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Research Title: Development of ZnO transparent conductive thin film doped with
Indium and Gallium fabricated by Sol-gel process for transparent

electronics
Researcher:  Assoc. Prof. Dr. Wisanu Pecharapa

Faculty: College of Nanotechnology

Abstract

In and Ga doped ZnO transparent thin films were prepared by sol-gel dip
coating technique onto glass substrate. Zinc Acetete dihydrate were used as starting
precursor. The enhancement of optical properties was obtained by In and Ga dopant
with various doping contents. Indium acetate and gallium nitrate were chosen as
doping precursors of In and Ga, respectively. The effects of In and Ga dopant on the
structure, and important optical properties were studied. Transmission spectra show
that the prepared thin films have high optical transparency over 90%. XRD results and
SEM images exhibited the significant change in the film’s morphologies and
crystallinity. From these experimental results, it is acknowledged the influence of
important parameters on crucial properties of the prepared fitms that could be
proposed for film deposition on both glass and flexible substrates.

Keywords: ZnQ thin film, dip coating, In and Ga doping
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Lifvasuwanldhefiaudiniuaiinadeezgiiiounasunafounsiidnuusiviioudinzd
13 5 - = & - 0 = 13 -
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2.1.4 Fnsluana (Sol-gel method)

miwssuasaraelvanamdumanisuansansiifesnsmuanstidiladldinies
muanswiaulinuieu amufeursiumnssduiildasuandinasifianissudaudu
wusglfifuasilminufideanis §9itasazarelvanaiitunouluniaedonasitl
gaen Fuyus awnsovilussuuiibiliszuugaannelduazannsanivauuinimns
Boans Wawduuasliiulvawa Sovdestsiinaiafiannsohasiedonls diluiuans
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UijAsenfidiy Ae Ugﬂ'saﬂs‘[ﬂﬂaqja (Hydrolysis) UfjAsan1saivuiuresin (Water
condensation) wazUfieinsaruniuvesieansgad (Alcohol condensation) 64
aunnsil 1-3

Ufsenlalaslade; M—0-R+H,0-M~-0H+R—-0H (1)

YRS msRIvLdLYeNi: M~ OH+ OH-M->M-0-M+ H,0 @
Uiienismuiiuges
woanegnd:

M-—0—-R+0OH—-M->M-0—-M+ R—0H Q)

J
o o L7

v o o = w o 1 a
Pnaumsasiulidfitadefiddyidewadsanisifiaufisen dufe Aanudunsn-

v
o b s

wa fsaljisen shsndusenitniuazansiwiu uazguugil Astniluannisuazteuly
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2.2 ATINUNIUTTUNTSN/a15aUmd (information) Mtnandag

iddluiiagtuldiinsfnuuasinisuiduusdedesnladieisivarnuans Jald
srusmmAdeiue Adimsfneidnawdey nulufinafslssdnsamBsdoenied e
unsinwduiusznevlunsvihaewided swdwnuduluiduasusslonilunsidom
nnlassadiefiraamsane 9 nnsnumuunaeidenuin wisuiduuidadeenledi
Rashesglavs annsadfiulssdvinwnisvihnueesdeiesnledldlasamsandinidui
FedunmldanAanuiumudasivanauanrifiduuidiedeulsilnilgaty oy

Mamat waedsadde [14] Tdvhnsideuasimsuniniaifiusedninm  Sedeenten
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wouilarfuduviliarudnunmiiiniiu fawanslugui 2.8

Yang wagfsmide [16] lavinnns@inuildu 1I6ZO (In;05:Ga;05:Zn0=1:1:1 mol%) i
Ugneeinaila RF-Sputtering Alaasinilunisugnsineiu wudrdaaadunmidausiy
yaeitdn 1620 Mdrdsinilunsugneneiu fagiafudiefi1o0300 Yad A
Fruvmidasivanauaraznniuiiondnidunisugn 400-500 nd Fauandbuzun 2.9
NnraMeTeiiuivesidy 1620 Aldwdslunisugnsinediu wuduieldidsinilu
mﬁﬂqnLﬁu%u%m«ummﬁnﬁas’[wmﬁuﬁaa wandlugudl 2.10

su wazdsidde 171 lavihdnwinanszvuuasgamgiluniimiftduuns
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Ui 3

Asn1sAiuaulagy

3.1 NITEUATISHATITABITAN 9
3.1.1 ABmslwaiaa

FBnslealea (sol-gel method) iTAERlF UM TsudesanlFmsilimuuianige
annsandsuiigamgiiuazansahiuszgnslunswdnusiuiiduundld nsfnuiamn
weilailiigauseasdvarsagradulilifduudiiiganm Wrunnueseymauas Huiaf
fmansuasiannanmenseseuliilfumuh assduilihlveadudderfiandaiy
RS ddudsussBinauesunadenlunsnaglddmiuluasdeiuluns
Rh)

3.2 nsanwraNUAvesHaNUeTsAeantun

'l mytreTinalasatedndeiamadeuuieddiond mytednifivneiuiiauas
mssynueIMUesdlanTnaweaselnendaansImiBidnaseunuuanativiu  nedn
anlAvnaAiilaeissesFourier transform infrared  spectroscopy  uavmzisaniavnuelag
{381 UV-Vis spectrophotometer saRnwRansEuse vl sl lunseien

aouiivihmsveaes:  nsieseuilduunynduneunaaed  Inendeulumaluladnsy
goundratnnszte daatuwaluladnszeaundndiguvmsannssia

3.3 ansiativazaunsailvluntmaass

=t
3.3.1 anaaiiflglunnsnnans

Zinc acetate dehydrate{CH;CO0)LZn2H,0)

Absolute ethanol(C,H0}

Diethanolamine (HN(CH;CH,OH),)

Gallium(li) nitrate hydrate{Ga(NO3)s»xH,0)

Indium(ll) acetate (IN(OCOCCH,))
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- pszaniulsTawnm

3.3.2 gunsaildlunsvaaas
- A0
o =
- IATBTEYIAYIULALUINURNALABLTD
= 2 o %
- ifsBsd M URDmAaEY
A Lt =)
- IAsRsanleln
- nsnANUSaUEY
- \wrediaYranuRmslassadamdn(X-ray diffraction measurement)

= a wes, & a - = f . I .
- spdllairauiAmenuiauazausnuanuvnvesian(Field emission scanning
electron microscope)

- espdindnauTRmaeii(Fourier transform infrared spectroscopy)

d‘ o A i .
- iasileinauURmauaiUV-Vis spectrophotometer)

3.4 mawseugusseanszaniuls@aned wiuldlunsugnilay

1. WSgunsEaNvduLNawLgE

2. Agnehednasiulaiu wavdnedetnazene mssvinsyiarsluiuannile
o w 4 o o 4 o P

3, sl 10 wvisnuesasansileiia

4. dvdesElau 10 ufisewrssdansilatia
v W of o = Y) P

5. dwde lolglwwiuea 10 uidoesewansileile

[T ) o = = o
6. avliuwishemauiigamagli 100 swnwadea 20 il
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(n)

() (a)

Q)
gﬂﬁ 31 aswiifidlunuide () Zinc acetate dehydrate (W) Indium(il) acetate (A) Gallium
() nitrate hydrate (1) Absolute ethanol uag (3) Diethanolamine



€all

i é = ) J n,l ﬂ. T/ =
Uil 3.2 aunsaiflilumiAde (n) 1nSesla () wiesdansilelia (A) A mauga

1

d 1 = ﬂ. y
\wiTBaaAtaU uaz (1) wieeluniu
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3.5 pnaisuiduunsdsdennledZnOineiinsduadounaldeulunis
Wasuuwasgaumngiinnsey

1. a¥an® Zinc acetate dehydrate AIandutdu 0.2M adlu Absolute ethanot 80 ml uasz
Diethanolamine 5 ml

v = = O
2. Yunuigamgt 75°C Junm 2 Hlus
3. el w gampgiivies 24 Falue srliansaeanelvamad miuldlumaeeiiuung

4, vhensazaslearaildluiflunssuunsugnitdulngisnsduiediouiamiuia 60 Tatwns
sieuM

W oo o al " = o
5. sulfwiditeulvgamgiisineg 80, 100, 150, 200 wae 250 aIrITaLYyd Wuan 5
wavede 4. 8n 10 38U

1S &

v o odal o
6. auliwindeulvanmgiitug Wunal 10 i

° o v v = = = ar
7. lueuiiafassisrnuieugsigamgl 500°C tuussnmmn Wua 2§20 aeld
Hauunsdedoenlen

3.6 nawseNdnUsTedeanled(ZnO)lneiSnmsduatiouneldieulunisey
a8 UV-Ozone

1. avae Zinc acetate dehydrate muiGudu 0.4M adlu Absolute ethanol 80 ml Was
Diethanotamine 5 ml

v = o @
2. tumuiigamgll 75°C Wuna1 2 Tl
3. #dl¥ ou gravgiivies 24 Falue eeldanseransloaiad miuldlumsiEenMiduung

