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Abstract

We consider the effects of crystallographic symmetry, texture, and internal strain on the dielectric properties of polycrystalline ferroelec-
tric thin films with fiber textures, including spontaneous polarization, coercivity, dielectric constant, dielectric tunability, and strain-induced
phase transition, by combining Landau–Ginzburg–Devonshire phenomenological theory for ferroelectrics with the micromechanics theory
for polycrystalline thin films. Cubic and tetragonal BaxSr1�xTiO3 (BST) films with [001] fiber texture, and cubic and rhombohedral BST
films with [111] texture are considered. The results show that for [001]-textured film compressive strain enhances the spontaneous polar-
ization, coercivity, and tunability while it decreases the dielectric constant; for [111]-textured film the effects are the opposite. It is also noted
that [111]-textured films are less sensitive to internal strain than [001]-textured films. Good agreement with experimental data is also
observed.
� 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Over the last decade ferroelectric thin films have
attracted considerable attention because of their unique
ferroelectric, dielectric, and piezoelectric properties, which
are promising for microelectronic and micromechanical
applications in sensors, actuators, transducers, capacitors,
or memory cells [1]. The functional properties of ferroelec-
tric thin films are usually significantly different from those
of their bulk counterparts, due to the intrinsic or extrinsic
size effects associated with film thickness and the influence
of substrate [2–4]. In particular, it was found that the
dielectric constant of heteroepitaxial BaxSr1�xTiO3 (BST)
film is smaller than the bulk value and decreases rapidly
for films less than 100 nm thick [5], which is attributed to
the influence of internal stress induced by the substrate
constraint [6]. The dielectric properties of BST are impor-
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tant for potential applications in frequency-agile micro-
wave devices due to the large dielectric tunability [7,8].

Most theoretical models of ferroelectric thin films are
based on Landau–Ginzburg–Devonshire phenomenologi-
cal theory [9–11]. Under this framework, the effects of sub-
strate constraint, internal stress, and film thickness have
been successfully analyzed, and phase diagrams have been
constructed [5,6]. Most of the previous studies focused on
epitaxial single-crystalline thin films, without addressing
the important influence of intergranular constraint [12] in
polycrystalline films. This paper is intended to address this
deficiency. In particular, we seek to combine Landau–
Ginzburg–Devonshire phenomenological theory for ferro-
electrics with the micromechanics theory for polycrystalline
thin films, which allows us to study the overall behavior of
a polycrystalline ferroelectric thin film in terms of its micro-
structure, especially the texture and internal strain. We are
especially interested in films with fiber textures, which can
be analyzed rigorously without approximations regarding
the distribution of electromechanical field in the film
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[13,14]. In fact, such fiber textures are commonly observed
in thin-film deposition. For example, highly [001]-textured
BST films have been grown by liquid-source metalorganic
chemical vapor deposition [15], and [111]-oriented
Pb(Zr,Ti)O3 (PZT) films have been deposited using they
sol–gel technique [16], with grains in both films being
columnar.

The importance of internal stress and strain in polycrys-
talline thin films is widely recognized, which has a signifi-
cant influence on the dielectric behavior of BST thin films
through the electrostrictive effect and phase transitions
[6,10,11]. Generally speaking, the internal stress and strain
can be experimentally adjusted by varying the film thick-
ness [5,6], by selecting different substrates [17], by changing
the deposition conditions, and by post-annealing processes
[18]. Recently, Morito and Suzuki [21] have reported a
detailed experimental investigation on the effects of residue
strain on the microstructure and dielectric properties of
sputter-deposited polycrystalline BST thin films. In addi-
tion, the effects of strain gradient [19] and nonequally biax-
ial misfit strain [20] on the dielectric properties of epitaxial
ferroelectric thin films have also been reported. However,
such effects, despite their importance, have rarely been
studied theoretically other than in epitaxial single-crystal-
line thin films.

