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Abstract

Barium zi r coebnaartieu nt ictaal ncadtuehBdTsZs@OM.a% 6Bad)s T & O

BZBCYJceraemkhbi bitspiaezbebhctiinc thes pvoincsieni ty C
temperlat aneenvi-f onpmalditter nat i ¥4Tej) ©OP ZPT)(,Zrt he mos
used ceramic materi al IiThimi eémaeoetisechei ceqpptl e

related to the eniercitatownriicz actoinoppno ncefnt s such as
storage aEmhleimé &tail osw.l uti on deposition (CSD) (
versatile physical or chemical vapour deposit
chemical compbessblabhivhachemistry.

However, chall enges rBeClTa t teftdi Intme @& B p af e dB ZfTr
conventi onaac-bcdasrebdo xsyyynitchet i ¢ route include th
solutfi-geai ned and porous micr owdmnmtulcg pmiemalcr a
functionalToprremperitvieced.he chall enges-panpeedst izl
relati oBCirntBiZm fil ms, we developed an altern:
procedure uses ethylene glygcsebl ¢ EB) s-eachrdtrhe & h k
acetates amethbtam$d  koixomes, respects veT e Bar i
prototype ,fewarsoedeelcaatiecd asEGEtrOblhesRENCeamianegr |
solution was stable f orf rnmeoer eBTt htami no nfei lynesa rwi
mi crostructure and t howopklnaetsisni zfedalsaudti cdD30 swim

exhibit dielectric permittivity Tof &md,1l meks,u
maxi mum po(Pa.kxi p§dCA2Band survive el ecmic field:
The -EtGOH synthesis was -BCansy ®tr ¢ m.d hAeori itcéad il B/d -
homogeBE®@WsI thin fiol msnnawirt mi crostructure and
with Pt/ Si substrateesarienqgi sedudi bnttogO0theM

annealing temperature to 850 °C.

Manganese doping (1 mol e %) effectively r
measurements of macroscopic functi-B€alfprkrmper
doped withomaRPygaBeseubstrates exhibit dielect

at RT an®nbfkitfEBRMat 1. &A% MMi ez aked eeftfriici ent of
pMVitand stSradfn . 18 % measbead uUssrg antdeubbkeo
recoveernaebrlge)c @nd energy s(spofagdsOneddid cigédny

respecariecsedbyTihentidl m t hi cMrR@dmsoaxPeéeSitntgees ul t ¢

evolution of intergranular cracks due to the
ansgilicon. sudshgaplkatinized sapphire (Pt/ Sapp
stress in the films due to the smaller differ

BZEBBCT and saptpohi @60 wWp -t heelBEATE&adK ms doped

manganese on Pt/ Sapp substrates with col umna
mul tistep annealing at 850 °C. The 340 nm th
permittivity ddjof9 3@A0aSwrhl ~k Hz., P?.«~%,4CA mdat a

maxi mum el ectric fA Ml dT hoef eanbeorugty 3s.tSorMye ef f i o
Uez 4BmMihhake -BZT films a promising option for e
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Povzetek

Ker ami k a na osnovi bar i-h eerviejgdaaé ggiarj keovreagtaa ttiit!
0,5 B a (. Ziks) @05 ( B@Qas) Tek(OBZBECT) predstavlja okolju pr
komercialno najbol] razsirjeni 1 gTWiadCRAZT) .pi ez
Tanke plasti omogocaj o miniaturizacijo elektr
zbiranje ali shranjevanje energiije.

Priprava tanBCh plashteBB8Tiz raztopine preds

znacilna porozneenmiklroexntimMmiktzurnd Z n razpoke p
posl edi ¢no omejuje doseganje dobrih funkcijsk
za pripravo tankih plasti, ki kot topilo vsebl
al koksidni,h kraeagemrmdtiomdo i zgube kemijske homoge
Da bi raziskal. povezavo med mikrostrukturo
BZBCT, smo razvili alternativno sintezo razt
vkl jucCcuje etilengliklolkotEGtopiinl ietzaan o4 e nflgtoCaH k
al koksida kovin prehoda. Naj prej Smo z novo
osnovne spojine baridj &8wWgga Rtaiztt @patna ((ZzBa hiad as ¢
obstojna vec kot |l ed¢ rot. r aRd Zjtoopd .nd M <Km: nane
platiniziranega silicija (Pt/Si) z metodo vrt
°C. Pl asti 81T302n d enb esltierba i ¢ast o mi krostrukturc

a6 0pPprikdt in sobni eremmevatéyroi {&lmaprriiz amdi ljjou 226
MVA m.

