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KORNWIPHA MAKBUN : SYNTHESIS AND CHARACTERIZATION OF LANTHANUM-
DOPED HAFNIUM OXIDE THIN FILMS BY SOL-GEL PEOCESS. THESIS ADVISOR:
ASSOC. PROF. SUKANDA JIANSIRISOMBOON, Ph.D., 114 PP.

Keywords: Hafnium oxide / Thin film

Currently, ferroelectric materials are widely used in electronic devices such as
sensor actuator and memory. Hafnium oxide has become an attractive candidate
because it is a simple binary oxide (fluorite structure), but exhibits ferroelectric
properties when doped with some elements, such as silicon aluminum zirconium and
lanthanum. Most importantly, it is environmentally friendly. Therefore, this research
focuses on the preparation of lanthanum-doped hafnium oxide thin films. Prepare the
lanthanum (xLa:HfO,) doped hafnium oxide thin films with x equals 0.0, 0.2, 0.4, 0.5,
0.6, and 0.8 by sol-gel methods. The gels were coated onto silicon wafers by a reactive
spin coating and annealed to produce thin films at 600 °C for 3 hours in air to form
thin films. Study of physical characteristics, phase formation, microstructure and
ferroelectric properties of hafnium oxide thin films. In the study, titanium/platinum
was used as the electrode, prepared by DC magnetron sputtering method. The results
showed that the lanthanum-doped hafnium oxide thin films prepared by the sol-gel
technique were successful. XRD patterns showed that phase changes from monoclinic
to orthorhombic occurred when the amount of La was increased. However, SEM results
showed that lanthanum dopants had no significant effect on the microstructure of
hafnium oxide thin films. Morphology results showed that dense films were found in
all samples that appeared as small particles, uniformly distributed particles were
observed on the film surface and the effect of lanthanum dopants on ferroelectric
properties of hafnium oxide thin films from electrical testing. It was found that the
increased amount of lanthanum doped resulted in an increase in the polarization value
of the thin films. Lanthanum doping causes the hafnium oxide phase structure to

change from monoclinic to orthorhombic. The study revealed that the orthorhombic



structure is an important factor in allowing hafnium oxide thin films to exhibit

ferroelectric properties.
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nuan (SBT) aauunii@esluleiunlnimug (PMNT) walgesiaiualumiiug (PZT) uasian
wauvduwesiawalnvue (PLZT) Wusu n1susuleantfvesTanuslsdianninuse
Fareianslslsdidnvinszuulml q Tedsasditusgwioidlonduiu wszansiilioglu
Hagtuidadidosdalunisldau lnsawzansidngfuduossusznou Seansmdrildsy
audeudusrannidesndunulumsndamnitianiivanasngiuas dau@mlss-

@nvisnas wisgnslsimu ansneiatulifiy WWudussevisouyvduasdaindouodeun



Gusaudnszuaumandslugeamnssuiisuiudoddasmedudusinumnn matanszanelu
91mA Msdafiunagnsdinnisvends delunnnszuiunisfinaundredudududsnase
aunmasdifstedaenss eddsdemansenuludeldnuuasdaunndenlussozen dae
agfeananivaienguiteddldvhmsideuas SuiaumTaguslsadninelnlnii i
fmsfudawndon anuafivuazyinavenefiesfaduainnssuauniande @iuaiig

AENwTRLknIAn s iNgau ek ANGn i

n1sAuaIIdetanmslsdianninvlailiarsneifiniegredeides arseviiey
panlwd (hafnium oxide; HfO,) Wunilsluansinidelimnuaulaissanludusunsiese
S19NBUaEdWInaeN dnunsanauIusEans nwlinudulanien1siAuaside (dopants)

a

lwn Faaeu svgliilon woslalloy uazuaumiu Wi iieysuuaudfisng o

I (%
LY 1 v

AaunuITeidujuduAng mswssuiauueideueanlydniiomewauniiy

= = Ly 1 wa a s a a6 = 3
warfnunavesasilekauntudeauUAwslsBianvsnvesiiauuseviiousanlunnugns
xLa:HfO, lngn1sL@uansildenonsid@iu x = 0.0, 0.2, 0.4, 0.5, 0.6, way 0.8 FIWan13ANEIY
Juvsglenilunisusulsnauandfvesianana1 susazihluganudilalunalnfifing

1 wa | =~ o 14 LY 1Y a a a s a 6
soaudisng q Wiethuszynaldanunaginuliulsssavinimvesdiannselindssly

1.2 IngUeraAvaeuivY

1.2.1  wiedwasiziaaswidevssnleniilemeawaunidulaewaialaaaa (sol-

gel)

122 ednwinanazlassadmnssaniavesiiduuiseinidoneenludiiiose
WaUNIY

123 isfnwinanisidouauniduseantiuslsdidnvsnuazladidnvsnvesiidy
vgifleueonlyn

1.3 YIULYAVDIIIUINY

sa & v Y

131 duaseiiaasideveenlediilemeuaunty auans xLa:HfO, Lile x =
0.0 0.2 0.4 0.5 0.6 waz 0.8 lnawalaleaLaa
1.3.2  aseadianinsasuuukazasasiduuedvsulitnaudamslstannsnias

Taddnvsnvesiduunsanidouaanlys



133 wismadounasioueonlediidomowaunniy Mmetsdunyuedey
(spin coating)

134  anadeumauazlasiadimganiavesiiduuneidoueenludiiions
WAUNNI

135  @Anwmanisidowaumiduseandfunilsdidnvsnuazladianvsnvesiliduunsg

giilsueantun

d’a‘ 1 Yo Yo a o
1.4 Usgleminanainazlasulasuainauiae
1.4.1  ansawssuiduueeiloueanles meawmaialva-laale
142  awisadesisrianvazakarlasiasimisganinresilduuaiiey
fd‘ =l v Y] v
panbwaMIamekauntula
143  awnsoaulugnisndanulsaudiwuunslsdidnninfifdussdnsam

Wnaule



uni 2

USnAd2sunIsuLazIuIdeNing1994

2.1 wislsBdnvidn

Usngmsainlslsdiinningndunuadausnlag J. Valasek ied a.. 1824 lundn
Baie (single crystal) wosindelsivad (Rochelle salt) Feusingnisaiinslsdidnnin fe
Usngnirsalvesndnit arunsarinan ndd ans elnanlsieduldios (spontaneous
polarization) L.Lﬂdwzhﬂéfgﬂmﬁmﬁﬂmﬂamﬂw%mauaﬂ wazlnanlsiwduilsaansaiin

[

msaauda (switching) lalnanisanpawiuli foduannzddyvesiaguslsdidnning
biuansnsanianielediann3nuiindu (Haertling, 1995)
2.1.1  myfunuTagslsBanvsn
v Ao w A o Yo a a < a Yo [ =]

nsAunud Ay v e dnmslsdianninlasuainuaula uwasdined
ANSANYILATHAIUINIBE9RBLIDY A

1. msAunuiuwussalnnug (BaTios) danmeeuduinsnisinigs

v 1 a a wa a a

2. MsAuNUBUS s U daudfiumslsaanyvsn

3. MIAUNUNSIALsEdlalnavednysolalu (domain) neludaniesidin
PN bR UNTELa NN

% [ a o a Y] 1 gj .«.:4' 1

nsrunuanuislsdinnsnlasunnuaulalutisansulanasan 2 sewing
U 1941 89 1944 Tuansgowsni sale wavgyu neainni1sfinuwives Thurnauer Wainer
wag Solomon nuin wuSeNlnnuniifan neeNENinsslnihgwinnd 1000 Beiani
Tahdudfuuszqegluvaedu liun TanUssinvadielvg (steatite) Tufn (mica) uwunfiden
s (MgTIO,) wazuaal@aulnniius (CaTio,) daran ngendunmnsniginiiussuna
110 yinbiwussulnnualasuanuaulasgrswnsuate (Coffeen, 1995)

soun Wul wudn wuiSeulimnusdidanmeenduivnsyndliiias wesind
AaanURMSTsBIanY3n (Wul, 1945) uaz Gray wui1 nistinszualiihannaieuenaiuise
o Yo a a [ a Y o v wa a @ a FZ
ildanesiindnsdnsolawunielunsuld vibiuansaudfinslsdidnvsinaanuiugin

Tilgdundndaiien (Gray, 1949)



2.1.2  audnvzvasIagunslsBanin

n15d sunlasvaaalutannslsdianninaenndoadunisiinnis

¥ = =

d' < d' a v
WAULUAIUDILASIAS KA FIUUNANIINNITUA vunUasgungal waglwanlsdunig

a A

Inrveeian gamgiins (curie temperature; T.) 1ugung A9 Taniinn1sUd suwdas

Y

[ a [

15983199 NNan151888nN30 (paraelectric phase) Mgaumngiigeningumgiias Janluwans
autRanudulnatlswdunvuiindues luFunanslsdidannsn (ferroelectric phase) 7

1 a 1Y

gaunianingaumngies Tanazuansandilnalsiwduuuuiindues uenanilamanimeey

3 3 LAY
o o & o 1Y) ~ ‘:4' AN oa X a A aa Y a
JUNND (perm|tt|V|ty) Gﬂaﬂﬁaﬂgﬂgﬂﬂ’]ﬁLUﬁEJULLIJaQLLa%lIﬂqLWM%UQQ@WWQW“QN@?@ﬂ@?U N

a 1 [

gamaliginingangiasiassasiuassidnuasdunsdiinnin wazazldinsuansand®
& aad a = v ad a & a &£ a & -
Anudumislsdiannsnle 9 eonun Felassadranslsdidnvintuisuainnistaleanio
= ] v a a Al o 5 a & a a
Hegusnlvredasiadiamndidnnin lngnlassasianslsdidnvinagiiauauuinsves
lassasndesninlassadanuunsddnysnfiaamgisnnitaamaiies leesussinisaiou
neuvtsauna Jsdsmalviaginnisinantsigtuyulies
2.1.3  29ulnanlsiwdudamaida
nsanandRmslsBianysnvesiaguuazAnwamaulnanlsedudanes
& (polarization hysteresis loop) fegUn 2.1 wazUuandrdgluinulnalsiwtudames
Fa loun Alwanlsieduasing (remanent polarization; P,) Fsagidusavaventeanuduins
1581anvSnvesanstiu 9 UsnNAINUULAIANAUINAUANS (coercive field; E.) azidusnusuani
ANNEsalunsUasuLlasirnnseesiamuls wardufedestivauulwiniliiuaisi
I3 A a v = ) P ‘:4' a Y &g A
Wwwsdindneeg dandsnuitlslunisildsullasianisveddamuuazmla aniunves9u
Inanlsiwdudamesda dnnulnalsiwdudameidanineg wilidesaadendsanulunis
a & o a v a aa = Y] & v
Waguwlasnnuminny wasdnnulnanlswdudameidaununisgydendanuiazioy

aulUsmewuiu



Polarization

----- Saturation polarization

Non-remanent polarization

Remanent polarization

.

Electric field

gil‘i?i 2.1 wlwanlsiwdudamesda (zyumskaya et al., 2007)

2.1.4 1599 lnalswiudamesvs

Msinnulnanlswrudamesdatuaiusavinlatneltisasiinegnsdinend

' [ [
a a = A

F991 21933 sawyer-tower Asuanstugun 2.2 lnaidunmsinAlnailsduinaTuuunuiy
a a c a ada d‘ ] o A Y v =
YouwTinslsBianvsniifailesninnismieivesaulninaeueniangliiuian &

sphbidladenalnnisisinanlsieduresiaquslsBianvsnunnau

gﬂﬁ 2.2 1935 sawyer—tower (Muralidhar et al., 1987)

F YA o ussulnihuvasany
Ao wseulnihinnAsauwraane

Ao uswulwihinnaseuduiulsezq



G,  A? A1IANVRITARIIAN
C Ao AIANUBIRNUUTZIATEY
dmfunsinuszquuiuiivesianazordeanuduiusfaunisd (2.1)
MENNNTEFT09I935 sawyer —tower AiB AUAURUSNLTIRUT Tounuvd 13auas
UsyafignindlnthliiAauuiiuiivestan Tnealunmsindiuszadenanagyhnistaaind
Audsgguasguldlédinanianlaenss esanerdendnnsiindaufvlsggasilviniu
demufuszgreuuvaunsulursasinily duiudrdafuussgvesdinfuszaasmldain
aunsil (2.2) ununmmsineiesflodmiuldimnulnalsiwtudameITavesiiduunad

namslugud 2.3
Q=CV (2.1)

QS = QOZCOVy (22)

Q  Ae AUszquuiuivesiaiuysyguInssu

Power Supply

va | . Radiant Tester
—h =T <
\V_/ g l

| | Electrode

| —F
P a_/:w—SiliconeOil

JUN 2.3 uruninnsdnnsesiledmsuldininulnailsetudamesdavesiauung

a

2.2  auUnladdnnsn

'
va a

Snuilsnaaud@nuraulavesianmslsdianvin Ae aud@ladiannin (dielectric)

v A

YanuansauiiladdnvsnlaealUasfandfiduauiu il wazdadiauunnsieain

awulwidu o Ao TauTfvesnsinudssgliih Faaruanansalumsiiuuseglnidana



Fondh arauglitii (capacitance) Wotneauuliillvun Yagagyin i AeTnanlseduiy
Feazdiaiiunasiuvesinailsitusenilovieu3ues (net polarization/unit volume)
Tnaarmugluihazuusiuasiaualnanlsieduvesian aud@ladidnvinUsznausieni
wUsiAeTesanun 3 6 Taun Aanmeenduing (relative permittivity; €,) AIUAINU

laBdnw3n (dielectric strength) wavAn1sgaydeladiinnan (dielectric loss; tand)

2.3 swilleueanlyd

gliluoonladiduansusznauefiunid (inorganic compound) iflgasmaedie
HfO, enlaesialuin sl wanlalddd 1Wuarsidanuduawiuliia fuaundseu
(band gab) 8¢ 5.3-5.7 eV (Bersch et al., 2008) lassasmaeiviwesiadaulnoanled
(zirconium dioxide; ZrO,) daenoud ausBUNS 2La0LABES ALUTUWAY 7 Jlaseasiale
vannvanefauandluguil 2.4 1dun Tssadradadn (cubio) fioglunguuigiuuy Fm-3m
lassasrannsylnuea (tetragonal) lunguusnduuy Pd,/nme laseasaluluadin
(monoclinic) lunguusgiiuuy P2)/c wae laseaingeeaslsseudn (orthorhombic) lungy
U39fl Yiauuu Pca2, wag Pmn2; Tutaiswesanusiutaggamgiifiniie (Mikkulainen et al.,
2013) FdugaisudureantsinuansimsuislsidnnsalusUuuuuiuiidusmiden

panlan (Yurchuk et al., 2013)

Hf*

JUT 2.4 lassadrwesewhileneenleduuu (n) luluadin (v) weselnuea uay () Adn

(Han and Zhu, 2013)

Tnganiileneenledazuanaudfinslsdidnninlituasdosinunisidemesaeg

oun Fdneu sxgliflon weslalley uwazuauniin (Judu lnedledesnddneu oxgliiilen



waslaluy Janaslialnarlsidunsnng ogluyae 15-25 uCeam? dduiauniiy enlwails

upsdafiladaUszanas 40 uC-cm? (Lee et al., 2011)

