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ABSTRACT

In this research title, an ultrasonic spray-pyrolysis apparatus has been designed and
constructed at Surface Physics and Laser Laboratory, Department of Physics, King
Mongkut’s Institute of Technology Ladkrabang. The goal of this research is to synthesis
nanocrystalline tin oxide thin films from the purposed-built apparatus. Ultrasonic energy
from the generator can be transmitted via water to the precursor solution became
aerosols. The aerosols of the solution were conveyed by N, carrier gas through the
transport tube to the substrate. This substrate was placed on a heating plate in the
pyrolysis chamber. The substrate temperature was controlled by a PID controller. The
suitable process-parameters were fine-tuned and are as follows - N, flow rate of 0.05
Vmin, substrate temperature of 300°C and annealing temperature of 500 °C with an
increasing rate for 1°C/min. These conditional parameters encouraged the better sticky of
the film formation. The effect of concentration of the SnCls.5H,O solution used as
precursor solution was further investigated. The concentrations were 0.05, 0.10, 0.15, 0.20
and 0.30 M. Thicknesses of all films were around 300 nm. The optical transmission spectra
for all films revealed highly transmittance in the visible region with greater than 809%.
Refractive index was between 1.85 and 2.0. XPS spectra for the Sn 3ds, and Sn 3dss
confirmed that the films were composed of SnO and SnO, phases. For the films deposited
with 0.30 M, the better conductivity and carrier concentration were 17 Q'em® and
95 x 10" cm's, respectively. The disagreement of relation between XPS and Hall
measurement suggested the higher carrier concentration arose from incorporation of

residual chlorine from the SnCly.5H,0 solution during deposition into the films.

Keywords: Ultrasonic aerosol pyrolysis, Tin Oxide, Hall Effect Measurement, XPS
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141  dumeumsesnuuukazainIsuuduaTeifiduueiynoanledsiomaila
. - .‘S 4 -l o a n‘ E
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MeaBuafi;
| UV-Vis Reflection-Transmission Spectroscopy : mﬂﬁﬂ'ﬁﬂwan
auUsiLgauas Taun avivinlmiauadadou (Complex optical index)
optical energy band gap sdEnnsaUsediuemmnyes
winfidale s el uas optical energy band gap %
AmduRusTasnsurumuwiunve uluau Burstein-Moss
effect
®  BRman spectroscopy uay FTIR spectroscopy: lﬂﬂﬁﬂﬁﬂsisq
atomic-bonding structure ¥0INAUUN
®  Four-point probe uay Van der Pauw Hall effect measurements:
mmﬁnmsﬁ'mﬁ"aamfras\jwanauﬁ'ﬁmﬂﬂﬁwaﬁa@} ng four-point
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viosothlnifile q asuufuau Tuvaedl Van der Pauw Hall effect
measurements I.'T‘Jumﬂﬁﬂm'ﬁ'l.ﬁaisq electrical  transport
properties woWaNUN TAWA conductivity, carrier concentration,
carier mobility uaz ¥finvesnive Feruveaniidwans optical
energy band gap vaeRduulaunsa
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guarnmamenszuvaunIeidnduvaldidu 2 38 fAe Bnssuiveans (evaporation) ¥ldlasns
Y = v & Y} « aal
Wanusauduarsiisiesmatadavsunansiuledudrdunanludnvusvesfiduung uas Bnns
. . o [y [y - v ol v -
atnwmes (sputtering) virldlagnisldoyniandaugaiadiruamsidemsiedsulvvgasenin
P rs v oo & - & a ¢ ' A e v
wuiveath (target) UL MUIUARTutUTaWdNUI InmsAnvwuInsiede UL
-~ s aley o e - v
Wnrsatmneiivinanisiadiouidniinissemeans lnswmwizedwinisindsumewuniunsou
a aa - < 1 g wwvd v Y -t d - -
alawmaie Nlinshiansusimanlindundavesailng dauenanunisiiiudszdnsameens
indsuudiduuiladadinunmgeninandae (18] ureglsfnunisadeuilduunnielfssuy
P A ot ol 3 ] 2 P ot a2
goysymadalaiiluisnsisisuyudeuitege Wewndfuueinssuugaannia
@ W o4 o v an o o v ¢ e
fainszuriumsiadeuiidaunneligygnasndvisnsivinildRauniiaunmgs
3 tr £ = « r = = J 1 4 ] ] o _an ¢
suvaliedulidhwaznisdauiuuaziinnnnduniinAsutiage wisdalsinunisiiduunsly
| 4 5 (4 - -l it o ] X -y - 5 v -y <4
Uszgnaldauiulidenisitduueniidnyusnrstauiureaislaudnvitonsseimsiiduuid
o .. P - oy ¢ ol ol & 3 | °
audivearuidiu Nano crystallinity Fanszuaunsiafisuiiduuie Sno, iduvusinasdewarh
A/ (3 ol it o P 1 ° 1 24 5 L
Trldfduunnfidnvusdugngudanzasunnisiiluvssgnaldidutuliiheesdiuiulsey
Sawaniu ldun msiedauidauunnelfusseniasiag Pyrolysis technique

2.1.1 Weduundyneenled (Tin Oxide Thin Films)
fyneenteddndiulanseenleduianisiiffanmilvihgussludouas Taseashs
\Bandnubunuy rutile structure 18] Aanmdl 2.1 Taodlen lattice constants a = b = 4.7374 A
wag c= 31864 A sezweuvesiyngndouseusivesneuveteandiaunndiiidaisaiauuy
octahedral array TusniziezmeuateendiugnisuseussesneuasdiynauifidaiFesiuuy

planar array
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tn(IV) oxide

] - - v .
ami 2.1 lassatamananvediiynesnleaiilassaiauuy rutile [19)

o] e -
A139f 2.1 audRnianianiwussfiusenlys [20]

Property Tin(IV)oxide

Molecular Formula Sn0O,

Crystal structure Tetragonal, rutile
Lattice constant [A] a=0474 b=0.319
Space group J,orlzz [ mmm
Oxidation states sn O”
Molar mass le mol’] 150.70
Mohs hardness -] 6.5
Boiling point [°q 1800-1900
Melting point [°q 1630
Density [g cm] 6.85

Band gap [eV] 3.6-3.8
Electrical Resistivity [©-cm] 2.0x10° - 6.0x10”
Transport type N
Common extrinsic n-type dopants Sb, F, Cl

dm3u Sn0, AiflmnuuIgviesiamtaciuaundanussinm 3.6 eV wuunse uaz
asheinidia n Fanmbliistuieinesmenesesndouiniuiidng wie Oxygen
deficient Fafuanmmbiliiiess Sn0, Ugvsannsavhliifudushensldudesiy wu Sb, F
wio CL auUAvnanienammess SnO, [Wufmsnadl 2.1 Favhld sno, Tanmdwvlindhroudng
i Tusauadlughumus afuusivzasiiounaduyedurnige fadesnmiliviugadenlsdie was 1
Auuderaudnegs
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- ) ca v Y ) ot ole @ - )
fanvnngulanseenleddsldindulagngunilaifiauiBvanmargetaiimungunnis
iluusygnaldlumaimuunalulagng q wu lul a.a. 1983 Chopra uasmauy [21] 1alnly
Pl - ¢ « v a P P ° ) 'Y
rrnaulalumsdauareiitduuiiyneanled esnniluiageiianiniidiananhinihdsudi
' ' - < 3 - o v a «
guslusaualugumusaiu was fanuadosrearsiafivasusiing dddgisnisdunsiey
- - PR ) ) '3 . P 2 .y - ¢
Hauundyneanleaiiduyuiireuditen was Lidufivieanwuwanden [13] Wduunsdyneonled
Qﬂﬁﬂ‘lﬂﬂﬁzqnc"fl-ifﬁ’umﬂTu'IaEimqéf'quns:ﬁuﬂuﬁl,ﬁniwsﬁnévha 9 WUy 91U QUATA]
Y < Y=y ' ) 0 H l
A3I93URY Tﬂamﬁ’umsuJaauu.tJawmauumuwamwamaqﬁ"l%’mijmﬁuwa{uu (iU anw
o ' - Y © I3 ¢ w I3 o J aun & i J
AU I) 1y uiaivsanasusuleasenled dawes wie wsiuoa [22] fwnaudRnenanil
Tausahlussgnafugiaelsaumnuls, waduasenfindelinddon [23], Li-ion battery [24]
wio AWszRvSIAUNGI (energy storage) 1Wusu

2.1.2 Ultrasonic Spray Pyrolysis

Ultrasonic spray pyrolysis (UPS) \dumeaiianihflsaniusuinumaiafild
intasfiofugiu Tharies suviaunsafunavisiuiafidesnisiafeuilduun uae $ure
MyveesERUNIIHAR [25) Maasuneiiadesiie qunal uax uas asiady 'ﬁ’uﬁs']mgnnfh
dlaIsuiisuduidasdaasisifiduunaimessuuidedldssuugaeyinia sgradu RF
magnetron sputtering %38 Low-pressure chemical vapor deposition lagdansaiunsaniuny
autiuarlnssadassduuiluldandunaulunisdunssi Spray pyrolysis \Uumalinnsiadeu
Heuurdlaenisvinlansdadn (precurson)  Beflanmiuléisvosuds 3o voavarlinanedu
£984 (nebulization) fuwavsseynadnsesvlilaseuiiauily Taefiufaimaludigussedu (
substrate ) Svisnsivilianshuiunaneifiuasenwiosyunaruadnsyiuluasaunieunly i
sgmetuvanss wu nsldan mslieudou wie mslénszualvit uidsidufoniufuing
Ussawﬁmwmnﬁqm fin msdudeniupnuiisanilefin [25] Fu3unfuda Ultrasonic Pyrolysis
ailia USP (Juweianilsfiivdnnisideatiunatin Chemical vapor deposition (CVD) usl
umnFafunsedl neda USP Slasiaiy (Precursor) agfludeususawas Tuveil wiadia CVD ang
Fagutlaeuzsfuuia UPS  Saluwailafinaunaiumdnnisvosis inaile Spray pyrolysis fiu

wialia VD wWhlisheiy

2.1.2.1 Ultrasonic Nebulization and Aerosol Formation

- - d ar - o o - Dy

wipdia USP lumatieitlildléndusaniletnlunsiliiinufise
' o o ] & P
maadl uilimihnvinliarsdsiunatsanmainseavaiiuleniearessiiisunvessymaiin
[ <t at < r & v - t 4 ] al ar -
(aerosol) lusyivlulaseudisszavunly Weahiudanilelinaudugandeuiidinssunndinansit
d o o < v o w - o
Wuvsunad Weadundouiidaluludinan synrnisludananssslinnsiddsuwdasmin
i i lveymagsewaunanintimssanastimsvereiiiing1eauiuguasyag
v e [ ¥ ) | o ] o o E o @ FaY -

rrusudnludansiusgiumuivesndu Tusswiniiingrsanuiusii adudanilelinezada

= ﬂv 4’ I‘" b ) ] -
nssoniavSenetoniatiunteluliisvesreamaniu waseniadinaresliannsaganiu
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wianenedulfidennaisluremeniufugyyinia uas szugessnatniiveswesivan
urfifamsdavietasilifarudugs Ynngnsaiifendt cavitation (Maairlnssenielay
nslirdumniige) mudulutasmdugeiliidngaUssng 2,000 atm Tnsiiveterniaae
\ndauiingresnundasriniageie 280 my/s Tng cavitation effect Téfinmsdnvidundasnlag
Lord Rayleigh [26] Tusna53wii 19 dutunsunsiin aerosol TInAAuSandlyin uansian
fl22

AaduiussEninuuIaYeayAasees (atomized droplet) D AuAiugAduLe
Capillary waves A (Capillary waves fo AgumLYINAARTUITBI NHATEILTFRY Baiirw
gmedutiaondt 2 cm Tauiadueglutn 10-20 cmvs) fmudiiudifuluaunrudiug -

D=do\
o - ' -
e a A ANAIN

. A : . .
AW Kelvin’s Formula [27] anusmnauye capillary wave Sandulunmmaiuduius

1/3
8y
A=| =L
>
Tnel
¥ Ao WiNRNHIYIYRIMEN (N/m)
= ) 3
p Ao AMURUILUUTBIYDIUMEA? (ke/m’)
- = -
f  fe  eoiivewndu (MHz)

o < ] Y d A v v - % v
prvduiussewinsuinteseynialuasessiumudedudanilelinlignfunulay RW.
. P ° o
Wood uwar A. L. Loomis Tul 1927 Gamsanlull 1962 Lang [12] Iviharsnaasufioadna
auduiusswInmunvessynaluareasuaivesrdudauulumuannt il

81y 13
D =0.34 x

o -
e Daroptet B UWNATBIBYNALUGZDOY

o00e®

-l o w U ™ a4 o - w
2 2.2 avutunsunisiianssomeinnisniindudanitlelindnszunniuvesteanan [28]



13

loviearensavsananistuinidesnniedunufoniveweaar vliiiantsdny
TouluudnszwineynpuuRawhvesveana Wevwaueuagaiinngme dwalvivenves
veunmififimundnuameanainfamiiveseanadld Fufuidsesswriuiudutedeiting
$ruaueympiivgaeensiniuia lueasiiruivesrdudsaduilesdeildmanoninmunes
barrier layer aumnvestuiivunazdufimuagiuiu Tuin uas wEuTes atomized
droplet (Barrier layer iutdnnmiodufimimesvaavariluanaliaunsaiaidunsserniald
(ultrasonic cavitation) 1asnnilusaamilentuluanasoudne)

dusaniletindunduiideterdefnanlunisiadoud! nsindouflvesnduiiaarnnisdu
Wanveshnananieszmeavasianavegseu q yaauga sglsinmluanavesvsavaitegindiy