Nadalje smo s sintezo s topiloma B&Tin EtO
|l zkazal o se | e, da | e brii lka o3 &r pK tawsrta otk alb
koncentracijo raztopine za nanasanje plast:i N
850 °C. Tanke plasti s stebridasto mikrostruk
sekundarni h faz al:i interakcij s podlago Pt/ S

Tok puscanja v t-BGKi kmpl asiekhoBZTo zmanj sal
manganom (1 mol ski %) . PribliZno 120 nm debe

diel ekt 7@Emikdz in sobni temper at urtiCea Mmpajivecj o
polljl® MW, piezoel ektddz:2 X dmkhkodéformatijo 0.18 ¢
z dvozarkovnim |l aserskim interferometrom. Pl a:
Cemer sta obndvk | iAOnEI ne niezrk@e)rjisot (e%k.

Ko debelina plasti naapa@n,a gah skt /zRic ep ree peog laa

po mej ah me d Zrni kot posl edica napetosti,
temperaturnih razteznostnih koeficientih (TEE
pdl age platiniziranega safirja z nekajkrat ve
zmanj sal. napetost.i v plasteh. Uspel-BCBEmo pr i
dopirane z manganom in s stebricasto mikrost:H

izkazujejo @3@diekdr ii dnossotbni nagmpéyjat prdifari za
tCEAMpri pol jaum, 3 p5 eMVb el ek tdss#t @ nAm kno edfeif coijermatc i j o
%. Z izmerjeno obnoaokvniijn vioz keareirgtik om &% 6% Jpr ed
pl ast-BCBZdbetavno moznost za shranjevanje ene
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Chapter 1

Int roduction

I n theatoitfr stthi s ¢ haptberr,i vame attdedaskirOBE8g t he prototy
ferroelectric materialWeandeint #als®dii dnapg Badpdar tsi, e 9N
X)Ba (021b)e@X ( B@a)sTe OBAXYBCT) , as altebhasmidneas st o | ec
piezoel ectr.iSel e&mxpleidc gpthiyarifscoal la rp rooxp edretsi sehsedmdes ed t o
summari zed iBn Appepa@imtbnd he dcehsacprtittee c he mi c al s ol
depos{ €& D) funexiidemat hin fthemschemcbudyngf pr e
deposition tteltédh nh qaitest, r @aatdmect yshat i hanalrspohno ufsr o
phasidne past t he ichaptdeé rcdtoed drfe viheew ost ruct ure ev
i BThased thimhkd at monshihmpi dbredewteremct ure and funct.i
BT Ba («Ei) & B Z)T, KB aT e OBGT and-xBBZZIT t hinThel ma.d n
functional properties of i nared ept e maael ecitaliecctpr
respetvhe n garl tmsdg thlogsreé yar ed by CSD.

1.1. Polar Oxide M aterialsand T heir Basic Properties

1. 1BhArium titanat e: prototype ferroelect:H

Barium titanaBE) (BaThoOpr owoxeweei dt thespaelbivzkst
(AB@str ucAbuorvee. t he phase transition aempatohad Cr e c
structure of BT is. péntc asihemmegett rriac) oomuadaifadiits ecoerltl
occassa consequearane r @fso tmmeest ittihikeo © adafiso s h dw g uir re
Lwhich resul ts ism otnhtea ngeeonuesr(Rptoilecdne imzfa t icodi pol e per

[11. [2]

+++

d=0.012 nm

0.403 nm

a=

&
PP, ’é"o
L -
4

m b=0.398 nm

Figakieit cell of BT showliihigh e ed O & Ip éfrchocfenie n t



2 Chapter 1. Introduction

BT undergoes phase transitions from tephasagonal
furt hlehrd ecrorod @ Inggcttrraincs i paliraesie mpani ed by chang:
mensi ons ofandme maheposce ameloarsi diaeli eat ri c, and
yspcaperties of 1]t ,ireh[ednasthearripalt r an s iFtiigabrass eob s e r
aracteBT ssi ngledHocweyvsetra,lp ol y c b y bnkaa lelriinag lIsg s et he
ansatcaeiofnfaunstehne br oadening of the dielerxcttrhe pe
i n [s4i]lzeplo8 ]y cr ytshtianl EeEdemsi,al | 'y wiitihe ffti enre aqh ali lne rsg

upo
di
p h
ch
tr
ga
to identify dghdse [tirlansi tions

‘ rhomboedric  orthorhombic tetragonal cubic

— 404 |

E
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= -

o] a=c

S 402} :

8

o B a |
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398
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£
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Temperature [K]

Fi g@rPehassaend el epgt @epleirn i BS si n@laef unrcyod toatle mper at ur
showi agt t(iac)e constants, (bPRsasiploftcaneels t(pfaorloanp ie z ant

[ 8]

1. 1B&2ri um t ibtasrewtteerasal al terndf@ Vie:@ @r P
piezoelectric applications
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inclué&ed3im the vi anoniatryfr@aRb:;Bh@ P4oTd 83,5 B eirse
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rhombohedogTal)s@BBZBA)nd t et r aGapBdOBBRphasassshawn
Fi g4rMen ®PB observed at the composition close to

