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Project Title Cffect of iron doping on the structural and optical
properties of CeQ; films

Principal investigator Dr. Duangdao Channei

ABSTRACT

Undoped and Fe-doped CeQ; thin films were fabricated by spin coating on F-doped tin oxide

—glass-substrates followed-by annealing at 500-°C-for 15-h. ~The “concentration of the dopant—

was varied from 2 to 10 % iron by weight (metal basic). Glancing ansle X-ray diffraction and
laser Raman microspectroscopy indicated that the films consisted only of CeQ, without any
impurity phases of FeO,. The thickness of the films was determined by dual beam focused
ion beam milling to be 150 nm for undoped film, while Fe-doped CeO, films have thickness
of 200 nm for all dopant samples. The transmission spectra from UV-visible
spectrophotometry showed a redshift of the absorption edge of the doped films, and the
optical indirect band gap of the films decreased from 3.48 1o 3.20 eV with increasing dopant
concentration. Furthermore, the results have been proposed in the diagram of electron-hole

trapping.
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Executive Summary
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lapanlad (3.2 ev, Uswunal 388 wiluwns) (14) Bidnaseuszgnnszduainuauriaudivindoudily
fauaumstilwih danldnaiouiud fsaunns 1

URTeARTLauausFsilon asRnuiiseneandiaty (oxidation) Tngiloassyuiisentuii
waglamsenleddony (OH) nlulaasendalsinea (hydroxyl radical, OH) a1usadeuuaunis
Ieidisennasdt 2 uay 3 Gadudoonduauifiuzsnnlunssurunisisa jisendouds gwnsages
aanea1IBunsdeig q 1o

hive + HO — H* + OH" (Radical generation in VB) (2)
h*wg+ OH™ —  OH' (Oxidation in VB) (3)

Snadnunilfidendiinfiununstlndh fedidnaseuezadeuainuaumsiilily
fafasudiiinaseu (electron acceptor) luansazats Mninuiisesindu (reduction) luanms
Unfanuaursalunsuanivasulssquesdidnaseufivaunisilwdia i e nmmeiivsunte
a158un3gld wiiileannlussuutha feendiauazanetog sendiuiisuiuiniusidnnseu
Wnuisenadndy diaduguieiennladisinea (superoxide radical, 0%") Fudufifduaniy
oyyadastiianindevaauasUsenoudunisld  uenvniudiilesuiveseanlusisinaar
Uiiisondeszannsaia  lensonlusisinen (OH") Fuld wuiu deuntsi 4 uas 5

CeO, + iV —  CeO, (ep + h've) (Charge separation) (1)



e+ Oy —> 0% (Reduction in CB) (@)

O, +H,0 — 20K (Radical generation in CB) (5)

a w o« w ) a el e ¢ ‘ ? A a aa = ¢

wanAuRgiganndessatatsdunideasusulasenlyduanin Fuinein UjAserinend
¢ ™ w1 aoa oo £ W v

104 lansenludisAnea (OH' ) Allrvesinsefisodiioulaoanled fsaums 6 uas wnudanaln

| P %) = L =]
e4n13sauRfsesnasasdTulleeanlye duardusun 2
Y

et O — 0% {Reduction in CB) (@)

“OH' + Hydrocarbon — O, + HO (_Decompoéiﬁon) @)

Interfacial Charge Transfer
CEO; l

Conduction Band

0y +H,0 — 201

_Band Gap
Energy

Hydrocarbon + OH' — CO; + H,0

Recombination

OH'
Ozidation
Solid Phase OH- Liquid Phase

Valence Ban —
h* s Migration

Inferfacial Charge Transfer

) ooy 4 o 9 o
U 2 nalnvesnaissdisemenaswasashwnidisoulaesnlad [14]

@ i aaa 1y A-J e o = o o] o 2/ 5
dwmdunalansidajissamsmsuaesarsnsinidieulaesnlediidade leveuveslansiu
A o4 ar o 1 . . 1 } e
lopauvadaveiioatluassluain seiundanugos (impurity levels) amelugasivnaundinuves
o e - o @ e ow oo o . o
Fi3eulasonlys Fevhmidmdudsudidnaseu vise 18a (shallow electron/hole trapping) L¥a
Fugimsruimiulnl wsrgmnifenssudiulmivesdildnasounazlaaveyisyaniawlunis
1 o S 2 E!' < ) = oS QIG\ Lh 1
iR TesLaanas 1ewn Bldanseuuaslen llawnsaluiiaufisonInendifinvesdaise
Ufifisenla [15] dauandlugy 3
uenanil ity sedundsnudes veslessuvadlansyiliuautesiamdinueadGaulavenlod
wavas Gedamalimudoinslindenutdosaddunisnsedu WuRsundudrdSoulaeenlonsoald
wasugilugauenndurelmsanallaaalunsnszsuiisliiinufiso g widleddu



Qs ar 1 1 -] & s EJ ]
gessyiundsnudesszninuaumniilhuazuouriaudasannsolivdmiagludiannuem
A e o = ° [ ir Ly, -A x|
aauvauadddaifomedmsunisnssqulvdidnasouadounld [16]

Interfacial Charge Transler

C___., 02
Conduction Band Reduction
Migration
04y +H;0 - OH'
Shallow e~ Trapplog
Effective
Baod Gap
Energies

