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The tunability of epitaxial barium strontium titanate films is analyzed theoretically using a
phenomenological model. The relative dielectric constant of Ba0.5Sr0.5TiO3 ~BST 50/50! films as a
function of the applied external electric field is calculated and an electric field–misfit strain phase
diagram is developed to assist in the interpretation of the behavior. On the basis of these results, the
tunability of BST 50/50 films as a function of the misfit strain is provided and compared with the
experimental data in the literature. Analysis shows that a high tunability can be achieved by
adjusting the misfit strain especially in the vicinity of a structural phase transformation. The misfit
strain in epitaxial films can be controlled with the selection of a substrate material or variations in
the film thickness. The film thickness dependence is due to misfit dislocation formation at the film
growth temperature. A critical thickness to attain the maximum tunability can be defined for BST
50/50 films on MgO~;90 nm! and LaAlO3 ~;120 nm! substrates. It is suggested that the selection
of the substrate and/or the film thickness can be chosen as design parameters to manipulate the strain
state in the film to achieve optimum tunability. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1524310#
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dicted. Due to the interplay between the relaxation of epitax-
I. INTRODUCTION

Thin films of barium strontium titanate (BaxSr12xTiO3,
~BST! have long been recognized as the potential candid
for applications such as storage capacitor dielectrics for
next generation dynamic random access memories as we
variable elements in the tunable microwave devices1–6

These applications rely on the properties of BST films, su
as a high dielectric permittivity, reasonably low dielectr
loss, and high tunability. The tunability~i.e., the degree of
variation in the dielectric constant as a function of the a
plied electric field! is one of key design parameters of tu
able microwave devices. Ideally, a large tunability accom
nied by a small dielectric loss is desired.

There has been a great deal of research in the fiel
ferroelectric thin films, the primary objective of which ha
been to reliably reproduce the properties of bulk ceramic
single crystals in thin film form for device application
However, compared to their bulk or single crystal count
parts, generally inferior electrical and electromechani
properties are observed in ferroelectric thin films. The rea
for this is believed to be due to compositional and mic
structural inhomogeneities, defects, and internal stresses7

Recent experimental studies show that internal stre
have a great impact on the dielectric behavior of BST t
films.3,8–11 Significant variations in the dielectric consta
close to an order of magnitude have been observed in
taxial BST thin films for which the internal stress levels we
systematically altered either by using different substrate
terials or by adjusting the film thickness.3,8,9 Experimental
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results also indicate that the tunability of BST films displa
a strong dependence on the lattice misfit, or the mi
strain.3,11,12For example, it was shown that annealing tre
ments to reduce residual stresses in Ba0.4Sr0.6TiO3 films
would improve the tunability from 36% to 52% for a 5
kV/cm field on ‘‘compressive’’ LaAlO3 substrate~i.e., sub-
strate with lattice parameters smaller than the film such
compressive stresses are induced in the plane of the fi
substrate interface in pseudomorphic films! but reduce the
tunability from 47% to 38% on ‘‘tensile’’ MgO substrate.12 A
remarkable increase of the tunability from 20% to 32% fo
40 kV/cm field was reported for Ba0.35Sr0.65TiO3 films on
LaAlO3 substrates after an annealing treatment.11

The dependence of the structural, electrical, and elec
mechanical properties on the misfit strain in epitaxial fer
electric films has been established theoretically via phen
enological models.3,8,9,13,14 However, the tunability, a
parameter of both theoretical and practical importance
BST films, has not received a thorough treatment in theo
ical work. In a very recent publication, we have develop
misfit strain–temperature phase diagrams of epitaxial B
films14 taking into account the possibility of the formation o
‘‘unusual’’ phases that cannot form in bulk BST ceramics
single crystals by using a Landau–Devonshire~LD!
phenomenology.13

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 stra
and film thickness was provided. An order-of-magnitude
crease in the dielectric constant for films on LaAlO3 and
SrTiO3 substrates with increasing film thickness was p
ial stresses at the deposition temperature and the thermal
il:
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stresses between the film and the substrate that develo
the film is cooled down from the growth temperature, f
films on MgO substrates the dielectric response is expe
to increase as the film thickness decrease, attaining a m
mum at around 40 nm.