1 Ba(ZrozTio.s)Os, (Bao.7Can.3) TiO 3 and 0.5Ba(Zo.2Tio.s)Os w0.5(Ban.7Ca0.3) TiO 3 are designated as BZT, BCT
and BZT-BCT respectively. Solid solutions with different molar ratios of A- or B-site cations are written with
chemical formulas or abbreviations explained in the text.
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BCT was reported to be the reason nfaagreftifhg hisgh p
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1.2. Chemical Solution Deposition of Ferroelectric  Perovskite
Oxide Thin Films
Ferroebegctdheiinc fil ms are prepared either by physic

sputtering, pulsed | aser depodaeddss on arentichewnds pnog a
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l iquid phaslkemestalllouddsi.onC deposferenseC&Dal advar
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al koxidessorgranmet &loimpounds that are commerciall
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( mimaX ch bthfeieheamt er i al andantel sobdepareqapophi cati
the materiall iy fhearnt f caibbch rr-axiedetailngl e cryst

foil s, gl asssedt tdeerp otsiPivri pfmelrm f oi ¢l sf ar ef aé.sioblus ec
After thethepdeiptoisoned film i s teoxgpmoswele thimé rai rhg at
sol vent s, decompos ec royrsgteanlikcic hreensaitdiuce sd e sacnrdi pt i on

steps ofmeG&®i der t hesnpf e BFeiegtéerde i n
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1.2.1. Chemistry of BaTiO s-based precursors

The common procedur eafl loadatrhteh ppreerpoavrs&kiirbtaen e difrt chli und i
filrmdoiness he use of al kfaf anboggtahegBandCara8si ti
al koxi des as t he starting reagents and- car bo>
met hoxyethanoloy xardbokyémtesf and[ 28 lk,ox[ IR, re3@
gener al formul as of alkaline earth caCOOR)yI!l at es
andNOMRs;, r es pecthieweel W Nameha&eMkal i mendedrtamsi tion met a
is the(algabBhechematic description of the prepar
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i $sncluddd wrBeari umxyglaatbe® i s adciasrsboolxvyeldi ci naci d at (
titani um @l diolxuadledoBaold ansol mi xeds aar eoom t)emper at
after the compl ddecar o sTghloeh usetioorna goef and mani pul at.
takecepldaimnyaert athhaomelhyerbBtumi dity in the ambient
hydrolysis meft at r anh Xioxii @dre s .

Ba(OOC-R,), Ti(OR,),
In an inert
[}
AL60 °C I I atmosphere
R;-COOH R,-OH
Ba-solution Ti-solution

l 20 RT |
1

Barium titanate coating
solution

Fi gurPeocedure of the BT coating solution

n he BT coating solution synthesis, CRbh&nd eagen

I
T( QR as WeCOOHasan@H.R The principal reactions @
esterification, hydr olryesai isqg n a@fdw iTctiolfm @ R & &®EO0H: 0 N . T
depends on the orgabecwdgmtowlpeédgs o6 partial or coc
exchdmBd@é as[8Bpwn iln Equation

R0, O-R: R, 0. ORy

2 \TI + 4 R4-OH _> \TI + 4R20H (1)

R,-0" 0-Re R,0° OR,

After mi xangd-stbiawtBéomes sodwelnite zairdl awbhgat gohol
the reaction, oyiebtdengf waracked wats| taer st @] 3 21] Equa
[ 3.4]

OH 0

A+ ROH — PR

(2)

Thedepending on the reaction conditions (mol a
t emper athuersei )f, 0o r med mwaitreirt i ate the reaction of h
al kokodleowed dleyn.s althieo nr e s p e catriev ec orl d aeicchtqelm tsklBeolnasw
and[ 32], [33], [34], [35]

R,0. OR; R,O_OH

i + H,0 - Ti ROH  (3)

Rzo OR2 RZO OR2

OH OR R0, ORe
R,0, ¢ R,O, 2 Ti
2 :Ti\ + 2 ‘Ti’ —_— R.O o/ ‘ORZ —+ RZOH (4)
R,0° "OR, R,0° "OR, 2
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The progressive reacti omncofeasatoeatnitfenncth € oo lewvern
whi chpmawmote precipingatsiodliNditimont hatcaaticoni um al k
reactive than tdiuteantioum hael kloxwelre el ectronegati vi
number zadfr ctomel 3@ ].4, ol 36]