-] r-9 = 1 = é =y =
4, mmsaxmaisaamaﬁlﬁhﬂﬂumzmumiﬂqnwﬁuiﬂm%'msa;mﬂaauvnmmﬁ:] 60 fadwung
foau

5. suliudsiidioulvgamaiisineg 260 ewnwadua Wuan 5wl udwimnude 4. 8n 10
58U

v

2w ol o & ar
6. auliwisitoulvgamgiitug Wuim 10 1

7. thteushegTelouluyssenneund Wue 0 - 20 it sxldfidanddedennted

L. em B e
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3.7 nswseniauutededeaniudiiiledsunaden(GzoNngisnnsduiatou
meldRauludsuuasnBinunisige

1. azany Zinc acetate dehydrate Paandudu 0.2M aslu Absolute ethanol 80 ml uay
Diethanolamine 5 ml

2. wdu Gallium(l) nitrate hydrate amdudu 0.2M  wdallummnduduain 0 -5%at A
o as vV = o o
muddu wariumuiigamgl 75°C Wuim 2 9ol

3. Al a1 gamniivies 24 Falw eeldasasaneleawad miuldlumssSeaitaune

] d o & el ] < a o
4. thensezensleavaiildlidlunssununanfidulag B msduadouiinrin 60 adiams
o

2 o a = v o 2/ =
5. subiwkigamail 250 svniwadies Wunen 5 Wi udnimuda 4. 8n 10 seu
2w = - = =
6. suliuisngamgll 250 ssrmnwailea W 10 ui

7. Whluueuiiadomsnamsaugiigamall 500°C Tuusssimaund wWunan 2 Tl ald
Hannadedenlennianswnadon

3.8 mawstuRduunddeanludiiadaeduifien(zo)neTsnsfanassuneld
Neuluwasuuladsnnnnsiae

1. agane Zinc acetate dehydrate Aamudndy 02M adlu Absolute ethanol 80 ml uag
Diethanolamine 5 mt

2. way Indium{lll) acetate ALY 0.2M wuaduaududuain 0 5%at awmawiy wae
y A = QII
Humuiigamgll 75°C Wunan 2 Falw

3. AdlY o1 gaungiivies 24 dalie eelferseeanelvaadmivldlunasSeauune

L] oy & ol 1 o P
4. ThansazandlsawaildluflunssuunmsgniidulngiSmsuatiouiirmmngs 60 Tadums
siauh

v oowod = ot o ¥ o
5. auliuisigampdl 250 swnwaded W 5 wil udwiwude 4.8n 10 T8U
6. sulwidigamall 250 esmwalea Wune 10 u

7. dilvueuiiafewenadougsiigumanll 500°C Tuusseimaund Wuan 2 42l a2ld

'3

fiduunddaanlenmileneBufian



19

UNi 4

NANITANTUIIUINY

o, o s A oy a o P VY o =
4.1 ﬂ'l'iqlaﬂ'iqxﬁﬁil‘uﬂwuﬁquﬂaqwﬂquﬁsﬂ\iﬂﬂaﬂ‘l‘UﬂﬂLﬂﬁﬂulﬁﬂ'QH'JﬁQﬂlﬂaaU

4.1.1 mynnsiliasaisoasivselddomaiadyauuvesiidiond (cray
diffraction : XRD) _

Sl 4.1 LL'c’iﬂQTULL‘U‘Uﬂ']‘iLEd’i’EJ’JLUu%’GﬁLBﬂ%‘?J'ENWﬁMU'NIU‘i'ﬂE‘I ZnO nseulagidnslee-
WALUUTUARBY UNFIUTOINTEIN wamwnuanmqq A 80°C 100°C 150°C 200°C uas
250°C LLauua'luU'ismmﬂﬂnwamwnu 500°C Luawmm’liﬂmumimmmwaﬁaatans&
YasfiduuIIngnEenaY 6 YN Faanpadastussunu (100), (002), (101), (102), (110),
(103) Tulassaauvuienselnueadisales suludnvazauveslasaiwdnzn0 wuih
mﬁmsaumaammuawu,mﬂmanuuu’lwmaawﬁmmnmanu Tnefigamaiiousndy 250 °C
Shilvanvasdygumadouvueiiiiendideudedetuasilofugumgituain
80°C \Tu 100°C uazgamgfiigetuly Awdumansenursiiduuidlinatn Tnedanaldan
Snwardpgraiuisuvadidaay LLGiLﬁaLﬁuqmﬂqﬁameu 250°C  wuhdynes
msdenuresddiendinswdeuiasiidunsifesdaau ndnife Wegnmafieudiudu
avhlifnnsaanesvgansasattavasUsenoussiutsduudunainlideining
nszuTunsueufiaasitlfansazansuararsyssnauvaniiazgnindnoanluliietu
wananinalnfindneneliietunendndudmiunmsiadeudusaly Tunsdilluns
wauiinsiedeuiiduuivansdulunsyuiums sursdmanemuiiuvesdygin Tnges
Winduileoulugumgiifinneanisl qmuqﬁan‘tumsﬁqmeﬁﬂa'umaﬁtﬁ'u%”u wansly
wiudernulundnues zno fintu Smeasulédngamglioussrimsdaunseiilduuneey
dwansynuserruiiundnuasuunalaseiiednees Zno Mnduulalaanssuiunsdingn
dlefunmainisrerunandnasanmsveatelsos (Scherrer’s equation) salaRdiE"
[19]

p=—224 @)
Pcos8

| a o o = =) I o a
dio A Ap AnugMaduvssdianddalunaniiiagin Cu Kg (1=0.15405 nm)
B fa FWHM Tunmiae radian uas
6 #o ylumsdeuuTeIInYen
o a4 o a X = o a [y
PATaINANeRsENIRLTEIN 4 wlwaes e 17 wludwewnseesuielaeinnaln

garinamnidnmu
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002

<
o
ot

=

S 200°C
‘%‘ i A ~ e S P Y
k)

§ .

= 150C

MM 100°C
Nm-.} = SGOC

20 40 60 80
-~ 20 (deg)

= - ¥ ar ol b 1 4 o !
U 4.1 mslensinadivuresidiendvesiiduunludsla znO Nigumgiisusiie

4.1.2 mTiessiaudanusnsmsfiwioulddamatin UV-Vis Spectroscopy

sluuunsnzgEuvesianunlusdla Zno wisilagismslea-aanuuguirieu v
g1usesnszan Moamgilavsneg Toud 80°C  100°C 150°C 200°C uae 250°C wouilalu
usssneUnivigungil 500 ssrnwaldea A4asennugnady 350-700 wnluwas wanddugy
#1142 wavesruduiiusuaniIsgEveas wuligamgiouilnasoauUinuaeves
fiduun zno  Taefiduun Zno AldTaruilusdagassuansreiuluvinaeuuams
aandu Fewuindi gamgliou 250°C faaludilage uasiivouiunisganduiidaaudning
mauLeusamsmmnaumnaﬂmwwmmmamsmmmsﬂamwawan Zn0 tilesanlag
sy3uTIALY ZnO vsfimsganduuadlutiaszunn 375 uﬂummaﬂﬂmuu aamnwa‘uwm
msgandudaiaufiostsdfannudiundnues zno 7 venIniidnumEAsAEIMINAH
anumammnnamwa«uaqmsnamnﬂuwaﬂwaq Zno Tnuidloutardniivuslugdu ey
y3vsEresiuA (surface roughness) A9wanndy dwalinisdeiursiuasanasdy
\eunanfiufiilusvssasfiounaznszifaasiinnnsenuuuiiomiwesidudsaanndesiy
FuransirTsinsdgnuutesisdiond [19,20)
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100
R0 ~
9 .
£
[
< 60 -
8
=
=1
&
& 40 -
g
250°C \
20 — */
0 T T ’ T L] ' L3 L) 1 L)

1 1 =1 T 1
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wavelength (lun)

'
= =

FUT 4.2 miTwmswvinsmearturesiianunslussla Zno fignimgliausiigg

413 wameieTsinedugnAveaiiuiinfisndewansimididnnseutuudes
1519 (FE-SEM: Field emission scanning electron microscope)

namdednensnduvinewesiuiaididisanled ameldReulvgumglims
ausaq I 80°C 100°C 150°C 200°C wag 250°C muvngluzui 43 annsadanmitu
wanSesegrmuiuiasiidnwasndunwindnausssuei A wesiiduunainsa
Ussanauatld 200 wiluwes Wediugamgiionis 250°C sswuirmuavesdniisdusnasiuld

@ a:l" s oy [ oy v = ar =1 ar =i £ A
Frrutsganrdasiunamrrsvaiinulasaiwhumeiiniamsdeuressdend U

] = 4ﬂ‘ I; A n. = A
veniwwwmvssdEniwnlimsdnndvgiudlafiugamginseuiviyas
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P ) ) o ar = d‘l’ = oy & o '3 1 o o
Ul 43 amdednvasmsdasninewesiuiaitdnssieenlaineldfeulvgamaiinig
ausiney Idud (M) 80°C (@) 100°C (A) 150°C () 200°C (2) 250°C uas (a)

