Raport sintetic intermediar
(ianuarie 2019-decembrie 2019)

Etapa 1: Teorie si simulare; preparare tinte; crestere straturi epitaxiale feroelectrice; caracterizare
structurala si chimica a filmelor epitaxiale; caracterizare electrica a filmelor epitaxiale si a dispozitivelor
feroelectrice (ferotronice) associate

Activitati prevazute:

Act. 2.1

Denumire Activitate:

Modelarea proprietatilor electronice si a interfetelor cu electrozii in structuri feroelectrice.

Act. 2.2
Denumire Activitate:
Prepararea si caracterizarea primelor tinte de puritate inalta (nedopate).

Act. 2.3
Denumire Activitate:
Depunerea de filme nedopate, depunerea primelor structuri BFO/BCO.

Act. 2.4
Denumire Activitate:
Caracterizare structurala si chimica avansata a _Imelor/structurilor depuse.

Act. 2.5

Denumire Activitate:

Caracterizare electrica pentru a pune in evidenta legatura dintre defectele intrinseci si proprietatile
macroscopice.

Act. 2.6
Denumire Activitate:
Raportare, publicare, prezentari conferinte.

Rezultatele obtinute sunt prezentate, in continuare, mai in detaliu, cu mentiunea ca cele care au fost
publicate deja vor fi prezentate in rezumat, cu lucrarea atasata in anexe.

Act. 2.1

Denumire Activitate:

Modelarea proprietatilor electronice si a interfetelor cu electrozii in structuri feroelectrice.

Activitati la INCDFM, echipa coordinator si echipa P1.

Activitatile au constat in:

- Modelarea unei structuri metal-feroelectric-metal (MFM) de tip SrRuO3-PbTiO3-SrRuO3
(SRO-PTO-SRO) folosind metoda DFT si calcule ab-initio. S-a urmarit efectul interfetelor
asupra stabilitatii polarizarii spontane feroelectrice. S-a evidentiat faptul ca polarizarea
spontana reversibila sub actiunea unui camp electric extern este stabila pentru grosimi ale
stratului de PTO mai mari de aproximativ 2 nm (5 constante de retea). Sub aceasta grosime
polarizarea dispare pentru ca interfetele induc stari in banda interzisa, care duc la
acumulare de sarcina ce destabilizeaza faza feroelectrics. Rezultatele au fost publicate in
New Journal of Physics (vezi anexa 1 la raport)

- Calcule teoretice privind dopajul de tip p.
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- Studiu experimental si teoretic al blantei intre lucrul de extractie si starea de polarizare in
stabilirea inaltimii barierei Schottky la contactul intre Cu si feroelectric. S-a constatat ca
inaltimea barierei de potential depinde nu numai de diferenta intre lucrul de extractie in Cu
si in feroelectric, ci si de orientarea polarizarii feroelectrice. De asemenea, mecansimul de
compensare a campului de depolarizare difera in functie de grosimea stratului de Cu, fiind
intrinsec pentru grosimi de pana la 3 nm Cu, cu generare de vacante de oxigen donoare in
feroelectric, si extrinsec pentru grosimi mai mari de 3nm Cu, cu compensare pe baza de
sarcini electronice din metal. Rezultatele au fost publicate in Applied Surface Science
(anexa 2 la raport).

Aditional la cele prezentate mai sus, a fost elaborata o metoda de selectie a valorii corecte a
polarizarii in modelarile first principle cuplate cu faza Berry. Rezultatele au fost publicate in
Modelling and Simulation in Materials Science and Engineering (anexa 3 la raport).

Act. 2.2

Denumire Activitate:

Prepararea si caracterizarea primelor tinte de puritate inalta (nedopate).
I.1. Memoriu justificativ

Materialele de tip PZT sunt intens studiate datoritd excelentelor proprietati, dielectrice,
feroelectrice si piezoelectrice, ceea ce le face utilizabile intr-o gama diversa de aplicatii apartindnd micro-,
nano si opto-electronicii, precum senzori si actuatori, diverse tipuri de traductori, filtre, etc.
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Fig. I.1. Proprietati si aplicatii ale ceramicilor de tip PZT.

Lucrarea de fata are in vedere analiza unor compozitii feroelectrice in sistemul PbTiOz — PbZrOs,
propunandu-si un studiu comparativ al caracteristicilor morfo-structurale ale unor ceramici de tip PbZri.
xTixO3 (PZT) (x = 0,2 — 0,8) obtinute prin sinterizare conventionald si stabilirea de corelatii complexe
compozitie - procesare - structura cristalind - microstructur - sinterabilitate.

Principalele obiective ale studiului sunt:

®» sinteza unor pulberi de tip PZT prin varianta "acetat" a metodei sol-gel;



®  studiul mecanismului de formare al solutiilor perovskitice de tip PZT din precursorii gelici obtinuti
pe ruta sol-gel;

® claborarea prin sinterizare conventionald a unor ceramici PZT derivate din pulberile sintetizate;
® caracterizarea compozitionald, structurald si microstructurald a materialelor obtinute.

I.2. Alegerea compozitiilor si procedura experimentala

I.2.1. Alegerea compozitiilor

Compozitiile selectate in vederea cercetarii sunt solutii solide ce apartin sistemului pseudo-binar
PbZrO; — PbTiOs din cadrul sistemului ternar PbO — ZrO, — TiO,. Plasarea compozitiilor analizate in
sistemul ternar mentionat este prezentata in Fig. 1.2.
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Fig. 1.1. Plasarea compozitiilor selectate si analizate in sistemul ternar PbO — ZrO, — TiOs.

1.2.2. Procedura experimentala
L.2.2.1. Prepararea pulberilor si a ceramicilor aferente de PZT

Pulberile de zirconat titanat de plumb PbZri,TixOsz (x = 0,8; 0,6; 0,4 si 0,2) au fost preparate
folosind ruta "acetat" a metodei sol-gel, pornind de la: acetat de plumb (Pb(CH3CO>), - 3H.0, puritate ACS
>99,99%, Sigma-Aldrich), izopropoxid de titan (Ti(OCsHy)4, solutie 97% Tn 2-propanol, Sigma-Aldrich),
propoxid de Zr (Zr(OCH,CH2CHs)s, solutie 70wt. % in 1-propanol, Sigma-Aldrich), acid acetic
(CH3CO-H, 99%, Sigma-Aldrich), izopropanol ((CH3).CHOH, 99,5%, Aldrich) si acetilacetona
(CH3COCH2COCHS3, >99%, Aldrich). Acetatul de plumb a fost solubilizat in apa distilata si acid acetic,
obtindndu-se o solutie de concentratie 1M.



Separat, se preparad o solutie de propoxid de Zr si izopropoxid de Ti care se solubilizeaza in 2-
propanol la 100°C sub agitare magnetica timp de 30 minute. Se adauga acetilacetona, ca stabilizator, atat
in solutia de acetat de Pb, cat si in solutia mixta de propoxid de Zr si izopropoxid de Ti. Solutia de acetat
de Pb se adauga peste solutia mixta de (Zr+Ti), constatindu-se o modificare a culorii solutiei initiale care
devine tot mai limpede pe masura ce se adauga acetatul de plumb. Astfel, se obtine o solutie clara, de
culoare galbena, care se incalzeste pe plitd, sub agitare magnetica la 80°C timp de 2 ore, pana cand aceasta
se transforma in gel. Gelul galben-maroniu obtinut se supune unui tratament termic la 100°C timp de 6 ore
pana cand acesta se transforma in pulbere precursoare. Tratament termic final in vederea obtinerii pulberilor
oxidice de tip PZT s-a realizat Tn aer, la temperaturile de 700, respectiv 800°C, timp de 2 ore, cu viteza de
incélzire de 5°C/min.

Din pulberile oxidice obtinute au fost elaborate ceramici, prin sinterizare conventionald. Tn acest
scop, pulberile oxidice de PZT au fost introduse intr-o matrita de otel, cu diametrul de 13 mm si presate
uniaxial, la o presiune de 160 MPa, cu ajutorul unei prese manuale. Pastilele crude rezultate au fost supuse
tratamentului termic de sinterizare. In vederea analizirii efectului temperaturii de ardere asupra
caracteristicilor ceramicilor rezultate, sinterizarea conventionala s-a realizat Tntr-un cuptor electric de tip
camera, in aer, la trei temperaturi diferite, si anume, 1000, 1100 si 1200°C, cu palier de mentinere la
temperatura maxima de 2 ore, pentru toate cele 3 temperaturi mentionate. De asemenea, pentru a evalua si
influenta duratei de palier asura sinterabiltdtii si microstructurii corpurilor ceramice, pentru probele
sinterizate la temperatura de 1000°C s-a aplicat si un palier de 4 ore. Viteza de incilzire a fost de 10°C/min,
iar racirea a fost lentd, la viteza normala de racire a cuptorului. Este de mentionat faptul ca, in vederea
conservdrii stoechiometriei nominale, pastilele crude au fost acoperite cu pulbere PZT si introduse in
creuzete cu capac, pentru ca in timpul sinterizarii sa se creeze o atmosferd saturatd in vapori de Pb,
evitatandu-se astfel migrarea ionilor de Pb din retea in atmosfera de ardere.

1.2.2.2. Caracterizarea precursorilor gelici, a pulberilor oxidice si a ceramicilor de PZT

in vederea evaluarii gradului de cristalinitate a precursorilor, precum si a compozitiei fazale
(puritatii fazei perovskitice) in pulberile oxidice finale si in ceramcile de PZT au fost efectuate masuratori
difractometrice cu ajutorul unui difractometru SHIMADZU XRD 6000, utilizand radiatie CuK[' ("1[1=
1.5418 A) si filtru de Ni. Analizele au fost efectuate, in intervalul de ubghiuri de difractie 271 = 20 — 80°,
cu incresemnt al pasului de scanare de 0.02° si timp de numarare de 10 sec./pas. Pentru determinarea
factorilor structurali (parametrii de retea, volumul celulei elementare, dimensiunea de cristalit si
microtensiunile interne) a fost utilizat formalismul Rietveld.

Mecanismul de formare al solutiilor solide perovskitice de tip PZT din precursorii gelici a fost
monitorizat prin metode de analizd termicad (calorimetrie diferentiald si termogravimetrie) cuplate cu
spectroscopie FTIR in situ a gazelor degajate in functie de temperatura. Analiza termica s-a realizat cu
ajutorul unui echipament STA Netzsch Jupiter F3, conectat cu un spectrometru FTIR Bruker Tensor 27, n
atmosfera statica de aer, cu viteza de 10 K/min, in intervalul de temperaturd 20 — 900°C. Spectrele FTIR au
fost colectate pentru domeniul de frecventa 400 — 4500 cm™. intrucat spectrele FTIR se inregistreaza in
mod continuu, se obtin suprafate 3D care pot fi sectionate la orice temperatura pentru a vedea cum arata
spectrul gazelor emise in acel moment.

Morfologia pulberilor si ceramicilor de PZT, precum si dimesniunea medie de particula/ granula
au fost determinate prin tehnici de microscopie electronica (FE-SEM, TEM, HR-TEM), cu ajutorul unui
microscop electronic de baleiaj FEI QUANTA INSPECT F, cuplat cu spectroscopie de energie dispersiva a
razelor X (EDX), in vederea verificarii compozitiei chimice elementale (cantitativa si calitiativa), precum
si prin intermediul unui microscop electronic de transmisie TecnaiTM G2 F30 S-TWIN, cuplat cu analiza
de difractie de electroni pe arie selectionatd (SAED) pentru evaluarea gradului de cristalinitate.



Pe probele rezultate in urma sinterizarii prin cele doua tehnici, in diferite conditii, s-au determinat:
proprietatile ceramice: densitatea aparenta (prin metoda hidrostatica (Archimedica)) si porozitatea aparenta
(deschisd). Aceste caracteristici au permis estimarea aptitudinii la sinterizare (sinterabilitatea)
corespunzatoare compozitiilor considerate.

Schema de preparare si caracterizare a materialelor de tip PZT este prezentata in Fig. 1.3.
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Fig. 1.2. Schema de preparare si caracterizare a precursorilor, pulberilor si ceramicilor de PZT.



1.3. Caracterizarea precursorilor gelici

Pulberile precursoare obtinute in urma sintezei sol-gel au culoare diferita, si anume, galbuie in cazul
compozitiei 1, cu proportie maxima de titan (x = 0,8), alb-cenusiu in cazul compozitiilor 2 si 3 (x = 0,6 si
0,4) si galbui deschis, in cazul compozitiei 4 cu proportie maxima de Zr (Fig. [.4).

Pulberi precursoare (Pb, Ti, Zr)
x=0.8 x=0.6 x=0.4 x=0.2

Fig. 1.4. Pulberile precursoare de (Pb, Zr, Ti) rezultate Th urma sintezei sol-gel pe ruta "acetat".

1.3.1. Compozitia fazala a precursorilor

Difractia de raze X efectuatd pe precursori evidentiazd prezenta fazelor perovskitice bine
cristalizate de tip PZT, decelate dupa ricirea la 100°C timp de 6 ore a pulberilor rezultate Th urma sintezei
sol-gel (Fig. 1.5).
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Fig. 1.5. Difractogramele inregistrate la temperatura camerei, corespunzatoare pulberilor precursoare



de (Pb, Zr, Ti).

Compozitiile cu concentratie maxima de Ti, respectiv de Zr (PZT1 si PZT4) sunt monofazice, in
timp ce, In precursorii de compozitie PZT2 si PZT3 cu x = 0,6 si respectiv x = 0,4, se identificd PbO ca
faza secundara. Toate probele mentionate contin si o oarecare proportie de faza amorfa, fapt demonstrat de
fondul mai Tnalt al difractogramelor (Fig. 1.5).

1.3.2. Comportarea termica a precursorilor si mecanismul de formare al fazelor perovskitice

A fost analizatd comportarea termica a precursorilor cu proportie maxima de Zr, i respectiv cu
proportie maxima de Ti (compozitiile 1 si 4). Probele au o comportare termica destul de diferita. in cazul
precursorlui 1, reziduul obtinut Tn urma analizei termice este galben mai inchis, in timp ce in cazul
precursorului 4, reziduul este galben mai deschis.

Pulberea precursoare 1, cu proportie maxima de Ti, prezinta o usoara pierdere de maséd pana la
temperatura de 267°C (0,71% péna la 180°C si 0,51% intre 180 — 267°C (Fig. 1.6). Efectul termic care
insoteste aceasta pierdere de masa este endoterm, cu minim la 132,6°C. Cel mai probabil procesul poate fi
atribuit eliminarii unor molecule de solvent si grupari -OH ramase pe suprafata particulelor. intre 267 —
400°C are loc principala pierdere de masa de 1,97%, Insotitd de doua efecte slab exoterme cu maxime la
306 si 366°C. Cel mai probabil acestea pot fi atribuite unor resturi de compusi organici (grupari acetat,
agent complexant adaugat in cursul sintezei). Fiind vorba de efecte exoterme acestea por fi atribuite
combustiei (arderii) acestor resturi organice. Dupa aceastd combustie, Tn intervalul 400 — 540°C are loc
arderea resturilor carbonice (in general substantele organice lasa in urma arderii un reziduu carbonic, care
apoi este oxidat la CO;), simultan cu cresterea cristalinitatii structurii perovskitice corespunzatoare solutiei
solide PbZrq2TiogOs. Si in acest interval, pe curba DSC exista doud efecte exoterme slabe, cu maxime la
442 si 495°C. Pe diagrama 3D FTIR se observa exact cd cele patru maxime exoterme corespund unor
maxime ale concentratiei de CO; (Fig. 1.7).
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Fig. 1.6. Curbele de analiza termica corespunzitoare precursorului 1,



cu concentratie maxima de titan.

In ultima etapa, 540 — 900°C are loc o crestere de masa de 0,95%. Aceasta poate fi atribuitid unui
proces de reoxidare a unor ioni Ti** rezultati ca urmare a unui proces de reducere partiald a ionilor Ti*" Tntr-
o etapa anterioard a tratamentului termic, ca o consecintd a contactului cu masa carbonica (Fig. 1.6). Cu
toate acestea, din cauza faptului ca acest proces de reoxidare se produce lent, intr-un inverval larg se
temperaturd, efectul termic exoterm aferent pe curba DSC este foarte aplatizat si se lasa doar ghicit, acesta
fiind ecranat si de evoluitia crescdtoare a curbei DSC la temperaturi mai mari de 600°C, din cauza
modificarii capacitatii calorice a probei (Fig. 1.6).
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Fig. 1.7. Spectre FTIR in situ, corespunzatoare gazelor emise in timpul descompunerii
precursorului 1.

In ceea ce priveste pulberea precursoare 4, cu concentratie maxima de Zr, aceasta prezinti o usoara
pierdere de masa pana la 237°C (2,03% pana la 184°C si 0,61% intre 184 — 237°C. Efectul termic care
insoteste aceastd pierdere de masa este endoterm, cu minim la 79,5°C. Cel mai probabil procesul reprezinta,
ca si in cazul probei 1, eliminarea unor molecule de solvent si grupari -OH adsorbite pe suprafata
particulelor (Fig. 1.8).

Tntre 237 — 448°C are loc principala pierdere de masa ce se produce, de asemenea in doud trepte
(2,96% péana la 337°C si 3,34% 1n intervalul 337 — 448°C, tinand seama de faptul ca existd un punct de
inflexiune, care indica etape distincte de oxidare). Pierderea de masa este insotitd de doud efecte slab
exoterme, cu maxime la 257 si 297°C, care pot fi atribuite oxidarii unor resturi de compusi organici. in
intervalul 448 — 587°C are loc arderea resturilor carbonice. Si in acest caz, pe curba DSC se semnaleaza
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prezenta a doud efecte exoterme, mult mai intense, partial suprapuse, cu maxime la 500 si 546°C. Aceste
procese decurg simultan cu desdvarsirea edificiului cristalin al fazei perovskitice corespunzatoare solutiei
solide PbZrosTio203. In intervalul 587 — 668°C existi o usoari crestere de masa, de 0,21%, datorata oxidarii
ionilor de titan care au fost redusi in prezenta C/CO in etapa anterioard. Procesul este insotit de un mic efect
exoterm cu maxim la 662°C. Tntre 668 — 900°C are loc ultimul proces exoterm de descompunere osidativa,
pierderea de masa fiind de 1,05% (Fig. 1.8).

Siin cazul precursorului 4, pe diagrama 3D FTIR se observa prezenta celor patru maxime exoterme
corespunzatoare unor maxime ale concentratiei de CO; (Fig. 1.9).
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Fig. 1.8. Curbele de analiza termica corespunzitoare precursorului 4,

cu concentratie maxima de zirconiu.
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Fig. 1.9. Spectre FTIR insitu, corespunzatoare gazelor emise in
timpul descompunerii precursorului 4.

Studiul comparativ al comportarii termice corespunzatoare precursorilor cu concentratiec maxima
de titan, respectiv zirconiu, indica faptul cd o crestere a concentratiei de Zr implicd o pierdere mai
importantd de masa si o deplasare a proceselor exoterme principale de combustie catre temperaturi mai
ridicate, datorita refractaritatii mai ridicate a PbZrO3z (Topire = 1570°C), cu pondere majorotara in compozitia
4 (PbZrogTio203), fata de PbTiOs (Tropire = 1281°C), cu pondere majoritara in compozitia 1 (PbZro2TiogOs3)
(Fig. 1.10).

in ambele cazuri, pierderea de masa destul de redusi, indicd faptul ca scheletul perovskitic al
solutiilor solide de tip PZT era deja bine format inca de la faza de precursori, asa cum a dovedit si analiza
difractometrica. Pierderea de masa de ~ 14%, mai mare in cazul precursorului 4 cu concentratie maxima
de Zr sugereaza faptul ca porportia de faza amorfa a fost mai ridicata in aceastd proba, fata de pulberea
precursoare 1, cu concentratie maxima de Ti, care a inregistrat o pierdere de masa de doar ~ 3%.

10



TG % DSC (mW/mg)

100 /‘\ 1 exo
/ \ whl2
/ )
\ Vi
98 / \ Y /‘
/ \ —Lil10
\ /
M //
/
% i
[1] PZT_L.ngb-ds3 47 08
TG Y
DSC 47
o4 [2] PZT_4.ngb-ds3 i 06
TG ///
———————————————————————————— DSC /
92 / "
90 ) _ 0.2
/
S
i 0.0
88 A 7z
AN /
N>~S—
\\_ P — at02
86

100 200 300 400 600 700 800

500
Temperature /°C

Fig. 1.10. Prezentarea comparativa a curbelor de analiza termica pentru precursorii cu compozitia 1, si
respectiv, cu compozitia 4.

De asemenea, este de remarcat faptul ca procesul de reoxidare a ionilor Ti** la Ti** este mult mai
evident pe curba TG a precursorului 1 decét pe cea corespunzitoare precursorului 4, datorita continutului
mult mai ridicat de Ti din precursorul 1 (x = 0.8) fatd de precursorul 4 (x =0,2).

I.4. Caracterizarea pulberilor de tip Pb(Zr,Ti)Os (PZT)
1.4.1. Compozitia fazala a pulberilor sol-gel de PZT

Din punct de vedere al compozitiei fazale se constatd ca, indiferent de temperatura de
tratament termic utilizata (700, respectiv 800°C), ceramicile PZT obtinute sunt monofazice. Astfel,
difractogramele din Fig. .11 si 1.12 evidentiaza prezenta principalelor maxime de difractie corespunzatoare
solutiilor solide perovskitice de tip PZT cu structura tetragonala (grup spatial PAmm), pentru compozitiile
cu proportie mai redusa de zirconiu, PbZro 2 TiogOs si PbZro4TiosOs (Fig. 1.11(a), (b) si Fig. 1.12(a), (b)), cu
structurd romboedrica (grup spatial R3m) pentru compozitia PbZrosTi0403 (Fig. I.11(c) si Fig. 1.12(¢)) si,
respectiv, cu structurd monoclinica (grup spatial Cm) pentru compozifia cu continutul cel mai ridicat de
zirconiu (Fig. 1.11(d), Fig. 1.12(d)).
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Fig. 1.11. (a) Difractogramele inregistrate la temperatura camerei, corespunzitoare pulberilor de tip
PbZrTixO3 (PZT) obtinute pe ruta "acetat" a metodei sol-gel si procesate termic la 800°C timp de 2 ore:
(a)x=0,8; (b) x=10,6; (c) x=0,4si (d) x=0,2.

1.1.3. Caracteristici morfologice ale pulberilor sol-gel de PZT

Pulberea de compozitie PbZr1xTixOz Cu Continut maxim de titan (x = 0,8) este alcatuitd din
formatiuni poliedrale, neregulate din punct de vedere al formei, cu dimensiuni de ordinul 200 - 300 nm, asa
cum evidentiaza imaginea TEM de marire mai mica din Fig. 1.12(a). Imaginea TEM de marire mai mare
din Fig. I.12(b) indica faptul ca, aceste formatiuni nu sunt particule individuale, ci conglomerate de particule
primare, mici, poliedrale, omogene din punct de vedere dimensional si morfologic, cu dimensiuni de 13 -
25 nm. Aceeasi morfologie duplex este prezentata si de pulberile de PZT cu continut mai ridicat de Zr (x =
0,6 si x =0,4) (Fig. 1.13(a) si Fig. 1.14(a)). Tendinta de aglomerare creste cu cresterea concentratiei de Zr
in solutia solida perovskitica de tip PZT, astfel cd, pentru pulberile de compozitie PbZrosTi04O03 si
PbZroTi0203, cu proportiile cele mai mari de Zr, se constata aparitia unor blocuri dense, partial sinterizate,
de dimensiuni la scarda micronica (2 - 6 [1m), alcatuite din granule poliedrale foarte bine sudate intre ele, cu
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dimensiuni de de 350 - 550 nm (Fig. 1.14(b) si Fig. 1.15(a)). Si in aceaste pulberi, se observa, de asemenea,
prezenta unor particule primare izolate, cu dimensiuni ce se mentin la scard nanometrica (~ 22 - 45 nm),
dar usor mai mari in comparatie cu dimensiunea particulelor primare din pulberile PZT cu concentratie mai
redusd de Zr (Fig. 1.15(b)).

Toate pulberile de tip PZT analizate sunt constituite din particule bine cristalizate. Gradul ridicat
de cristalinitate este relevat atat de imaginea de microecopie de transmisie de inalta rezolutie (HRTEM) din
Fig 1.13(c), care evidentiaza prezenta franjelor ordonate la lunga distantd, precum si de imaginile de
difractie de electroni pe arie selectionatd (SAED) din Fig. 1.12(c), 1.13(c), 1.14(c) si 1.15(c)), care indica
spoturi luminoase ce formeaza inele concentrice, specifice diverselor plane cristaline ale particulelor de
PZT cu diferite orientari.

(b) (c)

Fig. 1.12. (a), (b) Imagini TEM la diverse mariri pentru pulberea de PbZro,TiogO3 preparata prin metoda
sol-gel si tratata termic la 800°C timp de 2 ore; (c) imagine de difractie de electroni pe arie selectionata
(SAED).

20 1/nm

(@) (b) (©)

Fig. 1.13. (a), (b) Imagine TEM si, respectiv HRTEM pentru pulberea de PbZro4TiosO3 preparata prin
metoda sol-gel si tratata termic la 800°C timp de 2 ore; (¢) imagine de difractie de electroni pe arie
selectionatd (SAED).
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(@) (b) (©

Fig. 1.14. (a), (b) Imagini TEM la diverse mariri pentru pulberea de PbZroeTio4O3 preparata prin metoda
sol-gel si tratata termic la 800°C timp de 2 ore; (¢) imagine de difractie de electroni pe arie selectionata
(SAED).

20 1/nm

|
(@) (b)

Fig. 1.15. (a), (b) Imagini TEM la diverse mariri pentru pulberea de PbZrogTio O3 preparata prin metoda
sol-gel si tratata termic la 800°C timp de 2 ore; (¢) imagine de difractie de electroni pe arie selectionata
(SAED).

1.5. Caracterizarea ceramicilor de tip Pb(Zr, Ti)Os (PZT)
L.5.1. Caracteristicile ceramicilor de PZT obtinute prin sinterizare conventionala

Din pulberile oxidice obtinunte au fost elaborate corpuri ceramice prin sinterizare conventionald in
diferite conditii de temperatura si palier (1000°C / 2 ore, 1000°C / 4 ore, 1100°C / 2 ore si 1200°C / 2 ore),
urmarindu-se efectul temperaturii de tratament termic si al duratei de palier asupra compozitiei fazale,
gradului de cristalinitate si microstructurii ceramicilor obtinute. Ceramicile obtinute prin sinterizare
conventionald sunt prezentate in Fig. 1.16.
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Ceramici PbZr,,Ti,O; sinterizate conventional
PZT1 PZT2 PZT3 PZT4
x=0.8 x=0.6 x=04 x=0.2

-

000:C/40rc (R
e U @ \ 4 @

1000°C / 2 ore » : ‘ -

1100°C / 2 ore <_ ;" )

1200:C /2 ore . £ .

Fig. 1.16. Ceramicile de tip PZT obtinute in urma sinterizarii conventionale, in diferite conditii de
temperatura si palier de ardere.

Din punct de vedere al culorii, se constata faptul ca, ceramicile obtinute prezintd o nuanta ce variaza
de la gélbui la cenusiu, pe masura ce proportia de titan creste in detrimentul celei de zirconiu in solutiile
solide de PZT tratate termic in intervalul 1000 - 1100°C. De asemenea, indiferent de compozitie, cresterea
duratei de palier, si, mai ales, a temperaturii de sinterizare duce la obtinerea unor ceramici de nuantd mai
inchisa. Astfel, pentru ceramicile sinterizate la 1200°C timp de 2 ore, culoarea variaza de la ocru inchis,
pentru proba cea mai bogata in Zr (x = 0,2), la brun-cenusium pentru proba mai bogata in Ti (x = 0,8) (Fig.
l. 16).

L.5.1.1. Comporzitia fazald

Toate ceramicile obtinute prin sinterizare conventionald sunt monofazice, constind din fazele
perovskitice de tip PZT, cu structurd ce variaza (ca si in cazul pulberilor oxidice din care provin) de la
simetria tetragonala a celulei elementare specifica PbTiOs3, in cazul compozitiilor 1 si 2 bogate in titan, catre
simetria romboedrica si, respectiv, monoclinica, pentru compozitiile 3 si 4, bogate in zirconiu (Fig. 1.17(a)-

(d)).

Se constatd cd atat cresterea temperaturii de tratament termic, cat si a duratei de palier contribuie
la desavarsirea edificiului cristalin (cresterea gradului de cristalinitate) al solutiilor solide perovskitice de
tip PZT (Fig. 1.17(a)-(d)).

In cazul reprezentirii comparative a difractogramelor probelor de compozitie diferitd (cu raport
Zr/Ti diferit), se observa ca, odata cu integrarea izomorfa a Zr (cresterea concentratiei de Zr) in structura
perovskitica, indiferent de simetria celulei elementare, picurile de difractie caracteristice sunt deplasate
catre unghiuri de difractie 277 din ce in ce mai mici, agsa cum este reprezentat cazul ceramicilor sinterizate
la 1200°C, timp de 2 ore (Fig. 1.18(a), (b)).
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Fig. 1.17. Difractogramele inregistrate la temperatura camerei, corespunzitoare ceramicilor de tip PbZr.
«TixOs sinterizate conventional in diferite conditii: (a) x = 0,8; (b) x = 0,6, (¢) x = 0,4 si (d) x =0,2.
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Fig. 1.18. (a) Difractogramele ceramicilor de PZT rezultate in urma sinterizarii conventionale la
temperatura de 1200°C timp de 2 ore si (b) detaliu al domeniului de unghiuri de difractie 271 = 30 — 33°
(dreptunghiul galben din Fig. 1.18(a)) care indica evolutia maximului de difractie de 100% in functie de
proportia de Zr din structura ceramicilor PZT.

