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We develop a thermodynamic model to determine the polarization, dielectric permittivity, and
tunability of epitaxial ferroelectric films on orthorhombic substrates. In particular, we study the film
thickness dependence of the tunability in epitaxial (110) Bag¢Sry4TiO5 films on (001) NdGaO;
substrates. The analysis takes into account the thickness dependence of the internal stress state due
to the anisotropic relaxation of epitaxial stresses through the formation of misfit dislocations along
the two in-plane directions. We predict significant improvement in the tunability along both in-plane
and out-of-plane directions of Bay ¢St 4TiO5 films with increasing film thickness compared to the
similar films on cubic substrates. © 2006 American Institute of Physics. [DOI: 10.1063/1.2234839]

In recent years, much attention has been devoted to the
development of tunable dielectric materials for voltage-
controlled, frequency-agile phase shifters and filters operat-
ing in the microwave regime. Ferroelectric (FE) materials
such as barium strontium titanate [Ba,_,Sr,TiO3 (BST)] have
emerged as leading candidates for such applications due to
their highly nonlinear dielectric response to an applied elec-
tric field, especially in the vicinity of the paraelectric-to-
ferroelectric phase transformation temperature 7. Ideally, a
tunable device would operate in the paraelectric (PE) state
not too far from 7. where the dielectric tunability is the
greatest to eliminate losses due to nucleation-and-growth
controlled polarization switching leading to a hysteretic be-
havior in the FE state. It is, therefore, not surprising that
Bay ¢Sty 4TiO5 (BST 60/40) has attracted significant interest
as the material of choice, since bulk T of BST 60/40 is just
below room temperature (5 °C). The dielectric tunability of
FEs in thin film form displays a significant dependence on
the internal stress state and the clamping of the substrate.
This has been well documented both experimentallyl_4 and
theoretically4’5 for FE films on cubic substrates for which the
in-plane internal stresses are isotropic.

Very recently, it was shown that by depositing FE films
on orthorhombic substrates such as NdGaO; (NGO), it is
possible to induce directionally dependent dielectric and tun-
able properties due to the anisotropic in-plane internal
stresses.® ! In a series of studies, Simon et al. have system-
atically analyzed the structure, strain state, dielectric re-
sponse, and tunability of (110) BST 60/40 on (001) NGO.%™®
Electrical measurements reveal that higher tunabilities can be
obtained by adjusting anisotropic in-plane stresses through
the film thickness (>50% at 50 kV/cm) (Ref. 6) compared
to similar films on cubic substrates.*"’ Theoretically, the ef-
fect of anisotropic in-plane strains on phase transformation
characteristics and dielectric response for epitaxial (001) FE
films on (001) orthorhombic substrates was investigated.12
This epitaxial relation, however, is not observed in experi-
mental reports of FE films on orthorhombic substrates. For
example, epitaxial BST 60/40 grows preferentially on NGO
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with the orientational relation (110)ggr!l(001)xGo to mini-
mize in-plane strains.®™® Such an epitaxial relation obviously
generates a different reduction in the point group symmetry
of the FE compared to (001)ggrll (001)ngo. In this study we
analyze theoretically the dielectric tunability of such films as
a function of film thickness as to provide quantitative tools to
guide experimental studies that aim to develop highly tun-
able devices.

Consider an epitaxial (110) FE film on a thick (001)
orthorhombic substrate (Fig. 1). The total strain in the film is
the sum of the polarization-free effective misfit u;; and self-
strains u?] expressed as
i,j=1,2,3. (1)
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Given the mechanical boundary conditions for the film, u,,
U3, Uyz, and usz are stress-free strains due to the traction-free
surfaces and do not contribute to the elastic energy of the
film. u;; and u,, are the in-plane misfits along [001]pg and

