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Reducing thickness of ferroelectric films typically comes with an apparent degradation of their
ferroelectric and dielectric properties. The existence of low-dielectric interfacial layers is often
invoked to explain such behaviors. Much work has been done on modeling ferroelectric thin films
by considering a ferroelectric layer between two layers with low dielectric constant. In these models
it is necessary to introduce extrinsic parameters; the dielectric constant and the polarization are step
functions of the depth inside the film. We have developed a model for ferroelectric semiconductors
based on the inhomogeneous Landau–Devonshire theory, including surface effects. The local
electric field is determined by solving Poisson’s equation in which a differential permittivity
replaces the dielectric constant. We have found that the hysteresis loops were strongly influenced by
the correlation length. That point is discussed by examining the electric field, polarization, and
differential permittivity profile inside the film. It is shown that the differential permittivity strongly
decreases with the correlation length increases. That phenomena leads to high electric fields inside
the film and especially close to the surface. As a consequence, an explanation for thin film
ferroelectric properties can be given by invoking space charge density many orders of magnitude
lower than those usually considered. ©2005 American Institute of Physics.
[DOI: 10.1063/1.1834728]

I. INTRODUCTION

Ferroelectric ceramic thin films are being extensively in-
vestigated for applications in nonvolatile memories. The
electrical characterizations of MFM(metal ferroelectric
metal) structures and their interpretations are key points in
the understanding of such material properties. Numerous ex-
perimental results for bulk ferroelectric properties are ex-
plainable by the existence of a layer of low dielectric con-
stant material at the surface. This phenomena has been
described by Känzig1 for whom the surface anomalies are
due to the existence of a surface layer of high electric field.
Merz2 has pointed out that since the dielectric constant is
highly nonlinear and field dependent, it would thus be pos-
sible for the dielectric constant to vary within the material. In
ferroelectric materials, however, the ionic part of the dielec-
tric constant drastically decreases with increasing electric
field due to the increasing stiffness of the perovskite lattice.3

Despite these previous remarks, the electric field and relative
dielectric constant are generally assumed to be uniform for
bulk ferroelectrics.

Many authors4,5 have adopted an approach which con-
sists of considering ferroelectrics as insulators with two non-
switching dielectric layers, one adjacent to each electrode,
each layer having the same thickness and a low relative di-
electric constant. Moreover, in these conditions the polariza-

tion and the electric field are not uniform inside the ferro-
electric on the whole, but are uniform inside each layer.

Ferrolectrics like lead zirconate titanate(PZT) have usu-
ally been regarded as insulators, when their ferroelectric
properties are discussed. The view point regarding thin ferro-
electric film as a semiconductor seems to be confirmed by
experiments. For example, a space charge layer at the metal
ferrolectric contact was suggested by the current through
ferroelectric metal structures, which showed the Schottky-
like conduction.6 Similarly, the space charge effect, i.e.,
Schottky barrier at the metal ferroelectric interface, is con-
sidered to be one of the mechanisms that intrinsically re-
duces the dielectric constant of very thin high dielectric films
like PZT.7–9

Chai et al.10 considered ferroelectrics as fully depleted
semiconductors by assuming a uniform doping concentration
and relative dielectric constant. They point out, by examining
the influence of doping on relations between macroscopic
and microscopic behaviors, that the uniform field approxima-
tion is inaccurate for interpreting ferroelectric semiconductor
thin film behavior. Chaiet al.11,12 improved the physical de-
scription of MFM structures by considering a spatially vary-
ing permittivity inside the film.

It must be noticed that for all of these studies,10–12 the
polarization is always split into a linear and a switching com-
ponent. As a consequence, for the relative dielectric constant
er which is the coefficient of the linear contribution, two
cases have been examined.(1) er is directly assumed to havea)Electronic mail: laurent.baudry@iemn.univ-lille1.fr
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an abrupt or gradual depth dependence for the relative di-
electric constant; the profile is defined at the beginning of the
simulation and kept constant, thus it does not depend on
external bias(2) er depends on the external bias by mean of
an abrupt or gradual electric field dependence defined at the
beginning of the simulation. As a consequence, a nonuniform
electric field induces a spatially varying permittivity. A simi-
lar approach has been used by Kimm and Lee13 to study the
effect of the space charge distribution on the hysteresis loop
properties.