1.5.2. Microstructura

Ceramica de compozitie PbZro2TiogOs rezultatd in urma sinterizarii la 1000°C, timp de 2 ore
prezintd o microstructurd destul de densa, uniforma, alcatuita din granule poliedrale cu limite granulare
continue, bine definite si cu Tmbinari aproape perfecte la punctele de jonctiune tripla, ceea ce indica un grad
avansat de sinterizare. Distributia granulometricd este monomodala, mai larga , grauntii cristalini
prezentand dimensiuni intre 1 - 6 ['m (Fig. 1.19(a)). Cresterea continutului de Zr de la x = 0,2 la x = 0,4
conduce la o rafinare microstructurald. Microstructura se mentine uniforma, iar distributia granulometrica
este, de asemenea, monomodald, dar dimensiunea granulelor scade la in domeniul 0,7 - 2.5 ['m. Se constata
aparitia unei porozitati reziduale la limitele granulare (Fig. 1.19(b)).
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det HV mag & 18 WD - 10 um « det HV mag 3 18 WD - 10 pm
ETD 30.00 kV 10 000 x 12. PM 9.2 mm CNpSA www.foodsafety.u ETD 30.00 kV 10 000 x 11 AM 9.4 mm CNpSA www.foodsafety.upb.ro

(c) (d)

Fig. 1.19. Imagini SEM ce releva microstructura ceramicilor de tip PbZr1xTixO3 derivate din pulberi sol-
gel si sinterizate la 1000°C timp de 2 ore: (a) x = 0,8; (b) x =0,6; (c) x = 0,4 si (d) x =0,2.

Tendinta de scadere a dimensiunii granulare i de crestere a cantitatii de porozitate intergranulara
se manifesta cu cresterea In continuare a concentratiei de Zr la x = 0,6 si, respectiv la x = 0,8 (Fig.
1.19(c),(d)). Astfel, ceramicile de compozitiec PbZrogTiosOz si, respectiv PbZrogsTio20s prezinta
microstructuri uniforme din punct de vedere al formei si dimensiunii granulelor, dar sunt mult mai poroase
si mai fin granulate, dimensiunea granulelor situandu-se in domeniul submicronic (0.4 - 0.8 'm) (Fig.

1.19(c),(d)).

Cresterea palierului de sinterizare de la 2 la 4 ore, in conditiile mentinerii temperaturii de sinterizare
de 1000°C, nu determina modificari esentiale din punct de vedere al dimensiunii medii granulare, in schimb
contribuie la cresterea tendintei de densificare, in special in cazul compozitiilor bogate in Zr (PZT3 si PZT4)

(Fig. 1.20(a)-(d)).

det| HV mag WD
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Fig. 1.20. Imagini SEM ce releva microstructura ceramicilor de tip PbZr1xTixO3 derivate din pulberi sol-
gel si sinterizate la 1000°C timp de 4 ore: (a) X = 0,8; (b) x =0,6; (¢) x=10,4 si (d) x =0,2.

Cresterea temperaturii de tratament termic la 1100°C determina densificarea ceramicilor, simultan
cu intensificarea procesului de crestere granulara prin mecanisme difuzionale, indiferent de raportul Zr/Ti
din compozitiile analizate (Fig. 1.21(a)-(d)). Astfel, chiar daca tendinta de scddere a dimensiunii medii
granulare se manifestd si In acest caz pe mésura ce creste proportia de Zr, porozitatea intergranulara este
foarte scazuta chiar si in cazul ceramicii cu proporfie maxima de Zr (Fig. 1.21(d)).

det HV mag 18 WD - 10 pm det HV  mag 5/2/2018 WD 10 um
ETD 30.00 kV 10 000 x 2! PM 10.3 mm CNpSA w.foodsafety.upb.ro ETD 30.00 kV/10 000 x 2:27:57 PM 10.2 mm CNpSA www.foodsafety.upb.ro

(@) (b)
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(c) (d)

Fig. 1.21. Imagini SEM ce releva microstructurd ceramicilor de tip PbZr1xTixO3 derivate din pulberi sol-
gel si sinterizate la 1100°C timp de 2 ore: (a) x = 0,8; (b) x =0,6; (¢c) x = 0,4 si

(d)x=0,2.

Cresterea in continuare a temperaturii de tratament termic la 1200°C determind cresterea
dimensiunii medii granulare, precum si a densificéarii materialelor ceramice, indiferent de proprotia de Zr
din compozitia PZT. Se mentine tendinta de scadere a dimensiunii medii granulare odatd cu cresterea
proportiei de Zr (Fig. 1.22(a)-(d)). In toate cazurile distributia granulometrici tinde citre una de tip
monomodal, dar destul de larga.

Variatia dimensiunii medii granulare In functie de gradul de substitutie x pentru diversele conditii
de sinterizare este prezentatd in Fig. [.23.
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- - 10 pm det HV  mag WD -
ETD 30.00 kV 10 000 x 10.2 mm CNpSA www.foodsafety.upb.ro ETD 30.00 kV 10 000 x 10.2 mm CNpSA www.foodsafety.upb.ro
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(c) (d)

Fig. 1.22. Imagini SEM ce releva microstructurd ceramicilor de tip PbZr1xTixO3 derivate din pulberi sol-
gel si sinterizate la 1200°C timp de 2 ore: (a) x =0,8; (b) x =0,6; (¢c) x =0,4 si (d) x =0,2.
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Fig. 1.23. Variatia dimensiunii medii granulare in functie de proportia de Ti in ceramicile PZT sinterizate
conventional in diferite conditii

1.5.3. Sinterabilitatea

Observatiile de microscopie electronica de baleiaj sunt sustinute de valorile proprietatilor ceramice
(Fig. 1.24(a), (b)). Astfel, se constata ca atat o temperatura de sinterizare mai ridicatd la un palier constant
de 2 ore, cat si un palier mai indelungat (de 4 ore) in conditiile mentinerii unei temperaturi de sinterizare
constante (1000°C) determina densificarea superioara a materialului ceramic prin eliminarea porozitatii de
tip intergranular. Prin urmare, cresterea palierului si tremperaturii de sinterizare va conduce la cresterea

21



valorii de densitate aparenta, respectiv la scaderea porozitatii aparente (Fig. 1.24(a), (b)). Este de mentionat
faptul ca o crstere a proportiei de Zr determina valori mai scazute ale densitatii aparente, respectiv, valori
mai ridicate ale porozitatii aparente pentru toate conditiile de sinterizare analizate. Tindnd seama de faptul
ca densitatea aparenta este o rezultantd a doud componente: (i) densitatea structurald, care crestere cu
cresterea proportiei de Zr datoritd masei atomice mai mari a acestuia fatd de cea a Ti pe care il substituie si
(ii) densitatea microstructurala, care determina scaderea valorilor de densitate cu crestere a porportiei de Zr
din cauza refractaritatii acestuia, reiese faptul ca densitatea microstructurala prevaleaza, evolutia valorilor
densitatii aparente indicand efectul nefavorabil pe care il prezinta cresterea proportiei de Zr in solutia solida
de tip PZT.

Este de sublinat faptul ca ceramica cu proportie maxima de Ti, descrisa de formula
PbZro,TiosO3 obtinuti in urma sinterizairii in aer 1a 1200°C timp de 2 ore prezinti o densitate relativa
apropiata de cea teoretica (0, = 98,9 %).

Ceramici PZT sinterizate conventional Ceramici PZT sinterizate conventional
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Fig. 1.24. Variatia proprietatilor ceramice in functie de proportia de Ti in materialele de tip PZT
sinterizate conventional in diferite conditii: (a) densitatea aparenta si (b) porozitatea aparenta.

1.6. Concluzii

Au fost sintetizate pe ruta acetat a metodei sol-gel pulberi de compozitie PbZr1xTixOz (PZT) (X =
0,2-0,8).

Toate pulberile preparate sunt bine cristalizate, monofazice, unica faza decelatd fiind cea
perovskitica, corespunzatare solutiilor solide de tip PZT;

Pulberile de PZT cu continut mai redus de Ti au prezentat o structurd tetragonald, caracteristica
PbTiOs, in timp ce pulberile mai bogate in Zr prezinta structurd monoclinica;

Pulberile mai bogate in Ti prezintd o morfologie duplex datorita tendintei de aglomerarea a unor
cristalite mici, de 13 — 25 nm 1n conglomerate mai mari de 200 — 300 nm; tendinta de aglomerare
creste cu cresterea concentratiei de Zr in solutia solida perovskitica de tip PZT, astfel ca, pentru
pulberile de compozitie PbZrogTiosOs si PbZrosTio 203, cu proportiile cele mai mari de Zr, se
constatd aparitia unor blocuri dense, partial sinterizate, de dimensiuni la scard micronicd (2 — 6

¥ ¥ & 3
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'm), alcatuite din granule poliedrale foarte bine sudate intre ele, cu dimensiuni de de 350 — 550
nm;
® Din aceste pulberi au fost elaborate ceramici prin sinterizare conventionala in aer la temperaturi de
1000 - 1200°C;
® Toate ceramicile sinterizate conventional in diferite conditii au fost monofazice, simetria celulei
elementare variind in functie de raportul Ti/Zr in acelagi mod ca si in cazul pulberilor sol-gel din
care au pI’OVEI’lit;
® Cresterea proportiei de Zr determind o scidere a dimensiunii medii granulare si o crestere a
porozitatii intergranulare, cu efect nefavorabil asupra densificdrii in ceramicile sinterizate
conventional, indiferent de temperatura de sinterizare si palierul de ardere utilizat;
® Cresterea atat a duratei de palier, cat si a temperaturii de tratament termic determind cresterea
dimesnsiunii medii granulare datoritd intensificarii proceselor de difuzie, precum si scaderea
prorozitatii aparente si cresterea densitatii aparente datorita avansarii procesului de sinterizare.
Aditional fata de rezultatele prezentate mai sus, amai fost preparate tinte din material BST si s-a studiat
dependent proprietatilor dielectrice in functie de concentratia de Sr si dimensiunea de graunte cristalin.
Rezultatele au fost publicate in Ceramics International (anexa 4 la raport).

Act. 2.3

Denumire Activitate:

Depunerea de filme nedopate, depunerea primelor structuri BFO/BCO.

In aceasta etapa au fost depuse filme subtiri de PZT20/80 (raport Zr/Ti egal cu 20/80) din tinte comerciale
(furnizor Parxair) si din tintele nominal nedopate preparate in cadrul proiectului. Au fost depuse prin PLD
straturi de PZT 20/80 cu grosimi de 50 si 200 nm, pe suport monocristalin de SrTiOsz (STO) si avand
electrozi de SrRuO; (SRO). Masuratorile electrice preliminare, efectuate la temperatura camerei, au relevat
unele diferente in ceea ce priveste proprietatile electrice ale filmelor nominal nedopate si cele ale filmelor
depuse din tinta comerciala, care contine anumite impuritati provenite din materiile prime utilizate la
fabricare. In tintele preparate in proiect, materiile prime au fost de puritate cat mai ridicata, pentru a se
elimina cat mai mult din impuritatile care ar putea actiona ca centrii donori sau acceptori in PZT.
Intr-adevar, masuratorile efectuate pe mai multe contact au relevat faptul ca exista diferente, in special in
ceea ce priveste magnitudinea curentului de scurgeri, dupa cum se poate observa si din figurile de mai jos.
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Se o scadere cu cel putin un ordin de marime, statistic vorbind, a curentului de scurgeri in straturile
de PZT depuse din tinta nominal nedopata preparata in cadrul proiectului. Aceasta scadere se
reflecta si in curbele de histerezis inregistrate pentru straturile de PZT cu grosime de 200 nm.
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Curbe de histerezis inregistrate pentru diferite contacta depuse pe strat PZT de 200 nm crescut din
tinta comerciala (stanga) si depuse pe strat PZT de 200 nm crescut din tinta nominal nedopata

preparata in cadrul proiectului.

Din analiza curbelor de histerezis se contata ca:

- Dispersia de valori de polarizare este neglijabila pentru PZT crescut din tinta comerciala,

&
A
N
o

v+ [V]

dar este semnificativa pentru PZT crescut din tinta nedopata.

- Valorile polarizarii remanente sunt, statistic, mai mici pentru stratul PZT depus din tinta
nedopata, fata de cel depus din tinta comerciala. Acest lucru poate fi corelat cu faptul ca si
curentul de scurgeri este mai mic, deci sarcina libera disponibila pentru compensarea
campului de depolarizare este mai mica, ceea ce poate duce la o polarizare remanenta mai

mica.

Tot in cadrul acestei activitati au fost depuse si unele stratiri de tip BFCO sau BZTO, pentru
aplicatii de tip fotovoltaic. Analizele preliminare privind fazele prezente, au relevant prezenta de

faze parasite, detrimentale pentru proprietatile electrice macroscopice.
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Eforturile depuse pentru a elimina fazele secundare prin tratamente termice ulterioare nu au dus
pana acum la rezultate satisfacatoare. In urmatoarele luni se va decide daca acest studiu va fi
continuat sau nu, pentru a evita risipa de resurse pe aceasta directive.

Act. 2.4

Denumire Activitate:

Caracterizare structurala si chimica avansata a filmelor/structurilor depuse.

Aceasta activitate s-a derulat in stransa legatura cu actvitatile 2.3 si 2.5, prepararea, caracterizarea
structurala si investigarea proprietatilor electrice fiind puternic intercorelate.

Principalele rezultate sunt urmatoarele:

- Prin spectroscopie XPS a fost pus in evidenta faptul ca curbura de benzi la interfete Au-
feroelectric este controlata de polarizare si nu depinde de diferenta dintre lucrurile de
extractie ale celor doua materiale. Rezultatele au fost publicate in Physica Status Solidi-
Rapid Research Letters (anexa 5 la raport).

- A fost pus in evidenta, prin masuratori combinate de XPS si electrice, prezenta unui
histerezis in sens invers acelor de ceasornic in straturi similare grafenei depuse pe PZT
epitaxial (a se vedea figura de mai jos).
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(c)

Cicluri resistive de histerezis pentru PZT cu
acoperiri diferite de grafena. Ciclul de histerezis este atribuit comutarii polarizarii in stratul
ferroelectric.

Rezultatele au fost trimise spre publicare la RSC Advances.
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Act. 2.5

Denumire Activitate:

Caracterizare electrica pentru a pune in evidenta legatura dintre defectele intrinseci si proprietatile
macroscopice.

In cadrul acestei activitati au fost obtinute 2 rezultate importante:

A fost pusa la punct o metoda de masura statica a caracteristicii capacitate-tensiune (C-V),
in sensul ca valoarea capacitatii se masoara fara tensiune dc aplicata pe capacitorul
feroelectric, aceasta fiind utilizata numai pentru schimbarea starii de polarizare dupa care
este indepartata de pe proba. Rezultatele obtinute sunt diferite de cele inregistrate in cazul
caracteristicilor C-V clasice, la care tensiunea dc este aplicata continuu pe proba si variata
in trepte in valori maxime negative si pozitive. Coreland masuratorile C-V cu analiza
Rayleigh a curbei de histerezis la campuri sub campul corecitiv si cu studii structurale, s-
au constatat urmatoarele: 1) valoarea capacitatii statice este constanta cu tensiunea aplicata,
in afara domeniului de tensiuni in care are loc reversarea polarizarii, ceea ce sugereaza ca,
in conditii statice si fara tensiune aplicata capacitoril feroelectric este total depletat; 2)
valoarea constantei dielectrice fara camp aplicat este foarte mica, in jur de 20-25 pentru un
strat subtire de 20 nm, chiar si la frecvente joase, de ordinul kHz; 3)constanta dielectric
creste pe masura ce grosimea filmului de PZT creste, pe de o parte pentru ca apar defecte
structurale purtatoare de sarcina electrica care poate raspunde la campul aplicat, si pe de
alta parte datorita aparitiei domeniilor fereoelectrice si a peretilor de domenii, care raspund
usor la orice variatie a campului electric aplicat. Rezultatele au fost publicate in Scientific
Reports (anexa 6 la raport).

Functionalitati noi au fost puse in structuri cu 3 straturi de tip PZT-STO-PZT, cu potentiale
aplicatii in memorii cu stari multiple, memorii nevolatile, porti logice cu posibilitate de
memorare (dispozitive de tip memcapacitor), sau in memorii analogice si retele
neuromorfice. Rezultatele au fost publicate in Physical Review Applied (anexa 7 la raport).

Act. 2.6
Denumire Activitate:
Raportare, publicare, prezentari conferinte.

Lista lucrari
Nr. | Titlu, jurnal, etc. Autori IF AlS
1 Memcomputing and Nondestructive Reading in Georgia A. Boni, 4,532 |1.832
Functional Ferroelectric Lucian D. Filip,*
Heterostructures Cristina Chirila, Alin
PHYSICAL REVIEW APPLIED 12, 024053 (2019) | luga, luliana Pasuk,
Luminita Hrib,
Lucian Trupina, loana
Pintilie, and Lucian
Pintilie
2 | Polarization branches and optimization Filip, Lucian 1.826 | 0.672
calculation strategy applied to ABO(3) D.; Plugaru,
ferroelectrics Neculai; Pintilie, Lucian
MODELLING AND SIMULATION IN
MATERIALS SCIENCE AND
ENGINEERING Volume: 27 Issue: 4 Article
Number: 045008 Published: JUN 2019
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Low value for the static background Georgia Andra Boni, 4.011 | 1.286
dielectric constant in epitaxial PZT Cristina F lorentina
thin films Chirila, Luminita Hrib,
Scientific Reports | (2019) 9:14698 | Raluca Negrea,
https://doi.org/10.1038/s41598-019-51312-8 Lucian Dragos Filip,

loana Pintilie & Lucian

Pintilie
Designing functional ferroelectric interfaces from | Rusu, Dorin; Filip, 3.783 | 1.489
first-principles: Dipoles and band bending at Lucian; Pintilie, L;
oxide heterojunctions Butler, Keith; Plugaru,
New Journal of Physics (accepted) Neculai
Impact on Ferroelectricity and Band Alignment Popescu, Dana 3.729 | 0.790
of Gradually Grown Au on BaTiO3 Georgeta; Husanu,
PHYSICA STATUS SOLIDI-RAPID RESEARCH | Marius Adrian; Chirila,
LETTERS Volume: 13 Issue: 7 Article Cristina; Pintilie,
Number: 1900077 Published: JUL 2019 Lucian; Teodorescu,

Cristian Mihail
The interplay of work function and polarization D.G. Popescul*, M.A. 5.155 | 0.671
state at the Schottky barriers height for Husanu?, C. Chirila?, L.
Cu/BaTiOg3 interface Pintilie* and C.M.
Applied Surface Science, accepted Teodorescu!
(Ba,Sr)TiOs solid solutions sintered from sol-gel Roxana Elena Patru?, 3.450 | 0.454
derived powders: An insight into the composition | Constantin Paul Ganea?,
and temperature dependent dielectric behavior Catalina-Andreea
Ceramics International, accepted Stanciu?, Vasile-Adrian

Surdu?, Roxana Trusca?,

Adelina-Carmen

lanculescu?’, loana

Pintilie’”, Lucian

Pintilie!

26.486 | 7.194
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Abstract

The fundamental phenomena at ferroelectric interfaces have been thesubject of thorough theoretical
and computational studies due to their usefulness ina large vanety of emergent electromic devices,
solar cells and catalysts, Ferroelectrnicity determines interface band-bending and shifts in electron
energies, which can be beneficial or detrimental to device performance, However, the underlying
mechanisms are still the subject of debate and investigation, as a deeper understanding of the
electrochamistry is required to develop bona fide design principles for functional ferrodectric surfaces
and inter faces. Here, using first principles calculations within the GG A 4+ U formalism, weinvestigate
the problem of band alignment in non-defective, asymmetric StRuQ5/ FbTi0,/ 5rRul); capacitors
with ultra-thin ferroclectric layers, The effects ofthe dielectricsize on the polar distortion stability and
interface-specific properties are analyzed. Itis shown that the critical size of the diclectric for
polarization switching is 222 nm (5PbTi0; w.c.). Bdow this limit there is no bulk-like region in the
dielectric, the space charge accumulated at interfaces leads tothe presence of gap states in the whole
PbTi0); layer and ferroekectricity vanish s, We draw the band alignment diagrams as given by the band
line-up and band structure terms, as well as by taking Ti 3s semi-core states as reference, In the
ferroelednc structures, both approaches predict a strong effect of band-bending on the type of
contact, Schottky or Ohmic, at the asymmetric interfaces. The effect of interface states on the interface
dipole amplitude and band alignment is discussed.

1. Introduction

Multilayered structumes incorporating ferroelectric perovakites and metal/ oodide electrodes have extensively
been investigated for theiruseina wide range of advanced applications, induding but not limited to (multiple
state) ferroelectric memories [ 1-5], quantum tmnelingjunctions | 6-14], photo-ferroic solar cells [15-24], and
various multilevel architectures with coupled ferroic modes [25-34]. Also, new experimental methods have been
envisaged for acquiring an accurate control of polarization when the ferroelect ric layeris situated deepinto these
structures [35—38]. Ferroelectric interfaces are key elements for the functionality of these heterostrucures, Their
undedying phenomenaologyis determined by the chemistry ofthe specific materials, their thickness, aswellas
the design and quality ofinterfaces [39—43). At the interface with a ferroelectric the polar distortionsare
perturbed, the local strain, bondingacross the interface and the built-in electric field promote charge transters
and space charge build-up. Inturn, these etfectsimpact on the electronic structure, inducing relative shitts of the
energy levels, modifications of kand gap values, metal-induced band gap staves( MIGS) and imterfacial band
bendingetfects [7, 44—48]. The band alignmentscheme results as an effect of entangled microscopic
mechanisms and plays amajorrole in settingthe operating conditions of practical junctions | 49, 50). Thearyand
computational methods, particularly those based on first principles calculations, have proven their usefulness in
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exploringthe fundamental mechanismsat the interface with a terroelectric, as well ashy revealing practical
routes forthe device design based on predictive behavior; for areview in the field see [51].

Based on their previous work [52, 53], Stengel eral have developed a new formalism, referred toasthe
constrained electric displacement method, forthe description of the microscopic phenomena in ferroelectric
multilayered systems [ 54, 55). [twas shown that expressing the internal energy of a periodic crystal ina uniform
external field interms of the elearic displacement as the fundamental variable—equivalent to fixing the free
charge anthe plates ot a capacitor- enables one to ecplain the factors determining the depolarizing field, to
model the polarization and response of complex super-lattices, capacitors and interfaces in termsof the
electrical properties of the elementary building blocks [10], and also providesa corvenient route for the
treatment of the couplings between different arder parameters| 54,55].

A comprehensive studyof the band alignment problem in ferroelectric capacitors ispresentedin [45]. The
authors highlight the possible consequences inthe interpretation of the LDA /GGA band offsetsat interfaces due
to band gapunder-estimation. In sucha stuation, denoted asa ‘pathological’ case, aspill-out ofcharge from the
metal to the insulator leads to the appearance of conduction band states at the Fermilevel and brings abouta
degree of arbitrariness inassessngthe band edgesand hence the band alignment scheme, which nolongeris a
well-defined interface praperty [45]. Itis also rationalized that the erorsinestab lishing acourate nealistic
Schottky barrier heights( SBHz) from standard { LDA, GGA) first principles calculationsaffect the amount of
transerred charge and induced metallicity in the dielectric. Asa result, these will determine errors in the ground
state charge density, which in turn may propagate to alter the predicted electronic and structural properties of
the system, aswell. The anthors elaborate a refined strategy, consisting in a sequence ofcaloulationson bulk and
supercell systems, inorder to detectthe pathological cases, and to derive reliable band edge positions relative to
Ti3ssemi-core states, inthe non-pathological cases. Their approach also allows the evaluation of the effectsof
the interface stateson hand edge positions when MIGS are present [45].

Here it is worth highlighting that an insghtful analysis ofthe MIGS and their effect on the interface dipole
and formation of SBHsin ferroelectric /metal junctions hasalso been presentedin [47]. These authors
demaonstrate that atthough the mostpenetrating bandsare located at high symmetry points, for the studyof
tunneling conductance across ultra-thin layersorintegrated quantities (where many k parallel points
contribute) it isimpartant to consider complexbands in the whole two dimensonal Brillouin Fone(BE). Also,a
general recipe i outlined to estimate from the complex band structure ofthe bulk insulator the effective decay
factor(and its dependence with the energywithin the gap) of the MIGS inrealistic interfaces [47].

Ferroclectric capacitors with asymmetric intertaces have been investigated with the expectation that
asymmetry may furnish an enhanced device fundtionality comparing to the symmetric realizations (see [48 Jand
thereferencescited therein). The degeneracy of polarization states in symmetric geometries is brokenin
asymmetric configirations and hence size effects may determine distinet states for forward—backward
polarization. Followingthisline of research, Chen et al [48], carried outa detailed studywithin LDA on the size
effect in ferroelectric BaTi() tunnel junctions with metal Pt and ‘oroxide StRul); eectrodes, considering the
four possible types of decrode /ferroclectric intertaces. Theyfound a significant dependence ofthe ferroclectric
stabilityof atunnel junctionon the type and combination ofthe two interfaces. Also, an abnormal enhancement
offerroelectricity due to bonding at the Pt,/BaC) interface has been predicted. However, onthe grounds of the
analysisand results presented in[4 5], the findings reportedin [48] may be affected by the shortcomings inherent
to LD

Umenoeral 2] nvestigated the influence ofelectmde materiak and PTOnsize onthe ferroelectric stability
and SBHsin ultra-thin perovskite capacitors, with symmetric StBuCy FhTH0, /SrRuCy (SRO/PTO/SRO or
Pt/ PhTi0)s /Ptand asymmetric Pt/PhT i) /SrRulk configurations. The SEHswere obtained by usinga
macroscopic averagingof the electrostatic potential, with the p-type SBH callated from the relation
&= AV 4+ MFy, where AV is the difference between the macroscopic averages ofthe electrostatic
potentialsinthe two materials*far’ from the intertace and AE,, 5, isthe difference between the Fermi energy ot
the electrode and the valence- band madmum (VBEM) ofthe dielectric material, with the Fermi and VBEM
energiesobtained from independent bulk calculationsat the same structural parameters asin the capacitor
caleulations. Anotherapproximation in this work is the usage otthe experimental PTC band gap for the
eatimation of the SBHs for electrons. Theauthors condude that the influence of polarization on the Schottloy
harrier & larger in SROY FTO/SROthanin Pt/FTO Pt and also the contibution ofthe electrical field generated
bythe asymmetric electrodes influencesthe Schottky barrierssignificantly. Also, a considerable change (about
1.0 eV} in the SBH has been predicted in the Pt/ PTO/SRO capacitor when switching polarization [ 2],

Asthethicknessofthe ferroelectric layer decreases, it may become comparable with the spatial extent ofthe
interface-induced phenomena. Ultra-thin Layers (onlya few nanometers thick) reach alimit where a bulk-like
region, withstructural regularity and characteristic potential and charge distributions, may not exist any maore,
tohetaken as a reference tor resolving the interface contribution. Actually, one hasto makea trade-otfhetween

2
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using elaborate and accurate models, e.g.[45, 47, 55]and a practical approach which encompasses as muchas
passible the characteristics ofthe real system. To our knowledge, a properexplanation of size eftectsand
interface specific properties in ferroelectric capacitorswith nltra-thin layvers is still an open issue.

Theretore, here we have investigated by first principles caloubtions SftuChy/ FRTiO, /SrRul), ferroelectric
capacitorswith asymmetric interfaces ‘We discussthe effects of sze, asymmetry and polarization on the
fermelectric instabilityand intertace-spedific properties, including local s ructure, potential and charge density
distributions, interface dipole extenson and amplitude, band bendingand hand alignment.

The paper isorganized as follows: insection 2 we present the computational detailsand describe the models
used in this work. The structural results and their imprint on the electrical properties ofthe systems under study
are presented in section 3. The electronic structure, induding partial and local densityofstates, the potential and
charge densityvariation, as well asthe size effect on polarization are discussed in section 4. Insection 5, starting
fromacorrected band gap torthe dielectric, we derive the band alignment diagrams both by using the band line-
upand band structure terms, as well as by taking Ti 3s semi-core states as reference. The contrasting featires
predicted by the two different approaches are discussed by considering both the effect of interface states as well as
the limitations due to our assumptions. The main condusions of the workare summarized in section & o the

paper.

2, Computational details and model structures

Ll.Method

The caloulations were performed within the generalized gradient approximation (GG A) using the quantum
ESPRESSO plane-wave code [56, 57], and the exchange and comelations functional in the parametrization for
solids (PBESol) [ 58, 59]. Wensed Vanderhilt ultrasoft pseudopatentials [ 0] from the QElibrary [61 ], with Ph
5d10 62 6p2, St 452 4p6 552 5p0), Ti 362 3p6 452 3d2, Ru4d7 5s1 5p0and 0252 2p4 states in the valence band. The
kinetic -energy cut-off for the plane waveswassetat 100 Ry and forthe charge density at 800 Ry. The BE
integration was performed onanautomatically generated Monkhorst-Pack [62]4 = 4 = 1 k-mesh, for all
slabs, with Ganssgan energy level smearing of 002 Ry, The total energy per atom was converged to less than

1 10-% V. Adipole correction was applied in order to remove the electrostatic interaction between the
electric dipolesinneighboringslabs alongthe z-axisof broken symmetry [ 52, 63].

The DFT + U ratationally invariant method, in the atomic projection [64—66], was nsed to treatorhital-
dependent correlations for Ti 3dand (0 2porbitals, and thus to correct their effect on the FETH): band gap. An
effective Hubbard term, Uk = L7 — J, was applied to the correlated othitals, with Ubeing the screened on-site
Coulomb interactionand [ the Stoner exchange parameter. The corrective U grvalues used in this stadyare 7 eV
forthe Ti3d orbitals and & eV for the O 2p orbitals, asdetermined empirically on bulk tetragonal PhTi0y,
leadingtoahand gap of 2.98 eV, This value i still alittle underestimated with respect to experiment (giving
values in the range 3.45—3.6 €V (see [67] and references cited therein), butsignificantly improved relative to the
GGAresult (1.68 eV Applying the correction also on Ru dd states had no noticeable effecton the present results
and therefore wasdiscarded.

