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A theoretical model is developed for ferroelectric bilayers and multilayer heterostructures that employs a
nonlinear Landau-Devonshire formalism coupled with a detailed analysis of the depolarizing fields arising
from the polarization mismatch across interlayer interfaces and the electrical fields of localized space charges
at such interfaces. We first present how space charges alter the free-energy curves of ferroelectrics and then
proceed with a numerical analysis for heteroepitaxial (001) PbTiO3-SrTiO; (PTO-STO) bilayers and (001)
superlattice structures on (001) STO substrates. The switchable (ferroelectric) and nonswitchable (built-in)
polarizations and the dielectric properties of PTO-STO bilayers and superlattices are calculated as a function of
the planar space-charge density and the volume fraction of the PTO layer. Similar to the temperature depen-
dence of a monolithic ferroelectric, there exists a critical volume fraction PTO below which the bilayer or the
superlattice is in the paraelectric state. This critical volume fraction is strongly dependent on the density of
trapped charges at the interlayer interfaces. For charge-free (001) PTO-STO heteroepitaxial bilayer and super-
lattices, the critical fraction is 0.40 for both constructs but increases to 0.6 and 0.72, for the bilayer and the
superlattice, respectively, for a planar space-charge density of 0.05 C/m?. Furthermore, our results show that
close to the vicinity of ferroelectric-paraelectric phase transition, there is a recovery in ferroelectric polariza-
tion. The dielectric-response calculations verify that there is sharp ferroelectric phase transformation for
charge-free bilayers and superlattices whereas it is progressively smeared out with an increase in the charge
density. Furthermore, our analysis shows that the dielectric constant of these multilayers at a given volume

fraction of PTO decreases significantly in the presence of space charges.

DOI: 10.1103/PhysRevB.82.094115

I. INTRODUCTION

Ferroelectric thin films and nanostructures have gained
significant interest in recent years due to their unique prop-
erties and potential applications. With advances in the depo-
sition techniques, ferroelectric multilayers and superlattices
can now be grown with exceptional compositional and struc-
tural control even as ultrathin films that may scale down to a
couple of lattice parameters.' It is not the intention of this
study to provide an extensive review of the numerous experi-
mental and theoretical findings on several different ferroelec-
tric multilayers in the past decade. However, on the experi-
mental side some noteworthy examples include ultrathin
superlattice heterostructures composed of BaTiOs;, SrTiOs,
and CaTiO; layers that display a clear polarization enhance-
ment when compared to monolayer BaTiO; films deposited
under same conditions® and a large dielectric permittivity
that depends on the stacking sequence of the superlattice.’
Theoretically, the behavior of ferroelectric multilayers has
been described through first-principles simulations,®~1° elec-
trostatic considerations,''"'3 and mechanistic approaches tak-
ing into account domain phenomena.'# Phase field simula-
tions show that it is possible to form new domain patterns in
simple ferroelectric-dielectric bilayers and in graded ferro-
electric heterostructures.!'>10