- . 4 1 2 - 1 4 v 1l
Ramiawes Piezo actuator Fufuvesude 1y szgniapauazlianunsawdeudls udiszosving

|8

J ar 1 A 4 1 -
sanluanTeededanats luanavassunalasauisaindsuiiluuiegseuyaanga aufied

| 4

1 S, | R | = 1
stysvinnsegraAmilsiluagauiinaunsavgaeenainusamiisrsswinluanald wa
. - = - 1 a t e «l
109 Barrier layer fiflfans@inmilsrsevindinanadiusossiesianing 2.3

As the Distance From
the Substrate Increases,
Each Molecule’s Freedom
of Movement Increases

Stationary Molecules
” Attached to Substraté™y

~ substrate =

L

al o - - o o : - [ ] - P 1
ami 23 Tnanadildeaduluanangndafalituiufiagiusesiuarhisunsandoudle ua

at Al 1 1 (Y - ' d o ' -
dwmiulunananlildegintuiufingusesivasideuesnlusnduniaiu uazannsa

A 1L$ ﬂv o ] d t : - ‘5’
dweussnlulnalfiniufilnanaiueglusumisiviesnaniiuiaunnii [29]

o

Cavitation
Bubble o
Size Force From
Cavitation Bubble

.
P

Lower Frequency
Higher Frequency

i
-

Al 2.4 pufivesuvasiuinadudanilefinifinadevuintes atomized droplet uar A
wuved Barrier layer fodldundedniinnduitanuiisn sumveaieseimezil
walngiuazesugaoenuiainiuiafrendsuigenindedieuiunsdiild
Lma'qﬁ'lLﬁmﬂﬁuﬁﬁmmﬁqaﬂﬁ [16]



14

Atomized droplet sziintiléfideilelinanavesvaamardosimdimfivameriazionmus
uisBamiyveduanasoutre ituvsmdsuinnnunaiufianduuazgndsorunis
Tuianafiegsoudne fidauvaseduiinuiy iWlornufivesndusaniletininngatuinayiily
AT Barrier layer iiAnanas Atomized droplet Tifntussiidnnuinndu udesiivun
dinuagndarueinitlunsdlldndusaniletinrauiin sudiiusseninaruifuaudives
atomized droplet wansanwil 2.4

2.1.2.2 Ultrasonic Spray Pyrolysis Apparatus
szuunsduaTIEiRduuImaameaiia USP  Fausenaudie nsudad

\woindusandlein (high frequency ultrasonic transducer) #nuanegliuazegdnlives
vIAUTITgATAzaNeRedu (Precursor solution) G9ndliiniaiini ilewdenuvesndugnadluds
ansavarelaerumeiinandseraiub seldasasarvdrunilanaradiuazesariuesnain
Raviihvesansazany (atomization of precursor solution)  azevIvdIAITALAIY (atomized
precursor droplet) S¢iARsufioanitntaussyasingvisdmuasiadauiinsludigusesiu Tay
drvutuneureanisildsuntasdnemuses doplet  wanedanandl 2.5 ndsaandt precursor
droplet gna%w%uﬂzmﬁauﬁaanmnﬁwﬁwmmsazmauazﬁé’qﬁuﬁ’umawﬁn q Hausn1sIAn
i precursor droplet sunanuufidannedsil

1) n15a378 precursor droplet

2) nssuvERanTadRlYinasaty (Evaporation of solvents)

3)  asuwseedluanavesmigniaraty (Diffusion of solutes)

4)  mIvasneaslianavesignyivasane (Precipitation)

5)  asasessrusznouvedlianadiuiv (Decomposition)

6) Densification

7)  nsenavanauugIuseiukasiiansruIunsmMsieiufvesfiduun

ileinmsnnavauves precursor droplet Uuﬁuﬁd'ﬂaeg'}uim%"u%lﬁﬂ nucleation stage

saly [1] usiegnslsitnamdannnil Precursor droplets mﬁauﬁLﬂ'ﬂq‘iizuuﬁ'mmasw%’auwmnasau
asifufavesgiusesiuiiu droplet wes precursor s1eslilFagluzues solid particles ¥iavun
ﬁ”nﬁé’a%uagjﬁwmmm precursor  droplet  13ufu uas gamgivesszuumaiim lag
arudiiussewinatadints 2 # AU JULULYeY precursor droplet MlavnnazavaTUUgITBITY
uaRwan il 2.6

. Solvent . o
o evaporation ® Decomposition @ O Densification @ .
S, —_— . —_—
. Precipitation . ) ()
Precursor droplets Dry Particles Porcus or Hollow particles Solid particles
al ) . o - P Y - v
ANV 2.5 anwiusYel Atomized precursor droplets MAIANIAGBUNDBANITINANUUVUNIVUY
YpATALALRINU [8]
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Constant initicl droplet size Decreasing Iinitial droplet size

0060 oo

®
. . ) . . @ o Precipicle
® o -

N0 S

Increasing Temperature > Constant Temperature

() (b)
= a 9 .
AN 2,6 (a) HAYBIGUNANIDITTUUNITUINT [11] Uae (b) NavBITWIn Atomized precursor
a w al et o ¢ o ¢ a ' a .
droplet Guau [31] #illnenrswesuimvesfiaruugiusesiu laensun atomized
' W P T & & v =
droplet 9zmnasgdgusesiu droplet fianasivsdeuluvisvun 4 Sunusanini 2.5

P

nfinanaandey hild seuudmumsdaansifduissnoudsdnidiy 9 3 da
Auiu fie

- undsiudlandudaniiledn dedwilunnsiuinndy Tnendwnuaduee
vhliansaraedsudediluiananssiyneenlediunsdusenovegie
narsgnmifuagosmisayniasuiaiin fadenazesstundnilis
Atomized precursor droplet

- szuumstiw Atomized precursor droplet WislARN I droplet
Tudagrusesiv ludwrasmsimnil Tuussuuldvinisindeunainls
afeuliivdrunasiamil ilelunisszimseadussnaviilaily
89AUSYNBY (decomposition)  wasNduuteesniy faufl atomized
droplet uiinnsHesusnaneduiiduunsuugusesiy

- 93U ( substrate ) Feazgninialilu Pyrolysis reactor ndewanit
droplet fign decomposition ufaeznnazaNauguseeULiBIng
nszuaunsmsiefidusaly uilunsdfssuulildvinasinmyaliaas
Soulifidrunisimniu grusesiuargniimanfousmiadiedunas
decomposition droplet ﬁmnaaq’g’msm%’u

2.1.2.3 Kinetic of ultrasonic spray pyrolysis process

usp umatiafviliifeldindumeaiafiliudnnisvesnsnnavasle
\Bundl (Chemical Vapor Deposition, CVD)  w# asmssuilléifusgluamurreanas Liluita
upPs Faulumalinfinaunaundnnistesia wmaile Spray pyrolysis fu wafia CVD Whliinefu
Tnevdsnnilansazanededugmisliifuaseswunndsanundeniusanilelnuasgnufaim
1w Precursor droplets AnasuuA3vesgUIeIsy writunoufidmiudofiu 2 Sunou Ae
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Nucleation stage and Growth stage Yiiaetiunsuiinaseandfivesflanuny tunsureansnem
- € - ¢ L - o - o w N o e &
Wuiduursdynesnleduuiuiiasesiusiiutiu Tnendaniiinszuiunsiiadulivans
NTEUUMS WU A15AUNIA (condensation) n135gAt (adsorption) n1sugAaen (desorption)
: - -8 [ R3 IIJ - [J 3 oy oy L7 - ar
msunsumuuivisunsidiglanmiin swhbiiiansihadieduvesiiynesnled uaz Tiadledy
Ll dv [ Y o oy £ 1 9 Hv L4 J - [ -
waniisswanisunanuuiduunsely nssmumsmmmi‘luﬁaﬁwmu%’aunuqquuﬂaa
4’ .Y v [ 4 4’ o 5 o -] J -l v : e
#uily Tassafauavesduseneureituiy sauvkdnsmsdam precursor droplets ddiAiusgiv
Y] Y] o _ o d o @ 1 o . epe
fnansivadnuazeanvasufatmi Sadindnnsituidesiu Chemical vapor deposition (CVD)
[ P - e € L - . -.v ]
process uansianni 2.7 Mnnaliansdaasieiiduunsienaiia USP wuinves nuclei fusg
muiledy 2 edwenuiufe vuIAYD atomized droplet way gamalivesgusedy auduRus
[y ] o -l
ANETIRARIRINUATNG 2.6
-~ W 4 ' a o I'l 1 - - -t o
nuanITIvudunesufuiualuia n'a*sﬂ'mf-}unssu*mn'mnﬂu'mamwﬁuﬂuamus
a wo -l o v P P - o Y a o '
Liumunaumzwmmma‘lﬂL{‘luwanu,asﬁaumwmmqnaaniwﬂquﬂuu fdnnudunuslnonsess
lassasrandnwitug (polycrystalline film) TuIAYBRATY (grain size) masAsuUMTIAnalNTIsEAy
a ar : - J -l 1 LA, L] L7 .Y
uly seavlulasuazseduuuniaslulioWdy Sulinalasnsedtoandinisi i wasansiGuas
.3 o 4’ - -
uie 15 1easauasdnwuenuizesfduun
waInFUgANsEUIUANSTIAAILEU 2NN nuclel LAY q INIENGY Uag FINFINY U
- 1 b l: -t ot lg - a « =t 2 =
AnlunguisulngTusunanaliundn sdnesvarsvuialvgiusuidanissuiutundnseudneda
o dy . . w1 - ¢ 1 A o '
Wisu grain boundaries was vonefrelUauiniduiidausalaadulialen aruvuiudulunms
- - - ar o~ o 07 -t ) ® o -
Winflardiedu sxludmvusanumngadioe swnwdsveandn aruainaus nsdanauy
e anunlugngueesian uaz prudeuresiidy Taevnhivui AMIMULNTaITAdietuge
ey vauiavaranivuimaniusesiuunlu [32] anudunussenineunuiidussstitadiotu
[ - %) -
furuInveIlaNEnUARIININD 2.8

@ Atom
Precursor transport R Ligand

Byproduct transport

R
R Atomized droplet '
Ra,_» reactions R
- — V-0
A A Y
R Adsorption R &
.QQ
Y
. Adsorption Qf"
Decomposition
R R reactions R Nucleation
R Rb-@)--diR ——p ' + @ —» m

J - Heated substrate L

-l I ¢ W .
oA 2.7 Fussumivasusly nuclei [33]
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o - a - . W ad voow ' &
Tusyduezpavseluananssuumainnsihafieduseiferfesiuunagmsalseluil

- ssasuvisluianasziadouiiirmuiuisvesguseanin
MIRAEUULRLAY

- svasavIelulanafigngaduenavgaesnyiniiuiy wisem
Aianmsunslumaiuivieunsidtlvhuifovesgruses wie
oiansTuimaeiifussneuduuuiui

- dlenendmiluamumnuiuvesesneavisluianafigngadu
vuiuAIRsINATY uae Ramsafiuresnraouseutie
wadunguozaeu (cluster)

- nquezasuvienguvasluianaeislaiuniednasiuiu
wdgsnmidanedlulaunding dnamnisgaduaananiusine
uas nMsunsnAufseutas

- dievnevenguesaouiiFfmunmingd (critical size) v
Wnaanzatendaneslulauaiindg uaz ansaveem
solulfSenidlelononlmignaasuiiun

Y 4 2 P o & ¢ o
W9 INAudA nucleation stage Vu(3H1H1g Growth process Fullutunsusseniswesus
.8 Va & P &£ o -] ¢ w 1 « & - .
nuclei WitAmButuvosiiduueiu ddluvariveduiudutuvesdiduuntl annsodia nucleation
1+ J - o al & W -=' -'1 - &
stage 1A 138N renucleation process Mannd 2.8 Tavzuuuuvesmvasusudusuidy
UN ¥38138nd1 Growth mode asilegmeniu 3 Tuun fis

®  Frank - van der Merwe : Smooth layer-by-layer growth
B Volmer - Weber : Istand growth
® Stranski - Krastonov : Layer plus island growth

Grain size

Continuous
renucleation

- ¢  Seeds

Substrate

- ' w a - ” w o a . ° a
A 28 Arumuwiurssdasmsiieiafiedu delinumunuivvesdunuieglogs
dwarhlvuuinveunsusivuialvg) (a) muvuwindes (b) Anumuntsiugs [34]

142664 -
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maveufvesiiduszeglulnslaiuiuegiu wettability vasluanafieviediouasuy
g18e3y &1 wettability Limudiiuslasnsaty suface energy vBsgsBsiURRIMSRY
surface tension vesluana Inefiduiifinniswesudalulvun Frank-van-der-Merwe (“layer-by-
layer) Wiy grusssfuasseiflaswinitanysaiuuy was Fduftvshmsdgniimsaziimednies
fvaesneatuAIAUgNTENL Hdueswasumtuluiiasduvesseivasney Tnsaefoafinan
aumaspwinnsEuunsiferfestuufidevediianafigngaduuuiuindefues (adsorbate-
adsorbate  interaction) fiu Uﬁﬁ?miwiw‘[maQaﬁgnﬂﬂiuﬁ'uﬁ"um (adsorbate-surface
interaction) &nsesuivesiidusielvun Frank-van-der-Merwe Bodniunsdigaunf

d w3y Stranski-Krastonov mode  1uTuuaniswesudivasiiduureilifntulfile
adsorbate-surface interaction fiAnwnnndn adsorbate-adsorbate interaction Teasipatuinele
surface energy ﬂaaﬁuﬁﬁﬁﬁﬁqua was Ium Volmer-Weber mode sufintuléiile adsorbate-
adsorbate interaction IIA31NN71 adsorbate-surface interaction nN1sWesuMyesfduludnwne
ifntuidlessnn surface tension sewidluanafiasgnanduiidunnuas suface energy va9
fuidirligunnin Tnuavesmisugniidu [35] 1 3 Inusuansienindl 2.9 Fsnisiadeuiiduuns
Tanseanlesasuugiusesiufemaiin USP il Growth mode vsaglulumin Volmer — Weber
driutumoudaud Nucleation stage aufle Growth stage ﬁaLﬁﬂﬁuuuﬁ’uﬁwaegwusm%’uﬁmm