Weevaluated the layer-by-layer spontaneous polarization of the FhTiO, using the following equation [68]:

ar 1
Pi(z) = E B~ g = 7 L2 du (1

where Zf and Ay are the dynamical charge and displhcementofion i incellk, respectively, and Viisthe
volume of the cell. The superscript zero refers to a non-polarequivalent of the relaxed PhTiO: sub-strociure.
Thiswas constructed by keeping the Ph sub lttice ficed and moving the rest of the atoms to equivalent centro-
symmetric podtions within each PhTi(}: unit cell. 7 were calculated nsng the linear response to an atomic
perturhation [69] at the gamma point, within the Density Functional Perturbation Theory framework,
implemented inthe FHonon package. Equation (1) can be used witheither A or B cation-centered cells.

The spontaneous poladzation of the PT(Mayerwasalso calculated within the Berry's phaseapproach [70] as
implemented int he Quantum ESPRESSO package [71]. Inarder to minimize the number of caloulation steps
forderiving unambimons polarization vahies we applied the method described in [72].

1.2 Model structures

The ferroelectric capacitorswere modeled as slabs, schematically depicted in figure 1, with the atomic layersin
the sequence (3(5r0 — Ruly,) — 5r0)/miTi0y — PbO) /4(Ru0; — 5r0), wherem = 3,5, 7and % The
agymmetry of the strictunes emerges from the two different interfaces. The thickness of the SRO layers isclose to
the experimentally detected limit for metallic conduction [ 73], We also carred out calculations on 9-FT O
modelswith double numbersot SRO unit cells, both in the slabas well as supercell geometry. Thisenablesa

3
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comparison between data for openand short-circuit conditions, aswell as of the interface specific properties and
effectsin both type of systems [74].

Theslahsare separated by =215 A vacunmalongz-axis, see figure 1. In allmodel structuresthe atomic
positionswere relaxed until the Hellmann—Feynman forces were lessthan 0.01 eVA™ ! on each atom. In the
initialstate, hefore relaxation, both == ferroelectric distortions, denoted as P+ and P, were considered.

Weimplidtlyassumed that the structures were grown coherentlyona cubic SrTiCh (001 ) substrate, with the
bulk lattice constant, 1 = 3.905 A [75], which is slightly less{ by 0 64%) than that of psendocubic StRuC with
a = 3.93 A [35], and matchesthe in-plane lattice constant oftetragonal PTO 76]. Thus, the experimental
lattice constants were used in the present study, as suggested in [ 77]. Also, it has previously been shown that such
ageometry determings the direction of FTC layer polarization perpendicular to the capacitor plane [78].

The band structure ofinterfaces between ditferent materials i a complex interplay ofsymmetry, strain and
chemistry. We have chosen in this work to consider the effects of chemistry and strain at the intertace, by
chonsing to impose the subatrate peroveskite smcture (Pm-3m) onthe SEO layers. Previousyit has been shown
thatvery thin layers of SRO constrained byasubstrate symmetry has octahedral tilt angles determined bythe
substrate, rather than bulk SRO, upto 3 or 4 layersdeep [ 79]. Moreaver experimental characterization of SRO
grown epitadalyon PET up to 25 nm, displays a pseudo-cubic symmetry [80]. In future work it will be
interesting to consider also how symmetry effects can influence the interface band structure, but inthe interests
ofclarity and motivated by these previousstudies, hereinwe usea model without the bulk aac-tiltingof
bulk SR,

Recently, the magnetism ofSrRul), thin films hasthoroughly been discussed in relationship with size, lattice
distortions and electronic correlations [ £1]. It has been shown that theapplication of standard met hods (LDA
and GGA) to describe the magnetic ground state leads to contrasting solutions incomplex oxide thin films or
their heterostructures. Since in this work our primary goal i to describe the role of bonding, space charge and
paolarization on band alignment in the studied systems, we have assimed non-magnetic SrRuC, this neglecting
the etfectsof nterfacial magnetism.

3, Structural results

The layer-hy-layer cation-oxygen { M-01) relative z-displacements, £y — Zp, when #y0 = £, — £,
stand for the cation and anion positions in the relaced layers relative to their positions in the centro-symmetric
layers, are plotted in fignre 2 and the corresponding data torthe 9-PTOslab with thick electrodesare shownin
figure 51 (mupporting information isavailable online at stacks. iop.org,/ MIP 21/ 113005, mmedia). The positions
ofthe geometric intertaces{GI1,/2) are marked by vertical dashed lines at halt distance between adjoining SRO
and FTO monaolayers. In the case ofthe - and 7-FTO slabs the initial +2 polar distortions are preserved in the
relaxed structures: the Ph—» and Ti—0 relative shifts are largerat interfaces and gradually decrease towards
inside the layer, where aregular, bulk-like behavior may be observed. However, their valuesaresmallerthanin
bulk PhTi,. Inthe relaxed 5-and 3-FTO structures, the negative vahies of the relative ionic displacements
show that the P~ state isfavored. A similar behavior was previoushy reported for the SrBuOs /BaTiCks /SrRuCh
capacitors| 82, 83 ] These results are consistent with the unitcell tetragnmality, ¢/a, inthe relaxed state, shown in
figure 3. The FTO tetragonality decreases with the layer thickness, foom 1064 inthe bulk (marked by the blue
dashed line) to ~ 103 for 9-PTO, to ~1 02 for 7-PTO, to LO1 — 1402 for 5-PTO and to ~ 100 far 3-FTO.
Infigures 2 and 51 one should also remark the presence of cation-oxygen relative z-displacementsin the SECr
electrodes, for the 9- and 7-PTO structures, which are driven by the ionic relaxations in the dielectric at
intertaces These ionic displacements, larger atinterfaces and decreasing inside the electrode, as well as the cubic
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totetragonal distortion ofthe SRO unit cell show that a polar state may onset inthe metallic phase at the

interface with a ferroelectric, in agreement with previousresults, [7, £4). The phenomenan has been explained

bythe softness of the metallic oxide lattice, which allows the ferroelectric displacements in FTC to penetrate into

the metal electrode, acting toward the stahilization of a ferroelectric phase ina narrow region at the intertace [ 7].

Maore recently, Filippetti et al reported that Bie TiOhrcomplieswith the sutficient symmetry requirements for a

switchahle polarization to exist and the material can sustain asizeable potential drop along the polardirection, in

spite of being ametal [ £4]. However

inthe present case the resultsdo not reveal the presence of a ferroclecric

Thevahes of the bond lengths across the SRO-PTCOinterfaces, collected in table 51, show that Bu—0, Fh—(r
and Pb-Ru bonds are larger than the Ti—0, Sr—0 and Sr—Ti, respectively, due to the larger Shannon—Prewitt

polarization inthe SR electrodes, as disoussed further.

radiiof Ru (0.760) and Pb(1.63) than the radiiof Ti{0.745) and Sr {1 .58) [25]). In the case of the 9- and 7-PTO
slahs, the M-} bonds show variations of the arder of the M—O displacements, when switching polarization

along +=z. Increasing the electrode thicknes does not effect the bond lengthsat intertaces, as evidenced bya
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comparison benween the values for the 9-FT(slabswith thinand thick SRO byers. The relaxationof the 5-FTO
slab determines onlyvery small differencesbetween the corresponding bond lengths in the two polar states. In
the case of the 3-PT(slabsone obtains identical bond lengths after relacation, consistent with only aslight
difference inthe total energy between the two states(lessthan 5 meV).

These stuctural results indicate that the ferroelectric statesalong +zare not equivalent, as expected for
asymmetric interfaces, and that aswitchahle polarization can exist onlyinthe ® and 7-PTC dahs, albeit with
smaller valuesthan calculated in bulk PTCHO.88 Cm ). In the case of the 5-PTO shb, onlyonestable
polarization state i revealed, while the polar distortion in the 3-FT( shab issuppressed.

4, Electronic structure results

4.1. Partial and local density of states
Thetotal and partial densities of states of the thin electrode structures, plotted in figure 52, reveal the following
features: (i) the Fermi level is pinned in the PTCrband gap by Bu 4d and (5SRO0 O 2p states; (i) a significant
dependence onthe polarization direction inthe #- and 7-PT Orslabs, onlyslight ditferences for the 5-FTO slahs,
and no difference forthe 3-FTOslabs (i) the FTO band gapissmaller than the value in the bulk material; {iv)
the presence of FTO band gapstates

Moreinsght is brought by inspecting the PT O ocal DOS, (LDNS), displayed in figure 4 torthe 9-FTO
systemand figure $3(a)—{c) forthe 7-, 5-and 3-FTO ones. These datashow a layer dependence of the positionof
the VEM and CBM in the %, 7 and 5layersystems, but not in the 3 layer system. The reason for thisisdiscussed in
mare detail inthe next sectionon electrostatic potential. Band gap states are visible in the LDOS ofthe first PTO
unit cell{ one or two monolayers) at an intertace. They form bandsatcertain energy values, afeature which is
assodiated with the tormation of chemical bonds across the interface.

4.2 Electrostatic potential and charge density
We calculated the electrostatic potential, Virl = Vi, + Vi, where Vyisthe inter-ionic term, and Vi isthe
electron—electron term given by
1
Vi = [araer)——. @

r—r
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with pir'}beingthe electron density. Then, the planar average ¥ (z) and the nanoscale smoothed electrostatic
potential, ¥ iz), were obtained [ £6]. Their profiles along z-axis are plotted in figure 5 forthe slabswith thin
electrodesand in figures 54 and 55 tor the 3-PTOslab and 8- FTO supercell, respectively.

Figure 5 showsthatin the 9-and 7-FTO thin electrode structures, the nano-smoothed potential vares
lingarly with zin the FTC layers, with the sign of the slope dependent on the polarization direction. Thisexplains
the ohservations inthe previous section on the layer dependence of the local densityof states. Inthe case of the
5-FTO system, the stable polarization state isthat for P~ direction. Inthe 3-FTC) slab the potential showsno
slope along zaxis, supporting itsnon ferroelectric state, inagreement with the ionic displacements and LDOS
data. The patential geadient is the source ofthe built-in elearic field, which is responsible for the energy level
shiftin the LIMISdiagrams of figures 5 and 53(a), (b). Becanse the thidkness of the thin eledrodes is comparahle
with the penetration length of the ionic distortions from the FTO into the SRO Layers, the nano-smoothed
patential is not flat within these electmodes. The different vacuum levels on the left and right-hand sides of the
slabsare due to the elecrostatic dipolar interaction between surtace chargesin the neighboring dahsalongz axis,
By doublingthe size of the SR layers, e g. the case of the 3-FTO capacitors, see figures 54 and 55, the potential
recovers its flat profile withinthe elecrodes. Also, itacquires the same value inthe vacuum regions oneach side
oftheslab, dueto abetterscreening ofthe interface charges by the thicker SRO electrodes.

Inthe case of the thick electrode 9-PT O capacitor, at the S0/ T}, intertace, the ohservable flat portion of
the macroscopic potential suggests abetterin st compensation of the polarization chargesin the dielectric by
the transferred charge from the electrode, thanin the case of the PbO/Bu0y, intertace. Thisimplies that the
amount ofcharge transterred at interface Tislamgerthan thatat intertace I1 Therefore, a larger interface dipole
may be expectedat the S0/ Ti0), interface than at the PhOy/ BuC), interface.

Inorder to reveal the build-up of interface charge from the calculated charge density datawe calculated the
charge density difference, & o), by subtracting the charge densities calculated indwvidually for each component of
the capacitor from the slab total density, [£7). As aresult, one obtains the charge densityat intertaces due to
hondingand charge transter, i.e. the microscopic dipaole [88], all othereffects heingremoved. These resultsare
displayed in figure 6 for the thin electrode slabsand in fignre 7 for the 9-FTO slabs with thick electmodes.
Referring to the nano-smoothed data, these plots indicate the formation of distine interface dipoles in all slabs,
with larger amplitude at the Sr(y/Ti), interface than at the PhO,/Bu0); one inthe % and 7-PT(hcapacitors. Alsa,
theinterface dipolesare larger for the P* than for the P~ direction. It is interesting to note that in the metallic
SR ayerthe effects of charge redistribution can penetrate beyond the interface asshown in figure 7where there
isanadditional sub-airtace redistribution of charge in SRO when polarzation is P

7
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1 F

Planar and nanosmoothed potential (eV)

Fgure 5. The planar average {red)andthenanosale smonthed (blade jdectrosatic potential , Vi aong z-axis The Sn0/ Tl
interfice ison the PTO layerleftside, and the PO Rud), interface is an the right side.

‘Wehave also analyzed the charge transferat interfaces using an alternative approach and found the same
effects(see figures 56— 58 in supponting information for details),

4.3, Polarization

The vahies of the layer-by-layer polarization calculated wsingequation (1) are plotted in figure & The relaxed
ionic displacements in the SRO-PTO-SR0 capacitorsuphold astable, switchable polarization, of ahout
0.6Cm  and0.5 Cm ™" in the9- and 7-FTO capacitars, respectively, When the thickness of the dielectricis

]
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down-sized to 5 unit cells, (~2 nm) acritical limit of polanzation bi-stability isreached and only one energy
minimum iseffective in setting the spontaneous polarization direction, along —z2. A further decrease of the FTO
layer thickness to three FTOw.c (about 1.2 nm) leads to space charge build-up throughout the whole stmcture,
see figure 56, and the material loses temroelectridtyalthough itstill experiences afinite polarization vale.

A dmilartrend inthe size etfect on the ferroelectric state was also reported for ultrathin
SrRuld,BaTiO, SrRul); epitadal heterostructiures and was ascribed toa foced, unfavorable interface dipole at
the Ba0)/Rui}: interface [2].

The ionicand electronic contributions to polarization were ako calenlated on supercellks of the PTOY layers at
the structural parameters in the shb geometry, by employing the Berry's phase tormalism [ 70]. Thisapproach
avoids the potential error due to metallic state in FTOunit cellsat mtertaces [51]. The resultsare plotted in the
inset in figure & and show a tair agreement with the vales of the layer-by-layer polarization calculated by using
the Born charges.

5, Discussion

Based onthe LDOS and electrostatic potential data shown in figures 4, 54a i) and figure 4, we have drawn the
energy level schemestor the systems with thinelectrodesin figure 9. The segments that mark the valence and
conduction band edges of the individual PTO unit cells extend over the length ota lattice constant along z, and
their colors, black and red, correspond to Ti(), and FbO monolayers.

While most ofthe SBHs have positive values, (here we adhere to the sign convention on SBHs as also adopted
in [45], at the Sr0)/ T interface in the case of 9-and 7-PTO capacitorswe note negative SBHs({ Ohmic contact,
passible ‘pathological’ simation) for electronsand P, and negative SBH sfor holes and P*. At the PhO)y Rul},
intertace, negative SBHs for holesare predicted forthe 7- and 5-FT(Ovslabs, for P

e may ohserve a relative large shift in energy, of about 2 eV, forthe VBEM and CBM when switching the
orentation of polarzation inthe 9- and 7-FT O capacitors. This is about twice the value previously reported for
symmetric SRO-PTO-SRO capacitors, 1 €V [2]. The SBHsand A Vi values referring to the band alignment
diagramsin figure 9 areako collected in table 1.

W suggest thatat the Sr0/Ti), interface, for P+, the 9- and 7-PTO systems show blocking contacts for
haoles, considering that the FTO layer & an (undoped) insulator [£9]. A similar behavior is predicted atthe
Py Buly, intertace, for P—, in the case of the 7- and 5-PT(rsystems. Actually, the systems under study showa
transition of the Schottky barriertype tor holes between the intertaces when changing the dielectric size and
paolarization direction.

The 5BHsvalues derived from the energy level scheme drawn infigure 9 are affected by the presence of
intertace states due to bondingacross interfaces and charge transter from the metallic SROto the dielectric FTO.
Anestimation of the effect of the interface states on the band alimment may be obtained by taking the Ti 35 semi-
corestates as reference forthe VBM energy. These statesare situated deep, at about —38 &V below the Fermi
level, and hence their energy & harely sensitive to valence charge redistribution. Therefore, we have followeda
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route asbasically described in [17, 45] inorderto align the hand edges in the slahs with reterence to Ti 3s states
First, we performed a bulk self-consistent calculation at the PTC structural parameters before the relacation of

the atomic positions in the slabs, to determine the Ti 3senergy level inthe bulk, Egp(Ti — 3
onzlabs inorder to obtainthe energy of the Ti3sstates, E. ., with Eyyy . setat 0eV. The VBM position with the

with Eympee = 0 &V (the VBM energy in the bulk calculation). Then, we performed self consistent caloulations
Tilslevel intheslab aligned to that in the bulk is given by:
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Table 1. Schottcy barrierhsghs {Hs) for elect ms{hk—s}@l“l:’tbe}

and AVgineW.
I
&, %, &, *, AV,
El [ oo ] 1257 110 138
P Orhmic 2iia [Nk B b-] 181
T P4 24TT 1476 {E:r 11
P Orhmic Bt P L5 16
5 P 1007 1504 2040 6% 48
P CLBET 1369 173 88
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TFTT T T

e

layer by layer [M)5

E-Eg (V)

details.

Figure 10 LTS in sates,e¥ /o) for the? <-PTO sysiemwith neference to Ti ks semi-core states {the red line ). For comparisom, the
LIS from figumes 5 and 5% ah={c)are alen plottedas the haiched area with black contoor. Note that the Ti0), and Phi DOS
anmtribn tions were summeadup foreach unitcdl Inthe @se of the 7-PTO and (P4, the LDOSwith the VEM alignad relative in Ti 3
and the bulkcalmlatinn perinrmed using the strucural data from the boTk-lke region, are also plotied {the hlue aorve). See text fior

E-Eg (eV)
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where AFy = Eypp — Ee s The LIDOSplots caleulated according to thisapproach areshownasred curvesin
figure 10 and $%a}-{c), superposed on the LIS in figures 5 and 53{a)—{c), to enable acomparison between the
results.

Theapproximation to use an unigue Ti 3s energy vale from bulk calculation for all the slabsis made in
order toallow astraight comparison of the results, havingin view the lack ofbulk-like regions in the 5 and
3-PTO shabs, see figure 7). Asanemorcheck, we have made an evaluation of the variation in the Ti 3senergy level
when the structural parametersofa FTO cell in the bulk-like regionof the slab were used for the SCF bulk
calculation, as proposed in [45), instead of an unique reference as described herein Forexample, bulk
calculations tor the 9- and 7-PTO sk bs, were performed atthe structural parameters of the bulk-lice cellsin
theseslabs, We found thatthe term AFy = Fypsap — Eop, varesby 76 meV for #-FT0 and 81 meV for 7-FTO
with respect to the initial value calculated for the bulk FTO before relacation. Based onthese results, we suggest
thatsuch small shifts in the LIS, shown in figure 5% (a) for the 7-PTO slab P (inblue), asan example, can not
determine qualitative changes in the predicted positions of the band edges. The LIS plots in figures 10 and
5%a)l-c) reveal significant differences between the positions of the valenceand conduction hand edges in the
two datasets, particularly for the 9- and 7-PT O capacitors. Referring to the LDOS results in thealignment
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relative tothe Ti 3ssemi-core states, the presence of MIGS and the Fermilevel location relative to the conduction
band edge pointsto a‘pathological’ regime at the FbO/Rul), interface, acconding to [ 45], for the 9 and 7-FTO
slabs, for P, and at the S0 Tiy, interface for P, Inthe case ofthe 5-FTOslab, a* pathological regime maybe
invoked at the Sr0TiCy, interfaces forhoth directionsof polarization. Mevertheless, taking nto account that the
present results have been obtained usinga band gap corrective approach, witha caleulated band gap of about

3 eVin the bulk PTC), wesuggest that the predicted behaviors are not artetacts ofthe DFT cakoulations, but real
Othmic contacts, We emphasize that in such cases, the experimental verification of the calculation results i
highlyrecommended.

Information on the charge re-arrangement and formation of intertace dipoles may provide usetul hints for
understanding the factors contributing to the interface properties, such ashonding across interface, interface
states and effect of the built in electric field. Therefore, we evaluated the magnitude of the interface dipolesinthe
systemsunderinvestigation, starting from the charge density ditference data in figure 6 and solving the 11
Poisson equation for the electrostatic potential. Then, the microscopic interface dipole, £4, wasevaluated asthe
potential drop at each interface | 88, %0]. Figure |1 displays the &4, vahues for the thin electrode capacitors asa
function of the VB M shift when the Ti 3ssemi-core statesane used as reference with respect to the band line-up
scheme (see figure 9). This difference reflects the effect of the intertace states on the VEM (CB M) positions. In
the case of the 9- and 7-PT O capacitors, figure | 1showsthe followings: (i) the dipoleschange sgnaccording to
the polarization direction, at both intertaces; (i) ako, for a given interface, the dipolesare higger, inabsohite
value, for P* thanfor P~ orientation. {iii) The dipolesare bigger at the S0/ Til); interface than at the
Py BuC, interface, for == polarization. {iv) In the case of the 5- and 3-PTO slabs, the dipoles donot change
sign with the polarization direction, in accordance with polardisplacement and polarization results.

Wealso noteadirect correlation between the magnitude of £, and the VBM shift at the PbO,/Ru(l,
interface, forthe 9-, 7- and 5-PTO dabs. However, at the Sr0/TH); interface we note a direct correlation for P,
and areciproca comelation for PT. Inthe open-circuit condition oft he capacitors under investigation, we
suggest that the bonding at the SrC/TiCh, interface favors local charge build-upand therefore the creationofa
larger dipole than that at the FbO/RuCl, intertace.

6, Concusions

We performed first principles calculationsof the polardistortions and electronic propertiesin
SrRuly PhTiCk/ StBul), ferroeledric capacitors with asymmetric interfaces, in order to examine the band
bending, band alignment and interface dipolesintheir dependence on the dielectric size. The main results of this

work are summarized as follows.

+ Itis shownthat aswitchable polarization, ofabout 0.5 C m ™ ispreserved in capacitorswith dielectric size
larger than 2 nm.

+ A monostable polarization state is evidenced in capacitors with FTC laverof about 2 nm.
+ Moband bendingand a loss of ferroelectricity is predicted below this limit.

+ Thebandalignment scheme drawn from the local density of states caloulated within the GGA+U framework
shows posible Othmic contact at an interface and Schottlybarrier at the other ntertace inthe 3- and 7-FTO
structures, for agiven polarization direction. [fexperimentally proven realistic, such characteristicsmay be of
interest toachieve unnelingele cro-resistive junctions

+ The LIMIS plots with the VEM aligned relative to Ti 3ssemicore states dearly evidence (thmic contacts at the
Fhiy/ Rul), interface for P*, and at the Sr0yTi0, interface for P, in the case of the @ and 7-PT0 slabs
Fossible (thmic contact is predicted at the S0, Ti0y, interface forthe 5-FTOvslah,

+ Theinterface dipoles re-orient themselves with the forward—backward polarizationonly n the 9- and 7-PTO
capacitors. Theyare sgnificantly bigger at the Sr0yTi0), intertaces than at the FbO/Buly, ones. It isfound
thatat the PhOy/Rul); interface, the larger isthe VBM shift, the largeris the interface dipole. Contrasting
correlations for forward—backward polarizationare predicted at the Sr0yTiH), intertaces. These results
suggest intricate effectsothonding across interfaces, internal electrostatic field and dielectric size on local
charge transters.

+ Thesize of the barrerand the switching effect can be changed by changing the thick nessotthe FTOlayer.
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+ Finally,itis worth highlighting the significant polar displacements mduced by the terroelectric dielectric into
the SROelectrodes. However, taking into account the high density of states at the Fermilevel in the SRO layer,
we mile out a possible onset of a ferroelectric metallic state at the SRO-PTO interfaces.
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The emerging field of electron o based on fermo-functional materials relies on driving effecively and predictabhly
a fermoelearic system betwesn different polariation states girongh biss applied to metallic conmes. This re-
quires demdled undersanding of the growsh mechamizms and dectromic properties of e interface, induoding
fermoelecinic and material = dependent band alignment and Schotty bammer heights. Wheter the major con-
tribartion at the interface band alignment comes from the work function difference or from the femoelectnic stae
is still under dehate. Here, using X-ray phomemsion and ebduits akulations, we derive $ie complex mioro-
soopic pictore of meal/famodertnc inerfae frmaton, inchoding grows mechaniem, valence aleration, fer-
roclearic-dependent dectrostic patental and thickness = dependent compensation mechanisms of ferroelec-
tridiy, sarting from the ukrathin growsh of Go up 1o 1004 on BaTi), Ome estahlishes the avalution of the hand
bending and of e build-in potental from the indtial prolbed thickmess of the femoelectric in the range of 3 (1 -
the inelas g mean free path) while gradually appro aching the contact region with the metal at higher thickness
of ghetop layer. We find that the welddfined onentation of e fernod ectric polarizaton lead to 2 band bending
at the interface, which add at the bending expected from the work fancton difference of e two joining ma-

terials.

1. Imtroduction

The spontansous polarization of fermoelsciric (FE) materials & ne-
versible ata certain voltage below the coercive fekl [1]. Their funda-
mental poperty of electrcally switchable spontamecus polartzation
below Curie temperature made them be promising materials for a dif-
ferent mumber of applications such = none-volatile memory stoge
devices [2], nonlinear optics [1], for their piesoslectricity and pyr-
eelectricity [4], in fermeledric capacitors [5]. Usually the fermelectric
system & driven through a metllic eecrode, thus the metal ferm-
electric interface becomes an impartant isue to address in devies
physics. In cmntrast to kel titamate PLZITiOy (PZT), baden titanate
BaTidy, (BTO) demonstate several advemtages reganding non-valatile
memanies like nontosde elements, crystallizing at lower temperature,
lower fatigue effeds and higher compatibility with inegmated ciradts
[6-5]. The semiconducting character of fermelectric thin fAlmes, ex-
ceading sometimes 100 nm, iz invohved instabi f tion of single-domain
fermelectric states having the polartaton perpendicular to the flm
[1%]. Mohbiles charge camiers from the feroslectric thin flm mey be
trnsiemed by the intermal feld Ffe (with P= polariation perpendi-
cular to the surface of the ferroelectric, £ = me= dislectric permitivity

= Cormespon ding anor.
E-mall addrex: dana popesengiinfimra (DLG Popesen).

e /ol org, 1001 016 4 apeose 30191 44101

of the Bmelectric], clase to the surboe or acmss the interface. Inalb
sence of any other spurces of extringic sresning these electrans and
holes form bayers which screen the depolarization field ingide the flm
accompanisd by bemed bending oocuming near the free feroslectric
surface. It magnitule & given by ef'5/s mtio, where § iz distance be-
tween the surbice and the polaration change shest and € the &lemen.
tary charge [11]. For a polarization ariented inwands, the bands ane
bending towand lower binding energies near surdfaces, while e an
outwands palarzation the bending & towand higher binding energies
[12]. It wasshown that core levels shift rigidly with respect the vacuum
level ane with the valence band maximum, ollowing the and align-
ment direction [ 12-17], thus Xy Photoslectron Spectroscopy (XPS)
investigation emergss a2 a useful toal to ed@ct important information
an the band bending cloge to the surfaces and their comespanding in-
Erfaces with different slectrodes. B & nown that valence band (VE)
investigation using soft Xemays photoemission is notariously difficult
de to its decreaee of the photeexcitation craes section by onders of
magnitude ayvmpared v the core levelk. Morsover, the valence bamd
mendmum may be hindersd by the larger density of states at the Fermi
level of the metal and by the consequent attenuation of the VB sigmal of
the semiomducor by the top metal [18]. Henes, fom a practical
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pempective, XPS echnique offers the possibdity to inker the mned
alignment in semiconductons nesr the contact region with 3 metal de-
psited on its surface, by inspecting the core-devel shifts nstead of
memitoring the valkmoe band (WVE) changes. Generally, migration of the
electmmns from the system with lower work function (WF) into the one
with a higher WF operates in the contact region of 3 metal with a
semicondwctor. This mechanism develops until the intermal field at the
interface prevents further charges migration amd mesubs in a3 ned
bending for the smiconductor. Its magnitude & comparable to the WF
difference betwesn the metal and the semiconduwctor. Indesd, recent
experiments evidenced the mportance of the buld-inpoential =t
meeta ) fermiel ectric inter face depending on of the mture of the eledrode
used in the s contacts. PET was usedin the previous sticlies de to toits
lbarge saturation polarization (about lﬂ-m_:':L MNevertheles for futums
practical applications, switching to Pb free maedak is strongly en-
ouraged Barumditanate represents an envimnment-friendly, afond-
able fermelectric material with considerably lower saturation polar.
ration, this esily switchealle between oppased fermelectric states.
Chen and co-workers showed that by in sitn biasing a fermeslectric
system, all mre levels vary a5 a function of the bdas - switched ferm.
electric polariation [19]. Namely, the polarization dependent oo
level shift of a BTO film smlwiched between top Pt or BuQs aned
battom Pt eledrode s of —1.1 ¥ for the symmetric structure and of
—iuG &Y for the asymmetric one. By considering the additional effect of
the depolariztion chargednducesd bending at fFee fEermelactrc sur.
faces, one can extend this appmach to fermeledrics [12,18]. By
studying gold and @pper grown on lead sircon-titamate (PET), some
intricate phenomena wene identifisd, whene top depasition initiate Gt
with inoonnected metallic clusters and their cormesponding positive or
negative dharging effects and shifts towands higher or lower hinding
energies, depending on the substrate fermeleciric state and the WF
difference of the two materials Later, at higher metal coverage, these
chE®es coalesce, finally connecting 1o the groamd of the system and
acting as a charge reservair [14] In the An came the effect of FE po-
lbrization-inducsd band bending and Schottky mier formation add
up, while in the Cu cage, the initial band bending term (due to FE po-
larization) vanishes, and the s=amd, due to the different W of the
heteminter face is enhanced when the layers beoome continuous. Ine
desd, Buweur &t al. have shown that in the case of Pt depagited on PET,
the shift mwands higher binding energies is amociated with a mnd
bensding downwands dus to the soourmnes of an ma-of-plane P~ stane
af the film near the surface, and that the coreponding electric feld
woutside the Alm promotes electmns from the metal towands the Glm, to
compemsate for the depolanzation Geld [20].

