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We present a detailed strain analysis of epitaxial ferroelectric films taking into account multiple
sources of strain, including the lattice mismatch between the film and the substrate, thermal strains
due to differences in the thermal expansion coefficients of the film and the substrate, and relaxation
by the formation of interfacial dislocations. The lattice parameters of the film are calculated using
a thermodynamic formalism coupled with the strain analysis. The theoretical model shows
that epitaxial (001) BaTiO5 films on (001) MgO are expected to display successive phase
transformations with decreasing temperatures that are different than the bulk. This is verified
experimentally for 50 nm thick (001) BaTiOj films grown on (001) MgO substrates at 720 °C using
pulsed laser deposition. A synchrotron x-ray diffraction study displays two slope changes in the
temperature dependence of the out-of-plane lattice constant. This indicates that two phase
transformations exist in the film as a function of temperature with transition temperatures and lattice
constants that are consistent with the theoretically predicted phases. Theoretical results show that the
first transformation at around 270 °C corresponds to a paraelectric-ferroelectric transition. The
ferroelectric phase has an orthogonal symmetry (Amm2) with in-plane polarization components.
The transformation at around —20 °C is an Amm?2 < Pm transition between two ferroelectric
phases. The ferroelectric Pm phase is monoclinic compared to the thombohedral R3m phase in

bulk. © 2006 American Institute of Physics. [DOIL: 10.1063/1.2198938]

I. INTRODUCTION

Ferroelectric perovskites have many unique physical
properties that make them candidate materials for various
applications such as nonvolatile memories, dynamic random
access memories (DRAMs), tunable devices, and pyroelec-
tric detectors. In the vicinity of a paraelectric-to-ferroelectric
phase transformation, these materials possess many useful
electrical properties as well as drastic variations in the struc-
tural characteristics. It has been shown both experimentally
and theoretically that when ferroelectrics are deposited as
thin films, all electrical and electromechanical properties
vary significantly as functions of the internal stresses.' ™ In-
ternal stresses in thin films arise due to a variety of reasons,
including the lattice mismatch between the film and the sub-
strate in the case of lattice-matched films, differences be-
tween thermal expansion coefficients of the film and the sub-
strate (thermal stresses), the self-strain of the phase
transformation, and microstresses due to defects.

BaTiO; (BT) is the prototypical ferroelectric perovskite.
In BT, the TiO¢ octahedra are linked in a regular cubic array
forming the high-symmetry Pm3m prototype in the paraelec-
tric state. In the ferroelectric state below the Curie tempera-

Y Author to whom correspondence should be addressed; electronic mail:
p.alpay @ims.uconn.edu

YPpresent address: Canadian Light Source, University of Saskatchewan,
Saskatoon SK S7N 0X4, Canada.

0021-8979/2006/99(10)/104103/7/$23.00

99, 104103-1

ture T-=110 °C, a spontaneous polarization arises due to the
noncentrosymmetric displacement of Ti** and O~ ions rela-
tive to Ba*? ions (P4mm). Associated with the phase trans-
formation at T, there is a self-strain proportional to the po-
larization. This self-strain essentially describes the cubic-
tetragonal structural transformation in the crystal due to the
emergence of a permanent polarization via atomic displace-
ments. At room temperature (RT), the spontaneous polariza-
tion of bulk BT is 0.27 C/m? accompanied with an expan-
sion of 0.67% along the easy axis of the polarization and a
contraction of —0.22% in transverse directions.” This corre-
sponds to a tetragonality of 1.2%, where the tetragonality is
defined as d=(c—a)/a, and ¢ and a are the lattice parameters
in the tetragonal ferroelectric state.

The structural variations as a result of the paraelectric-
to-ferroelectric transition are quite different in epitaxial
ferroelectric films. The experimental observations can be ba-
sically categorized into two broad groups. The first group
contains results that do not display any structural character-
istics of the ferroelectric-to-paraelectric phase transformation
where the film remains tetragonal over a large temperature
range. For example, when grown on (001) SrTiO; (ST) sub-
strates with varying thicknesses, BT films are found to be
tetragonal at the deposition temperature and remain tetrago-
nal down to cryogenic temperatures.g_10 In these studies, a
tetragonality greater than 6% is observed in 6.7 nm thick BT
films on ST, more than five times of what it is in the bulk.
The second group of results contains observations where the
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FIG. 1. Temperature-misfit strain phase diagram of the epitaxial (001) BT.

films are tetragonal at the deposition temperature but do dis-
play a variation in the structural characteristics at the critical
temperature of the film>'" which does not correspond to the
transformation temperature in the bulk. These two cases ap-
pear to be incompatible. Among other goals, our present
study should support one view or the other.

As all physical properties of ferroelectric thin films are
directly a function of the internal strain state, it is important
to understand the nature of structural changes due to phase
transformations and relaxation mechanisms. In a recent
study, we have carried out a comprehensive quantitative
theoretical analysis based on a Landau-Devonshire (LD)
thermodynamic model that shows that the phase transforma-
tion temperature, the lattice parameters, and the order of
the phase transformation are strong functions of the
internal stresses and are considerably different compared to
unconstrained, unstressed single crystals of the same
composition.12 Depending on the internal stress state, it is
possible that the structural aspects of the paraelectric-
ferroelectric phase transformation may be completely ob-
scured in the presence of epitaxial strains. This model also
incorporates the stress relaxation at the deposition tempera-
ture by (interfacial) misfit dislocation generation as well as
the effect of thermal stresses that may develop as the film is
cooled down from the growth temperature 7.

In this study, building upon our earlier work,'? we in-
clude the possibility of the rotation of the polarization as a
function of internal strain and temperature and report the
results of a systematic theoretical and experimental investi-
gation to explain the structural variations in ferroelectric
films in the presence of biaxial epitaxial strains. Allowing the
polarization of the film to adjust itself to changes in the stress
conditions by rotating in all three dimensions may result in
unusual phases not present in bulk ferroelectrics."® Theoret-
ical predictions combined with experimental observations
based on a synchrotron x-ray diffraction analysis of the lat-
tice parameters of a 50 nm thick (001) BT film on (001)
MgO as a function of temperature suggest that it is possible
to induce a monoclinic phase in epitaxial BT films at low
temperatures.
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Il. THEORY

We will first begin with a comprehensive theoretical
model to explain experimental observations of the lattice pa-
rameters of epitaxial (001) BT on (001) MgO substrate as a
function of temperature. In this analysis, the measurement of
the in-plane lattice parameter is used as an input to the ther-
modynamic model that yields the out-of-plane lattice param-
eter as a function of temperature as well as phase transfor-
mation temperatures.

A. Temperature-misfit strain phase diagram of (001)
BT

The theoretical analysis starts with the construction of
the temperature-misfit strain phase diagram of the epitaxial
single-domain (001) BT film, details of which are described
by Pertsev et al."> (Fig. 1). Very briefly, a LD free energy
functional is constructed where the biaxial stress state of an
epitaxial ferroelectric film is coupled with the polarization
vector P;, the order parameter of the phase transformation.
The formation of six possible phases due to the change in
the symmetry as a result of the mechanical boundary condi-
tions is predicted theoretically, compared to only four phases
in bulk single crystals. These six phases are the paraelectric
phase (P,=P,=P;=0), the ¢ phase (P,=P,=0,P;#0), the
a phase (P;#0,P,=P;=0), the ac phase (P;#0,P,=0,
P3#0), the aa phase (P;=P,#0,P5=0), and the r phase
(P,=P,#0,P;+#0). The unusual a, aa, and the ac phases
are in essence orientational variants of the ferroelectric te-
tragonal (a phase) and the orthorhombic (aa and ac phases)
phases that are observed in bulk BT. The ¢ and a phases are
tetragonal (space group P4mm), the aa and ac phases are
orthorhombic (space group Amm?2), and the r phase in the
film is monoclinic (space group Pm) compared to the rhom-
bohedral phase with P;=P,=P;#0 (space group R3m) in
the bulk. Different from the phase diagram given by Pertsev
et al.,"”* we do not find a stability region of the ac phase. Our
phase diagram is entirely consistent with recent first prin-
ciples calculations of the strain phase diagram of BT where
the ac phase was absent as well."*!* We also note from Fig.
1 that in a particular epitaxial BT film, there can only be
three distinct phases as a function of temperature, a reduction
from four phases in the bulk BT.

B. Stress (strain) analysis

To describe structural variations, it is necessary to care-
fully analyze the stress state in the film. Epitaxy is charac-
terized by mechanical boundary conditions corresponding to
equal in-plane normal stresses (o;=07,), no shear stresses
(o12=013=033=0), and no out-of-plane stress (o33=0). The
vector and tensor quantities are defined in a Cartesian coor-
dinate system with principal axes x;[l(100)gm, %211(010)g1m,
and x311(001)g,. The main parameter of the LD analysis is
the in-plane misfit strain defined as ¢,,=(ag—ay)/ag where ag
is the substrate lattice parameter and a, is the equivalent
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pseudocubic cell constant of the free standing unconstrained
film.

However, this pseudocubic misfit is not the total strain.
In the limit of linear elasticity, the total strain for a pseudo-
morphic film is

85=8§;+8%. (1)
Here,
|
0P} + 01n(P3+ P3) QP Py
&= QuP Py Q11P3 + Q1x(P} + P3)
QuuP P Q4PrPs

where Q;; are the electrostrictive coefficients in the con-
tracted notation. The self-strain describes the structural varia-
tion in an unconstrained crystal due to the atomic displace-
ments in the crystal lattice that lead to a spontaneous
polarization in the ferroelectric state. We note that depending
on the type of a stable ferroelectric phase, there may be shear
components of the self-strain, but they do not contribute to
the total energy of the system because of the traction-free
film surfaces, i.e., 0,=013=0,3=033=0.

In epitaxial films and heterostructures, the strain due to
the lattice mismatch between the film and the substrate can
be partially or even completely relaxed during the film
growth by the formation of orthogonal arrays of interfacial
(or misfit) dislocations at the film-substrate interface. These
dislocations are equilibrium defects, and their density and
spacing depend on the film thickness, the nominal misfit, and
the deposition temperature.16 Due to the relaxation by misfit
dislocations, the internal stress state and thus the structural
variations become a function of film thickness. The signifi-
cance of the film thickness dependence of phase transforma-
tion characteristics have been very recently studied experi-
mentally in detail for a variety of perovskite systems both in
terms of structure and the order parameter of the
transformation.'” Thermal stresses may also arise in the film
as it is cooled down due to the differences between the ther-
mal expansion coefficients (TECs) of the film and the sub-
strate. These stresses usually cannot be relaxed by interfacial

— pb cos \ 0 0
&)= 0 — pb cos A 0
0 0 —[2S12/(S11+S]2)]pb COS A
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g, O 0
"= 0 e, 0 (2)
0 0 [28/(S)1+S10)]en

is a polarization-free misfit strain tensor where §;; are the
elastic compliances at a constant polarization in the con-
tracted notation. The out-of-plane strain component follows
from the mechanical boundary conditions.

sg- is the self-strain tensor for a ferroelectric phase trans-
formation and, in its most general form, is given by

QPP
QPP , (3)
Q11P§+Q12(P%+P%)

defects due to kinetic reasons as the film cools down. The
ultimate stress state in the film at ambient temperatures is
thus due to an interplay between the dislocation induced re-
laxation at T; and thermal stresses that develop afterwards as
the film is cooled down. For example, because of this inter-
play it is possible to induce tensile in-plane stresses in a film
on a “compressive” substrate, i.e., substrates with lattice pa-
rameters smaller than the film such that compressive stresses
would have been induced in the plane of the film-substrate
interface in pseudomorphic films, and vice versa.'?

The relaxation by misfit dislocations at the deposition
temperature and the thermal stresses that develop during
cooling down alter the strain state from the pseudomorphic
case, as discussed above [Eq. (1)]. The total strain then be-
comes

T_  m 0 th r d
g =&l te e teteE] (4)

In this relation,
e O 0
821 =| 0 &y 0 (5)
0 0 [25/(S)+S)]en
describes the thermal strain due to a temperature variation
AT, where &4,=AT(1m— Aaubstrate)> With @gm and Agubeirate
being TECs of the film and the substrate, respectively.

g; is the relaxation provided by the formation of misfit
dislocations at T:

(6)
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where b is the magnitude of the Burgers vector of the dislo-
cation, \ is the angle between the Burgers vector and a vec-
tor in the plane of the film-substrate interface, and p is the
linear dislocation density given by

_sm(TG)( _h)
p_ao(TG) ! _he ' @)

where £ is the film thickness and 4, is the critical thickness
for dislocation formation that can be determined theoretically
from a classical Matthews-Blakeslee approach16 or experi-
mentally. For cubic ferroelectric perovskites, the slip system
is {010}100) based on transmission electron microscopy
studies.'®"” Therefore, N\=0° and b=ay(T;), and thus
pb cos A= pay(T).

The last term in Eq. (4), sj»jj, is the sum of the eigen-
strains of the interfacial dislocations. These are microstrains
or microdisturbances that, in accordance with the St. Ve-
nant’s principle, extend only over a short range with a char-
acteristic dimension of the order of ~2b. For films with &
> b, the contribution of the self-strains to the overall strain
state can safely be neglected. We note that the strain field
around the dislocation also couples with the polarization, and
their effect on all electrophysical properties becomes signifi-
cant in ultrathin films.?>*!

C. Effective misfit, lattice parameters, and phase
transformation temperatures

Equation (4) can be expressed in a more compact form

as
T - = 0

sij=sgf+sij, (8)
where 5’7;=8;']7+8;?+£{j is an effective misfit strain tensor that
contains the relaxation by the formation of misfit disloca-
tions at 7; and the thermal strains that develop subsequently.
This temperature and film thickness dependent effective mis-

fit &/} is given by

g, 0 0
gi=| 0 g, 0 , )
0 0 [285/(S11+S1)]ey
with an effective in-plane misfit
as(h,T)—ay(T
(1.1 = ST = lT) (10)

as(h,T)

_ . . . 2
where a, is an effective substrate lattice parameter™ ex-
pressed as

as(T)

(11)
We note that for films with 2> h,, the in-plane misfit at T is
completely relaxed since ,,(T) = pao(Tg) [see Eq. (7)]. The
final strain state in such films, therefore, solely depends on
the magnitude of thermal strains and the self-strain of the
ferroelectric phase transformation, i.e.,

T — _th 0
sij=8;j+8ij. (12)
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The lattice parameters of the film can be theoretically
determined from the relations given above. For epitaxial
monodomain BT films the in-plane elastic clamping causes
the in-plane parameter of the film to be equivalent to the
effective substrate parameter irrespective of the self-strain of
the ferroelectric transformation such that a(h,T)=ag(h,T).
The out-of-plane lattice parameter of the film, c(k,T), fol-
lows from

C(l’l,T) - ao(T) _ 2512
C(h,T) _S”+S]2

e (h,T) = En(h,T) + %(T).

(13)

The temperatures at which phase transformations occur can
be predicted from the phase diagram in Fig. 1. The phase
border between the paraelectric and the aa phase essentially
represents the temperature (T¢;) as a function of in-plane
strain for in-plane components of the polarization to appear.
It can be analytically expressed as"

Q1+0n)_

Ter=Tc+ 280C< S, 450 )sm(T). (14)
Similarly, the border between the paraelectric phase and the
c phase as well as the border between the aa phase and the r
phase represent the temperature (T,) as a function of in-
plane strain where the out-of-plane component of polariza-
tion emelrges13

O,

S11+Slz>§m(T)- (15)

Tcz = TC + 480C<

lll. EXPERIMENT

Pulsed laser deposition was used to grow (001) BT films
on MgO (001) oriented single-crystal substrates. The energy
density of the KrF excimer laser was about 1 J/cm?. The
films were grown at 720 °C in a 100 mTorr O, partial pres-
sure. The thickness of the film used in this study was about
50 nm. X-ray diffraction (XRD) measurements were carried
out at beamline X22A at the National Synchrotron Light
Source, Brookhaven National Laboratory. X22A has a bent
Si (111) monochromator, giving a small beam spot and a
fixed incident photon energy of 10 keV. The angular resolu-
tion with a graphite (002) analyzer was less than 0.006° full
width at half maximum (FWHM) for a (002) peak, as mea-
sured from the substrate. Below and above room temperature
(RT=25 °C), the sample was cooled and heated in a high
temperature capable displex with a base temperature near
-263 °C, a maximum of 523 °C, and a temperature control
of £0.5 °C.

The lattice parameters of BT films as a function of tem-
perature obtained from the XRD measurements are given in
Fig. 2, together with the parameters of bulk BT for compari-
son. Bulk BT transforms from the cubic paraelectric phase
(Pm3m) to the ferroelectric tetragonal phase (P4mm) at
around 110 °C upon cooling.23 BT in the bulk undergoes
two more phase transformations, from the tetragonal ferro-
electric phase to an orthorhombic ferroelectric phase
(Amm?2) at 5 °C and then to the rhombohedral ferroelectric
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FIG. 2. Experimentally measured film lattice parameters of the 50 nm thick
(001) BT on MgO (open circles: in plane; open squares: out of plane). Solid
line corresponds to the lattice parameter of the bulk BT (see Ref. 7), with the
vertical dashed lines denoting the phase transformation temperatures in the
bulk.

phase (R3m) below —90 °C. In the unconstrained single-
crystal BT, the tetragonality increases with the decreasing
temperature, concurrent with the evolution of the spontane-
ous polarization below 7. For the film, an entirely different
behavior is observed with a negative tetragonality of —0.77%
compared to 1.2% in the bulk at RT. Out-of-plane lattice
parameter ¢ shows gradual variations at two critical tempera-
tures, approximately between 220 and 260 °C and —80 and
=50 °C.

Our films were also analyzed to detect a polydomain
formation (or twinning) using synchrotron x-ray diffraction.
The samples did not display any peak splitting in the recip-
rocal space map of BT in the large temperature range of this
study, which is an indication that our films are single-domain
crystals. The polydomain formation has been observed in
systems like PbTiO; and PbZr Ti;_,O5 in several structural
characterization studies and has also been studied exten-
sively theoretically.zz‘f32 However, the generation of polydo-
main patterns in epitaxial BT films is rarely observed. In one
of the few reports, Dai et al.*® have shown that 90° domains
only exist in the vicinity of interfacial dislocations in BT
films grown on LaAlO; due to the highly localized large
strain distribution around the dislocation core. These films
certainly do not display a periodic polydomain pattern to
relieve internal stresses, as predicted theoretically. This may
be due to the interfacial elastic energy of domain walls and
the electrostatic interaction between domains that are ex-
pected to increase the free energy of the system. Therefore,
the theoretical analysis developed in the previous section for
the stress state of the single-domain epitaxial ferroelectric
films can be applied directly to explain the observed struc-
tural behavior of our 50 nm single-domain thick BT film on
MgO.

IV. RESULTS AND DISCUSSION

To establish the link between the experimental results
and the theory, we first note that the experimentally mea-
sured in-plane lattice parameter corresponds to the effective
substrate parameter [Eq. (11)] due to clamping. Therefore,
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TABLE I. The thermodynamic, elastic, and electrostrictive constants used in
the theoretical modeling.

Constant Minimum Value Maximum Value
0, (m*/C? 0.11* 0.113*
0, (m*/C?) -0.029* -0.045°
S (X10712 m?/N) 7.35¢ 11.24
S15 (X10712 m2/N) -1.39° -2.35¢

“Reference 34.
PReference 13.
“Reference 37.
dReference 38.

the in-plane strain of the film g, [Eq. (10)] can be deter-
mined. It is worthwhile mentioning that Egs. (11), (10), and
(7) can be used to extract the dislocation density p of the film
by plugging in the experimentally measured in-plane lattice
parameter as the effective substrate parameter at 7. The
dislocation density of the as-grown film is essentially given
by the deviation of the measured in-plane lattice parameter
of the film at 7; from its bulk value. We estimate the linear
dislocation spacing in our films to be ~9.5 nm. Were the
films fully relaxed, the dislocation periodicity should be
around 8 nm, indicating only a partial relief of the epitaxial
strains in our film.

The polarization-free in-plane misfit strain g,, is the
main parameter of the modified LD potential. Therefore, by
extracting g,, from experimental data, all phase transforma-
tion characteristics, including the temperature dependence of
the polarization in the BT layer, can be calculated. The ther-
modynamic parameters, the elastic moduli, and the electros-
trictive coefficients used in the calculations are listed in
Table I. The evolution of the polarization components is plot-
ted along with the theoretical effective in-plane misfit strain
as a function of temperature in Fig. 3. The film is, at first,
under around 0.96% tension at T, and this changes when
cooled down to cryogenic temperatures (to about 0.475% at
T=-250 °C). This variation in the strain, together with the
clamping effect, gives rise to strong variations of the polar-

T T T T T T 0.80
0.4+ T T
A-0.75
L0.70
L0.65

I-0.60

I-0.55

Polarization (C/mz)
Effective Misfit ( %)

I-0.50

Paraelectric

aaphase
0.0 T T T T T T 0.45
-200  -100 0 100 200 300 400

Temperature (°C)

FIG. 3. The evolution of the theoretically determined polarization compo-
nents as a function of temperature. The dashed line plots the polarization-
free effective misfit. Intersection of T, and T, with the misfit curves
corresponding to the critical misfits at which the phase transformations
occur.
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FIG. 4. Theoretically calculated lattice parameters of the 50 nm thick BT
film on MgO as a function of temperature and the experimentally measured
values. Open circles and squares are the experimentally measured values of
a and c, respectively. The experimental in-plane lattice parameter a has been
used as an input to theoretical calculations to predict the out-of-plane lattice
parameter c.

ization components of the film with temperature and might
result in phase transformations that are quite different than in
the bulk BT.

As discussed above, the film at 7 is only partially re-
laxed. Using &,,, we find that the film, although strained in
plane and thus tetragonal, should not be ferroelectric starting
from 75 down to around 270 °C. In accordance with the
phase diagram, P, and P, are expected to emerge spontane-
ously at around 270 °C and are equal in magnitude to each
other due to the biaxial in-plane misfit with equal strain com-
ponents (Fig. 3). This phase transformation is distinctly dif-
ferent than the first ferroelectric phase transformation in bulk
BT. In bulk BT, the paraelectric Pm3m cubic phase trans-
forms to the ferroelectric tetragonal (P4mm) phase at
110 °C.* In our film we predict that the first phase transfor-
mation upon cooling will be from a paraelectric tetragonal
phase to an orthorhombic (Amm?2) ferroelectric phase.

Theoretical calculations also predict that an out-of-plane
component of polarization should develop at —20 °C with a
0.5% in-plane tensile misfit in addition to the in-plane com-
ponents. The stable phase below —20 °C is the r phase (Pm).
We emphasize that the r phase is monoclinic compared to the
rhombohedral phase (R3m) in the bulk. The temperature evo-
lution of the out-of-plane polarization P5 is shown in Fig. 3.

The critical temperatures 270 and —20 °C for these two
consequent phase transformations follow from Egs. (14) and
(15). These theoretical predictions are compatible with the
experimental data. Examining the experimental results in
Fig. 2, there are two inflection points where we observe
slope changes in the evolution of the out-of-plane lattice pa-
rameter c¢. The theoretically determined transformation tem-
peratures are close to the temperature ranges where the slope
changes are observed, which are approximately between 220
and 260 °C and —80 and —50 °C, respectively (see Figs. 2
and 4). Indeed, if there were no phase transformations and
thus no self-strain due to the appearance of polarization, ¢
should follow changes in the thermal expansion of the in-
plane lattice parameter a as a function of temperature as seen
in ST films."’
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FIG. 5. Theoretical in-plane relative dielectric constant of the 50 nm thick
(001) BT film on MgO.

The out-of-plane lattice parameter can now be calculated
using Eq. (13) since both the polarization-free misfit (g,,)
and the out-of-plane self-strain due to the polarization in the
ferroelectric state (g3;) are known. In Fig. 4, we plot the
theoretical lattice parameters of the epitaxial BT film as a
function of temperature along with the experimental obser-
vations. The experimental data and theoretical results are in
apparent agreement. We note that the literature contains a
wide range of elastic constants and electrostrictive coeffi-
cients as listed in Table I. This is particularly true for the
electrostrictive coefficient O, that plays a significant role in
determining the self-strain due to the in-plane polarization
components.13’34 To account for these variations we have car-
ried out the calculations averaging the values of Q;;, Os,
S11, and S, reported in literature (See Table I). The solid line
represents the theoretical out-of-plane lattice parameter for
the average of minimum and maximum values of the elec-
trostrictive constants and elastic compliances.

We emphasize that the conclusions of this study are
based on theoretical methods and measurements of the lattice
parameters of BT as a function of temperature. Experimental
observations and theoretical modeling are consistent with
each other, but are by no means conclusive. Clearly, further
experimental studies are needed to verify the presence of the
aa and r phases in BT at certain in-plane stress states. A
more detailed low-temperature XRD analysis is underway to
identify the crystal structure of the BT film in this study
below T,. Structural studies should be supported with elec-
trical measurements as a function of temperature to prove the
existence of ferroelectricity. These can be achieved by deter-
mining the dielectric response or the polarization hysteresis
loops as a function of temperature. For example, in Fig. 5 we
plot the theoretical in-plane relative dielectric constant (x;)
of the BT film in this study as a function of temperature.z’13
The peak in «;; around T, corresponds to the emergence of
the in-plane components P, and P, of the ferroelectric ortho-
rhombic aa phase. Below Ty, the film should display a
ferroelectric hysteresis in its polarization versus applied elec-
trical field behavior in the plane of the film-substrate inter-
face. The possibility of the formation of a monoclinic phase
in epitaxial (110) BaySry4TiO3 (BST) films on (100)
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NdGaO; has also been discussed very recently by Simon et
al.®® In this study, x-ray pole figures combined with in-plane
dielectric measurements along several crystallographic direc-
tions seem to suggest that the room temperature crystal struc-
ture of BST is monoclinic due to the anisotropic epitaxial
strain.

To benefit from the electrical properties in a desired
manner in technological applications of ferroelectric films,
accurate predictions and measurements of the phase transfor-
mations and the transformation temperatures become very
important factors. For example, the in-plane polarization
components play a crucial role in varactor capacitor applica-
tions with interdigitated electrodes that supply an electrical
field along in-plane directions in the film-substrate interface.
Therefore, the stress state in ferroelectric films should be
carefully evaluated, and this analysis has to incorporate the
contributions from various sources such as interfacial dislo-
cations, the self-strain of the phase transformation, and the
difference between the TECs. In cases where there is no
apparent structural variation (such as in BT films on ST
substrates&%), this should not be ascribed to the absence of
the ferroelectric phase transformation, and electrical mea-
surements should be conducted to supplement XRD observa-
tions.

V. CONCLUSIONS

Structural characteristics of (001) BT films on (001)
MgO substrates were investigated using a detailed strain
analysis, thermodynamic modeling, and XRD synchrotron
studies. Out-of-plane polarization components were calcu-
lated, and their evolution with temperature was determined.
The theoretical out-of-plane lattice parameter of the BT film
follows experimental observations closely throughout the
wide temperature range of measurement. Theoretical and ex-
perimental results point out the presence of two phase trans-
formations in these films and suggest the formation of a
monoclinic ferroelectric phase at low temperatures approxi-
mately in the —80 and —50 °C range. The calculation does a
good job predicting the observed temperature variation of the
out-of-plane lattice parameter.
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