Hydrocarbon+ OH'— CO, + H;0

—|{=Shallow:k=Trapplog/—7—>

n OH*
AL
4 gration Oxidation

e, OH~
Solid Phase

Valence Ban

Liquld Phase

Interfacial Chiarge Transfer

I lama v ET sl & w
3V 3 nalnvaamssalfiteimeuamesansnenthdSadlasanledniomelossuvesdans

2 =l A
1.3 msnuniurssunssu/ansduwe (Information) Mneados

MAdeifsaRunsUsuUgaansieiindienadedelessuvaslany deldusylowd Tunass
UfifFedsuas T innsssaedsunsmas wag Aunavagesudiniiussangnmgendinansha
fthuuuuiaws LHosndnvusyanionin AoidimaLarlasaisasuudadhy ves as
Aafaiiiues uaza1nnis vuvanssunssy wudl venan Feeilaoenladisiaulands made
Faqlnundleulaeonlad (10,) uay Jaimauian BIVO,) felossuvadiany dnsldnueta
wwsuane dmiu udswfisornonanfiodosaaioarsdunidussinmaden (dyes) ludh &
f98199398 Tul a.a 2008 293 Xu wazame [17] ladnwivilnvedlane wdn (Fe), Tausas
(Colmpaun (Cu) AifluasiorwauisonsideUfiiserdoua vee Jaim e Juntoulngds du
Wiy uasaInmsAnmmdnvusianslaewmaila nsdeauuvesfiiiand (X-ray diffraction)
nuindasaufaseianaiilaseairandnuuululundiin uarny (iaves (ndnoenled
(Fe,0s),lavoanaantan (Cos0q) uaz asutdaioanlad (Cuo) ﬂsaﬂiuﬁuﬁwmﬁuéwﬁﬁ%m M-
BiVO4 (M = Fe, Co uaz Cu) mua1iiv mnmisdnwaunaugniudinluluun ORS luainlasiines
(Diffuse Reflectance Spectroscopy) wuinilaidelanswiinsneg ludaimnuuaswuinimsideusn
avmeeduluFssnvoasifiia wazagiunMs MnnTiinngianmsdusdieTnlngdiug
1wus (Photoluminescence) wuh Tasimiunanfidosnelavea dadimunnaiidesoman uas
Jafmuanitdeseveaun siitasmaganduuasiianueniadu 550 uluansuas 800 uily
wns drummamnsalunmsisauidemsuasdmiunsdosaats wSaduya (Methylene blue)
melduasyd 250 Yol way 30a 300 Yo wud1 Samnuuaaiidefovauas Tviinadesas 4

Tagagnan wiinuansonsijisemeaumiigaiionSeuiisuiunsidelanedu q



Tudian xu wazaustnddonguidn (18] WAnwraiedis msduassiiansfasendainm
uw;wmﬁt%aﬁaana:uﬁﬁqwﬂaﬂﬂ (rare earth/ BiVOs) tiu laaudion (Ho), ¥rani3e (Sm), wenasite
(Yb), glawiiey (Eu), mindidiey (Gd), Tlawlon (Nd), Bi38a (Ce) way uaunihi (La) wisulneisou
wsniudy uazflomdnvasamslasadmdningldinaia nsdgiuuvessediond wuin Daiin
Nunankarsmnguen venuateiivadusuulalupdin drumsiinTEivuIneunIAlay
dnvarn1sedugruineniy ndesqanisAudlannsouluudeInsaa (scanning electron
microscope, SEM) wuin Jamuuaniidoresnngumien ﬁ’mmﬁgﬂéw‘lmﬂmmﬁauLLas"
yuImvenns (grain size) Inoiadeuszana 0.5-1.0 lulasiuns drunsdidainiunanuians i
é’nwmszJume'NnauLLazﬁmmmaaaqmﬂﬂszmm 4-8 WlaswnsuaziiAfuiiins uwizvinfy
1.89 M119URSADASY u,avavﬁﬂ‘mmnm"mﬁu'hﬂun'ﬁﬁwaaﬁaﬁmwmLﬂmﬁﬁaﬁwmmnﬁummn ua

INVIRAOUAITTA ‘ih'mm'imﬂgnsmmauawawaumwmmmmaammmaimaLuau'[umiaaa
aarwarswiauya n1olduasyd 150 Jad way Fa0a 150 Tad wuda dusvandangegaiile
Wisuiiguiusglunaumennasenu %:uulsﬁuiﬂmmmﬁuﬁﬁﬁﬂLmsﬁqaﬁqﬂ