Wululavieziintiusaning 2.10

Frank-van der Merwe Stranski-Krastanov Volmer-Weber

amifl 29 JUnuureIsAefidNUugusesTullegfiofiu 3 Tnua  (a) Frank-van-der-Merwe
mode, (b) Stranski-Krastanow mode uay (c) Volmer-Weber mode [35]
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| I 1l I 1| |

(a) (b) (©) (e (f)

Al 210 maveudaesiduundlulvin Volmer-Weber growth mode (3uannluanagngn
Fuvuitufuazidn nucleation state steps (a) w&rniu nucleation wdsufiidh
it (impingement) (b) 3usauiafy (coatescence) (c) uas 'luﬁqmﬁﬂn'ﬁ‘liai'n

. waduiduundeonaidneazdu columnar thickening (d) w3 Wesududadl
dnvauziu polycrystalline thickening (e) [36]

2.1.3 Growth mechanism
dmdunseurunismadafiduung sno,  AtAagn aerosol spray pyrolysis
technique axiintuldResiiasisznou 4 e léud 1. Precursor droplet 31 Sn 1fiu
9efUsenevegie 2. uvdsiulinvtezmeneandiou 3. uimim uas 4. HuRivesgiusesiy
Tnetunsuseudniariiia Precursor droplet wazgnuudwiagmimuingszuunisimnaunn
nsznuuuguses sulufigauiavievesusaunaneiuiiduue sno, Tuneusyuafuneu
#eiu Tnotuneuiliindesiunszuaunsmadiaduilduung S

1. Bulk transport towards the surface

2. (Possible) gas phase reactions

3. Mass transport towards the surface

4. Adsorption at the surface

5. Diffusion of adsorbents at the surface

6. Reaction at the surface

7. Oxide formation

8. Desorption of gaseous reaction products

9. Bulk transport from the surface

- ar 5 o W 5 ar J
NTEUNTNSAANGNYEY SO, vuguTesiunie 9 dvutunsululumudnmi 2.11
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(1) Bulk transport
I ——— (9) Bulk transport

N P
L agy N
3

L o
(2) (Possible) gas :R_‘ o. B
=0

phase reactions

(3) Mass transport
(4) Adsorption (8) Desorption of
ri , (5+6+7) Diffusion / reaction / by-products

oxide formation
@ SnoO,

substrate
d 5 - |5
ann 2.11 wmaumsmﬂﬁéumq SN0, VUFIUTNGY [37]

dm3u Aerosol spray pyrolysis W&uUm SN0, TRaLINASAIBMIEENSRIRY Stannic
chloride pentahydrate (SnCly.5H,0) astfulumaunismaiedl [38) Fail

SnCl, -+ H,0 —> $nO, + 4HCl

wnglsimudmsindauian SnO, udifin formation of SnO, phase 8ghaAe 9ud]
rav WRduunsiiant@me ifuduauin mmthlwiiees sno, thin film Arsuiilassinnns
qodedndrumandl v3e 1fin nonstoichiometric tfufe xfaafin SnO phase Fae Fadawariily
{fin oxygen vacancy Yuse Tag chemical reaction MAa SnO Phase Tudad

1 1 1
25nCl, +6H,0 —> 500, + SN0 +7THA + =0, + —Cl, +—H, + e
2 2 2

was
25nCl, + 4H,0 —> 5n0, SN0+ 8HCL + 2e

Ty defect reaction i formation of oxygen vacancy amnsafintuld Wulurmaunsmaed
il
Sn+20 —> Sn+ 2V +4e'HCL+ O, (g)

v U !
Al maeSeniiduune SnO, uenvnasll SnO, phase ud Wawunedwedl SnO, (V). e,

- 3 4’ - d - ) A [J Lol . . . .
induluileWdudae \ie x  fie dadauiivilfifa nonstoichiometry Vi Aa doubly  ionized

- -

oxygen vacancy uaz e, #ie Bulinaseudmiu charge neutrality

.
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2.1.4 Supercapacitor
ol w oS v o -~
Wumsuiudidn diudssgeifvavaundaenBBluguvesaunalviadaly
- - [ [ ol - o o o < - o
wusiuuaredfivaraumdanlilugundenuai TususidnivusegBenlugunsaliaiide
J o o J. L] [ 7 ) -«
T taunsedaifundsnulwindicramuutivseavdselvifwnnnddfiuussquuusssuen
) o & 1 J L ﬂ‘ L] A 1 1 -
wazdemdaulaunniunnes AifivdssyBanaliannsaldvaumuunmeiumdudiuia
' ‘ ' = v v v W
WugeviNIsinuunReIwasF AU TEUUUSTIIAT AevauBmIdBInIs UM IIndwILas
0 w - I [ . ') > . o
irfuuivainuaie Wy 1dugunsaidrseddidmiviniadlia gunsaimiaeAug
o o - o« ;U -3 v J
(memory)  ifufandaulniisinwaduasonfinduasnduay usnvnddimdidu
& o & Qs - . . . -4 2/ ] LY
gunsaliasumdslvivsalwduuuleuin (hybrid electric vehicles, HEVs) dafiunsigamsauiy
] J t&l 174 '6’ ar a‘ ar J v <l a‘ Vo w [
senAsassurnlfuiuuasuawa T RduIAAsuUMBLUMReS wuAmesaEtdAIdIud T
1 [y . 3 ] - o
nrsisauasiuazaunasnlusaElusn (regeneration braking) USin1sAAYITIUATYITIUUMABS
' e 8 W [ - - - v et o w
st TIshliangnsldnuuazdssdninmusuusnineanas waziiielvilunmeTiiindagane
' & o s e v e v =t | v [ P
gy q dwmdunsisaiesendduiuliuunnadmnalvgnimmsesdudmiunstdauung
vissuuiihwminetulaglisndu

(<
P
Polarizing
Electrode

Collector Collector

o+ ++ ++
olololoYoYolo}
DD DDDDD

/
X

O

+ Electric Double Layers
O

amit 2,12 TessaiaialueesinfuuseqBaanuuy EDLC [12]

o - P 'Y} o aan R ' o

MifvuszBendndugunsaiinfiundseulnfiviheujifomaediiu flegdeiu 2
wuu lAun Electric/electrochemical double layer capacitor (EDLC) uag Pseudocapacitor lag
ANUAnAYeRivUsEsBaenisassyiindl \eduilssnnssuunisuaznalalunisifunde

o - . t4 - )
avauUszqlinelu fufivuszgBeanwuy double-layer capacitance Wu Usyqudlaviiaazasay
el § - ' Y Y - ‘ - 2

sgntalnihisesseszningilwiiuarsBilninslad uavusequiiansedwezasanegluans
- - J .'J by L .‘; ) - (4
Budntnslad danmdl 2.12 Tneviluudrtaaudnildidudalnihfensueu dwarsdidninslafons
\u aqueous v38 non-aqueous Ald
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Charged Species: lons
© 00 O00O0O0CO0CDOO®OOCOC

amil 213 TassadroviluvesiaifiuyseqBenauuu Pseudocapacitor [39]

dwiudufiulsegBeernuuu Pseudocapacitor  asauvdeiiuussqliadalnitiasonde
redox reactions nszvIUMsHIBnalnnsaneloulseqlasedaufisemiaall (Faradic charge
transfer) w3efifie Faradic reaction Mt 2.13 Tnssuifintiuetasamavuiiamivedalaih
Fafuflurvesde Pseudo-capacitor 1me redox reactions MAnsutiunvudoundulaild
(Ireversible  process) niaMi3anfiudn electrosorption  process %ﬂtﬂuﬂismumimﬁqﬂﬁu
leeauvisluanatiosnamnansavanedidininsladliuufiontiwesdanilwih Sedmansgeduili
Atuegarusdndserindiantiveslnihiuansarans

FufuuszqBaeeifinenuauielsgiuutamuriavesirlnirldidy 3 vssan fe
activated carbon [40, 41], metal oxide [6, 7] wag electronically conducting polymer [42, 43]
9'1")LﬁuﬂisqE'amﬂﬁﬁ'uz’ﬂﬂﬁ’mz‘ﬁﬂﬂwﬁﬂ electronically conducting polymer ﬂmzﬁﬁaaq’lwzu
33 sfuusrgBanadifidalwitubu activated carbon I¢3unswmunniiga essniisangn
fimq (capacitance) - ganaziiongnisldnuiuen vssglwihadnesgninifiufisesresening
activated carbon fiu ﬁLﬁﬂT‘l’lﬂaﬁLwU'ﬁgﬂ@: (activated carbon/electrolyte double layer
interface) Tnliifl faradaic reactions iAntuszyrindalniriuasdidninslas ainanmsmde
KaERav1$9vBIRUALABIFN] faradaic reactions LAntuYlTagTinisiUdsuuadtassaiadund
\$u WA lead dioxide Uiy lead sulfate uaziUasy lead metal iy lead sulfate Tums
favrfeveuunineIuuy lead-acid

dwiuiafivussgBanafiitaliiudu metal oxide syliidnugs iesonmai
azauﬂizqi}stﬁﬂﬁ’uwﬂuuu electrochemical double layer Wa¥ Faradic reactions \peiidnwey
mafuasauUssyiitalwihuansdan il 2.14 Tneliseaudsed fiftuvseqBamadiifalniivi
9nAENUTeI RuO, aslindanuuasmnugge witlessneundufie Feliduiton Tuvued
SnO, ThidlsnAeutivh neruazaildine suilidunafviedunndoy duasdidninslad
81910u aqueous %38 non-aqueous fild
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L. Solvated
cations

Polarized
solvent
molecules

Specifically
adsorbed ions
(redox ions)

Collector

++H+++h e

Separator

| Inner Helmholtz plane

- o Y a dad 3 ¢ -
amil 214 Trssafailuvesinfuyssglaaifitrinfivinnanlanzeonlyd fuiems
sALUTEPUUL electrochemical double layer uay Faradic reactions 3avi
sieaugga [12)

ﬁ"nﬁuﬂisqﬁemﬂ (supercapacitor, ultracapacitor %39 electrochemical capacitor) Ju

‘o o a - v e <l al o a (v} v .- ] <
gunsaldniundulwinsutedveswunneinawnsatuinmdsuliunuazinivyseqi

1 L. 3 o a A ‘i « ¥ d
annsademaulaglutiadu ¢ Wilimeiu dufulssgBienagnimuiduiionsvausy
L g ' e o H A H [} = -
AuApInstunIsIremdesugalutasnardu 9 wWu nsvuds (sosudleuin) niesldind
gunsainsuimduazqUasainamsmsuuunnng agnlsina aususRvesdaiuusegdean
(PumnuNduLasAaT nasnauetgnisigeu) Sisrdudsausulylvasnadesiuanu
ua-l : 1 «“ o W
Ao sAmaNTANZITUALMTIINUBE19TINGY NG (Erpd UASTITIUGER (P 109
g .’ ) LI J 1 ar
MUUTEgBetIRIlA By =(CV)/2 U8 Pra2V/4R) suidndiu (ils C Aednanuquasiaiiy
Uszq U Aedndluieesiaiiuyseq uas R Asariusuntunielu (total equivalent  series
resistance, ESR) 'umﬁ"ll,ﬁuﬂ‘izq
[l o 9 4 Lo ﬂ' A .‘; o -
IngvhegauamganiumidemedviutuuvesiaiudssqBeanfidalvitviheaniidy
- ol v 71 " a wa a v ¢ - ¢ o

vdynesnlesfildiduaseitulufecjiintside Tasiduusiynesnledesgaindovasuy

w d o v =l & [ ] - = ] 13 " -
gsesiuivimiiidugaini i wivegiiden vie Taveaunuaa Tassadedufuisqien
Jﬂz o - «al a ‘J 5 d 4 ) Lol
nrlwivihnfiduudyneenlvauasdaning 2.15 Yssneudetaniiviainusueglidiey

- - E v ooy - el v o v
wislavsaunulaaunignindeudeiiduundyneanlednilassairseduunly fuen (separator)
1y " < a
luaq Polytetra fluoroethylene (PTFE) membrane #ifiznqu uar ansdidnlysladimneas
ol o o = |4 o - o

iwaavzQnalindiy gasket Mvnzan SsmsddunsainduwuuresdafulszqBwiniednm
and@lumsiiudsegiuegldsmudiunsaiwlulenmasumnzandaly
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Electrolyte
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e
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Lo
ol
fG:

Separator

DI K IR
Pa2a¥s¥s%0%6%%%%

Nanostructured
SnO, Thin Film

Gasket

P Y - P v o« o o
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al
unil 3
ATn1sAaiineudde

msfiiuaAdelulasins “msdanneiitduuniynesnlediiiaswdnseduuniugag
waila Ultrasonic Spray Pyrolysis (USP) w‘va\hzqnwﬂ-ﬁlﬂuﬁ"’ﬂwﬁwﬁm%’uﬁqLﬁw'ssﬁqﬁ'wm” it
wiseeniu 2 4 fedy fe rausndunsaidiunmsesnuuyuazadiesuumsdaassiigdy
v uaz fafanfumsdufiunsduaneiiduuisiaessuuiilivihnsasretusmiinmsass
Simsmiathvediunmieniuiupssuuielrunsoduanmeifdililanaldmuiems

3.1 n1seanuULLaENANITTUUNTTuATIeiduuRyneenlenfay USP

ssuumsdaarediidudaomeaiin UsP fldvhmsaiisiudsznautudce undeiiia
nAusaniiledin (Ultrasonic  transducer)  viiradrsazossunanvesarsazatsiady
(Atomization of Precursor solution) vievsaszuuiinw dwiutiwivSevuds Precursor droplets
Wianasggusasiu Tuunssuulivinsfedeaainlinafeulitudiuvesiotmi iWevhns
stmpnadUszneuihildesdusznouvesiiduuntennly doufissiianiswesudnarefuiiduun
vugsesdy dmiussuuilildvinasuraralinrudoulivinnduvesiniwdy feeshms
Ansenaanlienudaulitugusesiunionfussuumusugamaiivesgiusesiy Silunmiveiils
Bonl¥3Ensl srvumadaaneifduunediifinisaiefulunuiseiitallasadaduluaads
lapzunsunini 3.1

Gas outlet
Solution Reservoir
Glass pyrolysis
Cha;:;/rbe?/ ) k Glass tube
\ transporting Aerosol
p T ~
N
Substrate Pressurized Mist
nitrogen gas inlet
Heater sen s l/
L, ;
Ceramic insulator Volumatic flow control / Precursor solution
&
Glass solution container -

|_— Coupling water
Y 3
Glass Water containef  —————p _-‘;'——' Ultrasonic transducer
o = 1 4 - :J [ #
A 3.1 TnesunsuTeIsEuUMsSEUATIEVEIN SN0, Memaila USP flaevhmiainety
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| o = od o P o . .
wsstilaatudaniletinainud 1.7 MHz asgnanlild Precursor solution container
P A W - o v v IR - oad w
waznuiluifsediuaudn 4 - 5 mm nndnnisainareamusnaleaiudanileiinisyau
- & - ) ar P ' - S d &
audntiaviianisaeinundnivenauetedivsedninngsan unasriinaauiisiniwilung
ylvasavanenasu (Precursor solution) undlunatzaniuazessmen (Precursor solution
Y v . . - | M a5 -
droplet) ansavatemaiuazgnussylilu Precursor solution container @veagmniieinii i
o 1Y v ' . . - ' [ .
anvmzl.i‘lumﬁuﬁ"a AT NNIMIUA9Y99 Solution  container ﬂzqﬂwaumm“ﬁ'ﬂnu Solution
Reservoir sevisuil @wuim 6 mm  Unveesnyed Solution Reservoir fdaUa-1Un
. -, . . od w o
asaratly Reservoir svgnilialnlvaitiniulu Solution container WasnwhszAuveaTazaty
vl ) N 3 o ot 5 [ . . as of 1 v o
Wilalishninssduniia venantiniaduuuLes Solution container Jallveamadiuialulasiou
= 4 AJ L3 - . .
AMUUSENS 99.99% Baaegndaidmnnislu Solution container wazgnAIUANSAITINTTINAAIY
. - P v o d 3 [ o
Volumatic flow control ufalulasiaull vimhddunfasimalseasinniazeomuoneyoy
Y P | < W
asavareawuliiadsumigvioumn
] ° » o [ Y o [ ] v Qs 1 -+ 1 o -'l’
vimimnufiavinnanvieufmilidnemsiluvieldguii U Tnguatedumiisveiodmniles
A v o R y o L) ! Y
gnedendhiusiuuues Solution container UaeBinduevihnnazgnaietiiududves
. R [v) [ ) o ol (K] °
Pyrolysis:chamber ng Precursor solution droplet azgnsiusnaufatiwlvitadeuniingviedm
P =) o u b - w .
UAZIIBIARBUIYIG Pyrolysis chamber 9¥ANASAULATIARBUAIVUFIUIBISY Pyrolysis chamber
. N . X :
vurnuda  fidnvasiiulauaseudatodn Yarelinves Pyrolysis  chamber # auiliuteq
o - - an o o s
neeenvadnfiauaznandnvedufiseuaiimiintunislussuu giusesiunseunisnanalviaiy
v = l‘:’ v d o) [y b 4
‘sauwgnmﬂﬂﬂ'}ﬂ'm'[u Pyrolysis chamber §uM{uBIgUTBuLYNAIUANAIY PID control g
wpanlvinuiaugnistatniuawueniin ssuunisunsiuadudiunn q Weelidnuns
o -
AURUURININA 3.2

Gas Exhaust Transport Tube

N, Gas Inlet (Carrier Gas)

y Precursor Solution Container
Glass Pyrolysis Reactor @

Substrate

Ultrasonic Transducer

Glass Water Container

Heater with PID Control

] [ Loy & L 4 - o = - o o *
aAMNA 3.2 sruunisddaTiesniduunismatia UPS vN1seenuuusasiiguluuineninIsas i
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3.2 n15w3uNgIuTeIsy (substrate Preparation) dmiunisiadisuiiduuns Sno,
'3 o o s v R ° &
Hduum SnO, HiduATEBUAIY Spray Pyrolysis System v'ﬂ.é'mmsa"s"lwuwgn
- w v = ) Y a V¥ v oa ' v ala
wndsvasuugusassuui Suluuiuuds 2 sllndreiu Ae Pyrex war Quartz Wuwinuiidinam

) o4 2
WU 1 mm uaz WgNARIVINTUIA 25 X 25 mm

o ) o '
3.21 asesdiauazgunsaldmiumairruasenieiundi

1)
2)
3)
)
5)
6)
7

Ultrasonic Cleaner Bath (Branson model 2510)
Dl Water

g

Acetone (VWR 99.8%)

Methanol (VWR 98%)

Isopropanol (VWR 98%)

Beaker

<) °
3.2.2 ﬂuﬁaumsmm'mazmnpusaQ%'U

ASTUUMIYIANNALEIngUIRITU dtunsumsiauazeInal

1)
2)
3)
4)
5)
6)

ar

ynsdetehewharuarenaswluiu
&raamhindughe Ultrasonic bath fiuaan 15 wil
#1078 Acetone 78 Ultrasonic bathe Wuan 15 ui
Ay Ethanol My Ultrasonic bathe Wuiian 15 wadl
& Propanol #ie Ultrasonic bathe Wulaan 15 unil
Whwishefglulpasiaummnianiys

3.3 MTATBA Precursor Solution uag MsuAsILRdIU1e SNO,
& v - " o o o S v
ase9R %38 Precursor solution Tigluntsdaasasvifiduune sno, Tuitildidy
o ° b - & - o o
SnO,.5H,0 Fanzgnnaneangdie Ethanol Hdiansiniiiastumoumanisunsil

3.3.1 g1siall

1)
2)
3)

#u (V) Aaslsa (SnCle.5H,0) (Sigma-Aldrich, 99.8%)
nyalelaseassn (HCU wWutu 0.2 Tuans
@uea (VWR 1udu 99.8%)

3.3.2 gunsalfilfluniswisumsazans

1)
2)
3)
4)

dausnans (Plastic Spatula) 1 du
Dropper Tube 1 du
Pipette Usuns 2 ml 1 fu
Beaker U311%5 150 ml 2 Tu
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5 930UsI§as Usums 100 ml 1 W
6) Lﬂ%ﬂs&‘l‘j.'dﬁ'l‘iﬂ']'luaﬂlﬁﬂﬂq\! (0.0001g) 1 130
7) Magnetic Stirrer (TOTO Model MS300HS) 1 1399

333 msaduansaraty SnCl.5H,0 fimnududiusngg
1) 1h SNCL.5H,0 MiwinAnsing 9 avawfiv Ethanol Ysnns 80 ml Inls
Aenduduil 0.05, 0.1, 0.15, 0.2ua% 0.3 Molar
2) 1 Solution ludie 1) lUnudae magnetic stirrer auldansavaredla
3)  Wunse HCL Autingu 0.2 Molar U3ums 4 ml
4) nusiedn 10wl (frarsazarefinaadililandeciaiuioudu

as ’ el =
MsaraefIng1IMegUngIn 50 °C aumsazareidanla)

334 tumsunnlifeussuuiiainisfanseiiduung

1) famssuumsdaaneilildeanind 3.2 Taovinnsne Glass substrate
Tivuwsiulviauseu

2) i#in Precursor solution aslu Reservoir

3)  Wamdlvt Solution Tnawdng Solution container Tnglviflszsuaaugs
984 Solution Tusedufimunzay

) Wmwdoufu substrate figamgdl 300 °C (Huinan 30 wril

5)  wdwndhuFadiiinsida Ultrasonic transducer 1ihanu ieyinldian
aveInueENYed solution Ml Solution container

6) Wrndwdaliufalulaaulvaditgseuusios Gas flow rate 0.05 U/min
\WewrazeaslevasasazareieSsuliluaniedauvy substrate

7)  lussnitanisugnilduunasassinwisedured Precursor  solution
aelu Solution container Tiisydunsil drsediuves Precursor solution
anaq AlinsUadndeld solution 97 Reservoir Inaiding
container

8) leinsduansiiiduuiaaidsuioslivinisUaundssnginise
U Uttrasonic transducer waz waatnnusou uidws flow uia
lulpsiouseludn 30 min

9)  wdwnhalWduley (Annealing Process)

3.4 m3dnauURvesiduuty (Thin Film Characterization)
J - - . . [J ¥ -1
iwoduntsAnunBaussanSnaamees Ultrasonic pyrolysis system #ildvinisadiedu
A- 1 Lo (3 - ¥ o «
UaLHAYEY process parameters  NHA2ANUATDINANUN wéumqﬁ‘lﬂmmsa’qm'swngn



29

AwnssdasUinuamasnliiisie UV-Vis  spectroscopy  waw four-point  probe
measurement fAeudiudiduusn JuduiSmsdienesiitiioganelu Suface Physics and Laser
Research Laboratory maiunitdnd asivermand ava. Weitduursiilévinisdunsevidusien
Light Transmission waz anmmhlwi iWuihimelouds seuniduunemadniuazgnasisinanin
Aufauazaramundae FESSEM  uasElement composition  #iileglufiduunedae EDX asae
rsedaululaswdndemaiia XRD S'mﬁu'wzgnmi'm’fﬂ Atomic-bonding structure @78
wAllA Raman Spectroscopy Ua¥ Electronic structure a8 X-ray Photoelectron spectroscopy
uenanildsldinisiiasied Electronic Transport properties #8 van der Pawn — Hall effect

Measurements

3.4.1 Field Emission Scanning Electron Microscopy (FE-SEM)
A’ = ay & [ Y ]

anwnung lateral structure Wag AMNVMUNIYBINANUNILGATAUATAIBAN
v a & e .. 3 . o A v w0
¢y FE-SEM finmsagit Thai Microelectronic Center (TMEC) Thailand #atasasindandrauves
- o . . Y [y = ar Y -2
US¥W Hitachi Model 4700 fidnwaziludanind 3.3 dasanisugniten (Growth rate) Sedunse
° v oy v ¢ & ' v
Awamldaneamuriieldmsisnaflundaunse usnani FESEM ‘S‘U‘lﬁﬂﬁﬂﬁ
AnsadIuYes Energy Dispersive X-ray spectroscopy 1ot Savihldatunsadinsasviesiusenau

o & o

vasswTfinasUziuegluiiofidy

pe— o

l‘ 1 4 .A ) J | ‘ "] - . 1 ~
NN 3.3 namqamiﬂﬁaLé‘nmauu'umaaunﬂmmusw Hitachi u 4700
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Al 3.4 PHILIPS X’Pert-MPD XRD Diffractometer

3.4.2 X-ray Diffraction (XRD)
nsnrvasuaNilulasndn uas Phase  identify  weaWduvilaents
ATIEAN XRD Pattern Mléaan X-ray diffractometer guia3saiiaiinsisvidananildluauide
ifuwesud® PHILIPS Model X'Pert-MPD Hidnwaimliufanmit 3.4 ndailssmauisefuaus
uvdatuiln X-ray Al$Ae Cu Koy Sifrmmenaniu 154056 A fadsagil nedviland ane
Innenans umnduguasusil IneiUSeuliieu XRD pattems 7nldfU JCPDs (Joint Committee
on Powder Diffraction Standard) Card file No. 21-1250

3.4.3 Micro-Raman Spectroscopy
uenMNdgmnTiAsed Atomic-bonding  structure  UBIRANUNA2Y
Micro-Raman spectroscopy  #ifuges NT-MDT INTEGRA spectra Saumasrimilauasain lon-
Argon Laser mNE1IAAY 514.5 nm Lﬂéiils‘iﬁaaLﬂ‘i‘]&ﬁﬁﬁﬂﬂlﬁ’lﬁﬂﬁmﬂﬁ NaNoTECH Thailand
Science Park Khlong Luang District, Pathum Thani fa il 3.5

s

AW 3.5 NT-MDT INTEGRA Micro-Raman spectra
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Al 3.6 X-ray photoemission spectroscopy