In the following, we investigate the polarization dependent Schoftky
barrier heights (SBH) at Cu/BTO interfaces by using XPS, starting from
the eardy stage of its rmation at submonolayer thicknes. During
swccessve metal deposition steps (2, 4, 16, 24, 40, 100 A) an BTO
substrate we estahlish gradual band alignment froom the shift of the come
levels with respect the Fermi level of the metal which add at the
bending expected from the WF difference. The mechanizms nvalved
paints at the fermeledric indured polanization effects. The rsults ane
supplemented by first-principle caloulations, adding information -
garding the preferences of the copper layers depasition on the different
palarization domaing on the BTO subsirate and on the different com-
penstion machanimes for fermelsctric polartstion pointing towands ar
away from the metallic electmde.

2. Experimental and computational methods

Epitaxdal BTO layers 150 mm thick are grown by pubed laser de-
pesition {PLD) an SrTi0a{1 000 (5TO) with SrBul; battom elactmde.
The PLD parameters used are ErF radiation at 248 nm wavelength with
5000 pulses, repetition mte 5He and bser fluence 1.5 Jfemr®. The
substrate was heated at 700°C and the partial O presure was 14Pa
when growing the fermelectric BT0. Since the PLD setup and the
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surface science chister (where metals are deposited and KPS measure-
ments are peformed) are not in vacuum connected, after the pre.
maration, the sample was extracted from PLD setup and introdwesd inds
surface science cluster (Specs) Cu was gradually deposited at room
Emperature after reduring the surface ontamination by annealing the
smples at about 1807C. Deposition is pedformed close © nommal in-
cidence, in a molecular beam epitaxy {MBE) chamber, connected in
vacuum to the analysi XPS chamber, from a properly outgasoed
Enudten cell at a mate of 35 + 0.2 A/min (Au) and 27 + 028 /min
{Cu), as calibmated with a quarz thicknes monitor, in a preswe of
L5 107 Pa The ssmples were then transfermed in sty in the photo
emizsion chamber and the experiments periommed in ulirahigh vacuum
(UHV) at a base pressure of 2 % 107" Pa Xy photoslectron spectros
soopy measurements were omnducted by using a monochmomatized Al
Ky Xeray sounce (148674 €V, with the photoslectrons recarded by a
Phoibos (150mm radins) electron energy analyser operating in fixed
analyser transmizion (FAT) maode with pas energy of 30 V. The -
timated combined {souroe + analyser) resalution is arund 009V total
full width at half madmum.

First principles calculations were performed within the density
functional theary fmework using Quantum Espreso code [21], by
employving ultesoft peeudopotentiak amd the genemlized gradient ap
proximation functional in PBE parametermtion [22] of the exchange
and comrelation term. The oode uses plme wave o expand the elec-
tranic wave function @nsidering explicithy valence and s=micone &lec.
trans. The genemalived gradient apprsimation in the formulation of
Perndew and Wang GGA+ U and PW31 - & used to treat the cornelation
cmntribtion and the sxchange to the total Hamiltonian [23]. For our
system we employ 8 unit cell feroelectric shabs with two different
femuelectric polan ration states with one end kept with the inter.atomic
distances at the bulk values and the other in contact with the metal
Lbryer. During calcudation the coordinates of the first, bulk-like two unit
cellsane fived, while the rest of the system i allowed to relax along the
saxis wuntil the Hellman-Feynmon forces on each aim are les than
30 meviA A Ry cutoff for the plane wa ve e xpansion and 40 Ry for
the charge density inegmtion is uwsed We coukl achieve the ome
vergence wWhen reladng the coordinates in the supencell for a Tx7xl k-
mint mesh. The in-plane lattice constant value was deduced from a
previows bulk caloulation to be @ = 3936 A and used fir our structure
fixing the SrTilhy substrate.

3. Besults and discisssion

Fig. 1{{a}-{c]) presemis the XPS specta of Cu/BTO systems, in the
increasing arder of Cu thicknes (2, 4, 16, 24, 40, 100 A) depmited on
BaTi(y fermelectric smple. Each Xy photoelectmn spectrum  is
“decmvaluied by wing Voigt lines [24]. All the spectra are simmulated
with a mmimum number of companents in onder to obitain a ressonable
fit. The Ba 3d and Cu 2p spectra are fited with 2 companents {ne-
presented with green and Wue curves, the gresn one having the lower
binding energyl, with impossd banching ation (1 + 13/ betwesn
e =1+ T amd o =1—1 compoments {I & the arbital quantum
mumber and [ the total angular momentum in the LS coupling schems).
The nelative binding energy shifts betwesn these two main components
is 115 + udleV. For the O 1sand Ti 2p spectra, three companents wen:
mecesary. The results are in agreement with the ones obtained for Cn
deposited on PZT (0 01) [14,25]. The svolution of the binding energies
are seen in Fig. 2.

The phatoemizion spectrta of Ba 3d, in the Cu/BTO sy=4em iz pre.
sented in Fig. 1{a), where the main component at lower hinding en-
ergies (LBE - green curve) is amigned to Ba atoms in the pemvskite
state, amd the one at higher binding energy (HEE - blue curve) to sur-
Bice related emission dus to unimondinated surdfsce Ba atoms [26,27].
The main component of Ti 3p spectra(Fig. 2(b]) is asocated to Ti ions
in perovskite phase having a + 4 valence state and the smaller com-
ponent at HBE is atiributed to Tily surface termination, thus one
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dedurs that BTO surbice hos a mixesd, Bad amed Ti0; termination It is
reasonable to assume that only atoms in perovsldte environment give a
net amtribution at the kEmeledrc polarzation, while under-oo-
ardinated species contribute at the P state (no outof.pane FE palar.
ation]. Additionally, a lower binding energy component was used in
arder to describe the Ti'™ stawes, which are in direct connection with
the mygren varancies.

Ome can exsil y observe that the Ba 3dand Ti 2p intensities during Cu
deparition are not dropping to wera, even after growing an overlayer of
100 A. At this thickness amd with the inelssic mean free mth in the
range af 1 — Inm, the attenuation of substrate Ba 3d and Ti 2p spectma
should have been of orders of mognitude compared to their initial
amplitudes [ 13]. This behavior & reasonable in the assumption that Cu
Alm grow as discontinuous cmting — clusters or manoparticles, acoom-
panied by additional formation of a reacted Cull, layer, with inter-
mesliate valenc: betwesnmetallic Cu and Cudl. The amplitude vanation
of LBE/HBEE components with Cu thickness is quite similar, obeying an
exponential attenustion law (s=e Fig. 52). The evalutions of O 15 and
Cu 2p spectra inthe increasing onder of metal overlayer ane presented in
Fig. 51{a,bL

The valence bamd spectma from Fig. 1{c) revesl the svalution of the
system with Cu deposition, whers the Fermi level & automatically ex-
tracted by the mnalysis software, regularly calibrated for the XPS setup
to el B iz difficult to ames any hinding energy shifts in the valence
band during metal depositions, as the O 2p - Ti M sigmature at

I—4 eV is gradually replaced by that of Cu 3d, accompanied by the
attenuation of Ba 5p signal The n=et reveak the valence bond mo.
imum (VBM) pasition determined from the spectra of the annealed BTO
substrate. Extrapolating the lesding edge of the valence bemd spectma
recomnded on the bare BTO smple (Figure 53) we determine the VBEM:
By — By = 206 2V, comesponding to the Schottky bmmier height
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Fig. 1. {a) Ba 3d and (b} Ti 3p XPS specima
004 ter sucomssive Co depasition an BT0 sub-
| sitae. Red symbaols represent the axpen-
meni] data, black lines are the fits, green
and blue lines represent individoal compo-
nent. (o) Vakenee band maximum obinesd
with monochromatized Al K, souree opan
Cn deposidon. The red bne represents the
ammealed surface prior metal deposition
wed o extrac de Fami level and to est-
maie e VEM (s== the Insefl (For imer-
pretation of the references to anloor in dhis
figure legend, the reader is rederred to the
web version of this artide)

Valence Band ||
—— mn intrzdurad

Binding energy (@)

{SBH) for holes. This also indicates the ndoped chamcer of our BTO
Layer

Fig. Aa}-{c) shows gradual shifts of the signals coming fram the
substrate (Ba 3, Ti 2p) towards lower BE with incresting metal
thickness, up to 0.16V. The vahees of the core levels obtained for the
main compaonent of the dean surface are Epy = 7793 eV for Ba 3dg o,
En = 4588 @V for Ti Jpyq, Ep= 530 6V for O Is agree well with
pevioas data [16,28]. For a survey of the Ti 2p and Ba 3d binding
energies in the literature and mone details abowt the Cu 2p and O 1s
evoluition during baver growth see Supporting Information].

What can we observe in Fig. 2{d) is fist a dop of the O/Ti mtio,
signaliring some incresse of the ocygen deficent state, followed by its
gradual recovery with increasing Cu thickness. The initial ex&tence of
some oxygen deficient state can be understood as an effect of mikl
vacuum annesling, while the intrineic compensation medhanisms of the
out-of-plme fermelectric state is rsponsible for their accumulation
meme wwands the surface [ 18], On the other hand, the furher incresss
af oxypen vacancies, and consedquent build-up of free slactmons is me-
expected for a fermelectric polarzation “inwards™ ntrinsically com-
pensated by hales mther by negative charge camiers [18]. This ine
dicates that the main compensation mechanism, at thin Cu over ayers
is intringic, invalving the accumulation of negative charges close to the
interface and the transfer of Fee charges from BTO to the Cu clisters.
alesd, Cu is negatively charged (Fig. 1{c)) [28], festuring a BE shift
wwands LBE of 1 ¢V in the first depasition stages until the Cu dusters
et oonnectesd at higher metal oversge, and the top slsctrode beoomes
a true electron reservoir. From that moment on, any electron tramsfer
fram BTO to Cu is exchuded. deed, starting with 30 A thickness of
depogited Cu, no major shift in the Co 2p BE is deteced anymione.
Hence, that thickness represents the crossover from intrinsic to extrinsic
compensation mechanizm of the ermelectric polariztion. At higher Cu

5 a3
_E :' a0 ﬂ
1
£ s 18 8
d I
& o W,
Thickness (&) Thicksrsa (&)

Fig. 2. Fvolution of binding energy of {(a) Ba 3d;, (b) T 2py., () Co 2p componens resulted from e fit of specra recorded i Fig. 1{a)(b) and Fig. 51(b} as
fonction on ghe Co nominal thidmess. (d) O¢Ti ratio afier soccessive Co deposition and T * contribution at the torl negral mensity of Ti 2p specra
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thicknes the gradual recovery of r= O/Ti ratio, ging up to oxygen
exres | 100 A Cu) ndicate that the screening of the out.of-plane fer.
meelectricity melies on pexitive charges (holes and ionized donaors), in-
volving ap-self doped regime [10,18]. Remarkably, the nelative integral
amplitude of the component msociaed B Ti' saes oafirms the
trene described by the O/Ti mtia, sharply increasing in the early Cu
deperition stages whene the incresse of the aoygen deficent stawe is
identified, while remaining almost constant at higher Cu thickness. In
this context, the accompanying intensity between VEM and the Fermi
level is a clear indication of localissd inegap staws of TP origin
[259,30], similar & STO-derived states in STO[3]1] and at LAD/STO
interfces [32,33].

While in ST = derived systeme, the oxygen vacancies ame nvalved
in the particular memdifestation of the two dimensional gases [31-33],
with direct implications in elscimonic trnsport, in our case, the func.
tionality of the acygen vacancies stems from their rale in stabiltxing a
well-defined orentation of the kmoelectric polarization at the BTO
surfaee through intrinsic mechemisms, while gmdally replaced by
cmnventional, extringic compemation through the electrons from the
top metallic comtact at higher Cu coverage.

In Fig. 3 we sketched the mechamisms invalved in the evolition of
the binding énergies identified in Fg 2 We establizh 3 band bending
with the arvatre depending (i) on the differsnce between the WF of
the metal and that of the Ermoelectric and (@) on the fermelectric po-
larization orentation. We imagine first the situation when no outof-
plme fermelectric polariation & present (Fig. Ja) & for example in
the came of P™ domains, where FE polarization beks or of the mgions
featured by FE polarteation oriented within the smple plane, which do

BaTi0,
(a) vacuum level

Ecpm

E,=3.2 eV

| @48 eV

Eupu

pio)

BaTilk
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1148V
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]
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mot omniribute to surface band bending] 13]. We additionally asume a
hypothetical situstion with no bending despite the different WEs of the
joining materialks. By considering the effect of the differsnt work fune-
tiors, such as in a metalsemiconductor contact with metal having
higher work fnction than BTO (@, = 4.65eV [3] and for
By = 48 2V [35-17]), me woull obtain a downwanls land bending
and shoukl have experimentally identified shifts of the BE towards
highe r energies (Fig. (b Such shifls are excluded by the experimental
evidence, and one have to asume, for a comistent picture, the efect
triggered by the feroslactric polarization which lesd to oppogite shift
af the BEs, thus FE pointing inwards (P (Fig. M)l Indeed, the <hift
of the VEM of the asdntroduced sample towands the Fermi level by
L 2&V upon vacuum annesling (imet of Fig. 1) is an indication of such
direction of the fermelectric polarization with its comrespomnding bamed
bending upwards.

Momsover, ane hasto scoept that the land bending upwarnds close to
the contact region i omsikent with a mechanism of interfoes forma-
fion invalving the combined effect of a P~ arientation of the FE p
larization and a FE-dependent WF value [18], & illustrated in Fig. Je
Az reviowsly explained, the values of the WF in fermelectrics depencd
an the polarzation state, termination and doping [18,38-40]. For ex
ample it i well established that the surface potential of fermoelectrics is
higher for P~ domains than for P~ anes [ 18 38-41], with vahes of
WFs larger by 0.3-0.4eV for P domaing than for the P! FE o
ientation. The explanation mvalves combined electmstatic considera.
tiors [38] and mom complex, doping-dependent mechanésmes of om-
comitant change of the band structure, electron affinities and Fermi
leved position [18,36,41]

cu BaTiO,
vacuum level (B) vacuum kevel
] =
m
o
L]
o
ol
-]
E;
20" Evam
PO+ AD |
Cu (d) BaTiC,
vacuum laval vacuum lewel

=4 65V

Fig. 3. Mertuniems explining the evaltion of binding energies from Fig. 2 (2} energy band diagram of BN withowt polarizasion parpendicular to the sorface (P™
ar mn-plane) and assoming no WF difference and no band bending; (b} Schotfo-Mo# band bending mechaniem when Co is deposieed an BT, {cf energy band
diagram of BT exhibiting & FE polarization arleniesd imwards { | § with its oomesponding band bending; {d) our cass wherns the fermoslecin ¢ madntain it polarzaton
adding at the bending due to the Schottky conmer.
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The P~ arientation of the film polarization then adds at the dif-
ference between the metal-semiconductor WFs, resulting in a SBH de-
ﬁl‘hﬂlm#+(ﬁm — Byl where ey > Prp, Sow — Pop = 01 &V, in
line with the medcanism suggested in Fig. 3¢, d and with the apparent
shift wwands LBE by 0.1 £V of BTO core levels upon Cu deposition [ 25].
The image exdmacted fmm the BE variations is schema tiesd in Fig. 3{d],
with the shift towands LBE upon Cu deposition awresponding to up-
wards band bending in alsalute vahes [25]. The SHE kb electrons is
calculated wwing the BTO band gap of 338V, Eq — 8 = L14 V. We
can deduce the SHE for electrons at the interface after metal deposition,
@9 = LB eV, amuming a rigid shift of VBEM and core-levelsof 0.1 eV,

With these valie= and the mechanism invoked in Fg 3, we obtain
the ferroelectric term 2% — 0.3 &V, with F= 25 pC/an?[19] and e
fective  diekectric  constant =140 [42] and, deduce that
Seprprmpoy = 1.5 M. This means that the moin effect of the interface
charge resrganization lies in approximately the fist two unit cells of
BT, The vale is larger than the widt involved inthe stabilzation of a
P™ FEstate by a factor of —4 [37,43].

The rmation energy calculated from frst-principles for a BTO slab
in the mitial stage of Cu growth (Fig. 4) confirm that the most favorable
scenarnio & with Cu presumably growing on domains with PO-) or.
ientation sither on Bad terminated swbos anad tosmaller sxent to Tily
regions (Fig. 4{a,c)) which have the amalles formation energy, with
significant differences for the formation energy in the cxe of B do.
mains. Reganding the stabdlity of the interface formation as deduced
from DFT calodations, Cu lattice cmstant eee = 1615 A is sigs
nificantly smaller than that of BTO strained at the inplane STO lattice
omstant [18], amm = 3905 A Consequently, the attice mismatch be-
tween Cu and BTO imply that the osic condition for epitacial growth is
nat fulfilled; hence the growth is ikely to result, at least in the eardy
deperition stage, in custers and islands unconnecied, while they will
connect esch other only at higher thicknes of the top metal. This

scenario cormepands precizely to our experimentsl case. Taking uneder
omsidemation that thick BTO layers are commaonly featured by mixed
Emination domains, it i expected that the gmowth will procesd an
domaing featured by the smallest fomation energy (largest in absohute
values), resulting in chisters and isbnds amnected to each other only at
high metal coverage [13,25]. Indesd, this hypothesis is in line with the
attenustion of the sulstrate signal of 94.4% at 100 A thick metal
ooverage and with the value of the total attenuation thicknes, con-
siderably larger tham the estimate based on the inelastic mesm free path.

Insight into the micmoscopic mechanizm of charge compensation at
the intefaces aml stabilization of a welldefined out-of-plane polar
ration direction is given by the calculsted bonding chargs distribution
a5 the difference between the charge density of the entire slab and of Cu
and BTO, lying in identical supercells [44,45]. It shows that in P&
states {Fig. 4{a,c)) charge depletion oocurs indesd in the first mit cells
oocurs close to the metal contact This can be assimilated to hole state
lcalized orbitaks oriented along the Ti-0 hybridized bond in the = di-
rection. B~ states, on the other hand, are katured mostly by charge
accumulbation &% expected. Morsover, the alteration in the charge dis-
tribution promgas in the At two mit cell dose to the inedace, in
scoardance with the deduced value of § 1.5 nm and this behaviar is
marticulady evident for the BaD - terminated domains, imvolking in-
trinsic compensation mechanism, while for the Til; = terminated in-
erdace, the compensation of the kEmeledridty nvalves dmastic e
arganization of the charge distributon amound the op metal layer (ie
exiringic ampensation).

We further explare the rebtionship betwesn the melative atomic
displacements of Ti, O and Ba species along the r axis, which directly
impact the out-of-pbme polartation and the rsults are presnted n
Fg 5.

The polarization can be expresed ax
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with the sum running over the whole set of unit cells, vis the wohme of
the unit cell, § the displacement of atom i from the centrmsymmetric
pusition and £ the Born effective charge of the atom i With the values
af § collected Fom the DFT-relaxed slabs for both BaD and Ti0y ter-
minations (Fig. 5{a,c)) e would expect a decrease of the polarization,
compared with the bulk vahes, gracusally roovering (P, Tid, ter-
mination], deaessing (P, both terminations) or exceeding the bulk
value (F* ™), BaD) termination) while apprasching the surfice.

The other term in Eq. (1), regulating the net fermelectric polarisa-
tion represents the Bom charges, which for BTO were cakulated in
[46]. Taking the plane containing the Ba atoms as refermos, we expres
the Emuelectric polarization per unit cell 2 follows [47 48]

=—c-:u. + 8 + —anﬁn

2]
which sum up the two contribution.

The deduced cellrsalved polanzations (Fg. 5 bd)) shows ceardy
that the ulk vahees capture the experimental P of 25 pCion?, b
within the slab the values #nd to decrease while approaching the
surface. The drastic drop deduced for the BaQ) ~termina ted domains and
P! state, surprisingly festursd by the largest relative atomic dis-
place ments is due to cell tetragonality which appmaches the cubic,
parslectric state dose to the surdface. To better dlustrate the subtle
balance betwesn atom off-centering amd tetragonal distortion, in the
Ti termination (P~} case for esample, the large = traganality of the
cell close to the interface is not enough to compensate for the small
relative atomic displaeements, thus the value of the FE palariation
close to the surbice decreses to 13 pCfom®. The rest of the vahies, for
the two remaining cases care in the 15 — 20 pC/omf range. This ob-
servation oonchides that birge relative aomic displacements reflect in
large FE polarization given that the cell remaing tetragonal, with the
tramsition to a cubdc configuration triggering the disappeamance of any
out-ofplane FE polarzation. Another interesting olservation & the
selective dmop of P, the FE polarization valee close to the surbce anly
for the Tid; —temminated P+ domsing and BaD - e rminated Po anes
while Bal (P*) amd TiOu{P~) seem to keep their bulk values This
behandor shoukl be usehd in understanding the polarization belavior in
artificial heterastructres invalving well-defined, enginesmed termins-
tions. Owr results thas shed light on the complex metal/fermelectric
interfce formation mechanismes, and clanfy practical aspects invalved
in the fabrcation of fera - hnctional devicss

4. Comclusions

We have presentesd 3 comprehensive study by mesns photoslsctnmn
spectmscopy and fArst-principles cakulations of the bond bending
during the contact formation of Cu with the BaTidy swhee. Carsful
analysis of the core level specta allowed 15 i trace the arigin of each
fit component amd to establish the influenee of FE polarizstion and
surfare stoichiometry mn the interface bemd bending. From the evalu-
tion of thess components with the thickness of the metal op byer, we
omclude that Cu layer, in the incipient state, at thicknes below Inm is
not continuows. This regime & ascaed with intringic compensation
meschamizm of the out of plane fermelectric polarzation direction. i
invalves oxygen vacmcies-derived negative charges which budld-up in
BT close to the interbcs, accompandsd by electmon transfer towands
the Cu Elmds For Cu thickness excesding 3 nm, the islands coalesce
andl the stabilization of P~ domains invelves the compensation of the
depalarizing feld by the charges from the metal overbover, thus the
systemn switches to the conventional, exdringic compensation me-
chanism. We find that the valence band meximum of BTO at the in-
terface iz 206V, defining a Schottky lamier height of 1142V for the
electrons. These vahees, comrelatd with the shifts of the valence and

Applied Surfuce Srimce 50 (2020) 144100

mendmum and of the core levels are comitent with fermelectric de-
penadent work-function vahes of BTO, which, in combination with the
P direction of BTO accounts for the upwarnds band bending in the
interface region Abinito calculations point towards a scenario with
copper growing maore likely on the PL-) domaing, while rather in-
sensitive to the different terminations of the surb e
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Abstract

Bemy phase (BP) polarization calculatons have been investigaied for several
ferroelectric matenials from the point of view of pracdtical calculations. It was
shown that interpretation of the results is particular to cach case due to the
multivalued aspect of polarization in the modem theory, Almost all of the
studied examples show ambigueous polarization results which can be difficult
to solve especially for super-cells contining large mumber of atoms. For this
neason, 4 procedure has been proposed to minimize the number of calculations
required to produce an unambiguous polarization result from BF polarization
investigations.

Keywords: Bemy phase, polarization, fermelectrics, Bom effective charges

(Some figures may appear in colowr only in the online joumal)

1. Introduction

Fermelectric materials, have been under intense research for the better part of the last three
decades due to the temendous integration potential into applications manging from high-
density non-wolatle memaories © solar cells and logic gakes [1-13].

Muost fermelectrics belong to the perovskire AB(), family which is a vematile group of
materials that can be obtained through a wide range of synthesis methods | 14]. Omne important
property for real life applications is the large polanzation value obtained in some fermelecric
compounds such as Pb(Zr,Ti;_ 10 (FLT) thin films (around 1Cm™5) [15]. Unforunately
these high polanzation values are mostly obtained in lead-containing materials which have a
rather hamnful envimnmental footprint. For this reason, a sustained experimental and
theorctical effort is made in order to find lead-free perovskites that ideally retain the high
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polarization value but have a much lower toxicity. The theoretical appmach for this seanch is
based on high throughput calculations using automated scripts ssarching for particular mat-
crial propertics (such as a high polarization value) [16-19]. The most ncliable theorctical
model o date for computing the spontancous polanizaton is an implementation of the Berry
phase (BF) formalism [20] adapted by Resta [21 ] in 1992 to comectly define and caloulate the
bulk polarization value of a femoeclectric. It was later implemented by King-Smith and
Wanderbilt [22] in first-principles density functonal theory mumerical caloulations routine and
together have become what is now called the modern theo ry af polarization. This method has
been wsed o compute polarization values for various bulk ferockectric mateniak. However,
special atention is required for each studied material The difficulty liss behind the dafinition
of the spontancous polanization within the modem theory of polarization as the time integral
of the cedric curent appeanng when the system is distoried adiabatically from a reference
cenrosy mmetnic stake (C5) towards a final fermelectric state (F5) [21, 23-26), as one needs
the polarization values for at least two different system states {C5 and FS) in onder to calculate
the spontancous polarzation, which & the difference between the two. Therefore such an
approach is fundamentally different than previously used models where the bulk polarization
was viewed as a collection of neatly amanged electrical dipokes [26] In addition, the cal-
culated polarization is not single valued but a mulivalued function of the system state; it can
only be obtained up to an inkeger number {indexing polarization branches ) multiplied by a
certain geometrical system constant [21, 23, 25, 26]This intricacy complicaies the imter-
pretation of numerical results considerably, since e obtained polarization walues for the
required C5 and FS may not have the same indeterminacy (i.c. they may belong to different
polrization banches). As such, the difference in polanzation of the C5 and F5 is multi-
valued, contradicting ox perimental spontaneous polarization measurements. This ambiguity is
comected by repeating calculations for a large number of mtermediary system states, 5o as to
identify the polarzation branches of the C5 and F5. However, the procedure is sysiem
dependent and can also lead o incormoct results it the proper cormections are not usad, as
pointed owt by MNeaton e alf [27].

It is at this point whene a distinction between the analytical theonetical description of the
modern theory of polarzation and i mumerical implementation and usage, should be made.
While the BP theory of polarization is general to all maerials, the interpretation of nesults
obtined from the numerical implementations is strongly system dependent. This fact implics
that almost always one must msort to cakulating the polarizaton for multiple ntermediary
system states which can be very time consuming especially for larger systems.

The present paper aims to illustrate the BF polarization theory from the perspective of
practical density functional theory [28] caloulations and to mtroduce a stmategy for choosing
the optimum calculation points required o resolve the polarization ambiguity in a minimum
mumber of steps. The manuscript is structured as follows: in the next section, the materials
used in this study are presentad, followed by the computational details in section 3. BP
calculations ane bricfly described in section 4 and the polarizaton calculations results for the
materials intmodoced in section 2 are mdividually discussed in section 5. The pmoposed
optimization strategy i introduced in section 6 using the example of a larger system, followed
by a discussion on the calculation of Born effective charges in section 7. The manuscnpt will
be concluded with a discussion of all the results obtamed in this study and the implemented
strategy in section §.
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fimed A soblattioe feed B pablattice

Figure 1. Schematic of a eragonal mitcell prowtypal ABO, fermoelectne perovsldie.
Two posadble dsionion paths ane exe mplfied wit respect to the A and B sublaitces,
respectively.

Table 1. Latice parameters and awmde coordinaies of the optimized PETIC,, BaTid,
and KMNB unit-cells

afd) iAoz e In, Tty

BaTi(yy 39925 40365 Q00 04785 00253 Q5105
PeTedy, 38775 4207 00D 05380 01166 el
ENBD, 3907 4083 00D AT MTD 519

2. Materials and structures

The application of the BF polarization theory can be better understood if practical calculations
are discussed. For this reason, in this study, four materials have been used to exemplify
vanous aspects of polanizaton caleulations: BaTiO, (BTN, PRTiO, (FTO), KNBO: (KNO)
and Pb{Zro 2<Tia 730 (FET). Although very similar in strucune, it will be shown that one
cannot rely on assessing the cormeat polanization branch in one compound based on the data of
the others. The choice for the first three materials was motivated by the simplicity of their
nespective unit-celk which allowed for a large number of calculaions to be performed for
imtermediary system distortion states. The symmetry of the systems is tetragonal and they
cach have five atoms in the unit-cell {sce figune 1). The lattice pammeters and atomic
coordinates for the first three matkerals have been summarized in table 1.

Pb{Zry 22Ty 7005 has been used to exemplify BF polarization caloulations for a larger
systemn. The 40 atom super-cell was obmined by amanging eight FT( unitcells in a
2 2 x 2 grid and meplacing two Ti atoms by Zr. For this system there are five symime-
trically incquivalent configurations available where the two Zr atoms can be placed. The
chosen example used in this manuscript replaced the diagonal Ti atoms on the second layer of
the 2 x 2 x 2 super-cell. The optimization strategy that will be presented in this manuscript
can be applied for all five configuration without modification and for this reason we have
restricted the discussion for just one of them. Being a larger system the polarization calou-
lations took considerably Jonger time to complate companed to calculations for the smaller
studied systermns. While the relative dme it takes for a polanization calculation to finish & not
mlevant when individual structures are tested, it becomes important when an entire mnge of
different matenials & investigated.
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3. Computational detalls

Al cakulation for the present study were performed wsing the generalized gradient
approximation density functional theory [28] as implemented in the Quantum Espresso suite
[29]. Projected augmented-wave Perdew—Burke—Emzerhof pseudo-potentials optimized for
solids (PBE=ol) [30], from the THEOQS library [31], have been wsed for all the numerical
mesults obtained in this study. However, it should be noted that while small difterences can be
obtined for the value of the spontancous polanzation, the ambiguites generated by the
multivalued aspect remain. For this rmason the precision of the numerical results in this paper
is less important since they were used only for visualization of the peculianities involved with
the BF polarization calculations.

For the first three materiak, a kinetic energy cut-off of 100 Ry was chosen and the
Brillowin zone wassamplad ina5 = 5 » 5 Monkhorst—Pack [ 32] uniform &-point grid for all
self-comsistent caloulations. The polarzaton calculations (non-self-consistent) were per-
formed with a5 = 5« 20 k-point grid. For the BT and PT( materials, structural optim-
ization was perforned starting from experimental dat found in the litermre [33, 24] The
optimized lattice parameaters were obtained by minimizing the total energy with respect to the
volume of the unit cell and the final atomic coordinaies were obtained by relaxing the intemal
coordinates until the Hellmann—Feynman forces converge 10" e¥ A™". The KMNO case has
been treated using the same lattice parameters and atomic coondinates as obtained by Dal-
'Ol er af [35].