Keeping in mind the propensity of interlayer interfaces to
serve both as nucleation sites and as hosts for numerous de-
fects owing to the nature of the deposition processes, it is
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more likely to encounter such structural and electrical pertur-
bations in multilayers and superlattices. We considered local-
ized, i.e., immobile, space charges whose physical origin in
fully depleted ferroelectric films can be either oxygen vacan-
cies or deep trapping centers.!” Therefore, space charges
were assumed to be localized at the interlayer interfaces giv-
ing rise to planar space charges. It is known from the detailed
work of Bratkovsky and Levanyuk that (localized) space
charges have prominent effects on phase-transition character-
istics in monolithic ferroelectrics'® that may lead to the sup-
pression of the ferroelectric phase transformation tempera-
ture by as much as 100 °C. Furthermore, Zubko et al 1920
investigated the hysteresis response of fully and partially de-
pleted monolithic ferroelectrics in the case of homogeneous
space-charge distributions. Their results demonstrate that
hysteresis loops progressively shrink with increasing space-
charge densities. Possible leakage mechanisms such as
space-charge limited conduction, Schottky thermionic emis-
sion under full and partial depletion and Poole-Frenkel con-
duction were investigated as well.2? Our own results?'~>3
show that if there are charged defects to compensate for the
polarization mismatch and relax the depolarization fields,
ferroelectric multilayers may behave independently from
each other and exhibit a dielectric response that can be de-
scribed as the sum of their corresponding intrinsic uncoupled
dielectric properties. For perfectly insulating heterostructures
with no localized charges, the depolarization field is mini-
mized by lowering the polarization difference between lay-
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ers, yielding a ferroelectric multilayer that behaves as if it
were a single ferroelectric material.?! In addition, our find-
ings show that the polarization hysteresis response of homo-
geneous stress-free ferroelectrics with asymmetrically dis-
tributed space charges result in a displacement of the
hysteresis loop along the applied electric field axis. In com-
positionally graded ferroelectric multilayers, the hysteresis is
characterized by offsets along both the polarization and elec-
tric field axes with magnitudes of displacement that are sig-
nificantly larger than those for monolithic ferroelectrics.?’
We note that these theoretical studies mentioned above on
the effect of space charges all rely on the continuity of the
normal component of the electric displacement field at inter-
face boundaries which results in polarization variations and
hence a commensurate depolarizing field. It was pointed out
as early as 1986 that contribution of the background dielec-
tric constant (g,) could be crucial in explaining the dielectric
response of uniaxial ferroelectrics.?* The importance of this,
especially in such cases where a depolarizing field is in-
volved, has been recently emphasized by Tagantsev and
Bratkovsky and Levanyuk wherein it is stated that for a
proper description of electrostatic boundary conditions g,
has to be taken into account.!”-2>:26

Therefore, considering potential applications of multilayer
ferroelectrics in tunable devices for telecommunications, as
elements of memory devices (dynamic and nonvolatile ran-
dom access memories), and in infrared sensors, it is crucial
to understand how space charges that invariably exist in
these heterostructures would affect their polarization re-
sponse and dielectric properties. This is the main objective of
this study wherein we provide a comprehensive analysis of
ferroelectric multilayers with localized space charges at the
interlayer interfaces building upon our previous analysis>
and taking into account the background dielectric constant.
Our approach employs a nonlinear Landau-Devonshire for-
malism coupled with a detailed analysis of the depolarizing
fields arising from the polarization mismatch across inter-
layer interfaces and the electrical fields of the space charges.
We present numerical results for heteroepitaxial (001)
PbTiO;-SrTiO; (PTO-STO) bilayers and (001) superlattice
structures on (001) STO substrates. The switchable and non-
switchable polarizations and the dielectric properties of
PTO-STO bilayers and superlattices are calculated as a func-
tion of the linear space-charge density and the volume frac-
tion of the PTO layer. Our results show that the dielectric
constant of these multilayers at a given volume fraction of
PTO is greatly reduced in the presence of space charges.

II. THEORY

In our analysis, we consider a heteroepitaxial ferroelectric
heterostructure made up of n single-domain layers sand-
wiched between electrodes (Fig. 1). In order to represent a
general case of space-charge distribution, it is assumed that
each interlayer interface may accommodate different
amounts of localized space charges. The total electric field in
such a heterostructure is governed by the electrostatic bound-
ary conditions which are given by: (i) the continuity of the
normal component of the electric displacement field at each
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FIG. 1. (Color online) The schematic representation of the ferro-
electric heterostructure for the theoretical analysis.

interlayer interface and (ii) the total electrical potential dif-
ference, V, between the electrodes. According to the orienta-
tion of z axis and the layer designations depicted in Fig. 1,
conditions (i) and (ii) can be written, respectively, as

(Piv1 = P) + &o(&p in1 Enr — 85E) = 0 111

i=1,2,...,(n—-1), (1)

n

> €,E;=V=LE". )
i=1

Here, P, E;, ,;, {;, and g, are the polarization, the total
electric field in layer 7, the background dielectric constant,
the thickness of layer i, and the permittivity of free space,
respectively. o0;;, is the planar space-charge density located
at the interlayer interface between ith and (i+ 1)th layers, and
E®" is the externally applied electric field between the elec-
trodes, resulting from the externally induced electrical poten-
tial difference V across the thickness of the heterostructure
L=EZ= 1€ ke