3.4.4 X-ray photoelectron spectroscopy, XPS
mMTlaseiiiduueiemain XPs asiivsaniBmaaivadenuam
wazdaiina weadadausisuenautimaaiivesiduuisiiseiuiumildodedeiu 1y vl
wazdnnuveIsIneiUsEney Tasademand wlinvesiuseniaadl saute oxidation state ves
penon SwandRmdaiidmalaenssieanmilnfiuasaulusaasmesfidu indassiolinsey
fanamilifues U3 Kratos Analytical Ltd Model AXIS Ultra DLD fasey#l Thailand Center
of Excellence in Physics, Chiang Mai University Thailand fdnwazifiusanind 3.6

3.4.5 Four-point Procbe Method
anmiliihasdiduunazgninde Four-point probe method nisia
feismsilhisulufesaiadefnsda i lAfuTduu fadumedailéving setup Tuld
NuMeisURn139y Usznaume Constant Current Source 984 Keithley Model 220
Programmable Supply, Digital Multimeter 989 Hewlett Packard model34401A uay
Signatone 5P4-50045TRS four point probe head Sanmit 3.7

AT 3.7 Four-point probe technique
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3.4.6 van der Pauw Hall Effect Measurement
uonanfiautinalwiwesiiduuedignaneiadie van der Pauw Hall
Effect Measurement maldmnuduauingn 1 Tesla iievihnsanaiauasssyriiaves
wive anmanuadem i sanhmnamuiuwsmmednde Seldnvastesiuin A
Hurdn s aedUsENoUYBITMUaTMsRaRusERUsEMINe Sn U O dusrdenadierann
ARBILAEAMIIMIMAL BN AY

3.4.7 UV-Vis Transmission Spectroscopy
nsnsIapuALtRNLENR I UV-Vis Transmission Spectroscopy Wuwmedla
fannsovihldneludecUfRideliviud Fameliadannsassymmumnuazesdusznovvesiidy
unldognensm 1 ludesd Fefimmamiazesduseneuteiduuneddidiiudfumduiiinm
Bauaniuansedanldandoyaveassiudmsdosiuuamesiidguunnu q
zuumiﬁmﬁ'u UV-Vis Transmission Spectroscopy tﬂuizuumﬁﬁ’m’ﬁ setup 'z“'l'u
aeluesfiineg Wufinmil 3.8 Feiliaunsoiinisialédviufl ssuudandruseneude
OcenOptics DH2000-BAL deuterium tungsten halogen light source wag an OcenOptic
USB2000 spectrometer wiaude Optical Fiber dayaildnsinazgnirluusuifiuuassunouiie
11N15M1 Optical constant (Complex index) 2 Optical energy bandegap laz AMUNUIYDY
Hauumn

—— T
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HANITANLUIIUNISIAL

mssufiunudsenieldlasints sanssiiuemAdodulseneudie ssuunmsdunsie
Hauuemaiia Ultrasonic Spray Pyrolysis System way fiduuniiinenmisdunsizisg
spuuitlévihniseenuuuuaradnedu eeansdudueilulasimsidoildvinsatrauas
ADAUUUTEUUMSAUATIEIRANU B9 Process Parameters 4184 Pyrolysis system fidinass
andRvesiduunilegiiefuvany Parameter 1iuA Precursor solution concentration, Gas Flow
rate, substrate Temperature iauwsa Annealing temperature ﬁam’i%ﬁﬂmﬁwaniswwm
Process Parameters wamusinldnasliludredu filveautivaeiiduunanislunaniios 1 3 dul
annsevildiiann maduiun1sisuislfidenuanes Precursor-solution concentration uiiiu
nSANWN

4.1 ssuumsdaasisiilduuteaae Ultrasonic Spray Pyrolysis
oy v oo v X P oy € v -
STUUNIAMINATATITUAINLULIINAING 3.2 FEUUMTEUATIEAANUIMEATA
A d ? L33 s F o A
UPS #viniseanuuusasifsuwuuiovinsast ddnvundufnmaiofenwi 41 - 43
R d @ - ' vada b i v = P °
wrasiuiandudanirletnmelilugruivunalugniiviey vanuia@ussg SnCl.5H,0 ignih
v 3 3 Vo - o o q v o
arawmelesen sgninlinuvuvesuvasiudandu arsazate SnCl,5H,0  gnviilidu
O 4 A al 1 -} Q)
AYDRMUBNIANYALAIN NG 4.3 arepINenfIna %3 precursor droplets RBNdaUYea
d e o ] ar ] . o o %’ '
raudanileinvzgnasludtansazaty duni capillary wave fiiinoinihlugiauda

&

al 1 - ¢ 1Y P °
NN 4.1 DIMABTTUUNITEUATIEUNANUN SnO, Mewmalla UPS ‘l-ﬂ(’!t‘ﬂ'lmiﬂg'n
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(a) | ®)

(a) tb) (©
El o oy v - :‘ 1 o - J 123 -
AN 4.3 STUUNISENATIERRANUN SnO, mewmalin UPS wusiuviasininnaudansletin

AANMINLAR atomization of precursor solution
(@) nmlagsanaedsyuy
(b) Atomization of precursor solution fithdufntuly Solution container
(c) Pyrolysis chamber war Glass substrate

ety precursor droplets miadauilufigusesdisninimwvesudasimmevie
1wt wae anasuugusesuiad 43 (0 Fadasnisivavessfaiimiazgnalunudaesa
auAuaTIN1sinatessinia uRadlfiiuufaimiduduuialulasiouaiuuignd 99.99%
gﬂu‘sﬂﬁuﬁ”ﬂzqn'lﬁﬂ'mu%'aus'hU'zma'mﬂ':m%'auuasgnﬂ'mﬂuqquﬁ&'ﬁU PID control il
maiiAviliwagansnuudsuld Tnsansamunuldfaud 25°C &0 1000°C  Tuosd
precursor droplets inAeufiuvietniy s ueavrszvenenain precursor droplets U
vndu Wesmibuansifienuulege

szuunsdaassiduudiomatia UPS  fldvinisadnetiu Ussneudeiidaudseney
vaneusgirefu Tneudn q Usenouse Ultrasonic  transducer  snathdmiuldih vaavde
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[}

Solution container 8nvsgiall Solution Reservoir visuwnuid uas dautes Pyrolysis chamber
) -l | 1 o o
YNT’Iﬂﬁstﬂﬂﬂ’ﬂﬂﬁumazﬂqunﬂuﬂﬁu

4.3.1 Ultrasonic Transducer Head
Ultrasonic Transducer Head fidnldfueniduilifuadestiiionionaiu
yiafldiunAeny Tourmduriiugudna 3.7 cm g1 2.3 cm Muvdssiglil 24 VAC duila
raudanilutindnemnud 1.7 MHz Tiiadslai 30 Tnd fidnwaidenmi 4.4 Ultrasonic
Transducer Head 9¥gna13L3lu Glass Water Container Ultrasonic Transducer Headﬁ%'mat‘j
Tusraufaussyi (Glass Water Container)

4.3.2 Glass Water Container
] Y o4 mw [ = . [
onuMBaidnwasiufin i 4.4 Ultrasonic Transducer Head ilsqn’ﬂu'l’mq
al v & & [ Y RIS A& ° v o o . ] ar
anussenll sl lvdwiuladn suhlusrelisvviwmiiindud coupling lumsdesinundaanu
- o 5 - v 'Y 3 o v
pauludeans Precursor solution NUITYRYTINUITY TaaseaunivlugnsarfealissAuiiivuizay
A d o - - 4 1} L. d )
Lwa‘w%wﬁ'lﬁmmJssﬁﬂﬁmw'lumimmuwawmﬂauamqqqm

4.3.3 Precursor Solution Container
o -] v =i v 1 3 ) A‘ -]
139UT39 Precursor solution MU19INKMI uwau,n’zaqmaﬂw’mu NaUILN
(| = o ur (9] < & [} ] .
wiridunafueesazesavaen fdnvusidusninn 4.5(a) YIAUITYUINBYIMUD Ultrasonic

Transducer Head

4.3.4 Solution Reservoir
] A o a4 A v Y a sgy o
Wesnnlenveniindntusrgnldlulunisindoufidauns aniudaildszdures
[ v & = 1 - o (Y
arsaratsanal 81 MIanasvedatsasatsasilisnsnisudanuanlineg n1sudnwissdy
) o 8 v a <l 3 S - < a
asarany sedieyilignnsndavuenan warainiauenasanatndeuiian Taunusdmiu
<
ussdsaraudToanInIng 4.5(b)

(a) (b)
Al 4.4 Ultrasonic Transducer Head 9xgnet3lu Glass Water Container
(a) Ultrasonic Transducer Head w3aumaunassnglv
(b) Glass Water Container
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(a) (b) (c)
mwﬁ 4.5 (a) Glass Solution Container {b) Glass Solution Reservoir uas (c) Flow-rate

Control

4.3.5 Flow rate control
a o é o » o [-] l‘:‘

msmugudnsnsivavsafalulasiuisihmindusiaihwiiuezgnasuay
¥ o J o “ v at ar
#78 Flow rate control fianmn 4.5(c) ufidlulasiausrgnaauaudninnmsivaliminsauivdns
nsiinaseaviden lnaaionsinisivavesuiatulasteuliauinsuiulussdmarinlvdnsinis
Q -a 1 1 a J -3 (-4
Allnasesmuenildosniidnsinisgyideasesuanifissainnisimeenluseudia
Tulasiou

4.3.6 Pyrolysis Reactor
Pyrolysis Reactor vhananuftafidnwasidulay TNATOUFINTDSY syl
Snhwamuvisvaisiln drutriviedeidendhiu Glass tube transporting aerosol kar Uaiuued
. & [ o a ' X o - - v ) @ oaE e e '
ﬂaums‘ﬁmqauwﬂmwgqaawummww 4.6 Tﬂauumgﬂmenﬂaﬁemqmsaugwsm'suﬂau Andeoe
ntlu Pyrolysis Reactor vimthillumsidnusuizaveimsnseaiofvesasoswmuan

(a (b)

Al 4.6 Pyrolysis reactor fdnwasfulauufvare@enia 2 d1u duvuiiunmesenveusa
dutrevziiviothufadudlunely uas finsisruruiievnanisivaes precursor
droplet 79l3n el (@) Fusdusiag  1éur Pyrolysis reactor NIILAIUANTIANINTS
lwavsaufia way Transport tube (b) %ueiwwzqmugnUssnaULif’nﬁwﬁu
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o 2 Y v a
A 47 gelimnufeuiugiusesiundeuyaeuaugamgll

) v o '
A 4.8 'izU‘UﬂﬂLl.ﬂﬁ‘ZNﬁ'llJ’ﬁﬂﬂ'JUF}ué’m'ﬂﬂq5ﬂﬂﬂﬂﬂﬁ')$}ﬂaﬂﬂﬂ’lUﬂu

43.1 yalianufeunugusesiu
as v v v = v " e v - 2
gusesfugnlvimuseumernaianilalinisuduliaiiuiou Suum 5x5 cm
vmnannlavsegiliilen gumgiivesgiusesiuasgningis Ktype Thermocouple Lazgnaruay

# PID control 84 OMRON model E5CN a8 accuracy £1 °C danwit 4.7

4.3.2 szUUgALNH
ssuugauiavihiigaufadiuiusanainssuy viunndnaumesits fveae
gnreiifuvaedasuuuyes Pyrolysis reactor 8nsin1sgaesnasgnaupliiinnuaugaiy
nsmsiaufavesssuuuanianing 4.8

4.2 WENINAEBUNITINNUYEISTUUATIRAATeERaNUsAynaenlydfae USP

iedunimageussuuiilivnsaaussWauniuludosiuldvinsdansesiiid
U4 Sn0; B dedeulvrsamsnfiines (Process Parameters) uaniamnadt 4.1 Tasfdauuees
QNIARBUAIUN Pyrex glass substrate rautluldeu gﬁu'im%'uﬁasgnmmazmmﬁwagmaa
(Soap clean) arlunsudaasiulesu ndwinmiuesyinisdwesndieinduy uas awdens
wehlugnadanilelindas DI Water Wuiian 15 Ui wdamihllivdmelusndanileiinge
ansnildaselusl - Acetone, Methanol wax DI Water Sunsuas 15 unii udrdaldusidoufa
‘l.uimmummu%qw‘éqa
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P ] - &
A15190 4.1 Reulvwsiiimeivensesuiunis

Tyl ity

Precursor solution concentratio 0.05, 0.10, 0.15, 0.20 uay . |
Substrate Materials Pyrex

Carrier gas flow rate 0.05  L/min

Substrate temperature 300 °C

Deposition time 3 h

Annealing temperature 500 °C

Annealing time 30 min

Stannic chloride pentahydrate (SnCl;.5H,0, Sigma-aldrich, 99.8%) '«ngﬂﬁﬂm'l'u”ﬂumsﬁ"’q
sudmiuiduumdsdnin sn du fwzgnavarsfeesusaiimndudu 5 adheiude 0.05,
0.10, 0.15, 0.20 uAw 0.30 M @sa¥ay ansavate SnCly5H,0 Havgmiilumudae magnetic
stirrer Migamail 60 °C suilluansasawdla wdrFihnisiin HCL A 0.2 M 1w 4 mt
MUgBsIY magnetic stirer 8aliutian 10 wH Taunsahlvldeuld arsazany SnCl,.5H,0
weude HCL axgnifiuastu Precursor Solution Container uazgrhlvifuazesamen fundy
Saniladin lethegmitlumnasuugusssiuseutalulasouiiisnsnisivatewsa 0.05 L/min
Tusnusivhmsduaseiigy gusesduiugnlinndouiigamail 300 °C gwseeiuildnuiitu
winufmend nanfldlunsugnii (deposition time) 3 h ndannfinszuaumsdaasidy
afady fidndeeguugrusesiussgmirluiunssuumsusuiiadedaegnmgil 500 °C Feshn
Winturesgamnii 1 °C/min wariishiil 500 °C unan 30 Wit

wdmniufiduesgnilUinssifomaiiasg q Kl

- X-ray diffraction XRD : a PHILIPS X'Pert-MPD diffractometer using the Cu-Ky
radiation (1.5406 A)