The paper is organized as follows. The phenomenologi-
cal model for ferroelectrics is introduced first in Section 2,
where the nonlinear electromechanical constitutive equa-
tions are derived from their thermodynamic potential, with
special attention being paid to films consisting of crystal-
line grains of cubic symmetry. Ferroelectric films with fiber
textures are considered in Section 3, where cubic and
tetragonal films with [001] texture and cubic and rhombo-
hedral films with [111] texture are studied in detail after
general considerations. Numerical results and discussions
are then presented in Section 4.
2. Phenomenological model of ferroelectrics

2.1. Energetics and constitutive equations

We consider a ferroelectric thin film X sandwiched
between a top electrode and a substrate, with the potential
energy given by

F ðr;PÞ ¼
Z

X
ðW ðr;PÞ � E0 � Pþ e0 � rÞdxþ e0

2

Z
R3

jr/j2 dx

ð1Þ

where the first term is the ‘stored energy density’ of the ferro-
electric which depends on the state variables, stress r and
polarization P. At any given x, W(r,P) encodes the infor-
mation that the ferroelectric prefers certain states of stress
and polarization, as we will elaborate later. In particular, it
has a multi-well structure, leading to ‘variants’ of different
transformation strain and polarization. The second term is
the potential associated with the applied electric field E0
which tends to align the polarization towards E0, and the
third term is the energy associated with the applied
mechanical constraint, where e0 is the strain consistent with
the mechanical constraint imposed by the substrate, the
misfit strain; it can also be the residue strain induced during
thin-film deposition. The final term is the depolarization
energy due to the electric field generated by the polariza-
tion distribution in the ferroelectric, where e0 = 8.85 ·
10�12 C2/N m2 is the permittivity of free space. The electric
potential / is obtained by solving Maxwell’s equation

r � ð�e0r/þ PvXÞ ¼ r � ðe0E0 þ PvXÞ ¼ qf ð2Þ
subject to appropriate boundary conditions, where
E 0 = �$/ is the electric field induced by the polarization
distribution, vX is the characteristic function of X and qf

is the free charge density. We ignore the interface energy
that penalizes the polarization gradient, which is appropri-
ate if the size of the ferroelectric is much larger than the
correlation length of polarization [22]. This type of poten-
tial energy of a ferroelectric is derived from the one estab-
lished by Shu and Bhattacharya [23], who used strain
rather than stress as an independent variable.

In general, we can expand W as a polynomial of r up to
the second order and P up to the fourth order [9,10], result-
ing in

W ðr;PÞ ¼ 1
2
P � bPþ 1

2
ðP� PÞ � aðP� PÞ � 1

2
r � sr

� ðP� PÞ �Qr ð3Þ

where b is the second-rank dielectric tensor, a is the fourth-
rank dielectric tensor, s is the fourth-rank elastic compli-
ance tensor, and Q is the fourth-rank electrostrictive tensor.
The stress and polarization adopted by a ferroelectric in
an equilibrium state will then maximize and minimize the
potential energy, respectively, leading to

dF
dr
¼ 0;

dF
dP
¼ 0 ð4Þ

which results in the following constitutive equations:

e0 ¼ � oW
or
¼ srþQðP� PÞ;

E ¼ E0 þ E0 ¼ oW
oP
¼ bPþ oðP� PÞ

oP
� aðP� PÞ

� oðP� PÞ
oP

�Qr

ð5Þ

where E is the total electric field in the thin film, consisting
of the external electric field applied by the electrodes and
the internal depolarization field induced by the polarization
distribution. In the constitutive equation, the stress and
polarization are nonlinearly coupled, where the electro-
strictive stain is dependent on the polarization quadrati-
cally, and the electric field is dependent on stress linearly,
both through the electrostrictive tensor Q. High-order
dielectric response is considered by the fourth-rank dielec-
tric tensor a. We point out that instead of working with the
potential energy (Eq. (3)) directly, which is common for the
study of single-crystalline thin films, coupled constitutive
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equations (Eqs. (5)) have to be used to study ferroelectric
polycrystalline films, which generally have heterogeneous
electromechanical field distribution that can be more con-
veniently determined from the constitutive equations.

2.2. Ferroelectrics with cubic symmetry

To be specific, let us consider a ferroelectric possessing
cubic symmetry at high temperature, with the constitutive
moduli written in the following matrix forms [24]:
b ¼
b1 0 0