saun Tuthdeaiu  Asiltark wazane [19] ladnwmavesingal§iserdsusasvainsdesaals utan
1ﬂﬁn‘%'u (malachit green dye, MG) nelauaseiuazuaaidita laalduaslvmioulaoanled
(TIoy) MIedwnin (Fe*) m’JL'NIJ{]ﬂ‘iEIﬂUMU‘HEJ‘lJﬂ’JEJLﬂiﬂuiﬂﬂ?ﬁlﬁiﬂiLﬂaiuaa 91NN15
‘JLﬂ'ﬁ’l“’ﬂﬂidﬂ‘jNLWﬁﬂ’JEJmﬂUﬂﬂ’]'iLaEJ’JLUUﬂad’i\iﬂLﬁJﬂ‘UWU')’]mﬂidﬂ‘i’NL‘NﬁL"LJ'IJEJ sma Sadivuan
wanlndAaiul 9 uiluins waw wuwmmmﬁwumm'smﬂgn‘smmeumuﬂsmmmiwamanw
meumaalu‘m 83-126 mswmmmanm wanantl navesnisiionislosouveanan vilwen
msganduuaswss iiilexlaoonled tintuain 387 wiluwng TUglugas 450-600 wiluams
dwivemuannsolunmsssliisewasdmiunisdesaats tatladniu ndlduaguasuadidila
w1 Msndluadeluaves Fe’* iy 0.003 Tisgavinmlunsissjidendienasags
Tngannsadesaats watladniu eomiiudu 2.5 Gadnudodns lansiesay 81 way 76 AneTd
wasdansbalotsnuazuasidida audiu dwd tnanlaaniu arududy 5.0 fednsudedns
ausadssaaelaiosay 85 uar 71 dwsumelduasasdansibilosnlazuadidla awddu
tunanaldiiivin naiisuinunisdelesauveandniinniuly den Biszansamlunisdes
aany analadniy anas

dwivenAdemsaiuninge UisedisuaslagldansisimnidGedlaoenlasiu fududad
A.A. 2007 Taw Zhai wazany (201 Idvhmsfinwiadesnssuiunisduasis wasawaansaluns
WumswjisemsuameseymauniudiSodleosnldfiiuonlimdeilvafvammiufananon
g liidusisaiisemneuas mnmsiinreiemndunindomaiansdosuuresid
wond nuimauihmdnuesdGoulasented uusandudumsivgumgiiildlunisuaalesi Hude
msiiingamgilunisusaleiatn 400°C Wauda 1000°C wiiasvinldaanudundngedu ud T
yusierfurunoyniaseivuainty ainmsieseindesanssaididnaseusuudensia
wuiumeymeves di3ulavanladiiend 400 flvun 8 uluwns uazdmdvgamaiinisuail
1000°C vilsivunmsymaiiniluie 34 uiluluas uenvini gumniinesauiaiiiutuvesdizeln
panlya a':]walﬁﬁuﬁﬁﬁwLWﬂz'Lumnﬁmejﬁ'%mﬁﬁwaqﬁ'm"aamaa aanandlunanisnaanivey



Ujisennsnenansdvesddon a288n uuvannd 10b (Acidic black 10B) analduasigida wuin
Snandalumsrenaneigedis 97% meldannzivmnzamesanmgiinauaalsii 400°C

woan Tl A 2010 Kadkhodaie waw Pouretedal [21] ldvhnisdunszaynaunluiiGuila
oonlad Taeldi5ifotu zhai (20] WewdmeymesuimuudiGoulneenled uarannisiasedt
NNPYNAmENApRansmididnaseunuudesiy wuihdGoulallvunavewdndnnd 50 waly
LIRS WAEINNTTANYY IBUNaManivenstosaaetavug dedisafidoeynauniudiGeuls
panles w1 melunan 125 il dasiisasmssedesaans melduasdansalilasaiidwiafy
16.2 x 10 it Tuwnugil mulduasening v 157 x 107 1! neldanniznismaassi
wanzauiufio fdastdu FGuilacenlad wils nfu sedwilidns Tuannzasasaowsiuugidy
wa (pH wihiu 11)

T HDIURDLT J Bav ANE [22] SE3TUNISIRa 83 a0 lneantee InEIsnannnEnauLag 915 AInuTIe

\#92fu Kadkhodaie uay Pouretedal [21] lusiAduilanunisdosaans uednoaisud 7(A07) muld
uas AAdafianaenaAfunng 420 wilusng wudwdsanatends 12 99l welaeeisusd 7 n
govaaelu¥osas 60 werTinEudy  wavwudl  @duileeenlvdidiessilumAded 1
Ussdnsnmdintidladisuiy Inwilenlaeenlodosunsliin e wedaseisud 7 Idfunansedu
anusondn Bulinnseuld wax Bidnaseumaril anadaudielug Ce af salvia ves Hidealavonled
waztsaiegUnlaseenlendeauisinea aiauiAtoinendiinvasdiGoineanlas dwiudes
aane welnpaisud 7 iy uaniloilvrdnundmaveimsiiadylonouvadavydemmanngely
msisafiiseiaasasdiiodlaoentas Borker and Salker (23] lidon losoureauaniiaunly
dndeatludFenlaoonlad idnsdrunisdouancieiu (Ce, MOy, x = 0, 0.1, 0.2, 0.3 uag 1.0)
Tngduaswiinisnimnaznousou 105 silassaemasomaile s A nuurossediend
wuin  fvsinmunaie lesumesuisnilainanniy danaliimuiundnanawaziivunaeymai
dinas ansossuneliann svuvensazateuds (Solid solution system) lndlosauvesiuamila
(Mn*) vasluunuit looaurasdiSou (Ce™) WulpswatredinvesdiSonlnoonles (Substitutional solid
solution)  Whuayinlel szpvauenuaniis (attice parameters) Wasuuladly Tufie Si5eula
oonlyaudavisiisvozaruemuaniis Wiy 551 Svanson lusasdl  wudn AsvdumsiSedae
winiialessufosas 0.3 Tnelua (Cep Mnos0s ) Tenazarmuenuaniodinduiv 5.57 swansey
Fanalnmsunuiiveslessuiivssloni donsiiiuusyaninmmsiinUiiieisnend voe Ce™-Ce®*
uazmsinaeuiievasdidnasouluiivesinsaufiden Jedusuldnnn nanisnansanasesjizen
1BUa193 CeoMng30; Tumstasaans@doussiilauuiin (NBB) melduasiiila wuin Uszdninm
nstesdany Sdoussiilauvda geieiesas 90 meluan 4 Falae