- Raman Spectroscopy : a NT-MDT NTEGRA spectra Raman system with He-Ne
laser excitation wavelength of 632.8 nm

- FE-SEM with EDX : a Hitachi S-4700 FE-SEM

- UV-Vis Transmission spectroscopy : a system setup that consists of an

OcenOptics DH2000-BAL deuterium tungsten halogen light source and an
OcenOptic USB4000 Fiber Optic spectrometer

- Four-point probe : a Signatone SP4-50045TRS four point probe head at 25 °C
- van der Pauw and Hall effect measurement under a magnetic field of 5000 G
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4.2.1 uAMTEEANRUAIAAE FE-SEM

'luLﬁmﬁuéﬁwmﬁi‘]’ﬂ‘lﬁ’ﬁ‘i‘luﬁ']nﬁﬁnmﬂmvﬁ'u%’wm SnCly precursor Fudy
process parameters wilsiiddgifnadeaiRduuraluagrann Tae topography wag cross-
section view vasiduldaNNITENnm FESEM Wudinimit 4.9 Seauiuld #ulivesgiuses
gniafieudieiiduun uandunssinierssyaudimiussswinednuasiufiatuaundudues
SnCl, precursor TanidnEnsHesufTesfiduTsnduthe Tasrumnuesiduliihms
Innnnminutnaresnimens FESEM Fapruminresfidguiidsulumuninududuuansdansv
Tunwdl 4.10

IS *"
" t=401nm

-l ' o & < 4 - o |
awi 4.9 At FE-SEM - vesauuisnldninnsdunsizilegld ultrasonic generator #
- s A o L) 1 < . «l
Ussdvsamlumsindandubiaiaveuasdenstesings # molarity vee Sncl, #

AEN

5 00 T T 1

400 [ =

300 | -

Thickness (nm)

200 -

100 + . ' .

0.0 0.1 02 0.3
Concentration (M)

Pe - o [y I v
A 4.10 ATIVIYBIRANUN SnO, Aaruduturesansasanenadiu SnCly5H,0 Mrne 4
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4.21 wamsinsviasfuszneusgiaumeaiia EDX

MNMTIATIERBIRYsENaUsMBInAlia EDX wudi fiSn, O was Si 1lu
pefUsEnauTRTdNUN fanwdl 4.11 Tae Si finsnesduseneuvasgusesiuuiiuui way de
i at% wuin f8msidausening Sn Ay O TndiAvety 1: 1 Awandunsedl 4.2 Fawandi
whuiiiduuiléionnasil SnO phase sgusuufe vie enaiatuidessinmelufidudn Point
defect WUU Oxygen vacancy ¥ snsidumaaiisewing Sn Au O falndiReaiuunn us
sgnlsimun1siinseiosfusenausiniie EDX  arunsavsvenldifisawidiansdiedng
Uszneusesiavieasiusznaulatin sanhdadevuileguuiuinestarsietts unliannsavs
venléd siusingegluiofidniuiiussieiifuegals

AWl 4.11 EDX spectra 18sW81IU SO,

al o pu P -~ P
A1 4.2 dnsdIuBeTnoNYed Sn was O wuaq’luwaumq SnO, #AAMIITUTUYDY
SnCly.5H,0 AN 9

SnCle.5H,0 at%
Concentration r
[M] Sn 0 §
0.05 44.50 46.92 ;
SO U I | e
0.15 50.47 46.55
T T N A
0.30 45.80 45.60
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4.2.2 namsinssauUAnaudas XRD

PNHANTUATIEN Phase Uag seulAsdn (crystalline planes) veeRdaum
Fvinrsdaasiesitu wuih XrD patterns \fin peak 3u 28 e 26.5°, 33.8°, 37.1° and
51.7° Seeandoafiuszurusdn (110), (101), (200) uaz (211) Fadushumisssurundnvediidy
UM SN0, TAMKARLUY tetragonal rutile (§WBemm JCPDS Card No. 041-1445) XRD
patterns waaidNUTiRNTuLeq Precursor solution TIANAN 4 uaY YBIgIUTELSY AR
Al 4.12 UL XRD patterns laiuamasumisiinvedlave Sn wae SnO phase us
aglsfiomu FWHM wasfinusiasinreudnenie (broaden) Fauansirnnvoadiandnaoudradn
wddldriaunedldvhnmsugniuiituidu Nanocrystalline structure

4.2.3 wansaTeiauiAWduR28 Raman Spectroscopy
& - al ' v ¢ v g o ¢
Raman spectroscopy fuimafiaflanniatevenléinfduilavinsduasiey
- - - x ) [y -
JuWduunares Sn0, w3eil Atomic-bonding Tudnwarln dwiuRduuasiiassadradu sno,
. a 7 o o '
WUV rutile phase Fedpafin Active Raman modes g Agg UAT By MAUNMUN ~471, ~633 Uay

~T73 em” auddu #an13im atomic-bonding  sesianUldnsduRTsLERs W
413 9njuiiulédn Raman spectra waaflaNUNUARILOUTTIAIWNTS (broad band) Taedl
AanansseauouagRisaumia Raman shift ~313, ~473, ~574 uag ~775 cm” uag Mfesfiadie
Aumiis 633 cm” Maatulufnegreroutetmeu wandRihurfidudidnaseild duiid
viifiosRusEnouLes SnO, wazillaseaiuuy rutile wisgslsfinuiinues Raman shift My
uounfrauaadiiisiuimeluieidniuginiosdussnaunie impurity phase Ustuet#e

[=1
—
—

0.10M

0.05M

Pyrex substrate

i 1 1

20 30 40 50 60
20 (degree)
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Al 4.12 XRD patterns  vesgrusesuriiuas Aduune Sno, MwIensinmudutuves
a13asany SnCl.5H,0 AR 9 AU 0.05 M, 0.10 M, 0.15 M, 0.20 M uas 0.30 M,

0.20M

0.15M
0.10M

_WM
MW

200 400 600 800
Raman shift (cm™)
AR 4.13 Raman spectra ¥BegIuTesiU Was Wauun SnO, FIsusinmiuiduduyes
arsarans SnCle.5H,0 AN 9 AU : 0.05 M, 0.10 M, 0.15 M, 0.20 M uag 0.30 M

300 + -
—8—S1 band

2 ——A o mode

& 200+ -

z2

&

EH]

g

g 100 .
ok .
0.0 0.1 0.2 0.3

Concentration (M)

Al 4.14  wamududu Snce.5H,0 solution il Raman Alg mode uaz S1 band

weneni) Raman spectra Sawamalviiiiuin rmdutuyotansady SnCle.5H,0 iina
#OAMNGITEARA Raman Alg mode (~633 cm ) Was Raman band (1) Asuwmisiauoy 575
e’ fauamdansminmil 4.14 Tnsmnugevesiindiiumistes Raman Alg mode fimvmduiug
Tnensafiururnveadinndn (Crystallite size) ei'aum'mqaﬁqnmmnu S1 fipuduWusiu in-plane
oxygen vacancy (Vo) awnnsmiiulédn dlevhnsdaesaifduundsansiafuiifianundudu



43

] ¢ g v P 1) ) ] ¢ o
0.10 M avewaviilv Raman Alg mode HAuidugegm tuninennudn Rauuimanddy
= . . IJ J o L4 o } 4 -‘
0.10 M #f arystallite size vurwlngiilan Fmamsiieseinsafusaitlésin XRD patterns luamit
~y [ oy & [ | 2 o & o ¥ -

4.12 usnnimsduareiauumsrududu 0.10 M dudunariliiin oxygen vacancy
' P o ' Y - 3
Yiouninsdidu q dumneeawi Rduudlden 0.10 M ewsslimmawnsalunsiiingy

' Y b aw a v ' [y - < P o ¢ o o ol -
AautevielianmamumilwihrsudngydisnSeufisuduiduuinisusnslouledu 9
P - o P v 2
wasdmdunmeiimnaduduresarsazaty 0.30 M sxianmiumumalwitniosga

4.2.4 qamyIAsIVaNUARAURY UV-Vis transmission spectroscopy

MnMITnandAiniavedilduuiesag UV-Vis Transmission  spectroscopy
b anl 4 3 ] ] ' 4 as <
WU WéNU'NﬁJu.]ﬂiL%Uﬂﬂ'l‘iﬂﬂ'ﬂﬂ']uuaﬂﬂiﬁlﬂm 80% IUﬁ'NEi'IUﬂ'INBQlﬁUﬂQﬂ']WW 4.15

100- Pyrex substrate
S e
© 75
8
2
E 50 .......... 0_05 M
é —-—0.10M
N WUl \\/ Ny H )N/ peiiil- 0.15M
—--=020M
v, 13 1 onononn R /s ss s\ g dl con~na- 030M
0 1 1 | L 1 I
300 400 500 600 700 800

Wavelength (nm)

amfl 4.15 Transmission spectra va4MdaILUN SN0, AFrAIndud SNCL.5H,0 solution e
\Ju 0.05, 0.10, 0.15, 0.20 uaz 0.30 M
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2.0x10* | =
&
<.
vy
. L5x10%F 28
§ S
> " S
~ 1.0x10* =
£ e
G s
~ 2 X
5.0x10° | 8 ’
o £/
A ,"./'I
* e _I
g —i
3.9 4.0 4.1 4.2 4.3 4.4
hv(eV)

AWA 4,16 Energy gap voallduuN SnC, wlemmnduduvesansazans Sncl,5H,0 Saniiy
0.05, 0.10, 0.15, 0.20 wag 0.30 M

[ T T T 1500
g2l Pl
- Eg
A + 4 400
/
4.15F o o
8 2 Yo "l §
% ~ {300 §
g . ® ¢ £
- i
410+ \o E
e 4200
4.05 | ' T 100
0.1 02 03
Concentration (M)

ol v alat 1
A 4.17 wavemnuiduduresansavany SnCly5H,0 #illso Energy gap Way ATMVUITEY
RdumlaannnmeinIn FE-SEM

-~ < - . ! - £ = 1 [] v
INANTIATIEN Transmission spectrum WU Energy gap uaqﬂaumqumagwm‘n 4,09 -
(Y - o ' AR Y -l
4.14 eV fanmn 4.16 Tnsauduiussewinemmidutuiy Energy gap udmdanni 4.17

4.2.5 wan1siassiauiafdudas Collinear four-point probe
dwiunsTrandfivelviheeafidaudie four-point probe technique wuda
anmanusumuniniesWduundinuduiudiuainiududureaisasany SnCl.5H,0
#Fansmand 4.18 Taenmsveasswuindleauduiuvesarsaneianiiy 0.05 uas 0.10 M 92
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o 8 Walm ¢ - 1 [ v a “ ad = v
lviRdauueiliaranswanusuniilndidsaiuian 3.0 Q-cm  uasioiiuautudures
' -
arsazanedu 0.30 M anmanusmunundiiveiduuslinanaunde 0.5 Q-cm Jwma
msinauiRnalninasardsstunansiasieirsduees Raman S1 band

3t g8 ]

E

?

< 2

b7

i o—o

&, 1 ‘ \ -1

@

0 1 1 1
0.0 0.1 0.2 0.3

$nCl,.5H,0 Concentration (M)

o v > ada [y - e
AMnd 4.18 satesrmudutiutes SnCly.5H,0 solution Milsisanwauniuntlnyivesidy

L2 s 4 1 4 - ] - ) o o
PnransInanTaresiduunmenatianig 4 detmaves XRD yuoulosiunanis
(Y J\lv . 1 o« o v W [ 5 4’ | o o | A 4 -
TnAleaan four-point probe wuln dilmudaudiueg visiisswindaiuamnntuduaud
" - a o v < ' vad & o  ae -l v v v oa
0.30 M wuiiduunilnudundntiesamisnaaldenteniivi Hduurivgndeanuddull
grain boundary 1nniyAnsel 81 grain boundary srdamavilianmdirumunislwiidangs us
J o w v -y o a4 1 -~y & A | 2 4 al 1
Wevihnsindawmatia four-point  probe  AdunYIY FauuwhARdud 030 M SiAanw
L4 J oo ] 3 - ]
Funmnilindeagn Jeanveiinanezlananiwely
[ & v o foay € v " = “ :’ o o o - «
nasnmilaviimsdaaseiiduueimedoulniieaiudiiu 4 aa Tnevinsiese
. \ ;  4f ) '/,
e optical properties wa¥ electrical properties @4l% UV-Vis transmission spectroscopy
. 4 - ale a v 4 N .
way four-point probe Fuduwmaianialaneluiesyjidns Tag optical thin-fitm thickness
.\ NPT 1l Y o - v ' . .
uey electrical resistivity fiffiraud™ dawudnin wwiliuwesmuduussewing optical thin-
. e e Y & & - ' Y
film thickness uag Resistivity AuAmdnIuTasasavarsnsrutuasuwlatiy v3e nandne
- ' Y uu
w1t Liaansavnmveassgile
-~ L ) ) ) - -" J a &
MM TIrTeiligniding meidnmafetuliemnaumitauevesdnsimsaing
X . L [.J -~ d L v = 1 I': 1 )
wien 3o atomized precursor droplet vaiinlnedudantlefnluusasaseitlumiioudy
] . 3 ] s‘ &
USinauviemusminiiuysauen wie atomized precursor droplet fifnftlinsfiuinthaiestia
4 ) - A’ “ -, ° o ] o d & | 4 -~ :U
Fapmiuintuiinsnnuseansnmmsinuresiiduiinsdudanitledn waruenviniidawudn
71 darnasivadivesudadmn way Snsamsiwasandaliangaiu Tay dnsamsAudanueniuy
' O - A ] o J L . d ot .Y
denidnnmgagdy Sededesvihnsuivupessuuieligninsivadweauidaugaiudnm
J o 5 :ﬂ o LA at & - o ‘J o
Msgesen issndnsviassiifimnuduiuslaeasaiudnsmsiiaiduuis &nmsduanlag
1doyasn Transmission spectroscopy ¥ilinswdnprumuvesiiduuididegluta 200 -
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400 nm TnsRdufldanmudutusnsarats 0.2 M Trngegn Fsemnaaifidlunisugn 3
Falue mnfedeliaunsomuruanRvesiidalFotencil iy mmmun @ldonnisdn)
dwiunsuftigmludredudu AviIdelanudn drunilreadywndatuidessin
uwasiuilnadusanileiin Taguszansnmnstuderduresmdsiiiinanasegiesnd aldvh
msasuuvdiislmi sunhaiuasiinsyanuaradlitusruugauta wdsoniuldi
msnnassdumsitdiuehdouludsaiudiiu 3 aft wudansomuguenimnvesiidy
v Tnefifenmbivtiveu 20 nm Fwamsvmassdanssiiduuiiineudsuhideadusan
flelinuarandnsnisgresnveauiatusaluiadodaly

