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Phase diagrams and dielectric response of epitaxial barium strontium
titanate films: A theoretical analysis
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We develop phase diagrams for single-domain epitaxial barium strontium titanate films on cubic
substrates as a function of the misfit strain based on a Landau—Devonshire phenomenological model
similar to the one developed by Pertsetval. [Phys. Rev. Lett80, 1988 (1998]. The biaxial
epitaxy-induced internal stresses enable phase transformations to unusual ferroelectric phases that
are not possible in single crystals and bulk ceramics. The dielectric response of the films is
calculated as a function of the misfit strain by taking into account the formation of misfit
dislocations that relieve epitaxial stresses during deposition. It is shown that by adjusting the misfit
strain via substrate selection and film thickness, a high dielectric response can be obtained,
especially in the vicinity of structural instabilities. Theoretical estimation of the dielectric constant

of (001) Ba, /Sry 3TiO5 and Ba gSi, 4TiO5 films on (001) Si, MgO, LaAlQ;, and SrTiQ substrates

as a function of misfit strain and film thickness is provided. An order-of-magnitude increase in the
dielectric constant with increasing film thickness is expected for films on LgA@ SrTiQ
substrates. A structural instability around 40 nm is predicted in films on MgO substrates
accompanied by a substantial increase in the dielectric constant. For films on MgO substrates thicker
than 40 nm, the analysis shows that the dielectric constant decreases significantly. We show that the
theoretical approach not only predicts general trends but is also in good quantitative agreement with
the experimental data reported in literature. 2002 American Institute of Physics.
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I. INTRODUCTION shown to have a profound effect on the physical properties of
. _ _ _ _ ferroelectric films especially in the vicinity of a phase trans-

Thin — films of  barium  strontium titanate formation. For epitaxial single-domain ferroelectficelaxor
[BaSr,TiO3,(BST)] are of great technological interest torroelectricd® and dielectric BST film%! the role of in-
due to their desirable ferroelectric and dielectric propertiesye 5 stresses on electrical and electromechanical properties
The high dielectric permittivity offers them the potential of was determined experimentally. It was shown that the choice
replacing the current silicon oxide and nitride dielectrics in f substrate and also the film thickness can be used to adjust
the next generation dynamic random access memories Wh""t e internal stress level and thus to tune physical properties.

require higher integration densiti&é.In addition, the strong . .
dependence of permittivity on an electric field makes themThe latter is due to the thickness dependence of stress relax-

attractive for application in tunable microwave deviées. ation by rg'zsf;t d|slocat|o? f;)rmatl_on _alt ﬂthe dfepcl)smon
The primary objective of research in ferroelectric thin films [EMPeratureé===For example, for epitaxial films of relaxor

has been to reliably reproduce the properties of bulk cerami€TO€lectric 0.9 Pb(MgsNb,/3) O5—0.1 PbTiQ, a change of
ics or single crystals in thin-film form for device applica- the film thickness from 100 to 400 nm results in almost an

tions. The fundamental problem that limits their use is thatorder-of-magnitude increase in the dielectric constant and the
ferroelectric films have inferior dielectric, piezoelectric, and Piezoresponse of the filfhSimilar results of the effect of
pyroe|ectric properties Compared to their bulk Counterpartsi_nternal stresses on phySicaI properties of ferroelectric films
In some cases, there may be an order of magnitude diffewere obtained by Changt al®>'* and Knausset al*® for
ence in the electrical and electromechanical properties of thBST films of various compositions. Furthermore, it was
bulk ferroelectric and its thin-film forrfA.This reduction is shown that annealing treatments to reduce residual stresses
usually attributed to compositional and microstructural inho-would result in improved dielectric properties and tunability
mogeneities, defects, and internal stresses. on “compressive” substrate@.e., substrates with lattice pa-
Internal stresses in thin films arise due to a variety oframeters smaller than the film such that compressive stresses
reasons including the lattice mismatch between film and th@re induced in the plane of the film—substrate interface in
substrate in the case of epitaxial films, differences betweepseudomorphic filmsbut not on “tensile” substrates. Shaw
thermal expansion coefficientECS of film and substrate, et al® reported a reduction in dielectric properties in BST
and phase transformations. Epitaxy-induced stresses Weffins due to tensile residual stresses and investigated the ef-
fect of external stress fields as well. Patkal 1’ have shown
3Electronic mail: p.alpay@ims.uconn.edu that the stress state and thus the dielectric properties of BST
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films can be controlled by depositing very thin, well-matchedTABLE I. The parameters for the calculation of the renormalized coeffi-
buffer layers cients for BST films. Data compiled from Refs. 20, 22—-2%;: Curie
mperatureC: Curie constantA;; : stiffness coefficientsS; : elastic com-