as
Qs

M siumwITIMN TS annsaaguliin dadefifinansenusio nazuaunsIsfAendasuas i
Uaduniouen (extrinsic parameters) waz Yadunolu (ntrinsic parameters) il
L] thiunouen  (extrinsic  parameters) e fulsTEimsvaaesmasaauasle
fredhaidy anudvenmnnszny anudnduduiuonindefiianmegeu gamgi
vgviimmaaes anwarudunsaivavesansorats uar Usinamesdussinzenilive
Uhinuansazaiorionun iy
[ asunsly Gintrinsic parameters) Aedulsiluandisumeresarsiug wu Tasiaie
win fufiiasme way vavewmdn (udu

1.4 Snguszaedndiasinisdds
1) duaswiiidundiGolesonlediidomelessuvadansiisndamlnobmines
2)  amedeuanRlasmAnyuzamzMLAiitagamenmYasilduusdGealasanledi
wWameloaauyadlany
3)  awrolansilitanvazmanienineieg arledoaug AlkasdonuauiBivmanasas
TassadsiAsuwasluvesiiduvrdiBuilasaniediiasdlosauvaslans
4) AnwwsrdvinmlunisissfisodsunamesfiduudiSodlnenluifidesslosouves
o laws 1 i | DR B 5|
5) @3N Thermodynamic stability diagrams L'ﬁaﬂﬂLauanalnn'rsl,ﬂﬁ[auﬁmaq%tﬁﬂmauu,ax
laa wasldsunisnssduimeuamasdisoulasenled uaz mmaansoluns dudidnnseu
waglon vosdSeulneanted Miode lessuvedlany
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o
Un 2
A5AKINNITIVY
= o ol o o o a
2.1 mMmswmasuiadiurs@sedlasenlud wardBuulaasnlayd Mdodawanlne slea-anuy

Spin coating

& v = . . o a
(1) »3suaIsasaIuaIsfImy Ai5uu A1 0.5 M Cerium chloride. 7H,0 Tu methanol ¥in1siiy

Wduilodoiu Dunan 1 9lus

@ hassavasaadu 1adu Useann 0.2 mL venasuy FTO-coated glass substrate ﬁgnﬁm
Puu 1301 spin coating tansdiegy 4 Tasliaungalunistiumdssdsauga 2000 sou
goundl iuan 15 Tuail sunseitensu 10 ada

o fﬂ. = = Y A . .
U 4 udnsuuudnassnsauafoumsvladumiss (Spin coating)

. . ' = ' & <
——0:02-M-citicacid-atlupdnta-ludasazassfignausynasnaas-eunseislaaasasaseila—— -



i1

@ hluhlduiienmaiivseana 50 ssmwaidea Wunm 3 Falus vu Hot plate i 1
Heamlaluwniigamgil 500 ssmisaiFea unar 5 il

@ liRduunadSeulasenled (undoped CeO,) fifidnuasla \AABUBY U FTO substrate L&A
fagu 5

) nsdhdemaminliniasansamenvinloosu Tnvazay Fe(NOs).6 H,0O fiemmandutven
uihendesar 2, 4, 6, 8, uaz 10 lnshwinmbinduuians

(6) wIsuarTazatgnude (1) lnonauatsazaty Fe(NOs)s.6 H,O war Cerium chloride. 7H,0
ey

7 dwiunszvaumsvinduunalsivienude (2) - 3) dnwagitduudiFoulaeenlad Miedme

wifin (Fe-doped CeO,) axiifindnsdou LLasasLﬂuﬁymy@apypﬁﬁaLwﬁnﬁl.ﬁu%ljggm;,

U5 nsvuunduaneiilduunditeulasenled

= o vl |5 L = . -
wazdieulasenlasnmemewvian drewmaila Spin coating

2 Wt% Fe

@ ay - ¢ o e s 2 e o o
5U 6 dnvauznumenmvediduuadiudlneanted wavdiseulaesnleaiaemsmaniiniou

E)EJ‘U‘;A FTP substrate

A01UNNINITNNADY

[] ves TC 412 omnsumnsssusnen uminegndouisaas
L] medvneil anginemand swdnendouisens



3.1 pswanvaianizismailansideauualedediond (X-ray Diffraction, XRD) uaz

12

=
Unn 3

NANTTVNAADIAZIIUINANITNAADY

waliasuuaalasalal (Raman Spectroscopy)

— ) Amsavnlaseasaanavasansimat———— S —
JuULSUe (Start angle) = 20° y1dugn (End angle) = 80°

