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Phase diagrams and dielectric response of epitaxial barium strontium
titanate films: A theoretical analysis

Z.-G. Ban and S. P. Alpaya)

Department of Metallurgy and Materials Engineering and Institute of Materials Science,
University of Connecticut, Storrs, Connecticut 06269

~Received 2 January 2002; accepted for publication 7 March 2002!

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 Pertsevet al. @Phys. Rev. Lett.80, 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! Ba0.7Sr0.3TiO3 and Ba0.6Sr0.4TiO3 films on ~001! Si, MgO, LaAlO3 , and SrTiO3 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 LaAlO3 and SrTiO3

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.
@DOI: 10.1063/1.1473675#
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I. INTRODUCTION

Thin films of barium strontium titanate
@BaxSr12xTiO3 ,(BST)# are of great technological intere
due to their desirable ferroelectric and dielectric propert
The high dielectric permittivity offers them the potential
replacing the current silicon oxide and nitride dielectrics
the next generation dynamic random access memories w
require higher integration densities.1,2 In addition, the strong
dependence of permittivity on an electric field makes th
attractive for application in tunable microwave devices.3–5

The primary objective of research in ferroelectric thin film
has been to reliably reproduce the properties of bulk cer
ics or single crystals in thin-film form for device applica
tions. The fundamental problem that limits their use is t
ferroelectric films have inferior dielectric, piezoelectric, a
pyroelectric properties compared to their bulk counterpa
In some cases, there may be an order of magnitude di
ence in the electrical and electromechanical properties of
bulk ferroelectric and its thin-film form.6 This reduction is
usually attributed to compositional and microstructural inh
mogeneities, defects, and internal stresses.

Internal stresses in thin films arise due to a variety
reasons including the lattice mismatch between film and
substrate in the case of epitaxial films, differences betw
thermal expansion coefficients~TECs! of film and substrate,
and phase transformations. Epitaxy-induced stresses
a!Electronic mail: p.alpay@ims.uconn.edu
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shown to have a profound effect on the physical propertie
ferroelectric films especially in the vicinity of a phase tran
formation. For epitaxial single-domain ferroelectric,7 relaxor
ferroelectric,8,9 and dielectric BST films,10,11 the role of in-
ternal stresses on electrical and electromechanical prope
was determined experimentally. It was shown that the cho
of substrate and also the film thickness can be used to ad
the internal stress level and thus to tune physical proper
The latter is due to the thickness dependence of stress re
ation by misfit dislocation formation at the depositio
temperature.12,13 For example, for epitaxial films of relaxo
ferroelectric 0.9 Pb(Mg1/3Nb2/3)O3– 0.1 PbTiO3 , a change of
the film thickness from 100 to 400 nm results in almost
order-of-magnitude increase in the dielectric constant and
piezoresponse of the film.8 Similar results of the effect of
internal stresses on physical properties of ferroelectric fi
were obtained by Changet al.3,14 and Knausset al.15 for
BST films of various compositions. Furthermore, it w
shown that annealing treatments to reduce residual stre
would result in improved dielectric properties and tunabil
on ‘‘compressive’’ substrates~i.e., substrates with lattice pa
rameters smaller than the film such that compressive stre
are induced in the plane of the film–substrate interface
pseudomorphic films! but not on ‘‘tensile’’ substrates. Shaw
et al.16 reported a reduction in dielectric properties in BS
films due to tensile residual stresses and investigated the
fect of external stress fields as well. Parket al.17 have shown

that the stress state and thus the dielectric properties of BST

8 © 2002 American Institute of Physics
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films can be controlled by depositing very thin, well-match
buffer layers.