Theoretical modeling of the observed dependence of“ance& and), - electrostrictive coefficients,

physical properties on misfit strain was carried out using

Landau—Devonshire(LD) phenomenology®!®1® These Parameter BST 70/30 BST 60/40

models, however, do not take into account the possibility ofr -0) 34 5
the formation of different and unusual phases that can nag(1¢° °c) 1.29 1.22
form in bulk ceramics and single crystals due to the internah,;(10° m%/C?F) 2.52T+189(Tin°C)  2.16T+462(T in °C)
stresses. This aspect was addressed recently by Pertsay(10° m%/C*F) 7.21 7.98
et al,” who used a LD thermodynamic model for epitaxial Si(10 2> m*/N) 5.92 512
ferroelectric films and predicted the appearance of unusu 288,12 22% _169$ _15‘6856
phases and phase transformations as a result of the epitaﬁfl(mlt,cz) 01 01
induced internal stresses. Misfit strain—temperature phase,(m*c? —-0.034 —-0.034
diagrams were developed for epitaxial BaJi(BT) and  Qa(m%/C?) 0.029 0.029

PbTiO; (PT) films and the effect of internal stresses on the
phase transformation characteristics and the dielectric re-
sponse was discussé&tf!

In this article, we develop similar phase diagrams for
single-domain epitaxial001) Bay ¢Sty 4T105 (BST 60/40
and (001) Ba, 7Sy 3TiO5 (BST 70/30 films on (001 cubic
substrates as a function of the misfit strain based on the LD é:af(p%_ p§)+a§ p§+ a¥,( p‘11+ p‘z‘)+a’3<3p‘3‘
phenomenological model in accordance with the one devel-
oped by Pertseet al?° Our aim is to provide @uantitative +ajy(PiP5+PIP3) +af,PiPo+ a4 PS+P§
estimation of the dielectric response as a function ofntlig> 6 4,02 o2 4,052 o2 4,052
fit strain as well as thdilm thicknesgor these two popular T P3)t811d P1(Py1P3)+P3(P1+P) +P(P

substrate lattice parameter aaglis the equivalent cubic cell
constant of the free standing film, and the temperafili@an
be written in a renormalized form #s

BST compositions to serve as a framework for future experi- , T uZ
mental studies. The article is arranged as follows. Section II +P3)]+apPiPsPs+ St S, (1)
11 1

provides a very brief summary of the thermodynamic model
upon which the misfit strain—temperature phase diagrams ofhe renormalized coefficients of the free energy expansion
BST 70/30 and BST 60/40 are constructed. In Sec. Ill, weare given by

calculate the theoretical misfit strain of BST 70/30 and BST Q.+ Qup 204,

60/40 films on popular substrates such as SgTiDaAlO;, aj =~ Ung 1o a3 =a; - Ung 5

MgO, and Si. Taking into account the relaxation of epitaxial 117 =12 17 ~12
stresses by the formation of misfit dislocations during film 1 1 ) )

growth, we provide a quantitative analysis for the misfit — a11= ant 5 -z QL+ Q1) S~ 2QuQ1:500l,
strain as a function of film thickness and subsequently cal- 1T

culate the dielectric response of BST 70/30 and BST 60/40 Q3,

films on these substrates as a function of film thickness in  @z=aut S+ S, 2
Sec. IV. A comparison of the theoretical calculations of the

dielectric response with experimental results from literature 1

* _ _ 2 2 _
is also presented. Finally, we discuss the limitations and the 2127 212 Si,— 5%2[(Q11+ Q12)S12~2QuiQ1251]
approximations used in the theoretical calculations as well as

the behavior of the spontaneous polarization of BST films on Qla

tensile substrates as a function of film thickness, which re- 2S,,"