In these studies, the relative dielectric constant is inde-
pendent of the polarization state. In the present article we
propose a model in which such assumptions are not made.

By choosing a thermodynamical approach based on the
Landau–Devonshire theory,14 the polarization is not split into
two terms. That allows us to write Poisson’s equation for a
ferroelectric semiconductor, accounting for a differential per-
mittivity which is polarization and electric field dependent.
In these conditions, hypotheses on the permittivity depth de-
pendence are not required because it is derived from the
other parameters. It seems to us that by the use of this ap-
proach, spatial dependence of the permittivity is less artifi-
cially taken into account.

Since the presence of charges in the ferroelectric semi-
conductor is accounted for, a spatial variation of the electric
field and thus effects on the hysteresis loops are expected.
We report results obtained by assuming a uniform space
charge distribution inside the film.

This article is organized as follows: In Sec. II, we de-
scribe the physical foundations of this study. The major fea-
tures of the model are presented in Sec. III. In Sec. IV we
investigate the influence of the bulk correlation length and
the doping level on ferroelectric properties. The main con-
clusions are summarized and discussed in Sec. V.

II. THEORITICAL BACKGROUND

In this article we focus on the properties of a ferroelec-
tric capacitor, we have considered the classical structure of a
MFM sandwich, and have studied its response to an external
biasVext.

The direction of the polarization is assumed to be per-
pendicular to the film surface. We thought that the original
idea proposed by Ishibashi,15 which consists of both model-
ing ferroelectric by a lattice model and using a thermody-
namical approach, is suitable for thin film description when
the surface effect is accounted for. In this section we describe
the basis foundations of the model.

The phenomenological Landau–Devonshire theory
which describes the properties of ferroelectric phase transi-
tions, can also be employed to describe the thermodynamic
stability of a ferroelectric in a bistable polarized configura-
tion and to predict the response of a dipole to an applied
electric field.14,16–18In this context, one of the simplest mod-
els is the so-calledp4 model for which the thermodynamic
potential of one dipole is written as

Vp4spd =
a

2
p2 +

b

4
p4, s1d

with a=asT−Tcd, a.0 and b.0, whereT is temperature
andTc the Curie temperature.

When the electric fielde is applied to the dipole, its free
energyF becomes

F = Vp4spd − pe. s2d

A dipole which manifests the properties of hysteresis
[i.e., spontaneous polarizationsps=Î−a /bd and coercive
field sec=−2a /3Î3Î−a /bg is described in Laudau’s theory
with a simple bistable system characterized by two param-
eters a and b. This kind of loop is often called an ideal
hysteresis loop because of the abrupt transition atec.

Based on the continuum mean-field theory, a form of
free energy for ferroelectric thin films has been developed
and a so-called “extrapolation length”l, which measures the
strength of coupling in the surface layer,19,20 was introduced
to describe the change of the local polarization near a free
surface of a ferroelectric. Since we have chosen to describe a
ferroelectric by an ensemble of dipoles, it is necessary to
include the effects of interactions between them in the free
energy expansion. We use the following formula to deter-
mine the free energy of a bulk materialFV:

FV =E
V

ffPsr dgdr , s3d

with

ffPsr dg = Vp4fPsr dg +
k

2
f¹Psr dg2 −E

0

P

EfP8sr dgdP8sr d,

s4d

wherek is the interaction coefficient between dipoles.
Physically, the second term of Eq.(4) corresponds to the

polarization gradient between neighboring dipoles and essen-
tially provides an energy penalty for the formation of such
gradient.