Theoretical modeling of the observed dependence
physical properties on misfit strain was carried out us
Landau–Devonshire~LD! phenomenology.3,10,18,19 These
models, however, do not take into account the possibility
the formation of different and unusual phases that can
form in bulk ceramics and single crystals due to the inter
stresses. This aspect was addressed recently by Pe
et al.,20 who used a LD thermodynamic model for epitax
ferroelectric films and predicted the appearance of unu
phases and phase transformations as a result of the epi
induced internal stresses. Misfit strain–temperature ph
diagrams were developed for epitaxial BaTiO3 ~BT! and
PbTiO3 ~PT! films and the effect of internal stresses on t
phase transformation characteristics and the dielectric
sponse was discussed.20,21

In this article, we develop similar phase diagrams
single-domain epitaxial~001! Ba0.6Sr0.4TiO3 ~BST 60/40!
and ~001! Ba0.7Sr0.3TiO3 ~BST 70/30! films on ~001! cubic
substrates as a function of the misfit strain based on the
phenomenological model in accordance with the one de
oped by Pertsevet al.20 Our aim is to provide aquantitative
estimation of the dielectric response as a function of themis-
fit strain as well as thefilm thicknessfor these two popular
BST compositions to serve as a framework for future exp
mental studies. The article is arranged as follows. Sectio
provides a very brief summary of the thermodynamic mo
upon which the misfit strain–temperature phase diagram
BST 70/30 and BST 60/40 are constructed. In Sec. III,
calculate the theoretical misfit strain of BST 70/30 and B
60/40 films on popular substrates such as SrTiO3 , LaAlO3 ,
MgO, and Si. Taking into account the relaxation of epitax
stresses by the formation of misfit dislocations during fi
growth, we provide a quantitative analysis for the mis
strain as a function of film thickness and subsequently
culate the dielectric response of BST 70/30 and BST 60
films on these substrates as a function of film thickness
Sec. IV. A comparison of the theoretical calculations of t
dielectric response with experimental results from literat
is also presented. Finally, we discuss the limitations and
approximations used in the theoretical calculations as we
the behavior of the spontaneous polarization of BST films
tensile substrates as a function of film thickness, which
sembles the size effect in ferroelectric particles as a func
of particle size.

II. THE MISFIT STRAIN–TEMPERATURE PHASE
DIAGRAM FOR BST FILMS

To construct the misfit–temperature phase diagram
BST films, we consider the case of a single-domain~001!
BST film epitaxially grown in the cubic paraelectric phase
a thick ~001! cubic substrate under short-circuit electric
boundary conditions. In this case, the thermodynamic po

˜

J. Appl. Phys., Vol. 91, No. 11, 1 June 2002
tial G of the pseudocubic BST film as a function of polar-
ization Pi , misfit strainum5(aS2a0)/aS , whereaS is the
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substrate lattice parameter anda0 is the equivalent cubic cel
constant of the free standing film, and the temperatureT, can
be written in a renormalized form as20

G̃5a1* ~P1
21P2

2!1a3* P3
21a11* ~P1

41P2
4!1a33* P3

4

1a13* ~P1
2P3

21P2
2P3

2!1a12* P1
2P2

21a111~P1
61P2

6

1P3
6!1a112@P1

4~P2
21P3

2!1P3
4~P1

21P2
2!1P2

4~P1
2

1P3
2!#1a123P1

2P2
2P3

21
um

2

S111S12
. ~1!

The renormalized coefficients of the free energy expans
are given by

a1* 5a12um

Q111Q12

S111S12
, a3* 5a12um

2Q12

S111S12
,

a11* 5a111
1

2

1

S11
2 2S12

2 @~Q11
2 1Q12

2 !S1122Q11Q12S12#,

a33* 5a111
Q12

2

S111S12
, ~2!

a12* 5a122
1

S11
2 2S12

2 @~Q11
2 1Q12

2 !S1222Q11Q12S11#

1
Q44

2

2S44
,

a13* 5a121
Q12~Q111Q12!

S111S12
,

wherea1 is the dielectric stiffness,ai j and ai jk are higher
order stiffness coefficients at constant stress,Qi j are the elec-
trostrictive coefficients, andSi j are the elastic compliances o
the film. The temperature dependence of the dielectric s
ness a1 is given by the Curie–Weiss law,a15(T
2T0)/2e0C whereT0 and C are the Curie–Weiss tempera
ture and constant of a bulk ferroelectric, respectively, ande0

is the permittivity of free space. The parameters used for
calculation of the renormalized coefficients for BST films a
obtained by averaging the corresponding parameters

20,22–25

TABLE I. The parameters for the calculation of the renormalized coe
cients for BST films. Data compiled from Refs. 20, 22–25;TC : Curie
temperature,C: Curie constant,Ai j : stiffness coefficients,Si j : elastic com-
pliances, andQi j : electrostrictive coefficients.