2.4  MSMBURANUNN
HAuu1g (thin films) naneis %y'ummawamM’%@ﬂﬁjmaqawauﬁ%’mauﬁ’uﬁju%uma
Tusedvlulanunsienluansuuiagsesiu dnsldnusgaunsuareralussiueuide
sydugmamnssn nsgviansldailuiinusediu mardouflduunannsarinldnasds wu
n15UgnAlduuIanIan1gnIn (physical vapor deposition; PVD) n1sugnilauuianieiad
(chemical vapor deposition; CVD) Tnee3deifldasnsmsenilduunsemiieusonlesi
Femeuauniiulngislvaea wisuduilduulnmion/unafdudidninsaseisnnsi
wan@ 1Ay 3 35 laun nsimaesuilanuneniglessiieaiudeu (thermal evaporation) A1s
waeuflduunsnuuleseinesmedidiannseu (electron beam evaporation) Lagn15iARY
Wanursmenszuiunsagulniinseualnmess (DC magnetron sputtering)
2.4.1 nseaauNauUINAeIB aR-1aa
PNASANEINUIImaNENUITEs suiauueilonesnlensieiznisen
AazauszAUaEaau (atomic layer deposition; ALD) (Gusev et al., 2003) Faduisuiaves
msUgnitdumaniifiondemannavauvedloaaiaiivesmaisiuluzuroufa arsiiuazgn
paduuuiiufiresTansesiuaudui Mindwhuifseuideanshufisendelwlddu
Hduiidosns Snnszurumsthinaulslunsduaseviiduuns fie n1swleulneSlea-aa 3
yhllFansidafudefertusasudaigs (Vorotilov et al.; 1999) nszuunislea-1aa
Hunildunszuaunsnteulflunsdiasgiianuilu lnevhlunszuiunislea-laa ned
msduaszilassaieiameiunid lnenszuviunsnedisenailuaisazany w gaumgil
i enszurunslea-nadunsdanseioynnundnludusynirvuinlng (bottom-
Up) NSEUIUNTBUFUINMISHANESRag (precursor) Whdeiu Tnsedefanansiidui
wiewoaneged Wnareidureunas (@sazareviensaaess) duSondquiisn Tva dvwin
ouniaUszam 0.1 A9 1 lulasins Welsamzdriuduiumegadusedeou 1fianns
muwiutateynanslulsaszhlfAnduaaiuin lunssuiunsuaansananine iy
Twauazioa Werihgnszurunsinliuis viewnflgumginasldudnsnsilugunuusng 9
fr"ﬁ’mamlugﬂﬁ 2.5 wu Lule (fiber) walsiaa (aerogel) &l513a (xerogel) aUN1ANS (powder)

wan1indeuilay (coating film) dwsuldiduingAvdmsugnaimnssudu 1 sely
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—

]
.. (@]
eo® .. e _ =)
® ® (dissolve) (Dehydration (Rapid
: p: Aerogel
Reaction) drying)

Precursor

Spinning ®

- ]
o

S, 3
= 73

= (<H

Calcination
Calcination l
[_; m Calcination

Film Coating Powder ;
Dense ceramic

JUN 2.5 nsguiunslea-iaa (Tripathi et al., 2015)

Uffsendnglunisnszuiunislaa-aa 1 3 Ujisen teun Ufiselslasla
Fa (hydrolysis) N13AIUWUUAEUT (water condensation) La¥NISAIULLUAILLOANDTDR

(alcohol condensation) s‘ﬁaLLamé’aammiﬁ (2.3) i (2.5) (Hench and West, 1990)

Hydrolysis: M-O-R + H,O —» M-OH+ R-OH (2.3)
Water condensation: M-OH + HO-M  —»  M-O-M + H,0 (2.4)
Alcohol condensation: = M-O-R + HO-M =~ —» M-O-M + R-OH (2.5)

gl M unusslanevsendlane Tudiu OR unumy alkoxyl group

Jaduddgnilnasadnsinsiinufisen e pH fAasaufisen dnsndiuves

%
a v o

wazlans wazaamnll dlunismuaudadomardluannzineiudailniadulvanay

Y

wandlauiiwazlasaasnasneny
2.4.2 nswaasuidauueaglassmenlnudou
MsedauRduUIIwUUlesEenlAIuSau vinlalaenistiranuseauiuans

a = gy & = [ I A o Ay Yo a
LﬂaaumamﬂiawzwGlENmiLﬂaaquﬂagsluamu%amm Lll@ﬂ'ﬂ']uiaumlﬂﬂUa'ﬁLﬂa@UﬂJ']ﬂ

¥
&Y

wovzvhliansiedeutiuasuanuzainvesdinanalulentwianisiinszaeduniely
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avuzguamadslevesarsiadovlunsenuiuiansesfuii gunnfimunzay Aagiin
muuiuureaudsiuimefneguutansesiunietunuiifesmandou maadeuiiduuns
wuuleszmesenuieuldisnsdeluiidgadiluuiulansaildidusiudamudou
Ferrmdouiiintuiivrirowludannad suudwhliasiadeu sumenaiedulowielaly
Aemstudeuluansiilddmiuniandou wivlavefisesiuagdesazernuarliiinnisssme
vidognuasuazanefiguvnildnu visvesTaniiliiduusiulansyienivursessuazdediv
UfRTenfuansfiazriinisssme Tngununmszuumsiedeuilduunsunselossiveninufou

LARIAIgUN 2.6

Vacuum chamber

\4 Substrate holder

—— Substrate

[—— Vapor flux

Crucible —T:

containing >
target material

_<1|,__-_J

To pumping system

JUN 2.6 szuumsiadeuilauueeglesuineninuiou (Martin-Palma and Lakhtakia, 2016)

2.4.3 msweasudduurasuulaseiiefleadidannsau
2 a6 Y] o a & & = a
AsAdauRaNUIUUlasEmenl8a18anasa ULl ud nul sluwmanAnng
LAADUNRUUIINIINIEAN 1AgNENN15YIUITARINNSIAARUR aNUI9AelasEL e AL
Souiisdntios Tagazuvainiianinusouniuansaiueanll Ingaziiunasniandidnnsou
(electron source) NanusavanUaesadianasouludsianaisindoudsiuludvasy

(crucible) Weviliiinaruseuiiawin q awilndiinaseuvesianaisindounsiunan
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oonuld Mntfudidnaseuiivaneeninazgnauaudsulvdnuazauulifiiaudugs
delilunnavauuulusumisosiansesiuiidesnisanedounas induiiduuistum ns
wmdeuilduunawuulesymeiieadidnaseulisnsnnmannarauiadeuegsening 0.1 fis 100
uluwnseundt Tuegfuriavesianasadouilld wioglsimusnsmnnazaundou
Fananil folnganimadanisiadeuilduutsmsnmenimuuudy o uananil Ssannsn
muAuUinamdsnuieanudeutuTagasindeusaiuldedsdinzuazusiug Tnedls)
Aamufeuuinusey o Al masunaziansosiuldons lnousunmszuunng

A a e ¥ 0o a [ N
Lﬂﬁ’e]‘UWﬁll‘UNLLUU1®38L‘VTEJ@'JEIﬁ’]E]Lﬁﬂ@]’i@ULLﬁWQ@QEU‘W 2.7

Substrate Substrate
Dome ' ' Lens
_ g™ < D> « D
an» ap a4 [ «
b T—
£
t ¢
)
- \a " o
ﬁr 2 A
S ? " )
9 2 P
Crystal type »
film thickness ) A ] 7
meter [ >
?
Molten
Pool |
Vacuum chamber
~
Ill '“ Electron
| 3
CruGible Vacuum Beam
‘ Pumps Source

U7 2.7 szuunswndeuiiduunanuulessmeseddidnnaseu (Urbina et al., 2018)

adad I

2.4.4 ﬂ"lﬁLﬂ%UﬁJ‘WéﬁJU"Né\"JU'Jﬁﬂ‘leLuﬂuﬁiaua{]ﬂLﬁa‘%\i
a & ) a & a e Y aa N
ﬂizU’Jumiﬁ{]mmaN LTJUWUQELULVWU@ﬂqiLﬂa@‘UV\laﬂJUqQ@'ﬂEJ'Jﬁ‘W’Nﬂ']EJﬂ']W'W

YU oegnouRmTvesTanNnoIN s IdAR Uy AL gAYUMEBNNIANEIUEY U

9
[ [

fin1svigaeen nTgUIuNstasinduaInnisuaniuisy angneandsanuuagluiudy
sEriauMAnGIugIadIvuivesneuniiianidesnsidindausing 1 ilviessneui
Aiansiadeuvianeeniudlluindauuuiiuiansesfu nszviumsadanedsaunsandala

Wu 2 35 Ao A5Adatnmese (direct current sputtering) agldluinnszuansslunisindou
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Adud wnunzivarsindeuidudtldn wazifersienatnness (radio frequency
sputtering) lgluhnsznaadueuamudingliiutaualnanaztinelun aneivansiadeu
A & aw a yao aa a a a s A a s v

Aduauwiu Tnglunuidy Benldisadatnmesdunisinfovilauiioinilaufidesnis

wasuldulanedailninlan

addaa I

2.4.4.1 WaFuuninsaualnneiq

s

N a & Y  adax a & = aa a a
ﬂqsLﬂa@UwaﬂJUqﬁ@jﬁJ'ﬂﬁﬂeﬁﬂﬁmLm@iﬂ L‘Uu‘ﬁu@lu'ﬂﬁﬂ?iLﬂﬁ@‘UWﬁﬂJ

a

ualaglinssuanse deszuvadawmeslsenaulumeduastalniiuuusyuiu wansisgy
2.8

_E | Substrate 13
Sputtering Gas 2
L4 T i Power
arget Atom ’
Line of Force of ¢ . Supply
Magnetic Field = —
~1IRE .
o] o e

Target
Matenal

— Magnets
Vacuum pump

g‘uﬁ 2.8 szuvatdamease (Jain et al., 2016)

Tnedalnfimdaduualnadu (cold cathode) fifntivasualnaas
gndadawansiiiuti asedou wagdndniudunelua (anode) Feasfidruvestuaud
Fesmsiadeuazey fgunsalvianudeusyfuaaiielfifingamailiungiuluvuy
waeutuildy aeluienndau (chamber) ¥QNANDINIABDNIUTAN1ILAYINTA Ny

srgnifumeiadeslagldnnuduiie Jsiedesdinegldfinvesneuiesnndusinid

9

oY

Y I

1IN0 MDUADUINUINI WAL LANTTEANTRTNE15AADU WoSUlANUAISFAN 581N

(%
o

PILANALALLDLUA MU NTAEN S LT An ’E?Lﬁﬂmsauﬁa&iaswdwa%alﬂﬁw%ﬁwé’qmugalajLﬂm
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nefiagloosludernouvesiuld uazidierudnadngluingsdudidnaseuignissnneld
aualihazindsnugeluauansovuivesneutesiiudenfuarasdieleundanuliiy
ozpouveafnmdey (A) vlimmidesunnduiulessuuin (A") uardidnaseu (e) iFunin
anmenanain faaunns 2.6

e +A— 2 +A" (2.6)

Sidnasou 2 MRt uazgaisenioldauiuusmanludi lug
Fauolunuazyuiuivezneuvesiimdes 2 f Wunsiiusiuiulesounardidnaseu u
sumzLﬁmf‘ﬁ’ulaaaumﬂwgms'aLSé’IwusﬂgaLmiwmﬁmmsﬂa'as@Lﬁﬂmaumﬁ 2 (secondary
electron) 138n171A5EUIUNNTBLIIA1US (avalanche) N5vURUSENINBIENATOURUBL RO
Aedeaziing uag1esordosaunsyiaiiusunalossunarSidnaseunsdi uassnwanm
aunavesnshansald Tneiilidosordoundsiudaanaieuen 3ennsvuaunisdisiia
nviuRAgusa (townsend discharge) aandunszuanansaaziidiiutudes 9 auden
q wile FasuRansSouatudoni Adlnaiauise (de slow discharge) wsaulndiiinn
asouvziiAnanasadasazalutiasufureinisdeauas nssuiuvesdlossuuuualnagy
Anduluunsusnauariiaylasaee mmvﬁmaﬂmsﬁaaLLaq%Lﬁm?TummLmﬁagm
maumimﬁﬁamﬂw%qq denszualiiddfiuduuunisvuredlessuszdes q v
Lﬁ'uﬁmumamqmLﬁmﬁuﬁ'%mﬂimmumsﬁaﬁmmwmLLﬂJusuaqmzLLﬁaﬁ’wLaua way
ussdulntiinszainedadidninanazasdiidng arndunsifiumasluindgssunazsilin
usesunaznszudliinddfindy msdewansilanniy aduviidedldlussuvalinme
39 luthvarignliinnssrueaudeuldfuualng demnunuuiuvesnssuaualnaiy
qaéﬁu AMuYouT ANt UaINNsTu e e 9e L UINULAILATNADZUNNIUAANTLUILANS
UanUasgdidnnsauuuuinesienila (thermionic electron emission) w@Suiun1suanUass
Siinaseuyafiaatuaznszurumsozaind vilianuilwihvesfislussuugetuegng
599157 LLiW’TﬂWﬁﬁW’mﬁLﬁﬂimmwaaqmﬂiusumzﬁﬂszLLﬂIWﬂwazLﬁmsﬁuqq wazLAANIg
Waslaslsen1e91984n19815A (arc discharge)

yenandLiteiiuussansamlunisyieu Tddnsissuuuunia
soualmnesauld Fadumsldaunuudmanindndnlvlussuuiiodfiasualoosu Tnewdiy
szozmslunisindeudiveseyniafiivsyy Wesnusassiaudsilveyniaiinisiad eush

I3 = A = = A o Y} & o 8 v ~ =
\Wunagansatdulenay Luaaiéﬂ’]ﬂLﬂﬁBUVIVI’]QNﬂUﬁUWMLLNLMaﬂ ms[,uai,gmﬂmiamamzlﬂ

o dl E = A o A ad qy e P | |
%Uﬂuawﬂqﬂau ] NVU ﬁ]\‘iLW:LI@GI?’]ﬂ’]ﬁLﬂaaUWaﬂﬂmﬂm 10 219 100 "1 Lagyganmind
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auvesindesdiovinisedeulaun inliildunedeuldiinnuazengs Fadunfeuld

wnsvanglutagiu

2.5 MIATzviRENURvaIaNUIs
2.5.1 a1sAaseiindesaUsenaunletasasanatsganunsnladines (x-ray

diffractometer; XRD)

v v
v A

a < fa a ¢ & a A a iz PRI
LmaaLaﬂsﬁLiWWLLWiﬂImLmaimumiaama'smemammuwugm FUUUNT

9
a ¢ 1 o o | . . A ¢ N Y] Y] =
Anszsuuliviatefangna (non-destructive analysis) lieAnwnginulaseas1svenan
nsInseeivatenaululuanavesasusenausing o neludnunmiasludalsunu loy

afevanNINsEIdawasMadeIuuYessidiend wazauiineriussuulasaiemdn

ad « < & a a s o [y &
Wﬁ]@awucﬁqu%@ﬂLﬂi@ﬂL@ﬂ%Liﬂ@WLLWﬁﬂI@ﬂJLﬁlai IAYNANNTIILA YL UUYBDY

[y = a [

S98ong Bragg’s law Liad159@nnnsgnuivInguwseaunIn awiansHnInvessdnasiou

MyufuTEuIvTeteyN 1AW ULNYesdIssdannsenudesun 2.9 Tul A, 1912 William
Y o a v 1 = 1% = [ 1 Y

Lawrence Bragg langudainaniin@nesuiuulaseaiiudnuouseng q deunladng

UszhvgAniu tn3oaonsisdanunsnindinostulul 1948 ndsnuulaliniswauiogia

folles wauInAeNIInsHIUTEENAlTlUNIAIUANNITINGOY WaEIATIEUTEIIaNg

WalmAnANTIALS U 59U

Incident Scattered
beam beam

% n A =2dsin 9| ﬂ

Atomic planes

JUN 2.9 Matdeauwvessadiendlundn (Nasir, et al., 2019)
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252 mywpTsilasEimnganiadlendesganssaldianasauluudansg

(scanning electron microscope; SEM)

v ca & & v cay va & I3
ﬂa@ﬂﬂqa‘ﬂiﬁﬂuaLaﬂ@i@‘ULL‘U‘Uﬂ@Qﬂiqﬂ LUUﬂaa\T‘an§iﬂUWI‘sﬁaLaﬂmi@UL‘Uu