sembles the size effect in ferroelectric particles as a function

of particle size. at=a,t Qua(Qu1t Q12
v SutSp

wherea, is the dielectric stiffnessa;; and a;j, are higher
order stiffness coefficients at constant str€gs are the elec-
Il. THE MISFIT STRAIN-TEMPERATURE PHASE trostrictive coefficients, an§; are the elastic compliances of
DIAGRAM FOR BST FILMS the film. The temperature dependence of the dielectric stiff-
ness a; is given by the Curie—Weiss lawa;=(T
To construct the misfit—temperature phase diagram forT,)/2¢,C whereT, and C are the Curie—Weiss tempera-
BST films, we consider the case of a single-domélAl)  ture and constant of a bulk ferroelectric, respectively, and
BST film epitaxially grown in the cubic paraelectric phase onjs the permittivity of free space. The parameters used for the
a thick (001) cubic substrate under short-circuit electrical calculation of the renormalized coefficients for BST films are
boundary conditions. In this case, the thermodynamic poterpbtained by averaging the corresponding parameters of
tial G of the pseudocubic BST film as a function of polar- BaTiO; and SrTiQ as given in Table $>22-2°Both a,; and
ization P;, misfit strainu,=(as—ag)/as, whereag is the  a,; are temperature dependent in BST since both scale with
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TABLE II. The polarization components of the theoretically predicted phases in epitaxial ferroelectric thin films
(after Ref. 20.

Phase Polarization components
Paraelectric P,=P,=P;=0
P
¢ phase P,=P,=0,P;#0
a phase P,#0, P,=P;=0
|-
VPI
Ps
ac phase P,#0, P,=0, P;#0 A
|-
VPI
aa phase P,=P,#0, P;=0 P,
|-
'P]
Ps
r phase P,=P,#0, P;#0 Alp,
™.
VP’

temperature in BaTiQ All other parameters in Table | are Widely investigated compositions because their Curie tem-
assumed to be temperature independent in the range invesierature is very close to room temperati(ifg =34 °C and
gated. In our calculations, the contribution of six-order po-5°C for BST 70/30 and BST 60/40, respectiveiind due to
larization terms to the free energy is neglect®do deter- the proximity to the ferroelectric—paraelectric phase transfor-
mine equilibrium thermodynamic states of the BST film, wemation, a large dielectric constant is expected. Some distinct
calculate the minima of5(P;,u,,,T) with respect to the features of the phase diagrams can be summarized as fol-
components of the polarization for all possible six phases inows:
epitaxial films as identified by Pertseat al?° at a given _ _ _ _
temperature and misfit strain. The polarization componentst) The phases occurring for both films in the examined
of the six phases are listed in Table’IThe phase that has temperature and misfit strain range are the paraelectric
the minimum free energy was selected as the stable phase. Phase, thec phase, the phase and thea phase. The
We have performed the analysis for BST 70/30 and BST  unusualr phase that is forbidden in single crystals and
60/40 films and the resulting misfit—temperature phase dia- bulk ceramics appears in epitaxial thin films at a particu-
grams are shown in Fig. 1. These compositions are the most lar misfit-strain range, indicating that the misfit strain in
thin films may alter the type of the stable ferroelectric
phase with respect to that in unconstrained ceramics and
single crystals of the same composition. Positive misfit
. strain(i.e., tensile stregdavors the appearance of tha
phase which has in-plane polarizations, while the nega-
. tive misfit strain(i.e., compressive stresgduces thec
] phase which has the polarization vector perpendicular to
. the film/substrate interface.
c phase , ; (2) Our calculation indicates that all the phase transforma-
tions in constrained BST films are of the second order
. due to the positive sign of the coefficierts,, aj,, ajs,
anda;. This agrees with the examination of the polar-

120

100+ N

N7
A

Temperature [OC]
3

-20 / r phase® ] L .
401 ! AN ization components of the ferroelectric phases as a func-
03 02 01 00 01 02 03 tion of misfit strain for BST 70/30 film at room tempera-
Misfit strain, u_ [%] ture, as shown in Fig. 2. The polarization components of
" the various phases are given by
a*
3
FIG. 1. Phase diagrams ¢d01) single-domain BST 70/3(solid line) and ¢ phase: P§= P§= -