0 b1 0

0 0 b1

0
B@

1
CA; a ¼

a11 b b 0 0 0

b a11 b 0 0 0

b b a11 0 0 0

0 0 0 a12 � 2b 0 0

0 0 0 0 a12 � 2b 0

0 0 0 0 0 a12 � 2b

0
BBBBBBBB@

1
CCCCCCCCA
;

s ¼

s11 s12 s12 0 0 0

s12 s11 s12 0 0 0

s12 s12 s11 0 0 0

0 0 0 s44 0 0

0 0 0 0 s44 0

0 0 0 0 0 s44

0
BBBBBBBB@

1
CCCCCCCCA
; Q ¼

Q11 Q12 Q12 0 0 0

Q12 Q11 Q12 0 0 0

Q12 Q12 Q11 0 0 0

0 0 0 Q44 0 0

0 0 0 0 Q44 0

0 0 0 0 0 Q44

0
BBBBBBBB@

1
CCCCCCCCA
The temperature-dependent dielectric stiffness b1 is given
by the well-known Curie–Weiss law

b1 ¼
T � T 0

2e0C

where T0 and C are the Curie–Weiss temperature and con-
stant, respectively. We adopt the usual conversion rule be-
tween tensor and matrix representations of s, r, and e [24];
the conversion rules for fourth-rank tensor Q and a are
similar to s. These conversions are necessary for tensor
rotation when grains at different orientations are consid-
ered. With these constitutive moduli given in matrix nota-
tion, the stored energy density can then be written as

W ¼ 1
2
b1ðP 2

1þP 2
2þP 2

3Þþ 1
2
a11ðP 4

1þP 4
2þP 4

3Þ
þ 1

2
a12ðP 2

1P 2
2þP 2

1P 2
3þP 2

2P 2
3Þ� 1

2
s11ðr2

1þr2
2þr2

3Þ
� s12ðr1r2þr1r3þr2r3Þ� 1

2
s44ðr2

4þr2
5þr2

6Þ
�Q11ðr1P 2

1þr2P 2
2þr3P 2

3Þ�Q44ðr4P 2P 3þr5P 3P 1

þr6P 1P 2Þ�Q12½r1ðP 2
2þP 2

3Þþr2ðP 2
1þP 3

3Þþr3ðP 2
1þP 2

2Þ�
ð6Þ

resulting in the following constitutive equations in matrix
form:

e ¼ srþQP2; E ¼ bPþ P̂aP2 � P̂Qr ð7Þ
where
P2 ¼

P 2
1

P 2
2

P 2
3

P 2P 3

P 1P 3

P 1P 2

0
BBBBBBBB@

1
CCCCCCCCA
; P̂ ¼

2P 1 0 0 0 P 3 P 2

0 2P 2 0 P 3 0 P 1

0 0 2P 3 P 2 P 1 0

0
B@

1
CA
This is the constitutive equation for a ferroelectric crystal
with cubic symmetry, which serves as the input in our study
of polycrystalline ferroelectric thin films.
3. Ferroelectric films with fiber texture

3.1. General considerations

We now consider a ferroelectric polycrystalline film con-
sisting of numerous grains of different orientations. For
each of the grains, the constitutive behavior is assumed
known, given by Eq. (7) in their respective local coordinate
system X fixed on individual grains, with Xi aligned along
certain crystallographic directions. What we are interested
in is the overall response of the polycrystalline film that has
to be given in a global coordinate, x, which is fixed on the
film and thus is common for all grains. In addition, we
assume that the film possesses fiber texture, i.e., each grain
is columnar and has its X3 aligned along the normal direc-
tion of the film, the x3 axis of the global coordinate. Within
the x1–x2 plane, the texture is arbitrary. As a result, the ori-
entation of each grain can be described by a single variable
h, which is the angle between X1 of the grain and x1 of the
film (see Fig. 1). Such fiber texture is not only convenient
for mathematical analysis, but also quite commonly
observed in experiments [15,16].
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Fig. 1. Schematic of a polycrystalline ferroelectric thin film with fiber
texture.
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The thin-film microstructure is different from that of
bulk materials in a couple of aspects. First, it is strongly
constrained by the substrate, which imposes a biaxial
misfit strain e0 along the x1 and x2 directions. Second,
each grain in the thin film is strongly constrained by
its neighboring grains, and thus cannot deform freely.
As a result, the electromechanical behavior of such a
fiber-textured thin film is markedly different from that
of bulk materials. In order to determine the electrome-
chanical response of the film subjected to an applied
electric field E0 along x3, the distribution of electrome-
chanical field in each grain has to be determined first
and then averaged. This is not a trivial problem in gen-
eral, but can be solved exactly for certain fiber textures.
Here we summarize our solution strategy. First, we
decompose the thin film into individual grains subject
to the biaxial constraint from the substrate, but free of
constraint from its neighbors. As a result, its electrome-
chanical field can be determined. We then notice that the
electromechanical field in each of the grains will not
depend on its orientation h under certain crystallographic
symmetries and fiber textures, which allows us to reas-
semble individual grains into a thin film without any dis-
turbance. Finally, we average the electromechanical field
over all grains to yield the overall response of the thin
film under the applied electric field, from which the elec-
tromechanical properties, particularly the dielectric prop-
erties in which we are interested, can be determined. We
follow this procedure in the following analysis.
For a ferroelectric film subjected to an applied electric
field E0 along the x3 axis and biaxial misfit strain e0 along
the x1 and x2 directions, with the top surface traction free,
some components of average electric field, strain, and stress
in the film can be determined from the boundary condi-
tions as
hEi ¼ ð0; 0;E0Þ; he1i ¼ he2i ¼ e0; he6i ¼ 0;