[ o

wasiudauas Wuesedlonlddnwanvaurdugiuvesianluszivgania dulusvazden

&9

a

Mdnun lnendesqanssmididnaseuasziiidswensiigs fa1auazideaveaninileas

=

Wosnndanuenedudu Wetislunisinseiinuasdugiuvesian lnendesganssad
BlANATOULUUADINT AT AIGI818N1INA1 3000 111 Quile 100000 111 F9Tuiudnwy
fa0819 Negsarunsaldausiuduvinadan1sitaseyio ula LW energy dispersive
spectrometry (EDS) Wag wavelength dispersive spectrometry (WDS) tudu geaaalunis
seuviln YT wazn1snsynevetesdusenausuesianidnulasenunlugliuuianie
] ° X A Y
avisaLdendurusiuinaulala
daulsznoulasnannIINNIUYEINA8I9aNnIIAlBIANAToURUUABINT A
LanRaguT 2.10 Aandesazuszneuldsme unasiuladianaseu Fauimiinlunisnds
a « al Y I a e av v 1o a (-3
dviinsou weleulviiuszuu lnenquildnnseunlaainunasitiinzgnisenigauislnii
91ndunqudiannsouaziad ouiasunluszuudyyInAIwauds1usIusea (condenser

o a =

lens) iilovhlngudidnaseunaneiuddidnnseu dsannsausulivuinvesddidnnsou
Tugvdeidnldmudeins lnsuSunavesdidnaseuszgnaiunulaeteade (aperture) doil
WIAET 9 (U mndesnsandifeuandarzdesusuddidnaseuliiivuindnas udwan
fuddinnsouazgnuiuszesliialasiaudlnd¥ng (objective lens) Insfiaununasd (scan
coll) vhmthiinsndBidnaseuluuuiuinfosig WEIRINAIBLENATOUYNNTINAIUUAIDENS

gyiliAndayamueing o YU BeazgnadTudyanaiugunsalnyadudeyyiu (detector)

wargniluadadunmuusenaning wazausatufinamatnviaeuansualdviui
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Electron | ; ;
——

Source

=] » Anode

Condenser “—Q

lens
[ -SS ] Aperture
Scan coils 4——. .
Objective = . W
lens Secondary electron
Detector

Secondary
electrons

s

Sample «—

JUT 2.10 wansdinUsznauwaendnn1svinaIuYeINdeqanssAuBianATeuLUUAeINT 1A

(Marturi, 2013)

2.53  M5ATIzRaN v URYasdun1endasganssAusiaznay (atomic
force microscope; AFM)
ndesgansminssezney undssganssmiviaiioiudeinsia (scanning
probe microscopes, SPMs) 4tiavtls ¥ann15v9uveInaeIanssAdsiaiie1udensa
wanefagui 2.11 Wednsldmidudaduduvwmdnyssann 10 uiluwns dudafauss
= = o da X ! v & o X a dAw a ¢ 1% < =
AuAVIBLSIENTIARTUTEn TN AUNURAIdeINT e e iieas 1 lunw Tagidlena
WduasuuiuRINfAoIN1592059930 aniauseiinszyimeniu (cantilever) voswady vinli

1 LY

WdnBesmeyuaiulunuanInANEIIveIiuRy Jeansansiainldainyuasvieu
Yosduasawesndaciudiituresiienu antduaeniainesnasulasdygyraeonuiiy
AnasiuianaIndula ndesgansiadvilaigiudensia aruisaldlaiudlegis
S o g & a do Y Y o A g a i 1%
wanuaneeiuauiukasuimiiile daide Aeldarlunisiinnmuiuniinges
aNTIAULULAY 7 Weewndeldizaunuuwuy raster scan iagidu andrelivan wazainuu

A48 AUATUIZYY scan size La139zL AL TUN NN URIYITUIUTULN



Photodetector

Laser Beam

Cantilever

Line Scan

Surface

a N
—Tip Atoms
T Force
G
.‘..O‘..‘
9 Surface Atoms
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JUN 2.11 uansdiulsznounagnannsinuredndesgansiatusioznen (Agarwal et al.,

2012)

[
L%

2.6 ﬂ']‘.i‘VI‘UVI'J'L!LaﬂﬂqiLLagﬂquaﬁlﬂﬁLﬁﬂ')‘ﬁﬁ]\‘l
nuwAnlunsAnwuazUsulsnaaudmslsdiann3nvesiiduuiseviiley
ponlesnensiuasidenis o wildlussuu ;ﬁ%ﬂlﬁﬁﬂmmu%’aﬁLﬁ'msﬁaaﬁﬁ
2.6.1 wamsANasLIadamau (silicon; Si)
autRwslsBdniEnvesemiioueonlesfidesedanou gnAunuadausnly
T 2011 1ne Boscke uazmme (Boscke et al., 2011) Faneuiiutanfiugruildtuiluly
onamnssuasdidnnsedind Tugdiuvesansisdnd (semiconducton) flavesndindy 4+
willoufugiden fvuineraeusindu 110 flawns Fudnnirevidoy Aflvuinoznen
155 filawns (Slater, 1964) favuiaduansidevinusn 9 lasumnuaula E‘Uﬁ 2.12 (n)
uanIAUFURUS Tz sA lan st uAsAaINaNUN 12 wag 36 ulluuns AuUIuIa

A15190%8A0U MUY ANUNUINLANAIA T NaspaudRwsIsBIdnnSnlesun A1nTale

ya a

TndiAeeiy wazUssuuanside 3.8 Wesidus LLamamﬁaLWﬁiSL'Sﬂ‘m%ﬂlmmwam e P, lal

14 pCcm? dulugy 2.12 () wanspuduiusszninaaasiladidnn3nduusunaaiside
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Si veaauune 12 wiluues dunuinaugeaadeiunanisnaasdlusy 2.9 (n) MU3unm

413190 3.8 LWasius A1 k vasTlaugadls 40 (Schrorder et al., 2016)

Si- content [cat%)]
1 2 3 4 5 6 4 8 9 10 11

| 1 | L 1 L | L 1 L 1

P_[pC/cm?]
o O,
[

404 (V) =2 —#—12nm

30 -

K [1]

20 - -

JUT 2.12 nemluansrnuduiussening (n) Amlwanlsiedunsinavesiiduus 12 uag 36
luwns () Aesnladiannsnuaailanuie 12 unluwns fulSuiaansias

Famauvelanuaiionaanten (Schrorder et al., 2016)

PMNNIANYINATDIA5ITTRAY Tulldauureniduteanlen wliniduas
wa a d a o ] L A Y S oA 1w | a s ag v It
wanautRuislsdiannineenun usegelsinuailauugideintsunidunldnuegly
UaqUiueea PZT 7idlen P, 8g# 40 pC-cm? (Park et al., 2015) aginn AsunsimuIa1siIe
wilaluidadiunegnailouuny
2.6.2 wansiRnasidaweslaiien (zirconium; Zr)
& = @ a = o A v vo I |
wosladuidusnuidudauganusn 9 Mlasuauauladusgrsunnlunis
dudeluslilsueenles Wefnwinsiinaudmnslsdidnnsn Wesanweslalloulay
gideudnauaudinianeniniasmnaedindidssiuunn ldezduaveendinduiivinu
4 wazuIneraay 155 WiAwns wirdu suludslassadimanivinnu delugnavnssy
a a s =] 3 =1 13 o [ 1 ] a
ddnnselind weslallsusenlunuazavileusenlangniiunldiuegraunsvarglunisnda
high-k gate dielectric 11 metal-oxide semiconductor field effect transistors (MOSFET)
wagldnudusiuiuuszglugunsal DRAM 8nane Maller uazansy tosenunuaudfimslsd
BNYSAVBINEN Hfy 521, 0, 3131A1 P, WinfU 16 pC-cm? wagAaunulninauans £, winiu 1
MV-cm® (Maller et al., 2011) 9n3UN 2.13 Waldnaswasialloudnluluszuvanidey

[ a 4 va a & a d' va a ® a A a
@@ﬂl‘?ﬁﬂ INLAUNLAAIFUUANIINDLANNIAN LU@EJUIULL&WQ’&&JUG]LW%Ii@Lﬂﬂ%iﬂi@ﬂ%ﬂiﬂﬁm
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41339 0.5 Tua wudn innulnanlsiedudanesdadudauysainan wasiloU3uaeasiie

a =

Wy 0.7 Tua wundlduiinnisiasunvasauddluidukeummslsddnnsnwny faduna

s o wa

1anmstinUSunuasiIenunniuld Inearatan nesuduing €, vasilauiiiansdud’

wSlsBidnnininleegluras 28 fs 33 druilduiiuansaudAuoudnslsdidnnininleieg
Tuts 32 fs 42 TngUszanas WewFeuifisusenineszuuiideansdanounaziseslaiflound
iy wuin AuantRvesiiduliuanseiuinn uigamisiidudeldiuisuvewesladey fo
amwnﬁiummauﬁaﬁﬁwﬂ’jwagﬂuﬁd’m 400 99 600 peFLgaLged (Park et al., 2014) upnN

9 Y

Faraunarosiadounlasuanudeundliu §eiinnsAnwinavesansiiavilandudnvaiasi

fefu

—_
(6]
T

P (uClcm?)
o

LN R A W A )

4 -2 0 2 ¥4 -2 0 2 ¥4 2 0 2 #4 2 0 2 #4 -2 0 2 4 -2 0 2 4
Electric Field (MV/cm)

JUN 2.13 anuduiusseninailnanlsietunazaanmeeuduinsivaudlnivesiisy

veaileyeanlenniiaenigwasiaiey (Park et al., 2014)

2.6.3  wamsANasIauauN1iY (Lanthanum; La)
Tud 2013 Muller wazany lavinnsanwiantfmslsdidnnInvesiiduuns
= ¢ ol a € ° o2 a A A W
glifloueenleanlilunisudnguniainiieninudl lnefnwviinvesasidenunnaneiu
loundnnieu ezgiidon unladiley ansewdeu weslaleu wasunafity aududy 10
s & ° o 1 wa a g a a ¢ a e A o
Wesiuslagdnwiulua Ninaseautaumslsdianninvesilay anunuvesiiduusiniey
agiiUsyana 8 84 10 wiluuns nunamideusenleduansaudfinilsddnninlaiodu

1 [

a1 3eviang o W lululassade lnean P, vesilauiialaunnaeiuesnlunuvinues

[
o

a151denld Nelldauuneideueenledniemeuauniduilniaaign Jadqla 45 uCam?
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Aanansluzun 2.14 (Maller et al., 2013) Frnanuddesananiddmaliauniidy nanedu
asdenlasunisaulaluaisenn

404n1zro,

FE-HIO,

suitable dopants

<
1

=
=
1

Sl‘:HfO2

-

-'4 -'2 0 2 &'—'4 EI(]'\/I\TCIH) 4 -'4

La:HfO,,

/

Polarization (j,LC‘;"CInZ)

20 2 4

JUN 2.14 Anuduiiussenialnanlsiwdudvawiulihvesidauunamillenesnledniie

AawaEnTRg o (Maller et al., 2013)

Tul 2016 Chernikoval wagAny L9ANYINAVDIAITADWAUNITY AUSUY

ansdesnaiu leun 2.1, 3.7 ua 5.8 WeswudlaednuiuernouuazNgaumnginiswimaiy

a

550 4 750 aerwawded seauuinslsdiannsnvasilduunsensiiisnaanlad wuinen P,

§ o a v

anasdloUSunuansidaiiudu Inean P, vasilauiiiameuauniiiy 2.1 Wesidudlngsiuiu

'
a

aymBN WalHNgn)i 650 Barwaldea dr1gengn auanslugui 2.15 (n) uenaniildy

9 k)

annsanusaauutnidnaeld £3 MV-em19nd 3 x 108 59U ADULAANS breakdown 1ag

e P, iijﬁmaaummé’ﬂﬁLﬁmﬂ'ﬁl,ﬂ?iamﬂaﬂéﬁ’qLLaﬂﬂugﬂﬁ 2.15 (¥) (Chernikoval et
al., 2016)
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(V)

E 104
o sl
Ny
L:)L 0
At 51 —21at%la
-104 ——3.7at.%La
154 — 58 at.% La
20 - e : ' —
4 3 2 -1 0 1 2 3 4 ° | ) 3 ‘ @
2 = 10 10 10 10 10 10
Electric field, MV/cm Number of cycles

JUT 2.15 Aanuduiusserdidnalswduiu (n) el (v) Swuseulumsmegey

Y a ¢ = cal A v o s & °
ﬂ')']lla']sﬂa\iwalﬁ.l’]ﬂ@’]wLu’EJlIE]E]ﬂVL“?j@V]L"\]E]WJEJLL@UVHU&I 2.1 LU@?L%UWKIWUQWUQU

arnau(Chernikoval et al., 2016)

Tud 2017 Kozodaev hagAfly ANEINAT99815:30LaUNITUAUSUA15130

1 Wasudlaedruruluaseandmmslsdidnynsnvasilauursenidoussnlas aie3sn1mn

avauluszAuanay wazli1NY9gumgil 400 54 500 93ALTALTYE WUINQUUNINTHNTIHA

1 va L3 a < a a6 Y a & 1 =Y 1 [y a
foauUmNslsaLannsnueelay LM@QEUQ&JWWLN’]EJQ“UU?]’] 2P, ﬂ%QQ%UWUSL%UﬂU Taeh

RUNNANITNA 500 aeFwalTea 1ne1 2P, lngeanuszunnd 27 pCcm? wansnagui 2.16

(Kozodaev et al., 2017)

15 -

] M
104 -
£ %7
§ |
Q 04
1 N
Q-5
10 - gy
4 ‘ —450°C
A5 T emm00°C
| R AR A A ISR T

324149012 3
Electric field, MV/cm

10" 10" 10* 10° 10* 10° 10° 10" 10° 10° 10"
No. cycles

JUT 2.16 anwduiussenirdwanlsieduiu (n) auulii () Swauseulummedey
ANUA1sdLU eI ilsueanlud il e waun1ty 1 Wesiduslagsiuiu

Tua (Kozodaev et al., 2017)
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Tud 2019 Schroeder wagAMy ANYINAYDIANSLAIDLAUNIUUADALTALNSISD

< a v a6 =) & v aa [
Wwnnsnuagauamelniveslauueeiiensanlen aeisnisanasanlussiveynou

ISP

= a = = P as AN v o
LLagLN'WlQﬂJ‘VTﬂUiI 800 A ALed 31NNITANYINUINAT P, YDINAUNLADAYLLAUNIUY UAN

a6

gananinla 27 pCem? Awandluzui 2.17 wenanfluszanuasieliuyuddamalilay

AuNsanURaANUA N NANARYY (Schroeder et al., 2018)

30 +

20

10}

-10 F

-20

— 6%

_9.20/0
12,7% |

—20,3% |

1 1 1 1 1

-4 -2 0 2 <
Electrical field (MV/cm)

Polarization (nC/cm?2)
o

-30

40 |

JUN 2.17 anuduiussenindnalswduivanalnivesiduueideeenleninie

sronauntuluuSunaiishaiy (Schroeder et al., 2018)

26.4 HANISHNESREDY 9

Maller wavanrlaAnwilasaaswazauUnmslsaidnnsnvasiauuieay
Weneenledfiiiedaedmusoueonles (yttium oxide; Y,0,) Tuusuna 2.3 9 12.3
Wesldudlasdnnulua duaszimeitanazanluseiueznen nuingnsiidesednvion
oonlud Uia 5.2 Weddudlasdnnulua wansaudfnslsdidnnindian a1 A, wiriu 24
uC-cm?uagAn £, 17U 1 MV-cm™ (Maller et al., 2011) Olsen karmmueA lavinn13@nw
TnssadauazaudBumslsddnvdnvesiiduuieidoueanlesilisase Sawsouguiieniu
wiliFBnsduaneidomadaatinmeds nmsdianesiauifnslsdidnviniatuiiian
dloednwseusenleduuna 0.9 81 1.9 wWesiGulassuaulua A1 P, iy 15 uC.cm?
(Olsen et al., 2012) Fstiosnimsdaaszisnedsanasaulusyduoznou