The Pb{Zrg 35Tl 7503 material was also investigated as an example of a larger sysiem
described by a supercell formed with eight PTO unit-cells disposed in a 2 = 2 = 2 grd
whene two Ti atoms have been neplaced by Zr. The lattice parameters of the FET super-cell
are twice the ones obtained for PTO (see table 1 ). The atomic coondinates wene further relaxed
to account for the presence of the two Zr atoms, Since the larger system will take considerably
lomger time for each polanzaton cakulation mn to complete, i was usad to highlight the
consequences of randomly choosing imermediary system distortion states between CS and F5
in onder to sobve the polatization ambiguity. Lastly, as a language convention, a polarization
calculation mn is a set of two consecutive caloulations for a given system state: first a sclf-
consistent calculation on a uniform &-point grid, followed by a non-self-consisient calculation
with an increased number of k points along the axis whene the polanzation is calculated.

4. BP primer and usage

The modem theory of polanzation defines fermoelectric polarization as the ime integral of the
current that appears through the sample when the studied sysiem is adiabatically distoried
from a referemoe state to a final FS. This is valid as long as the system remains insulating in all
the intermediate staies along the distortion path [26]. A visual epresentation of two such
processes ane given in figure 1 whene the tetragonal ABOs system is distonted from the CS to
the F3 along the z axis with respeat to the A and B sublatices, respectively. For all materials
studied in this paper, the polarization direction is parallel to the ;axis of the unit-cell and thus
the sy stems will only be distorted along this axis. For the cases shown in figure 1 we can write
the systern distortion as a linear function of a dimensionless pammeter A

M =5+ = 5 (1)

whene the index i spans all the atoms in the unit celland A € [0, 1]. The coondinates .;ramd
ztl's represent the ; coomdinates of atom § for the centrosymmetric and the FS, mspectively,

4
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while z4A) is the coondinate of the same aiom i for an intermediary distortion A, This means
that all the atoms in the unit-cell will be moved together by a fraction A of their comesponding
final displacements Az, = 1% — ;™ Following the definition of polarization in the modern
theary, the difference between the values obtained for the F5 and CS should mepresent the
spontancous polarization of the sudied system

H- = P]'S - Pr_'s»- )

wheme P, is the measurable s pontancous polarization, Prs the computed polarization in the F5S
state and Fig the computed polanzation in the reference state (in our case, the C5). This & a
measurable quaniity and the modern theory mimics the generic experimenial measurement
method, where the system state & switched between the two stable FSs wsing an extemnal
clectric field along a hyskerssis cycle.

However, since the polarization is a multivalusd function, equation (2) does not strictly
nrepresent the spontancous polarization [23, 26]. Indead #t can be shown that polarization is
only well-defined modulo a polarization quantumn given by: Ff = %. where {1 is the unit-czll
volhume, ¢ & the unit charge and R is any lattice vector. This means that the calculated
polarzation for any system state P, is acually an entire family of values separated by
integer multiples of £, {also called branches) and given by [23, 26]:

Buse = Pocry +n Bn € T, 3)

whem Pp.., is the calculated polarization and # is an ineger indexing the polarization branch
[23, 26]. Itis now clear that, if the polanzation values for the CS and FS do not belong to the
zame branch, then the spontancous polarization will continue ®© have the form given in
equation (1), contradicting experimental findings.

Equation {3} is not only an important consequence of the modem approach to formo-
clectric polarization but also the key to the comect application of the numerical imple-
mentation of this theory for practical cases. From the theoretical perspective the polarization
is a contimsous function of the systemn distortion A and while in principle, the polarization
values are multvalued, they all belong to the same branch. Thus the polanzations of the €5
and F5 can be used in equation (Z) withowt modifications. For numerical calculations this is
not always the case. The cakculated values not always belong to the same polarization branch
and different strategics are proposed to discem weather this is the case or not. For example,
one can check if the polarization values for the C5 and FS belong to the same branch by
looking at their differcnce and companng it to the polarization quantum [22, 25, 26]. i the
difference is much smaller than the polarization quantum then no ambiguity has appeaned and
equation (2) is valid. For the case when the difference is comparable o the polarization
quantum, internediary system distortions should be considered in onder to clanify what branch
the two polarizaton values belong to and which cormections should be made. However, there
is no clear indication what it means for the polanzation difference to be “much smaller” and it
will be shown that this comparison cannot be wsed effectively to solve the ambiguity. Figure 2
summarizes the calculation steps m onder to obtain the spontaneous polanzation using the BP
polarization method.

5. Numerical calculations and polarization branches

5.1. BaTidy

The first choice of distortion path shown in figure Ma) returns the ideal result: all the
calculated polarization values belong to a single polarization branch. It is then clear that by

5
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FPos Prg

Figure 2. Berry phase polarzaton method ealeulation work-flow. The blue rectangles
mepresent polanzabon calculabion mns, green diamonds are decsional seps. Hed,
yellow and orange rectangles ane regular anthmetic operalions.
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Figure 3. Polanzation latice for BaTi), (black dos given by equation (3)) with
distortion from e C5 i the "TOWN' FS {red emply circles) and from the C5 to the
“UF FS {ankd blee cncle) with resipect 0 the Ba sublamice (&) and with nespect o the
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vanation for each disiortion path
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applying equation { 2) with the FS and C5 values one obtains the comect polanizaton valee of
0.351 Cm~2. Using the checkpoints at the end of section 4, the values for the “UP” directions
are & follows: Feg = 00 m™>, Peg = 0351 Cm " and F, =2036C m . The difference
between the F5S and C5 vales is almost six times smaller than the polanzation quantum and
this could have been considered sufficient to conclude that an unambiguous result can be
obtined withowt any other intermediary system distortions. However, the situation changes
drastically if the unit-cell of the system is now distorted with nespect to the B atom sie (see
figure Hbj). From the CS o around 8)% distortion, the calculated polanzations arc neatly
amangad on the same branch just like in the previous example. Nevertheless for the rest of the
20% lett to the final F5 the valucs jump suddenly on a different branch. Analyzing the end
values of interest, one obtains: Pes =0 Cm ™ and Prs = —1.685 Cm ", while the polar-
ization quantum remains the same, F, = 20360 m

According to the caloulaions steps outlined in figure 2 the difference is now
—1.685Cm™" which is amost the same as £, in dbsolue value, This means that an ambi-
guity has arisen and a cormeation is needed. In this case, with that many cakulated vales, itis
casy not only to identify where the calculated polarization values meside on ther comesp-
onding branch but also what cormection should be used. For this case, by adding one polar-
ization quanta to Peg will bring it value on the same branch as Pog (for the "UP" dinection).
The & ponEneous polarzation in aquation (2 becomes:
P.=PFe + Py — Pes = 0351 Cm ™,

52 PbTiOs

Faor the first distorion path in figure 4{a) momre polanzation jumps appear not only towands the
end of the distorion interval, but also at around 3% distortion. This only mreflects the
‘random” nature of these polanzation jumps driven by the numenical implementation of the
BF polarization theory. In onder to verify that these jumps anc not related to any numerical
emors, the total energy is plotied {dashed green ling) as a function of the system distortion. 1f
the imegularities in the dependence of polarzation on the system distortion had a different
soume, a comesponding discontinuity in the energy dependence should be obsarved.

This is clearly not the case in any of the studisd examples. Apant from the appeamnce of
imregular polarzation jumps, the mportant FS and CS polanzation are located on ddfercnt
branches similir to the case in figure 3(b): Peg = 0Cm ", Peg= —1IBSCm " and
Fy =213 Cm Y The spontancous polarzaton can be obtained in a similar fashion, by
adding one polarization quanta (far the e direction):
F,=Pm + Fy — Py = 084 Cm ™ It should be noed tha the value of the cbumined
spontancous polanzation in this case is not “much smaller” than the polanzation quanta and
this can add mone confusion when analyzing calculated data. For the second distortion path in
figure 4b), the iregular jumps from the previous case have disappeared but the polarization
ambiguity is solved just like in the previous case. In fact, if it was not for the one instance in
figure ¥a), one could be inclined to conchide at this point that, by always adding one
polarization quanta to P for the "UF direction, equation {2) would lead to an unambiguous
result. Unfortunately this is not true, as the next example will reveal.

53 KNBODs

Figure 5 shows the same type of polarization calculations as the previous two cases, however
the msults are entirely different, starting with the C5 polanzation value. Contrary to the
mesults in figures 3 and 4 the C5 polanization in figure 5 docs not vanish for the C5. This resuk

T
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Figure 4. Polanzation lamice for PhTH), (back dos gven by equation (3)) with
distontion from e C8 i the “TROWHN' BS {red empty cireles) and from the C8 1o e
“UP* FS {sold blue cieles) with respect o the Ph sublamios (a) and with respect o the
Ti sublattice (b). The dsiomion prameer A wa modified in 5% seps, with he
negative values for the THWN' nended for a betler clarity of the figure. The green
dashed line is the votal energy & a function of disiomion showing a continwous
varation for each disiortion path

appears to be in contradiction with the expectation that for a C5 of a system the polarization
must vanish, yet this is only true it the polanzation was single valued [26, 36). Once again it
iz shoamn that using the cument approach it is impossible to successtully apply the same
strategy to different materials. Another difference in the resulis obtained for KNO is the
polarization jump that appears in the near vicinity of the C5. This only appears for one
polarization direction but not the other. This is a formious resuk becanse it reinfonces the fact
that in onrder for equation ( 2) to be applied, both the C5 and the F5 polarzatons must belong
to the same branch. For this case the C5 and F5 vales for the "UP” direction in figure 5(a)
were: Fog = —0501C m—2, Prg = 0670 Cm—and P, = 1.002 Cm~2 By cormating either
value, the sponmancous polarzation can be obimined to be P, = 0369C m * Another
interesting aspect of this example is the value of the polarzation quanta which is abowt two
times smaller than the values obtained for PhTil): and BaTi(s. This result has been thor-
oughly discussed in the specialized literamre and the reader should consult [26] for a com-
plete explanation.
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Figure 5. Polanzation lagice for ENBOy, (Hack dos gven by equation (3)) with
distontion from e C8 i the “TOWN' FS (red empty creles) and from the C8§ to the
“UP* FS (solid blue cincles) with respect to the K sublaitice {a) and with respect o the
Nb sublamics (b). The distotion parameier A wia modified in 5% feps, wit e
negative values for the “THEAWN' nended for a betier clanity of he figure. The green
dashed line is fhe total energy a5 a function of dsomion showing a continuous
varation for each disirion path

6. Optimization strategy for BP polarization calculations

The examples shown in figures 35 have been presented using a large number of calculations
in order to help visualize polanzaton branches. As staied above, the cakulations were
perfformed using the (huannem Espresso simulation package and the branch jumps in
figures 35 can be replicated for these three systems almost exactly it the same initial
conditions are mat. However, it must be pointed out that using other packages such as VASFP,
Wien2k or ABINIT may lead to branch jumps at differemt positions or indeed, a smaller
mumber of them. Nevertheless, the random occumence of these jumps should be expected. In a
megular scenana, some cases can be clarified using a smaller number of calculations. On
average, depending on the choice of the distortion parameater value A, four calculations should
be enough o cormrectly identify the polanization branches and obtain the spontancous polar-
ization for the first three cases presented in section 5. Yet the only common feature that
mmains is that cach material requires an individual treatment to obtain the spontancous
polarization. This process is far maore tedious for larger system sizes. In omder o ilustmate our
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aptimized mathod, PET will he used as the est material and the data will be shown for an ever
increasing intermediary nmumber of system distortion states,

De to the size and the large number of atoms in the super-cell it becomes ditficult to fix
a sublattice and perform the distortion with respect to it. As an altemative, in this case, all
aloms in the unit cell have been mowved as described in eguation (1) from the C5 to the
comesponding FS5. The calculated polanzation vales for the C5 and FS  are
Pog =00Cm ™, Peg= —0.186C m™” and the polarization quanta P, = 0.532C m™". This
seems to be an ambiguows situaton and generally for an unkmown material it & difficult to
kmow for sure the spontaneous polarization just from the difference batween the F5 and CS
polarization walues. For this meason, an extra point has been introduced in figure 6ia)
comes ponding to a 50% system distortion. The purpose for adding more intermediary states is
to obtain a clear image of the polarization branches in order to identfy what comection is
needed for the values of interest. In this case, the exira point does not help to clanfy the
situation complately since no polarization branches are revealed and we make another chaoice
for the next sysiem distorion. This time, a 25% disiontion is added to the plot in figure &b}
and the result docs not bring the conclusion any closer. Moving on, a 75% distortion is added
next in figure 6(c) with the same mesuk. It is only when smaller distortion steps are added in
figure fid) that a real image of the PZT polarization branches emerges and a comection can be
made by adding two polarization quanta to the FS walue in onder to bring it on the same
branch as the C5 case.

Figure 6{d) provides the best clue to introducing an optimizaton procedure. Let us
consider the C5 sysiem state and an infinitesimally distoried one by a value dA. i 42 is small
enough we will assume that hetween these two polarization valies there are no other banch
jumps such that the following represents the local slope for the varation of polarization with
distortion A
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Figure 7. Demonstrating the optimization procedune for finding the comect polar ization
branch for PZT in the “UP direction Red circles represent caleulsted poinis while e
black poini are the comesponding polarization lafice. The green line is the Hnear
approdmation defined in equation (6). The blue dashed hnes exemplify te Hnesr
approcdmation for a slope parameter & fferent than the mindmal value obtained for .
The magenta colomed crosses ane the interpolated values for the wo FS.

A= His — P‘-"‘, )
dX

where Pay & the calcwlared polanzation for an “infinitesimal” system distortion 44 in the
viginity of the reference C5. Unfortunately, both these values are determined up to an integer
value of polarization quanta. Therefore e difference is stll multivalued and, by extension,
the slope parameter has a simiar behavior. This problem is much easier to solve if one
considers for example the calculated vahlie of Prg as areference (regardless of what branch it
mesides on) and replaces the entire family of values for Pay in cquation (4 )

Batnfh—bs 5 s)
dX

It is now possible to find the integer number fqg, such that [Alagg)| n equation (5) is
minimum. This operation essentially ensures that the caloulated polanzaton Py, is brought to
the same branch as Pog. Figure 7 shows the slopes for different values of the banch index n
comres ponding to the cakeulatsd Py, polarization. The continsous green line is obtained for the
minimum A gy )|, Where #ag, = 0 in this case. Using .. oquation (3) returns the local
slope of the banch-independent F{AJL

The materiak presented in this work have all shown a mather linear dependence for the
polarization values belonging to the same branch. B esta ef af suggest in [23] that this behavior
iz a general feature for all materials, however the results obtained by Meaton er alin [27] show
a departure from the lincar dependence. MNevertheless, using the comected slope calculated
with equation {3) one can obtain a reasonable extrapolation for the expected value of the FS
polarzation at A= 1:

Piial3) = Mngig) A + Pes. ©

Mun) =
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Comparing the extrapolated polanization Py (A = 1) from equation (6) with the calou-
lated value P one can obtain the necessary comection in onder to bring all polanzation points
on the same branch:

k=|:M:I,kE 7, (7
ks

Finally, the spontnecus polanzation canbe obtined using equation (2) and the corrected Peg
value:
B=(Ps+kB)—P= (B}
All the steps of the proposed optimization proccdurne have been summarized in a simple
work How i figure 8. For materials such a5 the ones presented in this study, where the
polarization direction is parallel to one of the principal axes, the total mumber of calculations
is reduced to only three sysem states (steps 1, 3 and 7). The rest of the steps can be performed
with simple arithmetic operations that could potentially be included in a high throughput
calculation awiomated script. For a mone general case, the femoelectric polarization can take
amy direction in the crysial and the operations proposed by this strategy must be repeated for
cach of the three cartesian axes.

7. Born effective charges and the BP

Before moving on to commenting results of the proposed strategy, e calculation of Born

effective charges via the BP method should also be discussed. The Born effective charge iz a

tensor that can be defined (among other ways) as the change of polarization induced by a

sublattice displacement of atom s in the absence of a macmscopic ekciric field [26, 17, 38].

When the displacement takes place in the dinection of polanization one can arite the Born
effective charge as:

7 _ o &P

* e Sy

where {1 is the volume of the unit cell and ¢ is the electron charge. The polarization in this

definition is calculated using the BF theory and it has been shown that its values are only
defined up i an integer number of a polarization quanta [23, 26]. Since this is a derivative,

@)

iz
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Tabie 2. Calculsted polanzstions for de Nb sublaitice in KNGO and the Pb sublanice in
FTO), displaced by A = 1% in the “UP' and "TOWN' directions The valoes ane shown
in undts of polardzation moltiplied by te electnon charge and divided by the volume of
the it cell

N (KN PFTOY)
MW Up DRYWHN Up

Pau, 3102 —3103 —028% 0288
P —183% 3838 —0000 —0.000
Py 1677 1677 1589 158%
e 9588 1620

the Bom effective charge is uniguely defined. From a practical perspective aquation {¥) can be
numerically calculated via several methods, such a5 the linearresponse theory or the maore
straightforward appmach of fimite differences, where two polarization calculations are
performead, one for a C5 state and a second for a small displacement A 1, Using the seoond
method, the two caloulated polarization values are also defined up o an integer number of
polarzation quanta and equation (9 becomes:

£ Lty D

#H

wheme fd mpresents the finite difference value, n and m are integer numbers indexing the
branches of the two calculated polarization values, P, and Frg MNevertheless, the Born
effective charges in equations {10) and {9) should lead o the same value as Au; — 0 and this
can only happen if n = m, ic. the two polarizations belong o the same branch!

This maises 4 very mmportant question of how small should the displacement be in onder to
ensure that the polarization values calculated for the states with an infinitesimal displacement
between them, belong to the same branch. Unfortunately the answer i that no infinitesinmal
amount can guamntes that, as the examples given in table 2 clearly show. Performing the
finite differcnce caloulation of the Born effective charge associated to the Nb atom in the
KM unit cell and also to the Pb alom in the PTO unit cell as described in the (Quantum
Espresso documentation [29] one obtains the following values when performing a A = 1%
displacement of the sublattices in the “UP" and “THOWN" polarization directions:

It is quite clear from the data in table 2 that simply using the finie difference formula in
cquation {10) one does not obtain the correct Bom effective charge for Nb when the sublattice
iz displaced in the "DOWN" direction. due to the fact that the two values do not belong to the
same branch! This is in stark contrast with the Pb Born charge cakulation. Without a branch
ambiguity, the finite difference formula can be readily applied and the correct result can be
obtined without other modifications to the method. It is thus apparent that, betore the finite
difference formula i applied, an extra step must be intmduced to ensure that the two
polarization values belong to the same branch. This can be achicved using the strategy
proposad in the previous section.

The answer to the question of how small the displacements must be for the optimization
strategy to work is not definitive and, at this point, given all the studied examples, the only
clear rule that emerges & that the distortions should be kept below the 10% range. For the
PZT example in figure & we have used a 1% distorion only afier it became clear that no
branch jumps were taking place in the vicinity of the C5 state, but this should not be
considered the norm for all materials!

64



Modailing Simul. Mater. Sci. Eng. 27 (2019) 045008 L D Alip of af

B. Results

The maost important result obtained in this study is the optimization strategy sumrmanzed in
figure §. By comparizon with the original method for BP caloulations i figure 2 the proposed
approach does not contain any intermgations steps and algorithm branches. Also, the method
is a serics of nine consecutive steps and only three cakculation runs. The original approach
however, may need considerably more calculations if multiple polanzation jumps occur for
the chosen distortion path of the system.

Using the steps summarized in figure § one can obtain the spontancous polanization for
all the cases presented in this smdy in figures 3-6 using only three of the calculated points for
cach distortion path. The mesults can be analyzed in @ble 3 where the values obtained for cach
step ane shown separated between the two polarization directions (formally denoted as “UP”
and "DOWNT). The third column of @hle 3 indicates the sublattice with respect to which the
systemns wene distonted. As described in section 3, for the PET case all atoms were moved
from their comesponding centmsy mmetric positions in the super-cell toward the FS positions
following the same rule in sguation (1)

The application of the proposed optfimization stmategy is stmightforaand yet there are
some aspects that should be pointed out First of all, the optimization stmategy is based on the
theary of polarization as a function of the system distortion as discussed by Resta er af [23].
This was shown to be true for the BMNO case [23] and it was shown in this work that similar
mesults are obtained for PTC and BTO. However, in a study by Neaton er af on BiFal); it is
shown that the polarization dependence on the system distortion is linear only up to about
2% distortion. For situations where the materials have strong nonlinear polarization
dependence on the intemal distortion, the proposed optimization strategy may need more
calculated points in onder to obtain a non-ambiguous result. Another important point to be
considerad, is one of fie crucial conditions for the application of the BP theory: the sysiem
must be insulating in any state on the distortion path. This aspect is difficult © control,and
such materials will require a mone detailed investigation.

9. Conclusions

In surnmary, the results presented in the cumrent study provide a detailed view of the num-
erical implementation of te modern theory of polarzation from the point of view of actal
calculations on various femroelectric materials. Most of the smdies have been purposely
performed with an exaggemated fine distortion mesh in onder to provide a better visual image
of the multivalued aspect of polarization and the emergence of polarization branches. We
illustrate this using BaTi,, PETIO; and KNBO; as test materials. it has been shown that
using the approach proposed in the usual BP polarization cakculations, cach material must be
treated individually which makes it difficult to integrate such a study in an astomated work-
flow. For this reason, a unified optimization procedure has been proposed that can provide a
starting point for polanzation investigation for fermeleciric materials. The procedure uses a
minimal mumber of calculations in order to obtin the spomtancous polarization value, thus
mducing the computational effort. We hope the present study will enhance the current efforis
in the theoratical investigation of known fermcleatrics and accelerate the design of new
ferroelectric materials. The cument study and the proposed caloulation strategy provides both
4 visual representation of the multivalued aspect of polarzation in the modem theory and a
practical approach for such caloulations which should complement the theometical descriptions
found in the specialized literature.
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Single-phase Ba o5, Tily (B5T) perovskite ceramics with 0.3 < x < 0.4 were prepared from powders synghe-
sized wa sal-gel route. The compositions have the fermoslectric paraelearic phase mansiton close ®© room
temperatore At 20 C the BET ceramiss are ferroslacric for 0.3 = x = 0.35 and paselectric for x= 0375 and
x = (140, Thesmdy fallows gherelation betwesn the stroctural changes produced when increasing the Sr conent
and ghe dielectric properties at low infensity electric fislds 1t is foond that the grain size and teragonality
decreases a5 the Sr conent increases. Analyses of complex permigivity and impedance spectros copy reveal the
temperatre and frequency dependendes of the didectric properties. The phase Fansitions seem to be of first
arder for al compositions, with athermal hysters is that decreas & with increasing the Srcontent, fof atin bated
to the comesponding increase of the gran boundanies weight allowing a more efficient stress relavation in the
structure during fhechan ge of the symmetry from cobic to tetragonal . The diffusivencss degres during ghe phase
transition is increasing with Sr confent, suggesting some redaordype ooniribution #triboed to smaller grain
size. The & conduahity fallows ghe undversal Jonscher lw, with an ac component having the powsr paameer
5 independent of & content, and a de compaonent that itis thermally activated with an activaton energy of about
OL7=0.77 eV atiributed © oxygem vamnoes acting as donardike defers. Thefit of impedance spectra at i fferent
temperamres and frequoencies i ob@ined by using an aguivalent circuit accounting the grains, grain boundaries,
eledrode mierfaces and the ol contribut ons produced by rearien@tion of defeat dipales or defect dusers. All
the component dnanits have significant variations around phass transitons. These are discussed i relation to
strocthural changes occurming during transidon and considering the changes in the dismibotion of var ous charges
when polarization vanishes.

1. Tntrosdhs ction

Femroelectric materiak are very inter=sting not only for hmdamengl

moperties that lead toa braad spectrmm of applications 25 transducers,
medical imaging, ultmsonic devicss, modulator swiches, ete. [1-5].
Barium strontiten titanate (BET) is one of the most commem and

research, bt for due to their specific features and mult-Amctionality,
they are promising candidates for a large number of applications in
micmelectronics [1]. The ability of being nonlinear and hysterstic with
the dislectric permittivity and polarization dependent on the applied
Held is a main feature that makes these materials interssting and sui-
table for wirelsss commumnications and for micmowave devices, data
storage, mndom scoess memaonies, fermoelectric tumeling bamiers and
fermelectric gate tamstors [2-5]). In addition, fermelectric materials
show pyroslectricity, plemoslectricity and specific  elsctro-optic

*Corresponding anthar.
= Corresponding anghar.

studiied fermelectric odde alongside the salid sohtions of barium G-
tanate (BT) [6-8] since the discovery of feroelectricity in BT [9]. With
their promising compasition-dependent nonlinesr dielectric and hys-
Eretic roperties, the BST materials have been the subject of many
previows studies. Therefore, tharough research works were dedicated to
dislectric properties, frequency- and electric fiekl-dependences, 2 well
& to dislectric relaxation phenomena related to the femoslectric -
mraelectric phate tmmsition in a large mnge of tempestunes
[7.10-12]. Nevertheles, the disledric properties of BST materials =411
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Fig. 1. Room-temperamre X-ray diffraction patemns of the solged BST ceramics {a) and evolntion of sochural paamesers w S content (bl ime=t of Fig. 1(h) -

dependenoes of the teragonality {c42) as a fonction of Sr ad dition.

present aspects that deserve a closer imight. In the light of the critical
mile played by temperature in the Emelectric state or close to the
Curie paint, where relative permittivity and dislectric loames neaches
their maximum vales, a complex aaly=is on the w Geld properties
v badband impedane: spectmscopy & proposed.

To imvestigate ferroslectrics at temperatunes below, close to and
above their phase tamitions is an appealing task for a better under-
standing of the bw ekl fimctional properties in relationship with
specific structural and microstrictural characteristics. The present
study involves a detailed investigation of several Ba,_ Sr Til, compa-
sitions having the fermelectrcparaslectric phase transition located at
temperatures near the mom Emperature (BT = 30 CL They are (i§)
ommpositions that exhibit a paseleciric behaviar at BT {x = 0.4 and
x =0375), (i) a composition facing the fermelsciric.-paasledric
phase transition at BT {x = 0.35), and (i) compositions that are in the
fermelectric state at BT (x = 0325 and x = L3)

Imrespesctive of heterogensities type in the fermelsdric materials
(strudtural defects, sohites/ dopants, charged vacancies, localized palar
species) the short and longrange inteactions are affected when in-
creasing the temperature. In addition, the dislectric mlastion me-
chamisme may change according i the amount of free charge camiers in
the oxdide ceramic material [13]. Several themmally activated physical
procesmes (&g charges migration, rearientation and disonder of dipoles)
are influencing the elecirical polarization and have impact on the
electrical conductivity. Congsidering thess aspects, our experimental
stuely on the complex lowheld properties aims to elusidate n which
way the charged species at the boundaries of ermelectric phases affea
the fimctional properties of the BST materials

2. Experimental methods

The Bay 55Ty ceramics, with x = 0.3, 0325 O35, OLIFS, 0.4,
and abbreviated in the bllowing as BSTI0, BSTILS ESTAS BSTI.S
amd BET40, respectively have besn prepared in a paallel plate-capa-
citor oonfigumton from powders synthesioed win solge]l mute. The
preparation process details wene previously desoribed elsewhens [14]

Xoray diffraction (RD) messursments were performed at moom
temperature (BT = 2 “C) in onder to investigate the phace purity and
crystal structire of the sol-gel ceramics. For this purpose, a SHIMADZU
XRD 5000 diffractometer (Kyoto, Japan] with Nifiltered CuKa radia-
tion (A = l.ﬁdﬂlﬁAJ was uged. The measurements were perfommed in @
= 0 mode, with a scan step increment of 0T and a counting time of
ls/seep, in the 20 mnge of (20-80) °. Phase identification was per-
fermmed using HighSoore Plus 3 0e softwars, connected to the ICDD PDF-
4+ 2017 datalmse. lattice parameters wene refined by the Rietveld
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meethad.

The micrastructure of the BST ceramics wasamlyzed by me=ms of a
high-resshtion FEI QUANTA IKSPECT F micrascope with Reld emis-
siem gun (FEI Ca., the Nederdamds). The gain size of the ceramics was
determined a5 the mean intercept length by taking into account mea-
surements on — A=) grans (fom images of appropriste mognifics.
tiomns obtained from various micoscopic fields) The relative density
values of the sintersd ceramic pellets were mughly determined as the
ratic between the apparent density messured by Archimedes" principle
and their crystallographic density cakoulated from the diffaction data.

Dielectric spectmscopy messurements, in the 10%He-10"Hz fre
quencies mange, with 0.5V amplitnde of the ac signal and betwesn
=530 C and + 10 "C using an Alpha-A Novocontral kow fregquency
impesdance.meter system, have been carred out. The polshed ceramic
specimens were @vensd with silver electrodes on both sides Dielectric
data were mecomled during heating and codling with a mate of
L6 C*min~", low enough toensume a homiogeneous te ure inside
the bulk of the studied ceramics.