AAFAUNIVBHAN
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=, s uag oy & e I3 o’e: = v oo =}
4.2 Madwsizdautifuguvesidudedunseenlanniniouldneisjuiatou
meldReulanisdsuranlumssudeuasdanilalamauazlalau (euyd-
Tolaw)

- X
4.2.1 Msmasilassaiisvesansiadeulanlsmeaiinideauuvesidiond (Xray
diffraction:XRD}

sﬂ'ﬁ 4.4 LLam'sULLUUﬂﬂngaaLuwm%’qﬁmm?‘uaaﬂéumﬂﬂ%ﬂa ZnO w3sulagisnIg
19a-L98uUUTHIABBY VUFIUTRINTEIN #igaumpiiou 250°C u,a.,mwuﬂaumqmamsavm-
Tolou fiian 0, 5, 10 uas 20 Wil Iﬂa‘luummauua LJJ‘eJW%']‘im'Ti‘ULLUUﬂ’IiLﬁEJ"JL‘LIu‘HEN
Sdendraduunaysinginuenidu 6 99 FedoandoaiuszuY (100), (002), (101), (102),
(110), (103) Tulassadrauwuuienesinuea Adnles Sududnuazmuvedlasiainndn
ZnO(JCPDS 36-1451)  wulmswsBNRduUIEnTeugllateuy Frauansneiuiuly
radwiAunnsnai ‘[ﬂamst.msﬂuﬁhnaﬂunﬁauEn Ia‘lmuuaamuwawﬂmmaamﬂwanm
3 mldunfiszunu (100), (002), uae 101)1111J51ﬂ§]°umwun LLG]LﬁJE]LWﬂJL‘)ﬁ’IJJ'!mJui]ﬂEJﬂﬂLﬂu
wanmnm’:nauﬂiﬂngmﬂLLa.,qwuu'mamaaamﬂiﬂ Fie1asnamlsudladinanniu
aunundnvesiduuneiegldfunisususaliaty welSeudieuiuitedeiildsuns
wouilaruandluzud 4.5 wuinrdlmwlndifssiunn aweagyldinnsougi-Telousewing

o foy o 3 1 & = ' =2 o
ﬂ'liﬁ\'lLﬂiqﬁﬂﬂaNUqﬂﬁlﬂiﬁﬁﬂaﬂstUﬂﬂﬂ?'lllLﬂuNaﬂLLa%ﬂ’Uu'lﬂIﬂi\ﬂi'NNﬁﬂ'ﬂﬂﬂ ZnC YASEN -

18laonsevaunisfingn  mainuresnistesudundneafiamgunainaareanis
Fouanmyssansuszneussuniinduitaiimihre diduunsdeaglinisredidundnded
sonleAtiuszavEn ATy [21,22] uamwnﬁmmﬁwmmalnﬁuqm’u Ufnselelasladauas
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4,2.3 MaApseiautinenaesansimsoalaniemaiia UV-Vis Spectroscopy
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fauundsdeanladuasiduuirdersantaniisssunadanaudududneg ldun
0.5 at% 1 at% 1.5 at% 2 at% 2.5 at% 3 atd% 4 atd% uaw 5 atd% AMadeuuunszanalad e
siwmzmumamﬁqmmﬁ 300°C , 400°C waz 500°C  luinslasizsiluluug
Transmittance (%T) itasAamenIAdy 350 - 700 uiluies wavssnuduiusTeINImeg
HuraamUIAdIEdeanlenuasiduunisdennludmiefounadouiinmaganiu
wasiitnsen e nEuUsTa 350-380 wiluans wasilawFeuifiouiduunsdadennlustii
Fosounadoummududuing sewuinfduu dedeenludnidadmounadennnududu
1 at% fnsvegenreasiesiigluiicvauieanisganiy nineruiiiduugdoen
Tesfidefsnnadauaududu 1 atw finstednluiiduldd vildawnsaganduuas
Tuthsiifnuazuansseuiunnisganduiidaiau setnandlugudeiolud anguit .12
W‘U':"lLﬁaqqumumimﬁﬁumq%qﬁaanl%ﬁ?iﬁaé’wunmﬁamﬁumﬂﬁu srdmalinny
Widlaveafiduuafmnniuuiesdu Wesyumwmuauwdslagldlngld ity
yTauc’s plot[19) wuirRduundiusdladereenlediidefounadoniunundarma
Wee 3.21-3.28 eV




31

183

gﬂﬁ 4.10 MWMTIAT T RLENE EWATA SEM 993RduUN Ga-Zn0 Timdeyldnels
 GevlanswiasuwlasUiuianside (a) 0%, (b) 1%, (c) 2%, (d) 3%, (e) 4% waz () 5%



32

=4 - AJ s oW o 2 o o
JUT 4.11 mvmsieseiiulosemaiia SEM v8aildune Ga-ZnO MiTe 1% meld
] < P o =
Reulunswasuwagamaiiveuila (@) aadavsesiduu, (b) 300°C, (c) 400°C uay
(d) 500°C



%T

%T

33

‘Annealing at 400°C

30+ ¥ Y ¥ T ¥ ¥ ¥ ¥ ¥ T 1
350 375 400 425 450 475 500
Wavelength (nm)
()
Annealing at 300°C

iy
<
i
-
»

ss0 | a18 | 400 425 450 A7E 500
Wavelength (nm}

(%)



34

Annealing at 500 °C

e 200
e BLO 0.5%
— GZO 1%
— I 1.5%
—— GO 2%
——GZ0 2.5%
e B0 3%
e GZCH A%
v GZ0 5%

%T

o sy prive—y t — T T = H
350 a7s 400 425 450 475 500
Wavelength {(nm)

(@)

= = ' a - ¢ a & acl 4w
U 4.12 mslanzimansashuvesiiduudsdoaniladuasiduursdrsantaningedy
w2 = 1 = =
wnadeumuItntua1eY Jeehmnssurunsrigamgal (n) 300 °C (3) 400 °C uas (A)
500 °C

ZnO thin films doped with Gallium 1 at%

160
80 -
80 -
re
Pt
40 -
—— Annealing at 300 °C
—mn Aninegling at 400 °C
20 ' e Arinialing at 500 °C
M T N ] ' 3 h i T I ' 3
350 375 400 425 450 475 500

Wavelength (nm})

o a s ' o 8 a vl v P v
E‘U‘Vl 4.13 ﬂ'ﬁ'}Lﬂ‘i'TSVIﬂ1‘§W3QN'!1J°IlﬂQwﬁHU'1\?I‘ﬁQﬂﬂ@ﬂl‘dﬂ'ﬂﬁ]ﬂﬂ?ﬁluﬂﬁkﬁﬂﬂﬂ?quL'lil}‘?]u 1
= o a ol
at% ‘?NNWUﬂiSU?NﬂTiLNWﬂQﬂJWQNﬂWQ‘l



35

o
L)
1

Energy gap (eV)
¢

3.1+

3-0 T L] T T H T

L=
=
1
L —
o

Ga doping content (%)

= as . ale ol a4 w - vt

gtl*w 4.14 Lm‘uwamumaLLawaqwammwmaanlmQWLﬁlaﬂQULmaLaamflsj’lmmau"lfum'i
ol . P .

wasuwdasUsunamsiasng :

n- P’ = v 1 @ =l = [}
SyEnauesans I ereniinasowaundauNLaIBnaliimgaInadelveINtIiendn
o w oA = o <
LarmsanaseunnsLresiduussuilssnanmueiealulaswdngviusngluxa
a wa v ) r’s x5 ar o a4 A X ow
AsTiasevantanielaseainaghomatianisiaenuuressidiend  YaulnsunRnTIuAY
P < [P | Ll W e o 2
lesunansuisinsuiianasuriifufimideiaduiuandidnasounasyinvaumdunive
. 1 1 =1 - L] 35 :; ar oy & - a:l =
anas [27] wiedelsing Bansiassiluul NLoUNa 1 TUN LA TBINANU NS
2 o o =l P - - v oW y a
Frwezgiiiliunasunadeuiunniy lessuvesadetadufiiluunuleeeuderdiu
TaseEnuasiudiEnassudassylifamafivdursianudunive diinesoumailosidn
Tegfighuarsaunsudniuivhiliunundsnudosiuniietu feu dvinavasmnn
W e aAasnnsiinUsuiansdedadinaninnin nalnflananmuiualuuiuves
& ¥ w = v
Usingmsaiivealmi-ued (Burstein-Moss effect){19] UBNAALMOUWTNUNNUAWNNGN
Fuenainnndndnaresisingnisainavesruinasual (Quantum Size Effect, QZE)
2 = r-s 1 O [ W & A o =€ o [~ (7]