Mueller wazamzAlatn1sAnwifduursenmidoneenled i ony

A I3 .. . a o sy aa Y] d'
azgmuamaaﬂlﬁm (aluminium oxide; ALO5) NFLATITIIAILITANALENlUSTAUDYADI LNIT]
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oaumndl 300 earwadea AurLYesTldy 16 uilumns nuilassadisvesiiduilaiy
wuveedlsseudnlunguuiniuuy Poc2; gnsiiiefeozgiiionsenlus 4.8 Wesidusiuans
’mu‘lwaﬂilﬁejsﬁ’uauymﬁﬁqﬂ aan P, leiniu 6 uC-cm? (Mueller et al., 2012)

Schenk uaAzldFnuantAwlslsdidnninveiiduuevhioyeenledd
Waseansowdenaanlen (strontium oxide; SrO) 1A P, lagean 23 pC-cm™ uagan £,
Windy 2 Mvem™ Gefieladnduaiigilurnedu uenandAduilddmusaniudilaa
RN INAFRUANEMINTNTIWIN 10° souU ArlwanlsiwdudigedisTosas 80 lny
flguianumun 10 wiluans duesesitudieisanazanlussiuoznou Wlnndeululase
(titanium nitride; TiN) Wudaningm (Schenk et al., 2013)

Noffmann wagamgldvinsdansgiiduuiaawidousenladiiiofe
wnladiflaneanles (gadolinium oxide; Gd,0,) fae3snnazaulussdvezneu Wafnwina
yosgampinmssuarsinvesdidniniadeaudmmslsdidnvinvesiduuns nuiniigumnd
800 eeAwaLled wazyindidnlnsanansaudfnisnunslsdidnvinladfownuniauly
ln3a (tantalum nitride; TaN) lngdnan P, Iaigadia 35 uC-cm? (Noffmann et al., 2015)

MnMsAnwATetediu Sraretladesefuiiinadeauiimlsdidnyin
vasauuneilenaanles lawn lassasiandnvesilay anunuivesilay ¥linves
Sidnlnsn guuniluniswn FBmsduasgiildy wazdadvddyiiavlafio slauazUiunm
yosanadofililunisduaseit :nemAdedin q ansnasunavesasidoldfnanduma
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A5197 2.1 andRmislsdidnnsnvesiiauunseidevsenluniidomeansang o

Atomic Dopping
H E
Dopant | Valence | radius ‘ concentration Ref.
(uC-cm™®) | (MV-cm™)
(pm) (%)
Schrorder
Si +4 110 8-15 0.8-1.0 il et al,
2016
Mualler et
Zr +4 155 16 1.0 50
al., 2011
Mualler et
Y +3 180 24 1.2-1.5 52
al., 2011
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s A v

A5197 2.1 andRuislsdidnnsnvesiiduuseideveenlenfidemeansae o (M)

Atomic Dopping
P E,
Dopant | Valence | radius ' ‘ concentration Ref.
(uC-cm™@) | (MV-cm™)
(pm) (%)
Mueller
Al +3 125 6 1.3 4.8 et al.,
2012
Noffrann
Gd +3 180 35 1.75 2 et al,
2015
Schenk et
Sr +2 200 23 2.0 9.9
al., 2013
Mualler et
La +3 195 17-45 1.2-3.0 1-20
al., 2013

nTayatnunnaniunty danuslsddannsnianvasianisiazaaaudinigliii

aaiusinaaniansindu dnviadalinnuaiusatunisifeunaniaaddnailswdunielu

=3

wEnlites Taaunsoluuszendldaumeiudidnnininduinune uwaziieannisidnuian

' (3
[ 1Y

Piinzidussdusznou Fedwmansznudesanistasduandsuuditu uidedaeladu

AnwiannslsBianvinuiinliasnzmauumawnuiannauiiu
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A5 UUN15IY

3.1 UM

[
s D Y =

Nt aTuFnwanTRwnslsBdnnsSnvesilduueeviiiiousanlufanidofunauy

9

Ml nsduazveiidoveenledilemeuauniiugniniousmiemnaiialea-laa a1sdadu
AlTIuNsEWAsIEH Lawn a1vlileuinnseaaslsa (hafnium (V) chloride; HFCL,) hazuway
miilnsaaalse (lanthanum () chloride; LaCls) Wailaainnisduasiziaggniluyiinis
y A Y Y= ¥ 1 1 aa s . ) ¥
nyutuadouasuuianseesuds tawn wiuddneunines (silicon wafer) wagtdwnly
bl igamall 600 esrwalded 1ual 3 92lu weliaafeuan mluilduung
wiiilosannilduunsieseutudutagesfindldi i dedunisizdiflduuislyinauds
mesnulniihlaiuasfesadsiudianinsansedalniy MduTasddlvih ielinszualiin

aunsalranwdieenilauursvaeivinnsinautinilniieie q 16 lneTaniuunlgvi

¥
A

Wudianinsaiivarnvalesinsiody Inslunuideddonld vmimiden (titanium; Ti)/

[

<

wwafidy (platinum; Pt) 1udanldidudidnlnan dudidninsnagnassluisinuuunas
ANUANNVDINAL U IENTTLARDUT A LU UU LSRRI DY NISLAABUNANUNLUY

SENYPIYEIBIEANATOU LAZN1SIAAUNALUNPENTSUIUNSATLLNTnTouatlnmese Aatlu

1%
v a

AdunuazUsenauliale 4 dunan q aedu lwa Tunsn fe Jan5835U Yuniaes

'
=

a & P | ) Al ¢ = A A v )

Bannsan1uans (bottom electrode) tunay Nauurgaviigueanlonniaonigkaunidy
uazdugaving SLantnsadnuul (top electrode) Auadiu Aauandluguil 3.1(n) uag () uaz
TuunilagyinniseSunedumnaunkazisnistunsAneINavesan st akauntua oauURLWs 159

WWnnsnveailduuieeidousanlan i A on8hauni1tueg19azid e 1agaznanlIng

ad o a

a a ¢ d' & Al a ¢ a s
FYALLDYAUVDIFITLAU QUﬂimLLagLﬂﬁa\ﬁJamiﬁUﬂqijLﬂﬁ"l%%ﬂ/lﬂa@‘Uwall'U'N ATANUUNITU

'
v a

FBIBUAWUANITATENATAIY N13WTELTERTEITU N1sadtuBidaniven nsmseuilduui
AADAIUNISNRADUINANANTRMT 9 vaslldauuIe wazanuAiinsAnuluasslla vinnis

NAaes i WU uanisdmivasiestudiugania (micromachining and wet chemical

a wva

laboratory) uasvesUfjuAn1sazen (clean room) ssuuandeasn 6 DXL (deep X-ray

[y

lithography) an1Uu3dsuasdulasnsau (29AN15uMIvY) o JUANIANIAINTIUWIIEN

lpeddunaunsinyide uanagun 3.1
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Si substrate

JUN 3.1 wuusilassasusazsuvesiiauunenwidoueenlys

3.2 A usuIY

Tuprsanfiunuddeldudaunsunisnaaes duandugui 3.2 Fallseavidundil



Precursors preparation

S

Substrate preparation

S

Bottom electrode layer
Ti/Pt

® Sputtering
* Thermal evaporator

* Electron beam evaporator

A

Gel spin coating

S

Annealing
600 °C for 3 hour with the

heating rate 1 °C/min

¥

Top electrode layer
Ti/Pt Sputtering

S

Characterization

®* 3D optical surface profiler

* Atomic fore microscope

* X-ray diffractometer

®* Scanning electron microscope

* Ferroelectric properties

JUT 3.2 UWHUANLAAITUABUNTATEIUIIARY



3.2.1  AISHTEUAITAIAY

sal

WagwiileueenluniIeseuaunidugnim
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SgUMLISea-19a tngTunaulu

NTHUATIERLARIRIIUN 3.3 a1siall Taquazaunsalililuniswseunisduasieiuands

AN5197 3.1 kA 3.2 AUAIAU @1SAIRUNITIUNITENATIEN Tk aideuwnseraslsanay

waundulnseaslsn naua1sanuaINidoulnnseAaalsaluf1vinazalgenIueaadluYIn

win waulidniulagldinaamyunanasuuuwiman mntuiunsnezdfnasly nunaume

Y v o = Y ) ~ ) v o aa
Thdiu wisumauimdnuilsluienauwauniulasraslsalusiviazats efaulnanea

wdnanlidulagldinsosmyunauansiuuudndn Wedunaudniuiuds dhaisazaiemn

apianaudImeiuaunatsiduiomernuy wulateniluaifuasluieliiinainumas

nUuUTUingamnilun 80 ssrwawea niunauialiiielvaisazaiedsuaningn

Toaluduaaluiian Wnswanldlidnvasiduaadla dsguin 3.4 wadldannsdansiziiu

JrgnNIBILAINTesETazaIBalinwInand msunasndnen (filter syringe) tivldliluaan

% 1 Y ! d' o I a6
uwi wililudidunounvzgniresnunldlunseuiunisindeuildy

A

Hafnium chloride (HfCL,) in ethanal
(C,HO) adding acetic acid

Lanthanum chloride (LaCl,)
ethylene glycol (C,H,0,)

\ 4

Mixture solutions A and B and stirring until a

homogeneous solution

\ 4

Adding diethanolamine for stabilizer

\ 4

Heating at 80 °C

xLa:HfO, gel

JUN 3.3 Tumaunsinieuaasmiileusenlys



A15199 3.1 @seinlglunisauns1ziasiioueanlonNidonewaunitu

Chemical name Chemical formula Source
hafnium (IV) chloride HfCl, ACROS ORGANICS
lanthanum (Ill) chloride LaCls ACROS ORGANICS
ethylene glycol CoHgO, RCI Labscan Limited
acetic acid C,HLO, CARLO ERBA Reagent
diethanolamine C4H11NO, Labscan Limited
deionize water H,O -

M1319% 3.2 Tanaunsaildlunisdunseiaasmiiousenlenfiiesiguauniiy

Materials and Equipments

PInwiladmnsunanasedl 31w 2 Tu

= 6 1% o
Jninesuia 9w 2 Tu

Waluliwas (thermometer) 37U 1 94U

T 2
I U aa a

LASDITIRAR DA NALYL 3 G kAU

YOURNEIT

ATEUBNAIN

naenane (syringe) VU 5 Hadans

fansesansazaneLAiivundnd s unaendnevuia 45 lunseu

Ygugatau (silicone oil)

a

ntadnsuldlaa auie 25 Jadans

a | < ' £9 ’9 . a v .
msamgumammﬂmmmmanwsaﬂwmwmau (hot plate & stirrer) g%1® Torrey Pines
Scientific U HP611A-2




JUN 3.4 wagnitleueanlenfidamenaumiduainmsduasiginieislva-1aa

3.22  MSA3ENdEATReTU
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Fansoasuihanldluauide laun wivddaeu Jadunisduianaisiedia

(semiconductor) fifimnud1Aguazgnitanldnuegrsunsvarelugunsaldidnnselind

AnwaueMIUvawtUT AR UM U 1217 TAus1e F9venainANULEsnngLaANIEN

i1y wiuddmeuivianldlunuideduasneindededl (o-type semiconductor) Mifin1s

Taseeirvasndnduunuu (100) vuimduriugugnaa 50 Tadiuns AUNRE 275 + 25

lumseu Ineneunasinwinddseulldnurziowhanuazeinimeasialiniianuuiansgs

! Y I o v a & a a 6 ¢l 1
R L‘Wi’]L‘U‘Uﬂ'ﬁﬂ'ﬁ]@ﬂGLLUﬁﬂUa@NWQI‘HEULL‘U‘U‘ZJ@\‘Iﬁ’li?JuVﬁEJLLﬁ%@@ﬂl“IJ@]W@Wﬁ]‘\]%LﬂWS@Q

UInauuianiveauiugdney Jedeslinisviauazeianewinluldau aswed Jaguay

gunsalildlun1svinAuarAUHLTREABULARIAINNTIAN 3.3 Wag 3.4 AudRy

AN 3.3 @S AINLTIUNISYINANLAS DA LEUTAAD Y

Chemical name

Chemical formula

Source

ammonia NH, CARLO ERBA Reagents
hydrochloric acid HCl CARLO ERBA Reagents
hydrogen peroxide H,0, Ajax Finechem

RO (reverse osmosis) water H,O -

nitrogen gas Ny -
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M5 3.4 Tangunsalinldlunisvihenuazanaunuianeu

Materials and Equipments

LAUTRADU

Wwalunes 91U 2 U

UrnAunanafin PTFE

HNFUYINAINNELDI9TUIU (bluesorb)

PUWILIBUA (petri dish) §1uu 2 Tu

a a

Tnnoswin (beaker) vunn 25 #1359 50 Jadans 3 uu 12 Tu

Tnnoswil UM 250 %38 500 Tadans 91U 2 Tu

YINAARNITE NS UAR N UT AR DY

Tglussvin

nana@nusy (plastic wrap)

wauludn (electric oven)

ATy URELAT LU ULIan NS ouldAIuSeu (hot plate & stirrer) 8% Torrey Pines

Scientific Ju HP611A-2 $1uau 2 LAad

FEmsienuazenuHuTaneuLanafssUR 3.5 Buduainnslduinnnsh
wasAndaganoullavuiandtelszuin 1.5 wudiuns wazeiussann 1.5 lwufinas
WSENENTAYaIuR1 NHsH,0,:RO water lusnsiaau 1:1:5 aslufninesd thaisavanedilaans
U3 osmyunasiansuuuLsimannienlvimusou Uugumgiliiiului 70 ssrwaldea
thusudarouguast 4 luasavans udislfiduna 10 wid nndfuduasazareding
ponnuiuBAneudiein RO Wuaan 5 fs 10 ufl sewiaiuinsiniounanansazans
57 HCL H,0,:R0 water Tusnsidau 1:1:5 adludnines tharsazaionsadilansuundes
vyuNaNasLUUwmanneuliaufou YiugumgiliAnluf 70 esmiwaldoa wdiusiu
Fanouguastn q luansazats udiisliidunat 10 wift ndudiasazanedina1ieenan
uiudanoudedt RO Wunan 5 8 10w Yukudaareunsuuinduriauareetuay
iiensnvasuinlifiansazarsaniasguuusuTaaey snnsngndnseenliivan fdusini
AveIMTuY bluesorb axiUAsunndinGududuns mnududdneuarennuda nisdns
Fpiusaanlesusidnads udndiliuisieusalulasiay vidreulumeuluiai

gaumail 120 ssrwaidea Wuian 1 93l
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Si wafer cut onto size 1.5x 1.5 cm

4

Soak in mixing solution NH;:H,O,:RO
water (5:1:1) 70 °C for 10 min

4

Rinsing in RO water 5-10 min

4

Soak in mixing solution HCL:H,0,:RO
water (5:1:1) 70 °C for 10 min

¥

Rinsing in RO water 5-10 min

4

Dehydration
120 °C for 1 hour in the oven

JUN 3.5 Tuneunisinseudansesdu

3.2.3  n1sas1sdudianinge

Wesnflduuneiieneenledfidanowaunituduian A luun i
fauafaeiinisasratn i rsadnddninsalimknfduuienaunazilunaasuaimigladii
1o Fudidaninsnvzgnin3sudulugiwvuresiduuinguieriu lneduidulnnidew/
WAL DLanInsalavinn1saseuA8IS NS LANA1IAUITaNLA 3 A5n15enedu lawn n1g
wasuNduUmglasesAuSau nswedsuiduuiauulesemesiud1didnnsou wagns

- a6 % aa a a Al P a aa &
WAABUNAUUNABNTEUIUNISATWUNTATaUATMMBSI WlaLlUSsuisukasIsnsAdau

Wauimnzay 1nenounazsi LN UTaADULTILATOLARDUMEBITNITAN 9 ALA0IN1TINTBY
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o (% a [