1

3. Results and discussions
21 Phase prity, srichre and microstchire

The Xoay diffraction patterns shown in Fig. 1 weme reconled at
ambdent temperature and they show that all the ceramics are single
phase BST. The presence of the well-aystallized pemvsldte solid sohu-
tion & wmique phase was mevesksl by the main reflactions, which ane
shifted toward higher diffmction angles 25 the 5r addition increases,
moving the complete homovalent incorporation of 5% m Ba sies
(Fig. WajlL

Even if for the samples with a lower solute ocontent
{030 =< x = L35 no cear splitting of the (200 reflection was ole
serves], the best Gis of the Bistvek] refinement were obtained for the
etraganal symmetry of the wmit cell (CDD no. 040150356 and ICDD
=021 6861 |, suggesting that the BST30, BSTI2.5 and BSTIS ceramics
are in the femelectnc state at BT. Howsver, the low vahees of the
Eimgmnality degree (opresssd 2 cfa ratio]) which decrestes fom
L0032 for BSTI0 to 1.002 for BSTILS and, finally, to L0 b BSTIS
seem to indicate that the femeleciricparaslectric phase transiton is
apmaaching maom  Empeature. Inceasing the Sr coneentration
% = 0375 and x = 0.4 acubic structurs & determinsd (ICHD no. 04-
016-5476 and ICDD no. 04015044 1), inclicating the paraslactric state
for the BST37.5 and BST40 mmples (inset of Fig. 1(b))L Taking inio
acomunt the difference in the ionic madius vahees of the substituent and
substituted species ((%77) = 1444 amd B = 1614) [15], &t
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The insess show the distribution of the grain sizes

result that the increase of the fraction of Sr°~ iom incorparated on
barium sites induces the reduction of the lattice parameters and, con-
ssquently, the shrinkage of the unit cell volume. The latter is gadmlly
decreasing from 62697 A7 for BST30 to 62203 A% for BST40
(Fig. 1(b)).

For all the BST specimens under investigation, the FESEM images
reveal dense and uniform microstructures, consisting of well faceted
polyhedmal grains and a variable amount of intergranular porasity (see
Fig. 2(a){f)). The increase of the Sr amount incorporated in the per.
ovskite lattice induces (i) the decrease of the grain size; (§) the change
of grains morphology, from cubes and pamallelepipeds in BST30 sample
to irregular polyhedmal shapes in BST325 -~ BST40 ceramics (&) a
gradual narrowing of the mooimum specific to the mimaodal grain size
distribution (the top-left insess of Fig. 2(a)-{e)). It & worthy to mention
that even in the fine.grained BST40 specimen the ceramic grains
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preserve the palyhedral marphology (see the higher magnification FE-
SEM image of Fig. 2(f)). In addition, according to Fig. J, the average
grain size < GS > decrexses from 156umin BST30 © 2.1 ym in BST40
ceramic ssmple, meaning that the Sr solute continues to act as grain
growth inhibitor ako for concentrations x > 0.3, higher than thase
reparted earlier (0.1 = x = 0.3) [14]. Relative density values, as de.
rmined from the matio between apparent and theoretical density va.
hues, are in the 87-92% range.

32 Dicletric propersies

32 ]. Tenpaatue dependence of ddectric propertis and Curie ~ Wass
amalysis

The macroscopic properties are strongly influenced by the partial
substitution of Ba with S©°* on the A - site in ABX; lattice of BT,
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Fig. A Temperature dependence of real part of dielearic permigivity (7)) (2) and of dielediric losses ) for BET ceramics specimens at 10 kHz during heating and

oaling. The ammows show the maease of Srcontent

becaming possible this way o modulate the tetragomal { Ermelectric) to
cubic {parasleciric) phase ransitions. The transitions between ondensd
states ina Ermelectric material are acoompanied by strong vanations
of dielectric properties {(dislectric pemittivity, losses and conductivity)
with temperature. The Eemperature dependence of the real part of the
dislectric permitfivity ='(T7) depicted i EnS(Tn Fg. Ha) shows that
the sharp peak assodated with the plase tansition is shifting towands
lower temperatures with increasing the 5r content

At room temperature the specimens BET30, BST325 and BST 35 ane
in the fermelaciric state and those with a higher Sr content (BST37.5
and BST40) are in the paraslectric phase These resubs are in good
agreement with the mom temperature XBD struchral data (see
Fig. 1{b])) which indicated a decrested tetmgomlity of the undt o=l with
the increase of Srcontent from 30 to 35% and a cubic symmetry of the
unit cell for the BST specimens with 37.5 and 40% Sr concentrations.
The moximum vahe of the resl pn of dislectric pemittivity = was
fommnd ty e —PED for all samples, excepting the BSTI) specimen, ke
which ' s —5000 [14]. The inoexse of the dislectric permittivity over
the Emperature range comesponding o the fermeleciric state of the
BST specimens with x = 0.325 might be comelated with the obserwed
decrease of the grain size (see Fig. I). Aooording to the study performed
by Ardt et al. on pure BaTill, ceramics internal strams ane nduced due
a0 the transition from a multi-domsin { wined) towand a single-domain
structure when the avesge grain sioe is dopping to— 1 pm [1617].

The lies tangent measured close to the phase ransitions during the
heating and cooling proceses reaches madmum vahes of about 5%
and 3.4%, respectively, while it & below 1% for the st of the tem-
perature range {se= Fig. (bl Thus, when the dislectric permittivity
maches makimum values close to the phase transition, the dielectric
lomes still have low vahies, which is 3 desir] attribute in slactm.
OEMATICS.

The comtinunm heating - cooling orcles were carsfully monitoned
near the narmw temperature mnge of the phase tamitiong, in an at-
tempt o clanify how the compesition influences the Curie tem peratume
(Tl Fig. 4{a) shows the emperature dependences of £'(T) and zn §(7)
for a frequency of 10kHe. The fermeleciric to paraelectnic phase tan-
sition was closely followed for each compegition, the dislactric response
fwr different frequencie s being shown in Fig. 4{b)={f. Aslight frequency
dipersion in the region specific to the fermelectric state, withowt
shifting the transition empemture, is noticed for all the ceramic sm-
ples starting with BSTI0, whers the differencs between =" (f = 107 Hz)
and & {f = 10°Hz) is of about 500, and it reaches —1100 in cae the of
BET 40 sample. A similar behavior is olserved for the dielectric loses

More intersting apects concern the thermal hystenssic {oee
Fig. A{b)-{ ) and Fig. 51 in Support Inbormation -51). This seems to dmop
in a monatonic way with Sr addition, allvwing aka, a comrelation with
the size of the grains amdd their distribution, 2= it will be deseribed
hrther. The evolition of average grain size and hystersis with S
omntent is represented in Fig. 5. The T, tempemature has larger values
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during heating (T,™) than dwring coding (Tp") The difference
AT = T = T i & mesmure of the thermal hysterssiz. The relation-
ship between microstructural aspects and ATy, nesds a closer imight.
The observed reduction in themmal hysteresis with incressing the Sr
cmntent {22e Fig. 5) comrelates well with the changes mduced by the
addition of this solue in the evolution of structural properties aned
micris truchiral features ax (i) reduction of tetragonality; (#) redwction
in the volume of the unit cell and () redwction in the gran sz (see
Fig. 2{a}-{e]L. Onecan amume that all these changes can lesxd toa mone
efficient relexes of the stres inducsd by the phase tansition from cwbic
mraslectric to tetagonal ferroslectric, reducing the thermal hysteresis
a5 the Sr content increases. This is in agreement with previous reports
an similar ceramic materials [18-20], although other reports noticesd a
mendmm in the vahee of the hyster=is for a certain grain sies [21,232].

The frequency dispersions presented in Fig. 4{b)-{0 only char
acterizes the phase tamsition. Onee the simples ame in the meelecthc
state, the frequency dependence is disappearing, and the cermmics fully
satisfy the Curie - Weiss law Jor T > Tpz

c

T =
e'(T) T

(LN

where Cis the Curie comnstant, a messure of bermelectricity, and Ty is
the Curie-Weiss temperature. Beganding the diffisenes and the char
acter of a phase transition, we have cnsidersd the Cure-Weis law
muxlified acconding o Samtos - Eims [23] which addreses both, the
chesical and the relaxor fermelectrics. In this case the real mrt of the
elecirical permittivity & given bac

I

()

whers £ i the masimum value of the messured £ (T comresponding &
the T temperature. The two pamameters ¥ and 8 are melated to the
transition chamcter. The ¥ pammeter takes values between 1 amd 2,
¥ =1 being a typical vale for a chesic fermelectric material while
¥ = I s amociated with a complete relaxor material The irpamnetﬂ'
represents the diffuseness degres of the parasledric-ferrosl sctric phase
transition and i determined from the peak broadening in £'(T)L

The tem perature dependence of £'(T7) have been analyzed acconding
o the above equations, the ¥ and §, prameters being deermined by
fitting {se= Fig. ). The few critical parameters for a phase tansition in
a el ectric material were detemined as a function of frequency, in
acoordance with the solute content and Imsed on the data messumed
turing the different thermal cycles. The diffuseness degres §; is de
e rmined by using the modified Curie - Weiss law, while the C constamt
and the Curde-Weiss #Empemature T, wene calculated from the linear
regremion fits of lﬂl:'_.".:’l:'.l'} in the paraslectric stae, 2 shown in
Fig. 6{a). The Cure temperatures were determined fom the intersec.
ton of the 107/ (T) linsar represemgations in the prosimity of the
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Fig. 4. Temperature dependence of <'(T) and tan 5(7) on bath heating and cooling cycles for all the BST composidans at 10 kHz (2) and for each composition and

diffrent frequendies, from 1 Hz to 10°Hz, (b)) The dashed lines mark the temy esponding to e value of ¢’ during heating (T) and
@oling (Tad).
= phase transition (see the Curie -Weiss fit in Fig. &(a)). They are 39°C in
E. B SrTOcoamics the cxe of BST0, 31 °C for BST32.5, 23 °C for BST35, 15 °C for BSTI7.5
A 184 =] /1.8 and 6 °C for BST40.
0 46 | L T The frequency dispersion of '(T) shown in Fig. 4(b)-(f) produces
91‘“ ’ ?“ effects an ¥ and the diffuseness degree of the phase transition. For all
2 L Baa = the compositions, the 7 and &parameters are slightly incressing with
124 \* :1.29 frequency (see eg. the case of BST325in Fig. 6(b)). The 7 pamameter,
@ 10 "‘\._\ 61.0‘2 for example, is increasing from —1.05 for 1 Hz © no more than —1.3 for
£ 3! ‘_@—10.8'- 1MHz, meaning that the more ingexes the frequency the more the
4 6. l0.6 e fransition moves away from that ane specific to a classical ferroelectric.
o X Both Te and To temperatures show an almost linear decresse as the St
g, 4 ;0.4 content increxses and Tp is always lower than Te, as expected for a first
g 2 ;0‘2 arder phase transition. The only ¢ that i significantly infln
04— v r v . 0.0 enced by the cooling-heating thermal cycles is the maximum value of
2 0300 0325 0.350 0375 0400 the dielectric constant ¢, (v) (inset of Fig. 6{b)).
Sr contont, X The cakulated Ciurie comstant is presented in Fig. 6{c). It appears
o 4 by the repeated thermal cyeles of X A
:;5;::_"“3’9"’ sie <GS > and Sermilhyseresk ATaas 2 fimction @ g ated results are clasely relaied tothe dielectric data presented

in Fig. 4{a), where BST specimens have different values for the mea.
sured dielectric permittivity, the ssmple with the highest value of
permittivity, BST325, exhibiting ako the highest Curie constant

73



RE Pawms, e al

am e 20 0 s e 380
Temperature (K)

Cerumiks Insrnadonal 000 {0 000w

--‘E ﬂ-‘l.!‘l
U:‘ ﬂll“l;;l.ﬁlll'.!ﬂﬂl-ﬂ
7* | 124
E v"L-"_ -t....-.....-.q:'.'::l.:::.'_ -
H -] '-‘.u- . - .
E / . 118
o8 ". -
=% “'k_._‘_“::wj v
5 | ’ e
[T ] ,_'\.._ -
5 ey | RN
iy L I =
3 = 1.04
B0 et 1@ 10 4t et e
Frequency {Hz)
B~
e
.

& o

e

8

s £

28

.

LR T

0 T
géam 0325 0350 0375 0400
i

Sr content, x

Fig & Emmple of Core-Wedss datm analyses for BST32 5, & 10kHe doring heating and aonoling (a); freqoency dependence of the ¥ and §, fitting parameers
calonlaied for BETI2 S with ol (v} in inset ) mleulated Curie aomstant and ortical temperainres Te and T a5 a fimotion of S conent for the inveshigated BET

cerambes (o)
{Fig. 6{c).

322, Dislecric rdaration and AC anductivity

The dependence of the imaginary part of the complex permiftivity
an frequency, e""[u}.. provides inkrmation about the relaation me-
chamismes inside the BST ceramic specimens. The dielectric data, ane
represented in Fig. 7 for three temperatures, T, with 20 C below and
above T of each of the BST compexitions. The fregquency de pendencies
af £ (v) amel £"(v) messursd on all the cvmples a1 the same temperatums
{25°C and 100°C) are given in Fg. 52 from SL

In Fig. 7{aand b} all the specimens are in the Ermelectnic phase, the
temperature being with 20°C below their own Curie point. A slight
decrease of (v} with Fequency is accompanied by dislectric relas-
tions in £ {viwhich extends downwand over the entire frequency range.
The data presented in Fig. 7{c and d) comespand to the Curie poimt
specific to each of the BST specimens. The Curie Empematures for each
EST composition are abeled inFig 7{d). The phase transi tion is marked
by an incresse of the ko= factor and by the ocormence of very brge
dislectric relastions in e‘"t_vj with 2 maxima, near 107 He: and 10°F He,
msociated to several polarization mechamisms For tempematures with
¥ above their own Curie paint the specimens have just overoome the
phase tramsgition and are setfled in the peelectric state (see Fg. 7=
and fi1L In this case, the real pant £'vhs virially comtant with fre-
quency, while the imaginary part show relaxation at low frequencies,
prolmbly related to structural defects acting a5 traps.

The dynamics of both, the Emoslecrc domaing below Tz, and of
the atoms inflicting polar fluctustions near T, materialize through
several maxima in £”(v). These mechanisms also manifest at tempera-
tumess abowve T (s Fg 7 (f)) but without reaching the = me moa gnitide
a5 during the phase transi tion.

Previous studies of electmn density distribution have demonstrated
that by incressing the 5r°7 content and achisving a homogeneous
diffusion into the (BaSriTi0y bittice, the jonic mature of the bond be-
tween Ba® /57 and OF 7 species is growing while the one betwesn
the Ti** and 0F ~ is diminished [24]. This way, the thermally sctivated
meschamizm of free charge camies’ tonsker may be Bvored at suffi-
cently slevated temperatures, lexling ako to a frequency dispertion of

ocmnductivity, especially in the bow frequency mnge. This fregquency
dispersion was attributed to a reversible storage of charge in the bulk
material or at interfces, which is not exactly a de conduction, even if
the isotherms keep a similar trend [25-27).

The complex permittivity expres=ed for 3 capacitor with lomes
omtaing ako the conductive component. Thereby, the contribution of
charge trnsport in terms of the loss factor is quantitatively expre med as
function of frequency, 2= in the aquation below [28])

gy = TN
= fEN
where w = Zav is the angular frequency, =p is the free space permit-
tivity, and o"(v) is the real part of the #al conductivity. Consequently,
') can be writken based on the complex permittivity as:

a'{¥) = auzoe' (w20 S(x) )
while the ks tangent 130 §(v) is calkulated using A0 &{v) = % o
muls

Further, o'(v) & described by a melation betweeen the frequency-in-
dependent conductivity part che and the frequency-dispersive one g (v

&'(¥) = g + e (V) (3]

The g4 represents the ionic conductivity of a material and is usually
highlighted in the plateau fbund in o’{v) versus frequency plot in the
Jow-Frequency region.

If dielectric relaxations appear in the loglog conductivity ve fre-
quency plot, then the fequency dependent part of comductivity
o (vimay be analyaed based on Janschers universal condictivity ex-
memion [29,70], and o' (v) beoomes:

o' (¥} = o + AT (3]

where 4 iz the pre.exponentisl factor that determines the strength of
polarization, wis the angular velocity, amd s{T), with values between §
and 1, reflects the inemaction degree between mohile ims and the
envimmment. Both the A and =(T) factors depend on the type of e
bcation proceses, temperatune and oompsition.

Dielectric melaations in the fermelectric phase ame moinly due to
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the modification of the msterials polarization, an intri nposi-
tional /structural efiect related to the interactions between conductive
electrons and ionic species. Particularly, for BST ceramics, the tetra.
gonal distortion is reduced by increasing the Sr addition and disapp

by increasing the temperature above the Curie point In pamelectric
state other thermally activated processes prevail (relaxation of the ion
blocking effect [31,32], migration of space charges and defects). The
jon bocking effect, for example, manifests af the grain boundaries and
relaxes at high temperstures. As the grain size is reducing by the

-
10% v
"
"

Ba, 31, M0,

107

,nm?_'h

Aokiri

of St, the fraquency respanse of the grain boundaries increases.
Examples of the investigated frequency.dependent conductivity
isath and the d d 5(T") values are given in Fig. 8 (3, b). The
conductivity isotherms shown in Fig &a) were measured at 100 °C,
well above the T, of each of the BST comp In the intermedi
range of the frequency, a dight reloation i observed, being much
mare pronounced for BST40 than for any other compasition. As men.
tioned above, a larger contribution of the grain-boundaries in BST40 is
expected since this composition resulted in the smallest size of the

-
10°
08
10
= 0o —
AL LA [ T LN L L [ S0 25_ 0 28 ? s 100
o (rad/s) Temperature ("C)
Fig. 8. The real part of p d y depend on the angular velocity at 100°C along with fie carresponding Jonscher's malyss for each of the BST
compositions in inset (2), the ®emp dependent power J 5(T) cal d for BST32.5 ceramic sample (b).
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grain among the investigated specimens.

In the highdrequency region, the conductivity stongly incresses
andl reaches peak values (see ako Fg 53 in SI0 Similar trends in the
frequency dependenc: have been reported earlier for differsnt aide
material [33,34] and it wa attributed to a hopping mechsmizm
thmugh axygen vacancies. B has been demonstrated that the excess of
electmns donated by oxygen vacandcies in SrTily are tapped on the Ti
sites at Jow temperatire and become mobile when the temperatums
increases [15,36].

Interfaces, boundaries and grainsg generate responges in different
Irequency ranges. Accomdingly, the frequency spectrum can be divided
into three regions [28], each of them comresponding 1o different con-
dudtion and relaxation processes. The interfaces, boundaries and grams
bring effective contributions to the real pans of frequency-dependent
comnductivity [17] confirmmed in Bade plots [18] by the isstherms of the
impedance data and phase angle (see Fig. 54 in 51 Thus, according to
isotherms reconded between —50 °C and + 100 "C for each of the
compositions {2ee Fig. 53 in 51} certain contribations given by specific
regions in the sample were ascertain, as depiced in Fig. &al It should
b mentioned that the Fepency domsins refer to the predominant
omductivity sources, regions with comulative contributions ocoaming
from interfaces and boumdaries at low frequencies (below 50 He) and
from boundaries and graing at ntermediate frequencies {amund
107 He) existing always.

The intermction degres betwesn mobile ion and the media was
calculated using eq. (6) and it is represented 25 a function of tem-
perature in Fig. 8(b) for the BST32.5 spedmens. Reganding the physical
values the 5(T) parameter can take, one has & mention that a vahe of
5 = 1 comesponds to a situation when no mobde jons edst or when
their mobidlity is completely inhibited by the intersction with the en.
vironment (3n ideal dislectric). A value of 5 = 0 is asmociated with the
absolute mobility in the absence of any constraint or inteaction with
the enviranment (an ideal ionic erystal) [39]. However, both s tustions
are idealistic and vahies between 0 and 1 are expected for the s(T)
parameter in resl experiments (22 Fig 8{b))L

Further, a clear distinction betwesn the feroelectric and

mraelectric states in conjunction with the ferroelectric domain needs
i be made: below T the fermelectnic domains alignment evolves with
Eemperature affer which they completely disappear. This & the most
likely explanation for the deep decay of the 5(T) given by grains al
culated below T and its retuming to approximately cnstnt values
chose to unity after T

In the syme time, the release of spotial charges acommulated at the
boundaries and interfaces & also a thermally activated proces, which
may be clearly observed when other contributions dissppear. Thus,
acoarding to Fig. B such proceses ame sctivated above Te. The pao
brizaton of the electmdes at the interface with the material oaurs at
lower temperatures than the jon migration fFom boundaries. The des
layed response of the boundanies coukl be attributed 4o ion e laxation
process in the bulk followed by an jon blocking effect at grain and sulb-
grain boundaries of the ceramic. The latter process is relssding with
increasing the tempemture and & @using the o (vklEpersion in the
intermediate frequency range (see Fig. S{a)lL

Concerning the compeasition, the strontium addition have only a
weak influence on the s5{T) parameter, as revealed by the inset of
Fg 8{a). The activation energies F, (V) of the discussed nelwation
mechamismes were calculated accarding o the Artheniwe law for ther-
mally activated conduction proceses [40]:

T = e Ea
gie % T=on e T

where T i the alwaute temperature (K], kg ~ 5617 = 10r*® iz the Boliz-
mumn constant (€V,/K) and o is the pre-exponential factor (§/cm ). The
increase in Sr content has led to a slight increase of the energies nes
cesary to adivate the conduction processes above T, from 70V up
o 77 &Y (see Fig 55 in Sl Previous strdies on the ssme conduction
mechandsmes in different perovskite systems amad com positions [41] have
atiributed such E, vahies to the energy mequired to set into maotion the
elecirons resulted from the iondzation of oxygen vacanciss.

223 Impalance spectrascopy analysis
The particular omtributons of the gmins, graindsubgmin

76



RE Pase, o al

boumdaries and material-electmde interfaces to the oveall measured
electrical resp af the iples can be sepaated by performing im-
pedamee spectmscopy analysiz Thensfore, the vahes of the neal {RBeX)
and imagimary (ImZ) parts of the impedancs wene eoonded at differsnt
temperature st points from —50 C up to 1007°C in the 10° He-10%He
frequency mnge.

Nyquist plots ~ImZ — BeZ are represented in Fig. 9 Fig. 9{a) and (b)
oormespond to BST32S5 ceramics while Fig. ‘9{c) and {d) refers to the
whole set of BST compasitions. In all the cases, the .ImZ = f{ReZ) plots
are changing when incresting the temperature and are reaching the
shape of a smicircular arc for the maximmn stdied temperatums of
100 “C. Such mdifications confirm the presence of thermally activated
phenamem.

The squivalent circwit 1 {=q. ¢. 1) in Fg. %a)is the sandand cincuit
used for a polyerystalline ceramic with metal electmdes. i contains a
serial connection of three paallel B-C cimcuilts asociated to grains,
grain boundaries and electmde interfaces mspectively. A onstamt
phase element (CPE) & added to each pamallel B-C circwit to ke into
accoumnt the fact that the centers of the semicinoular arcs represented in
Fig. 9 are located below the ReZ mdz, az it & the cme br noneideal
Debye-type relaation processes [13,41 ). The equival ent cincwit 2 (eqg. c.
2] in Fig. 9{a) containg, similar to Ref. [42], a serdal connection of: (i)
two paralle] B-C circwits, By £y aned By Gy, cormesponding to grains and
grain boundaries/el actrode inber faces, mespectively; and (i) a series B-C
circuit (R4 5) acoounting for local chamges in the omentation of di polar
defects or defect chsten (ag. Vo Ti™ dipolar delects or Vo, clusters),
The experimental data were fitted with the two equivalent cincuits and
the best fit was obtained using the aquivalent circuit 2, 2= can be s=en
from Fig. 9(a) and {b) {&q. c. 2 i also shown in the inss=t of Fig. S{blL

Anather ineresting aspect obsenved in Fig. 9 i that the diameter of
the semicirouls r anes changes significantly with temperaturs, for all BST
cemmics, indicating that the interfacial charge tramsfer enhamoes with
increasing the temperature [41,43]. Thus, the main contributions tothe
impedance values in the low frequency domain aned at elevated tem-
peratures oome from the grain bundaries or electrode interfaces, while
the grains respond in the high Fequency domain, mespective of the
tempeeratune vahees.

The elements in the equivalent cincwit that best describes the im-
pedamoe behavior of the present BST ceramic symples ame: negistors with
R {Ohm) resistance contributing to the real part of the impedance Z
{w) = R; capactors C which contributes to the imaginary part of the
impedance by formula #Hw) = {j*w* )~ ! amd constant phase elements
(CPE) defined by formuts Z{ew) = Q- j*w) " This type of elemen
behaves identically to a capacitor, maintaming the phase cmstant and
displaced by SF at variable frequencies {222 Table 1 in 51, whene the
fitting parameters () and n for OPE; in equivalent circuit 2 are hsted).

One las to mention that the elements of the equivalent drouits
presended in Fig. 9{a) and {b) are fequency independent but can be
temperature dependent. Thereiore, the experimentally reconded im-
pedanece values in the 10° Fe-10"He frequency mngs wens Gisd, at
different tem peratures, with the squivalent crot 2. The tempeeratuns
dependence of the resistmoss and capacitances determined by Atting
are represented in Fg. 100

Ome can obeerve from Fig. 10 that for all the circwit elements thens
are significant varations with temperature, especally in the proximity
af T, whene the crystalline structume chamges from tetragomal to cuhic,
the material lesing its spantaneous polariction. The tem peratune var-
iations are inoppasite dirsctions ke capacitances and resistances, inthe
senge that the camcitances are all incressing at T and the nesitamoss
are all decreasing. This changes at transition tempeature can have
various caises suwch as: chamges in the band strctune associated to the
change in the oysalline symmetry; changes in the distnbution of
mrhile and trapped charges, one can expect that, with increasing the
temperature, the amount of mobde chamges will incresxse while the
amount of trapped charges will decresse, this changes reflecting in the
capaci tanoe and rsistancs valwes, the presence or disappearmnoe of the

Ceramis Inyrnadonal 00 {00 X000

spemtaneous dislecric polirimtion (when present, the polarzation
needs charges to @mpensate local depolarization felds, charges that
relistributes between graine and grain boundariess when the polarizs.
tHaon is vanishing at the phase transiton). One can ako notics that the
grain capacitance €, is significantly lrger than that of the gmain
bounsdaries Gy, while the rsistance By & significantly smaller than B,
This can be attributed to potential barriers that can exist at the gmain
boundaries or electmde interfaces, and to the amociated space charge
regions, leading to a higher resistance of the grain boindaries or other
interfaces present in the smple. Regarding C; and RK,, one can notice
that By is significant] y smaller than By amd R, while Cz i in betwesn G
amel C3. As mentioned above, the senal connection C2-F; takes inio
acoount changes in the direction of defect dipoles or defect clusters. For
example, and acygen vacancy ¥V, may amociate with a T jon forming
a defect dipale. The WV, may change position areund Ti'™ jon in the
axygen octahedral places thus the arientation of the dipole will change.
This change can be affectsd by the presence of the ferroslactric polar.
ation and moy be les pobable at low Emperstures in the femro
eleciric phase, a5 the fermelectric polarization las the tendency to
hlack the swmunding charges for compensating the depolanization
feld In the paraslectric phase the polariation does not exdst anymon
and the local charges may move eagier {low resstance ) until they an
haocked sither by trapping or at the internal interfaces with potential
barmiens.

Regarding the belavior at high tempemtuire, cose to 100°C, one
can notice the following:

- Far graims, the capacitancs decresmes with temperature, due 0 the
decreame of the dislactric constant, while the EsEtance noresses a3
it happens in BaTidy based ceramics with positive temperturs
coefficient [44].

For grain boundaries, the resistance decresses with temperature,
probably due tothe releass of tra pped charges in the grain boundary
region a5 well due to the reduction of the width of the space charge
regions asociated o potential barriers. The last can produce also an
increase in capacitance at high empemture = olserved in
Fig. 10{b)L

Far the serial Ba-(3; connection, the capacitance decreases and the
resistance incmeases significantly with Emperature. One can pre-
sume that ssociated defects may separate, leading to smaller den-.
sity of defect dipoles or defect dusters. For example, dissociation of
a Vo T~ defect will relexe a V,, that may participate to conde.
tiom however, with low mohility, leading to a resistance incresse
and toa capacitance: deoerse

The impedance study reveal that both grains and grain boundaries
have impact on the macmsoopic electric properties, and that local de-
feds can also affed the overall impedance of the ceramic and its tem.
peratune dependence.

4. Conchisions

The dislectric pmperties at low slectric fiekls of Ba, Sr Ti(, e
mics, with x = 0.3, 0325, 0,35, 375, 0.4, were investigated on a wide
range of temperatures and frequencies and comelated with the struc-
tural features i was found that

- Increased addition of & produces structural changes such a8 e
duction of tetragonality ¢/a, reduction of the it cell valume and
reduction of the gain siee acoompanied by an increased weight of
grain houndaries

- Increased S addition kads to a meducton of the transition tem-
perature such that the compos ions with x = 0.375 and 0.4 Sr are in
the cubic paraslectric phase atroom tem peratune, inagreement with
the fact that the tetraganality for this samples & undty.

= The thermal hysers=sis observed in the temperature dependence of
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HST325 specimens using the proposed equivalent dronit

the dielectric constant reduces with increasing the Sr conent, at-
tribarted to smaller size of the crystalline graing and larger weight of
grain boundaries allowing a mone mpid relosation of the sructuml
siress goourring at transition from cubic paraslectric to tetra goml
fermeeleciric phase.

The analysis of the behavior of the dislectric cmstant amound
transition temperature reveals that the temsitions are more likely of
the first order, with a Curiec t virtually mdependent on the Sr
content and with a slight incresse of the Fequency dispersion {ne-
laxordike behavior] a5 the Sr ontent incresses, attriboted toosma ler
grains amd larger weight of the grain boundaries.

The analysis of the slectrical consductivity revealsd that the de part
iz thermally activated, with activation energy of 0L7=-0.77 &V de-
peneling on Sr content, afributed to oxygen vacancies, while the ac
pan follows the Janscher's universal dispersion law with a power
parameter s that it is almoet independent on the Sr comtent. The fact
that the activation energy for the de part is slightly inoressing with
the Sr content was attrilaged o posible changes in the bemed dia-
gram a5 the unit cell shrinks and tetragonality beoomes unity.