In this article, we employ a similar treatment to analy
the tunability of epitaxial BST films taking into account th
dependence of the dielectric response on the applied ele
field. Our goal is to provide a quantitative estimation for t
dependence of the tunability on epitaxy-induced inter
stresses. In Sec. II, the thermodynamic model is provided
Sec. III we calculate the dependence of the dielectric
sponse on the applied electric field of Ba0.5Sr0.5TiO3 ~BST
50/50! films on various~001! cubic substrates as a functio

J. Appl. Phys., Vol. 93, No. 1, 1 January 2003
of the misfit strain. The tunability of BST 50/50 films is

si
pl

FIG. 1. Definition of the crystallographic directions with respect to the film
and the substrate.
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in the literature in Sec. III. The tunability as a function
film thickness is also presented for various substrates by
ing into consideration the possibility of relaxation of epita
ial stresses through the formation of misfit dislocations at
film growth stage.

II. PHENOMENOLOGICAL MODEL

We consider a single-domain~001! BST film epitaxially
grown in the cubic paraelectric state on a thick~001! cubic
substrate. The thermodynamic potentialG̃ of a pseudocubic
BST film as a function of polarizationPi , applied fieldEi ,
and misfit strainum5(as2a0)/as , whereas is the substrate

505Z.-G. Ban and S. P. Alpay
lattice parameter anda is the cubic cell constant of the free

evaluated and compared with the experimental data reported

0

standing film, is given by13,14

G̃5a1* ~P1
21P2

2!1a3* P3
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4 2
The vector and tensor quantities are defined in a Carte
coordinate system as shown in Fig. 1 such that for exam
P1 //@100#, P2 //@010#, and P3 //@001#. The renormalized
coefficients of the free energy expansion are

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
,

an
e,
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 the elastic compliances of th
film. The temperature dependence of the dielectric stiffn
a1 is given by the Curie–Weiss law,a15(T2T0)/2«0C,
whereT0 and C are the Curie–Weiss temperature and co
stant of a bulk ferroelectric, respectively, and«0 is the per-
mittivity of free space. The parameters used for the calcu
tion of the renormalized coefficients for BST films a
obtained by averaging the corresponding parameters
BaTiO3 ~BT! and SrTiO3 as given in Table I.13,15–18 The
contribution of sixth-order polarization terms to the free e
ergy is neglected.19

The temperature–misfit strain phase diagram for epit
ial BST 50/50 films is shown in Fig. 2. The details of th
construction of the phase diagram, which is essentially ba
on the possibility of rotation of the polarization vector wi

TABLE I. The parameters for the calculation of the renormalized coe
cients for BST 50/50 films. Data complied from Refs. 13 and 15–18: (TC :
Curie temperature,C: Curie constant,ai j : stiffness coefficients,Si j : elastic
compliances,Qi j : electrostrictive coefficients!.

Parameters BST 50/50

Curie temperatureTC ~°C! 223
Curie constant C (105 °C! 1.15
a11 (106m5/C2 F! 1.87T1740~T in°C!
a12 (108m5/C2 F! 8.75
S11 (10212m2/N! 4.33
S12 (10212m2/N! 21.39
S44 (10212m2/N! 5.01
Q11 (m4/C2) 0.1
Q12 (m4/C2) 20.034

Q44 (m /C ) 0.029
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varying misfit strain, can be found elsewhere.13,14 The six
possible phases identified by Pertsevet al.13 are the paraelec
tric phase, thec phase (P15P250, P3Þ0), the a phase
(P1Þ0, P25P350), the ac phase (P1Þ0,P250,P3Þ0),
the aa phase (P15P2Þ0,P350) and ther phase (P15P2

Þ0,P3Þ0).20 Examination of Fig. 2 reveals that only thec
phase, the paraelectric phase, and theaa phase are the stabl
phases for epitaxial BST 50/50 films at room temperat
@~RT!525 °C#.