The film free energy is obtained by adding a surface
term which depends onk andl so that it is given by

Ffilm = FV + Fsurface, s5d

with

Fsurface=E
S

k

2l
fP2sx,y,z= 0+d + P2sx,y,z= L−dgdxdy.

s6d

It can be noticed thatFsurface includes boundary condi-
tions at the surfaces

UdP

dz
U

z=0
=

Ps0+d
l

andUdP

dz
U

z=L
=

PsL−d
l

. s7d

One of the key points in determining the equilibrium
configuration Psr d by applying the variational principal
sdFfilm /dP=0d is the mathematical expression of the electric
field EfP8sr dg.
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The electric displacementD is related to the electric field
E and the polarizationP by the following equation:

D = e0E + P, s8d

wheree0 is the permittivity of free space.
Maxwell’s first equation establishes a relation between

the electric displacementD and the charge densityr

¹D = r. s9d

If we consider the simple case of a one-dimensional
ferroelectric capacitorP=Pz, by assuming a linear relation
between polarization and electric fieldP=«0xE, we obtain
Poisson’s equation

]E

]z
=

rszd
e0er

, s10d

whereer is the relative dielectric constant defined as

er ; 1 + x = 1 +
1

e0

P

E
. s11d

Equations(10) and (11) are valid for a dielectric mate-
rial. If we now assume the following classical relationP
=e0xE+Ps, in which the polarization is split into a linear
componente0xE and a switching componentPs. Equations
(10) and(11) stay valid only if we assume thatPs is uniform
inside the film(i.e., the contribution of the surface effects is
neglected). Notice that splittingPs implies considering an-
other approach than the thermodynamical one adopted by us.
For example, Chaiet al.10–12uses a hyperbolic tangent func-
tion to describe the relation between the electric field and the
polarization.

Without any assumptions on the polarization-field de-
pendence, Maxwell’s first equation leads to the following
equation:

]E

]z
=

rszd
e0 + s]P/]Ed

, s12d

a differential permittivity can be defined as

« ; 1 +
1

e0

]P

]E
, s13d

and Poisson’s equation for a ferroelectric takes the same ap-
pearance as for a dielectric

]E

]z
=

rszd
e0«sE,Pd

. s14d

The electric field position dependence given by Eqs.(10)
and (14) are quite different. Let us examine the case where
rszd=0, Eqs.(10) and (14) both lead to a uniform electric
field. On the contrary whenrszdÞ0 these equations are ex-
pected to lead to different results.

In the present work we have adopted Eq.(14) which
seems to us more consistent and interesting due to the model
foundations.

It can be noticed that in these conditions« is an intrinsic
model parameter and that the effect of the spatial variation of
the polarization is not included by means of a bound charge
density inside the numerator of the right part of Eq.(14) but

by a differential permittivity inside the denominator of the
right part of this equation. An increase in the differential
permittivity tends to reduce the slope of the electric field
inside the ferroelectric.

The fact that for a ferroelectric, the polarization-field
dependence is not simple and that the second member of Eq.
(14) depends on the polarization states makes the determina-
tion of the internal electric field more difficult than for a
classical dielectric. In these conditions a numerical approach
is generally required, while for a dielectric one an analytical
one is often possible, obviously according to the charge dis-
tribution rszd and neglecting the surface effect. This reason
can explain why, despite the strong assumptions listed, the
choice of Eq.(10) for determining the electric field in a
ferroelectric material is often made.

III. DIPOLE PROPERTIES AND MODEL DESCRIPTION

It is interesting before studying thin film(i.e., the lat-
tice), to examine the properties of a dipole.

The permittivity is defined as «se,pd= u1
+s1/e0d s]p/]eduse,pd although it strongly depends on the po-
larization statese,pd and thus on the parametersec and ps

which define the polarization-field relation.
We have investigated the dependence of the zero field

differential permittivity «se=0d with the parametersec and
ps. Figure 1 shows that according to the value ofec and ps,
«se=0d can drastically change. For example, the zero field
permittivity of a dipole which corresponds to the hysteresis
parameters often reported for PZT thin films(ec

=35 kV/cm andps=30 mC/cm2) is about 2000. More often
er is determined by using the classical formulaer =CL/e0A,
whereC is the capacitance measured andA the area of the
capacitor. Theer values usually obtained for PZT are about
600–800. The discrepancy between the values of« and er

which correspond to the same value of the coercive field and
remanent polarization clearly indicates thatec andps must be
considered as model parameters.