Parameter BST 70/30 BST 60/40

TC(°C) 34 5
C(105 °C) 1.29 1.22
a11(106 m5/C2F) 2.52T1189 ~T in °C! 2.16T1462 ~T in °C!
a12(108 m5/C2F) 7.21 7.98
S11(10212 m2/N) 5.92 5.12
S12(10212 m2/N) 21.92 21.65
S44(10212 m2/N) 6.7 5.86
Q11(m

4/C2) 0.1 0.1
Q12(m

4/C2) 20.034 20.034
Q44(m

4/C2) 0.029 0.029

9289Z.-G. Ban and S. P. Alpay
BaTiO3 and SrTiO3 as given in Table I. Both a1 and
a11 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
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temperature in BaTiO3 . All other parameters in Table I ar
assumed to be temperature independent in the range inv
gated. In our calculations, the contribution of six-order p
larization terms to the free energy is neglected.26 To deter-
mine equilibrium thermodynamic states of the BST film, w
calculate the minima ofG̃(Pi ,um ,T) with respect to the
components of the polarization for all possible six phase
epitaxial films as identified by Pertsevet al.20 at a given
temperature and misfit strain. The polarization compone
of the six phases are listed in Table II.20 The phase that ha
the minimum free energy was selected as the stable pha

We have performed the analysis for BST 70/30 and B
60/40 films and the resulting misfit–temperature phase
grams are shown in Fig. 1. These compositions are the m
ams of~001! single-domain BST 70/30~solid line! and
ine! thin films epitaxially grown on the cubic substrate.

ay 2002 to 137.99.20.238. Redistribution subject to A
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-
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T
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widely investigated compositions because their Curie te
perature is very close to room temperature~TC534 °C and
5 °C for BST 70/30 and BST 60/40, respectively! and due to
the proximity to the ferroelectric–paraelectric phase trans
mation, a large dielectric constant is expected. Some dist
features of the phase diagrams can be summarized as
lows:

~1! The phases occurring for both films in the examin
temperature and misfit strain range are the paraelec
phase, thec phase, ther phase and theaa phase. The
unusualr phase that is forbidden in single crystals a
bulk ceramics appears in epitaxial thin films at a partic
lar misfit-strain range, indicating that the misfit strain
thin films may alter the type of the stable ferroelect
phase with respect to that in unconstrained ceramics
single crystals of the same composition. Positive mi
strain~i.e., tensile stress! favors the appearance of theaa
phase which has in-plane polarizations, while the ne
tive misfit strain~i.e., compressive stress! induces thec
phase which has the polarization vector perpendicula
the film/substrate interface.

~2! Our calculation indicates that all the phase transform
tions in constrained BST films are of the second ord
due to the positive sign of the coefficientsa11* , a12* , a13* ,
anda33* . This agrees with the examination of the pola
ization components of the ferroelectric phases as a fu
tion of misfit strain for BST 70/30 film at room tempera
ture, as shown in Fig. 2. The polarization components
the various phases are given by

2 2
a3*
c phase: P35Pc52
2a33*

,
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aa phase: P1
25P2

25Paa
2 52

a1*

2a11* 1a12*

r phase: P1
25P2

25Pr 1

2 5
a13* a3* 22a1* a33*

4a11* a33* 12a12* a33* 22a13*
2 ,

P3
25Pr 3

2 5
2a13* a1* 22a11* a3* 2a12* a3*

4a11* a33* 12a12* a33* 22a13*
2 . ~3!

It can be seen from Fig. 2 that with the increase of
misfit strain from negative to positive values, theP3

component decreases to zero andP1(5P2) increases
from zero to nonzero values in a continuous fashi
There is no jump for the polarization components at
phase boundaries.