* !
BST 60/40(dashed lingthin films epitaxially grown on the cubic substrate. 2333
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FIG. 2. Polarization components of the ferroelectric phases as a function dfIG. 3. Angle ¢ between the spontaneous polarizatid®s (Pg
misfit strain for BST 70/30 at room temperature. =\2PZ+ P2) of r phase and the film/substrate norrfi@d1] direction as a
function of misfit strain for BST 70/30 film at RTT(=25 °C).

a* IIl. EFFECT OF SUBSTRATE SELECTION AND FILM
aa phase: P?=pP2=p%=- —— _ THICKNESS ON THE PHASE TRANSFORMATION
2aj;t+aj,
ala) —2atal; The obvious way to adjust the misfit strain in the het-
r phase: Pi=P3=P2= —, eroepitaxial films is by the selection of a substrate material.

- * A% + * A% . 3 .
42118551 281433~ 2813 BST films are usually deposited at temperatures exceeding

p2_p? _ 2ayal —2a7a; —aja; @) 600 °C and thus, it is important to take into account the ther-
313 4aj,a3,+2ala5,— 2a’l*32' mal stresses that may develop upon cooling down from the
growth temperaturél; due to the difference between the
It can be seen from Fig. 2 that with the increase of theTECs of the film and the substrate. However, suitable sub-
misfit strain from negative to positive values, the  strate materials are limited in that they have to match reason-
component decreases to zero aRg(=P,) increases zply well in terms of their lattice constants and TECs with
from zero to nonzero values in a continuous fashionine fiim to ensure epitaxial growth.
There is no jump for the polarization components at the  systematic variations in the internal stress level of het-
phase boundaries. eroepitaxial films can be achieved by altering the film thick-
(3) The Curie temperature, where the transition frompess. The epitaxial stresses are relaxed to a certain extend by
paraelectric state to a ferroelectric state occurs, is shifteghe formation of misfit dislocations at; . The equilibrium
as a result of the misfit strain. Both positive and negativehermodynamic theory of misfit dislocations was developed
misfit strains lead to an increase in the Curie temperapy van der Merw® and Matthews and BlakesfEeand is
ture. The same trend was also observed in the misfitnow well established” 2 The theory predicts a critical thick-
temperature diagrams of BT and PT. nessh, below which the formation of misfit dislocations is
(4) Ther phase is monoclinic which has polarization com- not feasible. The effective misfit strain at the deposition tem-

ponents along all the three crystal axés € P27#0Ps  perature, uy(Tg)=u%, scales with the film thickness
#0). Therefore, a rotation of the polarization vector 52829

from the [001] direction of the film is expected with
increasing tensile misfit strain. Figure 3 shows the angle 0 h, -t
¢ between the spontaneous polarizatios (Ps Um=pao(Te)| 1= 47/ )

= \/2P12+ sz) of ther phase and the film/substrate nor-

mal[001] direction as a function of misfit strain for BST wherep is the equilibrium linear misfit dislocation density at
70/30 film at room temperature (RT25°C). It can be T, . Therefore, another way to control the misfit strain in
seen from Fig. 3 that the spontaneous polarization of th@eteroepitaxial films is via varying the thickness of the de-
r phase rotates 90° from th®01] direction into the posit. Assuming no additional dislocations form during cool-
[110] direction at the misfit range in which thephase is ing down [i.e., p(Tg)=p(T) for T<Tgs], an “effective”
stable. Since the spontaneous polarization ofctpease  substrate lattice parameterg, can be defined and used for
and theaa phase are alonf001] and[110] directions,  the calculation of the misfit strain of the films with a differ-

respectively, both of the transformations from the ent thickness grown on a selected substfaté:
phase to the phase and from thephase to th@a phase

are of second order, which is consistent with the predic- a(T) = as(T) 5
tion from the phase diagram. s pagl(T)+1°
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00— TABLE Ill. Lattice parameters of substrates, BST 70/30, and BST 60/40 at
RT and their respective TECs. Data compiled from Refs. 10, 14, 22, 31-33.