BunYoiuneU (Step size) = 0.01° haretuneu (Time/ step) = 3.00 sec
unasnuiindadiond = Cu (Ke) dndlni = 40 kv

nagualafin = 35 mA
3 [ 3 =] =l [ . - . .
nnuhieyanilalisuiiisuiugiudeyaain Joint Committee Powder Diffraction Standards (

JCPDS file)

= | =y . 2 s .
2) AmszvesndsznaumatazuninisiUasundansiunnsues unit cell Me3s Rietveld refinement
- — ~ AaglaUsunsy X Pert Hish Score Plus 11a59u 2.0.1
=2 A:J = I & [ .
3) guaaRan nslasuLlasuanyionisiinns a, c waz ¢ lulasaasng faced center cubic va4
FiFuulaeonlyd uazUSuimsmiheiwad () aunsadeszildangluuunisasuuimedsdend

ANMEIUMTIATIZY = UsTeanAaUns

Taeldeaunisves Scherrer fagunas (1) 6 (4)

N ()
ﬁ (anatase rutile) cos 9
1.54
d-spacing =" . (2)
2(sinB)
d2
Lattice parameter (a) = 2 o (3)
ho+lo+k
Unit cell volume = a* 1)

-l P «

A YRINRANRAY

A9 AnueInauTs RNl el
=y =

An Brage ancle (LitAgw)
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Jij A9 half width of the full maximum, HWFM
hkl  #® ssmuwﬁnﬁﬁm'\mﬂuqa?jﬂ (200)
a Ao lattice parameter (A21181781U a, b, c ¥99 Unit cell ﬁL“fJ‘lJLLUU

L3
anﬂﬂn)

d-spacing A9 SEHEUINGENINTEUIUNEN

PMNNANITIATIEEMALANNTIEBIUUS 8T IR angvaRdnU g sulasonladuSans

‘J €J ur [} 2 'ﬂ} s 1 Qr 1
wazdiSoulnesnlanfidomeinan Aensrdruiesarlagimilnviadu 2, 4, 6, 8, waz 10 Wyl

= r=—=yduvumsinuusdilendvestitenlaoanisiuians-Usn 28 =28 5334 70 NAT 563 ="
AEIFY Famsafuszuu (111), (200), (220) waz (311) waziliadunuurgaalse (luorite) e

Winuisudulvld JCPDS avmssiiuianil 34-0394 wansfsgy 7

F F F=FIO
C= CeOl

10 w15 Fe

8 wi% Fo
& wi% Fg
4 wi% Fe

. 2wi%Pe _

Intensity (arb.umits)

(L @y
(200) |

ETI CeOz 2 JCIDS 340304

i 1 |

LA B B A I A O [ T N S S 2 BN S BROLANRS S AN B R R

20 25 30 35 40 45 S50 55 60 65 0 75 80
20 (degrees)

U7 gluuunideiuusiiionduedlduunsdiGeuleeenladuians  wasdiSonlasenlod
Nidamemudn desrdnlngudmmin (weightos) Mrnariy

gl N v o

PNmMInTRdeuiandnvesditeulaeenlediidiaimomin Weuiudeyaninsgiu wuinfiavdntiy
a = o ] = I - o = ' o
Wansaguwlas vy 26 Geravsilunainainmsiememantuu3uiuie wWeen
Saiipoouvetevanuudnuasdtouiulndifeaiu A Saldoouvotosnauman (Fe>) 1Ry 0.064
o =y 1 r 4 5 -
nm Lagirildoauvetezneudtay (Ce™) WinAu 0.101 nm Jermauvsunantuauisadilutie
a15a¥anuYaInia (solid solution) AU aznauveItiFeuld Iasfinalan1siinuuuunsndsn

(Interstitial solid solution) 1ag aEnauvaAndn AlvUIALEANTY AUNTAGH? 9gA1Y Y99714 (hotes)
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Tulassasrwdnvasdsoulaoanian niinisdndeetunuudniign (hexagonal closed packing) #ia

uanausunmlugy 8

Sotute atoms (Fe*)

B/ —Solvent-atoms(Ceds

31J 8 nalnnsiieatsazatavasndauuuuningasn ( interstitial solid solution) Y84 Fe3*

Tu 999719904 Taseadrendn FGeulaeenlyalaniio

N o P a [ | v & ) = o oy = [4
4 Nsiasuwlass uvianavaniy (Junallsanainmaasundasuanyiswiiidmes a, ¢ way
¢ lulms9ase faced center cubic vasdisuulananlesn Fadwmaviliusunasmihewadlulassasie
< £ e = o o 4 a Y-
vasdisoulasnloduianbuardieulaeanludiifosomaniuiluinsiidsunladluie nams
° ol o Y P oA u
Auaamandluaisis 1 nalnniswnuinvedeesuwanlulaseaiiwosdiseulnoonled Suduldain
L7 = 1 EJ -y -~ 3 =f = =
awnadumanssiuanuusuy lngagnuimdinanisiemangsty anudundnvesdiSeuls
¢ o w ' ar P w <4 2 = ° [T |
ponlYAILANAIN LA UDEsTAY lasnsedunsiamansesas 10 lasuaa dnavinlanian as0