Tnalassadrendnvumnlussyssnginuadreiudedng welanaimanivuimanatau
Hesunannisiteans vadndaioufosuavasdamalindanuanntulaz i Iinauwaaau
NNLEIS 9T FeaanAdaafiuTLNAlASIESINENIENARINMTIATIEINANSIALIUUES
$edang[28]



a A
e
- [ad]
] S
- g
=9
lis]
(=1
N 3
)
g N =2 o
§ ] ° &
e B gﬂ
oy g
] i
=
2 |
=
1 N i ¥ ] 1 L] L I T, 1 M I
0 200 460 600 800 14500 1200
Binding Energy (V)
(n)
1
Zn2p,,
3 Zn2p,,
=
=1
"d' -
3
2
w
]
2
’ T T T 4 1 ¥ 1 T 13 M I v T + ]
o 1015 1020 1023 1030 1033 {040 1045 1050

Binding Energy (eV)

)

o o = = oy a ¢ ¢l o o
Ul 4.15 woundsruBanilenvesdiduuisiventediiiemeunaiienniasy)

36



37
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(X-ray photoelectron spectroscopy: XPS)
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Spectroscopy
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Influence of Baking Temperatare on Physical Properties of ZnO
Transparent Thin Films by Sol-gel Dip Coating Method

Warut Khamon', Kamonchanok Rueangon and Wisanu Pecharapa

College of Nanotechnology, King Monghut's Instinite of Technology Ladkrabang, Bangkok, 10320 Thailand

Abstract

Zn0 thin films were deposited on glass substrates by sol-gel dip coating method under
different baking ternperatures of 80, 100, 150, 200, and 250 °C. The mfluence of baking
temperature on structural, morphological, and optical properties of ZnO transparent thin
films were investigated by X-ray dilfraction, Scanning Electron Micrescope, and UV-
Visible spectroscopy. X-Ray Diffraction results show crystal structure of ZnO wurizite
structure. The oplical transmittance spectra of ZnO thin films shows high optical
transmittance in visible range. At high baking temperature condition, the XRD peak
intensities of the deposited thin films were higher than the low baking temperature
condition. The results imply that baking temperature has significant influence on both
structural and optical properties of sol-gel derived ZnO thin films.

Keywords: ZnO thin film, Sol-get dip coating, baking temperature
1. Introduction

In general, transparent conducting oxide films (TCOs) play important roles in the
oploelectronic devices because of its suitable properties such as high transparency and
excellent electrical conductivity. ZnQ is one of interesting candidate materials due to its
exceptional properties such as high transparency in visible region, low cost, resource ability,
and nontoxicity. Moreover, the optical and electrical properties of ZnO films can be
enhanced to meet desired features by doping Group Il and IV element (Group III element
such as B or Al, Ga, In, etc. and Group IV element such as 5i or Ge, Sn, Ti, Zr, etc} {1, 2]
into ZnO lattice. Based on previous works, it could be advised that proper deposition
technique with specific details during coating process is mandatory in order to prepare thin
films with high quality and well-defined propertics. Among well-known deposition
processes, sol-gel based deposition processcs possess considerable advantages including
ease of processing equipment and deposition, ability of large area coaling with homogeneity
and readiness of doping. During typical sol-gel based coating process, mild heating during
each coating is one of significant processing factor that may affect the quality of the films.
Enigochitra et al. reported that the substrate temperature during the sol-gel spray pyrolysis
process of ZnO thin films had significant effect on crucial properties of the films [3]. Guo et
al. reported that baking temperature during coating was a key processing parameter for
depositing good quality ZnO thin films via sol-gel spin coating method [4].

In this work, ZnO thin films were deposited onto glass substrate by sol-gel dip coating
method. The investigation of baking temperature during the coating process on structural,
and important optical properties of ZnO thin films has been conducted and reporied.

2. Experimental Details

Corresponding Author E-mail: tanoz9@mueil com 8§ |Page
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To prepare starting precursor, 0.2M zinc acetate dihydrate (CH3COO),Zn-2H,0) was
dissolved in absolute ethanol (C;HgO) solvent and diethanolamine (DEA,HN(CH,CH,OH);)
used as stabilizer. The solution was stirred at 75°C for 3 h and aged for 24 h at room
temperature. ZnO thin films were deposited on the glass substrates by sol—gel dip coating at
drawing speed of 60 mm/min. During each dip-coating the films were baked at different
temperatures of 80, 100, 150, 200, and 250°C for 5 min in air to evaporate the solvent. The
coating was repeated several times before annealing process in air at 500°Cfor2 h

The crystal structures of ZnO thin films were measured by X-ray diffraction (JEOL:
ISM-6340F) while their surface topography and thickness was monitored by a field
emission scanning electron microscope (JEOL: JSM-6340F). Optical properties of the films
were investigated by a UV-Vis spectrophotometer (Thermo Electron: Helios Alpha).

3. Results and Discussion

Fig.1 shows the XRD patterns of ZnO thin films deposited on glass substrates by sol-gel
dip coating method under ditferent baking temperatures with variation of 80, 100, 150, 200,
and 250°C, and annealed in air at 500°C. The XRD patterns show characteristic diffracted
peaks of ZnO hexagonal wurtzite structure with (100), (002), (101), (102), (110), and (103}
[JCPDS: 36-1451]. From XRD peaks, it is clearly noticed that peak intensities were
increased with increase of baking temperature, indicating the generation of well-defined
crystallinity of the films. The average crystallite size (D) of the films can be calculated by
Scherrer’s equation [5].

_ 094
~ Bcosd : (1)

Where % is the wavelength of incident X-ray source CuK, (A = 0.15405 nm), f is the FWHM
measured in radians and 0 is the Bragg angle of diffraction peak. The FWHMSs of three
major peaks (100), (002), and (101) exhibit considerable decrement with increasing baking
temperature until 250°C implying the increase in its crystallite size of the prepared films.
Their crystallite sizes were evaluated from the major ( 100}, (002), (101) peaks. The average
crystallite size seems to be increased from 4 nm to 17 nm as the baking temperature
increases. Based on Pecharapa ef al. report [4], the TGA-DTA result of zinc acetate sol-gel
precursor in air was significant change at 258.29°C, The increase in average crystallite size
and enhancement in crystallinity of the films may be associated to the hydrolysis and
thermal decomposition of zinc acetate during the process [5]. Other mechanism that may
play major tole on this feature is good interfacial matching between deposited layers of
intermediate species of sol-gel precursor after each baking that can act as seeding layer for
the next deposited layer. The good formation of this intermediate product at higher baking
temperature could initiate the nice interfacial matching leading to the well-developed thin
films.

Tig.2 shows surfacc morphologics of deposited films monitored by SEM. It is indicated
that the ZnO thin films were polycrystalline structure in nature. The grain size of thin film
obviously increases with increasing baking temperature that is in harmony with XRD result.
The average thickness of deposited film is approximately 200 nm as seen from the cross
section image in Fig 2(f).
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Fig.1. XRD patierns of sol-gel dip-coated ZnO thin films prepared at different baking temperatures.

Fig. 2. SEM micrographs of ZnO thin fiims prepared at different baking temperature; (a) 30°C, (b)
100°C, (¢) 150°C, (d) 200°C, () 250°C, and (f) cross-section of the film.

Fig.3 shows the aptical transmittance spectra of the ZnO thin films prepared at different
baking temperatures of 80, 100, 150, 200, and 250°C, and annealed in air at 500°C. In the
range of 350 nm to 700 nm, the deposited films have average optical transmittance of 97%,
96%, 96%, 96% and 92%, respectively. In the condition of baking temperature 250°C, the
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absorption edge is prominent and well-defined. The optical band gap of deposited films was
estimated by The Tauc’s method represented as following equation [6]:

(ahv) = A(hv - E )" @

Where 0 is the absorption coefficient, hv is the photon energy, A is a constant, Eg is the
optical band gap. Inset of Fig. 3 represents the optical band gap of the deposited thin film
baked at 250°C from the extrapolation of the siraight section to the energy axis of the plot of
(hovy’ versush v. The optical band gap of the deposited thin film shows the value of 3.26
to 3.27 V. The influence of baking temperature on the optical band gap may be due to the

degraded crystallinity and reduced grain size of thin films as shows in the low temperature
conditions [6].
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Fig. 3. Optical transmittance spectra of ZnO thin films with different baking temperature and (inset)
Tauc’s plot.

4, Conclusion

In summary, ZnO thin films were deposited on glass substrates by sol-gel dip coating
method under different baking temperatures of 80, 100, 150, 200, and 250°C, and annealed
at 500 °C. The ZnO thin films have hexagonal wurizite structure and show high optical
transmittance more than 90%. With baking temperature of 250 °C, the deposited film exhibit
superiority in structural, morphological and optical properties. From this present research
work, it could be deduced that baking temperature during sol-gel dip coating is one of key
parameter affecting the crucial properties of ZnO thin films.
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Abstract

Indium-doped zinc oxide (1ZO) thin films were deposited onio glass substates by sol-gel dip
coating method with variation of doping conceniration from .5 to 5% using Indinm (1) acetate
and Zinc(I) acetate as starting precwrsors for In and Zn sowsces, respectively followed by
calcinations. Effect of doping concentration on the structural, morphological, and opiical
properties of IZO tansparent thin films were investigated by refevant characterization including
X-ray diffraction (XRD), scanning eleciron microscope {SEM), and optical spectroscopy. XRD
spectra show the polycrystalline of hexagonal warizite structure of as-prepared films, 120 flms
with high doping concentration condition exhibir significant deterjoration in their crystallinity. The
crystalling size of the deposited thin films can be estimated by the calculation of the broadening of
characteristic XRD peaks. 120 thin films show high optical transmitiance in visible range without
significant change in their optical band gaps with variation in In doping composition. Possible
mechanisms taking responsibility on these features are mentioned and discussed.

