthin films in order to improve

the structural, optical, and electrical properties of In>Os thin films.

® Elaboration of In2Os3 thin films by varying other parameters like speed coater, the

substrates and solvent... .etc.

® Additional characterizations, such as Raman spectroscopy, Hall effect measurements,
and the investigation of current-voltage (I-V) properties as a function of temperature,

are required.

® [nvestigating the use of deposited films in PN junctions, photocatalysts, and
antibacterial applications, among others.

e Studying the magnetic properties of undoped and doped In>O3 thin films.
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