~3! The Curie temperature, where the transition fro
paraelectric state to a ferroelectric state occurs, is shi
as a result of the misfit strain. Both positive and negat
misfit strains lead to an increase in the Curie tempe
ture. The same trend was also observed in the mis
temperature diagrams of BT and PT.20

~4! The r phase is monoclinic which has polarization com
ponents along all the three crystal axes (P15P2Þ0,P3

Þ0). Therefore, a rotation of the polarization vect
from the @001# direction of the film is expected with
increasing tensile misfit strain. Figure 3 shows the an
f between the spontaneous polarizationPS (PS

5A2P1
21P3

2) of the r phase and the film/substrate no
mal @001# direction as a function of misfit strain for BS
70/30 film at room temperature (RT525 °C). It can be
seen from Fig. 3 that the spontaneous polarization of
r phase rotates 90° from the@001# direction into the
@110# direction at the misfit range in which ther phase is
stable. Since the spontaneous polarization of thec phase
and theaa phase are along@001# and @110# directions,
respectively, both of the transformations from thec
phase to ther phase and from ther phase to theaa phase

FIG. 2. Polarization components of the ferroelectric phases as a functio
misfit strain for BST 70/30 at room temperature.

J. Appl. Phys., Vol. 91, No. 11, 1 June 2002
are of second order, which is consistent with the predic
tion from the phase diagram.
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III. EFFECT OF SUBSTRATE SELECTION AND FILM
THICKNESS ON THE PHASE TRANSFORMATION

The obvious way to adjust the misfit strain in the he
eroepitaxial films is by the selection of a substrate mater
BST films are usually deposited at temperatures excee
600 °C and thus, it is important to take into account the th
mal stresses that may develop upon cooling down from
growth temperatureTG due to the difference between th
TECs of the film and the substrate. However, suitable s
strate materials are limited in that they have to match reas
ably well in terms of their lattice constants and TECs w
the film to ensure epitaxial growth.

Systematic variations in the internal stress level of h
eroepitaxial films can be achieved by altering the film thic
ness. The epitaxial stresses are relaxed to a certain exten
the formation of misfit dislocations atTG . The equilibrium
thermodynamic theory of misfit dislocations was develop
by van der Merwe12 and Matthews and Blakeslee13 and is
now well established.27,28The theory predicts a critical thick
nesshr below which the formation of misfit dislocations i
not feasible. The effective misfit strain at the deposition te
perature,um(TG)5um

0 , scales with the film thicknessh
as28,29

um
0 5ra0~TG!S 12

hr

h D 21

, ~4!

wherer is the equilibrium linear misfit dislocation density a
TG . Therefore, another way to control the misfit strain
heteroepitaxial films is via varying the thickness of the d
posit. Assuming no additional dislocations form during co
ing down @i.e., r(TG)5r(T) for T,TG#, an ‘‘effective’’
substrate lattice parameter,āS , can be defined and used fo
the calculation of the misfit strain of the films with a diffe
ent thickness grown on a selected substrate:29,30

as~T!

ofFIG. 3. Angle f between the spontaneous polarizationPS (PS

5A2P1
21P3

2) of r phase and the film/substrate normal@001# direction as a
function of misfit strain for BST 70/30 film at RT (T525 °C).

9291Z.-G. Ban and S. P. Alpay
-
ās~T!5

ras~T!11
. ~5!
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To provide a quantitative estimation of the physic
properties of BST films, we have chosen four popular s
strate materials: SrTiO3 , LaAlO3 , MgO, and Si. The lattice
parameters of the substrates, BST 70/30, and BST 60/40
their respective thermal expansion coefficients are given
Table III.10,14,22,31–33The substrates investigated can be cl
sified into two categories: compressive substrates and te
substrates~i.e., substrates with lattice parameters smaller
larger than the film such that in pseudomorphic films co
pressive or tensile stresses are induced in the plane o
film–substrate interface, respectively!. Accordingly, SrTiO3

and LaAlO3 are compressive and MgO and Si are tens
substrates for BST 70/30 and BST 60/40. Assuming t
TG5800 °C, in Fig. 4, we plot the variation in the theoretic
misfit strain at RT of BST 60/40 films on these substrates
a function of film thickness. Since the lattice parameter a
TEC of BST 70/30 are very close to the ones of BST 60
~see Table III!, BST 70/30 films exhibit almost identical be
havior with minor variations in the magnitude of the mis
strain and are therefore not included. The critical thicknes