Hadmiumsanazauiiandou wielinisdasia (adhesion) senineiivesunuianouuaz Jan

<

MIUASARULUUDITU 18N1SYINAINUELDIARIAIELATRIVINANNAE D IAPENANENN tagly
LAEDeNTLAUIUNITVINANNELDIART YT UL WATDIVINIANUALDINAIINANFUIA AR LY

JUN 3.6 MFuUUTHUANaetiadlddiiegs Meufaeendiauiigviedldiatege Uy

Y

[%
v

avuaulunmsinuleglugis 0.6 §3 0.8 faduis dsrmiatlunmsienudu 5 wiil wazes

¢ a 1

Armasiiiazldlunisienuliidu 100 Wesigud (dalninasan 100 wWesidud den

[%
v 1

Wiy 300 Tm6) Wiensrasaiseusosudinalu generator 13DIINANILAZIAAIENAIEU

1Y
|

U NUMNAmATAIALT Tnansiadininaazdsulalaenssuuukanuauiumtves

miATeawandlugu 3.7 na1ntuseauasumUivuanaILa T uiUEEAeUDBNIN

(%
v oa

w3emananahluyhdudidninsanedsniseng o deld

JUN 3.6 LaRATEINAIINATDINAIENATAN
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Time
ON/OFF

Gas Power adjustment

Pressure adjustment Start

JUN 3.7 WARILHIATUANNITTINIUTDUATBIVINANNALDINKINIE AL

3.2.3.1 n1as19dianinsalagdsnisiadsuildauunsdlelassmeainuou

2 a6 v % & aa g v =
nsaaulduulssglassmeanusauduisnisildainlaneu
Janlunsiadeu lneldinsesadauiiauuismelessveninusou nowrinisiniaulssadil
ANMUALDINAIN AN IUANADINTAADUNDY NITAINANLALY LWL bwTeukasnaid
lagansiall TanuazguUnsalildluniswisundouiiduuisielassineanusounaninimnis
A o v o ° a v Y] vy
7 3.5 4ag 3.6 MUAIRU TunaUluNITIIANLALDINaIN LAY SUAUIINATHRAIALaNELAL
YUIALENAMNE1IUSTINN 1 B9 2 Tadluns iauaze1nmeenIuea 1ngn15uiadnguu
adluteniuea ndudduATEIIANNEZEIAAINAES (ultrasonic cleaner) USUTEFU

g v | A ) o ° = PR °

ANud ey sz 9 awiarlun1svinauuesaIes 15 wiil wieviAuazeInaunIA
2 a a o & Y a ° i H
wUanUasuvuInaniin1aazinisinvesalnlany Waasunainasiilmuasuiiainwaluii
RO wau141LAT 04911ANdZ01AANE 98N 15 Wl ndudrBunuliuidasuia
Tulasiau dndrevlumeuliinfioamgdl 60 esrwadea LWwiad 15 uiil wdun3oy
dndaisuadouianuailessmeainusou dwuanddusui 3.8 luddudald loy

AUUTTNOUA A UDILATOILAAIAINITNN 3.7

AN5197 3.5 @sdiNlElunsmssuAaauNduU1IAelasEeAINNS DU

Chemical name Chemical formula Source
Ethanol C,HsOH Ecochem
RO (Reverse Osmosis) water H,O -
Nitrogen gas N, -




M5 3.6 Tangunsainldluniswsenafeuiiduunsiglessveainuiou
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Materials and Equipments

avlang e uwazwnaiy

AUFRAIN

UrnAunanafin PTFE

TnnaswiIauIn 50 fadans 3uiu 4 Tu

LAUTD9TUINY

wmUnuANToursauAUsuy (kapton tape)

Evaporation boat

waulnin (electric oven)

nsedpdsulanusieleseeAuTau (thermal evaporator)

JUN 3.8 insaandeuilduunaielesueninuiou
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AN5197 3.7 @uUsEnNauvBaAIdAdaUTlanu1IAielaseRNLSau

No. Machine components Function
1 T ENGRRL AAfaTu uazadnlans
2 pressure Gauge émﬁwmmﬁ'uﬁagﬂimﬂuﬁmLﬂﬁau
3 thickness monitor LARSAITLNTBITaNTILARe
4 turbo pump AIUANAIUAUYDITEUUERYEYINA
5 variac Usuusasuluin
6 Aulen Wa-Unvioanaou
7 11873 vent 119INATIUE NN IR LAGBU
8 dry scroll pump %mﬁauﬂﬁaﬂﬁtﬂmmwmﬂ
. \Fourasening evaporation boat fiu
9 Tl
wyaadng b
10 aneg on-off Un-Uauvasangliln

JUNDUNTHHTIUTUNUILATRUAFUTALU9MElasEME AT U
PAIINYINANUATDIALNUTAADULAIUY UITUINUANAIULLAUTDITUINUY WILNUTDITUIU

[y

Manelureuniou lnguNUIBIIENEARANUFIUITBTOLMUULYDIIBUATEU ANUATIVEY

U

v =

weaadourdusumiafildlun1sing evaporation boat lnsainlanefivinanuareinudaae
gniiun9lilu evaporation boat ndsantudavesadouudvhnindassuutuiefs
omanglusieasdssoenliniglunaraifuszuuagannia lnsagldinandszana 3 fa g
Halas aunianudunieluazanasauds 100 59 107 ves Faswhnisindeuld Suainnns
Jandoriarumnvesuiidaiifisyvuenmossodifuioundou anduserndenyia
votlavgharAmuamivesing q mudeyalavsudazyile Jaiusninesinzamiiesdn
waneLtoriunsadulnin lngdes 9 myuduain 0 ududuluides o sulanziinnisvaoy
avane Wlainnsnasudu Idunaedesinainumun apnuvuasdes o disdudold
mumnigein1suds anussrulihaanaudy 0 Yawnneddnmans Jaszuuduitoma

s9ANUAUNYTUTBIARDUNTUUSEI 2 F2l3d NaUUATBILARIURAILITUINUDN



38

3.2.3.2 N15831991 AN IN5AlAEITNISLAR B UNAUUI UL ALY
A13LanATau
aa = a6 v o a & ) a
Fen1sideuilduunamuussvgaeadianaseudkandlugun 3.9
& =) a a a6 W ° \ a a6 P
Wudnuilalumadan1ssedauauue wANanNnNIsyNaIuaEneaInnIsasuilauuieniele
v I3 ¥ = I o a a & [~ o 1 )
SYMEAINUTDULANUBY Lagaziiunadnindanmnsau (electron source) sJusiuangan
a g Y A | = A A& v o a &
didnaseuludadaniadou dauUsznauvetasauARaUTRLUIMUUITEEAIUE1BIANATEY
LY d‘ (v dl Y S 2 1 1 = a o QA‘ ]
LanRan13199 3.8 loedanildiluasiadeulaun widlanelnmllouwasunaiiuiniunis
° Y ad a Y Y ° A o ¢
euavemsieismMsiieatuiunsiauazeinaalane asiall Januazgunsaiinlily
NS HULARDUNALUIA8 L TLMEAINUTDURARIAINITIN 3.9 kA 3.10 AIUAIRU B9
ANMUAL DALVl aNE WALV lane 119 TN 1 9 UAUA19UBIV DWARDU AIUTUITULEY
FAADUNYIIANUFLDINAIYDDNTLIUNAAN A ITY WITUITUAAAIULL N UTBITUIIU a1
LHUTITUIIUINATUULYBIDUATEY IAUUNUTBIILYNEARANUTIUTINBEYATUUUYBIDS
a Y] $ a v a a & A = v a 19
WaBU Masntulaenadau Wassuuduifianaannidaniglusiaans eseantvniely
naneluszuvaaanie Wneasldauszana 4 81 5 Talus auninmnusunigluazanas
UDe 10° 89 107 95 Fu5uvin1sedau Waszuviivaady [Watasaeinaununiay
waztUATEUULUAIT18 power supply controller mua1nu tag power supply controller
avaglulvun annual control Wisfiwesidessulunisiaulaun useiulnd (voltage)
Iaeldd 8 Alaliad dunisvesardiannssu (electron beam position) AosUs Ul an
didnaseunnlusurisNenareadivasy uazAey 9 USULuAT emission current ASsay
5 daduoud aundianumunsuiianisiasunuas iesndanuiasyiaiyavasudin
gaunilinaiu asudslindenulunisiilivasuiuandsiueenly Jsdesrey q USuiiia
emission current Wuled IHalaAuLINILTR0INITUAT ABY 9 aA emission current AUl
Andu 0 Yaszuuunassng power supply controller Uasyuuly semusunteluias

WAABULANTUUTEUN 2 T7109 AU UANDILAFDULAIUITUINUDBN



a 5 = als 1 o a &
EU'VI 3.9 Lﬂi@\'iLﬂaaUWﬁll'UqﬂLL“U‘UIE]?%L‘VIEJWJEJ@W@L@ﬂWi@U

A1397 3.8 a"suﬂ'izﬂausumm‘%aqmﬁau?\lémwﬂaszmaé’wﬁ@,ﬁﬂmau

No. Machine components Function
1 uwasiilndiinaseu biAnAuTeungwnunTanansndey
2 thickness monitor WAPIAINNLIVDIHALTILAFDU
A\ PganUIUIMAILTaUIAZYININISIARDY
3 FPULUIMEDLIUY .
nau
mvANLIiulii, electron beam
al power supply controller .
position ey emission current
5 RNGRR ARRITUIY uazwislave Tanansadeu
turbo pump, . v
6 muauAURungluienafay
dry scroll pump

A19197 3.9. AL ATINITIUNTHSHUARDUNSUUILUUTENEAIEaBLANMATOU

Chemical name Chemical formula Source
ethanol C,H50OH Ecochem
RO (reverse osmosis) water H,O -
nitrogen gas N, -
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37197 3.10 Faneunsainldluniswseuedeuiiduunauussimvemeddidnaseu

Materials and Equipments

wislang mwisukasinaidy

UnAunaasn PTFE

TNLND5HNYUIA 50 Daddans 3uIu 4 Tu

LAUSDITUINY

WUNUAINUSU

WNa e
CROAINe

nsaaAdeuRanuIsMeloszineausau (electron beam evaporator)

3.2.3.2 N158519918n1N301AgA5N15LARRUNAUUINABNTZUIUNITAD
wUNUATOUEUNLADTS

a a6 ¥ aa = a qy I
N13LABUNANABATZUIUNITATUUNTATOUATALADTI FUITULKY

'
1 o

FAPBUNNIUYINAIMUALDIAAIYDBNTLIUNAIFULAIUY U NUNUAUSDURATATUIIUAIUY

[ '

FUTRWUNY TeAeilivasdauelun (anode) Negiuuuesionafau lagtalni/amuais
v = I3 & 2 ~ Y S | < aa v
2899 89AR UL UTILALNALEY (cold cathode) FempLUNNUTTUULNMABLEW NRINUIUBY
walnpazgnUasmeidiansindeu lawn Inmilleuuasunaiiidy TnepTaandauildidussuy 3
W aunsandeudan 3 vllalauuuseliled awandlugun 3.10 lnsdiuusenaud1Anyves

4{‘ 1 U Ql' U a Qy 1 =
LATOILALTEUUATUANAN 9 UARIRINSTIeN 3.11 vaeanfadunuwasldidiansiniouniely
PRUAFDULS USBELA YINN15UATLAFULALIUATEUUT NN ILA SaANUAUA1eluias
\ADUARaIAaUTEIl 106 89 107 95 wansuriniseasu laedasyuutinvastiu s

o ) a I & v v v = % Y a A ¢
iwsasinauvw Wakiaorsneaulvidigvieaadeu auldanuduiumaneadlunisindeuiidy
Uszuad 2 x 102 1935 Falaneliazrdanasdaimunsaubmnanany [Waknadangnadniies
Frwaie faAaatniINazlmaIeieIU 1SUNNSARRUTNAUANLNATLALAUNUINABINIS
Tngkaulun1stedauTAULAAIRIR15199 3.12 WintSuiianisanasautadauindunielures

=S = U Ql' = 1 Y} a
AdeUITUTINgAvemaraufandlusun 3.11 lngdveanatau1sunni1aiunuyiinues
W15 UN Y N8N A NAUTUBLANINTALAIALYINAINLALDIARIAI8DNTLIUNAIALN

a O A = a v =~ & !
RIAIREN ﬂ@u%"ﬂgLﬂa@‘UN’J@nEJL%a8WWLUEJ3JE]@ﬂVLGUVﬂUGUUG]QUWE)1U



JUN 3.10 in3samdeuilduuuuATuunilnsoualnmess

.:4' ! .:4' = als aa = a
M3 9N 3.11 ﬁ?u‘di%ﬂa‘UsﬂaﬂLﬂiﬁNLﬂa@‘UwaﬂJLL‘U‘Uﬂ%LLQJﬂuc‘ﬁ@uaﬂﬁlﬂai\‘]
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No. Machine components Function
a @ A R % =

1 3%UU gas controller muANUSINLNandeingisuadey

A P8 USUIUAIUTDUTULYINASLARDU
2 STUUUIMaBLdU .

Wy
3 RNGERLY ALY wazTandiansindou
4 thickness monitor WARIANRUI VDI TAUTLAG DU
turbo pump, dry scroll . v A
5 mvALAURuAgluiRAfay
pump

AN5197 3.12 Waulunsidasuidumenszulunsaduninsauatsines

Film growth conditions

=]
Whanswmaau

Tl (USgwd 99.95 Wosidus)

wwaiiy (U3gws 99.99 wWesidus)

195995

LNUTRADU

srggvineseniraiiansinfeufiuTanseesu

8 LYURLUAT

AMUAULSUAUY

~10 no3s
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AN51997 3.12 Waulvnisidasuidumenszulunisadkuninsauatsnness (ss)

Film growth conditions

ANUAUTEIRINYINGY 2x1072 na3
. 9135N0U : 3 GAUIANLTUAIATHOUIT
wid
UINTFIU
AMaalndin 150 m¢
a0 5 U/7 Ul
AU 10 Y lUU®S/100 U luLumS

JUN 3.11 vasnanaunvaiziinnsnnasauiafaunlenszuiunisaguininseuadnmess

-

3.24  mswseuianusaieusenleniiidenleiaunity

mMssgufiduusemidensonladiiiesenaunty ilaonszuiunmyu
Hundeu lnewiougUnsalduandluguil 3.12 Meandenianggunsaliltlumandouiidy
vsewhilneenludfiidefeuaumidusonssuiumsmuiuiedouuansdanisnad 3.13
Tnensin3ous uannturudanouditiunsindusidninsauuda vnauazeniagie
pendlaunatan ntuldmunuaufeuRaduuuRavesiuuUsEIn 0.5 WuRLAS
Tdvaendnegaaaoenunanuiniisndniies definsesasasaraniivuwinind miunaen
Sedndefy thiunuIUuWiLNT Uy neawasidoneenlusiiomsuaunitiiag
VUTUL é’ummiugﬂﬁ 3.13 ijhm%"amé’aﬂmﬂu Start Wiesuvha Tnedeulelunis

wnasutduluanunnsen 3.14



JUN 3.12 gngunsaiildlunisamfeuiiauuieviiiousenleniilameuauniusiie

nsyuummvyulueiou

M3 3.13 Tangunsaildlunisniafeuiiauunseniideveanlanfidemenauniusiae

nsyuIuNMsryuluetoy

Materials and Equipment

£
Y a

LEUDAADUNAFDUABTUDLANLNTA

YADARAYT YUIA 5 LAaaNT

fnsasaTaranUAtvUIAANA NS UNaRRneT ua 45 lunsau

WUNUAINUSDU

YIRNTULIAN

JndulanswazuinfAunanain PTFE

NFUYINANUELDINTUITU

NMUNIZLTOUNT (petri dish) 91w 1 Tu

\resiiumuiaiou (spin coater) 8% Laurell §u WS-650MZ-23NPPB

iR UNANAN WU URImE NS w1 Seu




aaq

JUN 3.13 wSeuaasniledeanlefdilioniguauntuienasuuguy

P39 3.14 Weulumsiedeulasmillteanledilasmguaumiumenssuiunsmyuiy

LZiRRN
Condition Speed (rpm) No. of cycle Time to bake
(min)
1 500/1000
2 500/2000
3 500/2500 5,6,7,8,9, 10 10, 20, 30, 60
a4 500/3000
5 500/3500

el a

PAIINUULNITUINUN LA LA WA VIS duAaunndl 600 996N

9 Y

waldea Wunan 3 alus Mdnsnisiiugamall 1 ssrwa@easowi dagui 3.14



a5

Temperature (°C)