Solution of the system of equations given by Egs. (1) and
(2) for E; (i=1,2,...,n) yields

E;=E"+E] +E}", 3)
where
ext
E = , 4)
€p,i®P
o | s @
E)=- Pi—-—2 —LpP; ], (5)
€0€p,i Pj=1 €p,j
1 n 1 n J
. ay
== D - =2 (E _>Uj,_j+1 . (6)
€0€pi| i Pj=1 \k=1 bk
n
aA
=2 1. (7)
=1 &b

Here a;=¢;/L is the volume fraction of layer i. E{* is the
strength of the externally applied electric field in layer i.
Taking into account the background dielectric constant of
each layer reflects the heterogeneous nature of the medium,
i.e., the ferroelectric heterostructure, placed between the
electrodes. Depending on the value of the product g, ;¢
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which can be greater or smaller than unity, the externally
applied electric field E* seen by layer i is either attenuated
or amplified. Such a variation in E¢* is absent for a homo-
geneous medium such as a monolithic ferroelectric since
gp0=1. Elp is the depolarizing electric field in layer i arising
as a consequence of inhomogeneous polarization distribution
across the heterostructure, although polarization P; in each
layer is homogeneous. E; is the electric field generated in
layer i due to space charges o ;,; located at each interlayer
interfaces. We note that the value of o, ., has no bearing on
the findings and it can be set equal to zero; but it is intro-
duced to allow us to express Eq. (6) in a more compact form.
Furthermore, both E” and Ei do not induce a potential dif-
ference between the electrodes, i.e., X, @E’=0 and
ST aE=0 but 2L, ;" =E*. Thus, in the absence of the
externally applied electric field the monolithic/
heterostructure capacitor is under short-circuit conditions. In
the case of ultrathin films in which the spatial distribution of
polarization is mainly affected and determined due to elec-
tromechanical conditions at the surfaces/interfaces, the elec-
trostatic boundary conditions employed in our model (infi-
nite extrapolation length) needs to be modified to take into
account for finite values of extrapolation length. We have
refrained to do so since we consider superlattices in which
each individual layer is thick enough to avoid surface related
effects. Furthermore, it is somewhat not clear which bound-
ary conditions should be employed in such an analysis.'> We
note that our model that is described through Egs. (1)—(7) is
scale independent, i.e., the thermodynamic potential changes
with respect to relative thicknesses and not with the actual
thicknesses of layers which is a direct consequence of the
electrostatic boundary conditions considered. For ultrathin
layers that are of thicknesses on the order of the correlation
length of ferroelectricity (1-10 nm),?” polarization gradient
terms have to be included in the free-energy functional
which will naturally give rise to equations of state that are
dependent on the actual thicknesses of layers.

Therefore, the total free-energy density of an n-layered
ferroelectric heterostructure is given as

n n n
1 .
Fy= E ai(q)i_ EthPi) - EE aiEiDPi_ E aiE?LPi’ (8)
i=1 i=1

i=1
where

X

-t (9)

1 ' p2 1 1 p4 1 6
O, =Py, +~a;P; + b, P + —c;P; +
4 6 S11,i T S12,

2 1

is the Landau expansion of the free energy of the ith layer
with the polarization P; as the order parameter. Here, we
employ renormalized coefficients a; and b; to take into ac-
count the epitaxial strain and the two-dimensional clamping
of the substrate,

(10)
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FIG. 2. (Color online) Schematic representation of Fs-P curves
of a monolithic ferroelectric at different temperatures and E“'=0.
The curves that are symmetric (asymmetric) with respect to the
vertical Fy axis show the variation in Fy of a monolithic ferroelec-
tric in which inhomogeneously distributed space charges (do not)
possess mirror symmetry with respect to the mid-section of the film
such that P=(P) and (P,,)=0 always (P=(P) and (P,,)#0 al-
ways). The condition for which o=0 is also shown as a reference.