FIG. 4. Misfit strain of BST 60/40 films on various substrates as a func
of film thickness at room temperature (T525 °C). ~a! SrTiO3 and LaAlO3

~compressive substrates!, and~b! MgO and Si~tensile substrates!.

9292 J. Appl. Phys., Vol. 91, No. 11, 1 June 2002
for dislocation formationhr are calculated to be 10.7 nm, 2.5
nm, 1.6 nm, and 1 nm for BST 70/30, and 11.8 nm, 2.6 nm
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1.5 nm, and 1 nm for BST 60/40 on SrTiO3 , LaAlO3 , MgO,
and Si substrates, respectively. It can be seen from Fig. 4
the magnitude of misfit strains of the films on all the fo
substrates decreases dramatically with the increase of
film thickness owing to the relaxation by the misfit disloc
tion formation, regardless whether the substrate is comp
sive or tensile. The misfit strain may be fully relaxed at
certain film thickness as for MgO substrate. In fact, compr
sive misfit strains may be expected for MgO substrates
films thicker than;52 nm@see Fig. 4~b!# due to the interplay
between the misfit strain relaxation by interfacial disloc
tions atTG and the developing thermal stresses due to
difference in the TECs of the film and the substrate as
film is cooled fromTG to RT.

The consequence of the strain relaxation by the mi
dislocation formation is that a phase transition may occur
the film thickness increases. For example, as indicated by
BST 60/40 phase diagram~Fig. 1!, there is a narrow misfit
strain region ~20.06%–0.06%! corresponding to the
paraelectric phase region at RT. Thus, as the misfit st
goes down with an increase of the film thickness, the fi
may be in the paraelectric state, rather thanc phase for com-
pressive substrates@Fig. 4~a!# and aa phase for tensile sub
strates@Fig. 4~b!#. Therefore, by the selection of the substra
material and film thickness, the level and sign of the mis
strain can be adjusted as to obtain optimum dielectric
sponse which will be discussed in the next section.

IV. DIELECTRIC RESPONSE

Figure 5 shows the calculated dependence of the sm
signal dielectric constant on the misfit strain at RT. The re
tive dielectric constants along the normal of the film
substrate interfacee33 and parallel with the film/substrat
interfacee11 are chosen for the BST 70/30 film and BS
60/40 film, respectively. The relative dielectric constants
related to the inverse of second derivative ofG̃ @Eq. ~1!# with
respect to the polarization componentsPi of the phases and
are given by

c phase:
e33

e0
52

1

4e0a3*
,

e11 a33*

n

TABLE III. Lattice parameters of substrates, BST 70/30, and BST 60/40
RT and their respective TECs. Data compiled from Refs. 10, 14, 22, 31–

Substrate
Lattice

parameter~nm! TEC (31026 °C21)

BST 70/30 0.3965 10.5
BST 6040 0.3960 10.5
MgO 0.4211 13.47
LaAlO3 0.3787 10.0
SrTiO3 0.3904 11.0
Si 0.5431 3.7253$12exp@25.883103(T1149)#%

15.548310243(T1273)

Z.-G. Ban and S. P. Alpay
, e0
5

e0~2a1* a33* 2a13* a3* !
, ~6!
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paraelectric phase:
e33

e0
5

1

2e0a3*
,

e11

e0
5

1

2e0a1*
, ~7!

r phase:
e33

e0
5

1

2e0~a3* 12a13* Pr 1

2 16a33* Pr 3

2 !
,

e11

e0
5

1

2e0@a1* 1a13* Pr 3

2 1~a12* 16a11* !Pr 1

2 #
, ~8!

aa phase:
e33

e0
5

1

2e0~a3* 12a13* Paa
2 !

,

e11

e0
5

1

2e0@a1* 1~a12* 16a11* !Paa
2 #

, ~9!

where the spontaneous polarizationPr 1
, Pr 3

, andPaa for r

phase andaaphase are given in Eq.~3!. The stable regions in
accordance with the phase diagram are also indicated in
5. The characteristic feature of Fig. 5 is that the dielec
constant exhibits anomaly in the misfit dependence for b
of the films. Such a dielectric anomaly occurs at the ph

FIG. 5. Calculated dependence of the dielectric constant on the misfit s
at RT. ~a! e33 /e0 of BST 70/30 film.~b! e11 /e0 of BST 60/40 film.

J. Appl. Phys., Vol. 91, No. 11, 1 June 2002
boundaries, i.e., ther phase / theaa phase for BST 70/30 and
paraelectric/ aa phase for BST 60/40. The behavior of the

Downloaded 21 May 2002 to 137.99.20.238. Redistribution subject to A
ig.
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dielectric properties of BST films is related to the ‘‘structur
instabilities,’’ as demonstrated in BT and PT systems.20

The aforementioned theoretical prediction of the diele
tric properties of single-domain BST 70/30 film and BS
60/40 film may be compared with the experimental resu
published in literature, as illustrated in Fig. 6. The expe
mental result shown in Fig. 6~a! was obtained for highly
textured BST 70/30 films grown on Si substrates reported
Basceriet al.34 BST 70/30 films were deposited at approx
mately 640 °C on Pt-coated Si wafers by a liquid-delive
source chemical vapor deposition technique, to thicknes
ranging from 24 to 160 nm. The resulting films had a colu
nar microstructure and were strongly$100% textured. Basceri
et al.34 utilized the interfacial capacitance model to elucida
the observed dielectric permittivity dependence on the fi
thickness but the observed behavior may be the effect of
dependence of internal stresses on the film thickness du
misfit dislocation formation atTG . Assuming that the grain
size of the filmsD is larger than film thicknessh ~i.e., D/h
.1! in the highly textured film, the textured film may b

inFIG. 6. The comparison between the theoretical calculations of dielec
constant~solid lines! with the reported experimental results~solid squares!.
~a! e33 /e0 of BST 70/30 film.~b! e11 /e0 of BST 60/40 film.

9293Z.-G. Ban and S. P. Alpay
treated as an epitaxial film. This assumption enables us to
compare the aforementioned experimental results with our
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theoretical calculation. To perform this, the misfit strain d
were first retrieved from film thickness data reported in R
34 using the methodology described in Sec. III, then com
nations of misfit strain and dielectric constant were est
lished, as represented by the solid squares in Fig. 6~a!. Our
analysis shows that the BST 70/30 film grown on the
substrate falls intoaa phase region which has prevailing in
plain polarization. Taking this point into account, the calc
lated dielectric constante33 fits the experimental data reaso
ably well.

Experimental data shown in Fig. 6~b! were obtained by
Canedyet al.10 who investigated the effect of misfit strain o
the dielectric properties of~001! BST 60/40 films grown on
~001! 0.29(LaAlO3):0.35(Sr2TaAlO6) substrates. The BST
60/40 films were fabricated using pulsed-laser deposi
~PLD! with the substrate temperature held at 800 °C dur
deposition and a dynamic pressure of 120 mTorr O2 estab-
lished in the chamber. The in-plane dielectric constantse11 of
the resulting films were mapped as a function of film thic
ness. On the basis of the discussion in Sec. III, a compres
misfit strain develops in this case and the film virtually fa
into thec phase region in which the spontaneous polarizat
is lined up perpendicular to the film/substrate interface
can be seen from Fig. 6~b! that our theoretical calculations o
the dielectric constant dependence on the misfit strain ar
excellent agreement with the experimental results.

As discussed herein, the phase transformation indu
by the misfit strain greatly influences the dielectric respo
of BST films. Taking into account the strain relaxation
misfit dislocation formation, the misfit strain could be corr
lated with the film thickness for different substrates, as p
sented in Sec. III. As such, the substrate materials and
thickness may be chosen as the design parameters to a
the misfit strain state in the film and to manipulate the
electric response. Figures 7~a! and 7~b! show the dependenc
of calculated dielectric constante33/e0 and e11/e0 on the
film thickness for BST 70/30 films and for BST 60/40 film
on various substrates at RT, respectively. Close examina
of Fig. 7 reveals that except for MgO substrates, the films
SrTiO3 , LaAlO3 , and Si substrates display the same tre
i.e., an increase in the dielectric constant with an increas
the film thickness. This is attributed to the fact that the film
on these substrates are in the single-phase region in
thickness range evaluated. For example, films on SrTiO3 stay
in thec phase region due to the compressive strain regard
of the film thickness. Interestingly, the dielectric response
the films on Si substrates is remarkably small compared w
those of the films on the SrTiO3 and LaAlO3 substrates, due
to the large tensile misfit strain~;1%! even with strain re-
laxation by misfit dislocation formation. Since dielectric co
stants increase steadily as film thickness increases for fi
on SrTiO3 and LaAlO3 substrates, films should be as thick
possible in order to achieve optimum dielectric response

For films on the MgO substrates, however, the dielec
response behaves significantly differently in comparison w
the other three substrates. A dielectric constant anoma
observed at a critical thickness of;40 nm, which is associ-

9294 J. Appl. Phys., Vol. 91, No. 11, 1 June 2002
ated with the transformation fromaa phase tor phase for
BST 70/30 film. The theoretical analysis shows that the d
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electric constant decreases substantially with increasing
thickness. The exact same trend was observed experim
tally in ~001! BST 50/50 film grown on~001! MgO substrate
by PLD at 800 °C where a drop ine11/e0 from 2350 to 1700
was reported as the film thickness was increased from 1
500 nm.11 This result suggests that a large dielectric const
in BST 70/30 on MgO substrates may be achieved by
creasing the film thickness to the vicinity of the critical film
thickness at which a structural instability related to theaa–r
phase transformation is expected.

V. DISCUSSION OF RESULTS

As pointed out in previous sections, the misfi
temperature phase diagram for BST films developed can
utilized to predict the strain induced phase transformati
that may affect the dielectric properties of the films pr
foundly. However, there are some limitations for the dev
oped phase diagrams as discussed next.

First of all, the coefficients in the free energy expansi

FIG. 7. Dependence of calculated dielectric constant on the film thickn
for films on various substrates at RT.~a! e33 /e0 for BST 70/30 films and~b!
e11 /e0 for BST 60/40.

Z.-G. Ban and S. P. Alpay
i-
for BST film are obtained by simply averaging the corre-
sponding free energy expansion coefficients and the elastic
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moduli of BaTiO3 and SrTiO3 due to the lack of data on
single crystals of the same composition. This approximat
may introduce some errors since the coefficients may no
the linear function of the Ba/Sr ratio. The good correlati
between the theoretical results and experimental results l
us to believe that this approach may be a reasonable app
mation for the physical properties of BST films. Second
the P4 approximation is used in the free energy expans
and the six-order polarization terms are neglected. This
proximation remains valid as long as the temperature is
far below the Curie temperature. The six-order terms
become important when the temperature is well below
Curie temperature.35 Furthermore, in our analysis, we hav
limited ourselves to a temperature range from240 °C to
120 °C. We have not taken into account the possibility of
formation of structural domains, or twins, due to the e
tremely small self-strain of the paraelectric–ferroelect
phase transformation in BST 60/40 and BST 70/30 films
the investigated temperature interval. The formation of c
tain polydomain structures such as thea1 /a2 /a1 /a2 pattern
which consists of transversely modulated thin platelets ofa1

domains anda2 domains with thec axis of the tetragona
film along the@100# or @010# directions of the substrate, re
spectively, is thermodynamically possible for relatively lar
tensile misfit strains.28,29,36–42However, there is no experi
mental observation of any kind of polydomain structure
epitaxial BST 70/30 and BST 60/40 films. And finally, the
are also limitations to the thermodynamic modeling of t
effect of misfit dislocations. The theoretical approach of M
thews and Blakeslee13 is based on the elastic continuum co
cept only and neglects the interaction of misfit dislocat
with the dislocations present in the film. Additionally, th
real critical thickness for dislocation formation and the line
equilibrium dislocation density may differ significantly from
the actual observed values because of kinetic factors.27,43,44

Therefore, it is necessary to measure the actual misfit st
which can be done via x-ray diffraction by comparing t
peak position of the diffraction from the film to its uncon
strained position.