FIG. 1. Zero field differential permittivity for a dipole as a function ofec

andps.
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We have chosen to describe the ferroelectric by an en-
semble of 2003200 dipoles uniformly distributed in a
square lattice and characterized by the same Landau–
Devonshire polynomial of Eq.(1). For the dipole parameters,
we have takenps=30 mC/cm2 and ec=35 kV/cm. The po-
larization of the dipole located ati , j is pijz, each dipole lying
in the doubleVp4 potential and interacts with its first neigh-
bors.

The polarization is a function of the electric field, which
itself is a function of time due to the variation of external
bias Vext and polarization state. The dynamic behavior is
characterized by a viscocity coefficientg which causes the
delay in individual dipole switching.21,22The polarization re-
sponse of the dipolei , j to the local electric fieldeij is deter-
mined using the following equation.

pijst + Dtd = pijstd −
Dt

g
Hapijstd + bfpijstdg3 −

k1

h2fpi+1jstd

+ pi−1jstd − 2pijstdg −
k2

h2fpij +1std + pij −1std

− 2pijstdg −
k3

2h2fpi+1j+1std + pi+1j−1std

+ pi−1j+1std + pi−1j−1std − 4pijstdg − eijstdJ ,

s15d

whereh is the lattice parameter,k1, k2, andk3 are the inter-
action coefficients between first neighboring dipole. The co-
efficient g has been arbitrarily set to 0.625 V ms/C for our
calculations.

The polarization of the filmP is determined averaging
the local polarizationpij over the number of dipole, and the
electric fieldeij is derived from the electrostiatc potentialvi j

eij = − ¹ vi j , s16d

which is itself obtained solving two-dimensional Laplace’s
equation, using the finite differences method

vi j =
ri jh

2

4e0«i j
+

vi−1j + vi+1j + vi j +1 + vi j −1

4
. s17d

Since the polarizationpij of the dipole located ati , j and
the electric field eij are known, the value of«i j = u1
+s1/e0d s]pij /]eijduseij ,pij d

can be determined by the use of the
following method. Due to its definition, it is clear that«
characterizes the capability for the polarization to be
switched under an applied field.

In order to determine the term]pij /]eij , we apply to the
dipole i j , a virtual fieldDe, and calculate a virtual polariza-
tion pseij +Ded so that

U ]pij

]eij
U

seij ,pij d
= lim

De→0

pijseij + Ded − pijseijd
De

. s18d

When «i j is known, Eqs.(15) and (17) are solved(i.e.,
vi j , eij , and pij are determined). We have pointed out the
interdependence of«i j , vi j , eij , and pij at each time. As a

consequence, Eqs.(15) and (17) are solved self-consistently
until the determination of these parameters with an accurate
precision is achieved.

Equations(15) and(17) are related to dipoles inside the
lattice. For dipoles located on the side perpendicular to the
electrode, we have taken cyclic boundary conditionspn+1,j

=p1,j, p0,j =pn,j, vn+1,j =v1,j, andv0,j =vn,j.
The polarization at the electrode side is given by Eq.(7)

and the effect of the external bias is introduced by taking
vi,0=0, vi,n=Vext on the electrode side. In the present article,
we show and discuss results concerning the polarization-field
response at low frequencys100 Hzd, the loops and profiles
across the film correspond to a steady state for all the model
parameters.