hr3i ¼ hr4i ¼ hr5i ¼ 0 ð8Þ
where Æ æ is used to denote orientational averaging over
all grains. Within the thin film, the electromechanical
field could vary from grain to grain due to the hetero-
geneity. They can be determined, however, from the
above-mentioned imaginary cut–paste experiment. First,
we disassemble the film into individual grains, and rotate
the electromechanical loading applied at the boundary of
thin film from the global coordinate to local coordinates
of each individual grain, so that for a grain at h, we
have

rðhÞ ¼ fr1ðhÞ; r2ðhÞ; 0; 0; 0; r6ðhÞgT
;

eðhÞ ¼ fe0; e0; e3ðhÞ; e4ðhÞ; e5ðhÞ; 0gT
; EðhÞ ¼ f0; 0;E0gT

where three components of stress and three components of
strain are unknown and have to be determined. For a grain
at orientation h, as a result, the constitutive equations in
the local coordinates are given by:
eðhÞ ¼ srðhÞ þQP2ðhÞ ð9Þ
E ¼ bPðhÞ þ P̂ðhÞaP2ðhÞ � P̂ðhÞQrðhÞ ð10Þ
Since we will consider both [001] and [11 1] fiber tex-
tures, the local coordinates might not be aligned along
the principal axes of cubic symmetry, and the local com-
pliance moduli can in general be expressed as
s ¼

s11 s12 s13 0 s15 0

s12 s11 s12 0 s25 0

s13 s13 s11 0 0 0

0 0 0 s44 0 s46

s15 s25 0 0 s44 0

0 0 0 s46 0 s66

0
BBBBBBBBBBB@

1
CCCCCCCCCCCA
for both [001] and [111] fiber textures, with Q and a hav-
ing similar structures. In order to solve the equations to
determine the unknown electromechanical field, we rear-
range Eq. (9) as follows:
Y

Z

� �
¼

V B

BT N

� �
F

G

� �
þ

C D

DT M

� �
K

L

� �
ð11Þ
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where

Y ¼
e0

e0

0

0
B@

1
CA; Z ¼

e3ðhÞ
e4ðhÞ
e5ðhÞ

0
B@

1
CA; F¼

r1ðhÞ
r2ðhÞ
r6ðhÞ

0
B@

1
CA; G ¼

0

0

0

0
B@

1
CA;

K ¼
P 2

1ðhÞ
P 2

2ðhÞ
P 1ðhÞP 2ðhÞ

0
B@

1
CA; L ¼

P 2
3ðhÞ

P 2ðhÞP 3ðhÞ
P 3ðhÞP 1ðhÞ

0
B@

1
CA;

V ¼
s11 s12 0

s12 s11 0

0 0 s66

0
B@

1
CA; B¼

s13 0 s15

s13 0 s25

0 s46 0

0
B@

1
CA;

N ¼
s11 0 0

0 s44 0

0 0 s44

0
B@

1
CA; C¼

Q11 Q12 0

Q12 Q11 0

0 0 Q66

0
B@

1
CA;

D ¼
Q13 0 Q15

Q13 0 Q25

0 Q46 0

0
B@

1
CA; M¼

Q11 0 0

0 Q44 0

0 0 Q44

0
B@

1
CA

Notice that Y and G are known strain and stress compo-
nents, while Z and F are unknown strain and stress compo-
nents that need to be determined. Solving Eq. (11), we
obtain:

F ¼ V�1ðY� BG� CK�DLÞ
Z ¼ BTV�1Yþ ðN� BTV�1BÞG

þ ðDT � BTV�1CÞKþ ðM� BTV�1DÞL
ð12Þ

in the local coordinates of the grain at orientation h. A sim-
ilar technique has been applied to calculate the effective
constitutive moduli of ferroelectric single crystals with
engineered domain configurations [25–27]. We then rotate
the solved electromechanical field in each grain from the
local coordinates to global coordinates, and after the trans-
formation it turns out that they do not depend on the orien-
tation if the grain is either tetragonal with [001] fiber texture
or rhombohedral with [111] fiber texture, as we show in Sec-
tions 3.2 and 3.3. As a result, the electromechanical field in
those thin films is uniform, which allows us to reassemble
the grains into the thin film without any disturbance. This
uniform electromechanical field is also the averaged electro-
mechanical field of the thin film for which we are seeking.
This completes the imaginary cut–paste experiment.

In order to calculate the stress and strain in the film, we
still need to determine the polarization in individual grains
under the applied electric field, which requires considering
the specific symmetry and is pursued in Sections 3.2 and
3.3. We are particularly interested in the variation of dielec-
tric constant as a function of the applied electric field,
which can be determined from

v33ðE0Þ ¼ oP 3

oE0
ð13Þ

The dielectric tunability /, an important figure of merit for
microwave applications, can then be derived from the var-
iation of the dielectric constant with respect to the applied
electric field [11]:

/ ¼ 1� v33ðE0Þ
v33ð0Þ

ð14Þ
3.2. Cubic and tetragonal phases with [001] fiber texture

A ferroelectric crystal is in the tetragonal phase with
spontaneous polarization at a temperature lower than the
Curie temperature. For a polycrystalline film consisting
of grains of tetragonal phase with their [001] directions
aligned along the x3-axis, the spontaneous polarization of
a grain at orientation h is given by

P 1 ¼ P 2 ¼ 0; P 3ðhÞ ¼ 0

In contrast, at a temperature higher than the Curie temper-
ature, the crystal is in the cubic phase with no spontaneous
polarization:

P 1 ¼ P 2 ¼ P 3 ¼ 0

which can be considered as a special case of the tetragonal
phase. In either phase, we have the following relationship
among the constitutive moduli derived from material
symmetry:

s12 ¼ s13; s44 ¼ s66; s15 ¼ s25 ¼ 0; s46 ¼ 0

which allows us to determine the unknown stress and strain
components in terms of polarization under local coordinate
system by solving Eq. (12):

r1ðhÞ ¼ r2ðhÞ ¼
e0 � P 2

3ðhÞQ12

s11 þ s12

; r6ðhÞ ¼ 0

e3ðhÞ ¼
2s12e0½Q11ðs11 þ s12Þ � 2Q12s12�P 2

3ðhÞ
s11 þ s12

;

e4ðhÞ ¼ e5ðhÞ ¼ 0

ð15Þ

Meanwhile, from Eq. (10) we obtain the equation for
polarization of grain at orientation h:

b1P 3ðhÞ þ 2a11P 3
3ðhÞ � 2Q12½r1ðhÞ þ r2ðhÞ�P 3ðhÞ � E0 ¼ 0

ð16Þ
Substituting Eq. (15) into the above polarization equation,
we obtain

b1 �
4Q12e

0

s11 þ s12

� �
P 3ðhÞ þ 2 a11 þ

2Q2
12

s11 þ s12

� �
P 3

3ðhÞ � E0 ¼ 0

ð17Þ
By introducing two nominal dielectric constants

b�1 ¼ b1 �
4Q12e

0

s11 þ s12

; a�1 ¼ a11 þ
2Q2

12

s11 þ s12

ð18Þ

Eq. (17) can be rewritten as

b�1P 3ðhÞ þ 2a�11P 3
3ðhÞ � E0 ¼ 0 ð19Þ

and the cubic–tetragonal phase transition temperature can
be determined from b�1 ¼ 0 as
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T c ¼ T 0 þ
8Ce0Q12

s11 þ s12

e0 ð20Þ

Clearly the polarization P3 does not depend on h in local
coordinates, and neither do r1, r2, and e3. Since both elec-
tric field and polarization are uniaxial, and both stress and
strain are equi-biaxial, the electromechanical field will re-
main unchanged after transforming back to global coordi-
nates, suggesting that the electromechanical field due to the
specified boundary condition is uniform in the thin film.
This allows us to reassemble the grains into the film with-
V0 ¼