Keywords: In-doped ZnO thin film, Sel-gel dip coating, Indiumn doping

1. Imtroduction

Tn recent years, optoelectronic devices such as tonch screens. solar cells andl flat panel displays
have been widely implemented. Transparent conducting oxide films (TCOs) have been widely
used in optoelectronic devices with its high transparency and low resistivity (1, 2]. Meanwhile,
ZnO is one of interesting candidate materials due to its resource abundance, nontoxicity, high
transparency, ease of doping to improve electrical conductivity and wide band gap of 3.37 eV
possessing good optical transparency it visible region. However, bare ZnQ penerally has rather
high resistivity that is not well applicable for specific applications in optoclectronics. Great
number of researches have recently reported the pioneered works to enhance both optical and
electrical properties of ZnO by doping with boih metal and non-metal elements. It has been proven

*Corresponding author:  Tel.: +662.329-8400 Fax: +662-329-8412

E-mail: wdtheerag@@gmail.com

27



59

KMITL Sci. Tech. J. Vol.16 No.1 Jan-Jun. 2016

fhat tri-valent dopants such as Al Ga, and In have been widely employed as effective donors to
improve the electrical properties of ZaO films {2-6]. Among many available thin film, deposition
processes, sol-gel based process typically benefits considerable advantages sucl as high
homogeneity of starting precursors, readiness of adding dopant, ease of compositional control, and
relatively low process temperature [7].

The main propose of this work focuses on the preparation of In-doped ZnO thin films via
sol-gel dip coating process on a glass substrates. Stroctural, and optical properties of as-prepared
films were extensively characterized and investigated.

2. Materials and Methods

To prepare the starting precursor, 0.2 M zinc acetate dihydrate {CH;CO0),Zns2H,0) chosen as Zn
mm&ﬂMiM)mmMQ%Cﬁ;};}x]mdnsmsmemdm&e&m
absolute ethapol solvent. The In dopant conceniration were vaned from 0 to 5 at %
Diethanolantine (DEA, HN (CH,CH,0H),) acting as sol-stabilizer was consecutively added into
the solution. Each solution was vigorously stired at 75°C for 3 b and then aged for 24 b at room
temperature. In doped ZnO thin films were deposited onto glass substrates by sol—gel dip coating
at drawing speed of 60 mnyvmin Doring each dip-coating the flm was saidly baked at 250°C for
5 min in air fo evaporate the solvent. The coating was repeated several times before annealmg
process i air at 500°C for 2 b The crystal stiuctores of Zu® thin films were measured by X-ray
diffraction (BRUKER AXS: D8 DISCOVER) while their surface fopography and thickness was
monitored by a Held emission scanning electron microscope {JEOLJSM-6340F). Optical
properties of the films were investigated by a3 UV-Vis spectrophotometer {Thermo Electron:
Helios Alpha).

ST R NS Coforiata

X-ray diffraction (XRD) measurement was carried out on all after-annealed 170 thm filres and
their corresponding results are exhibited in Figure 1. The In-doping content was_varied from
0%(undoped) to 5%. All flms showed three prominent peaks positioned at 26=31.8 , 34.5 , 36.2

fhat are nicely indexed to (100), (002) and (101) of hexagonal wurizite structure of ZnO,
respectively {8). The other peaks at higher diffracted angles labelled with {102). (110) and (103)
are also attibuted the orientation planes of ZuO. These strong XRD diffraction peaks suggest that
the films deposited by this technique are in single-phase polycrystalline structure without any
preferable orientation and without any secondary impurity phases. As the In dopant was
introduced into the ZnO films, the position of three signature peaks of (100), (002) and {101)
orientation planes still situate af the same position angle, implyiog that the doped films have such
good stability of hexagonal crystalline as deposited on glass substrates. As observed in doped
films with increasing In doping content up to 3%, the deterioration in peak intensity of these
diffraction patterns was noticed. This feature is generally the indication of the reduction in
crystallite size and increment of amorphousity of the films. At hight doping level, the incorporated
In futo the films may preferably substitute at Zn site and obstruct the erystal growth of ZnO matrix
due to the microstress generated from the difference in jon radius between In*(80 pm) and
Za(74 pm). Further increasing in In doping content beyond this certain soluable limit value could
initiate the formation of secondary phase of In,O, and the film becomes composite films of
n,0,/Zn0 mixture phases. At this point, crystal growth of ZnO could still proceed withont
interruption. However, In,Oy phase were undetectsble by XRD measurement that may due to
amorphousity and smail amount of this phase.
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Surface morphologies of sol-gel diped-coated In-doped ZnO films with 0-5% In dopmg
content are illustrated in Figure 2 (a-f). It is obviously noticed that all films are composed of
densely- and well-distributed grains with uniformity in size and shape. The grain size of thin films
are less than 100 nra It is evidently seen that the grain size of the doped film were significantly
decreases with increasing Al-doping content up to 3% thereafter increases. These features
monitored by SEM measurement are i harmony with the interpretation from the XRD tesults.

100
02
14}

Intensity (au)
[N
&

28 (Dagree)

Figure 1. XRD patterns of sol-gel dip-coated In-doped ZnO thin films prepared at different In
doping compositions.
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Ficure 2. SEM micrographs of In-doped ZaO thin films prepared with different In doping
concentration; {a) 0%, {b) 1%, {c) 2%. {d) 3%, {g) 4%. and (f) 5%.
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Figure 3. Optical transmittance specira of In doped ZaO thin films prepared with different In-
doping concentrations and {insef) Tauc plot.

Figure 3 shows optical fransmittance of after-annealed bare Za0 and In-doped ZnO thin
films measuting in the wavelength range of 300-800 nm. The spectra of the flms exhibit sharp
absorption edge at 375-380 nm, implying good formation of films obtained by dip coating
mdmiqn&?mh&morewdopcdﬂmmespccmofmcdopedﬁmsdﬁplaymﬁmbly
ephancement in the sharpness of absorption edge and transparency in visible wavelength region of
400-800 nm with 85-95% of transmittance, This erhancement could be due to the increase in
denseness of the doped films as monitored by SEM images. The increasing denseness of the film
results to the better propagation of light throngh the film without any losses due to light scattering
at grain boundary, residue porosity and existence of secondary phases 19]. Comesponding optical
trand gap of all thin filins were estimated by Tauc’s using following equation

ahv=Affiv- Eg* ey

where . is a constant parameter, hv is photon energy, 4 is an absorption coefficient and E,is the
optical band gap energy of the film The variafion of optical band gap of alt thin films as 2
function of In doping content is shown in Fig. 4. From the calculation, the band gap of the 120
thin film is found to be varied ranging from 323 to 3.27 £V, indicating insignificant change of the
band gap as In doping content varies. This feature implies the stability of ZnO films obtained from
sol-gel derived coating method.
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Figure 4. Optical band gap of In-doped ZuO thin films prepared at different doping concentration.

4., Conclusions

Sol-gel dmivedpoiymystalﬁacla—dopc&ZnOﬁsiﬁﬁhnswithhemgonal wurtzite structure were
prepared onto glass substrates by dip coating method together with ammealing process. The XED .
and SEM results revealed that the crystalfinity and grain size of IZO films were highly affected by -
In doping with specific content. Moreover, the optical transparency of the films can be enhanced
by the incorporation of small amonnt of In dopant. The In doping insignificantly induced the
variation of band gap of the films.
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Growth and Characterization of Ga/F Co-Doped ZnO
Nanorods/Nanodisks via Hydrothermal Process

Krisana Chongsri® %, Wuttichal Sinonate’, Kanokihip Boonyarattanakalin®, and Wisant Pecharapa'-*
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GalF coioped Zn nonorodsianodisks {GFZ0% wara synihosizod uslng a hydrothoms) procest
by varying the Ga doping lavels (F-5 wi.%) and F doping loveds (1-5 W%}, Zinc nfirele, gal-
fiuen nitato hydrate and ammonium Beckide wore chosen as staring precursors jor Zn, Ga and
+ soureas, respecivaly. The nanorad growth was infizted by zinc oxide seoding fim lebricaled
wmmmmmmgmmammmmasmwmzn
CHort of diffiorent dopant concentralivns on morpholugios, struchursl, and aptical properiias of tha
mmmemmM;,WWMmﬁm{SM and
dmmhmww&omf?&mmﬁd&ﬁwwaﬁm!ﬁﬂw@ﬁﬁﬂ&ﬂ@m
memmwwmmmmmt@}mpmm;mmm
bare Zn( sampie. Tho results suggost ihat contant of eithor Ga o F dops has High influance ca
rokvant popartias of as-synihesized nanorodsanodisks.