_ -:“l’ o o ool OI nl &r
em Usingiuluaunasumessiumniuiniign dwandugy 9
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o e & 3 8 g = |a 1 a 1 = =
A1519 1 AMIAIWUTTEVIIMIRIMAANTIUBIMAEY) AvAy 20 waz nsilasundasuiuney

1 ¢ v o ¢ a £ A u &
WL!’)EJL‘Uaa‘uaﬁiﬂ‘i&ﬂ‘i’]dLﬂﬁ‘ll'e)d‘dL‘iEluE)?Jﬂl‘dﬂU‘iﬁﬂﬁ LR ELnan

200 plane
Fe doping
Lattice Unit cell
concentration 20 d-spacing
parameter volume
0,
(wt%o) (degree) (nm)

(nm) (nm?)

0 32.9956 0.2711 0.4696 0.1036

2 33.2051 0.2695 0.4668 0.1017

4 33.2663 0.2690 0.4659 0.1011

6 33.2663 0.2690 0.4e59 | o0lo11
8 33.3281 0.2685 0.4651 0.1006
10 33.4576 0.2675 0.4633 0.0995
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-y
§ — Undoped
\ e 3 w136
'E —4 Wi%
Tt
2 —_ WS
E — B Wit
8 e 10 W%
— Y [ — — .- . —
> —»-'M__,.-_Ww
2 20 40 S84 64 T0 k0 s 1000

Rauan Sbif (em?)

U 9 awneiunsnsglduauuusnureanudGelneenlenuians  wazdiGeuln

ol 2 Y] | ¥ ar . A s
sanlwafiidememan dnsridndaetimin (weicht%) innsiu

3.2 mawnsdrnununvestuilduiay dnvalgsnuuasildudaemaila dual beam focused
ion beam (FIB)

3V 10 uansnmsindmesiiay dunssidemaiia spin coating Wud ‘?ju’uzmzjmﬂudawaa FTO
substrate MaReudae eiliimesdGeslaoonladuians Jernmn 150 nm wdniFemdnas
TludGuulaeanled wui1 arumnvestuRguiniy 990 150 nm i 200 nm eeslsAaud
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Abstract  Undoped and Fe-doped CeQ, thin films were
[abricated by spin coating on F-doped tin oxide glass
substrales followed by annealing at 500 °C for 15 h. The
concentration of the dopant was varied from 2 to 10 % iron
by weight (metal basic). Glancing angle X-ray diffraction
and laser Raman microspectroscopy indicated that the films
consisted only of CeQO,; without any impurily phases of

_ Fe,0,. The thickness of the films was determined by dual-

beam [ocused ion beam milling to be ~ 150 nm for
undoped film, while Fe-doped CeO; films have thickness of
~200 nm for all dopant samples. The transmission spectra
from UV-visible spectrophotomeliry showed a redshill of
the absorptlion edge of the doped films, and the optical
indirect band gap of the films decreased from 3.48 to
3.20 eV with increasing dopant concentration. Further-
more, the results have heen proposed in the diagram of
electron-hole trapping.
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1 Introduction

Ce0s has been widely applied in recent years for many
applications such as heterogeneous catalysts for automobile
exhaust gas emission control [1], catalysts for water
purification [2}, electrolyte materials for solid oxide fuel
cells (SOFC) [3], and thin-film barrier layers [4]. The
increased applicability of CeQO, is due to its excellent
physical and chemical properties, such as high oxygen
storage capacity (OSC) [5], high optical transparency in the
visible region [6], and high refractive index [7]. For pho-
tocatalytic processes, il is commonly known that electron--
hole pair generation is very essential, and for this purpose,
the energy of the incident photon energy has to be at least
equal to the band gap of the malterials (8, 9]. CeO, is a wide-
band-gap semiconductor with a band gap of 3.2 eV, and
thus, it can only be aclivated with ultraviolet light (UV
light) which comprises only 3—5 % of the complete incident
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Fig, I Sel—gel spin coating process for fabrication CeO; or Fe-
doped Ce0; films

to the lattice distortion effects associated with doping with
a smaller cation such as Fe** (Table 1; parameters were
calculated using Egs. 1-3 [37]).

d — speaing = 1',54 (1
2sind
42
Lattice parameter(a) = ErELR (2)
Unitcell volume = a* (3)
where a = lallice parameter (side of cubic cell,

a = b = c¢ axis), # = angle of (200) plane, and (hk/} pla-
ne = hkl plane at the selected diffraction peak.

L S T
30-- B5—40-—45--50—55—60—65—T0—75

20 (deprees)

Fig. 2 Glancing angle X-ray diffraction data of undoped and
Fe-doped CeO; films

The glancing incident X-ray beam has a depth of pen-
elration of ~300 nm [38, 39], and since the CeQO, thin
films are only ~ 200 nm in thickness, the clear peaks of the
FTO substrate are seen in the XRD pattern (see Fig. 2). It is
interesting to note that there is also a shift in the FTO peak
position (~37° 2f)) compared to the uncoated and unan-

nealed substrate. The effect of contaminant diffusion from.--

the substrate to the film is often cverlooked even though it
can have a significant impact on the performance of the
films. The change in characteristics of the FTO layer is
expected 1o have implications for the optical properties of
the coated and annealed filns.