One interesting aspect of the theoretical analysis is p
sented in Fig. 8, where we plot the@001# component of the
polarization (P3) as a function of film thickness for~001!
BST 70/30 films on~001! SrTiO3 , LaAlO3 , and MgO at RT.
For films on Si, theaa phase is stable throughout the inve
tigated film thickness range and thus there is noP3 compo-
nent of the polarization.P3 decreases with film thickness fo
films on compressive substrates~SrTiO3 and LaAlO3! due to
relaxation of compressive stresses by misfit dislocations w
increasing film thickness@see Fig. 4~a!#. On the other hand
for films on MgO substrates, a decline inP3 is expected with
decreasing film thickness due to increasing tensile m
strain as a function of the film thickness@see Fig. 4~b!#. This
results in the gradual rotation of the polarization vector fro
the @001# direction towards the~001! plane~r phase!. Below
a critical thickness of;40 nm, the film is in theaa phase
region with noP3 component as a result of tensile mis
strain.

J. Appl. Phys., Vol. 91, No. 11, 1 June 2002
The behavior resembles the so-called size effect in ferro
electric particles which refers to the suppression of ferroele

Downloaded 21 May 2002 to 137.99.20.238. Redistribution subject to A
n
e

ds
xi-
,
n
p-
ot
n
e

e
-

n
r-

-

r

in

e-

th

t

tricity below a critical particle size due to surface effects
depolarization fields.6,45–47For ferroelectric thin films, phe-
nomenological models were developed which indicate
critical thickness below which the ferroelectricity
suppressed.48–50However, first-principles calculations of fer
roelectricity in PT films under stress-free and short-circ
conditions show that films with thickness as low as a cou
of unit cell dimensions exhibit ferroelectricity with signifi
cant enhancement of the polarization at the surface.51 Experi-
mentally, lead zirconate titanate films were observed to
hibit ferroelectricity down to 4 nm film thickness.52 Very
recently, size driven phase transformations in ferroelec
thin films under biaxial stresses have been analyzed usi
phenomenological approach.50 However, this model has no
considered that the internal stress is also a function of fi
thickness due to relaxation by misfit dislocations. Obvious
the theoretical polarization response illustrated in Fig. 8
obtained without considering the surface effects or depo
ization fields. However, it suggests that epitaxy-induced
ternal stresses that are a function of the film thickness m
yield, in certain cases, results that are very similar to the s
effect. Therefore, epitaxial stresses should be taken into
count in the analysis of the size effect especially for ‘‘sof
ferroelectric thin films with a small self-strain of th
paraelectric–ferroelectric transformation and/or close to
transformation temperature.

VI. CONCLUSION

We have examined the effect of misfit strain on pha
transformations of the single-domain epitaxial barium stro
tium titanate films on cubic substrates. The misfit strai
temperature phase diagrams for BST 70/30 and BST 60
have been established on the basis of a LD phenomeno
cal theory developed by Pertsevet al.20 We have quantita-
tively analyzed the dielectric response of the BST 70/30 a
BST 60/40 films as a function of the misfit strain and fil
thickness. The dielectric constants of both films exhibit
anomaly in the misfit strain dependence due to phase tr

FIG. 8. Polarization component normal to the film/substrate interface (P3)
as a function of film thickness for BST 70/30 films on various substrate
room temperature.
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-
c-
formations. The calculated dielectric properties are in good
agreement with the experimental data reported in literature.
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The selection of the substrate and/or the film thickness
be chosen as design parameters to manipulate the strain
in the film to achieve optimum dielectric response.
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