Keywords: GFZ0, Nanorods, Nancdigks, Hydroihermal Process.

1. INTRODUGTION

Tfium tn oxide {ITO) has beon extensively employed for
transparent conductng oxiie {TCO) material in widerange
of oploclectronle devices such ay laser diodes, solar
cells, Iransparent thin film trunsstors and optical detee-
tors bocuuse of HS high slecirical conducBvity and high
optical tmasperency.” Howevet, 1O Is mther expeasive
mnd In source §s not readily svallable in natore, Recenty,
e ke (Zn0) s atireid much attension 25 2 promls-
ing slermative TOO materdal owing 1o s low ood,
pon-doxieity, relatively low deposition tempersture 2nd
cotnparable oplical and elactrical properties o 1. Yn s
typically & A-type compound semiconducier with a wide
tand gag (E, ~35.2-34 &V a 300 K) with Juge exciton
biading encrey (60 meV). The 2lectrical and optical prop-
witfes of ZoO can be favorably enhanced by appropriste
Aoping with sither mets] or con-mekal elements. It is well
recognbzed thal the metal elements fom group 11 daclud.
ing AL, Ga and In hove dova constdered a8 suitable dopasts
(o ajust both clectrical and oplical praperties of Za0.®
When meial dopam sloms are ompossted into Zo0., they
proferably replace the Zn hust siams, which can gener-
e axia free electrons resulting in bigh conducdvity of

At 1 whom omespondoace hodkd be akinesed.

12962 1 Mposso Panchachiy, BTHE, Vi 1R N 12

beatter cardier mebility in ZnO. Among the metzl dopanls,
Gz appears 16 be a prowmising element doe W {ix dmifr
jossic Tadins (0.62 A) and covatent radins {1,236 A} e those
of Zn {074 und L34 A, rospectively). Tt case of non-
metal dojaat, Auotins is o of e mast proper lementt
widely wtifized a8 2 dopant in vadettes of host matesials
incloding ZsO due to Hs Jonic radius (131 A), which &
elose 0 (hut of oxyges anlon (138 A)? In contnd (o
many studics on Zn(t doped with cation dopanis such as
Al or Ga, oaly few fnvestipations camied out with fue-
rine 35 an snfon dopant have beon found in Htsrstures
Ghogh 1nd colleaguet reportet the self-sceded growth and
ylitavinlet phelo response properties of Zad manoswire
Wmsmgmmmmwﬁwﬂtmmi
methed using two different sol concentrations. The forma.
fion of bexagoan}-shaped MWs with diameter of 20.60 am
on tho seed fayer for 0.1 M 5ol snd mosily of tnapezeidal-
1&&padNst&ﬂ;hnseMnﬂ3$nmmﬁwmhyer
for 003 M sof have heen explained considering the Jongi-
tudnal and transversal growths of Znd) NAYs, Hossain and
proup’ doveloped surfactant depemiont growih of twioned
7oy sanodisks using a controlied hydmtherma) mathed
with the asgjstance of double sarfactanis, The momhols-
zies showed wortdie stmcisre of Zn0 with aumerogs
alteroating planes which were composed of D% and Za*

LTS AT ARV o301 SeATna TN 13566
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6mhmmmmﬁswmgmmmmmmnmmmm

fons tershedrally coondingted stong ihe caxis, Yousefi
and enfesgue® pave the report on e effect of indiom
concentmafion on mompholsgies and optical properties of
In-derped Zal nanostructures with different indinm coa-
cenlrafions grown by thermal evapormtion methad. The
I-doped ZnDy nmostmctares with kew concentration of
indium exhibited a javelin shape, while the In-doped Zn0
panostructares with a high copcenteation of indivm showad
5 fake shape. Zhuog of al? synthesized high {up to
20 motik)yGa-doped Znl) {GZ0) asnupowdess by sol-gel
combustion method. The resulls exhibiled that Ga* ioas
were syccessfully doped into Zo0, znd all GZO samples
were of & single phass and had the same wurtzite stroctuge
as pure Zn(), Moreover, the crystul growth e of Zn0
was suppressad by the presencs of Ga, and the crysial-
fite size of Zody could be teduced 3o Be aroand 5.7 nm et
the presence of 20 mol5Ga. Hoag ot 204 represented that
the growth of oriented Ze0 annords can be conirolled by
method, The concentration of gattium. which
wis dopedt Info 20 sesd hayers prior 10 Zo0 nunorod
chemical growil was g key factor for controlting its gmin
size. Up to now, g sumber of reposis have clained that
iy nanostivclures could sble to synthesize By vadous
srowth techaiques such a8 co-precipitation process.” sob-
gl process™ and hydeothermal process”’ Among these
techniques, hydrofhermal process is considerad 1 be one
of he versalile methods for synthestzing vadous kinds of
ganostructeres. The advantages of hydrothenina! method
include Wwer tempersiure yequirement, lower cost, sad
ease of method #nd processes,
in this sepor, the olfort was caried out on the syn-
thasis of Ga znd F co-doped 70 nanorodsinanadisks
by hydrothermal peocess. The effects of Ga ond F
doped oo ool propenties of the nanorod Wkl waRO-
disks were invedipated by X-ray diffenction (XRD), scan-
ping electran micruscope {SEM) and photoluminescence
spectrescopy {PL).

2. EXPERIMENTAL DETAILS

Go/F co-doped Zatd {GEZO} nanvrnds/nanodisks ware
synthesized by hydrothermui process. First, ghiss -
steates were consecutively washed by deionized water,
clhano] gnd acetone in aiy ulirasonic cleaner. The precar-
sor soluion used for dip-costing was prepared by dis-
solation of Zac sceinte diydrte (InfAc), -2H,0) and
disthanolamine (DEA) in sbselule eitanel under stiring
uniil the solsion became clear The seading layer was
deposited onto the cleaned glass substrates by conveationit
dip-conting. Aftor (hat, the coated films were annesled in
3 furnace at 500 *C for 2 h o form Za0 seeding flm
tayer. The precursor for growih of Gao/F codoped Zn0O
nanorods/nunodisks was prepated by sddiog 0.05 M zine
aitrale hexahydmte {ZafNO,), - 6H;0%, anmoniom fuo-
ride {NHLF) designated as ¥ doping source, palliom{TH}
nitrate hydrate {GaN,0,) determilned as Ga doping source

A Nanosc. Nanotachndl., 18, 1208212068, 2016

and hexameshylenetetramine (HMTA) into 30 mi. defon-
ized water, The examiged concentrations of gallium(in
nitrate hydrote were: 196, 3%, and 5% {designated as
1GZ0, 3GZ0 srd SGZO, respectivelyl. The 2n0-seeded
suhsteates were dipped sty the prepared seluifon loaded
in a Teflon suloclave for Bydrothermal synthesis operating
a1 96 7 For 2 &1, Finally, the obiatned white sofid produoct
was sepasated fram the solution by cemtsifugation, washed
with distilied water and deied at 1002C for 24 h. The same
procadure was used (o prepare the samples with different
dopast amounts {§%, 3% wnd 5%) of Fdoped Zn0 (desig-
nated a5 1FZ0, 3820 and SFZ0, mespectively) 2od snoihier
Ga'F co-doped 2oty were Gar 1%, 3%, and 5%, F 3%
{designated a8 1GIFZO, IGIFZO wnd SGIFLO, respec-
fively) The mosphologies of as-prepared sumples were
observed by SEM (ZEISS BVDO MAID). EDS (Bruker
AXS Quaniax 4030} was emploved for confirming exis-
ence of Puoting and galliom contenis in the semples,
meanwhile the crystal structures of ai! samples were char-
actesized by XRD (X' Pert PRO}. The photaluminescanos
{Agitent Technologles) emission spectia of the samples
deposited at variogs Ga and F concenirations were col-
Jacted af room ismperature.