4

-0.2+

Lattice

-0.4 Substrate  parametenm) TEC (x10°8°C™Y)

BST 70/30 0.3965 10.5

BST 6040 0.3960 10.5

MgO 0.4211 13.47

LaAlO, 0.3787 10.0

SITiO, 0.3904 11.0

Si 0.5431 3.72%{1—exd —5.88x 103(T+ 149)]}
+5.548< 107X (T+273)

-0.64

-0.8

-1.01

Misfit strain, u  [%]

-1.2 1

0 50 100 150 200
Film thickness [nm] i
1.5 nm, and 1 nm for BST 60/40 on SrOLaAlO;, MgO,
(@) and Si substrates, respectively. It can be seen from Fig. 4 that
the magnitude of misfit strains of the films on all the four
] substrates decreases dramatically with the increase of the
J film thickness owing to the relaxation by the misfit disloca-
tion formation, regardless whether the substrate is compres-
1 sive or tensile. The misfit strain may be fully relaxed at a
] certain film thickness as for MgO substrate. In fact, compres-
] sive misfit strains may be expected for MgO substrates for
e films thicker than~52 nm[see Fig. 4b)] due to the interplay
between the misfit strain relaxation by interfacial disloca-
] tions atTg and the developing thermal stresses due to the
1 difference in the TECs of the film and the substrate as the
film is cooled fromTg to RT.
The consequence of the strain relaxation by the misfit
dislocation formation is that a phase transition may occur as
Film thickness [nm] the film thickness increases. For example, as indicated by the
(b) BST 60/40 phase diagrafifrig. 1), there is a narrow misfit
strain region (—0.06%-0.06% corresponding to the
FIG_. 4. Misfit strain of BST 60/40 films on various subgtrates as an”CtionparaeIectric phase region at RT. Thus, as the misfit strain
of film thickness at room temperaturg € 25 °C). (&) SrTiO; and LaAl; 565 down with an increase of the film thickness, the film
(compressive substrajesand(b) MgO and Si(tensile substrates . . !
may be in the paraelectric state, rather thgrhase for com-
pressive substratd&ig. 4(a)] and aa phase for tensile sub-
) o o ~strateqgFig. 4(b)]. Therefore, by the selection of the substrate
To provide a quantitative estimation of the physical material and film thickness, the level and sign of the misfit
properties of BST films, we have chosen four popular subgyrain can be adjusted as to obtain optimum dielectric re-

strate materials: SrTi) LaAlO;, MgO, and Si. The lattice sponse which will be discussed in the next section.
parameters of the substrates, BST 70/30, and BST 60/40 and

their respective thermal expansion coefficients are given in

Table _|||.10'14’22’31_33'|'h9 substrates investigated can be ClaS]Vl DIELECTRIC RESPONSE

sified into two categories: compressive substrates and tensile

substratesi.e., substrates with lattice parameters smaller or  Figure 5 shows the calculated dependence of the small-
larger than the film such that in pseudomorphic films com-signal dielectric constant on the misfit strain at RT. The rela-
pressive or tensile stresses are induced in the plane of thive dielectric constants along the normal of the film/
film—substrate interface, respectivehAccordingly, SrTiQ  substrate interface;; and parallel with the film/substrate
and LaAIQ; are compressive and MgO and Si are tensileinterface e;; are chosen for the BST 70/30 film and BST
substrates for BST 70/30 and BST 60/40. Assuming tha60/40 film, respectively. The relative dielectric constants are
Ts=800°C, in Fig. 4, we plot the variation in the theoretical related to the inverse of second derivativeGofEq. (1)] with
misfit strain at RT of BST 60/40 films on these substrates agespect to the polarization componemsof the phases and

a function of film thickness. Since the lattice parameter ancare given by

TEC of BST 70/30 are very close to the ones of BST 60/40

m

Misfit strain, u_[%]

-0.5 T ——rr
0 50 100 150 200

(see Table 11}, BST 70/30 films exhibit aimost identical be- ¢ phase: <2——

havior with minor variations in the magnitude of the misfit €0 4epaz

strain and are therefore not included. The critical thicknesses a*

for dislocation formatiorh,, are calculated to be 10.7 nm, 2.5 fu_ 33 (6)

nm, 1.6 nm, and 1 nm for BST 70/30, and 11.8 nm, 2.6 nm, €0 €o(2a7az;—aja;)’
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FIG. 5. Calculated dependence of the dielectric constant on the misfit straifIG. 6. The comparison between the theoretical calculations of dielectric
at RT. (a) e33/€y of BST 70/30 film.(b) €,,/€, of BST 60/40 film. constant(solid lineg with the reported experimental resuilid squares
(a) €33/ €y of BST 70/30 film.(b) €;,/€, of BST 60/40 film.