4.3 namswasaUNMSINIuTaesruuduaTiiduurRynsenleddae USP lévinas
USuuessuu - savesmanududussazaeniy
Feulslumsveassnndaassiiduuiuansionsnd - 4.3 Sailduunasgninfouat

UugNT89U Quartz  Tnedndldranudindusas SnCly Solution fiAwiu 0.05, 0.10, 0.20
wag 0.30 M

.

al - - & v -l v
A1T9N 4.3 NB'IJITI.IMn'ﬁa’\ilﬂi']b’“wauuqﬁﬂaﬂﬂ']ﬂﬂuﬂ'ﬁﬂiu‘d AT8UY

Precursor solution concentration | 0.05, 0.10, 0.20 uas 0.30 M
Substrate Materials Quartz

Carrier gas flow rate 0.05  L/min
Substrate temperature 300 B
Deposition time 3 h
Annealing temperature 500 °c
Annealing time 30 min

. £ o

4.3.1 wamseenwnuiafioy FE-SEM

Surface morphology wag cross — section view wosduuitlansdannsed

P o ol ot o . 1 o v | o < 4 o
Haundanifinisiaeu ultrasonic generator 1Hujuuasiielni uanesanmil 4.19 uaz Wevh

3 . ¢ al %) - i w4
mansassgdmuindevinmmasesduareiiduiinaudidures sncl ifh 0.20 M 1A

ay of i - v oa [ -

MWENUNH 304 + 25 nm saviimsiadsurssfiduunasuugsaedulianuminanemniu
agratuladn
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d 1 . I* o= [ Y
AMA 4.19 A migny FE-SEM (top view Wag cross section) ¥esflauuisiidannisdaasiziiag
) . o a o a A v - .
14 ultrasonic generator aseansamluntsnniinpfurAsutianei molarity 84
ot i P}
SnCl, AN 9 e t As AIUNUITBIRENUNT

x| v v PN - 1 - -
WeAmdutued SnCly.5H,0 fAnuiuein 0.05 M Wy 0.20 M antuvunveaiduunadl
' . S Y ¥ oo - 0 v oaa X e X a &
AaRaY LLWLJJ'E]LWIJF]'NJJL‘U!J?JUE]N{]H 0.30 M aArumNIeIauuNNauiiNTusn Natenaintu
4 ar . . d = ag ; = J a | S 4 é 5
LDINTEAY impurity Way defect mAnduluiiefdy Wesyduanudutuses SnCl,.5H,0 AUy
a o quva A & X4 h o o
edasuvinvie formation of SnO phase MatiiiosanuSuia avaitable oxygen Uagun e
| S 4 n‘ c'f’ a Ty dv -‘ o 1 o -] =
Adudy SnCl.5H,0  NTu Sn - eefivSinanniuiioWieutiu oxygen  duasSwilviAn
. 5 5 . % al
formation of SnO, phase formation WN%U Uay formation of SnO phase WBHAY LUBWIN
. o - ) 1y v )
available oxygen fianansaifiailu SnO phase tesasll widh Aududu SnCl,.5H,0 fiA
o X a ' IR ol ' w ' .. v
\WWauan avdsnayinlvi Precursor droplet wmqmqgﬁusaﬁu‘lummsn decomposition laviaviun
J o =% 124 Qs 1 = I - -‘ 1 LA
\WomvdsumEsUsinammieunngusesiuliiiswmeseuiuuees droplet Mnnasggiuseasiu
oo a « 0 @ Vo C & a4 . | ' . .
i Sn flvsrusznou uaviilvitAn impurity 41NYU 99 impurity AINE1UNERB nucleation density
uay growth rate

4.3.2 wansiAsTIsvlAsEnaag XRD
XRD patterns gesiduuniildvhnsdannmifaududuresasazarsdasiu
0.05, 0.10, 0.20 waz 0.30 M Wanafan i 4.20 3y ualidiu WU Sno, Plafasawdn
WUy tetragonal rutile (JCPDS card file no. 41-1445) Tnefiszuuisufing (110) plane uazda
Usznaudusrunusing 4 il (101), (200), (211), (220), (310) uaz (301) 970 XRD patterns 1ngy

a ] v v - ) . a o P
Fauvniwioumeaandudu 020 M finnanduadn (crystallinity) gega dlevinnsiiuaaiy
\Wutua1n 0.05 M 9ufe 0.20 M AT XRD peak waanszutuiiAnnniu uadwhaisifin
Armdndutiudndu 0.30 M dwavihlv ardunas XRD peak firnanad



48
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@11
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(310)
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| 1 I 1 1

20 30 40 50 60 70 80
206 (degrees)
AT 4.20 XRD patterns fiF molarity 489 SnCl, Aifnene 4

MASIUAELNWUaIEdULEY SNCL.5H,0 wuinarandutures SnCl.5H,0 Favh
winBuanshadulugae 005 81030 M dubifnadelrsairvedlasmanegairudausiing
composition antululiiafduuns seiinanBludreduudrin dle mdutuves SnCle.5H,0
Tiwvzauredeulavienisnfiwesildwisuiiduunesdwihliiae impurity uay defect Tulu
iloRdaune @y impurity wae defect fanamilnariilif crystallite size Tivunaanas

4.33 WamIIAIIiaNURAMINEWIE UV-Vis Transmission Spectroscopy
Transmission spectra ¥8sHANUI SN0, ARAIATLTUYB SNCL,.5H,0 4 A
seiu s 0.05, 0.10, 0.20 uA¥0.30 M uansfanIndt 4.21 eaguiiuldi Rdunediedidud
nsderuuaslugumueaiuannndt 80% uae WeawSeudisuduiduunsildnnnseionty
ssuuiigalailévinsuiuy it sswud Rduueitldvdaanitlivinisufupssuunseioafida
Uil Percentage of transmission ga‘tﬁu waztn Transmission spectra e fy Beer-
Lambert’s Law [44] annsailuléfinseiiftediuiaminn Optical energy bandgap (Eg),
optical thin fitm thickness uae refractive index vasiiduUNsIAgTinansAwIuFInwA 4.22
Woz A 4.23 Ay
IINMTATIN WU Eg mmﬁéumqﬁ”'wmag‘luﬁha 4.13-4.15 eV wag Advidnimdanas
firneglutae 1.85-2.03 Tuthemmemedu 400-1000 nm Riduuniimdviitesndy 2.0 duwansiy
Wéuuma sno, Lildfiies Sno, Phase ussfussnsurenilefdufisndoviniu wiereesd
SnO phase uay impurity duq YsUusgsng FaainmeamAdanuin Airnuenadu 550 nm SnoO
il optical refractive index n ~ 1.8 [45] Wag SnO, il optical refractive index n ~ 2.0 [46]
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400 600 800 1000
Wavelength (nm)
| W o - Py A cv v v v 1
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4.3.4 wan1531a31Eh Compositional and electronic properties A8 XPS

n‘iaamnaﬁﬂsznawaqma (Elemental - composition) uazanwMEN1LAA
Wusznaafivesst (Chemical bonding Aflagluilefduniussdmalaonssautininilngh
Tagiawsiduune Sno, miﬁ'ﬂwﬁ'}Lﬁﬂﬁu‘lﬁtﬁaqmnmsgtutﬁué’mhumamﬁ viseysdntionied
Aa Tduue sno, whlwihidfsadlensluieiduiuredeaiisidusznouta Sno, phase way
SnO phase Tegfuiu Funadlansdinsisifasannsovenldife xps dwannsaszyléia sn
Fihawuszmaniifu 0 agluanuy Sn'" oxidizing bonding state %38 Sn° oxidizing
bonding state TAtnan1s3iATIeM Oxidizing bonding state 484 Sn 3ds, FUsznaudie sn”” #
#umia binding energy 494.5 eV Lag Sn binding energy 495.0 eV 4as Sn 3ds, Ustnaudie
sn’* binding energy 485.9 eV uay sn** binding energy 486.6 eV [47] WaxuU11 SnO, Alsvianas
wSuadufirnadiuduves SnCL.SH,0 Fidsne q dhe weila XPS uansenmil 4.24 Tnewleth
Sasndufiulfnsimsewing Sn”* oxidizing bonding state U Sn™ oxidizing bonding state 1

wiemnnamiuanadudures SnCl.5H,0 iR q sldmudmudidudnind 4.25
inguasiuledn ilarrudutiures SnCl.5H,0 TAmnTuTuda 0.30 M SaTduity
Tonsmsewing Sn”* oxidizing bonding state AU Sn* oxidizing bonding state fifanaeting
51037 thimneaina eanudidues ves SnCL5H,0 Sannadusniunayildifa sno,
%38 oxygen \AANusyMMAATITY Sn - oxidizing bonding state FeaiBunayiliiduuniianaan
tlwieras Snhudeild sanuvuwiuremavedidnioas seiilesnindledl oxygen i
Wussyariiu sn® oxidizing bonding state undw HunaYlR oxygen vacancy fidhunu
Yaras SmaresmnumuivesinvesminsasaduduldannisirautRvesfiduunedae Hall

effect measurement
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0.05, 0.10, 0.20 uaz 0.30 M
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Sn** Sn3d,,
Sn2+
Sn* Sn*
488 492 496 484 488 492 496
Binding Energy (eV) Binging Energy (eV)
020 M 030M
438 492 496 484 488 492 496
Binding Energy (eV) Binding Energy (eV)

AT 4.24 Sn 3d XPS peaks wB AN SNO, AirrudiduYDe SCL.5H,0 Firsia q:
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§ 3.6}
3.2 1 1 1
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SnCl,.5H,0 Concentration (M)
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4.3.5 wan1sassianvaniaininadae van

measurement

d g 1 4’ U 2 . pe s . o 4+ TR LK)
AR 4.25  Sasidunuldnsassnine Sn”T oxidizing bonding state U Sn . oxidizing

der Pawn Hall effect

: o o o o L g
uanInininitedaliimaandinaluiidae van der Pawn and Hall

-y

J - : - 1 5 =y -'5
effect measurement Famaiintilumadiafaunsaseylain fdudu Wy n- wie p-type T
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raNYaIREaNUN
al & 1 J & ar a 27 t 74 ar
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- 2 Wy a 3 o o W ' o Ve [N - A 1
amd 4.27 wiulddn disarududures Trwintuedriiuladaeu drfinrsunba phase Nileg
& & » ) ) o q v | &
WeRduun Munandiiuin die amudiuduves SnCl.5H,0 Asfinaviili SnO phase fiAunntiu
Hagefinariili \im oxygen nonstoichiometric composition 1Nt udegWlsinmanisTa
. . & o w -
carrier concentration 911 Hall effect measurement UtiaudanunaniIsIAsIey SNO phase
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. . P 1 & ' & as - v A d
impurity  MisduluiioRdusdraimulddanu Tnonasinmsimsizimeg XPS Uawin e anu
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- TR - A | - v W o of
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. L . ags Y - ] -l v v
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- o m 00 a o - v & o v °
(Wt finavinlvi 31 Precursor droplet #iflasAusznauent SnCl, nnasuuiuRsesfuidudmnu
X d w e e [ o [y «
WINTU FINTUBNAINTD decomposition 189 CL 280310 SNCly ABIIHENGINUINAINSBUAN
: - o [ 7] A J o - : [ (24 ar o
wufireeiulaiudalun 300 °C iedl Precursor droplet mntuilnavilvindaruaingiusesiudl
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v YV o QW } & & [ . . -l o 8V
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. . - & & o a v . = - -t ¢ &
carrier concentration IAWWNAY way YW carrier mobility fifnanas fausfduiuiinananly
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ansfifirnusiulegs Precursor droplets segnimnluSegmussaiudamssaufamimiauiugs
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Abstract. The purpose-built pyrolysis system based on an ultrasonically generated aerosol has been
successfully used for deposition of highly transparent and conductive undoped tin (IV) oxide thin
films. The morphological, structural, optical and electrical properties as well as electronic structures
of the films for different concentrations of SnClL.5H;O used as the starting precursor were
investigated. FE-SEM displayed the substrate surfaces were uniformly covered with the film. The
film thickness varied with the precursor concentration. XRD patterns showed the deposited films
were a tetragonal phase and presented random orientations. The optical transmission spectra of all
films revealed highly transmittance in the visible region. Refractive index of the films was between
1.85 and 2.0. XPS spectra for the Sn 3ds;, and Sn 3d3» confirmed that the films were composed o
SnO and SnO, phases. The non-stoichiometric composition decreased with increasing concentration
Jof the precursor. The films deposited with 0.30 M showed the highest conductivity and carrier

| concentration of 17 Q'cm™ and 9.5 x 10" cm?, respectively. The disagreement of relation between
XPS and Hall measurement suggested the higher carrier concentration arose from incorporation o

fresidual chlorine from the solution precursor during deposition into the films. The interstitially
incorporated chlorine considerably influenced the electrical properties of the films.