IV. RESULTS

PZT bulk materials are generally described as ap-type
semiconductor while PZT thin films exhibitn-type semicon-
ductor properties.23 The sign of the space charges and carri-
ers is a crucial point to describe charges injection and con-
duction phenomena. Since the present study is devoted to the
hysteresis properties, the sign of the space charge is not a
point of fundamental importance. Indeed the hysteresis loops
only depend on the absolute value of the space charge den-
sity. For this reason and also in order to compare our results
with some previously published,10,13,18we have presented in
this article results obtained by considerering PZT as ap-type
semiconductor. Obviously, we have verified that the sign of
the space charges only affect the profiles of potential, electric
field, polarization, and permittivity. The profiles forn-type
ferroelectric semiconductors can easily be deduced by invok-
ing symmetrical considerations. Another key point is the
space charge distribution. Is it located close to the surface or
is it occupied on all the film? For example, the fatigue phe-
nomena is often explained by the extent of the space charge
width from a region located close to the electrode toward the
middle of the film. For the present study we have assumed
that the space charge layer width corresponds to film thick-
ness and that it is not modified by the external bias. In these
conditions the comparison with previous modeling results is
possible.10,13,18Moreover, we have verified that the fully de-
pleted assumption was verified for each case studied in the
present article by using the method described in the annex of
Chai’s article.

We have considered a 0.3-mm-thick film which is as-
sumed to be fully depleted with a uniform space charge den-
sity N of negative elementary chargessq=−1.6310−19 Cd so
that the charge densityrszd and ri j , which appear respec-
tively in Eqs. (14) and (17), are taken equal toqN. The
extrapolation length has been set to 10−9 m.

We have used the two-dimensional(2D) lattice model
described in the previous subsection. Because of the bound-
ary conditions along thez axis, the physical quantities of
interest only depend on the depth in the film, thus profiles
(1D graphs) are suitable for the results analysis. That point,
which has also been discusssed in Ref. 24, is more related to
the code development and further investigation than to the
present physical problem studied.
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Poisson’s equation[Eq. (14)] implies that a permittivity
which is field dependent can have a profound effect on the
magnitude of the internal field. In the following subsections
we will discuss the interdependence of the permittivity and
the electric field for a ferroelectric semiconductor thin film.
Inside the film the electric field and the polarization are
strongly position dependent. The permittivity is polarization
and electric field dependent, thus we have studied the per-
mittity behavior inside the film which is always a question of
interest.

We have focused on the influence of two parameters on
the ferroelectric properties: the correlation lengthj=Îk / uau
and the space charge densityN.

A. Influence of j

We have studied the influence of the correlation lengthj
on the polarization-field dependence. By using a thick solid
line, we have plotted in Fig. 2 the loop obtained when the
surface effect and the space charge field are both neglected.
In this case, the electric field inside the film is equal to the
external field and the polarization is uniform. The film ex-
hibits the ferroelectric properties of a dipole(Pr =ps

=30 mC/cm2 andEc=ec=35 kV/cm). We have also plotted
in Fig. 2 the hysteresis loops obtained when surface effects
and space charge density were both included. The space
charge density was taken equal to 531015 cm−3 and several
values ofj have been considered. As shown in Fig. 2, when
the correlation length increases the loops become more and
more constricted.

We explain that behavior by using the profiles of poten-
tial (a), electric field(b), polarization(c), and permittivity(d)
obtained atPr

+ (Fig. 3). When the correlation length in-
creases, the reduction of the polarization in the interior of the
film is enhanced[Fig. 3(c)] because of the augmentation of
coupling between dipoles. We have described in detail this
phenomena in one of our previous studies.24 As shown in
Fig. 3(c), the polarization profiles atPr

+ become less and less
symmetrical whenj increases. In our previous work the po-
larization profiles were always symmetrical so that we have
tried to find an explanation of this behavior.

Due to the mathematical expression for Poisson’s equa-
tion [Eq. (14)], the effect induced by the polarization varia-
tions inside the film is accounted for by means of the differ-
ential permittivity. This description is quite different from
that generally encountered in which the bound charges pro-
duce an electric fieldEbc=e−div P/e0 dz.24 In that study, we
have considered the ferroelectric as an insulatorr=0: The

FIG. 2. Hysteresis loops for a 0.3-mm-thick film. The solid line corresponds
to the case where no surface effect is included. Other calculations have been
made by takingN=531015 cm−3 and including the surface effect. Several
values of j have been considered.j=10−9 m (long dashed line), j=5
310−9 m (dotted line), j=15310−9 m (dashed line), and j=25310−9 m
(dashed-dotted line).