[110]ps given by u11=[a[100]—d[001]]/a[100] and u22=[a[010]
—drt107]/ apo10), respectively, where apjg) and apgg) are the
lattice parameters of the substrate in the given directions and
dioo1) and djyjo) are the lattice parameters along [001] and
[110] of unconstrained (bulk) FE in the PE state at room
temperature (RT). The self-strain of the FE phase transfor-

mation can be expressed as a function of the electrostrictive
coefficients Q;;,; and polarization P;:
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FIG. 1. (Color online) Crystallographic relation of the (110) BST 60/40 film
with respect to the (001) NGO substrate and the coordinate systems used in
the calculations.
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The total free energy density of the film is given by
Gs=Gy+G+Gg +Ggs, Where G is the energy of the PE
state. In this relation, G;, Gg;, and Ggg define the energy in
the FE state, the elastic energy of the internal stresses, and
the electrostatic energy due to an applied electric field E,,
respectively, and are given by

2 252 25252
GL: aiPi + al]PlP] + a'ijkPinPk, (33)
1
T T
GgL= Euij'cijkl'ukl’ Ggs=-E;- P;, (3b)
where «;, a;;, and «a;j; are the dielectric stiffness coefficients,

P; is the polarization vector, and C;j; are the elastic coeffi-
cients at constant polarization of the film. After some rear-
rangement, we obtain

Gs = @& P+ @P5 + @P; + @ P} + P + @ P
+ @pP1P5 + @y3PIP3 + @y PoP3 + ayy (P + PS
+ PY) + a1 o[P{(Py+ P3) + P3P} + P3) + P3(P
+P%)]+alzap%ngg"“GEL—E3P3—E2P2—E1P1,
4)

with a; and @;; being renormalized dielectric stiffness coef-
ficients. These are a function of Cyjy, Qijks» 1) and uy,. The
first-order renormalized coefficients are given by

a=a + 0 A+ 0B,
=a;+0;A+0xB, )

where a;=(T-T¢)/2¢,C, T and C are the Curie-Weiss tem-
perature and constant of the FE, g is the permittivity of free
space, and

a=a;+0pA+0nB, a;
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Gy in Eq. (4) is the polarization-free elastic energy of the
PE state:
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For brevity, in Egs. (5)—(7), Cj, and Q,;, are expressed in
the Voigt convention.

The elastic and electrostrictive coefficients of the film
with (110)ggll (001)g,, epitaxy can be determined from the
single-crystal values of the (001) FE through a tensor trans-
formation:

Cmnop = ApyiGnjQokpiCijki s (8)

anop = amianjaokapl('bjkl’ (9)

where c¢;j; and g, are the elastic and the electrostrictive
constants of a (001) oriented single-crystal FE of the same
composition, respectively, and a;; is the transformation ma-
trix consisting of the direction cosines:
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FIG. 2. (Color online) Effective in-plane misfit strains (u;, and u,,) and the
polarization components (P;) as functions of film thickness in an epitaxial
(110) BST 60/40 film on (001) NGO substrate.
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In this study, we numerically analyzed (110) BST 60/40
films on (001) NGO substrates. Thermodynamic, electros-
trictive, and elastic constants of BST 60/40 were compiled
from Ref. 13. The lattice parameters of BST 60/40 are

0.3965 and 0.5607 nm along [001]gsy and [110]gs, respec-
tively, at RT. The interplanar spacing along [100]ygo and
[010]xGo are 0.7715 and 0.5501 nm, respectively, at RT.”
Thus, the misfit strains for pseudomorphic BST 60/40 films
are u;;=—2.79% and u,,=-1.93% considering that NGO has
two Bravais lattices per unit cell. Assuming a typical growth
temperature of 75;=600 °C, relaxation by misfit dislocations
is expected to occur at two different critical thicknesses that

can be estimated as 5 and 7 nm along [001]ggr and [110]gsT,
respectively.7 Using these values, the thickness dependent
in-plane “effective” misfit strains'* u;; and u,, are calculated
as shown in Fig. 2. Both strains are compressive at first and
gradually relax with increasing thickness. u,, reaches small
tensile values above 60 nm and levels off. This is due to the
difference between the misfit at 7; and RT that results in
thermal stresses.

Spontaneous polarization in the BST 60/40 can be de-
termined through the simultaneous solution of the equations
of state dGs/dP;=0 for u,-u,, pairs at a given thickness. In
our calculations, we do not assume a priori phase(s) result-
ing from the loss of symmetry due to the anisotropic internal
stress state but seek solutions corresponding to global mini-
mum of the free energy functional from real, positive values
of the components of the spontaneous polarization vector as
a function of u;; and u,,. The thickness dependences of
spontaneous polarizations P, P,, and P; are plotted in Fig.
2. The different misfit values in the plane of the film at com-
pressive values favor polarization along [110]gst (P3) that
gradually disappears with increasing thickness. Polarization

along [110]gsy (P,) emerges after u,, becomes tensile, at
~80 nm. For thicknesses between 80 and 110 nm, P, and Ps
coexist. There is no spontaneous polarization along [001]ggr
(P;) in the entire thickness range due to the compressive
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FIG. 3. (Color online) Tunabilities along in-plane (¢, ) and out-of-
plane (¢33) directions as a function of film thickness in an epitaxial (110)
BST 60/40 film on (001) NGO substrate.

strain along this direction. The coexistence of P, and P;
results in an asymmetrical case in contrast to films under
tensile strains on cubic substrates, where two polarization
components of equal magnitude along orthogonal axes are
favored."? Furthermore, different misfit dislocation densities

along [110]ggr and [001]ggr produce a more pronounced
anisotropic in-plane polarization behavior along various film
directions.

The dielectric permittivity is given by

1 &#Gs \™!
=—(—2> : (11)
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and the dielectric tunability can be defined as ¢;;=[g;(E;
=0)-¢;(E;>0)]/e;(E;=0). The dielectric permittivities
along [110]ggr (£2,) and [110]gst (e43) display the charac-
teristics of a phase transition at two critical thicknesses of
~80 and 110 nm (not shown) which coincide with the emer-
gence of P, and the disappearance of Ps, respectively (see
Fig. 2). Tunabilities along in-plane and out-of-plane direc-
tions as a function of film thickness for an applied field of
50 kV/cm are plotted in Fig. 3. The maximum tunable re-

sponse along [110]gst (¢5,) and [110]ggr (¢33) are at ~80
and 110 nm, which correspond to the A-type response in the
permittivity at these critical thicknesses. ¢; is smaller than
both ¢,, and ¢33 and increases almost linearly with film
thickness. This is due to the absence of a spontaneous polar-
ization along [001]ggr. The tunability is in this case a result
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of the variation in the induced polarization with the applied
electric field. The theoretically calculated values of ¢33 of
BST 60/40 on NGO are relatively higher even at low film
thicknesses compared to the predicted values for BST on
isotropic cubic substrates.” The findings of this study are also
in excellent qualitative agreement with the experimental ob-
servations where a similar trend in the out-of-plane tunability
was measured as a function of film thickness.® Experimen-
tally, a maximum in the tunability was found to occur at a
film thickness =600 nm. This can be attributed to a number
of dynamic factors including the kinetics of formation of
misfit dislocations which usually start at thicknesses signifi-
cantly larger than the calculated critical thickness'® and the
high frequency of the measurement (in the gigahertz regime).

In summary, we have analyzed theoretically the dielec-
tric tunability of FE films on substrates that induce aniso-
tropic in-plane stresses. Results for (110) BST 60/40 films
on (001) NGO as a function of film thickness show that very
high tunabilities can be realized along two directions

([110]gsr and [110]ggr) at two critical thicknesses. This be-
havior is due to strain-induced phase transitions along these
directions that arise from the reduction in the point group
symmetry brought about by the anisotropic stress state.
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