The polarization components as a function of the app
field can be obtained via]G̃/]Pi50 such that

]G̃

]P1
52~a1* 1a13* P3

21a12* P2
2!P114a11* P1

32E150, ~3!

]G̃

]P2
52~a1* 1a13* P3

21a12* P1
2!P214a11* P2

32E250, ~4!

]G̃

]P3
52@a3* 1a13* ~P1

21P2
2!#P314a33* P3

32E350, ~5!

The electric field dependent relative dielectric consta
along @001# and @100# directions can be determined by

«33~E3!

«0
5S «0

]2G̃

]P3
2D 21

5
1

2«0@a3* 1a13* ~P1
21P2

2!16a33* P3
2#

~6!

and

«11~E1!

«0
5S «0

]2G̃

]P1
2D 21

5
1

2«0@a1* 1a13* P3
21~a12* 16a11* !P1

2#
, ~7!

respectively. The small-signal dielectric response along@001#

FIG. 2. Phase diagrams of single-domain epitaxial~001! BST 50/50 thin
films on a~001! cubic substrate. Polarization components are indicated
the ferroelectric phases.

506 J. Appl. Phys., Vol. 93, No. 1, 1 January 2003
and @100# directions are also determined by Eqs.~6!–~7!
with the polarizations given by settingEi equal to zero in
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Eqs. ~3!–~5!. We define the tunabilityF as the variation in
the dielectric response with applied field with respect to
small-signal dielectric constant as11

F5H 12«33~E3!/«33~E350! for E//@001#

12«11~E1!/«11~E150! for E//@100#
. ~8!

III. RESULTS AND DISCUSSION

A. The dielectric response: effect of field

In order to study the dielectric response as a function
the applied electric field, the stability of the phases under
electric field has to be considered. To accomplish this,
calculate the minima ofG̃ @Eq. ~1!# under an electric fieldE3

normal to the film–substrate interface for all possible pha
in an epitaxial BST 50/50 film. The resulting electric field
misfit strain phase diagram at RT is shown in Fig. 3. T
stable phases in the range examined are thec phase,
paralelectricphase, and theaa phase. At zero bias, the misfi
strain range at which each phase is stable agrees with
obtained from the temperature-misfit strain phase diag
~Fig. 2!. Close examination of Fig. 3 reveals that the elect
field within the range considered has a minor effect on
stability of the phases. The application of the electric fie
does not affect the stability of thec phase andparalelectric
phase. It should be noted that the misfit-driven transit
from c phase to paraelectric phase is blurred in the prese
of a nonzero electric fieldE3. However, the transition can b
defined by the polarization versus electric field hystere
characteristics of the phases.21 For E3Þ0, the epitaxial film
should exhibit a well-defined hysteresis loop when the mi
strainum,20.1 while the hysteresis loop should not pers
whenum.0.1.

However, the stability of theaa phase characterized b
the in-plane polarizationsP15P2 shows, to some extent,
sensitivity to the external electric fieldE3. The progressive
increase of the polarizationP3 induced byE3 is concurrent
with the decrease of the in-plane polarizations due to
coupling effect betweenP3 and the in-plane polarizations

r

FIG. 3. The electric fieldE3—misfit strain phase diagram of BST 50/50 a
RT.

Z.-G. Ban and S. P. Alpay
When the misfit strain is slightly higher than 0.1%, theaa
phase has weak in-plane polarization components. As a re-
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sult, the induced polarizationP3 may lead to the disappea
ance of the in-plane polarization at some critical elec
field, thereby initiating a transition from theaa phase to the
paraelectricphase. The instability of in-plane polarization
of the aa phase is presented in Fig. 4~a! which plots the
variation of the in-plane polarizationP1(5P2) as a function
of E3 at a misfit strainum50.11%. Figure 4~a! shows that
the in-plane polarizationP1 (5P2) drops to zero in a con
tinuous fashion with the increase of the applied field displ
ing a transition from theaa phase toparaelectricphase at a
field ;150 kV/cm. The instability of the in-plane polariza
tion in the presence of the electric field is also expected
the transition from ther phase to thec phase induced by the
electric field ~not shown in Fig. 3!. The r phase (P15P2