2
b] b — 220 (11)
S11,it 812,

where a;, b;, and c¢; are the unconstrained bulk dielectric stiff-
ness coefficients of layer i.”® The temperature dependence of
the a; is given by the Curie-Weiss law such that a;=(T
~-T¢.)/ €oC;, where T, and C; are the Curie temperature and
constant of layer i, respectively. In Egs. (9) and (10), x;
=(&—¢;)/ &, is the pseudocubic polarization-free misfit (epi-
taxial) strain in layer i and & and §; are the lattice constants
of the substrate and layer i in its cubic paraelectric state,
respectively. Q,,; and s,,; are the electrostrictive coeffi-
cients and elastic compliances of layer i, respectively. @ ; in
Eq. (9) is the free-energy density of the polarization-free
high-temperature paraelectric phase. The equilibrium polar-
izations P; are determined as solutions to the system of equa-
tions of state given as dFs/dP;=0 for i=1,2,...,n, where

9 _ aa P+ b P} +c,P) —EX"—EP—EX).  (12)
aP;

Depending on the nature of the medium being homoge-
neous or heterogeneous, and the way space charges are dis-
tributed in that medium between the electrodes, solutions
satisfying Eq. (12) will possess quite different values and
temperature-dependent behavior. Referring to Fig. 2. that
schematically shows the variation in total free energy with
respect to polarization in the absence of E*, we will briefly
explain these possible scenarios. The extrema corresponding
to (local) minimum, maximum and (global) minimum satis-
fying Eq. (12) are shown, respectively, in Regions I, II, and
II for various temperatures 7;, T,<T¢, and T3>Tc. A
monolithic ferroelectric with no space charges (o=0) will
exhibit two energetically equivalent stable polarization states
—P (Region I) and +P (Region III) along with an unstable
polarization state at P=0 (Region II) below its ferroelectric-
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TABLE I. Thermodynamic parameters of bulk PTO and bulk
STO used in this study; (s1;+51) " =cy +c1o=2¢0,/cyy.

PTO STO
T (°C) 479 -253
C (°C) 1.5X 105 0.8x10°
b (Nm°/C% -2.92x 108 8.4x10°
¢ (Nm'%/Co) 1.56x10°
cyp (N/m?) 1.75x 10" 3.181 x 10"
¢ (N/m?) 7.94 % 10'° 1.025x 10"
01, (m*/C?) -0.026 -0.013
(@ 633 nm) 2.67 2.39
£A)@25°C 3.947 3.905

paraelectric phase-transition temperature 7. This unstable
polarization state is referred to as the nonswitchable or the
built-in polarization, P,.'® In the case of a monolithic ferro-
electric in which space charges are distributed homoge-
neously where such a distribution can be approximately rep-
resented by dividing the ferroelectric into equally thick
layers and placing space charges of same planar density at
each interlayer interface, the unstable polarization state in
layer i (P, ;) attains a finite value if E;°# 0 and the sign of
P,,; depends on the direction of E;. In this case, P, ; will
possess an extremely negligible temperature dependence and
thus remains almost insensitive to the phase transition.'® In
addition to that no smearing will be observed around 7' In
general, for a monolithic ferroelectric in which inhomoge-
neously distributed space charges possess a symmetric distri-
bution with respect to the middle of the film, P, ; stays al-
most independent of temperature and smearing of the phase
transition does not take place. Furthermore, in a monolithic
ferroelectric where the charges are asymmetrically arranged,
the nonswitchable (built-in) polarization P, ; exhibits an ap-
preciable temperature dependency in the vicinity of 7~ and
the phase transition is smeared as if an externally applied
electric field exists. In the paraelectric phase (75>T7¢), P,
is the only solution. The switchable (ferroelectric) polariza-
tion of layer i is given by the difference between total polar-
ization and nonswitchable polarization, Py, ;=P,— P, ;.

The average polarization (P) of the heterostructure can be
calculated from the equilibrium polarizations as

n
(Py=2 a;P, (13)
i=1
and the dielectric constant & of the heterostructure can be

determined via the definition of the dielectric constant as

1 4D,
EN 0—,Eext :

(14)

In Eq. (14), one can use the electric displacement field D,
=gyg,;£;+P; of any one of the layers as the variation in D;
with respect to E is independent of o, since D, —D;
=0, Which results in dD;,,/ JE“'=dD;/ JE".
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FIG. 3. (Color online) The variation in the average polarization
(P) with volume fraction of PTO (aprg) and planar space-charge
density (o) for (a) bilayer (n=2) and (b) superlattice (n=10) PTO-
STO structures at room temperature in the absence of E*. The
solid lines transversing each graph along the o axis marks the
boundary between paraelectric and ferroelectric phases.