F 3
3 hour
600
270 2 hour heating rate
1 °C/min
2 hour
190

Time (hour)
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Buanlnse warIar1n13ulndln (electrical conductivity) vesiduuraunaniuls 1.458 x

10* Fuuddownsnuandluzun 4.6
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Thickness (nm)
La content Bottom Top electrode
xLa:HfO, layer
electrode layer layer

0.0 45.49 +1.43

0.2 70.98 + 2.55

0.4 Ti/Pt 71.56 + 2.04 Ti/Pt

0.5 10/100 59.45 + 2.23 10/150

0.6 60.27 + 2.58

0.8 59.66 + 2.96
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Topographical images

bottom electrode/ xLa:HfO, layer | xLa:HfO, /top electrode layer

0.0

0.2

0.4

100

150 200

250 300 350
pm

0.5




60

I

AN5197 4.2 wansfiuiivesiduueeioueanlanwiaz iy (o)

Topographical images
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xLa:HfO, /top electrode layer
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A1519% 4.4 wan15InAureuesilanu g ieteanleaiidomenauniy

La content surface roughness (nm)
0.0 0.407 + 0.038
0.2 0.447 + 0.024
0.4 0.503 + 0.018
0.5 0.594 + 0.008
0.6 0.712 + 0.023
0.8 0.767 + 0.062
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4.14 nywlnansanudusiussennanalswdutvauuliideautRinslssidnysnves

La P+ P- P+ P E+ E-
content | (UC.cm™@) | (UC-em™®) | (UC-cm™®) | (UC-cm™®) | (kV-cm™) | (kV-cm™)
0.2 0.26 -0.22 223 -3.33 0.79 -0.79
0.4 0.24 -0.26 2.68 -2.70 0.79 -0.60
0.5 0.60 -0.57 2.80 -2.83 0.99 -1.28
0.6 0.67 -0.75 3.01 -2.84 1.48 -1.98
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YoslauuIzdA UM IUTINMa T oAUt iavuluusiazanseg1eildud Ay oy
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yoswaunhlsiinluunuiozmenvesshilvuiieglulasains duililassairsndnvese
doueanlgsionifudusuululupddnudsulydusuveelssondn wiveuinvuinezneu
yessmiamemzinazuanssiuisililasaiwdnfansasunlas 9nanuide
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ALASIFS1IHNANLUUDBLE5aUTNVBINANUIYIN R 8INTY L9997 NLDANUAULNLTUNS 19U
WUH2 (surface energy) 3¥BaUAY UI8AMULAUTING (mechanical stress) lutiaanaly
SENINNTAAREN dealiien P, vasilanulsanasoeslitisdfsy (Yurchuk et al., 2013) 1ng
AauU199m38ulAT ANUAUIABUTINUIN 45 D9 70 WIUWAS TIn15im3suRduTrTlauuLn
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2= 1 [ 1 a) ¢ d? a o a d'd U [ a af £
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lulnsAuagiisaau (Tungsten; W) vilsiAn P, vesiiduuteenvideneanlannilddidninsaduy

waftuiaieanindidninsauiinay q (Cao et al., 2018)
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Electric Field (k\V/cm)
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La P+ P- Ps+ Ps- E+ E-
content | (UC:cm™@) | (UC-cm™@) | (UC-cm™®) | (UC-cm™) | (kV-cm™) | (kV-cm™)
0.2 1.98 -1.95 2.95 -2.95 4.45 -4.45
0.4 2.13 -2.14 2.68 -2.68 6.24 -6.24
0.5 2.33 -2.43 4.12 -4.13 4.15 -4.15
0.6 3.00 -3.19 4.31 -4.31 5.73 -5.63
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La content Capacitance (nF)
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Abstract

Ferroelectric materials are commonly used in electronic devices such as memories, transistors, capacitors, sensors and actuators.
Lead zirconate titanate (Pb(Zr,_,T1,)O; or PZT)-based ferroelectrics are a popular material for these applications due to their large
dielectric constant, high polarization responses and superior piezoelectric properties. However, they contain toxic lead. Currently,
the industry is looking for new ferroelectric materials with excellent electrical properties materials and that are also
environmentally friendly. Hafnium oxide (Hafnai or HfO,)-based materials have become attractive candidates because they are a
simple binary oxide (non-perovskite structure) but exhibit ferroelectric properties and do not pollute to the environment.
Therefore, this work aims to fabricate HfO, thin films by using a sol-gel method. The mole ratio of nitric acid (HNO;) and
deionized water (DI) was varied between 0.03:0.05, 0.05:0.05, and 0.10:0.05. After the spin-coated, thin films were annealed at
700, 800, and 900 °C for 3 hours. In addition, phase formation and microstructure of HfO, thin films were also investigated by
using X-ray diffraction (XRD) and scanning electron microscopy (SEM) techniques, respectively. XRD investigation suggested
that the HfO, thin films with 0.03:0.05 and 0.05:0.05 mole ratios exhibited a monoclinic phase. In addition, a homogenous
surface was found in all compositions. The experimental results implied that the mole ratio of HNO;:DI water and annealing
temperatures played a significant role in the formation of the HfO, thin {ilms.
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1. Introduction

Hafnium oxide (HfO,) is an electrical insulator which is used in optical coatings, capacitors and transistors, etc.
In addition, HfO, —based materials have aroused widespread interest in the field of ferroelectric, because they are
the simple binary oxide (non-perovskite structure) but exhibit ferroelectric properties after being doped with various
dopants, such as Si, Zr, Al, and La [1]. Ferroelectric thin film has generated great interest in the last decades. Most
ferroelectric thin film research focuses on perovskite structure materials, such as PZT, PLZT and BaTiOs, which are
considered to be popular materials for electronic devices such as memories, transistors, capacitors and actuators [2].
However, this conventional ferroelectric suffers from various problems including contain toxic lead and large
physical thickness. Currently, electronic industry is looking for new ferroelectric materials with excellent electrical
properties and are also environmental friendly. In recent year, HfO, thin films can be prepared by many methods
such as atomic layer deposition [3], pulsed laser deposition [4], chemical vapor deposition [5], radio frequency
sputtering [6], plasma oxidation of Hf film [7], spin-coating [8], and sol-gel techniques [9-11].

The synthesis of HfO, by a sol-gel method has been reported, K. Suzuki et al. has prepared HfO, using hafnium
isopropoxide in cthylenc glycol monomethyl cther as starting material. The smooth surface morphology and higher
refractive index were obtained in the HfO, films deposited using dicthanolamine (DEA) modificd precursor solution
[12]. M.G. Blanchin ct al. used hafnium cthoxide in alcohol as a starting material for synthesis HfO,. Thin film was
deposited by dip coating on silicon wafer substrates [13]. M. Zaharescu ct al. studied different precursors such as
hafnium cthoxide, hafnium 2,4-pentadionate and hafnium chloride. Thin films on silicon wafer substrates have been
rcalized by dip coating. The samples prepared from cthoxide and pentadionate precursors are homogenous and
uniform in thickness [14]. K. Tetzner ct al. [15] and H. Shimizu ct al. [16] also used HfCl, in cthanol as precursor
and spin coating on silicon wafer. The HfO, film was found to be crystallized in a monoclinic fcc (face centered
cubic) structurc.

From previous work, the present paper focused on preparation and characterization of films obtained by sol-gel
routc duc to their multiple application ficlds and their low fabrication cost with respect to other method. Since, the
sol-gel method is a wet-chemical technique that is widely used in matcerials scicnce and ceramic engincering [17]. Its
advantages include simplicity, low cost, flexibility of fabrication, and possible for a mass production. This rescarch,
thus aims to synthesize HfO, thin films using a sol-gel and spin coating techniques. Typical precursors arc metal
alkoxides and metal chlorides, which undergo hydrolysis and polycondensation reactions to form a colloid. After
thin film processing, phasc formation and microstructure of the HfO, thin films arc also investigated.

2. Experimental details Qhﬁlium chloride (HfCl,) in 2-methoxyethanol (C;H30,) ]

' Sé} cnnmc,ﬂ.o,
Synthesis of HfO, by the sol gel method was conducted by AcA

preparing a solution of each metal ion before mixing them [Mlxmrc solutions and stirring until a homogenous solutlonJ
together with HNO;:H,O. The nitric acid (HNO,, 65% v/v,

CARLO ERBA Reagents) and deionized water (DI) was ‘

varied between 0.03:0.05, 0.05:0.05, and 0.10:0.05 mole ratio. adding HNO;: DI water

The details of the experimental method are described in Fig. 1. 0.03:0.05/0.05:0.050/0.10:0.05

Firstly, preparing a solution A, which stoichiometric amount stirring 2 hours under N, atmosphere

of Hafnium chloride (HfCL,, 99% w/w, Acros Organics) was

dissolved in 2-methoxyethanol (C3HgO,, 99+% v/v, Acros

Organics). Solution B was prepared by dissolving hexadecyl [ refluxing at 50 °C for 3 hours ]
trimethyl ammonium  bromide  (C;oH;,BrN  (CTAB), .

99+%w/w, Acros Organics) in 2-methoxyethanol (C3HsO,).

The next step was mixing solutions A and B while acetyl [ spin-coating ]
acetone solution (CsHgO, (ACACQC), 99% v/v, CARLO ERBA ,‘

Reagents) was added. After mixing, stirring under nitrogen -

gas atmosphere for 6 hours until a homogenous solution was [ annealing:at 700, 800,04 900 °C for 3 hours ]

obtained. Then, a solution was prepared by adding nitric acid ‘
(HNOs3) and deionized water (DI) to mole ratio of 0.03:0.05, [

SEM and GIXRD ]

Fig. 1 The experimental flow chart.
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0.05:0.05, and 0.10:0.05 and stirred for 2 hours under nitrogen gas atmosphere. The resulted solution was refluxed at
50 °C for 3 hours. All solutions were subsequently filtered using a 0.2 mm PTFE filter prior to deposition. Then,
HfO, sol-gel of each condition was deposited on silicon wafer substrates by spin-coating (LAURELL, WS-400B-
6NPP/LITE) techniques in two steps of 500 rpm for 10 seconds and 3000 rpm for 30 seconds, baked on a hotplate at
50 °C for solvent removal, and repeat spin-coated for 3 cycles. Finally, the spin-coated thin films were annealed at
700, 800, and 900 °C for 3 hours, with a heating rate of 3 °C/min, in order to study the effect of annealing time on
the formation of the HfO, phase. The phase structures of the thin films were investigated by Grazing Incidence X-
ray diffraction (GIXRD) using a Bruker D8 X-ray diffractometer with CuKa radiation (A = 0.154178 nm). The
particle size and morphology of the powders was observed in a JEOL, 6010LV scanning electron microscope
(SEM).

3. Results and discussions

Surface microstructures of the HfO, thin films with different mole ratios of HNO;:DI water are investigated as
shown in Fig. 2. The results revealed that the HfO, particles existed in the surface of the samples with 0.03HNO;
and 0.05HNO; as shown in Fig. 2(a) and (b), respectively. The particle size in the 0.03HNO; sample was larger than
that the sample with 0.05HNO; and cracked or porous around HfO, surface. Fig.2(c), there were no HfO, particles
on the surface for 0.10HNO; condition. This SEM images result of 0.05SHNO;:0.05DI water was in good agreement
with the SEM investigations. The samples prepared from 0.05HNO;:0.05DI water condition is homogenous and
uniform in thickness. The uniformity is maintained in the case of the crystallized films due to the morphology of the
as received samples appeared as small particles equally distributed.

Fig. 2 SEM micrographs of O, thin films with different mole ratios of HNO;:DI water, when (a) 0.03:005, (b) 0.05:0.05, and (c) 0.10:0.05.
These thin films were anncaled at 800 °C.
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Therefore, the SEM results suggested that the mole ratio of HNOs:DI water had a significant effect on the
microstructure of the HfO, thin films. Because, complete hydrolysis ofien requires an excess of water and the use of
a hydrolysis catalyst (nitric acid). The metal alkoxide under acidic conditions led to the formation of HfO, in the
form of thin films, the process is shown in Fig. 4.

Moreover, energy dispersive X-ray spectroscopy (EDS) technique was used to analyze percentage of elements in
sample. This observation was obtained Hf, O, and Si elements. When adding the 0.03 and 0.05HNO;, it was
obtained Hf elements, while in the 0.10HNO; condition had no Hf clement as present in Table 1. Moreover, the
percentage of elements increased while the mole of HNO; increased. From EDS result, atomic ratio of elements may
be corresponded to the HfO, and SiO; structures, while the SiO, is come from the silicon wafer substrate.

Table 1 EDS data of HfO, thin films were annealed at 800 °C.

% Atomic of INO;: DI water conditions

¥l

0.03:0.05 0.05:0.05 0.10:0.05
Hf 12.06 13.45 = ‘
o 526 4553 30.36 ‘
si 4468 41.02 69.64 ‘

To confirm SEM results, the Grazing Incidence X-ray diffraction (GIXRD) was then used to investigate phase
formation of the HfO, thin films for a condition with 0.03HNO; and 0.05HNO; after annealing at different
temperatures from 700 °C to 900 °C, as illustrated in Fig. 3. The HfO, thin films annealed at 700°C to 800°C
exhibited 3 major peaks of monoclinic HfO, phase (JCPDS 06-0318), this results are shown in Fig. 3(a) and (b),
respectively. Then, GIXRD results suggested that the HfO, might not form at temperature higher than 800 °C. Fig.
3(c), the results of HfO, at temperatures 900 °C demonstrated that the pattern for all samples matched well with the
pattern of SiO, phase (JCPDS 27-0605). When temperatures were more than 800°C, a cubic SiO, and a small
concentration of HfO, coexisted in the XRD pattern, suggesting that the HfO, might almost evaporate. The
experimental results suggested that the annealing temperature played a significant role in phase formation of HfO,
thin films. As annealing temperature increased, a small amount of HfO, was observed on the film surfaces. In
addition, the HfO, particles were not observed in the sample with 0.10HNO; by SEM investigation, the phase
evolution of this sample thus was not determined.

@ CIY ©
0.03HNO, 0.03HNO,
5 3 5
& ) @
2 0.05HNO, 2 2
@ 2} @
= < =
2 2 0]
£ = 1= s &
i § 8
JCPDS no.006-0318: Monociinic HIO, JCPDS n0.006:0318: MaNoclinicH(Q, JCPDS n0.006-0318: Monoclinic HfO,
. = 9[:'9ral
iz g €27 |g3g8cz5 2
EL , | Sl L ETET
20 30 40 50 20 30 40 50 20 30
2Theta (0) 2Theta (°) 2Theta ()

Fig. 3 XRD patterns of HfO, thin films prepared by the sol-gel process and annealed at different temperatures, when (a) 700 °C, (b) 800 °C and
() 900 °C.
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The formation of HfO, by the sol-gel method can be explained by a mechanism shown in Fig. 4. According to the
metal chlorides (precursors) were dissolved in organic solvent to form metal alkoxide as presented in equation (a)
[18]. Then, it is believed that all metals were integrated into the HfO, compound by equation (b-¢). The metal
alkoxide under acidic conditions led to the formation of HfO, in the form of thin films. Alkoxides are ideal chemical
precursors for sol-gel synthesis because they react readily with water. The reaction is called hydrolysis, because
a hydroxyl ion becomes attached to the hafnium atom as indicated in equation (b). In addition, the intermediate
species including [(OR);—Hf-(OH)] or [(OR);—Hf—(OR)] may result as products of partial hydrolysis reactions [19].
The reaction is called water or alcohol condensation, because two partially hydrolyzed monomers [(OR);—Hf-(OH)]
or [(OR);—Hf—(OR)] linked with a [Hf~O—Hf] bond, the process is shown in equation (c-d). Finally, the sol evolves
then towards the formation of metal continuous network containing a liquid phase, so called gel by
polycondensation reactions, this process is shown in equation (e). Formation of the metal oxide involved connecting
the metal centres with M-O-M bridges [20]. Therefore, all metal hydroxides are believed to have integrated into the
HfO, compound according to equations (a-e) in Fig. 4, while to support that the HfO, thin films can be prepared by
the sol-gel method.