Þ0,P3Þ0) is stable below225 °C within a particular misfit
strain range~see Fig. 2!. When an electric field is applied
along@001# which is parallel withP3, the in-plane polariza-
tions will decrease. In other words, a rotation of the pol
ization vector toward the@001# direction in r phase is ex-
pected with an increase in the electric field. At sufficien
large electric fields, the diminishing in-plane polarizatio

FIG. 4. The variation of in-plane polarizationP1 ~a! and the relative dielec-
tric constants«33 /«0 ~b! as a function of the electric fieldE3 for the aa
phase at the misfit strainum50.11%.

J. Appl. Phys., Vol. 93, No. 1, 1 January 2003
P1 andP2 of the r phase eventually lead to a transition~with
same characteristics as thec phase toparaelectric phase
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transition! to thec phase. Similar behavior in BaTiO3 crys-
tals has been reported where it was shown experimen
that phase transformations from rhombohedral to orthorho
bic and to tetragonal phases could be induced by applyin
significantly large field.22 Theoretical treatment of the phas
transformations induced by an applied electric field in
stress-free ferroelectric BaTiO3 system using the LD phe
nomenology model was also performed.23

Using Eqs.~3!–~7!, we plot the relative dielectric con
stants«33/«0 of BST 50/50 as a function ofE3 for films in
theaa phase stability region@um50.11%, Fig. 4~b!# and for
films in thec phase stability region@um520.2%, Fig. 5~b!#.
The relative dielectric constant versus the electric field
havior of thec phase exhibits remarkable differences w
that of theaa phase. For thec phase, the dependence
«33/«0 on E3 is characterized by two peaks positioned sy
metrically with respect to zero field as shown in Fig. 5~b!.
The hysteresis in the dielectric constant as a function of
plied field in forward and reverse electric field sweeps h
been widely observed experimentally in BaxSr12xTiO3 (x

12,24–26

FIG. 5. The variation of the polarizationP3 ~a! and the relative dielectric
constants«33 /«0 ~b! as a function of the electric fieldE3 for the c phase at
the misfit strainum520.2%.

507Z.-G. Ban and S. P. Alpay
50.4– 0.7) thin films under various conditions. The
hysteretic behavior in the dielectric constant as a function of
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the applied field is associated with polarization switchin
The theoreticalP3–E3 hysteresis loop shown in Fig. 5~a!
plotted using Eq.~5! displays typical ferroelectric characte
istics. A coercive field around 20 kV/cm for thec phase at
the misfit strainum520.2% is predicted in our model. I
should be noted that the coercive fields calculated via p
nomenological approaches are usually 1 or 2 orders of m
nitude larger than the typically observed values. This is
cause of the fact that switching in thermodynamic treatme
is due to instability of the polarization with respect to
applied field in the reverse direction rather than the nuc
ation and growth of 180° domains.27

The relative dielectric constant«33/«0 as a function of
E3 for theaa phase atum50.11% is shown in Fig. 4~b!. The
dielectric constant dependence on the electric field for
paraelectric phase is not included because it behaves i
fashion similar to theaa phase. Since there is no spontaneo
polarization along the@001# direction for theaa phase, the
relationship between«33/«0 andE3 with no hysteresis char
acteristics is expected. This expectation is justified in F
4~b!, which features a single peak at zero bias. With
increase of magnitude of the electric field, the relative diel
tric constant decrease from its maximum value. It is intere
ing to note that the phase transformation from theaa phase
to paraelectricphase induced by the applied electric fieldE3

has no influence on the behavior of the dielectric cons
dependence on the electric field. A continuous transition
the dielectric constant is predicted when the phase trans
mation from theaa phase toparaelectricphase occurs.