III. RESULTS AND DISCUSSION

For a quantitative analysis, we considered a bilayer (n
=2) and a superlattice (n=10) of (001) PTO and (001) STO
layers on (001) STO substrates where the superlattice struc-
ture corresponds to five adjacent PTO-STO bilayers. More-
over, each interlayer interface was assumed to accommodate
the same amount of localized space charges of planar charge
density o; ;=0 for all i. This leads to a simplification of Eq.
(6) to

(o

n-0-~3%w-p|. 5
Pj=1 €b,

SC _
Ei =—
Sosb’i

Material constants of PTO and STO employed in this study
are given in Table 1.'*?® The background dielectric constant
was taken as g,=72, where i is the optical frequency refrac-
tive index.?” Room-temperature pseudocubic/cubic lattice
parameters of PTO and STO was determined via best fitting
to the cubic phase lattice parameters from Refs. 30 and 31,
respectively.
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Dependence of the average polarization (P) on the vol-
ume fraction of PTO aprq and planar space-charge density o
are shown in Figs. 3(a) and 3(b), respectively, for PTO-STO
bilayer and superlattice structures at room temperature. The
solid line transversing the three-dimensional graphs along
the o axis marks the boundary between paraelectric and
ferroelectric phases. It represents the combinations of
bilayer/superlattice structures and space charges for which
the phase-transition temperature corresponds to 25 °C (room
temperature). Referring to our own results for multilayered
ferroelectrics,?? it can be easily noticed that there exist simi-
lar trends between (P)-appo-o and (P)-T-o plots where a
decrease in aprg is analogous to an increase in 7. As such,
(P)-appo-0 plots at a given temperature as shown in Fig. 3
can be qualitatively thought of as (P)-T-o plots at a given
apro and vice versa. As o is increased, paraelectric to ferro-
electric phase transition occurs at higher aprq values. This
shift of phase-transition boundary is expected to take place
since it is known that incorporation of space charges into
monolithic and heterogeneous ferroelectrics suppresses
phase-transition temperature.'®?3 Thus, to maintain ferro-
electricity in the heterostructure, the volume fraction of the
ferroelectrically “harder” component (aprg) has to be in-
creased in order to compensate the decline in phase-
transition temperature due to space charges. Compared to the
bilayer, the suppression of phase-transition temperature is
more severe in the superlattice structure since it accommo-
dates higher density of space charges per volume of the het-
erostructure. Hence, at a fixed o, paraelectric to ferroelectric
phase transition takes place at higher aprg values in the su-
perlattice with respect to the bilayer. Furthermore, the phase
transition is smeared and the stability balance between posi-
tive and negative polarization states is broken to favor equi-
librium solutions of polarizations for which the average is
positive.

In the paraelectric phase, (P) corresponds to the average
nonswitchable polarization (P,,) plotted in Fig. 4. On the
other hand, in the ferroelectric phase (P,,), which attains
negative values in this study, represents the unstable solution
accompanying (P). It is clearly seen that (P,) is highly sen-
sitive to the phase transition such that it exhibits an appre-
ciable  temperature-dependent  behavior  along  the
paraelectric-ferroelectric phase boundary.