. €33 1 €11 1
araelectric phase:—=—-—+-, —=——, (7 i i i i i “
p p 0 2ed 0 2epat (7 dielectric properties of BST films is related to the “structural

instabilities,” as demonstrated in BT and PT systéths.

€33 1 The aforementioned theoretical prediction of the dielec-
r phase: —= eg(al +2a% P2 1 6a%p2)’ tric properties of single-domain BST 70/30 film and BST
° 073 it 3 Ts 60/40 film may be compared with the experimental results
€11 1 o published in literature, as illustrated in Fig. 6. The experi-
€0 2eglar +aisPr +(al,+6ar)Pr ]’ tS) {nental result shown in Fig.(8) was obtained for highly
extured BST 70/30 films grown on Si substrates reported by
€33 1 Basceriet al3* BST 70/30 films were deposited at approxi-
aa phase: e (2% +2a*p2)’ mately 640 °C on Pt-coated Si wafers by a liquid-delivery-
0 0\ s 13" aa source chemical vapor deposition technique, to thicknesses
€11 1 o ranging from 24 to 160 nm. The resulting films had a colum-
€ 2egal +(ai,t GaIl)Pazla] , C) nar microstructure and were strond00 textured. Basceri

et al3* utilized the interfacial capacitance model to elucidate

where the spontaneous polarizatien, P, , andP,, for r  the observed dielectric permittivity dependence on the film
phase andaphase are given in E¢3). The stable regions in thickness but the observed behavior may be the effect of the
accordance with the phase diagram are also indicated in Figlependence of internal stresses on the film thickness due to
5. The characteristic feature of Fig. 5 is that the dielectricmisfit dislocation formation alg. Assuming that the grain
constant exhibits anomaly in the misfit dependence for botlsize of the filmsD is larger than film thicknesk (i.e., D/h

of the films. Such a dielectric anomaly occurs at the phase-1) in the highly textured film, the textured film may be
boundaries, i.e., thephase / th@a phase for BST 70/30 and treated as an epitaxial film. This assumption enables us to
paraelectric/ aa phase for BST 60/40. The behavior of the compare the aforementioned experimental results with our
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theoretical calculation. To perform this, the misfit strain data 5000 N . -
were first retrieved from film thickness data reported in Ref. D =~ -StTio,
34 using the methodology described in Sec. lll, then combi- : e MgO

. - X : : 40004 —— LaAlO
nations of misfit strain and dielectric constant were estab- P cm e - Si :
lished, as represented by the solid squares in Rig. ©ur
analysis shows that the BST 70/30 film grown on the Si
substrate falls int@a phase region which has prevailing in-
plain polarization. Taking this point into account, the calcu-
lated dielectric constard;; fits the experimental data reason-
ably well.

Experimental data shown in Fig(§ were obtained by E
Canedyet al*® who investigated the effect of misfit strain on oLf T T : —
the dielectric properties d001) BST 60/40 films grown on 0 50 100 150 200 250 300
(001 0.29(LaAl0;):0.35(SpTaAlOg) substrates. The BST Film thickness [nm]

60/40 films were fabricated using pulsed-laser deposition

(PLD) with the substrate temperature held at 800 °C during (a)

deposition and a dynamic pressure of 120 mTojreStab-

lished in the chamber. The in-plane dielectric constapi®f 5000
the resulting films were mapped as a function of film thick-
ness. On the basis of the discussion in Sec. lll, a compressive
misfit strain develops in this case and the film virtually falls
into thec phase region in which the spontaneous polarization
is lined up perpendicular to the film/substrate interface. It
can be seen from Fig () that our theoretical calculations of
the dielectric constant dependence on the misfit strain are in
excellent agreement with the experimental results.