Introduction

Transparent conducting oxides (TCOs) are semiconductor materials possessing high electrical
conductivity combined with high optical transparency in the visible light, TCOs are the most
important functional materials used in many applications as examples of transparent electrodes forj
optoelectronic devices [1] and transparent electronics for thin-film field-effect transistors [2]. [
Indium tin oxide (ITO) is one of the most commonly known TCQOs. ITO has a better optical |
transmission and a higher charge carrier concentration [3]. It is currently used as the industrial
standard material for optoelectronic devices. However, ITO is expensive and indium is a scare
commodity. SnO; instead of ITO seems to be more appropriate because of its good optical and
electrical properties. SnO, thin films can be deposited by a variety of techniques. The pyrolysis|i§
technique is one of the promising techniques for the thin film deposition because of its simple and
low cost system set up. It allows obtaining films with high optical transparency and conductivity.

The electrical conductivity of non-stoichiometric undoped SnO; thin films is attributed to their
native defects of oxygen vacancies and tin interstitials. This property of the films deposited by
chemical method considerably depends on the precursor solution used. In this present, a simple
pyrolysis system of aerosol generated by an ultrasonic atomizing transducer has been designed for
deposition of the SnO, thin films. The SnO, thin films were deposited with different concentration
of SnCls.5H20 used as a starting precursor. They were examined structural, morphological, optical
and electrical properties as well as chemical bonding states.
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Experimental

| Aerosol Pyrolysis System Setup. Thin film of tin oxide was synthesized by a pyrolysis technique
with aerosols generated by ultrasonic atomization. Fig. 1 shows the aerosol pyrolysis systematic
setup mainly consisting of two parts, linked by a transport glass tube, an aerosol generator and a
pyrolysis glass chamber. Precursor solution for generating aerosols was contained in a solution
glass container. This container was fitted at the bottom by an ultrasonic transducer with working
frequency of 1700 + 50 kHz. Water was used as a coupling agent for the transmission of ultrasonic
energy to the solution. The atomized solution was transported by pressurized N; carrier gas with a
purity of 99.98% through the transport tube to a quartz substrate. The substrate was placed on a
heating plate located in the pyrolysis chamber.

Precursor Solution and Thin Film Preparation. Stannic chloride pentahydrate (SnCly.5H,0,
Sigma-Aldrich, 99.8% purity) used as a starting precursor was dissolved in absolute ethanol with ajj§
fixed of 80 ml according to desired molar concentrations: 0.05, 0.10, 0.20 and 0.30 M and thenl¥
magnetically stirred at 60°C until leading clear solution to form. The hydrochloric acid with 0.2 M
of 4 ml was added to the precursor solution for increasing in the solubility in all the cases. The
solution with hydrochloric acid was continued stirring for 10 min. After it was atomized by the
ultrasonic transducer, it was carried by N3 gas with a flow rate of 0.05 L/min and then deposited on
the ultrasonicaily cleaned substrate. The substrate was heated during the deposition to sustain its
temperature of 300 °C. The substrate temperature was controlled by a PID temperature controller
with accuracy of +1°C and measured by a chromej-alumel thermocouple. Deposition time was
3 h. As-grown films were annealed at 500 °C for 30 min under ambient air condition. The annealing
temperature was increased with a rate of 1 °C/min.

Gas outlet

Pyrolysis glass chamber Glass tube Pressurized

nitrogen gas inlet

Substrate Mist

Precursor solution

container

Heater Solution glass ]

Ceramic insulator ——s

Coupling water
Water glass container Ultrasonic generator

Fig.1. Schematic diagram of ultrasonic aerosol pyrolysis set up

Thin Film Characterization. Phase identification of the films was examined by X-ray -

diffraction (XRD, PHILIPS XPert-MPD diffractometer with Cu-Ko radiation, A=1.5406 A).
Morphology thickness of the films was observed by field emission scanning electron microscopy
(FE-SEM, Hitachi S-4700 FE-SEM). UV-Vis transmission spectra were obtained by a system set up
that consists of an OcenOptics DH2000-BAL deuterium tungsten halogen light source and an
OcenOptic USB4000 Fiber Optic spectrometer. The electrical properties were evaluated from Hall
Effect measurement set up in van der Pauw configuration with a magnetic field of 1 Tesla. The
chemical composition and surface electronic structures of the films were analyzed by X-ray
photoelectron spectroscopy (XPS, Kratos Analytical AXIS Ultra DI.D).

Results and Discussion
Structural Properties. Fig. 2 shows XRD patterns in the 20 range of 20° - 80° for thin films
deposited with different molar concentrations of precursor solution. The XRD patterns confirm that
all thin films are of SnO> with the tetragonal rutile phase (JCPDS card file no. 41-1445). All XRD
patterns also show the preferred orientation along the plane (110). The presence of other
jorientations (101), (200), (211), (220), (310} and (301) was also observed. The bump appearing on




Jthe XRD patterns in the range of 20° - 35° was due to the quartz substrate. The precursor
i concentration did not affect the structural changes in the SnO, films. Therefore, the changing in the
dintensity of the XRD was probably due to a change in the composition of the films.

From the XRD patterns, as the concentration increased from 0.05 M to 0.20 M, the intensity o
XRD peaks increased, suggesting the formation of crystallinity to better. This result may be due to
the increase in Sn** ion relative to oxygen in the solution. The available oxygen for the formation o
SnO phase impurity was decreased. The formation of SnO; phase was enhanced. For the pyrolysis
method, the films of SnO; are formed by the reactions as shown in the literature [4). The reactions
show that the lowering of the concentration has cnhanced the formation of SnO phase. However,
the concentration was further increased to 0.3 M, the XRD peak intensity decreased, suggesting the
lowering of crystallinity. This result indicates that the higher concentration induced incomplete
decomposition of aerosol droplets due to insufficient thermal energy (at substrate temperature o
300°C). That energy was required to decompose and recrystallize perfectly. For the too low
temperature, other impurities besides SnO phase can be also incorporated into the SnO; films [5].

' 1 L n

20 40 50 60 70 80
26 (degrees)
Fig. 2. XRD patterns of SnQ; films deposited with different concentrations of SnCls.5H,0.

Fig. 3. Surface morphology, cross-section view and thickness (t) of the thin films deposited with
different concentrations of SnCls.5H->0 soluticn.

Surface Morphology. Fig. 3 shows the FE-SEM images of thin films at different concentrations
of the SnCl4.5H,0 solution. These FE-SEM images reveal that grains were closely packed and
found to be no voids between the grains. The thickness (t) of all films was measured from the
cross-section of the FE-SEM images. The thicknesses of these films were uniform. From the result
in Fig. 3, the variation in film thickness has two trends for the thickness observed. It was in inverse
manner with those for the XRD peak intensity as shown in Fig. 2. The variation in thickness of the
films might be due to level of the impurities and defects incorporated into the films, influencing the
nucleation and growth rate of the films deposited. According to David S. Albin, er al. [6], the
lowering of the impurity level has decreased the growth rate of films.

Optical Properties. Fig. 4 shows optical transmission spectra of the films in the wavelength o
200-1000 nm. All films exhibited highly optical transparency to visible light. The optical bandgap

70



Eg was calculated from the transmission spectra using the Beer-Lambert’s law [7], « = (1/d)
In(1/T), where a is the absorption coefficient, d is the film thickness and T is transmittance of the
films. The absorption coefficient and bandgap are related by the expression cchv = A(hv-Eg)'?,
where A is a constant. The bandgap of the SnO; films was in the 4.13 - 4.15 eV range. In the
present work, the solution concentration appears to have undefined relation to the optical bandgap.
The transmission spectra were also used to evaluate the refractive index n()A) for the thin films.
The calculation procedure of refractive index dispersion is based on determination of the phase
thickness [8]. The n(A) of the SnO; thin films as a function of the solution concentrations is shown
in Fig. 5. The values of n were in the range of 1.85 - 2.03 for the 400 - 1000 nm wavelength range.
Our results are consistent with those of CetinGrgii et al [9]. The values of n at 550 nm for the
d deposited SnO; films are all lower than those for the stoichiometric SnO; (n ~ 2.0) [10] and greater
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| than those for the stoichiometric SnO (n ~ 1.8) [9]. The evaluated refractive index indicates that the ji§

SnO; thin films deposited in this work was composed of SnO; and SnO phases.
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Fig. 6. XPS spectra of the Sn 3d state with the Fig. 7. Integrated area ratio of Sn* to Sn*"

curve fitting results for the SnO, films a function of the SnCl.5H,O f

deposited with 0.05 M and 0.30 M. concentration.

Compositional and electronic properties. Fig. 6 shows narrow scan XPS spectra of Sn 3d state
for the Sn 3dsp and Sn 3d;, peaks of the SnO; thin films deposited with 0.05 M and 0.30 M. It also
shows the obtained curve-fitting results. The XPS spectra of the Sn 3ds» and Sn 3d3 peaks for the
films deposited with 0.10 M and 0.20 M were found to be identical to those for the film with 0.05
M. Both Sn 3ds» and Sn 3ds., spectra can be fitted well with only two curves corresponding to the
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Sn™ and Sn*? oxidizing bonding states. No evidence for the presence of bonding state of interstitial
Sn atoms, which can produce a donor level inside the conduction band thus enhance carrier
concentration in the films. The two bonding states agree with the following binding energy value:
Sn*? (485.9 ¢V) and Sn™ (486.6 eV) for Sn 3ds line and Sn*? (494.5 ¢V) and Sn™ (495.0 eV) for
Sn3d;p; line, as taken from NIST data base [11}]. The Sn 3d XPS spectra corroborate that the films
co-existed with SnC and SnO; phases.
| Fig. 7 shows the integrated area ratio of Sn*? to Sn™ peaks as a function of the solution
concentration. Further increase in the concentration up to 0.30 M decreased the area ratio o
#Sn*%/Sn™, This may be attributed to that the film deposited at 0.30 M had a more oxygen
| stoichiometric composition [12], which discouraged the carrier concentration but encouraged the
§ mobility of the deposited films.

Electrical Properties. Fig. 8(a) shows electrical conductivity o and mobility p and Fig 8(b)
shows carrier concentration n as a function of solution concentration. The Hall effect measurements
confirm that the films were n-type. The conductivity of the films was in the 10 - 20 Q'cm™ range
This conductivity range is higher than those reported in other literatures, in the 0.01 - 1 Q'cm™
range [13]. The decrease in conductivity was observed in the 0.05 - 0.10 M range. This implies that
the addition of minute amount of the starting solution induced more SnO; phase to form,
corresponding to the area ratio of Sn*/Sn*" as shown in Fig. 7. After that, the further increase in the
solution concentration caused the electrical conductivity and carrier concentration to increase. It
means that the further increase in the solution enhanced doubly ionized oxygen vacancies]
predominate in SnO», which had more oxygen non-stoichiometric composition. These results are inj
evident contradiction to the XPS analysis of the peak area ratio of Sn®*/Sn*" depicted in Fig. 7. '
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Fig. 8. Variation of electrical conductivity o, mobility  (a) and carrier concentration n (b) for
undoped SnO, thin films at different concentrations of the SnCly.5H2O solution.
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In this present case, the evident contradiction between XPS analysis and Hall effect
measurements is due to the chlorine contamination. The formation of SnO; films by SnCly.5H,0
precursor can be contaminated by chlorine. The chlorine impurity has also enhanced conductivity o
the undoped SnO; thin films. This impurity results from incomplete thermal decomposition of the
precursor aerosol droplets because of insufficient thermal energy (at 300 °C substrate temperature
during deposition) that required for perfect decomposition. Inclusion of residual chlorine through
the solution precursor has been also reported by other literature [11]. The chlorine can be more
incorporated and ionized became ion impurity into the films as the solution concentration is further
increased when pyrolysis temperature is used too low. In addition, for the films prepared by
pyrolysis technique, grain boundary and impurity ion scattering are the possible dominant
mechanism limiting the carrier mobility so the corporation of the more residual chloride enhances a

| sharp decrease in the mobility.




Summary

We have successfully obtained vndoped SnQ; thin films with high transparency and high
conductivity by the purpose-built apparatus for an aerosol pyrolysis system. The effect of solution
concentration of SnCls.5SH2O used as a starting precursor on the film properties was investigated.
The solution concentrations were 0.05, 0.10, 0.20 and 0.30 M. The undoped SnO; thin films were
formed only the tetragonal phase. The concentration impacted on the changes in film composition,
resulting in changing in optical, electronic-structure and electrical-conductive properties as well as
the competition in the growth rate among SnO; phase, SnO; phase and impurity composition that
were incorporated into the films. The further increasing the concentration also induced the more
chlorine to incorporate and then ionize became ion impurity into the films.
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