Addi ti ves, such as acetylacretoheemndseadd eadhaabe
reduce the reactivity ¢8B71rang8i8f] iHoweaméegtral] 48l kK cx
fraction of omgamiadend|pdoat.dSsgs nteoysol ventsompluéxi mgt
agenthau,si caiving addi ti onal carbhanedoumem atddy thaeshb
epare st dolre degplouwtigtddsesir oV s kit hé noxi dgnd2by (C8&8B] ,
4%t was shopmopgadmmd dCHCH-CHI®H) cooryh oomd ineted |
hddnt he cBEFeasdsdidi n f i |l ms, nanbdys avediet iuses t o en
abi

pr
[ 4.
i o
st lity of the coating solu{é4éh., ahd7i] mprove th

1 . 2 Deposition, thermal decomposition, and crystallization of BaTiO s-
based thin films

Spin coating is the most frequenttly susfeadsath haénsd f i
upscdl4aiBigTHed9sjusautrf aatcee shoul d be c¢cl emoomagan s 0t
di stributionamidow hreosdpH fudbbessn, especially in film
After a small volume of the coatindesclpini cemwait
accelerated to a few thousfaoad ouHt038Biecdindsed@eirg hmi n
r att isoppneed facilitates the coanpd egreomotves agweamdrr &t
vol atil e [cho8rMfFoundpti mum substrate coverage by t

should completely wet the suofaaghl! gn5dll]e b g e5sllulb,s t[
The -daesposited filmgrrongsainaenidreay agredncdtchenemaonkngnd
sol vEnaporafsobment s, decomposi mainadn cofysobabgbanizatr
duritmg@ drying, ray’ndl ytdies mahd anneatl i hnge astt megrst opr
The dmryiepg t akeas tpelnapceer aitrur e range from 100 °C t
choice of ,thwdhisel vedret pyrolysis tempelr2djarhes ar e
carploabtaessed CSD, organmai deywpomperstesdd ame isntgept he p
approximatively bet weeas 2é&Wi d°e@ it @ mhobgPr SaOVTiGNE L r vy

di fferential (thhfTeAmdl obwadygas drba8l]yBh[lexa4(EGCA]t e

andxycar bpeai edsurfiorgn t haspgvodgeced by Fourier t
(FTIR) spectwaycapy famdnXmtne r( XeRDisG@®waBsa report ed
to form at t emper &6t00r &°ed dree vempgd 8 B 0 per ovskite

temperab0De8[ 28], [Hm5]e,nk[ox6ledi tathe i nfleevgthk of
t herganic chain lodt dar{(iumecar ®oeoynatteh, e pdreocpoi nopnoasti et
the intermadibamnasmyx g-T Isth oavskFi ig@a)ea nd.Thh)e precur sor
werbari um carboxyl ates and titanium al koxide as |
sol vemdecomposition t exaperr mdpnhaatseeo fidatsmde apgt h of

t her gani dechaltheee her ovswkad tfeopmadeat aempe@rialt ulmiegh
therecursor pr Baparoepd offCdHiOfB a or CsHiBap t haBaz-

ethyl he(f EHCHCH (M) CPBao IC:HsBaPserei gB8c ke arjd@8d)

2 In the case of BZT-BCT, the stability of the coating solution containing alkaline earth carboxylates and
transition metal alkoxides is about one week.
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BT thin films prepared by chemical solution
homogeneous nucl eation which resul twd tihn ae cwil auxmnc
mi crostcact bre achieved by optimizing itnhge tphreoc e
concentration of coatamrge &lQilBnig i @l 3Frhdwdgddidneg st ep
The mechanism behind thiszpngceashndepoabstetsl| ay
in thickness, and the following |l ayer follows t
growt hs of grains.

Fi gdd®EM micrograpecetfi omhandr caussf Aca 6fl mwopBahp
with a2 flrayner s, ,0.alng¥s)d layteiren (0 r[B@60M sol uti on
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Chapter 3

Results and Discussion

3.1. Chemical Solution Deposition of Barium Titanate Thin Films
with Ethylene Glycol as Solvent for Barium Acetate
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Abstract: Chemical solution deposition (CSD) of BaTiO3 (BT) or BT-based thin films relies on using
a carboxylic acid and alcohol as the solvents for alkaline-earth carboxylate and transition-metal
alkoxide, respectively; however, the esterification reaction of the solvents may lead to in-situ water
formation and precipitation. To avoid such an uncontrolled reaction, we developed a route in which
ethylene glycol (EG) is used as the solvent for Ba-acetate. The EG-based BT coating solutions are
stable for at least a few months. The thermal decomposition of the BT xerogel obtained by drying
the EG-based solutions depends on the choice of the solvent for the Ti-alkoxide as well: in the case
of EG and 2-methoxyethanol solvents carbon residues are removed at only about 1100 °C, while in
the case of ethanol it is concluded at about 700 °C. About 100 nm thick BT films derived from the
EG-ethanol solution deposited on platinized silicon reveal dense, crack-free columnar microstructure.
They exhibit local ferro- and piezoelectric properties. The macroscopic polarization-electric field
loops were obtained up to a quite high electric field of about 2.4 MV /cm. The EG-ethanol based CSD
route is a viable alternative to the established acetic acid-alcohol route for BT and BT-based films.