30004 - -
2000

1000+

Dielectric constant, 833/80

- ---SiTio,

4000 +

3000+

2000+

Dielectric constant, 1/e0

As discussed herein, the phase transformation induced 1000
by the misfit strain greatly influences the dielectric response
of BST films. Taking into account the strain relaxation by e e .
misfit dislocation formation, the misfit strain could be corre- 0 50 100 150 200 250 300
lated with the film thickness for different substrates, as pre- Film thickness [nm]

sented in Sec. Ill. As such, the substrate materials and film ®)

thickness may be chosen as the design parameters to adjust

the misfit strain state in the film and to manipulate the dl'FIG. 7. Dependence of calculated dielectric constant on the film thickness
electric response. Figuresaf and 1b) show the dependence for films on various substrates at R® e/ ¢, for BST 70/30 films andb)

of calculated dielectric constargs/eq and €11/ on the ey /e for BST 60/40.

film thickness for BST 70/30 films and for BST 60/40 films
on various substrates at RT, respectively. Close examinationI i tant d bstantially with i ing fil
of Fig. 7 reveals that except for MgO substrates, the films oy cetric constant decreases substantiaily with increasing tiim

) . . thickness. The exact same trend was observed experimen-
o1 an ineeass i the dielectic constant ith an noveace qf1% 7 (01 BST SO/S0 im grown or003 MgO substate
. Qby PLD at 800 °C where a drop iey4/ € from 2350 to 1700

the film thickness. This is attributed to the fact that the films . . :
) . -~ was reported as the film thickness was increased from 14 to
on these substrates are in the single-phase region in t

. ' 0 nm* This result suggests that a large dielectric constant
Fhlckness range e_valuated. For example, f|lms on S|y in BST 70/30 on MgO substrates may be achieved by de-
in thec phase region due to the compressive strain regardless . ' ) L I s

. . . : . reasing the film thickness to the vicinity of the critical film

of the film thickness. Interestingly, the dielectric response ot : . o

) . ) . thickness at which a structural instability related to #ze-r
the films on Si substrates is remarkably small compared with hase transformation is expected
those of the films on the SrTiCand LaAlQ; substrates, due P P ’
to th(_a large tgn_slle_ m|sf|t_ strai(r~1 /_o) even Wlth stra|r_1 re V. DISCUSSION OF RESULTS
laxation by misfit dislocation formation. Since dielectric con-
stants increase steadily as film thickness increases for flms As pointed out in previous sections, the misfit—
on SrTi0; and LaAlQ; substrates, films should be as thick astemperature phase diagram for BST films developed can be
possible in order to achieve optimum dielectric response. utilized to predict the strain induced phase transformations

For films on the MgO substrates, however, the dielectrichat may affect the dielectric properties of the films pro-
response behaves significantly differently in comparison witifoundly. However, there are some limitations for the devel-
the other three substrates. A dielectric constant anomaly isped phase diagrams as discussed next.
observed at a critical thickness 6f40 nm, which is associ- First of all, the coefficients in the free energy expansion
ated with the transformation froraa phase tor phase for for BST film are obtained by simply averaging the corre-
BST 70/30 film. The theoretical analysis shows that the disponding free energy expansion coefficients and the elastic
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moduli of BaTiO, and SrTiQ due to the lack of data on 0100 T T

single crystals of the same cemposition. Thie approximation ' - - --LaAlO,

may introduce some errors since the coefficients may not be 1 SrTiO
0.0754

the linear function of the Ba/Sr ratio. The good correlation ) ——— MgO

between the theoretical results and experimental results leads < v

us to believe that this approach may be a reasonable approxi- g 0.050 Y J
mation for the physical properties of BST films. Secondly, = N

the P* approximation is used in the free energy expansion A

and the six-order polarization terms are neglected. This ap- 0.025 -
proximation remains valid as long as the temperature is not
far below the Curie temperature. The six-order terms can
i i 0.000 4— S
beceme important when the temperature is Well below the 0 S0 100 150 200 250 300
Curie temperatur® Furthermore, in our analysis, we have . .
limited ourselves to a temperature range frerd0°C to Film thickness [nm]
120 OC.' We have not taken mt_o account_the pOSSIbIlIty of theFIG. 8. Polarization component normal to the film/substrate interf&gg (
formation of structural domains, or twins, due to the eX-as a function of film thickness for BST 70/30 films on various substrates at
tremely small self-strain of the paraelectric—ferroelectricroom temperature.
phase transformation in BST 60/40 and BST 70/30 films in
the investigated temperature interval. The formation of cer- . . - . .
) . tricity below a critical particle size due to surface effects or
tain polydomain structures such as thg/a,/a;/a, pattern oo . 1547 T
: . . depolarization field&: For ferroelectric thin films, phe-
which consists of transversely modulated thin platelets;of . Co
. . ) . nomenological models were developed which indicate a
domains anca, domains with thec axis of the tetragonal critical thickness below which the ferroelectricity is
film along the[100] or [010] directions of the substrate, re- y