This suggests that the heat ireatment temperature of
500 °C had an effect on modifying the crystallographic
properlies of the subsirale, and this could be attributed to
the diffusion of silicon and sodium cations to diffuse into
FTO and also CeO, thin film [40]. In addition, tin cation
can also diffuse from FTO into CeQ, thin film. These
cafion ions (silicon, sedium, and tin) also act as inhibitor to
‘preventi the grain growih, resuliing in small crystallite size.
The latter also acts to increase the optical band gap.

Laser Raman spectroscopy (see Fig. 3) was used to obtain
further information on the mineralogical characteristics of the
films since (his technique is mmore sensitive than XRD. The
results show Lhal the peak intensity of the major CeO, peak
decreased significantly with increasing Fe dopant levels, and
this suggest that increasing addition of Fe dopant resulis in
amorphization of the films. This also confirms that Fe dopants
are potentially present at the grain boundaries and is hinder-
ing the recrystallization of CeO, at high concenirations,
leading 1o a decline in the intensity of the CeQ; peak.

The cross-sectional image of Fe-doped CeO; and
undoped CeQ; thin films is shown in Fig. 4. The average
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Table 1 Calculated d-spacing, lailice parameters, and unit cell volume for undeped and Fe-doped CeQ, thin films

Fe doping 200 plane

concenlration (wi%)
20 (degree)

d-spacing (nm)

Lattice parameter {nm) Unit cell volume (nm®)

0 32.99 0.27 .47 0.10

2 3421 0.26 0.47 0.10

4 34.27 0.26 046 0.10

6 3433 0.26 046 0.10

8 34.46 0.25 0.45 0.09

10 34.62 0.25 0.45 0.09

4
useful in estimating the potential valence stales of Ce and
_ I _ Fe species after filim processing under certain.experimental .
T o N R conditions. -
Since the atmospheric pressure is 0.10 MPa (1.00 atm)
g —Undoped and air composition is approximately 20 vol% O, the oxy-
E :i :::’/i gen partial pressure (pO,) of airis ~0.02 MPa (~0.20 atm),
g«. A e The calculated thermodynamic stability diagram of Ce—O
Z k —8 W% and Fe—O under the annealing conditions of 500 °C in air (log
g 10 W% pO; = —0.69) shows that the calions would be present in the
form of Ce** and Fet, respectively.

Based on the thermal stability diagrams, il can be
assumed that Fe** is present in the films. Based on this
- assumption, it is possible o predict the mechanism of

200 360 400 | 500 | 600 700 | 800S00 1000
Raman Shift (emT)

Fig. 3 Raman spectra for undoped and Fe-doped CeO; films

thickness of the films was calculated in respect of the
vertical {usually at a tilt of 52°) [4[]. The undoped CeQ,
film deposited on FI'O substrate had a thickness of
~ 150 nm CeQ,, while Fe-doped CeQ, {ilms had thick-
nesses of ~ 200 nm, irrespective of the dopant content.

Furthermore, the change in film thickness may be cor-
related with the diffusion of cations from the subsirate
toward the growing film. For thinner films, the cation ion
diffusion from the substrates 1o the [ilins is much higher
than in the thick films, which limits the degree of crys-
tallinity of CeQO,.

However, the effect of the Fe** cation dopant cannot be
neglected. The XRD resuli suggested that Fe*t cation is a
more effective grain growth inhibitor than the cation dif-
fusion from the substrate. Since the degree of crystallinity
growth is dependent on grain boundary diffusion, doping
with Fe** cation would inhibit grain growih and decrease
the degree of crystallinity of Ce(, upon increasing the
Fe*t dopant content [42].

Thermodynamic stability diagrams were calculated Lo
determine the stability regions for ions of different valen-
ces (corresponding oxides} as a function of temperature
and pressure (Fig. 5). Consequenlly, these diagrams are
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electron—hole trapping in the Fe-doped CeO, samples.

Since the crystal radii of Fe?*, Ce*, and Q%" in -sixfold
coordination are 0.072, 0.101, and 0.126 nm, respectively
[43]; therefore, there are two possible routes for substilu-
tion that could occur and the mechanisms involved can be
cxplained further as follows:

e Fe’™ ion substilution for Ce*' jon results in the
production of a structure with holes in the CeO,
structure; this results in the crealion of electron
acceplor levels of Fe®* inside CeQ, band struclure
(shallow hole trapping).

s An unlikely possibility is the substitution of 0>~ ion by
Fe** jon, which results in the formation of an ionic
bond. The free electrons of Fe** (non-bonding one) can
funclion as eleciron donors by crealing a new energy
level at the bottom of conduction band of CeQ,
(shallow electron trapping).

However, substitution by melals of ionic radii differing
by more than 15 % from that of the parent melal is unlikely
to happen. The crystal radii data show that the difference in
radii between Ce** and Fe’* is ~28 %. It is likely that the
interstitials of the Ce—0 slructure would be occupied by the
Fe’t jon: in this case, electrons from Fe*™ are free o move
within the CeQ, lattice. The creation of electron trapping
sites in the Ce(, band structure (by doping) can serve as
electron donors. From the XRD peak shift in Fig. 2, these



I Sol-Gel Sci Technol (2016) 79:51-58

55

Fig. 4 Cross-sectional images
showing the thickness of
undoped and Fe-doped CeO,
thin films on FTO-coated glass
substrales

Undoped CeO,

observations-could be ascribed to the interstitials of Ce''

ions (0.10} nm) being occupied by Fe** ions (0.072 nm),
as shown in Fig. 6.