The various contributions (graing, grain boundaries, eecrade in-
terfaces) to the macroscopic electric properties were separated by
performing mpedance spectroscopy analysis and by ftting the ex.
perimental data to a specific equivalent cinoudt including two par-
allel B=C cincwits connected in series (e for grains and one for
grain boundarie), a cmstant phase element in mrallel with the
pamnallel B-C circuit fr grains, and a serial B-C cincuit in pamallel
with R for graing. This serial R-C circuit takes into acoount 1ol
changes in the orentations of defect dipoles or defect clusters, while
R takes into account kong range conduction in grains. All the ele-
ments of the squivalent circuit show a strong temperatune depen.
denee especially in the tramsition region, with large incresse in ca-
pacitances and decrease in resistanoes.

This study shows that the electnic/ dielectric properties of BST-type
ceramics can be fine-tuned by Sroontent. It appears that the incresse of
the Sr content nat only changes the tramsition & mperature, but lexds
also toa mone dispersive nature of the dielectric properties attributed to

the increased weight of the grmin bowundaries in the ceramics with large
&r content. Regarding the squivalent cincwit used for impedancs ana.
Iysis, one has to mention that further studies are needed to fully wm-
derstand  the physical basis of the component elements together with
their temperatire dependencies. This can bring further clarifications an
the fundamental phenomenon responsible for conduction anad relaxs-
tion prooesses in this type of ceamics.
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Metl-Fermoslectric Inerfaces
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Impact on Ferroelectricity and Band Alignment of
Gradually Grown Au on BaTiO;

Dana Georgeta Popescu,* Marius Adrian Husanu, Cristing Chirila, Lucian Pintilie,

and Cristian Mihail Teodorescu

The competition between inteface barrier in the Schottky—Maott limit and
polarization driven mechanizm iz established during gradual formation of
metal (Au) — feroeledric (BaTiD,) interface. X-ray photosledron spedroscopy
provides core level energies and valence band positions in the contact
region, to monitor the band alignment from the very first stages of metal
deposition on BaTiO,. The band bending at metal fferroelectric (FE) imerface
is extracted from the shift of core levels [Ba 3d, Ti 2p) as a function of the
metal thickness. It is shown that the interface band alignment mechanism
imvolves a well-defined polarization ofentation washing out the bending
expected from the work function difference. The sudden modification of the
binding energies within ferroelectric at the first 2A Au indicates that the
ferroeledtfic compensation mechanism triggered by the metal overdayer
initiates already at ultrathin top layer, while subsequent growth contributes
only at a gradual comection of the potential in the FE. The emerging picture
is confirmed in fist-pAnciple cloulation indicating the preferences of Au to
grow preferentially to different terminated regions and to stabilize distinct

Ferroslectric materials exhibita spontaneous polidzation, which
can be reversed by applying a voltage exceeding the coercive
field!") They are used in a wide number of applications such as
sensors and achabrs™ in fermelectric capacitors™ and nor
volatile memearies ™ [n most of these applications, the
ferroelectric (FE) systemn is in direct contact with a metal
electmde, and the device phyzsics iz strengly influenced by the
metal-fermelectic inkerface. Consequently, understanding the
mechaniem o metal/FE interface forration iz of central
importance in device design Perroelectric thin Alms may
present a particular single-domain ferroelectric state with the
polarization perpendicular iy the Alm, which & cormected to the
exisknce of free charge carriers into the A Hectrors and
haoles fram the ferroelectric thin Alm ray then be transferred by
the intemal feld [(P/e where P=polarization perpendicular to
the surface of the FE, & = g, = dielectric permittivity of the FE),
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opposed 1o the poladzation, cose to the
surface or across the imterface. These
mehile charge carriers form byers screen-
ing the depdarization field inzide the flm,
inabsence of any other soumes of extrinsic
screening ™ As a consequence, near the
free FE surfacea band bending arizes, with
the magnitude ¢M/e (§ & the distance
between the polarization charge sheet and
the phyzical termiration of he FEand ¢ the
elementary charge). When the paarization
s orfented inwards, the bands bend
upwards and the signature iz seen in
photoerission 28 shifis toward lower
binding enemgies (LBE} near surfaces,
while in the outwands polarization case
they hend downwards accompanied by
shiftz= toward higher hinding energes
[HBEL™® Core levels shift rigidly with
respect the vacuum level iogether with
the valence band rasrum (VBM], fd-
lowing the band alignment direction ™
X-my Photoelectron Spectreecopy [XPS)
emerges 22 the ool to directly extmct such
sigratures close to the surfaces and their cormsponding
interfaces with different electrodes " When a metal is
grown on a sermiconductor, the Schottky—Meott mechanizm
contmls the way electmns migrate from the syskem with lower
wotk function inte the ene with 2 higher wodk function, until an
internal field appears at the interface, preventing further charge
migration. Thus, an interface band bending iz induced in the
serdconductor, equal to the difference of work functons
between the meta and the semiconductor [in absence of any
ferroslectric polinztion). The mechanism can be exiended for
ferrcelectrics by comrobomating the effect of the depdarization
charge induced bending at free fermelectic sufaces having
polarization perpendicular to the sufface™ " Recent exper-
menk evidenced the importance of the build-irpotential at
metal flerreeleciric intedface depending on the nature of the
electrode wsed in hese contcts!"™™ An ongoing effort in
technaogy is devoted to seeking envimnment-friendly sohutions
and BaTi(y, (BTO) k& one of the candidates, in counterpant with
Phbased fermelectics. For thiE rmateral, in spite of s
congiderably lower saturation polarization, it was found that
by in zitu bixsing of 3 FE sample, all core levels vary 22 a function
of the ferreslectric polarkzation ™

Although joining materals with different work-functons kas
been shown to create new functiorality! ™ here we show that the
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Schoticy barrier height (SBH) for AufBTO interfaces depends
erainly on the FE polifization, with the Schottly—Mott
mechanizm playing enly a cormection role. Starting from the
eardy stages of the hetematructune forrmation, the gradiual band
alignment effect iz inferred from the shifi of the XPS core levels
with mspectthe Fermi level of the metil Our findings add a new
perspective concerning the washing out the bending supected
=olely on work function difference, due to FE polirization effects.
The resultz are supplementad by abinitio caleulations, with
information of the preferences of the metal hiyers depozition on
the different polarization domains of BTO substate.

A 150nm thick BaTi(y, film was grown by puled laser
depasition (PLD} on SeTIO1040) [(STO) with SrBulr, boltorm
electrode. The PLD pamineters used are KiF radiation (248 50m
wavelength), 5000 pulees, repetition rate 5Hz, hiser fuence
15] e~ During the BTO growth, the substrate was heated at
F0"C and the partlal O, pressum was 14Pa After the
prepamtion, the szample was intmduced inte a XP5S and
enoleciler bearn epitaey (MBE) surface sclence cluster (Specs).
Surface contamination was padly reduced by fashing the
sarnples at about 180 °C. Gold was gradually deposited (2, 4,16,
24, 40, 100A) at roam tempembure in the MBE chamber,
connecied in vacuum to the analysis XPS chamber. The XPS
experiments were performed in ultrahigh vacuum at a base
pressure of 2 107" Pa by using a monochromatized Al Ka, X
my source [1486.74eV), with the photoelectrons reconded by a
Phoibos (150 mm radiuz) eectron energy analyzer operating in
fved aralyzer transmizzion mode with pass energy of 30 eV

Firt principles calculations were performed using Quantum
Bz presso code ) by employing ultrasoft pseud opolentials and
the geremlized gradient approsmaton funcienal in Perdew-
Burke Ernzerhal (PBE) parameterization® ") of the exchange and
coelition terim Cakulitions were perforimed on 8 unit 2l
ferreelectric shbe with twoe different FE  polarization
states, allowing them to rela along the zais untl e

wreraLps- i pd oom

Hellman-Feynman forces on each atom are less than 30meV
A" while kee ping the coordirates of the Rrsturit cell Axedat the
bulk-relaced values. The in-planelattice constant value was fixed
o the S5rTi0y substate, deduced from a previous buk
calodation i be a=393%A Cikubtions were performed
using a 30 By cutoff for the phine wave expanszion of the wave
functione and 400 Ry for the duamge density integration A
Tx 7 %1 kpoint mesh for mhation of the coardinates in the
supercell was encugh to achieve the comvergence.

Figume 1a and b presente the XPS spectra of AufBTO systemn,
in the increasing arder of Au thickness, deposited on
fermelectic BT sample. Bach XPS spectrum iz simubited
with Voigt lines™! Ba 34 Ti 2p spectra being ftted with twe

enits with a relative binding epergy (BE) shift of
114+ 001 eV One can see the evolution of the BE for each
component in Figure 1c and 4. We asign the main com ponent
of Ba 34 [Figure 1a) at LBE [green curve] to Ba atoms in the
perovekite structure and the one at HBE (blue curve) o surface
mehited emiszion due to uncoordinated surface Ba atoms 4>
The main component of T 2p spectra (Figure 1) & associated o
T iens in pervekite phase having a 44 valence state and e
sraller component at HBE iz atribaged to Tidy sudace
termiration, meaning that our BTO surfece lae mived
berrrd ra ten.

A fist observation is that the Ba 3d and Ti 2p intensities do no
dop to zero after Au deposition, even after growing an Au
overlayer equivalent of 10nm. At this thickness the signal of the
substrate Ba 34 and Ti 2pspectsa would atemuate to =4 = 100 of
their initial amplitudes ™! This indicates that Au films grow a=
discontinuous coating — clusters or nanopartices connected by
thinner Auregions. The amplitude vadation of both components
(LBEfHBE) with Au thickness is quite similar, obeying, a
expacted from the inebste men free path (IMEP) of e
photeslectrons, an expanential atteruation law (see Figure 52,
Supportig lnfernation). All BE of the substete are Featured by

Foan’ L cranit Tizp 1004 Au
140
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Figure 1. Ba 3d () and Ti 2p (b) XPS spectra after succemive Au deposition on BTO. Red symbols are experimental data, black lines are fits, green and
blue lines are individual components. (g Ba 3d.; and (d) Ti 2p, ; BE vasiations of different XPS components resubisd from the fit of specta recosded in
{ab) as function on the Au nominal thickness; (=] OTi ratio after successive Au deposition.
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gradial shifts toward HBE with increasing metal thickness, up
to 0.9 eV at 100 A Au (Figure 1c and d). The values of the com
levele obtained for the main component of the dean surface
(Ep, & 779.9 eV for Ba 3d,,, B = 45707 eV for T0 2p, )"
are in reaonable agreement with previous data. For more details
about the Au and O 15 evolution during layer growth see the
Supporting [nformation.

Surprizingly, the shift toward HBE upen Au depesition is
oppesed to the tend expected from the values of their work
furclons and corresponds o dowrwards band bending in
ab=olute values, indicating the stabllization of a pelarization state
pointing away from the surface (B7).0%*" The BE variation of Ba
3d is about half of the shifi induced in the Tl core levelz, and iz
probably due to the smaller probingdepthof Ba 3d (l=12.46A)
than of Ti 2p photoelectrons (ln=15.81 A). The former are fen
able to caphure the extenzive ferroelectric-induced bending over
the whole thiclness 5, while Ba 3d photoelectronz probe a
sigrificantly sraller depth. Close to the surface, adead liyer has
been eporied with the thickness of abowut 2-3 unit cellz where
the FE activity decreases'™™1 (see also Figure 55, Supporting
Infarmation), and this effect may account for the apparent
smaller shift of Ba 34 electrons.

The evelution of the r=0/Ti ratio in the order of increazing
Au thickness starting from the annealed state (Figure le)
indicate the initial deviation from e expected Siichiometry
(F=13), gradually recovering the ideal one around the thickness
of 100A of the overliyer. We can expect that vacuum annealing
may create some oxygen vacandcies in BTOM™ and a consequent
releaze of mobile charges of 2e™ funit cell More importanily, the

BaTiO,

gEs‘Sﬁr"

evolition of r with Au thikness indicates the different
contrbution of those intrinsic charge camiers at the compensa
tion of te depolarization feld inzide the ferreelectric BTO.

The increaze of rat high Au overdayer cannot be accounted as
coming from the top metal, nor from the MBE chamber a2 the
pressure during the depasition was =107 Pa and the terrpera
ture =3 K. The only possibility iz the migmtion of cxygen
vacancies from dose te e surface where they, inithlly bulld-up
a charge sheet in onder to compensate the depolirization field,
teweard the bulk at higher Al covermge.

Two compernsation mechanizms may be taken ink acoount to
stabilize the outofphne pohrzmtion shte an intringic cne,
relying on the presence of charge carrers pear surface whose
origin is from the semicondicior bulk (electrors for outwards
polarization) and an extrnse obe, wher compersating dage
carriers are stabilized in the metal overlayer! ™! With the increase
of the effective thiclness of the metal deposited, the extrinsic
contribution will preval. Hence, less oxygen vacancies are
needed to create electmns near surface. During Au depoziion, it
is expected that the BT surface is additionally heated by the
thermal mdiation from the evaporation cell by about 30—40 K [t
seems that this depegition temperature iz sufficient to Favor
ouygen migration from the bulk tewand the surface, when, owing
ter the extrinzic sceening, no selfdoping iz anymore needed in
this reglon to ensure the intrinskc screening

In Figure 2 we sletched the mechanizm te explain the
evolution of the BE seen in Figum lc and d assuming a
combination of FE induced tand bending and formation of a
Schottky contact. We frst corsider only the bending invelving

&, =51V

R

Figure 2. Proposed mechanism o explain the evolution of BE from Figure 1. (a) Energy band diagram of BTO eshibiting a FE polasization oriented

stwards: (1] with its esponding band bending (b) the Schottiy- Mott mechami sm inwokving the wodk-function difference; (] our @se when the FE
keeps its polarization, washing out some of the bending due to the Schotthy jundion 'With red lines is depicted the scenasi o of aband bending based on
the different work fundtions only. Theblacklines mpresent the observed behard ourat Ay BTO interface; (d) cabculaied bonding charge distribution of the
AuBETO interface. Ay presumably pefers the P polarization domains on the Till, terminated susface.
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the out-ofplane ferreelectric polanzation, P7 (3], or the
Schothy-Mott mechanizm involing the work-function differ-
ence (). Scerado (b) would lead to a shift tovand LBE, which is
not our dheerved case, while (2] alone would have mest probably
lead to shifle towand even higher HEE. Then we can sssurme that
in our case the FE-induced contribution pliys the leading mle,
with only minor contribution From the work function difference.
The VBM & extracied from valence band spectm of the dean,
bare BTO substrate Er — Evaw = 1.6 V. Assuming a rigid shift
of VBM and core-levels, we dediice the Schotthy barrier height of
the interface, ¢2=/¥T = (17 ¢V Indeed, the shifis in BE afler
gold deposition (Figue 1o and d) are corsistent with a band
bending dowrwards at the interface due to the combined effect
of a stablized P polirization orientation of the flm and
different work-functions in the metaleemiconductor inkeface
[P = 5.1V, By = 4.8V, The resuling Schottky
barrier s the height éPS/e + (Dare — ), where ePS/k & the
mesdification of the ‘apparent built-in potential’ at the FE
interface and @y, — Bgre = 0.3 eV, According b the mecha-
nizem suggested in Figure 2 derived from our experimental data,
the apparent BE shift of the Au covered surfaceby 0.9 eV towand
HBE!™ allows to extract the fermelectric term ePSfe=12 eV
with P=25 pClam®™ and effective dielectric constant
&= 140" and, deduce that S,m_,-nmapjj = fnm. This iz larger
by a factor of 2-3 compared to PZT.F

A fnal ob=emation addresses the stabiity of the inkeface
fornation 2z deduced from DET caleubfions™ ™ Au lattice
constant gy, = 4.078 Ais dose to that of BT'O strained at the in-
plane ST lattice constant™¥ ggp = 3805 A. Consequently,
one would expect that the epitaxy condition iz mther easily
fulflled for Au growth. However, the caleubfions of the
formation energy reveal that Au strongly prefers anly a wel-
defined termination doraine, namely BaOdermination
(Figure 2d), stabilizing a P+ polirization skte [See Figure 54,
Supporting [nformation), with significant differences for the
fornation enemgy i the case of ether mgons. Az thick BTO
biyers ame generally featured with mixed termination domains, it
iz likely that the growth tendency will be where the energy &
mest fvorable, resulting in Elands or grmins as revealed by
previous TEM studiee "™ Indeed, this assumption iz in line
with the atieruation of the substrate signal at thick metal
coverage which shows that 100 A Audepositions transhtes into a
R 9% attermation

In surnmary, we have presented phokemizzion esults of the
contact forrmation on Au at BaTi0, surface After the metal
depasition, the BT0 VEM at the interface varies slightly amund
1.6eV, indicating zimilar SBH for electrans and holes. Direct
quantitative measurements of SBH dependence of ferreelectric
polirzation are obtained from XPS, with value of 0.7eV. The
aribicipated e ffect was a band bending toward lower eneirgy in the
AufBTO contact. Nevertheless, we And that the opposite process
takes plice The bending expecied from the difference of work
function is vanishing, due to a leading term associated to FE —
induced band bending in the opposite direction. The mechanizm
iz accompanied by grdial transifon from intrinsic screening to
extrirsic screening of the feroelectricity by the thick enough
metal contact. First principles caloulations peint toward a
scenario with Au growing more likely on the BaQ terminated
domaing. Undemtanding such delicate interplay of the

Py Sieke Ssldd RRL 3WS, 13, 150077
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fermelectricity with the interface electmnic struchure i of
central importance for creating new functiomality in the contest
of norvoelatile memores based on feld effect and hunnel
junc ions.

Supporting Information

Supporting Inform ation is available from the Wiley Online Library orfrom
the author.
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Low value for the static background
dielectric constant in epitaxial PZT
thin films

Georgia Andra Boni, Cristina Flerentina Chirila, Luminita Hrib, Raluca Megrea,
Lucian Drages Filip, loana Pintilie & Lucian Pintilie

Ferroelectrics are intensively studied materials due to their unigue properties with high potential for
applications. Despite all efforts devoted to obtain the valves of ferroelectric material constants, the
problem of the magnitude of static dielectric constant remains unsolved. In this article it is shown that
thevalve of the static dielectric constant at zero electric field and with negligible contribution from
the fermelectric polarization (also called static background dielectric constant, or just background
dielectric constant) can be very low (between 10 and 15), possibly converging towards the valve in the
optical domain. It is also found that the natural state of an ideal, mono-domain, epitaxial ferroelectric
is that of full depletion with constant capacitance at voltages outside the switching domain. The
findings are based on experimental results obtained from a new custom method designed to measure
the capacitance-voltage characteristic in static conditions, as well from Rayleigh analysis. These
results have important implications in futwre analysis of conduction mechanisms in ferroelectrics and
theoretical modeling of ferroelectric-based devices.

Although ferroelectric materials have been studied for the better part of the last 100 years, the magnitude of
thi static dielectric constant of these materials ts still a matter of debate and controversy. For a long time, It was
thought that ferroelectrics are materials with large values of the static dielectric constant'. However, this 15 valid
for ceramics or polycrystalline films, while in the case of epitaxial layers it was found that the dielectric constant is
significantly smaller®. Even when constdering the same material, e.g. BaTi0, (BT, the reported values for the
dielectric constant span an interval of at least one order of magnitede, from about 100 to more than 1000, gener-
ating difficulties in deveboping theorettcal models involving this quantity™”. Therefore, 1t is falr to constder that
the static dielectric constant in ferroelectric materials 1s very much sample dependent, being affected by extrinsic
contributions coming from various structural defects that may act as trapping centers for electric charges that
miay be able to respond to the small amplitude se signal used for standard capacitance measurements”. i immedi-
ately follows that, if one intends to get closer to the intrinsic value of the dielectric constant in ferroelectrics, it has
to prepare single crystal or eplitaxtal samples with reduced density of structural defects®. Valses well below 100 can
be obtained in epitaxial films of reduced thickness*®*, and as low as 17 In a 12 nm thick (Ba,Sr)Ti0y, thin film'!.

The reduction of the dielectric constant with the thickness of the epitaxial ferroelectric layers was attributed
to the presence of so called dead -layers at the electrode interfaces, namely bayers that are not ferroelectric and,
therefiore, have low value of diglectric constant'*-'*. The debate on whether dead-layers are present at the dectrode
Interfaces 15 closely related to the debate regarding the partial or total depletion of the ferroedectric capacttors,
and it 1s largely accepted that ferroelectric-metal interfaces behave as Schottky contacts'*, Therefore, many
experimental and theoretical studies were devoted to these problems for the past 20 years, some consldering only
dead-layers at the interfaces, some showing that there are no such things as dead-layers, some considering only
depletion regions, and some consldering both depletion and dead-layers'-2*-*,

Returning to the subject of this study, it 15 known that the static dielectric constant can be estimated from
the results of capacitance measurements, such as capacitance-voltage (C-V) characteristics, also the presence of
ferroelectricity can be assessed 1f well-known butterfly shape 1s obtained. Standard C-V measurements involve
simultaneous applications of bwo voltages on the sample: a de voltage wsed to set the polanzation value and direc-
tiom, and a small amphitude (relative to the coercive voltage) ac voltage for determining the capacitive response
mieasured with a standard LRC bridge. The C-V measurement described above 1s a type of dynamic measurement,

Mational Institute of Materials Physics, Atomistilor 4054, Magurele, ifov, Romania. Correspondence and requests for
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as the dc voltage 1s varied step by step, such that the de voltage is set to a certain value and the capacitance 1s meas-
ured using the small amplitude oo voltage. After recording the capacitance value, the di voltage 1s set to the next
value and the procedure Is repeated until the full C-V characteristic is obtalned™ ™. The problem that arises is the
parasitic contributions appearing tn the measured capacitance due to transttory phenomena induced by the step
change of the dc voltage (e.g. charge carrlers released from traps able to respond 1o the frequency and amplitude
of the ac voltage)™. All these issues will be reflected in the value of the calculated dielectric constant!

It 15 fair to assums that, in a ferroelectric capacitor, the dielectric constant can be divided in two parts: one
related to ferroelectric polarization and one related to the dielectric response when there 15 no contribution from
ferroelectric polarization (the case of complete saturation). The static dielectric constant, when there 1s no con-
tribution from fermoelectric polarization, 15 sometmes called background static diedectric constant and should be
related to the lnear dielectric response assaclated to any non-ferroelectric matertal ™"

The background static dielectric constant can be introduced with the help of the following egquation:

D=+ P (0

here, [ 1s the electric displacement, E s the electric fiekd, £, 1s the vacuum permitiivity, and P is the total polariza-
tom, including the linear part Py specific for any dielectric/semiconductor material, and the non-linear ferroelec-

tric part characterized by the spontaneous polarization Ps. Replacing Py with eqxE (x 1s the electric susceptibility ).
Eq. (1) can be written as:

D=cfl + X)E+ F= g5, E+ P (2)

here £, 15 the static background dielectric constant. The total static dielectric constant of a ferroelectric £;can be
defined as:

1 &P
T T
w: (3)

It i clear from Eq. (3) that, if the spontaneous polarization 1s saturated and no longer varles with the applied
electric field, then =, reduces to =,

The question 1s: large ts the static background dielectric constant? In this paper we suggest that the static
background dielectric constant of an epitaxial ferroelectric layer can have values as low as 10-15 and may con-
verge towards the optical dielectric constant, even in the low frequency domain, in defect free, very thin epitaxtal
films. In order to sustain this claim, a new C-V measurement procedure, named “static™ C-V, was developed
to estimate the values of the dielectric constant in conditions as cdose as possible to the electrostatic ones. The
differences compared to the results of standard C-V measurements are discussed in terms of Schottky contacts
that are present at the electrode Interfaces. Raylelgh analysis was also performed to confirm the results and, by
comparing them with those extracted from static C-V, 1t was possible to estimate the polarization contribution at
small amplitude ac electric fiedds used for capacitance measurements.

Results

The results were obtained on a set of epitaxial Pb{£r,, T1, )0, (PZT) films having thicknesses of 20, 50 and
150 nm. The proposed “static™ C-V measurement uses the following procedure: a pre-poling pulse of a certain
pertod s applied on the sampde in order to set the polarization in the - state; the pre-poling voltage is removed
and the capacitance 15 measured with the small amplitude ac signal after a waiting time | this 1s the first podnt, cor-
responding to 0V, thus to the remnant polarization; the walting time 1s necessary to allow relaxation of transitory
phenomenal; the de voltage 1s set to a positive value slightly higher than zero and it 1s applied on the capactior for
a certain pertod of time; the de voltage s removed and the capacitance is measured again, after the walting time,
at zero volt but with polarization set by the posittve voltage previously applied on the sample; the de voltage is set
to a positive value slightly higher than the previous one and applied to the sample for the same period of Hme as
the previous oneg; the dic voltage 1s removed again and the capacitance 1s measured after the same waiting time; the
procedure is repeated step by step until a full hysteresis cycle is obtained (see the de voltage sequence in Fig. 1a).
Ome can observe that, contrary to the standard dynamic C-V, in this case no dic bias is applied on the sample while
the capacitance 1s measured with the small amplitude ac signal. The resulting C-V characteristic is presentad in
Fig. Ib) together with the one obtained after a standard C-V measurement using staircase ke increase of the dc
voltage. The walting Hme was set to | second after checking that 1t s bong enough to allow relaxation of all trans1-
tory phenomena (see Supplementary Information SI).

It can be seen that the C-V characteristic obtained using “static™ C-V measurement retains the butterfly shape
bust, contrary to the standard C-V measurement (which from now on will be referred to as “"dynamic”), the capac-
tance value has a very small vartaton with the dc voltage after achieving the saturation of the ferroelectric polar-
lzation. In fact, when the di voltage 1s swept down from maximum value to zero, the capacitance variation is
below 1%, being virtually voltage independent as it should be if the polarization is saturated. Similar resulits were
obtained on samples with other thicknesses (see Fig. 2a) and for different frequencies (see details in 5I). One can
see that the capacitance remains constant after switching, once the polarization 1s saturated.

An inferesting observation 1s that, for the samples of 20 and 50 nm thickness, the "stallc” capacitance has dif-
ferent values for sweeping the voltage up and down between maximum negative and positive voltage valwes. This
may be related to the presence of an Internal electric field, as evidenced from the hysteresis loops presented in
Fig. 2b). As the thickness Increases, the intensity of the internal electric field reduces, the hysteresls loop becomes
more symmetric and the differences in the capacitance values obtatned when the dc voltage ts swept up and down
becomes negligible as it 1s the case for the 150 nm thick sample.
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Figure 1. (a) The voltage pulse sequence fior the “dynamic™ and “static”™ C-V: 4,15 the delay time between
changing the de voltage and measuring the capacttance in the “dynamic™ mode; [ 15 the time for applying

thi dic voltage that sets the polarization state in the “static™ mode; ¢, is the walting Hme afier removing the dc
voltage; (b) the “static™ and “dynamic™ C-V characteristics for the 150 nm thick sample {pre-poling pulse of 0. 1s;
to=0185; I, = 15; frequency of the ac voltage of 100kHz).
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Figure 2. (a) The “static” C-V characteristics fior epitaxial PZT layers of different thicknesses (the measuring
times are the same as in Fig. 1b; the frequency of the ac voltage was 100 kHz); (b) the hysteresis loops recorded
for epitaxtal PET films of different thicknesses (triangular voltage with 1 kHz frequency).

The dielectric constant was estimated from capacitance values for several situations: at 0 V-"statlc™ measure-
ment (average bebween capacitances measured while sweeping up and down the dc voltage); at 0 V-"dynamic™
measurement {average between capacitances measured while sweeping up and down the dc voltage); al maximum
applied V-"dynamic” measurement | average between capacitances corresponding io maximum negative and pos-
tttve de voltages). The results are presented tn Fig. 3a) as function of sample thickness.

Considering that the hysteresis loops are almost rectangular (see Fig. 2b), one can assume that the ferroelectric
polarization 15 saturated when the voltage goes down to zero from the maxtimum applied de voltage. The ampli-
tude of the ac voltage used for capacitance measurements s of 10m'V, at least one order of magnitude smaller
than the coercive voltage. One can be tempted to assume that the polarization contribution 1s negligible in the
case of the three sttuations mentioned above, and that the estimated value is the static background dielectric
constant ;. However, one cannot exclude small, reversible, polarization variations at electric fields below the
coercive one (usually below half of the coercive field, as it 1s the case for the amplitude of the ac voltage used for
capacitance measurements). These may contribute to the static dielectric constant even the dc bias 1s removed., as
1t 1= the case for static C-V. Therefore, Raylelgh analysts was performed on the three samgples, following the proce-
dure described in refs*-** (see detalls in 51). The values estimated for the dielectric constant at zero field, using the
Raylelgh analysis, are also presented in Fig. 3a).

(Ome can observe from Fig. 3a) that the values estimated from the C-V characteristics at #ero volt are about
the same, while the values al maximum applied dc voltage during dynamic measurements are significantly lower,
especially as the thickness increases. Also, one can observe that all the methods give about the same value for
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Figare 3. (a) The thickness dependence of the dielectric constant evaluated from C-V measurements
performed at 100 kHz. Evaluation was performed In three cases: at 0V “static™; at 0V “dynamic™; at maxtimum
applied voltage “"dynamic”. (b) TEM tmages for 20nm and 150 nm thick samples (inside each image the
notations are a-low magnification Image cross-section; b-SAED 1mage; c-low magnificatton HR-TEM

image; d-high magnificatton HR-TEM tmage of PZT/SRO interface and SRO/STO Interfaces; these images
demonstrate the high quality of the epitaxial growth).

the thinnest sample, around 23-25, while for the thicker samples the values obtaned from C-V measurements
are slightly higher than those obtained from Rayleigh analysis. One may Infer that the difference 1s due to the
response of the ferroelectric polarization to the small ac voltage used for capacitance measurements. The contni-
button of the ferroelectric polartzation Is increasing with thickness as 90° domains start to develop in the sample
of 150 nm thickness, as shown In TEM Investigations presented in Fig. 3b). Based on these results, one may
assume that the values obtatned from Rayletgh analysts are closest to the static background dielectric constant,
and that In very thin epitaxtal films the polarization contribution to the static dielectric constant estimated from
C-V measurements can be well below 10% (see SI). These results will be further discussed In the next section.