Figure 5 shows the average switchable polarization (P,,,)
of PTO-STO heterostructures at room temperature as a func-
tion of the ratio of the volume fractions of the constituting
phases apro/ agpo for various values of o. Both in bilayer
and superlattice structures (P,,) displays a similar behavior.
In heterostructures which are free from space charges, (P,,,)
vanishes smoothly with decreasing apro. However, if space
charges are present in the heterostructures, a slight recovery
in (P,,) is seen with decreasing app in the vicinity of the
ferroelectric to paraelectric phase transition. This recovery in
(P, occurs due to the temperature-dependent behavior of
(P,s. Tt is clearly noticeable that as space charges are intro-
duced into the heterostructures, the paraelectric-ferroelectric
phase transition is shifted to higher values of appgo and the
magnitude of this shift is more pronounced in the superlattice
structure considered. We note that these results differ from
the previous analysis of Misirlioglu et al.3> wherein the pla-
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FIG. 4. (Color online) The variation in the average nonswitch-
able polarization (P,,) with volume fraction of PTO (appg) and
planar space-charge density (o) for (a) bilayer (n=2) and (b) super-
lattice (n=10) PTO-STO structures at room temperature in the ab-
sence of E¢Y,

nar space-charge density was presumed to be equal to the
built-in polarization difference. In that study, polarization
was considered to consist of two components, a switchable
component and a built-in component with the latter being
temperature insensitive. Dawber et al.>*3* have reported that
there is a recovery of switchable polarization for aprg<<0.4
in PTO-STO superlattices. According to this study, the ob-
served recovery in switchable polarization in PTO-STO su-
perlattices may not necessarily be due to space charges? but
due to other microscopic mechanisms. Our theoretical find-
ings indicate that if localized space charges were indeed re-
sponsible for such a recovery in these ferroelectric hetero-
structures this may be possible for appg>0.4.

The dielectric constants € of heterostructures are shown as
a function of aprp and o in Fig. 6. In the absence of space
charges, € exhibits a diverging behavior at the paraelectric-
ferroelectric phase transition appo=0.4. However, a gradual
decrease in peak value of & along with a widening in the
peak is seen upon increasing o. This diffusive transition re-
sponse in € is due to smearing of the phase transition. The
maximum in & occurs in the paraelectric phase as in the case
of a ferroelectric material subjected to an externally applied
electric field.'®?’
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FIG. 5. (Color online) The variation in the average switchable
polarization (P,;) in (a) bilayer (n=2) and (b) superlattice (n=10)
PTO-STO structures as a function of the ratio of the volume frac-

tion of the layers (apro/ @so) at various values of ¢ at room tem-
perature in the absence of E“Y.

IV. CONCLUSIONS

In summary, we have presented herein a theoretical analy-
sis that describes the polarization behavior and dielectric
properties of ferroelectric heterostructures with localized
space charges at the interlayer interfaces. Although the
theory has been specifically applied to ferroelectric superlat-
tices, this study contains all the theoretical tools that can be
used, with appropriate adjustments, to describe any mono-
lithic ferroelectric, compositionally graded ferroelectrics, and
multilayer ferroelectrics and their dielectric properties as a
function of space-charge concentration. The findings for het-
eroepitaxial (001) PTO-STO bilayers and (001) superlattice
structures on (001) STO substrates show that if the hetero-
structure is charge free, the critical PTO fraction at which the
ferroelectric phase transformation occurs is 0.40 but this
changes to 0.6 and 0.72 for the bilayer and the superlattice,
respectively, for a planar space-charge density of
0.05 C/m?; in the vicinity of this critical apre, the built-in
polarization due to space charges shows appreciable varia-
tion in both types of heterostructures; these variations result
in a recovery in the switchable polarization near critical
apro; the sharp ferroelectric phase transformation for charge-
free bilayers and superlattices is smeared out with an in-
crease in the charge density; and the dielectric constants of
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FIG. 6. (Color online) The variation in the dielectric constant &
as a function of the volume fraction of PTO (aprg) and the planar
space-charge density (o) for (a) bilayer (n=2) and (b) superlattice
(n=10) PTO-STO structures at room temperature in the absence of
E®. The solid lines transversing each graph along the o axis marks
the boundary between paraelectric and ferroelectric phases.

charge-free bilayers and superlattices are significantly re-
duced in the presence of space charges at a given aprq.
While the theoretical model employed in this study corre-
sponds to a simplified condition that assumes a constant o at
the interlayer interfaces, it nonetheless provides a clear un-
derstanding of the effect of space charges in multilayer fer-
roelectrics. The findings indicate the need for synthesis/
processing conditions that would produce minimum amount
of space charges in the ferroelectric superlattices for these
heterostructures to be considered in device applications.
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