Cl

| TCHZCHZOCHg
i T AHO C—— + 4HC] === a
e Hf{’/m \/\o/ ] Heo, ®
cl A | . co/ \’/ocmcr-czocr-i3
2-Methoxyethanol e OCH,CH,0CH;
Hydrolysis R=CH,CH,0CH;
TR OH
o o, Bl | L over e
/Hf@/opa ’ H/ \H > Ay oe oo ®)
RO OR RO \OR
Water Condensation
- = on; TR sl
Fl‘f + H[f —_— RO\Hf___O_Hf/OR + HO - (c)
ZNVIoR NMOR X
RO \OR RO \OR RO/ OR
Alcohol Condensation
Nl g © OH ol OR
Jf + ’L - = 3 RO\Hf—o—-Hf/OR + ROH ------ (d)
~ N\or NoR \
AN = or
Polycondensation
OR OR L OR
RO~ )\ o\ —OR+ {03 ——0——Hi—0—Ht—0——+nROIl +nll,0--- (€)
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Fig. 4 The mechanism of HfO, thin films formation
4. Summary

HfO, thin films were successfully synthesized by the sol-gel and spin coated techniques. The monoclinic HfO,
phase is detected in films after annealed at 700 °C to 800 °C in the samples with 0.03 and 0.05HNO;. This also
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confirmed by particle SEM images. But, there were no HfO, particles on the surface of 0.10 HNO; composition.
The investigations suggested that the mole ratio of HNO;:DI water and annealing temperature played a significant
role in homogeneity and phase formation of HfO, thin films.
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ABSTRACT ARTICLE HISTORY

In this article, the effect of lanthanum-doped HfO, structure is inves- Received 14 December 2020
tigated in order to verify the ferroelectric property as a candidate for Accepted 16 March 2021
the next generation of FeRAM. The xLa-doped HfO, thin films with x
equals to 0.0, 0.2, 0.4, 0.5, 0.6, and 0.8 were prepared by sol-gel
method. Hafnium chloride and lanthanum chloride were employed
as starting materials which were initially dissolved in ethanol and
ethylene glycol, respectively. Diethanolamine was applied as a stabil-
izer. The ratio between moles of metals, solvent, and stabilizer was
initially varied to obtain gel and it was found that 1:80:4 is the most
suitable ratio. After spin coated on a substrate (Si), the gel of La-
doped HfO, was annealed to make thin films at 300-1000 °C under
atmosphere. Phase formation and microstructure were characterized
using Grazing Incidence X-ray diffraction and Field Emission
Scanning Electron Microscope (FE-SEM). XRD results showed that a
monoclinic phase of HfO, was found when the films were annealed
at 600°C for 3 and 5h. Homogenous surfaces were observed in SEM
images. Distribution of Hf and La existed on the surface of all sam-
ples were also revealed by EDS. The experimental results showed
that La-doped HfO, thin films were successfully synthesized using
the sol-gel method. Mole ratios and annealing temperature played a
significant role in phase formation and homogeneity of La-doped
HfO, thin films.

KEYWORDS
Hafnium oxide; thin film;
sol-gel; spin coating

1. Introduction

Metal oxides are commonly used as ferroelectric nonvolatile access memory (FeRAM).
Ferroelectric materials have a high potential as a storage layer for FeRAM applications.
Hafnium oxide (HfO,) is an electrical insulator that is used in optical coatings, capaci-
tors, transistors, etc. In addition, HfO,-based materials have sparked widespread interest
in the field of ferroelectric, due to their simple binary oxide (non-perovskite structure)
with the exhibition of ferroelectric properties after being doped with various dopants,
such as Si, Zr, Al, Gd, and La [1]. Ferroelectric thin film has generated great interest in
the last decades. Most ferroelectric thin film research focuses on perovskite structure
materials, such as PZT, PLZT, and BaTiOs;, which are considered to be popular

CONTACT . Jiansirisomboon ) sukanda.jian@sut.ac.th
© 2021 Taylor & Francis Group, LLC
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materials for electronic devices such as memories, transistors, capacitors, and actuators
[2]. However, this conventional ferroelectric suffers from various issues, including toxic
lead composition and large physical thickness. Currently, the electronic industry is look-
ing for new ferroelectric materials with excellent electrical properties that are also envir-
onmentally friendly. An obvious alternative material is HfO,, due to its high dielectric
constant, wide bandgap, good thermal stability on a silicon substrate, and no environ-
mental pollution. Recently, HfO, thin films can be prepared by various methods such
as atomic layer deposition [3], pulsed laser deposition [4], chemical vapor deposition
[5], radio frequency sputtering [6], plasma oxidation of Hf film [7], spin-coating [8],
and sol-gel techniques [9].

Suzuki et al. reported a sol-gel method design of HfO, thin film processes by prepar-
ing HfO, using hafnium isopropoxide in ethylene glycol monomethyl ether as the start-
ing material. The smooth surface morphology and higher refractive index were obtained
in the HfO, films deposited using diethanolamine (DEA) modified precursor solution
[10]. Blanchin et al. used hafnium ethoxide in alcohol as a starting material for HfO,
synthesis. The thin film was deposited by dip-coating on silicon wafer substrates [11].
Zaharescu et al. studied different precursors such as hafnium ethoxide, hafnium 2,4-
pentadionate and hafnium chloride. Thin films on silicon wafer substrates have been
realized by dip coating. The samples prepared from ethoxide and pentadionate precur-
sors are homogenous and uniform in thickness [12]. Tetzner et al. [13] and Shimizu
et al. [14] also used HfCl; in ethanol as a precursor and spin coating on a silicon wafer.
The HfO, film was found to be crystallized in a monoclinic fcc (face-centered cubic)
structure. Since the sol-gel method is a wet-chemical technique that is widely used in
materials science and ceramic engineering [15], this method can mix colloidal solvents
and precursor compounds when metal halides are hydrolyzed under controlled condi-
tions. In the sol-gel process, hydrolysis, condensation, and polymerization steps take
place to form metal oxide networks. These reactions play crucial roles in modifying the
final material’s properties. The most interesting feature of sol-gel processing is its ability
to synthesize new types of materials that are known as “inorganic-organic hybrids.”
The film formation with a spin coating is simple method due to its cheaper precursor
and tool, the flexibility of fabrication, and possible for mass production.

Previous studies reported that the formation of ferroelectric characteristics in doping
HfO, thin film was induced by a phase transition. The La dopants with an ionic radius
larger than Hf revealed that ferroelectric and anti-ferroelectric characteristics in the nar-
row range. Larger dopants exhibited only ferroelectric behavior but have a wider process
window. The polar orthorhombic phase (Pca2,) was suggested as the origin of ferroelec-
tric properties [16]. Among different dopants for ferroelectric hafnia, La showed the
high remnant polarization (P, > 30 uClem?®) [17], excellent endurance (~10° cycles)
[18] and a wide process window, according to the doping concentration (about 12
cat%) [19]. Crystallographic structure changes in the films, it was possible to improve
the performance of ferroelectric [20]. These results obtained with other dopants in pre-
vious studies, new insight on the general issue of stabilizing the ferroelectric phase in
doped HfO, was developed. This work focuses on the effect of doping La concentration
into the HfO, structure on phase formation and microstructure using sol-gel and spin-
coating techniques. Typical precursors are metal alkoxides and metal chlorides, which
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undergo hydrolysis and polycondensation reactions to form a colloid. After thin film
processing, phase formation and microstructure of the HfO, thin films are also investi-
gated. Large La dopant in the ferroelectric phase is performed to gain more insights
into the root causes for ferroelectric in HfO,.

2. Material and Methods

Synthesis of xLa-doped HfO, (x=10.0, 0.2, 0.4, 0.5, 0.6, and 0.8) via the sol-gel method
was conducted by separate preparation of each metal solution, before mixing with vari-
ous mole ratios of the metal precursor, solvent, and stabilizer. The mole ratio of the
metal precursor with solvent and stabilizer were studied as given in Table 1. Firstly, haf-
nium chloride (HfCly;, 99% w/w, Acros organics) used as the starting material was dis-
solved in ethanol (99.9%v/v, Lab scan). Ethylene glycol (99.9% v/v, ].T.Baker) was used
to prepare the lanthanum solution, using lanthanum chloride (99.9%w/w, Sigma-
Aldrich) as the precursor. Lanthanum solution was then heated to 180 °C while stirring
for 30 min. Heat treatment was performed to increase the solubility. Next, the solution
of each metal was prepared by adding a stabilizer (diethanolamine (99.8%w/w, Sigma-
Aldrich)). All the solutions were then mixed together and stirred until a homogenous
gel was obtained.

The xLa-doped HfO, (x=0.0, 0.2, 0.4, 0.5, 0.6, and 0.8) gels were spin-coated to
form 15 x 15mm® film. The sample of each condition was deposited on silicon wafer
substrates by spin-coating (LAURELL, WS-400B-6NPP/LITE) at 500rpm for 10sec,
3000 rpm for 30sec, and baked on a hotplate at 150°C for solvent removal. The spin-
coating was repeated for 5 cycles. Finally, the films of La-doped HfO, were annealed at
197°C for 1h and 271 °C for 1h at a heating rate of 1°C/min, to allow for the removal
of water and organic solvents. Then the temperature was increased to 600°C and held
for 1, 3, and 5h with the same heating rate under atmosphere.

XRD patterns of spin-coated films were recorded using a D8 Advance (Bruker,
Germany) diffractometer using Cu Ko radiation (1 =1.5406 A) at a scanning speed of
0.10°/min in the 20-60° 20 range inside an in-situ cell accessory at 300-1000°C tem-
perature range. The heating rate of the sample was 10°C/min and the samples were
kept for 10 min at the set temperature before collecting the diffractogram. In addition,
phases of thin films were characterized by Grazing Incidence X-ray diffraction (GIXRD,
BLI1.1 Synchrotron Light Research Institute). Morphology, microstructure, and elemental
composition of the films were characterized using a Field Emission Scanning Electron
Microscope (FE-SEM, Carl Zeiss (Aurica), Germany) equipped with EDS (OXFORD

Table 1. The mole ratio of the metal precursor with solvent and stabilizer.

Metal precursor (mole) Solvent (mole) Stabilizer (mole) Results

1 60 0 Precursor less soluble
1 60 2 Precipitate

1 60 4 Precipitate

1 80 0 Sol

1 80 2 Sol

1 80 3 Sol

1 80 4 Gel

1 80 6 Gel (precipitate)
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instrumental) at an accelerating voltage of 15kV and energy dispersive X-ray fluores-
cence (EDXRF, XGT-5200 Horiba, France). Chemical functional groups investigated by
Fourier transform infrared spectroscopy (FTIR) spectra using a Perkin Elmer spectrum
GX. The spectra were measured in the specular reflectance mode in the wavenumber
range of 400-3000cm ™. X-ray diffraction (XRD) analysis for powders was carried out
using a D2 phaser (Bruker, Germany) with a scanning range of 20-60° in 20 scale and
a scan rate of 0.02°/s using Cu Ko radiation (1 =1.5406A) as a radiation source.

3. Results and Discussions

Multiple studies demonstrated that various dopants in HfO, resulted in a different crys-
tallization temperature depending on the dopant content. Accordingly, annealing study
is essential to find the optimal parameters to form ferroelectric phase in doped HfO,.
Phase identification of samples was obtained by XRD from as-received HfO, thin films
after annealing at different temperatures from 300 to 1000°C as presented in Figure 1.
Spectra from 300-1000°C of 33.49°, 45.90°, 47.55°, 54.48°, 55.34°, 56.26°, and 57.06°
are identified peaks same as-spin sample, which correspond to diffraction pattern of
substrate. The diffraction patterns of as-spin samples were not discovered from HfO,
phase, with no characteristic diffraction peaks. Thin films grown by sol-gel show an
amorphous phase in an absence of annealing process. Crystallization rate of the film is
clearly dependent on the annealing temperature. As an annealing temperature increased,
amorphous returned to crystalline structures. The XRD results showed that a mono-
clinic phase was found, which demonstrated the crystallization of HfO, was only
observed after annealing at 600-1000°C.These samples showed broad distinctive peaks
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Figure 1. XRD pattems of HfO, thin films prepared by sol-gel process and annealed at different tem-
peratures (300-1000 °C).
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at 20=24.16°, 24.64°, 28.31°, 31.70°, 34.60°, 35.59°, 36.19°, and 50.46° corresponding
to (110), (—110), (—111), (111), (020), (200), (—102), and (—220) crystalline planes of
the monoclinic structure of space group P2,/c [21].

The experimental results suggested that the annealing temperature played a significant
role in phase formation of HfO, thin films. From the XRD results, it was found that
the optimum temperature to prepare the La-doped HfO, compound was at 600 °C. This
sample was then further heat-treated under an atmosphere at 600°C for 1, 3, and 5h to
study the effect of heating time on the formation of the La-doped HfO, compound.
Figure 2 shows SEM micrographs of the xLa-doped HfO, (x=0.0, 0.2, 0.4, 0.5, 0.6, and
0.8) products following heat treatment at 600°C for 1, 3, and 5h in atmosphere. The
results revealed that the particles existed on the surface of the film samples. All samples
appeared equally distributed particles of Hf and La atoms. Similar microstructure was
observed in the other samples with varying La concentration. Uniform surface morph-
ology was crack-free and smooth. Crystalline in the surface cannot be clearly observed,
because of their small size. The white rectangle indicated the dispersion of Hf atoms
(yellow color) and La atoms (orange color) by Energy dispersive X-ray (EDX) map-
ping analysis.

The Energy dispersive X-ray spectroscopy (EDS) analysis and mapping obtained from
the particles confirm that the particles consisted of La and Hf elements with different
La concentration. La atoms were doped into the Hf sites in HfO, structure. It was
observed from Hf:La ratio that the La content increased while the Hf content decreased
as increasing La content (Table 2).

The sol-gel synthesis of metal oxides is based on the polymerization (polycondensa-
tion) of molecular precursors and hydrolysis/gelation is strongly dependent on the elec-
trophilicity of the metal center. For instance, alkoxide groups make metal highly prone
to nucleophilic attack by water, and the tendency for condensation is a function of the
atomic number of elements with the same valence [22]. Therefore, the formation of
La-doped HfO, by the sol-gel method can be explained as follows.

First, the metal precursors dissolved in an organic solvent to become metal hydroxide
as presented in equations (a-d). As ethylene glycol (C,HO,) was heated, it decomposed
into an aldehyde (-CHO) [23], as shown in equation (a). Then, aldehyde reacted with
hafnium and lanthanum precursors to become hafnium and lanthanum hydroxide
(Hf-OH and La-OH) for condensation reactions, as shown in Equations (b and c).

Second, hydrolysis proceeded by the removal of a proton from an aqua ion to form a
hydroxo (M-OH), as presented in Equation (d and e). Typically, the alkoxide was dis-
solved in alcohol and hydrolyzed by an addition of water under acidic, neutral, or basic
conditions. - Hydrolysis thus resulted in the replacement of an alkoxide with a
hydroxyl ligand.

Thirdly, alcohol and water condensation reactions involving the hydroxyl ligands pro-
duced M-O-M (or M-OH-M) bonds as shown in Equation (f-h). Equation (f and g)
show alcohol condensation reaction involving alcohol elimination. The metal alkoxide
or metal hydroxo transformed into an oxide network (i.e. formation of bridging oxygen
atoms). Equation (f), the metal alkoxides contained two hydroxides through the mutual
dehydration. Since, the repulsion between the negative charges was large, as is the
potential energy [24], the hydroxyls combined with H', become H,O, and then
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Figure 2. SEM micrographs of xLa-doped HfO, (x= 0.0, 0.2, 0.4, 0.5, 0.6, and 0.8) particles with differ-
ent x values, when (a) 1h, (b) 3h, and (c) 5h annealed at 600 °C. The white square pictures were
shown Energy dispersive X-ray (EDX) mapping of Hf and La atoms distribution.

disappeared, decreasing the potential energy of the system. Then, polycondensation
reactions involving hydroxo ligands resulted in inorganic polymers in which metal cen-
ters were bridged by oxygen or hydroxyls. Large dimension growth units grow to be
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Figure 3. The mechanism of La-doped HfO, by sol-gel method [22-24].

La-doped HfO, crystals from 3-dimensional direction (a, b, and c¢ axis), as shown in
equation (i).

Chemical groups in the La-doped HfO, material were identified from FTIR measure-
ments. Figure 4 portrays the FTIR spectrum of a hybrid film measured in the
400-3000 cm ™" wavenumber range. The composite of each sample shows the fundamen-
tal vibration modes. Additionally, the 2800 cm™" band has to be attributed to hydroxyl
groups (OH) and to OH from water and ethanol in the prepared gel. The weak peaks
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Table 2. Atomic proportion of xLa-doped HfO, (x= 0.0, 0.2, 0.4, 0.5, 0.6, and 0.8) annealed for 1, 3,
and 5h.

HfLa ratio
Condition (La content) SEM-EDS XRF
0.0 1h 1.00 : 0.00 1.00 : 0.00
3h 1.00 : 0.00 1.00 : 0.00
5h 1.00 : 0.00 1.00 : 0.00
02 1h 076 : 024 0.75 : 0.25
3h 077 : 023 0.78 : 0.22
5h 079 : 021 0.78 : 0.22
04 1h 056 : 044 0.54 : 046
3h 057 : 043 0.56 : 0.44
5h 0.58 : 042 0.57 : 043
05 1h 049 : 051 0.51 : 049
3h 0.50 : 0.50 0.50 : 0.50
5h 0.50 : 0.50 0.51 : 049
0.6 1h 036 : 0.64 0.43 : 0.57
3h 037 : 063 0.39 : 0.61
5h 0.38 : 0.62 0.38 : 0.62
08 1h 0.17 : 0.83 0.18 : 0.82
3h 0.17 : 0.83 0.18 : 0.82
5h 0.18 : 0.82 0.19: 0.81
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Figure 4. FTIR of xLa-doped HfO, (x= 0.0, 0.2, 0.4, 0.5, 0.6, and 0.8) thin films with different x values,
when (a) 1h, (b) 3h, and (c) 5h annealed at 600°C.

at 1635 and 1544 cm ™' are due to H-OH bending and Hf-OH stretching vibrations,
whereas the strong, sharp narrow peak at 1126cm ™' and a weak peak at 700 cm™" is
related to Si-O-Hf and Hf-O vibration modes, respectively, in the inorganic compo-
nent of the hybrid material [25]. However, an absorption peak of La-O-Hf linkage is
observed at 925cm ™. The distinct broad and asymmetric peak, observed in the range
of 580-630cm™!, is related to an amorphous and crystalline nature of HfO, films,
whereas the rest of the peaks (738 cm ™' and 783 cm™") correspond to HfO, monoclinic
phase [26]. These results are well agreed with the XRD studies. Therefore, the FTIR
analysis shows the formation of the La-HfO, hybrid network by condensing of HfO,

and linking to La groups. The peak of hydroxyl groups resulting from an incomplete
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condensation of Hf~OH groups or adsorbed water on the surface of the hybrid film.
The analysis of the FTIR shows that most of the Hf~OH functional groups formed dur-
ing the sol-gel process, transformed into Hf-O and Hf-O-Si groups in the hybrid net-
work by a successful inorganic condensation process.

La-doped HfO, films were deposited within the Si substrate using various La content
(x=0.0, 0.2, 0.4, 0.5, 0.6, and 0.8). Interestingly, the La-doped HfO, films after being
annealed at 600 °C for 3 and 5hrs in an atmosphere revealed visible uniform La content
in the HfO, films as shown in Figure 5. GIXRD patterns of La-doped HfO, films
derived after annealing for 3 and 5h are shown in Figure 5a and b, respectively. The
x=0.0 film shows peaks corresponding to 20 about 24.64°, 28.86°, 31.52°, 35.27°,
41.48°, 50.31°, and 51.27° of a monoclinic structure of space group P2,/c. With the
increase in La doping concentration, the diffraction peaks become broader in sample
(x=0.2, 0.4, 0.5, and 0.6) and attains complete crystallization in sample with further
increase in doping concentration (x=0.8). The broader peak of HfO, lattice is primarily
attributed to the effects of Hf substitution with La atoms. This GIXRD patterns contain
a much broader peak centered about 30° corresponding to the orthorhombic phase,
with the much broader peak from the x=0.2 to 0.6 sample indicative of smaller crystal
grains. However, expanding the pattern in scan range of 25-40° (Figure 5c and d, which
correspond to 30.35° (211) crystallographic planes of orthorhombic phase, revealed a
slight peak shift to lower angles - evidence of a substitution of large La atoms in some
of the Hf positions in the HfO, structure and a subsequent increase in unit cell dimen-
sion. When x increased to 0.8, an obvious crystalline structure mixed with orthorhom-
bic and tetragonal is shown in Figure 5. Diffraction peak of 20=25.40°, 30.60°, 33.73°,
44.36°, and 50.58° was observed very close to the reflection for the orthorhombic and
tetragonal phases of HfO, structure. After annealing for 3 and 5h, the same compos-
ition monoclinic, orthorhombic, and tetragonal phase were detected. A completely poly-
crystalline structure transformation of the monoclinic to the tetragonal phase at high La
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Figure 6. GIXRD pattems of xLa-doped HfO, (x= 0.0, 0.2, 0.4, 0.5, 0.6, and 0.8) at 600 °C for (a) pow-
ders of 3 h, (b) refinement of XRD patterns determined phase fraction, and (c) crystallinity.

concentration. In addition, different orientations of crystallites in this film are observed,
compared to xLa-doped HfO, (x= 0.0). This result clearly indicates that the structure of
the HfO, films is closely dependent on amount of La content. However, we could not
observe any measurable changes in the XRD patterns upon La addition into HfO, at
x=0.2-0.6 because of diffraction peak show a much broader in the diffraction angles at
~28-35°. In this case, structure have confirmed that the structure stability of xLa-doped
HfO, (x=0.0, 0.2, 0.4, 0.5, 0.6, and 0.8) depends on the different La content. This indi-
cated that the effect of La insertion on the structural or crystalline property of HfO,
films was negligible. To confirm that La atoms replaced Hf atoms in the HfO, structure
by powder sample. Plausible variation in the crystalline properties structure upon La
addition was investigated in the powders by XRD technique, and the results are dis-
cussed in the following sections.

Changes in crystal structure powders were further investigated by X-ray diffraction
(XRD). Figure 6a shows the indexed crystal planes for sol-gel synthesized xLa-doped
HfO, nanoparticles which were undoped and doped with La content (x=0.0, 0.2, 0.4,
0.5, 0.6, and 0.8). The changes in the crystal structure were also apparent in the lan-
thanum-doped samples. In the case of pure HfO, powder, the crystalline phase was typ-
ically the monoclinic phase. Higher La doping content, the relative fraction of the
monoclinic phase significantly decreased, and strong diffraction peaks from the ortho-
rhombic or tetragonal phase could be clearly observed. Derived from the diffraction
peak at a 20 angle of 24.59°, 26.05°, 30.35°, 34.28°, 35.45°, 35.82°, 50.14°, 50.42°, and
51.29°, the crystalline phase should have orthorhombic phase fraction. Although a sharp
diffraction peak from the tetragonal phase can be also observed at 20 angle of 25.93°,
33.34°, 36.99°, and 50.65°. Figure 6a, undoped HfO, and La dopant concentration of
0.2mol ratio shows predominantly monoclinic phase without the orthorhombic or tet-
ragonal phases, a continuous transition into the orthorhombic phase could be detected
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with an increasing concentration of La dopant. The sample of x=0.4-0.5 show the
coexistence of monoclinic and orthorhombic phases. The 20 values of 24.43°, 30.20°,
34.02°, 35.37°, 50.08°, and 51.08° refer to the location of orthorhombic diffraction
peaks. This peak is suggested as an important indication of the orthorhombic phase.
With increasing La content, the intensity of the diffraction peaks of monoclinic phase
further decreased. The dominant crystalline phase is believed to be the orthorhombic
and tetragonal phases. For La doping concentration of x=0.6-0.8, monoclinic diffrac-
tion peaks were disappeared. The diffraction peaks at ~25° ~34°, and ~51° can be
seen up to 0.8 mole ratio La-doped HfO, films, but they are disappeared when the La
content decreased beyond 0.2mole ratio. These diffraction peaks indicated the tetrag-
onal phase, in which case the monoclinic phase could not be observed. Such changes
could be attributed to the transition from the orthorhombic to the tetragonal phase.
The La doping concentration affected the transformation of monoclinic to tetragonal
phase, demonstrating a potential of ferroelectric performance.

The suggests changes of unit cell parameters, which could be calculated from loca-
tions of diffraction peaks, this provides useful information to estimate crystalline phase
in La-doped HfO, thin films. Lattice parameter refers to the physical dimension of unit
cells in a crystal lattice [27]. Especially, the lattice parameters using the equation which
gives them a, b, and c as follows.

o
Monoclinic — =

1 (h2 K sin?p 12*2’1ICOS/)}>

& sin?f \a? b2 e ac
1 nmee P
Orthorhombic == X + = + =
1 h2 kz lz
Tetragonal = 2; n -

Since the radius of La (195pm) is larger than that of Hf (155pm) [28], the lattice
parameter and the interplanar distances were expected to increase for higher La doping
concentration. Unit cell was assumed to enhance due to the larger La dopant size into

Table 3. Lattice parameters of xLa-doped HfO, (x=0.0, 0.2, 0.4, 0.5, 0.6, and 0.8) powder for 3 h.
Lattice parameters (A)

Phase Crystallinity
Condition Structure a b C B ) v (R3) fraction (%) (%)
0.0 Monoclinic 51141 5.1564 5.2787 98.6 137.6 100 933
0.2 Monoclinic 5.1366 5.1648 5.2927 985 1386 99.2 93.7
Orthorhombic 9.8257 5.1522 5.0887 90.0 2576 08
0.4 Monoclinic 5.1344 5.1783 5.2511 983 138.1 80.2 93.8
Orthorhombic 9.7820 5.1702 5.0337 90.0 2546 19.1
Tetragonal 4.7592 4.7592 3.2227 90.0 73.0 0.7
0.5 Monoclinic 5.1356 5.1720 5.2565 9738 1383 449 944
Orthorhombic 9.7943 5.1745 5.0648 90.0 256.6 412
Tetragonal 48117 48117 3.2099 90.0 743 139
0.6 Orthorhombic 9.8001 5.1976 5.0674 90.0 258.1 683 94.5
Tetragonal 48546 4.8546 3.2233 90.0 759 317
0.8 Orthorhombic 9.8256 5.1997 5.0536 90.0 2582 54.8 94.5
Tetragonal 4.8965 4.8965 3.2337 90.0 775 452

JCPDS 06-0318  Monoclinic 5.1200 5.1800 5.2500 98.0 1378 = =
JCPDS 81-0028  Orthorhombic 100172 5.2276 5.0598 90.0 264.9 = =
mp-776532 Tetragonal 4.8590 4.8590 3.2250 90.0 76.1 = -
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the Hf site in the HfO, structure. However, the volume of the unit cell increased within
increasing La doping concentration in the range from 0.2 to 0.8 mole ratio (Table 3),
which could be understood from a dopant size effect. The volume of the unit cell
could be calculated from the lattice constant lengths and angles according to the
Equation (1)-(3).

Monoclinic v = abcsinfp - - - (1)
Orthorhombic v = abc -- - (2)
Tetragonal v = de (3)

From the XRD patterns in Figure 6a, it can be noticed that various crystalline phases
such as monoclinic (space group P2,/c), orthorhombic (space group Pbca), and tetrag-
onal (space group P4,/mnm) phases [29] were mixed in our polycrystalline powder. To
quantitatively analyze phase fractions in La-doped HfO, powders, Rietveld refinement
was conducted on the XRD patterns. Figure 6b summarizes a change of relative frac-
tions of each phase as a function of La doping concentration. The gradual increase in
the crystallinity of HfO, lattice was primarily attributed to the effects of Hf substitution
with La atoms, as shown in Figure 6c. When La content was less than 0.2 mole ratio,
the monoclinic fraction was 100%. However, when the La doping concentration was
increased from 0.4 to 0.5mole ratio, a relative fraction of monoclinic phase strongly
decreased, and an orthorhombic fraction enhanced to 54% with increasing La content.
In contrast, the powder coprecipitated counterpart displayed a mixture of tetragonal,
orthorhombic, and monoclinic phases. With further enlargement of La concentration
from 0.6 to 0.8mole ratio, the tetragonal phase fraction increased from 10 to 45%.
Nevertheless, the powder presented phase content composed of tetragonal, orthorhom-
bic, and monoclinic phases. The phases present in all samples are summarized in Table
3. In summary, dominant crystalline phase change from the monoclinic to the ortho-
rhombic and tetragonal phase is visible for increasing dopant La content. Then, the La
concentration plays on important role during the process of crystalline structure trans-
formation. The stable phase of thin film HfO, is the monoclinic phase which is centro-
symmetric and thus incapable of supporting ferroelectricity. Another important
metastable phase in thin film HfO, is the tetragonal phase, and it is well-known that
this metastable phase can be stabilized for various dopants or due to surface/interfacial
energy effects. In 2011, the unexpected ferroelectricity was first reported at the morpho-
tropic phase boundary of the two phases. Various factors affecting the formation of the
orthorhombic phase have been reported. The ferroelectric orthorhombic phase is the
most prominent phase in doped HfO, films. This fact points out that a structural trans-
formation from the monoclinic to the cubic phase should induce the increase of the
dielectric constant. A theoretical calculation on HfO, also expects a higher dielectric
constant for the cubic phase than that for the monoclinic phase [30].

4, Conclusions

The xLa-doped HfO, (x=0.0, 0.2, 0.4, 0.6, 0.6, and 0.8) was successfully synthesized
using mole ratio of metal precursor: solvent: organic solvent (1:80:4). In addition, the
films and powders of La-doped HfO, were obtained by annealing at 600°C in the
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atmosphere for 3 and 5h. XRD patterns showed the introduction of the relatively HfO,
phase could change its structure. Morphology appeared as homogenous surfaces for all
samples. Distribution of Hf and La were found on the film surfaces. The phase was
transformed from monoclinic to orthorhombic and tetragonal phases with increasing
amount of La content. Lattice parameters and the interplanar distances increased for
higher La doping concentration. Thus, the unit cell was assumed to be enhanced due to
larger dopant size of La atom into the Hf site in HfO, structure. Thus, a volume of unit
cell increased with increasing La doping concentration. This investigation suggested that
the mole ratios of metal precursor: solvent: organic solvent, annealing temperatures, and
doping concentration played a significant role on phase formation and crystallization of
the La-doped HfO, thin films. The resulting large La dopant showed orthorhombic
phase, which has been generally known to present ferroelectric behavior.
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