SCIENTIFICREPORTS]  (2019) 9:14698 | https://doi.org/10.1030/5415908-019-51312-2

88



whww.nature.comyscientificrepo rts/

Discussion

Figure Xa) suggests a inear dependence of the dielectric constant on sample thickness (see the inset, showing that
the linear fitting has a confidence factor of 0.99). Assuming that this empirical dependence contimuees to remain
true for kower thicknesses, then a value of about 14-15 1s obtained for the background dielectric constant in sam-
ples around 1.2 nm in thickness, which are still ferroelectric according to literature™ ™. This value s about twice
the value of 6-7 reported to date for the optical dlelectric constant of PZT type matertals'”.

Therefore, the value of &, can be as low as 14-15 in ultra-thin epitaxial layers, possibly including a minimal
contribution from polarization (well below 10%) 1f 2 small amplitude o voltage is used to measure the capact-
tance. A value virtually free of polarization contribution may be obtained wsing Raylelgh analysis, but this ts hard
to apply to very thin films due to larger beakage compared to thicker films. Another contribution comes from the
structural defects that may be charged and may still respond to the low amplitude oo signal used for capacitance
measurements in the low frequency domain. Such defects, especially point defects (e.g. vacancies), are present
even In high quality, very thin epitaxtal films. More defiects (e.g. dislocations) can form as the thickness Increases
and the film start to relax from the strain imposed by the substrate, as can be seen In TEM images presented in
Fig. 3b). This can also contribute to the larger static dielectric constant in thicker films. In a perfect epitaxtal film,
the contribution from structural defects vanishes and the value of the dielectric constant can be lower. One can
Imagine the extreme case of an ideal mono-domain ferroelectric film where the static background dielectric con-
stant 1s only shightly larger than the optical dielectric constant, due to a very small contribution of the ferroelectric
polarization. This result, based on experimental findings, confirms the early predictions of Watanabe et al. that
the value of background permittivity tn ferroelectrics may be close to the vacuum permittivity*®.

Theoretical caloulations performed on bulk crystal, as well as early experimental findings based on Faman meas-
urements performed on bulk samples, report values of the dielectric constant of about 80 (thermodynamic theory
apphied to PZT with Zr/T1 ratio of 200800 ", or around 335 {first principle calculations, Raman measurements
combined with Liddane-Sachs- Teller equation 2. The values expertmentally reported for thin films can go down
to 15-20 {see ref."". and the present study). There are some theoretical studies suggesting a hardening of the soft
modes in epitaxal thin films™. This can potenttally kead to lower values of the dielectric constant along the direc-
tion perpendicular to the electrodes due to the strain constrains imposed by the substrate, espectally in the case of
ultra-thin films. Other theoretical studies suggest that it &5 possible (o reach values as low as 10 in thin films*. One
can conclude that our experimental results, based on the “static”™ C-V measurement, are in agreement with previous
reports in Hierature regarding the value of the static diedectric constant in very low thickness thin films.

In order to further test the results presented wuntl] now, we have caloulated the static dielectric constant using
density functional perturbation theory calculations implemented in the Quantum Espresso simulation package®™.
The method for caloulating the static dielectric constant has been developed by Gonze & al™ and has been used
successfully to calculate the dielectric function for hybrid organicfinorganic halide perovskites™. For simplicity’s
sake, we have used PbTI0, as a test material in three scenarios: completely relaxed bulk, strained bulk and thin
film. The obtained values are approximately 29 in the case of a bulk unstratned crystal, 32.35 for the strained bulk
and about 32.3 for a 5 unit cells film with 5SRO contacts with the same basal strain as in the previous bulk case.
These results are comparable to the experimental values and confirm that the background dielectric constant in
PZT crystals or epitaxial films 1s very low. The details of the calculations can be found 1n the SL

There are other aspects that have o be discussed:

« The Increase of the static background dselectric constant as the thickness increases. This can be explained by
the occurrence of structural defects as revealed by the TEM investigations (results presented in Fig. 3b). One
can see In the low magnification TEM images that, as the thickness increases, more and more defiects occur in
the film (dislocations, grain boundaries, domains and domain walls).

+ The constant capacitance in the case of “static™ C-V compared to the voltage dependent capacitance in the
case of the “dynamic™ C-V. This behavior can be explained assuming the presence of Schottky type contacts
at the electrode interfaces. As already mentioned in the Introducton section, the presence of Schottky type
contacts at electrode interfaces in ferroelectric capacitors is already demonstrated and accepted in the lit-
erature'* 200 Scholtky contacts assume the presence of space charge (depletion) reglons at the electrode
Interfaces, with voltage dependent thickness translated into voltage dependent capacitance® as can be seen
in “dynamic” C-V characteristics {Fig. 2a). The relative capacitance variation with the applied voltage, after
polarization switching (saturated polarization), reduces from about 15% for the 150 nm thick sample to about
5% for the 20 nm thick sample. This result suggests that, as the thickness decreases, the metal-ferroelec-
tric-metal (MFM) structure tends towards full depletion. Therefore, in the case of “dynamic” C-V, the effect
of the Schottky contacts will be less vistble at small thicknesses and it 15 expected to disappear In very thin
films, these being fully depleted at any voltage except the voltage range where the polarization switching takes
place. Om the other hand, in the case of "static™ C-V, the films are fully depleted at any thickness because the
free carriers from the ferroelectric film are blocked at the Interfaces to compensate the polarization charges.
As a consequence, the capacitance 1s nearly constant at any voltage oufside the range where the polarization
switching takes place.

+  The frequency dependence of the dielectric constant confirms that this quantity decreases as the thickness
of the epitaxial film 15 decreased (see details in SI). One interesting aspect 15 that, for the 20 nm thick film the
frequency dependence can be fairly well simulated with a simple Debye equation, as shown in the Supple-
mentary Information.

In summeary, it was shown that the static background dielectric constant at low frequencles, in ulira-thin epa-
taxial ferroelectrics, can have low values, of about 10-15, and can be even lower in ideal, defect free, mono-domain
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ferroedectric layers. The large values reported in the Iterature are resulting from extrinsic contributions associated
to structural defects, mainly ferroelectric domains and domain walls, but also other structural defects, that oocur
as the films start to relax when the thickness is increased. It was also evidenced that the natural state of an epitaxial
ferroelectric iIn mono-domatn state, with no applied dic voltage, is that of full depletion. Once step dc voltage 1s
applied the state may change to partial depletion in thick films but remains of full depletion in very thin films.
These findings can have an important impact in the analysis of conduction mechantsms in ferroelectrics as well
In developing models to simulate the charactertstics of ferroelectric-based devices.

Methods

Samples. Thesamples were grown by pulse laser deposttion {FLIDY) on single crystal ST, (STO) substrates.
The bottom electrode was a 20nm thick layer of StRu(), (SRO). Top SROVP electrodes were deposited for elec-
trical measurements, with area of 0.01 mm?®. The epitaxal quality of the structures was analyzed by transmission
electron microscopy (ARM-200F from JEOL). Details about the deposition process and about the structural
charactertzation can be found in previous publications®"=,

Electric measurements. Polarization and current hysteresis loops were recorded using a model TF2000
ferrttester from AlxACCT. Capacitance and dielectric losses were recorded using a LCR bridge model Hiokt
1536 or a HP 4194 A impedance analyzer. The voltage pulses were applied using a Ketthley 6517 electrometer. All
data were recorded using spectal designed acquisition programs. All the measurements were performed at room

temperature.

Numerical calculations.  Density functional perturbation theory calculations were performed using the
Cruantum Espresso distribution and the included Phonon package.
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Memcomputing and Nondestructive Reading in Functional Ferroelectric
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Multiple nonvolatile and well-separated capacitive staies can be obtained in a two-termmal ferro-
electric capacitor setup by fine tuning the polanzation switching process. This approach allows for the
implementation of memcomputing {same platform for storage and computing) capable ferroelectric struc-
tures. Dhgital and analog storage modes are exemplified in this work together with an algonithm for
simple binary computation functions such a5 oR/NOR and ANDNAND for data processing on the same
device. Results are obtained by controlling the polarization switching process in ferroelectric muln-
layers such as PhiZroa Tios y0s/SrTi08 /P £z Tz )05 and Ph(Zrpz Tins )0 /BaTiOs / Ph Zroa Tigs pOn.
Besides memcomputing, these results can be used for nondestructive capacitive reading of information in
simple ferroelectric capacitors or can open the way toward applications such as nevromorphic and chaotic

circuits,

DO 10,1103 PhysRevApplied. 12024053

L INTRODUCTION

One of the realities of present and future technologies
is the ever-increasing need for computing speed and high-
density information storage. This technological race gives
rise to numerous challenges related to various limitations
of Moore’s law, such as the rising cost of chip manu-
facturing and physical limitations due to size reduction
[1]. For these reasons the concept of memcomputing is
gaining traction since the processing and storing of infor-
mation is performed on the same physical platform [2.3].
This new paradigm relies on passive circuit elements with
memaory function, such as memristors, memeapacitors and
meminductors [4,5]. Unfortunately, there are only a small
number of systems exhibiting capacitive switching behav-
ior [6-11]. Conceptually, memcapacitors are different from
already existing electrically programmable capacitors such
as varactors and typical ferroelectric capacitors: the set
capacitance values are maintained without a power supply
and, most importantly, the read operation for each state is
nondestructive [12].

Ferroelectric materials have shown great promise for
nonvelatile memory applications, considering that the two
polarization orentations can be associated to the two
Boolean bits used in digital computing. The exploitation of
commercial ferroelectric random access memory to its full
potential is severely hindered by the destructive reading
process of the stored information, which requires multiple

*lucian.filip@infim.ro

2331-TO19/19/12(2)/024053(T)

024053-1

rewriting operations. These repeated cycles will eventually
alter the stability of the ferroelectric phase and compro-
mise device operation [ 13,14]. A nondestructive capacitive
reading will resolve this disadvantage: however, induc-
ing different capacitive states in a ferroelectric structure
can be associated with the partial switching of polariza-
tion or with a shifting of a capacitance-voltage loop due
to an internal field, leading to different capacitance val-
ues for the two stable polarization states. Unfortunately,
the first case is a transitory phenomenon for ideal strue-
tures, and for the second case the capacitance difference
between the two values is insignificant and cannot be
used effectively. Currently, the link between the memcom-
puting field and ferroelectric matenials is realized with
ferroelectric-based memory structures exhibiting resistive
switching behavior [15-20]. For logic pates, ferroelectric-
based structures (e.g., graphene-ferroelectric metamateri-
als and organic ferroelectric multilayers) can be used for
digital computing [21,22].

In this article we demonstrate memeapacitive effects
in structures based on ferroelectric-insulator-ferroelectric
{F-1-F) thin-film layers. The findings are corroborated
by repeatable experimental measurements and theoretical
modeling demonstrating the presence of multiple, stable
and individually addressable capacitive states. In addition,
the capacitance states for these structures depend on the
past states along the system evolution path. This prop-
erty can be hamessed for logic operations such as OR/NOR
and ANIVNAND while storing the result on the same phys-
ical device, in accordance with the parallel computation

© 2019 American Physical Society
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philosophy [23]. Finally, it is shown that intermediate
capacitance states can be obtained in between two extreme
values, which is the equivalent of an analog-type mem-
ory, a behavior that can be exploited in neural networks
mimicking the functionality of the brain.

II. THEORETICAL ASPECTS

Sequential switching of ferroelectric polarization in
three-layer structures such as Phi{ZrgaTipghOs (PETY
SrTi0; (STONPb(Zr 2 Tigg)O0s (PET) was demonstrated
both experimentally and theoretically in [24]. It was shown
that there are four different polarization states that are
stable in time and available for information storage. The
theoretical arguments for proving the multi-polarization
states in the F-f-F structures are based on the Landau-
Ginzburg-Devonshire (LGD) model [24].

The free energy of the three-layer structure was obtained
as a function of the polarization state in each ferroelec-
tric layer, revealing that the F-/-F device studied has four
equilibrium states with distinct polarizations [Fig. 1(a)]. In
addition, it will be shown below that this setup also has dis-
tinct capacitance states. Starting from a given state of the
structure, it is possible to map its evolution as the voltage
is modified. Figure 1{b) shows the positive branch of the
theoretical hysteresis curve obtained using the LGD the-
ory detailed in [24]. In order to prove the nondestructive
reading operation in the F-/-F structure, one must obtain
different capacitance values between the available polar-
ization states. If the system is initially set in a stable state
where the polanizations in both ferroelectric layers are set
to point in the upward direction (toward the top electrode),
as the voltage is continuously increased, the system will

(a)

(b)
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FIG. 1. The theoretical descripion of stable ferroclectnic

states and the switching between them based on the LGD
madel. (a) The free-energy landscape (energy vs polanzation of
each ferroelectric layer) of an F-J-F structure in equilibrium.
(b} The posiive polanzation hysteresis branch of an F-J-F het-
erostructure and the schematic representation of the polarization
onentation in each ferroelectric layer for different states.

remain in the initial state [see the corresponding minimum
of the free-energy function in Fig. 1(a)] until F = Fg. At
this point the system is able to switch to the next available
equilibrium state that commesponds to the case where the
polarization in each ferroelectric layer has different orien-
tation (i.e., one is pointing downwards while the other is
point upwards). One important note is that the new state is
considered stable because it is maintained when the volt-
age 1s slowly returned to O [see the red curve hysteresis in
Fig. 1{b)]. Continuing to increase the voltage beyond ¥y,
the system will eventually reach its final state where the
two polarizations are pointing downwards at ¥ = V. By
approximating the entire structure with an equivalent cir-
cuit of three capacitors connected in series one can write
the total equivalent dielectric constant of the three-layer
€)= (e +dy+ o) [dl (-

structure as follows:
-1
+ I)
£q dE( (V)

+l)‘T, o

where &£, is the dielectric constant of the insulator inter-
layer, and Py (¥), E;(¥), P2(V), and E;(F) are the polar-
izations and electric fields in the two ferroelectric layers.
Using Eq. (1) and the theoretical model for the three-
layer heterostructure [24], one can determine that the par-
tial reversal of polarization [i.e., the intermediate state in
Fig. 1{b)] leads to an increased dielectric constant of the
structure compared to the initial and final states. This
result is fundamentally different than the simple ferroelec-
tric capacitor case where the two available polarization
states have indistinguishable capacitance values. Thus the
theoretical description demonstrates the existence of four
stable polarization states and, more crucially, two distinet
capacitance states: a high capacitance state (HCS) and a
low capacitance state (LCS).

A 1 dPa(F)
Tt I(a-udfzm

II. THE MEMCAPACITIVE EFFECT

It is now clear from the theoretical results that the non-
destructive reading process could be achievable in F-I-F
structures by a capacitance measurement that is a non-
destructive process, where the amplitude of the signal is
much lower than a coercive voltage: however, a more
compelling argument is the experimental verification. For
this reason F-I-F capacitors have been fabricated using
PbiZrg 2 Tip g 05 as the ferroelectric material and two types
of insulating materials: STO and BaTiQ, (BTO). While the
latter is known to be ferroelectric at room temperature, it
has a much lower saturated polarization compared to the
PZT layers such that its electrostatic contributions at the
PZT interfaces are similar to an insulator.

024053-2

93



MEMCOMPUTING AND NONDESTRUCTIVE READING...

PHYS. REV. APPLIED 12, 024053 {2019)

The main result in Fig. 2(a) is the dynamic hysteresis
measurement for the PET-BTO-PZT structure, showing
the clear decoupling of polanzation switching in the two
ferroelectric layers predicted by the theoretical model in
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FIG. 2. Two different capacitance states. (a) The hysteresis

loops obtained for a complete switching cyele for the case of
a BTO mnterlayer exhibiting four switching peaks in current-
voliage characteristics eccompanied by a steplike increase in the
polanzation loop; the extreme peaks situated at lagher voltages
correspond to a totally reversed polarization, where the ferroclec-
tric polanzation 15 either onented up, toward the top mterface n
both ferroelectric layers, for negative voltages, or down, toward
the bottom electrode n both ferroelectric layers, for positve
voltages; the intermediate peaks are obtained when the apphied
voltage changes its polanty and mdicates a parhial reversal of
polanzation in only one ferroelectric layer, generating either a
head-to-head or a tail-to-taill configuration between the polar-
1zations of the two ferroelectnic lavers. (b) The capacitance vs
frequency, using 0.2-V ac signal, measured after setting HCS and
LCS states, respectively. (c) Voltape pulse sequence, combining
high-amplitude and low-amplitude pulses wath 0.1 s duration,
used to repeatedly change the capacitance of the system betwesn
LCS and HCS; the capacitance values are measured at | kHz fre-
quency and with 0.3-V ac signal. {d) RPC ratios for the BTO
and STO mterlayer cases, respectively, for different frequencices
and ac signal amplitudes. (e) evolution of the two distinet capac-
itance states, during the 104 s ttme period, measured at | kHz
frequency and 0.2 ¥V amphitude of the ac signal. (f) Disinbution
of capacitance values for HCS and LCS, measured at | kHz and
0.5-V ac signal, and distnbution of the voltage threshold defined
as the voltage necessary for switching from LCS to HCS for 15
different contacts.

Fig. 1. Changing the capacitive state can be achieved with
a simple pulse sequence shown in Fig. 2{c). A negative
—18-¥ dc pulse will set the polanzation toward the top
electrode interface in both ferroelectric layers, which is
attributed to an LCS. The following positive +7-V dec
pulse will reverse the polarization toward the bottom elec-
trode in only one ferroelectric layer, which brings the
structure to an HCS. Moreover, the two states have dif-
ferent dielectric losses, suggesting that the loss mechanism
depends on the relative orientation of polarizations in the
two PZT layers (see the Supplemental Material [25]). For
a quantitative description of the differences between the
dielectric properties of the two states, one can define the
relative variation of capacitance between the two polariza-
tion states (RPC):

Che — Cic
Cic

dppo(¥a) = w10, i2)

where Cy- and Cy - are the HCS and LCS capacitance val-
ues, respectively. The RPC values for both structures are
shown in Fig. 2(d) for different frequencies and amplitudes
of ac signals. The BTO interlayer case has higher RPC
values in the lower-frequency regime and they become
approximately equal to the STO case toward 100 kHz. For
both cases the RPC decreases at higher frequencies, the
differentiation between the two capacitive states being sig-
nificant in the low-frequency regime. The dielectric behav-
ior of the two states is better represented as a capacitance
vs frequency measurement in the 100 Hz to 1 MHz range,
presented in Fig. 2(b) (the dielectric loss for the same fre-
quency range is shown in Fig. 52 in the Supplemental
Material [25]). It is clear that the most important contribu-
tion to the capacitance of the structure is achieved toward
the static frequency regime due to the different relative ori-
entations of polarnzation in each ferroelectric layer and the
induced electrostatic boundary conditions at the interfaces.
When the frequency is increased, the charges contributing
to the compensation of polarization charges and associated
depolarization field, as well as the space charge regions
that may develop at ferroelectric-insulator or ferroelectric-
electrode interfaces, cannot follow the rapid changes of
the ac field, and the capacitive response is diminished,
evolving toward the intrinsic dielectric properties of the
constituent layers. This behavior, together with the two
capacitance states with different capacitance and dielectric
loss values, is observed for both the PET-STO-PZT and
PZT-BTO-PZT structures. Figure 2{d) also shows that the
relative difference between LCS and HCS, measured by the
RPC value, becomes larger toward higher values of the ac
sipnal amplitude. This can be associated with the increase
of capacitance as the ac signal amplitude approaches the
magnitude of the coercive voltage.

An important aspect of information storage is the reten-
tion property, which was monitored over time for both the
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HCS and the LCS states [see Fig. 2(e)] for up to 10* s
The nondestructive aspect of the reading operation is also
emphasized. It can be observed that during the continu-
ous 10* s capacitance measurement, there is only a 10%
drop in the capacitance of HCS; however, the net differ-
ence between the two states is clearly maintained. This
behavior reflects that the partially reversed states of the
system, while stable from an energy point of view, will
tend to evolve toward the totally reversed states that are
energetically more stable and in consequence have a lower
capacitance. The ability to differentiate between the HCS
and L.CS is repeatable for many contacts, as can be seen in
Fig. 2(f).

IV. OPERATING LOGIC FUNCTIONS

As was shown above, the three-layer heterostructures
clearly exhibit four polarization states but only two dif-
ferent capacitance states. Changing between these system
states is schematically illustrated in Fig. 3.

The possibility of switching between polarization states
with distinct associated capacitance values using two dif-
ferent voltage pulses can be used to build algorithms for
logic functions. The logic operation is determined by an
approprizte choice of the initial state followed by two
particularly defined pulses with different amplitudes and
polarities as input logie “0™ (LO) or input logic “1™ {L1),
which can lead to stabilization of different system states
that can be read nondestructively by the capacitive method.
It is therefore possible to realize Boolean logic functions

FIG. 3. Schematic representation of the switching possibili-
ties between the four polanzation states with the two different
capacitive values using comrespondmg signals. The red and blue
triangular pulses are the low- and high-amplitude voltage pulses,
respectively.

AND'NAND and OR/NOR using two binary input signals, as
illustrated in Figs. 4(a) and 4{b).

Thus, in Fig. 4(a) the system is initially set in a low
capacitive state by applying a negative high-amplitude
pulse, for which the polanzation is oriented in the same
direction in both PZT layers. If a positive low-amplitude
voltage pulse defined as LO is applied, the system will
evolve into a partially reversed polarization state with
a high capacitance value. Furthermore, the system can
remain in the same state if the same pulse is applied or
can be changed to a totally reversed polarization state
with a low capacitance value if a positive high-voltage
pulse is applied, defined as L1. If the initial state is sub-
jected to an L1 pulse, the system will change to a totally
reversed state with low capacitance where it will remain
whether a logic LO or L1 pulse is further applied. Thus,
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FIG. 4. Logic operation using an F-I-F capacitor. The repre-
sentation of the polarization states in an F-/-F structure during
different stages (imitialization and computation) of a logic oper-
ation for the ORNOR case (a) and for the ANDVNAND case (b),
together with the comesponding stmulations of the logic opera-
tions obtained by changing the capacitance state (HCS or LCS)
of the system using different combinations of pulses. The HCS
and LCS states can have 0 or | values associated for logie opera-
tions and the results are memornized on the computation czll and
can be accessed at any time.
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the system will be set to an HCS if only two consecu-
tive L0 pulses are applied, otherwise the system will be
in an LCS for any other combination of two pulses. By
associating the two capacitive states with Boolean values,
the final states are the result of an OR(HCS, 0; LCS, 1) or
wNoR (HCS, 1; LCS,0) logic operation, as summarized in
Table S1 in the Supplemental Material [25]. Similarly, in
Fig. 4(b) the initial state of the device is set to a partially
reversed polarization configuration with a cormesponding
high capacitance value using a negative high-amplitude
voltage pulse followed by a positive low- amplitude one.
This scenario allows the implementation of an AND/NAND
logic operation. The L0 and L1 are defined for this case
as a positive high-amplitude voltage pulse and a positive
low- amplitude voltage pulse, respectively. It is clear from
Fig. 4(b) that only the consecutive appliance of two LI
inputs determines a final HCS, while for the remaining
three input combinations an LCS is obtained (see also
Table 52 in the Supplemental Material [25]).

At this point, the proposed #-/-F structure shows simul-
taneous information storage and computation functions,
since the result of the logic DR/NOR or ANDVNAND oper-
ations can be stored as HCS or LCS. Furthermore, such
devices can be used to realize cascade computations for
defined operations. It can be easily verified that for the case
of an OR operation, multiple combinations of L1 or of L1
with LO inputs will leave the system in a low capacitive
state and only & combination of L0 inputs will change it to
a high capacitive state. The same results apply for multiple
AND operations.

V. ANALOG STORING SCHEME

The remarkable properties of the F-I-F devices pre-
sented thus far can be regarded as extreme cases, in that the
multi-polarization states used until now are fully saturated.

Further investigations reveal that intermediate capaci-
tance states can be set using different voltage amplitudes
for the writing pulses [see Fig. 5(a)]. Until now, an inter-
mediate state referred to the case where the polarizations
in the two fermoelectric layers of the F-f-F device had
opposite orientations but are fully saturated. For this case,
however, the intermediate values of capacitance can be
associated to the partial reversal of polarization in the two
PZT layers, as schematically presented in Fig. 5, where fer-
roelectric layers are formed by multiple domain regions.
After the —25-V prepolanzation pulse, the system is in a
complete reversal of polanzation toward the top electrode
interface. When positive voltage pulses are applied, differ-
ent ferroelectric domains will start to reverse toward the
bottom electrode interface. From an electrostatic point of
vigw any combination of ferroelectric polarization oren-
tations is possible between the monodomain ferroelectric
layers, as it was shown in Secs. 1T and 111 Thus, for any
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FIG. 5. Multiple stable states with continuous capacitive val-
ues. (a) A continuous spectrum of capacitance values, with stable
intermediate states measured for the STO imterlayer case at
| kHz frequency with 0.5-V ac signal; insets show schematic
illustrations of polanzation configurations associated with dis-
tinct capacitive states. (b) An example of a voltage sequence
combining pulses with different amplitudes and polanitics used
to access different capacitive states. (¢} The piezoresponse phase
signal obtained using the poling map: the upper PET laver
present totally reverses polarization toward the surface for neg-
ative applied bias (bright central rectangular zone) while for
positive bias the polarization remains partially reversed, forming
with 180F domain structure. {d) The plezoresponse phase signal
obtained by applying the poling map with a veltage gradient on
the totally reversed polanzation area from (c): the switching of
polanzation takes place gradually with increasing the amplitude
of voltage; different degrees of partial switching of polanzation
are obtained m the 837 V range.

complete or partially reversed polarization in the ferroelec-
tric layers, the structure has areas with high capacitance
states and areas with low capacitance states, respectively.
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The equivalent capacitance of the structure will cover the
range between the LCS and the HCS, such that

Cie = eCrec+ BChe = Chcs (3)
where & + # =1 are the ratios of the areas cormespond-
ing to L.CS and HCS, respectively. The sum aCy - + §Cue
is the equivalent capacitance of the structure, consider-
ing that the multiple areas with T and Cye form a
parallel capacitance connected circuit. These intermediary
polarization states have been evidenced in curment-voltage
and polarization-voltage characteristics shown in Fig. 54
within the Supplemental Material. All data exhibit differ-
ent remnant polarization values, with an almost rectangular
shape and no significant back-switching contribution when
the voltage drops to zero. This assumption is also exper-
imentally verified by performing piezoresponse atomic
force microscopy (PFM) investigations in the three-layer
structure. A special poling procedure is designed. Firstly,
a rectangular area is subjected to —40 V applied volt-
ape in order to ensure a complete reversal of polarization.
After this treatment, the PFM tip is used to scan the same
area from left to right while the applied voltage on the
tip is gradually increased [see Fig. 5(d)]. The PFM scan
in the phase mode revealed that the polanzation switch-
ing, reflected in the domain structure, took place gradually
from a totally up state to totally down one, with a mixed
structure of 180° domains in between.

The PFM results are in very good agreement with mul-
tiple studies in the literature showing the apparition of
180° nanoscale poly-domain configurations in multilay-
ered ferroelectric-insulator structures [26,27]. Such nonho-
mogeneous systems also present stable intermediary states,
comesponding to incompletely switched polarization, over
long periods of time, due to a wide distribution of coer-
cive voltages in different nanoscale regions [28,29]. These
results can be used for constructing an analog-type fer-
roelectric memory or artificial synaptic circuits, with the
demonstrated property of nondestructive reading [30].

All partially switched polarization states in the head-to-
head and tail-to-tail polarization configurations of the two
constituent layers exhibit a relaxation on the values of the
attributed capacitance with time. The drop is significant in
the first seconds before converging toward a stable value.
This phenomenon is related to the presence of the insu-
lator interlayer and the discontinuity of the polanization
charges, which is mandatory for obtaining this sequen-
tial polarization switching and different capacitive states.
In addition, large depolarization fields are not uniformly
distributed in the ferroelectric (FE) layers (since one inter-
face is in contact with a metallic electrode and the other
with an insulator layer). Also, different defects and struc-
tural differences (domains, domain walls, pinning centers,
etc.) will appear in these structures compared to simple
FE layers. These defects have a significant role in the

switching dynamics, for example a voltage pulse sefs a
particular configuration of polarization and domain distri-
bution, but reducing the voltage to zero could determine
a back-switching of polarization in a certain volume of
the layers in such a way that the system evolves toward
a minimum energy. Another explanation could be related
to the redistribution of charges inside the structures dur-
ing switching in order to compensate the newly induced
polarization state. This process could be continued after
removing the applied voltage or could be delayed com-
pared with the moment of the switching. Even if this
relaxation seems to be a general phenomenon for all polar-
ization states, the fact remains that these systems present
a good separation and differentiation between the states at
all measured moments.

One should also keep in mind that this study is a proof
of concept for nondestructive reading of polanzation states
and many aspects such as the relaxation of the capaci-
tance are suitable for separate study. A better choice of
constituent materials, optimization of layer thicknesses
and operational optimization (time duration of the volt-
age pulse, ac signal amplitude, frequency) could solve the
capacitance relaxation problem.

VI CONCLUSION

Information storage and processing with nondestruc-
tive reading operation are demonstrated in F-/-F thin-film
multilayered heterostructures. Two distinct, well-separated
and nonvolatile capacitive states have been obtained for
two test devices, PAT-STO-PZT and PZT-BTO-PZT, asso-
ciated with different polarization configurations of the two
ferroelectric layers. The capacitor memory setup presented
has a wide variety of uses, with demonstrated capabili-
ties as nonvolatile memory with nondestructive reading
and the ability to perform binary logic operations on the
same chip. These properties open the way for building
parallel computation systems extending beyond the von
Neumann architecture. Also, by specially designed algo-
rithms the current circuit architecture based on classic logic
gates can be simplified and optimized, leading also to sig-
nificantly reduced power consumption and reduced cost of
manufacturing.

Furthermore, by switching the polarization in each
ferroelectric layer gradually, quasistable states can be
obtained, presenting a continuum of capacitance values.
This opens the way for nonvolatile analog memory devel-
opment with nondestructive reading capabilities for con-
structing neuromorphic or chaotic circuits.
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