B. Tunability

The RT tunability of BST 50/50 thin film along@001#
and @100# with applied fields along the same directions a
calculated by using the definition of the tunability@Eq. ~8!#
and the dielectric response as a function of the applied fi
@Eqs.~6! and~7!#. The maximum applied field is taken as 6
and 40 kV/cm forE//@001# andE//@100#, respectively and the
results are presented in Figs. 6~a! and 6~b! for the two cases.
Superimposed on these curves are the stability regions o
phases in accordance with the temperature–misfit strain~Fig.
2! and electric field–misfit strain~Fig. 3! phase diagrams. I
is worth mentioning that the definition of the tunability
this article in essence reflects the variation of the dielec
permittivity with the maximum external electric field and
the most convenient measure adopted experimentally. A
definition of tunability, i.e.,F5(]« i j /]Ei)max, was recently
suggested.9 This definition corresponds to the maximu
slope of the dielectric constant versus the applied field an
electric field independent. It is best suited to the case wh
there is no hysteresis@e.g., Fig. 4~b!#. Tunability defined in
this way, however, always goes to infinity for a ferroelect
phase displaying hysteresis@e.g., Fig. 5~b!#. Therefore, it
cannot capture the full characteristics of the phases predi
in our model. Furthermore, experimental data usually
presented in accordance with Eq.~8!. Adopting Eq.~8! as to

508 J. Appl. Phys., Vol. 93, No. 1, 1 January 2003
describe tunability enables us to compare our calculation
with the available experimental data.
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Figures 6~a! and 6~b! show that the tunability is strongly
dependent on the misfit strain. They indicate that theor
cally maximum tunability can be attained at critical mis
strains corresponding to structural phase transformations
with either decrease or increase in the misfit strain a de
dation of the tunability is expected. Interestingly, the stre
free condition does not result in maximum tunability. Th
critical misfit strain at which maximum tunability is achiev
able depends upon the direction of the applied electric fie
Quantitatively, a maximum in the tunability is reached f
um520.1% and forum50.1% for an applied field along
@001# and @100#, respectively. Referring back to the pha
diagrams in Figs. 2 and 3, these critical misfit strains cor
spond to the transformation from theparaelectricphase to
thec phase for an applied field along@001# and the transfor-
mation fromparaelectricphase to theaa phase for an ap-

FIG. 6. The variation of the tunability along@001# ~a! and @100# ~b! as a
function of the misfit strain in BST 50/50 epitaxial thin films at RT. Th
open and solid squares in~a! are experimental data from Ref. 3 and the so
squares in~b! are experimental data from Ref. 9 defining the tunability
@«33(0) –«33 ~67 kV/cm!#/«33(0) and @«11(0) –«11~40 kV/cm!#/«11(0) for
~a! and ~b!, respectively.

Z.-G. Ban and S. P. Alpay
splied field along@100#. The tunability as well as the dielec-
tric constant display similar behavior as a function of the
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misfit strain14 indicating that both properties can be op
mized via epitaxy-induced internal stresses.

The theoretical prediction of the tunability for BS
50/50 film may be compared with the limited experimen
results published in the literature, as illustrated in Fig. 6. T
two experimental points in Fig. 6~a! are for epitaxial BST
50/50 films with thickness;500 nm grown at 750 °C in an
oxygen ambient pressure of 350 mTorr on LaAlO3 ~solid
square! and MgO substrates~open square! by pulsed laser
deposition~PLD!.3 Experimental data in Fig. 6~b! were ob-
tained by Liet al.9 who investigated the effect of lattice mis
fit on the dielectric properties as well as the tunability
~001! 14–500 nm thick BST 50/50 films grown on MgO
substrates by PLD with the substrate temperature hel
800 °C during deposition and a dynamic pressure of 1
mTorr O2 established in the chamber. As the film thickne
increases, internal stresses due to epitaxy are replace
formation of misfit dislocations during the growth stage,
sulting in a systematic variation of the misfit strain measu
by x-ray diffraction methods. Several points enter the co
pressive strain region owing to the difference in the therm
expansion coefficients of the film and the substrate as
film is cooled down. It can be seen from Fig. 6 that t
theoretical calculations of the effect of lattice misfit on t
tunability are in good agreement with the experimen
results.