3. RESULTS AND DISCUSSION

The XRD paltems of GoF codoped Zn0
nanorodsianodisks on fhe Za0) seeding fim luyer are
shown in Figure 1. Three strong diffraction peaks are
observed 2t 20 ranping from 30 fo 30¢, which can be
nicely indexed a8 wurtzite Zo0> crystal strocture (JCPDS
sard Na. 36-1451) The diffraction peaks of crystal plane
{502) and {103) in SRZ0Y, SGZ0 and SG3FZ0 samples are
sieurly nepleible bt only the difftackon poak of crystal
pltne 1100} can be abserved. The intensity of {100) peak
intresses to some extent for Be sapie incorporated by 1

intensiive.u)

2 Theta (degree)

ﬁm!.)ﬁtﬂmmaf%iﬁ'ﬂiﬁﬂgmm}
wsoaedsimnodisky with the %Borent (s snd F contants.
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Chrongiri of of,

58, bat decreases praduaily for the samples doped with
Gar5% ant co-doped with Ga snd F This variation of ZeG
peak intensity might be due to the Incoiporation of Gz
and F in the inerstitial sites of ZnO iattice. The growth
processes of ZaD orysiafiifes are possibly proveeded via
following mechanizme snd comesponding Fas. (B4
Firstly, Zn{NOy), precursor is dissolved and provides ziac
ions a5 aoticed I By {1). Anwroniz moleculss (NHG)
and hydroxide fons (OH-) provided by HMTA foliowing
Bags. (2)-{3) that is abundant in the mized agquetus solution
cain resel with zine Tong ¥ from ZofOH), vie By (4). This
imtermediate product can be funther dissolved by reacting
with superflnous (81 fons and Zn{GHY- solgtion iz son-
sequestly achicved foliowing Eq. {3). In the hydrothermal
grocess, the ZafOHY: would procecd the defiydnmtion
process via Bg. {6) W transform into Zokd auckd simal-
taneously. Under axtrome hydrothermst conditions, these
00 nuclet could be selgscembled to form the mod-like
nanostroctures sloag a preferced ayds Orientation:

ZONO,), = 2070 INOS {8
Cﬁi{t}N‘ +6H20 +» BHCHO J:'d'w; {2}
NH, £ H,0 o NH, 4O {3}

Zot £ J0H" — ZnfOH); L
ZafOH), +- 200" - ZofORY"
ZR{OHYE" -+ Zn0 £ H,0- 20H-

The futl-widih at half-maximum {8} of ihe main diffrac-
tion gesk (100) was used to caleuldte the crystallite size
of 1he sumphes Following Schoerm'™s Eq. {7)
094
De= Foosh
where # is the difivaction angle, and 4 i 1.54 A of ihe
Cu X, fine. The crystailite sk of Zno, SG0, SFZ0 and
SGINFO are in the mange of 50-140 sm. From Flgure 1,
it can be seen that af manorodsfnanodisis have the hexag-
onal shape, suppesiing Za0r saporods/anndists in il the
samples grow ajong the (100 dircction. This may origl-
nate from fhe fact that Zn0 orysind growth are inhibited
in oher directions, while the {100} direction is prefer
ahle and hes the fesiest growth mie. However, Incorparafed
dopanis may 2l greafly affect the growth rake of Zo0
sanorodnanodisks slong his direction by modifying its
surface epergies.

Figure 2 shows ibe SEM images of ZnQ, GZO0, FL1
and GEZO mnorodsfanodisks with different Ga snd B
contents gad cross sectional view of SGIFZO samples.
The effects of (32 and ¥ doping concenirstion on gnain
gize can be clearly seen in Figure 2, Undoped ZoQ, 1EZO,
FGZ0, 1GIFZ0 and IGIFZ0 axhibit 2 pranulsr sbrac-
ture. However, the partlicle size & sipeificanily depen-
dent on the Ga and F doping concentration. The ondoped

{7
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Pigure 2 3EM micengrigh of 20, 3070, SPEA0 aed SGIFLD
aancodsimmadicks wih the differvet Gu and F conwats sod cross -
tieesl view of SG3F70 pmomds.

Zatd has larpe particle size while incressing Ga dop-
ing concentration can imiuce the mduction in particle
sizzs. Rased on previous fepodt, the ZaQ crystailine st
was also strongly depeadent on the Ga and F dopant
concsntration. ® The 3FZ0 ant SFZ0 grown on Zn0 wed-
ing lsver exhibii slightly poorer verlical alipnment. All
the panorods sre hexagonal and well-geown on the ZaQ)
seod tevers. The F dopani stonply affects the orents-
fisn, size, and lensth of Za0 masovrods. Howover, the
ndnorod size shows sienificant decrease with increasing
doping vonceniration. The smaller size of FZO asaomds
grown on Zn( seeding film may resulis from fhe decrease
in the F concentration. SEM image in Fipuse 2{s} illus-
tratey that hydrothermally gresva Zo0 forms uniform rods
in tarps sren with an average lenpth of ~230 om {cross-
vipw not shown) aad dlameter of ~30 nm. Moreover,
aanudisk morphology tould be observed in the sumples
doped with Go. Al ssnodisks are hexsgonsd in shupe
and well.grown an the Za0 seed layers. The Ga dopant
strongly affects the orientatien and sze of 200 nanodisk,

J Nanosci Manolechnod. 18, 12062-12068, 2016
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espacially fts size which decreases with inoreasing doping
concentration s observed in Figure 2{b). Mepawhile, the
GEZO samples have fat hexagonal crystaflngraphic planss
indicating that the Zn0 nanorods are buxagonad in crys-
1l structure, In sidition, cross-sections] SEM image of
the ganorods arvays as poticed B Figase 2(c) reveals that
sizes of nanorods. are in ihe mope of 190210 nm and
lenpih of about | pmy. This festure conld be alirfbuled
1o the rupid vertical growih rate of masorod/manodisk and
jis Smited prowth slong 1be Loeral direction. The rate of
nanorodianodisk growth may preatly depend o0 the prop-
arty of secd sahsiraie layer sod type of dopants. The
grain sites of seed Teyers typicafly serve 33 nucleation
siles for munorodfanodisk growth, and the roughness of
fhese grain sites has wn importunt function in ibe initial
growih. Suuiter nucleation sive anmd smonth sead layer sur-
face sre possihly Tavonsble for manoosdaanodisk fora-
ton. In atiition, Ga/F codoped Into ZnO could induce
fhe growth of smaller grains with an inCreass in mam-
ber of grains per unit area. At higher sucleation densi-
fies, faferal growih is effectively suppressed, which resulls
in rods with smaller sizes. Yor rodidisk growth, Zs™
ions may diffuse inip the growth site and creste boads
with 02 ions. A lower sucleation stee requines 2 smatler
pamber of dilfused Zn® fon and fess bonding forma-
ficn fo create rods, These conditionz may rosult in a
higher nsnoroditanodick prowth rele and creste mixed
mombologies of CoF codoped 00 aanvrod/nanodisk,
The doped concentration and existence of relevant ele-
ments in SGIFZO was measured by EDS and cormespood-
fng tesult is shown in Figare 3. The table insscted in the
figure (inset) shows the contents of existing elements in the
GalF cotioped Za nanostruciuse detectut by EDS. The
elemental coment of the marked area i as Dilows Zn =
T3.503 wiih, O =14.938 wt.%, F=0068 wisSb and Ga =
10810 wi.s, 1t Is deduced hat Ga and F were fncorps-
ratesd into the nunostrsctires via the hydrothermal process.
Photoluminescence spectroscopy 15 2 poawverful techalgue
for investipating the effect of imparity doping on opiical
peopertics of host materdal. Figore 4 xhows 1he room lam-
. pessture PL spectrn of the usdeped ZnG and Ga/F codoped
200 nanorodinagodisk. The PL spectra of undoped Zaid
amd GalF codoped Zn0 exhibit stroag pesk in the ultravio-
let repion (378 nimy) and 3 vielot emission peak fn the visible

o

%
Hi

$¥ s

Fieore 3. EDS gecin of HEFZ0 saostoniuee.
A Manosci. Manotechnol 18, 1298212088, 2016

PL bty (wan}

Figare & The soon tepyeniue photcluminenente specinn of e
74 4w} GFZ0 pamcdisfannndiskes with the difforant Gn sad Fcoutonts,

tepion 6 around 421 nax The prominent UV emisiog,
which stronply relales o the crystallite quality of Zny
is contribuled by the conduction-valence band comblaa~
o0 {(~375 nm), shaliow dooor (395 am) while the violel
emission at 421 am Is doe to the infersitial zinc {Zo)"
Furthermore, it is observed that ihe intensity of these peaks
gradusily decresse with iscreasing (o and F doping con-
centration. Tn Zot) tattice, Ga and F atoms may substitste
26 Mims of oocupy Zn vecancies resulting in the decrease
of Zn vacancies and seduction of UY amd violel emission
intensity. However, doping with suilable amounts of Ga,
P (a5 seen in SGIFZO sample), the Ga and F atoms may
peeppy the Zn vacancies atl defeet positions and invrease
the donorrelated defect {such es shalflow donar sid Zinc
intersiitial) quaniitios in Zndy nanorodsinanodisks, leadiag
ip drong UY emissions in the P spectra’®

4. CONCLUSION

n sumonaty, GafF codoped ZnO nanoreds/sanodizks were
succassfully systhesizad by hydrothermal process, The cog-
responding XRD and SEM resulis suggest that swell-defined
GFZD nanorodsnanodisks could be obiained by s syn-
thasis technique. Possihie resctions and mechanisms for the
formation of these nanostractuses during hydrotheamal pro-
cess are sugpested, XRD, SEM and PL results Hustralad
1hat Ga and F dopant had significant effect on the morpho-
Togical propenties. coystaliization and optical properies of
G codupol 7o0 sainmdsfbnodiaks. The annodisk mor-
phology was obiaised in sample with § wi% Ga doping
euntent while panosd structem was achieved in 3 wi%
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T70. Muoreover, the co-oped samples have fat hexagonaal
crystallographic planas indicating that $he ZnO are hexag-
onal in erystal shruclure,
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EIntroduction