1
4
ð2s11 þ 2s12 þ s44Þ 1

12
ð2s11 þ 10s12 � s44Þ 0

1
12
ð2s11 þ 10s12 � s44Þ 1

4
ð2s11 þ 2s12 þ s44Þ 0

0 0 2
3
ðs11 � s12 þ s44Þ

0
B@

1
CA;

B0 ¼

1
6
ð2s11 þ 4s12 � s44Þ 0 1

3
ffiffi
2
p ð�2s11 þ 2s12 þ s44Þ

1
6
ð2s11 þ 4s12 � s44Þ 0 1

3
ffiffi
2
p ð2s11 � 2s12 � s44Þ

0
ffiffi
2
p

3
ð2s11 � 2s12 � s44Þ 0

0
BB@

1
CCA;

N0 ¼

1
3
ðs11 þ 2s12 þ s44Þ 0 0

0 1
3
ð4s11 � 4s12 þ s44Þ 0

0 0 1
3
ð4s11 � 4s12 þ s44Þ

0
B@

1
CA
out any disturbance. Then the spontaneous polarization
of the film can be determined as

P s ¼
ffiffiffiffiffiffiffiffiffi
�b�1
2a�11

s
ð21Þ

and the dielectric constant as a function of the applied elec-
tric field can be determined from

v33ðE0Þ ¼ oP 3

oE0
¼ 1

b�1 þ 6a�11P 2
3ðhÞ

ð22Þ
e3ðhÞ¼
e0ð4s11þ8s12�2s44Þ�3P 2ðhÞ½2Q44ðs11þ2s12ÞþðQ11þ2Q12Þs44�

4s11þ8s12þs44

; e4ðhÞ¼e5ðhÞ¼0 ð25Þ
from which the dielectric tunability / can be obtained as

/ ¼ 1� b�1 þ 6a�11ðP sÞ2

b�1 þ 6a�11P 2
3ðhÞ

ð23Þ
3.3. Cubic and rhombohedral phase with [1 11] fiber texture

For a ferroelectric thin film consisting of grains of rhom-
bohedral phase, the spontaneous polarization in the local
cubic coordinates is given by

P 1 ¼ P 2 ¼ P 3 ¼ P ðhÞ ¼ 0
which also includes the cubic phase as a special case where
the spontaneous polarization is zero. When the thin film
has [111] fiber texture, with each grain having its [111]
direction along the x3-axis, it is more convenient to choose
the local coordinates X1, X2, and X3 along ½11�2�, ½�110�, and
[11 1] directions, respectively. Under these local coordi-
nates, the polarization for grain at orientation h is

P0 ¼ ½0; 0;
ffiffiffi
3
p

P ðhÞ�

and the electromechanical constitutive moduli are:
with the structures of C 0, D 0, and M 0 similar to V 0, B 0, and
N 0, respectively. Substituting them into Eq. (12), the un-
known stress and strain components for grain at orienta-
tion h in the local coordinates are derived as

r1ðhÞ ¼ r2ðhÞ

¼ 6e0 � 3P 2ðhÞð2Q11 þ 4Q12 � Q44Þ
4s11 þ 8s12 þ s44

; r6ðhÞ ¼ 0

ð24Þ

and
while the polarization can be solved from
ffiffiffi
3
p

PðhÞb1 þ 2
ffiffiffi
3
p

P 3ðhÞða11 þ a12Þ � 1ffiffi
3
p P ðhÞ

� ð2Q11 þ 4Q12 � Q44Þ½r1ðhÞ þ r2ðhÞ� ¼ E0
Here b = a12/4 is assumed for the rhombohedral phase.
Substituting the stress components into the above polariza-
tion equation, we obtain
ffiffiffi
3
p

PðhÞb�1 þ 2
ffiffiffi
3
p

P 3ðhÞa�11 � E0 ¼ 0 ð26Þ
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from which the cubic–rhombohedral phase transition tem-
perature, the spontaneous polarization, and the dielectric
constant can be determined as:

T c ¼ T 0 þ
8Ce0ð2Q11 þ 4Q12 � Q44Þ

4s11 þ 8s12 � 2s44

e0 ð27Þ

P s ¼
ffiffiffi
3
p

P ðhÞ ¼
ffiffiffiffiffiffiffiffiffiffiffi
�3b�1
2a�11

s
ð28Þ

v33ðE0Þ ¼ o½
ffiffiffi
3
p

PðhÞ�
oE0

¼ 1

b�1 þ 6a�11P 2ðhÞ
ð29Þ

where the nominal dielectric constants are defined as:

b�1 ¼ b1 �
4e0ðQ11 þ 2Q12 � Q44Þ

4s11 þ 8s12 � s44

a�11 ¼ a11 þ a12 þ
ðQ11 þ 2Q12 � Q44Þ

2

4s11 þ 8s12 � s44

ð30Þ
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Fig. 2. Dielectric properties of cubic [001] BST as a function of applied
field E0 at different misfit strains: (a) polarization; (b) dielectric constant;
(c) tunability.
4. Results and discussion

We now apply the theory to study the dielectric behavior
of Ba0.7Sr0.3TiO3 (BST 70/30) films of different symmetries
and fiber textures. The constitutive moduli of the single-
crystalline BST 70/30 that we use in the following calcula-
tions are given in Table 1 [11].

4.1. Cubic phase with [001] fiber texture

We first consider a cubic phase polycrystalline BST film
with [001] fiber texture, which is considered as a special
case of tetragonal ferroelectric BST. The polarization,
dielectric constant, and tunability of such a BST film as
functions of the applied electric field subjected to different
misfit strains at 150 �C are shown in Fig. 2. It is observed
that both polarization and dielectric tunability increase
with the applied electric field, with the dielectric tunability
rapidly increasing until it reaches about 70% at around
50 MV/m when e0 = 0; the dielectric constant decreases
with the applied electric field. This can be understood from
Eqs. (19), (22) and (23) with positive b�1 and a�11. In partic-
ular, we notice that the increase of polarization decreases
the dielectric constant while increasing the tunability. It is
also observed that the compressive strain enhances the
polarization, dielectric constant, and tunability, while ten-
sile strain decreases them, consistent with experimental
observations [5,6]. This is because the compressive strain
decreases b�1 when Q12 is negative, according to Eq. (18),
leading to increased polarization, dielectric constant, and
tunability, according to Eqs. (19), (22) and (23). As a result,
the misfit strain can be applied to tune the dielectric prop-
erties of BST for microwave applications.
Table 1
The constitutive moduli of single-crystalline BST 70/30 film [11]

T0

(�C)
C

(105 �C)
a11

(106 m5/C2F)
a12

(106 m5/C2F)
s11

(10�12 m2/N)
s12

(10�12 m2/N)
s44

(10�12 m2/N)
Q11

(m4/C2)
Q12

(m4/C2)
Q44

(m4/C2)

34 0.65 5.04T + 378 1442 5.92 �1.92 6.7 0.1 �0.034 0.029
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We also compare our calculated dielectric constants of
BST 70/30 film at 50 �C as a function of misfit strain with
experiment data for highly textured BST 70/30 films grown
on Si substrates [15,11], as shown in Fig. 3. Good agreement
is observed especially when the misfit strain is small. It is
noted that the misfit strain used here is calculated from film
thickness, as originally proposed by Ban and Alpay [11]. In
addition, we compared the variation of the polarization with
the electric field for the 80 nm BST 70/30 film at 200 �C [15],
and again good agreement is observed as shown in Fig. 4,
especially when the electric field is modest. At higher electric
field, a higher order dielectric constant is probably necessary
to model the dielectric behavior more accurately.

4.2. Cubic phase with [111] fiber texture

Next we consider the polarization, dielectric constant,
and dielectric tunability of cubic phase BST film with
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Fig. 3. Comparison between the theoretical calculations of dielectric
constant v33/e0 of BST 70/30 film with reported experimental results.
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signal C–V data for the 80 nm BST 70/30 film and our calculated results at
200 �C.
[11 1] fiber texture at a temperature T = 150 �C, which is
regarded as a special case of the rhombohedral phase.
From Fig. 5, it is observed that both the polarization and
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Fig. 5. Dielectric properties of cubic [111] fiber-textured BST film as a
function of applied field E0 at different misfit strain: (a) polarization;
(b) dielectric constant; (c) tunability.
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tunability increase while the dielectric constant decreases
with the applied electric field, similar to the results for
[001] fiber-textured cubic BST. However, it is noted that,
unlike cubic BST with [001] fiber texture, the tensile strain
enhances the polarization, dielectric constant, and tunabil-
ity, while compressive strain decreases them. This is
because Q11 + 2Q12 � Q44 in the expression for b�1 of
Eq. (30) is positive, opposite to Q12 of [001]-textured film.
In other words, under an electric field applied along the
normal direction of the film, the [001]-textured film would
contract in-plane, while the [11 1]-textured one would
expand instead, and this difference leads to the different
responses to misfit strain. In addition, we notice the
[111]-textured film is less sensitive to the variation of the
misfit strain than the [001]-textured one.

4.3. Tetragonal phase with [00 1] fiber texture

We now consider a ferroelectric BST film in tetragonal
phase with [001] fiber texture at a temperature T = 0 �C,
with hysteresis, dielectric constant, and tunability as func-
tions of the applied field at different misfit strains shown
in Fig. 6. It is observed that compressive misfit strain
increases both the spontaneous polarization and coercive
field, while at the same time decreases the dielectric peak
near the polarization switching. This is because, for the
tetragonal phase, the nominal dielectric b�1 is negative,
and its magnitude increases with the compressive strain
because of the negative sign of Q12 in Eq. (18), leading
to enhanced polarization, and thus enhanced coercivity
since higher polarization makes it more difficult to switch.
Meanwhile, a higher polarization and a larger negative
b�1 make the dielectric constant smaller, as seen from
Eq. (22). It is worth noting that the misfit strain can
also change significantly the characteristics of the cubic–
tetragonal phase transition. To illustrate this, we plot
the variation of the polarization and dielectric constant
of [00 1]-textured film as a function of misfit strain at
room temperature with no applied electric field, as shown
in Fig. 7. It is observed that the spontaneous polarization
decreases with the decreasing compressive strain, and at a
critical tensile strain e0 = 0.023%, the spontaneous polari-
zation becomes zero, and the corresponding dielectric
constant shows a peak, indicating that there is a tetrago-
nal–cubic phase transition and a tensile misfit strain disfa-
voring the ferroelectric tetragonal phase. This can also
be understood from Eq. (20), which suggests that a com-
pressive strain increases the phase transition temperature
for the [001]-textured film while a tensile strain decreases
it.

4.4. Rhombohedral phase

Finally, we consider a ferroelectric BST film in rhombo-
hedral phase with [111] fiber texture at a temperature
T = �50 �C, with hysteresis, dielectric constant, and tun-
ability as functions of the applied field at different misfit
strains shown in Fig. 8. It is observed that, in contrast to
the results for the tetragonal phase, the compressive strain
decrease the spontaneous polarization and coercive field
while it increases the peak value of the dielectric constant
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near polarization reversal. This is, again, due to the posi-
tive value of Q11 + 2Q12 � Q44 in the expression for b�1 of
Eq. (30). Moreover, we notice that the [111]-textured
rhombohedral phase is much less sensitive to the misfit
strain than the [001]-textured tetragonal phase, which is
similar to what we observed for the cubic phase with
[111] and [001] fiber textures. To study the effect of misfit
strain on phase transition characteristics, we plot the vari-
ation of the polarization and dielectric constant of the
[111]-textured film as a function of misfit strain at room
temperature with no applied electric field, as shown in
Fig. 9. It is observed that in contrast to [001]-textured
tetragonal films, the spontaneous polarization increases
with the tensile strain. At a critical strain (e0 = �0.11%)
the spontaneous polarization becomes zero, and the corre-
sponding dielectric constant shows a peak, indicating that
there is a rhombohedral–cubic phase transition and a com-
pressive strain disfavoring the ferroelectric rhombohedral
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phase. The difference between [001]- and [111]-textured
films can again be explained by the different signs in the
expression for b�1.

5. Summary

We have combined Landau–Ginzburg–Devonshire
phenomenological theory with the micromechanics theory
to study the dielectric behavior of ferroelectric polycrys-
talline films with fiber textures, where the effects of crys-
tallographic symmetry, texture, and misfit strain on the
spontaneous polarization, coercivity, dielectric constant,
and dielectric tunability have been considered, and the
strain-induced phase transition has also been analyzed.
The calculated dielectric properties are in good agree-
ment with the experimental data reported in the
literature.
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