C. Effect of film thickness

Obviously, the misfit strain in the heteroepitaxial film
can be modified by the selection of a substrate material.
thermore, systematic variations in the internal stress leve
heteroepitaxial films can be achieved by altering the fi
thickness. The epitaxial stresses can be relaxed to a ce
extent by the formation of misfit dislocations at the depo
tion temperatureTG depending on the thickness of th
deposit.28–31The degree of the relaxation is characterized
an effective misfit strainum(TG)5um

0 at TG that depends on
the ratio of the critical thickness for misfit dislocation form
tion hr and the film thicknessh via

um
0 5ra0~TG!S 12

hr

h D 21

, ~9!

wherer is the equilibrium liner misfit dislocation density a
TG . Assuming no additional dislocations form during coo
ing down @i.e., r(TG)5r(T) for T,TG], an ‘‘effective’’
substrate lattice parameterāS can be defined and used for th
calculation of the misfit strain of the films with differen
thickness grown on a selected substrate31,32

āS~T!5
aS~T!

raS~T!11
. ~10!

We have recently provided a theoretical estimation corre
ing the film thickness to the misfit strain for BST films o
‘‘compressive’’ substrates such as SrTiO3 ~STO! and LaAlO3

~LAO! and ‘‘tensile’’ substrates such as Si and MgO.14

Using the ‘‘effective’’ substrate lattice parameter co

J. Appl. Phys., Vol. 93, No. 1, 1 January 2003
cept, the dependence of the tunability on the film thicknes
can be established. Figures 7~a!–7~c! plot the dependence of
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the tunability on the film thickness for BST 50/50 on STO
LAO, and MgO substrates at RT for an applied field alo
@001# assuming thatTG is 800 °C. The critical thickness fo
dislocation formation on STO, LAO, and MgO are calculat
to be approximately 19.6, 2.8, and 1.4 nm, respectively,
ing the Matthews–Blakeslee criteria.31,33The variation in the
misfit strain as a function of the film thickness for the thr
substrates is also included in Figs. 7~a!–7~c! ~dashed lines!.
Note that in-plane compressive stresses are develope
MgO substrate for films thicker than 45 nm due to the int
play between the misfit dislocation generation atTG and the
thermal stresses due to the difference in the thermal exp

FIG. 7. The dependence of tunability along@001# ~solid lines! and misfit
strain~dashed lines! on film thickness for BST 50/50 epitaxial thin films o
various substrates at RT:~a! STO, ~b! LAO, and ~c! MgO.

509Z.-G. Ban and S. P. Alpay
ssion coefficients of the film and the substrate that develop as
the film cools down fromTG . It should be pointed out that
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the misfit strain for~001! films on ~001! Si substrate as high
as 1.0% is predicted even by taking into account the re
ation due to formation of the misfit dislocations atTG

14 and
the resulting tunability is less than 1% for a maximum a
plied field of 67 kV/cm. Noticeable tunability can only b
achieved at extremely high fields~.100 kV/cm!. This agrees
with the experimental data reported by Basceriet al.34 In
practice, one or more buffer layers between the film a
substrate are often used to reduce the internal stresses i
film.26

It can be seen from Fig. 7~a! that the tunability of the
film on STO substrate increases continuously with increas
film thickness. This is due to the fact that the film on ST
remains in thec phase region throughout the thickness ran
evaluated. Therefore, films on STO substrates should b
thick as possible in order to achieve optimum tunability. F
films on the MgO and LAO substrates, however, the tuna
ity behaves significantly different. There is a maximum
the tunability at;120 and 90 nm for films on LAO and
MgO substrates, respectively. The tunability drops
sharply for films with a thickness less than the critical valu
The rate of decline in the tunability is relatively smaller f
films thicker than the critical thickness. The maximum in t
tunability is associated with a phase transformation from
c phase to theparaelectricphase due to the reduction in th
magnitude of the misfit strain with increasing film thickne
@see Fig. 6~a!#. Consequently, to obtain maximum tunabilit
the thickness of BST 50/50 films on MgO and LAO su
strates should be chosen as close to the critical film thickn
as possible.