FIG. 3. The profiles of potential(a), electric field(b), polarization(c), and
differential permittivity (d) inside an 0.3-mm-thick film are presented. Cal-
culations have been made by takingN=531015 cm−3. Several values ofj
have been considered.j=10−9 m (long dashed line), j=5310−9 m (dotted
line), j=15310−9 m (dashed line), andj=25310−9 m (dashed-dotted line).
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electric field has two componentsE=Eext+Ebc where Eext

=Vext/L is the external field. For a ferroelectric semiconduc-
tor we would haveE=Eext+Ebc+Esc with Esc=er /e0 dz. A
study accounting for this approach will be reported in a fu-
ture article. It is clear that for the present study the electric
field has only two components, the external oneEext and the
space charge oneEsc=er /e0«sE,Pd dz. The discussion of the
results must be limited invoking these two field effects and
the surface effect.

At remanent statePr
+ the external field is null only the

effect of the space charge field component is observed in Fig.
3. It must be noted that the potential profiles exhibit a para-
bolic shape[Fig. 3(a)], the electric field profiles are linear,25

and exhibit two regions of opposite field directions[Fig.
3(b)]. We now focus on the explanation of the phenomena
observed in Fig. 3(c): As the correlation length gets higher,
the polarization profile becomes more and more asymmetri-
cal. In order to illustrate the discussion, the effect of the
surface effect(a) and space charge field effect(b) are
sketched separately in Fig. 4.

Since the surface effect is accounted for by the same
boundary conditions for each side, the polarization decreases
with the same magnitude in the vicinity of each side[Fig.

4(a)]. The effect produced by the space charge field is de-
scribed in Fig. 4(b). On the left side of this figure, the electric
field is positive, as is also the polarization. Thus the field
effect is polarizing and opposite to the surface effect. As a
consequence in this region of the film, the magnitude of the
polarization decrease is reduced by the space charge field
effect. On the right side, the electric field is negative, the
effects are both depolarizing. Thus on this side, the magni-
tude of the polarization decrease is enhanced by the space
charge field. As a consequence the polarization profile is
asymmetrical[Fig. 4(c)].

The hysteresis loop obtained for the lowest values of the
correlation lengthj=10−9 m is, as shown in Fig. 2, very
close to the dipole one. The band bending of the potential is
very weak and the electric field close to zero[Figs. 3(a) and
3(b)]. This point is easily explained by the weak surface
effect inside the film observed in Fig. 3(c) so that the electric
field inside the film is almost reduced to the external com-
ponent which is null in the short circuit conditions. The sur-
face effect increases withj the potential band bending and
the electric field are then enhanced.

We observe, despite the low space charge densities that
the electric field close to the surface is not weak. That may
appear to be strange. Nevertheless, by examining the permit-
tivity profiles, we can explain the discrepancy between both
the values. As shown in Fig. 3(d),26 « exhibits a strongj
dependence. We observe that whenj increases, the permit-
tivity strongly decreases. As a consequence, despite the low
space charge densityN=531015 cm−3, the effect produced
by the space charge on the electric field values is important
for the highest values ofj because of the low« value.

We have plotted in Fig. 5 the evolution of the mean
permittivity «̄=1/Le0

L«szddz as a function ofj. Whenj goes
to zero, which corresponds to the case of a noninteracting
medium, we found again the zero field dipole permittivity for
the «̄ value. Whenj increases, we observe that«̄ decreases,
and reaches 1 for infinitej. This corresponds to]p/]e=0
which means that it is impossible to switch the polarization.
It is necessary to remember that« is a local parameter when
explaning the evolution of« with j. As a consequence a local
variation ofdp induced by a local variationde produces an
increases of free energy through the gradient term which
increases asj gets higher. As a consequence the variation of

FIG. 4. Sketch of the surface effect(a) and space charge field effect(b) for
low space charge density. Arrows have been used to show the direction and
the magnitude of these effects on the polarization. The resulting polarization
profiles (c) are shown for two cases:(1) neglecting the contribution of the
space charge field(b) so that only the surface effect(a) is accounted for
(dashed line), (2) accounting for the contribution of the surface effect(a)
and of the space charge field(b) (solid line).