The transmission spectra for undoped and Fe-doped
CeQ, thin films were in good agreement and support the
possible explanation for interstitial solid solutions. The
undoped CeQ; film showed a high transmittance in the
visible range of ~85 %. The exlent of transmission
decreased significanily with increasing doping levels (see
Fig. 7). A possible explanation is thal Fe”™ is a major factor
affecting the reduction yield of effective light transmission.
This can be attributed to the formation of an interstitial solid
solution of Fe’* within the CeO, lattice, resulting in a
poorly crystaltine structure leading to enhanced scatlering
of photons [44, 45].

Since CeQO, is known to be a transparent conductive
oxide, undoped CeQ, thin films are lransparent to visible
light (400-800 nm). However, Fig. 7 shows that the
transmission in the visible region decreased with increasing
Fe dopant level since there was a slight increase in the
thickness of the filims containing dopants although this is
not believed to significantly affect the (ransmission. A
significant factor is the color of the films; Fe doping caused
a change in color of the films from colorless (transparent)
to dark yellow. This would result in absorption of light in
the visible range, and resultantly, there would be a lower-
ing of the transmission. Furthermore, doping with Fe was

10 wit% Fe

observed- to - shift—the—absorption—edge —toward— longer-
wavelengths. The optical indirect band gap (E,) of the films
calculated wsing the Tauc method (Fig. 8) showed that
optical indirect band gap decreased from 3.48 eV for
undoped CeO; to 3.20 eV for 10 wt% Fe-doped CeO,.

Prior studies have been conducted on the deposition of
CeO, films using different techniques such as spray
pyrolysis, sol-gel, magnetron sputtering, electron beam
evaporation, and PLD [46-49]. All these studies have
shown that the band gap and electronic structure of the
films can be modified by Fe doping, However, in the pre-
senl work, the value of the indirect band gap obtained is
lower than those observed in prior work; furthermore, in
prior work, the band gaps were observed to increase with
increasing doping levels, which is in contradiction to Lhe
present results.

Chen and Chang [50] reported band gap values ranging
from 3.56 to 3.71 eV for CeQ, nanoparticles synthesized
by precipitation method at different calcination tempera-
tures. Maensiri et al. [51] presented band gap values
ranging from 3.67 to 3.61 eV for CeO, synthesized by the
sol--gel method vsing egg white. Similarly, Masui el al.
[52] reported band gap values of undoped CeQ, prepared
using reverse micelles to be 3.44 eV,

However, the optical band gap value delermined
(3.48 eV) was in Lhe range of other reports [53-55). The
explanation of high band gap value is the resull of quantum

2} Springer



—3

56

¥ Sol-Gel Sci Technol (2016) 79:51-58

Temperature ("C)

100

90 4

£0 4 Undoped CcO2
= 70
& o
E 604 2 wite I~e-(.c;02
5 5] 4 w1% Fe-CeO,
A1 6 wita Fc-Cc02
g 4] 8 Wit Fe-CeO),
g
}
307 10 with Fe-CeO)

20

16

04
T s e

T T T 1t~ ¢ 1 1 T 17
300 330 400 450 500 550 600 650 700 750 800 850 900 950

(b)

1500
1400 -
1300
1200
1100
1000 4
900
800 4
700
600
' 500
400
300
200 -
100 -

‘Temperature ("C)

T
-30 -25 -20 -15 -10 -5 0
log (pO}

Fig. 5 Calculated thermal stability diagrams of a Ce—0 and b Fe-O

. Solute atoms (Fe*)

Solvent atoms (Ce*)

Fig. 6 Schematic illustrating the formation of interstitial solid
solution by Fe ¥ in CeQ; latlice

confinement effect. Ansari [55] stated that the valence state
of the Ce ion following charge transfer and also due to the
quantum size effect by decreasing the crystallite size.
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Fig. 7 UV-visible specira of undoped and Fe-doped CeO, films
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Fig. 8 Optical indirect band gap data for undoped and Fe-doped
CeO, films

Based on the results, it can be concluded thal incorpo-
ration of Fe’* ions into the CeO, lattice either by shallow
electron trapping or by shallow hole trapping would reduce
the potential for electron-hole recombination [56-58]. The
proposed band structure of undoped CeO, and 10 wt% Fe-
doped CeO, is shown in Fig. 9. Since Fe’* is known to
create shallow trapping sites at the donor and acceptor
levels, Fe** doping may decrease the band gap by electron
trapping process owing 1o the substilution of Ce** or 0*~
ions by Fe'* ions, andfor by hole trapping in lhe case of
interstitial presence of Fe®' jons in the CeQ, Ilallice.
Additionally, the increase in the amount of Fe'* dopant
can be effective in decreasing the band gap of CeO, which
would enhance the range of wavelenglhs that can be
absorbed and increase the lifetime of electron-hole
separation.
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