Keywords: BaTiOj; thin films; solvent influence; chemical solution deposition; crystallinity; ferroelectric;
piezoelectric

1. Introduction

Among lead-free piezoelectric materials, barium titanate-based materials, especially
Ba(Zrg 2 Tip 8)O3-(Bag 7Cag 3) TiO3 solid solution or BZT-BCT, show outstanding piezoelectric
properties with a d3; coefficient exceeding the value of Pb(Zr, Ti)O; (PZT) based materi-
als [1-3]. Materials in the form of thin film are considered for the miniaturization of devices.
In the BZT-BCT formulation, barium titanate (BT) is the main component, so we can con-
sider it as the reference material for studies on the BZT-BCT. On the other hand, BT is the
end-member of (Ba, Sr)TiOj3 solid solution that has been proven to be a good candidate for
tunable microwave devices as well [4-6].

One of the most commonly used methods to fabricate BT-based thin films is chemical
solution deposition (CSD). This method offers several advantages, such as low capital
cost, control of the stoichiometry of the coating solutions, simple and fast preparation
procedures, the possibility of large-scale deposition, and control of the thickness of the
coatings [6-9]. We note that in the majority of CSD routes organic solvents have been used.
Recently, environmentally-friendlier water-based synthetic approaches have been reported,
which mainly focused on deposition on single-crystal perovskite substrates [10,11].

In CSD of BT as well as BT-based thin films, alkaline earth carboxylates and tran-
sition metal alkoxides are commonly used as starting materials to prepare the coating
solutions [12-15]. Normally, alkaline-earth metal carboxylates are dissolved in carboxylic
acids, and alkoxides are diluted with an alcohol [6,8,16]. As a side reaction, the slow

Molecules 2022, 27, 3753. https:/ /doi.org/10.3390/molecules27123753
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interaction between alcohol and carboxylic acid, i.e., the esterification reaction leads to the
progressive in-situ formation of water (Scheme 1).

OH le)
—
+ ROH )LO,ROH + H,0

Scheme 1. The esterification reaction leads to the progressive in-situ formation of water.

Transition metal alkoxides are very sensitive to water, leading to hydrolysis (Scheme 2)
and, hence, the precipitation of hydroxides.

RO, OR RG;_2H

,TI 2, + Hzo —_— /TI \
RO OR RO OR

+ ROH

Scheme 2. The hydrolysis reaction leads to the precipitation of hydroxides.

In the case of BZT-BCT, a higher reactivity of zirconium alkoxides towards water
compared to titanium may increase the possibility of precipitation [17,18]. Indeed, our
preliminary experiments on CSD of BZT-BCT revealed that the temporal stability of conven-
tionally synthesized solutions was only a few weeks. A possible solution would be to reduce
the reactivity of zirconium alkoxide by adding chelating agents such as acetylacetone, 3-
hydroxy-2-butanone or certain amine compounds [16,19]. However, the esterification
reaction and thus the possibility of hydrolysis would not be impeded.

Another possibility would be to replace acetic acid with another solvent for the alkaline
earth reagent to avoid the esterification reaction that could lead to the formation of water in
the coating solutions. Ethylene glycol (EG) was used to dissolve lead acetate in CSD of PZT
films [20]. We found that EG can dissolve Ba-acetate as well, which has not been reported
earlier. Otherwise, EG also serves as a solvent and chelating agent for Ti alkoxide [21,22].

In this work, we established a systematic study on CSD of BT films using EG as the
solvent for barium acetate instead of acetic acid. We note that in this case, the solvent
for the transition metal alkoxide was 2-methoxyethanol as reported in [6]. BT served
as the reference material for a more complicated BZT-BCT solid solution. Furthermore,
we also introduced different solvents for the transition-metal alkoxide. In addition to
2-methoxyethanol, we used EG as the common solvent for both metal compounds and
ethanol. Furthermore, we optimized the heat treatment conditions.

We find that the BT solutions containing EG, the alkaline-earth acetate solvent, are sta-
ble for months. The thermal decomposition of the dried solution that contains ethanol is con-
cluded at a lower temperature than the solutions containing EG or 2-methoxyethanol as the
solvent for the alkoxide. The films deposited from the EG-ethanol based solution yield per-
ovskite films with columnar microstructure and good dielectric and ferroelectric properties.

2. Results and Discussion
2.1. Thermal Decomposition of BT Xerogels

The BT coating solutions prepared with different solvents were dried at 200 °C for
12 h to yield xerogels. The gels and thin films obtained from respective solutions, namely
acetic acid-2-methoxyethanol, ethylene glycol, ethylene glycol-ethanol and ethylene glycol-
2-methoxyethanol are denoted as AcOH-MOE, EG, EG-EtOH and EG-MOE.

The FTIR spectra of the gels collected in Figure 1 reveal the absorption bands at
1565 cm ™! and 1419 cm ™! corresponding to acetate groups in agreement with [7,23]. The
FTIR spectra of the EG, EG-EtOH and EG-MOE gels contain weak bands at about 3500 and
2900 cm ™!, which we attribute to the presence of trace EG residues. The boiling point of
EGis 197 °C and it is possible that the solvent or its residues were not fully evaporated at
200 °C from the gel network which is not the case for the AcOH-MOE specimen.
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Figure 1. FTIR spectra of BT xerogels were obtained by drying the AcOH-MOE, EG, EG-EtOH and
EG-MOE coating solutions at 200 “C for 12 h. The I'T'IR spectrum of ethylene glycol is included as an inset.

The thermal decomposition of the xerogels was analyzed by thermogravimetry and
differential thermal analysis (TG and DTA) coupled with evolved gas analysis (IGA). TG,
DTA and EGA curves of the AcOH-MOL, EG-TitOH, EG and EG-MOL gels are shown
in Figures 2 and 3. In all samples, a small mass loss upon heating to about 100 °C ac-
companied by a slight endotherm and the evolution of water evident in the EGA curves
is attributed to evaporation of adsorbed humidity. Likewise, in EGA, trace amounts of
acetone (CH3COCH;) were recorded in all samples upon heating around 400 °C, sce
Figures S1 and S2 in Supplementary Materials. Acetone is a side product in the decomposi-
tion pathway of the acetate groups as documented in the literature [24-26].

The thermal decomposition of the AcOII-MOE sample takes place upon heating to
730 °C and is characterized by a two-step weight loss of 32.68%. The first weight loss of
19.01% from 280 °C to 402 °C is accompanied by an exothermic peak and simultaneous
evolution of HyO and CO; which indicates the thermal oxidation of organic groups [26].
In the interval from 620 °C to 734 °C, the weight loss of 13.67% is accompanied by a
series of weak exothermic peaks and the evolution of CO; corresponding to carbonate
decomposition. The decomposition pathway of the AcOH-MOLE sample agrees with carlier
reports [23].

The thermal decomposition of the EG-EtOH gel is concluded upon heating to 719 °C.
The weight loss of 18.49% from 280 °C to 422 °C is marked by a series of exothermic peaks,
with the strongest one at 402 “°C and the simultaneous evolution of 11,0 and CO,. We
observe a slight weight loss upon heating to about 580 °C where the evolution of both I1,0
and CO; indicates the decomposition of traces of organic residues. Between 585 and 719 °C,
an exothermic weight loss of 13.02% is due to carbonate groups decomposition. Clearly, the
decomposition pathways of the AcOH-MOE and EG-EtOH samples show similarities, the
organic groups are decomposed in the first step. The second step of mass loss in these two
samples is accompanied by a relatively small exothermic peak in DTA and by the evolution
of CO; due to the decomposition of carbonate that is concluded at about 700 “C.

In contrast, the thermal decomposition processes of the EG and EG-MOE samples
collected in Figure 3 are concluded at much higher temperatures, 1076 “C, and 1127 °C,
respectively. Upon heating from room temperature, we observe progressive weight loss
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with a series of exothermic peaks and evolution of HyO and CO; peaks up to about 600 °C.
Between 600 and 800 °C, only CO; is evolved indicating carbonate groups decomposition.

Upon further heating to the final temperature of 1200 °C, there is another weight loss,
upon which CO, is evolved.

It is worth mentioning that the important difference between these two samples and
the AcOH-MOE and EG-EtOH is that in the former group the final mass loss is concluded
only at about 1100 °C. We expect that the oxide material prepared from AcOH-MOE or EG-
EtOH could be consolidated at lower temperatures than that prepared from EG or EG-MOE
solvents as carbonaceous residues are decomposed at about 400 °C lower temperature.

To support the thermal analysis data, the xerogels were calcined at 900 °C for 15 min.
The FTIR analysis revealed the presence of metal-oxygen bonds in the AcOH-MOE and
EG-EtOH samples. The obvious band at wavenumber 1415 cm™! in the spectra of EG-MOE
and EG samples is attributed to the presence of carbonate groups [7], see Figure 4a. Quite
similarly, Ashiri detected weak carbonate bands in IR spectra of BT gels heated up to the
final temperature of 800 °C [23]. For the EG-MOE and EG samples, a higher calcination
temperature was required to yield the oxide phase only, as evident from Figure 4b.
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Figure 2. Thermal decomposition (TG, DTA) and EGA (H,O and CO;) of: (a) ACOH-MOE,
(b) EG-EtOH xerogels.
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Figure 3. Thermal decomposition (I'G, DIA) and EGA (11,0 and CO;) of: (a) EG and (b) EG-MOE xerogels.
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Figure 4. FTIR spectra of BT samples calcined at: (a) 900 “C for 15 min and (b) BT powder after
thermal analysis up to 1200 “C.



27

3.1. Chemical Solution Deposition of Barium Titanate Thin Films with Ethylene Glycol as Solvent for

Barium Acetate

Molecules 2022, 27,3753

60f 17

2.2. Phase Composition, Microstructure and Properties of BT Thin Films

We spin-coated four BT solutions on platinized silicon substrates, dried and pyrolyzed
them at 250 °C for 2 min, and at 350 °C for 2 min, and annealed them at 800 °C. The
coating-heat treatment procedure was repeated four times. Multiple annealing steps were
introduced to enable crystallization of individually deposited layers with the thickness of a
few 10 nm via heterogeneous nucleation and, consequently, the formation of predominantly
columnar microstructure in agreement with earlier studies [27,28].

Figure 5 shows the XRD patterns of BT thin films. All films crystallize in the perovskite
phase (JCPDS 96-154-2141). We note that the peak of the (111) crystallographic plane
coincides with the (111) Pt peak of the substrate. In all films, the (110) peak is the most
intense, especially in the AcOH-MOE and EG-MOE; however, it should be noted that the
Pt (111) peak coincides with the BT (111) peak. A comparison of crystallite sizes calculated
from the (110) peak broadening using the Scherrer equation (see Supplementary Material,
Table S2) reveals almost two times larger values compared to the crystallite sizes of the
EG-EtOH and EG films, about 90 nm versus 55-60 nm.
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Figure 5. XRD diffraction patterns of BT thin films. The BT peaks are indexed according to the JCPDS
96-154-2141.

In Figure 6a—d, the plan-view and inset the cross-section micrographs of AcOH-MOE,
EG, EG-MOE, and EG-EtOH BT films are collected. The average thickness of all films is
about 100 nm, and the cross-section images reveal predominantly columnar microstruc-
tures. The plan-view images reveal dense microstructures with grains in the range of
50-100 nm across. However, in the AcOH-MOE and EG-MOE films, obvious intergranular
cracks are visible on the surface, which is not the case for the EG and EG-EtOH films. It
is worth mentioning that these four films were prepared under the same conditions, so
the cracks are presumably not associated with the material formulation, film thickness or
annealing, or phase-transition temperature-related thermal stresses. We speculate that the
cracks are due to the larger grain and crystallite sizes of the AcOH-MOE and EG-MOE
films (see Table 52 in Supplementary Material). In (Ba,Sr)TiO; thin films, the appearance
of intergranular cracks was related to the combined effects of increased grain size and
films thickness [6]. Local electrical measurements show that all these films are locally
ferroelectric/ piezoelectric active (see PFM images and local hysteresis loops in Supplemen-
tary Material, Figures S3 and S4). The dielectric permittivity and losses of the EG-EtOH
film measured at 1 kHz and room temperature were 495 and 0.2, respectively, while the
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i 104 nm

measurements of other films could not be reliably performed which we mainly attribute to
the presence of intergranular cracks.

500 nm

¢117nm

500 nm 500 nm

Figure 6. FE-SEM plan view and inset cross-section micrographs of: (a) AcOH-MOE, (b) EG-EtOH,
(¢) EG and (d) EG-MOE BT films deposited from corresponding coating solutions and annealed at
800 “C. The arrows on plan-view micrographs indicate intergranular cracks.

In the process of selecting the optimum EG-based coating solution formulation we
considered two arguments:

- The final temperature of the thermal decomposition of the xerogels was in the case of
EG and EG-MOE gels at about 1100 “C to ensure complete removal of carbonaceous
residues, while for the EG-EtOH gel the thermal decomposition was concluded at a
much lower temperature, about 700 °C, cf. Figures 2 and 3.

- Intergranular cracks developed in the EG-MOE film while the EG and EG-EtOH films
were crack-free.

In further work, we thus focused on the EG-EtOH films and compared them with the
AcOH-MOE films which served as reference.

Additionally, we increased the time of drying and pyrolysis steps of the EG-EtOH and
AcOH-MOE films from 2 min to 15 min so that we would ensure the complete removal
of residual organics. Namely, we observed that we needed quite long drying times of
coating solutions (12 h) to obtain reproducible thermal decompositions of xerogels, cf.
Figures 2 and 3. Furthermore, earlier reports on CSD of BT films indicated quite long times
for pyrolysis, for example, 7.5 min at 250 “C [29]. We prepared the films consisting of one
deposited layer only, and recorded FTIR patterns after the drying at 250 “C for 15 min,
pyrolysis at 350 “C for 15 min, and rapid-thermal annealing steps at 400 “C, 500 “C, 600 °C
and 700 °C. The acetate groups evidenced by the absorption bands at about 1430 cm ™! and
1580 cm ! for (COO-) symmetric and (COO-) asymmetric stretching vibrations could be
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identified in the dried and pyrolyzed films, see Figure 7, in agreement with [23]. In the
AcOH-MOE film, the band of the carbonate group was present upon heating to 600 °C,
and only at 700 °C did it disappear. The FTIR patterns of propionate-derived BT thin films
contained carbonate bands upon annealing to 650 °C while at 700 °C only metal-oxygen
bands were observed [7]. In the EG-EtOH film, the carbonates were decomposed between
500 and 600 °C, about 100 °C lower than in the AcOH-MOE films.
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Figure 7. FTIR of BT films at different temperatures prepared from: (a) AcOH-MOE and (b) EG-EtOH
solutions.

In Figure 8, XRD patterns of AcOH-MOE and EG-EtOH films prepared with 15 min
drying pyrolysis times and annealed at 800 °C, consisting of four deposited layers are
collected. The films crystallize in the perovskite phase (JCPDS 96-154-2141). We note that
the AcOH-MOE film is strongly (110) oriented. The crystallite size of the AcOH-MOE film is
91 nm, indicating only a slight increase compared to the film with shorter drying/pyrolysis
times (87 nm). A significant increase in the crystallite size is observed in the EG-EtOH film
if the drying/pyrolysis time increases from 2 to 15 min, namely from 59 nm to 76 nm (see
Table S1 in Supplementary Material).
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Figure 8. XRD patterns of AcOH-MOE and EG-EtOH BT films prepared with 15 min of drying
and pyrolysis times and annealed at 800 °C. The perovskite peaks are indexed according to JCPDS
96-154-2141.

The plan-view and cross-section microstructures of the AcOH-MOE and EG-EtOH
films are collected in Figure 9. In the surface microstructure of the AcOH-MOE film, some
intergranular cracks are observed, while the EG-EtOH film is crack-free. The grain size is
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50-100 nm in both cases. The cross-sections of about 100 nm thick films consist of predomi-
nantly columnar grains. In comparison with the films prepared with the short, 2 min drying
and pyrolysis steps, these films seem to have more pronounced columnar microstructures.

Figure 9. SEM plan-view micrographs of: (a) ACOH-MOE and (b) EG-EtOH films dried and
pyrolyzed for 15 min and annealed at 800 °C. Inset: cross-section microstructures. The arrows on the
plan-view micrograph in panel (a) indicate intergranular cracks.

A more detailed investigation of the AcOH-MOE and EG-EtOH films microstructure
was performed by transmission electron microscopy (TEM). In Figure 10a,b, the cross-
section microstructures of AcOH-MOE and EG-EtOH films, respectively, reveal predomi-
nantly columnar grains of about 50-100 nm across, in agreement with the SEM analysis.
Such microstructure formed as a result of sequential crystallization of individually de-
posited layers on top of pre-crystallized layers in the process of multistep annealing [27].
In some parts, we also observe smaller equiaxed grains. In Figure 10¢,d, the selected area
diffraction (SAED) patterns are shown together with the TEM images of the analyzed
regions. According to the diffraction data, grains in both films are preferentially [110] and
[111] oriented.

Local piezoelectric/ferroelectric properties of AcOH-MOE and EG-EtOH films were
investigated by PFM analysis. Figure 11a,b show the topography, PEM amplitude and
PFM phase images of 3 x 3 um? area scans of AcOH-MOE and EG-EtOH thin films. We
note that the topography (deflection mode) of both films agrees with the SEM micrographs
(Figure 9). From AFM height images it can be seen that AcOH-MOE and EG-EtOH films
are flat, with surface roughness values (Rq) of 2.1 nm and 2.0 nm, respectively. The peak-
to-valley values determined from the AFM height images shown in Figure 11 are 15.5 nm
and 17.9 nm. The PFM amplitude and phase images of both films show different contrast
under the applied voltage indicating the local piezoelectric/ferroelectric response. Local
PEM amplitude and phase hysteresis loops of AcOH-MOE and EG-EtOH samples show
the typical ferroelectric/piezoelectric behavior (see Figure 12a,b) indicating that both films
are locally ferroelectric.

The dielectric permittivity of the AcCOH-MOE film at 1 kHz and room temperature
is 536 while the value for the EG-EtOH film is 604, in both cases a slight decrease with
increasing frequency is observed. Both values agree with literature data for BT films with
similar grain sizes [29-32]. The dielectric losses are about 3.5% and 3% at 1 kHz in Figure 13.
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