. . . . : suppressetf *°However, first-principles calculations of fer-
spectively, is thermodynamically possible for relatively large o ) -

. A . 2850 3642 . Y roelectricity in PT films under stress-free and short-circuit
tensile misfit strain®2% However, there is no experi-

. . ; ._conditions show that films with thickness as low as a couple
mental observation of any kind of polydomain structure in

epitaxial BST 70/30 and BST 60/40 films. And finally, there of unit cell dimensions exh|b|t' fer'roelectnuty with S|gr_1|f|
L ; . cant enhancement of the polarization at the surfa&xperi-
are also limitations to the thermodynamic modeling of the i i .
P : . mentally, lead zirconate titanate films were observed to ex-
effect of misfit dislocations. The theoretical approach of Mat-

thews and Blakeslégis based on the elastic continuum con- hibit ferroe_lectnqty down to 4 nm film _thlck_ne§§.Very .
. . el . recently, size driven phase transformations in ferroelectric
cept only and neglects the interaction of misfit dislocation

with the dislocations present in the film. Additionally, the thin films unde.r biaxial stresses have been analyzed using a
. . : . ; : phenomenological approachHowever, this model has not
real critical thickness for dislocation formation and the linear . . . . .
S ; . . ) o considered that the internal stress is also a function of film
equilibrium dislocation density may differ significantly from

the actual observed values because of kinetic fafdis thickness due to relaxation by misfit dislocations. Obviously,

S o the theoretical polarization response illustrated in Fig. 8 is
Therefore, it is necessary to measure the actual misfit strain, . . . S

. . . : . obtained without considering the surface effects or depolar-
which can be done via x-ray diffraction by comparing the.

peak position of the diffraction from the film to its uncon- ization fields. However, it suggests that epitaxy-induced in-
strained position ternal stresses that are a function of the film thickness may

. . . - eyield, in certain cases, results that are very similar to the size
One interesting aspect of the theoretical analysis is pre= o .
N effect. Therefore, epitaxial stresses should be taken into ac-
sented in Fig. 8, where we plot tfi801] component of the . ; . . . e
o . i . count in the analysis of the size effect especially for “soft
polarization P5) as a function of film thickness fo001) ferroelectric thin films with a small self-strain of the
BST 70/30 films on001) SrTiO;, LaAlO5, and MgO at RT. . . X
. . . : paraelectric—ferroelectric transformation and/or close to the
For films on Si, theaa phase is stable throughout the inves- transformation temperature
tigated film thickness range and thus there isfhocompo- P '
nent of the polarization?; decreases with film thickness for
films on compressive substrat€xTiO; and LaAlQ;) due to
relaxation of compressive stresses by misfit dislocations with  We have examined the effect of misfit strain on phase
increasing film thicknesgsee Fig. 4a)]. On the other hand, transformations of the single-domain epitaxial barium stron-
for films on MgO substrates, a declinefs is expected with  tium titanate films on cubic substrates. The misfit strain—
decreasing film thickness due to increasing tensile misfitemperature phase diagrams for BST 70/30 and BST 60/40
strain as a function of the film thicknesee Fig. 4b)]. This  have been established on the basis of a LD phenomenologi-
results in the gradual rotation of the polarization vector fromcal theory developed by Pertset al?>° We have quantita-
the[001] direction towards th€001) plane(r phase. Below tively analyzed the dielectric response of the BST 70/30 and
a critical thickness of~40 nm, the film is in theaa phase BST 60/40 films as a function of the misfit strain and film
region with noP5; component as a result of tensile misfit thickness. The dielectric constants of both films exhibit an
strain. anomaly in the misfit strain dependence due to phase trans-
The behavior resembles the so-called size effect in ferroformations. The calculated dielectric properties are in good
electric particles which refers to the suppression of ferroelecagreement with the experimental data reported in literature.

VI. CONCLUSION
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