IV. CONCLUDING REMARKS

We have developed a thermodynamic model based
the LD phenomenology to provide a quantitative predict
of the tunability in epitaxial BST films on various substrat
as a function of film thickness. We have shown that the
lection of the substrate and/or the film thickness can be c
sen as design parameters to manipulate the strain state i
film to achieve optimum tunability. The analysis is in goo
agreement with experimental results and explains the gen
trend observed in experimental studies that show that
tunability significantly deteriorates with increasing intern
stress level.11,12 Annealing treatments as well as the depo
tion of a buffer layer is generally used to lower the intern
stress level as to improve the tunability in ferroelectric th
films.

Although we have focused on the BST 50/50 compo
tion, the approach can be readily applied to other BST co
positions with only slight modifications. For composition
close to STO, it should be taken into account that upon co
ing bulk STO undergoes a cubic to tetragonal antiferrodis
tive transition at 105 K. A ferroelectric transformation
stress-free STO crystals is not observed but it is possibl
induce ferroelectricity via external35,36 as well as internal
stresses due to epitaxy.16

It is worthwhile to note some limitations of the mod

510 J. Appl. Phys., Vol. 93, No. 1, 1 January 2003
employed. First of all, the coefficients in the free energy
expansion for BST film are obtained by simply averaging th
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corresponding free energy expansion coefficients and
elastic moduli of BT and STO due to lack of data on sing
crystals of the same composition. Second, the sixth-or
polarization terms and their coupling with internal stress
are neglected, which is a reasonable approximation in
vicinity of TC .37 Furthermore, we have disregarded the po
sibility of the formation of polydomain~polytwin! structures
as a mechanism to relax internal stresses because of the
self-strain of the paraelectric–ferroelectric phase transfor
tion in the investigated temperature range. Although the
mation of certain polydomain structures is thermodynam
cally possible for relatively large tensile misfits,31,33,38–45

there is no experimental observation of such structures
epitaxial BST films with Ba concentration in the 0.3–0
interval. Additionally, it should be kept in mind that the mi
fit dislocation model of Matthews and Blakeslee is the res
of a thermodynamic analysis and thus the real critical thi
ness for dislocation formation and the linear equilibrium d
location density may differ significantly from the actual o
served values because of kinetic factors.30,46,47A variation in
the critical thickness for misfit dislocation generation shou
in turn alter the critical thickness for maximum tunabili
@Fig. 7~b! and 7~c!# but not the value of the critica
misfit strain~Fig. 6!. Finally, the thermodynamic model ma
not be applicable for films less than;20 nm thick because
the model does not take into account depolarizing fie
and surface effects, which may tend to suppre
ferroelectricity.7,48–50Very recently, it was proposed that th
so-called size effect in ferroelectric particles is due to a
crease in the spontaneous polarization at the particle
instead of the surface effect or the depolarization field51

The phenomenological treatment showed that the LD exp
sion coefficients may very well be size dependent.

As a final note, a tunability as high as 100% is predict
for epitaxial BST films in our calculations close to the cri
cal misfit. Experimentally, only a tunability of;80% has
been reported.3 This discrepancy is mainly because of th
overestimation of the small-signal dielectric constant t
displays an anomaly at the critical misfit strain due to t
structural phase transformations, resulting in a very high t
ability in the vicinity of the critical misfit. However, such
sharp response in the dielectric constant as a function
temperature in actual films cannot be observed mainly du
microstructural and chemical inhomogeneities as well as
fects which tend to diffuse the paraelectric–ferroelect
phase transformation over a temperature interval rather
a single point. Far from the critical strain, however, our c
culations are in good agreement with the experimental d
from the literature.
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48D. R. Tilley and B. Žekš, Solid State Commun.49, 823 ~1984!.
49D. R. Zhong, Y. G. Wang, P. L. Zhang, and B. D. Qu, Phys. Rev. B50, 698

~1994!.
50

511Z.-G. Ban and S. P. Alpay
B. Jiang and L. A. Bursill, Phys. Rev. B60, 9978~1999!.
51E. K. Akdogan and A. Safari, J. Appl. Phys.~in press!.

IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp


