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Polarization coupling transition in BaTiO3/PbZr0.2Ti0.8O3 ferroelectric bilayers
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Electrostatic interactions between thin films of two different ferroelectric materials lead to a layer of free
charges localized at the interface between ferroelectrics according to a computational analysis presented in this
work. The free charges at the interface between BaTiO3 and PbZr0.2Ti0.8O3 reduce polarization coupling strength
significantly. This helps the layers to retain most of their single-layer polarizations and enables a layer-by-layer
polarization switching, which has been observed in recent experimental studies. The sheet carrier density at
the interface decreases by at least eight orders of magnitude when the film thickness is reduced from 30 to
10 nm. This drop in the carrier density is accompanied by a strong increase of polarization coupling between
ferroelectric layers. This polarization coupling transition can explain the difference between strong coupling in
thin ferroelectric superlattices and weak coupling in thicker multilayer films.
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I. INTRODUCTION

Ferroelectric multilayers and superlattices provide a path-
way to engineer novel materials with enhanced functional
properties in respect to the properties of single-layer ma-
terials [1–6]. Utilizing several oxide materials with differ-
ent ferroelectric properties and crystal lattice parameters to
build a multilayer system can be beneficial for design of
complex internal electric fields and epitaxial strain profiles,
which control ferroelectric and dielectric properties of a new
heterostructure [7]. Most studies of ferroelectric heterostruc-
tures were focused on ferroelectric-paraelectric systems. All-
ferroelectric multilayer materials, however, provide even more
flexibility for tailoring the polarization profile inside the layers
providing great opportunities for enhancing and introducing
properties that cannot be found in other systems. Examples of
new functional properties in all-ferroelectric multidomain and
multilayer systems include switchable domain wall conduc-
tivity in BaTiO3 and BiFeO3 ferroelectrics [8–10], and layer-
by-layer polarization switching in a BaTiO3/PbZr0.2Ti0.8O3

(BTO/PZT) bilayer that results in double polarization hystere-
sis [11]. The layer-by-layer switching enables tail-to-tail and
head-to-head polarization domain configurations, which have
distinct ferroelectric and dielectric properties, multiplying the
number of possible switchable states in this system.

Polarization gradient and concomitant depolarizing fields
in antiparallel ferroelectric domains or layers of different
ferroelectric materials can be compensated, at least partially,
by an increase of free-charge carrier density at the interfaces.
The free interface charges are predicted to occupy the interface
space-charge region as a result of semiconductor band bending
of oxide layers under strong internal depolarizing fields
[10,12]. These predictions have been made considering fer-
roelectric oxides as wide-band-gap semiconductor materials
[10,12–14]. The width of the interfacial space-charge region
and, consequently, the polarization coupling strength depend
on a delicate balance between depolarizing fields and the free-
charge carrier distribution near the interface [10,12,15,16].
This balance should be a function of a ferroelectric layer thick-
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ness considering that the polarization coupling strength may
be different in thick- and thin-layer films because the thickness
of the layers can become comparable to the space-charge
region width in thinner-layer heterostructures. In thicker
multilayer films, the coupling can become weak assuming the
free charges at the interface provide sufficient compensation
to screen the internal electric fields and maintain a large
polarization gradient between the layers. The goal of our
computational study is to investigate the thickness dependence
of polarization coupling strength in BaTiO3/PbZr0.2Ti0.8O3

ferroelectric bilayer in order to better understand the coupling
phenomena in ferroelectric multilayers and to guide design of
multilayer materials with desirable properties.

II. METHODS

The modeling of a ferroelectric system that includes
space-charge regions can be undertaken using a combination
of thermodynamic Landau-Ginzburg-Devonshire (LGD) and
semiconductor theories [10]. A one-dimensional model of a
ferroelectric material can be described by the two differential
equations that couple the electric polarization P and the
electrostatic potential ϕ [17–19]:

− εbε0
d2ϕ

dx2
+ dP

dx
= ρ(ϕ) , (1)

αP + βP 3 + γP 5 − g
d2P

dx2
+ dϕ

dx
= 0, (2)

where εb and ε0 are background and free-space permittivities,
respectively; and α, β, γ , and g are free-energy expansion
coefficients. The first equation represents the Gauss law, and
the second equation is a result of minimization of the LGD free-
energy expansion. The free-energy expansion coefficients can
be renormalized to include the effects of epitaxial strain [20].
The free-charge density depends on the electrostatic potential
ϕ as [21]

ρ(ϕ) = −qNcF1/2

(
EF − Ec + qϕ

kBT

)

+ qNvF1/2

(
Ev − EF − qϕ

kBT

)
, (3)
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where q is the elementary charge; Nc and Nv are the densities of
states in conduction and valence bands, respectively; kB is the
Boltzmann constant; T is temperature; and F1/2 is the Fermi-
Dirac integral. Ec and Ev are the energies of the bottom of the
conduction band and the top of the valence band, respectively,
and EF is the Fermi energy. These energies are defined in
respect to the vacuum level. The system of equations (1) and
(2) for the BTO/PZT bilayer can be solved numerically using
mixed boundary conditions:

ϕ(−h) = 0, ϕ(+h) = �W,
dP

dx
(x = ±h) = 0, (4)

where h is the thickness of ferroelectric layers, and �W is
the work function difference between BTO and PZT. In this
work we used the same thickness h for both BTO and PZT
layers. The requirement that the derivative of polarization is a
zero at the ends of the bilayer corresponds to ideal screening of
polarization by free charges of electrodes [22]. Semiconductor
structure parameters and LDG free-energy coefficients for
BTO and PZT were obtained from the literature [10,23–25].
The coupled differential equations (1) and (2) were solved
using COMSOL software.

III. RESULTS

Band structure, free-charge carrier concentration, polariza-
tion, and electric field distributions, that were obtained by
solving Eqs. (1) and (2), are shown in Fig. 1 for 300-nm
(solid lines) and 30-nm (dashed lines) BTO/PZT relaxed
bilayers. The results are presented on the length scale that
is normalized by the layer thickness. For these calculations,
the BTO polarization pointed toward the bilayer interface and
the PZT polarization pointed away from it. The electric fields
introduced by the polarization gradient bend the electronic
energy bands strongly enough for the top of the valence
band to cross the Fermi level. This band bending leads to
a sharp increase of the concentration of free-charge carriers
near the BTO/PZT interface. The charge carriers are holes for
the chosen polarization configuration, but they will change to
electrons if polarization direction is reversed at the interface.
The relative width of the space-charge region is noticeably
larger in the thinner bilayer. Free charges in the interfacial
space-charge region reduce depolarizing fields, which enables
large polarization gradients between the layers as a stable
configuration of the system. As expected, the screening effect
of the interfacial free charges is weaker in thinner films,
which leads to stronger depolarizing fields and a smaller stable
polarization gradient in thinner layers than in thicker ones.

The effectiveness of depolarizing field screening may
decrease dramatically when the layers get thinner than the
space-charge region width. The electric polarization in the
middle of BTO and PZT layers and other polarization coupling
related properties are shown in Fig. 2 as a function of ferro-
electric layer thickness from 3 to 500 nm. These calculations
were done at each thickness for fully relaxed layers and
for the layers that were completely strained as if they were
grown on SrTiO3 (100) substrate that has a 3.905-Å in-plane
lattice constant [26–28]. Including strain in calculations is
important because the epitaxial strain can modify significantly
ferroelectric properties of thin films [29,30]. The BTO and
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FIG. 1. (a) Electron energy band diagram, (b) free carrier density,
(c) electric polarization, and (d) depolarizing field as a function of
x/h normalized position across the BaTiO3/PbZr0.2Ti0.8O3 bilayer
model (shown schematically on the top).

PZT layers in the bilayer system retain almost completely
the magnitudes of single-layer electric polarizations if these
layers are thicker than 70 nm [Fig. 2(a)]. In thinner bilayers, the
electric polarizations change dramatically, and the BTO-layer
polarization becomes almost the same as the polarization of
PZT in layers thinner than 15 nm for relaxed and 9 nm for
fully strained films. Depolarizing fields in ferroelectric layers
increase monotonically with decreasing the film thickness
until the fields become almost insensitive to film thickness
changes in thinner films [Fig. 2(b)]. Interestingly, we found
that the monotonic increase of the depolarizing fields in thicker
bilayers is well described by a simple estimate of the field
due to charged domain walls of a single-layer ferroelectric
material [10]: ED

∼= Egap/(qh), where Egap is the band gap of
ferroelectric.

The free-charge carrier density increases sharply near the
BTO/PZT interface resembling a two-dimensional gas of
electrons or holes depending on polarization configuration.
The properties of this two-dimensional gas can be quantified
as the sheet carrier density:

n = 1

q

∫ +h

−h

ρ(x)dx. (5)
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FIG. 2. (a) Electric polarizations, (b) depolarizing fields, (c) po-
larization differences and sheet carrier densities, and (d) polarization
coupling strengths as a function of the thickness of BTO and PZT
ferroelectric layers for relaxed and strained bilayer models.

This density follows the changes of the BTO/PZT polarization
difference [Fig. 2(c)] indicating a positive correlation between
polarization gradient and conductivity of the interface bound-
ary. The sheet carrier density decreases by 8 to 24 orders
of magnitude when the layer thickness decreases from 30
to 15 nm for relaxed and to 9 nm for strained layers. The
thickness at which the carrier density starts to increase quickly
can be interpreted as the critical thickness of charged interface
formation.

The polarization contrast between BTO and PZT reduces
to 1–2 μC/cm2 when the layers are thinner than the critical
thickness. This resembles strong polarization coupling behav-
ior predicted by the nonlinear thermodynamic model (NLTM)
developed for ideal insulating ferroelectric multilayers [31].
A polarization coupling coefficient κ can be used in order to
quantify coupling [15]:

ED = κ

2εbε0
�P, (6)

where �P is the polarization contrast between BTO and
PZT layers. The coupling coefficient was introduced in the
NLTM as an independent parameter accounting for unknown
free charges in ferroelectric layers. This coefficient can be
obtained automatically from results of our calculations using a
combination of semiconductor and thermodynamics models
[Fig. 2(d)]. The coupling increases from κ ≈ 10−4 − 10−3

in thicker films to a weakly changing value of κ ≈ 0.1
below the critical thickness. Such small coupling coefficient
in thicker films agrees well with recently reported weak
polarization coupling in experimentally studied ferroelectric
bilayers [32,33]. The NLTM assumes a steplike change
of the electric polarization at the ferroelectric-ferroelectric
interface. This assumption allows the coupling coefficient
to reach κmax = 1. The model that includes semiconductor
energy bands will always introduce a transitional space-charge
region at the interface between two semiconductors. This will
prohibit infinitely sharp steplike polarization jumps at the
interface, and the coupling coefficient will never reach the
absolute maximum of κmax = 1. When the coupling coefficient
reaches its maximum κ ≈ 0.1 in a thin BTO/PZT bilayer,
the depolarizing field in PZT gets close to the theoretical
switching field predicted for PZT material by the Landau-
Devonshire thermodynamic theory. Since the depolarizing
field in PZT layer opposes the electric polarization, one can
expect antiparallel polarization domains to form in PZT to
reduce the electrostatic potential energy [34].

The ferroelectric-paraelectric phase transition temperature
depends on epitaxial strain and internal electric field. The effect
of the depolarizing field on temperature of ferroelectric phase
transitions in the layers of BTO/PZT bilayer was analyzed for
500-, 100-, and 20-nm relaxed layers (Fig. 3). Even in the
thickest modeled bilayer the BTO layer retains a noticeable
polarization up to the PZT transition temperature of 681 K
that is just slightly lower than the phase transition temperature
of pure PZT. The depolarizing field of 35–40 kV/cm does not
change much at temperatures below the transition temperature.
As the coupling gets stronger in thinner films, the electric fields
inside the layers increase to 200–220 kV/cm in a 100-nm
bilayer up to the transition temperature of 633 K, at which
both PZT and BTO layers lose their polarization quickly.
The BTO layer maintains a relatively large polarization of
about 12 μC/cm2 until the transition at 633 K. In a 20-nm
bilayer, which is just slightly thicker than the thickness of the
room-temperature polarization coupling transition, BTO and
PZT layers have almost identical polarizations at temperatures
above 400 K. The depolarizing field in this thin bilayer
decreases nearly linearly with increasing temperature until
582 K. At this temperature the polarizations of the layers
decrease sharply to less than 5 μC/cm2, but the polarizations
and internal electric fields do not vanish completely even at
temperatures above the phase transition temperature of pure
PZT. This nonvanishing high-temperature polarization can be
due to a polarizing effect of built-in field Ebi ∼ �W/h as a
result of the contact potential difference, which continues to
affect the thin bilayer even in its paraelectric state.

Ferroelectric layers of the BTO/PZT bilayer system can be
considered as capacitors in series because of weak coupling
and large interface free-charge density [35]. Using the calcu-
lated magnitudes of the internal electric field and polarization
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FIG. 3. Temperature dependences of (a) electric polarizations and
(b) depolarizing fields inside ferroelectric layers of the BTO/PZT
bilayer system. Free-layer polarizations are shown as dashed lines to
illustrate the ferroelectric phase transitions in free-standing layers.

in the middle of ferroelectric layers, we could obtain, as a
coarse estimate, the relative dielectric permittivities of 149,
129, and 103 for 500-, 100-, and 20-nm bilayers, respectively.
These permittivities are larger than the permittivities of

single-layer epitaxial PZT films in the tetragonal phase [36].
Considering that a large spontaneous polarization is predicted
in the BTO layer at temperatures well above the transition
temperature of pure BTO, the permittivity enhancement in
respect to the permittivity of a single-layer PZT is likely
to persist in the bilayer over a broader temperature range
beyond the ferroelectric transition of BTO [37,38]. These
findings suggest a possibility to enhance dielectric properties
of ferroelectric materials by combining BTO and PZT layers.

IV. CONCLUSIONS

The LGD thermodynamic model in combination with semi-
conductor theory provides a useful computational approach
to analyzing properties of coupled ferroelectric layers and
predicting properties of new multilayer materials based on
known thermodynamic and electronic structure parameters of
system constituents. The results of this approach applied to
the BTO/PZT bilayer suggest a sharp polarization coupling
transition in films thinner than 20 nm, which is accompanied
by dramatic changes of the free-charge carrier density at the
interface. These free charges screen the depolarizing fields and
enable stable configurations of ferroelectric layers retaining
a large polarization contrast. The results support our recent
experimental findings of double polarization switching in
120-nm BTO/120-nm PZT ferroelectric bilayers suggesting
the electrostatic coupling is so weak that the layer-by-layer
polarization switching is possible [11]. The recipe we used
for polarization coupling analysis for BTO/PZT bilayer can
be applied readily to other wide-band-gap semiconductor
ferroelectric heterostructures provided the LGD expansion
coefficients and band structure parameters are known. Novel
ferroelectric multilayer materials for tunable dielectric devices
and other applications can be designed with specific polariza-
tion coupling properties, dielectric permittivities, and internal
fields using the predictions and approach presented in this
Rapid Communication.
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5697 (2000).

[28] R. H. Mitchell, A. R. Chakhmouradian, and P. M. Woodward,
Phys. Chem. Miner. 27, 583 (2000).

[29] D. G. Schlom, L.-Q. Chen, C. J. Fennie, V. Gopalan, D. A.
Muller, X. Pan, R. Ramesh, and R. Uecker, MRS Bull. 39, 118
(2014).

[30] J. S. Speck, A. Seifert, W. Pompe, and R. Ramesh, J. Appl. Phys.
76, 477 (1994).

[31] A. L. Roytburd, S. Zhong, and S. P. Alpay, Appl. Phys. Lett. 87,
092902 (2005).

[32] P. Salev, M. Meisami-Azad, and A. Grigoriev, J. Appl. Phys.
113, 074104 (2013).

[33] A. Grigoriev, C. Yang, M. Meisami Azad, O. Causey, D. A.
Walko, D. S. Tinberg, and S. Trolier-McKinstry, Phys. Rev. B
91, 104106 (2015).

[34] F. A. Urtiev, V. G. Kukhar, and N. A. Pertsev, Appl. Phys. Lett.
90, 252910 (2007).

[35] F. C. Sun, M. T. Kesim, Y. Espinal, and S. P. Alpay, J. Mater.
Sci. 51, 499 (2015).

[36] I. Vrejoiu, G. L. Rhun, L. Pintilie, D. Hesse,
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