Over recent decades, transparent metal oxide thin films have been extensively researched and)
B oractically applied i optoclectronic devices such as thin-film soler.cells, flat panel displays and
B ouch screen module regarding its considerable advantages including its excellent transparency and
i cmarkable electrieal properties[1-2}. Meanwhile, zine oxide (ZnO} has obtained exfensive attention
as potential material for transparent coating in optoclectronic devices owing to its abundance, low-
cost, and nontoxicity. However, the tansport propesty of undoped Zn0 thin films is a major}§
B dmwback dus to its high resistivity, Doping of ZnO with group Il clements can considerably
8 ncrease conductivity of ZnQ thin films, Among group-III elements, Gallium{Ga) is chosen as onej
B of suitable substitutional dopants in ZnO matrix because of its lower reactivity and greater§
resistance to oxidation. Reeently, ZnQ or Ga-doped ZnO{GZQ) has been widely investigated as
potential materials for practical applications duc to cost-efectiveness and gallium metal availability
B[2-5]. Tn this study, The investigation is focused on crucial soi~gel derived deposition factors
including baking temperature during coating and annealing temperature that could significantly
Batfect to electrical and optical propertics of ZaO films deposited by sol-gel derived coating. The}
#baking and annealing temperatuse are detesmined as important paranieters in the thermal process forf8
completing the chemical reaction and achieving dense structure of solntion-deposited thin films [6]. §

Experimental

The 0.4 M precursor solution was prepared by dissolving the starting precursors including zincj§
M ncetate deliydrate (Zu(OAc)2H0) as Zn sourve and gallium nitrate hydrate (Ga(N0s);5-xF20) as
Ga doping source in absolute ethanol (C;HgO) solvent. Disthanolamine (DEA) chosen as sol-3§
stabilizer was subsequently added io the mixed solution. The solution was stirred for 3 h at 73°CH
B followed by aging for 24 h at room temperature before used in spin-coat process. The concentration |§
content of Ga were fixed as 4%.The solution was then deposited onto cleaned glass substrates at
spin speed of 2000 rpm for 30 s. The coated films were subsequently dried at various femperafures
of 100°C, 150°C, 200°C, and 250°C for 5 mia in air. After coating and drying procedurss were
performed consecutively five times, the deposited films were annealed either at 330°C or 400°C in
W hitrogen ambient for 2 h. The influence of the baking temperature and the annealing temperature on
the relevant chemical bonding and optical properties of the GZO thin films were analyzed by
Fourier iramsform  infrared  spectroscopy  (SHIMADZU: IRTracer-100} and UV-Vis]
spectrophotometer (PG:T90+). respectively. XRD diffractomieter (BRUKER AXS : D8




R DISCOVER) using Cu Ky radiation was employed to investigate the crystal phase of the grown§
8 filins. The thickness and morphological features of the prepared films were monitored by scanning |8

electron microscopy (SEM) using a JEQL:JSM-6340F.

Result and Discussions

Fig.! shows XRD results of spin-coated GZO thin films preparad at various baking
temperatares followed by annealing in N3 ambient. The films show three major peaks ineluding
(100). (002) and (101) orientation Jocated at 31.77°, 34.42° and 36.25°, respectively. Meanwhile,

thers are other peaks of diffraction orientation planes of (102), (110). (103) with hexagonal wurtzite |

straciure of ZnO(JCPDS 36-1451). As baking temperature clevates, the main peak intensities are
still outstanding, indieating the insignificant alternation in their crystallinity. The crystailite size (D)
can be averagely calculated from well-known Scherrer’s equation [3] as expressed in equation (1):

0.94
D= . i
Pcosd o

Where 1 is a characteristic wavelength of incident X-ray Cu K (4=0.154 am), § is the full
B vidth at half maximum (FWHM) of diffracted peaks measured in radian and & is the Bragg's
diffracted angle of the major peaks. The average crystallite size is found to be in the range of 8-10
am. It is also observed that the growth in (002) plane is inbibited as the baking temperatare clevates
beyond 200°C. This featnre may associate to greater salvent removal at higher temperature leading
to uniformity of thin film formation and erystal growtl in every plane without any specific direction.
W, Khanon et al. reported the increase in average crystallite size and enhancement in crystallinity
of the films with increasing baking temperaiure during annesling in air {6]. This invariable feature
in the crystallinity of the films may be associated to the insufficiency of oxygen source during the

anuealing process {7]. Fig. 2 shows the covering morphological character of prepared thin films
prepared at various baking temperatures. Morphology of the film baked ai 100°C displays porous|

W oranular structure comprising uniform particles with average size of 50 nm. As the baking

B (e mperature increases, the surface of deposited film becomes smooth with well-distributed densel§

B oarticulate stmctare with average size less than 100 am. At low baking temperature, the residue or

Blorsonic solvent of starting precnrsor could be incompletely removed and still remained in the|

deposited films. Consequently, the decomposition of this residue was carried out during anaealing

process that may result in the porosity of the film surface, Moreover, all SEM images exhibit that[§
the grain sizes of all films are in the same range that is in harmony with the XRD results. The cross§

lsection view in Fig, 2(¢) indicates uniform film thickness of approximately 2530 nm.

P

bt i) o ek

Fig.1 XRD results of GZO thin films prepared by sol-gel spin coating and baked at various}

temperatures followed by annealing in N; ambient at {a) 350°C and (b) 400°C
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Fig.2 The SEM images of GZO thin films treated at different temperatures: (8) 100°C annealed at
350°C, (b) 250°C annealed at 350°C, () 100°C annealed at 400°C, (d) 250°C annealed af 400°C, B
B and (e) cross-section of the film. '

A,

Fig. 3 shows the optical transmitiance results of the GZO thin films prepared at various baking}

72

temperatures of 100, 150, 200, and 250°C, and annealed in N, at 350°C and 400°C, respectively. In§

wavelength region of 370 nm to 900 mm, the deposited films possess rather high optical

transmittance of 82.1% to 91.4%. For the films annealed at 400°C, their average opticai]

transmittance increases with ncreasing baking temperature. The sharply increasing transmittance o

B« films at around 375 nm indicates the characteristic feature of crystallized and well-formed ZnOJ

thin film. The various optical absorption edges with different baking temperature at 400°C may,
B ttribute to the thermal decomposition of zinc acetate dihydrate and the hydrolysis mechanism
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during the heat-treated prosess, This mechanisyi and reaction at high baking temperature and
annealing process in N could lead to oxygen void of the film [6.7]. The corvesponding optical band
gaps of deposited films could be evaluated by Tauc's method represented as following equationf3}:

{ahvy=Ad(hv—E !}m . (2}

Note that @ is an absorption eoefficient of the film, /v is incident photon energy. 4 is a corrclated
constant and E_is optical band gap of the film. The optical band gaps of the depostited thin films

were calculated from the extrapolation of the straight section of the plot of (¢h vy’ versushu. The
corresponding band gaps of the prepared films are in the range of 3.21 to 3.25 V.

1
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Fig. 3 The optical transmittance spectra of GZO thin films prepared at various baking temperatures
and annealed at (a} 350°C and (b) 400°C. .
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Fig. 4 FTIR spectra of GZO thin films prepared at various baking temperatures {(a) without
annealing and (b) annealed at 350°C and {c) 400°C.
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Measured FTIR spectra of GZO thin films prepared at various baking temperatores of 100, 150,
200 and 250°C without annealing and anncaled in No at 350°C and 400°C are shown in Fig. 4(a).
4(b) and 4(c), respectively. The main absorption peak of all films Jocated near 400 em™ is ascribed
to Zn-O bond [8, 9] meanwhile the absorption peak in the vicinity of 3434 em™ is assigned to the-
OH stretehing vibration of water molecules. The noticeable band positioned at around 1406 em™ is
aiteibuted to OH bending of adsorbed moisture in the thin films [9]. After annealing, the absorption
peaks belonging to OH groups and orgamic residue vanish indicating the complete removal of§
relevant compounds from the annealed films (Fig. 4 b and <),

Conclusion

GZO thin flms were fabricated onto glass substrates by sol-gel spin coating method baked at
different temperatures of 100, 150, 200, and 250°C followed by annealing process at either 350°C
or 400°C. The Ga-doped ZnQ thin films possess high optical transmittance more than 80% in
transparency and exhibit hexagonal wurtzite structure in crystal structure. The filin baked at 250°C]
and annealed at 400°C exhibits superiority in physical, morphological and optical properties.,
Overall results suggest that well-formed GZO thia films prepared by sol~gel route can be achieved
by an assistance of baking process during coating at certain femperature that can lower the operating
temperature of annealing process.
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