FIG. 5. The permittivity mean value«̄ is plotted as a function of the corre-
lation lengthj. The horizontal line corresponds to the dipole value(nonin-
teracting medium).
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the polarization corresponds to a less favorable situation as
the correlation increases. In other words« decreases due to
the energy minimization.

Then we have studied the ferroelectric properties for a
ten times higher space charge density. The polarization-field
dependencies are plotted in Fig. 6. It appears, as compared to
Fig. 2, that the degradation of the ferroelectric properties is
more pronounced. The potential band bending[Fig. 7(a)] is
more important and the slope of the electric field[Fig. 7(b)]
is almost ten times higher than that shown in Fig. 3(b).

As a consequence, for a given value ofj the effect of the
space charge field on the polarization profiles is more impor-
tant [Fig. 7(c)]. An opposite polarization structure then ap-
pears for the highest values ofj considered.

In order to explain this phenomena, we have sketched in
Fig. 8 the effect of the surface effect(a), the effect of the
electric field (b), and the influence on the polarization(c).
Due to the ten times higher space charge density, the electric
field exceeds the coercive field values −ec close to the sur-
face[Fig. 8(b)]. As a consequence the polarization switching
occurs in this region[Fig. 8(b)].

Despite the field value −ec is not reached everywhere in
this half side of the film and polarization reversal occurs
elsewhere in this half side because of the free energy mini-
mization. That leads to the formation of an opposite polar-
ization region structure.

It must be noted that contrary to what we have observed
for a ten times lower space charge density,[Fig. 3(c)] the
effect of the boundary conditions does not extend in the
depth of the film[Fig. 7(c)]. In fact it is located in the close
vicinity of the surface and is responsible for the decreases of
uPu on each side.

We have found that the space charge density values for
which ferroelectric properties were strongly affected by the
space charge field was about two orders of magnitude lower
than these predicted by nonthermodynamical modeling
approaches.10,13In order to explain that phenomena, it is nec-
essary to note that usually the permittivityer, which is used
in these models, is determined from experimental data by
calculating the slope of the hysteresis loop at the remanent
state or by using the capacitance measurements. In these con-

ditions it is clear that the permittivity is a nonlocal parameter
because that is the variation of the mean polarization over
thickness of the film which is measured. For modeling ap-
proaches cited therein, the polarization everywhere is fully
determined by the knowledge of the alone electric field cal-
culated from the ideal dielectric Poisson’s equation in which
er is introduced [Eq. (10)]. Moreover, because transient

FIG. 6. Hysteresis loops for a 0.3-mm-thick film. Calculations have been
made by takingN=531016 cm−3 and including the surface effect. Several
values of j have been considered.j=10−9 m (long dashed line), j=5
310−9 m (dotted line), j=15310−9 m (dashed line), and j=25310−9 m
(dashed-dotted line).

FIG. 7. The profiles of potential(a), electric field(b), polarization(c), and
differential permittivity(d) inside a 0.3-mm-thick film are presented. Calcu-
lations have been made by takingN=531016 cm−3. Several values ofj
have been considered.j=10−9 m (long dashed line), j=15310−9 m (dotted
line), j=15310−9 m (dashed line), andj=25310−9 m (dashed-dotted line).
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states are not described that also implicitly means that the
local polarization variations are instantaneous. In other
words, despite the interest that such kinds of modeling ap-
proaches have, we cannot fully trust these descriptions for
thin film properties because what happens inside the film
between two steady states is not described. Obviously what
happens after the initial state determines the final state. As
previously discussed,27 the physical basis of our model is
well adapted to the classical description of ferroelectricity, a
collective phenomena(because of the thermodynamical de-
scription), an inhomogeous switching(because of the evolu-
tion equation). Moreover for the present study, the local
variation of the polarization is influenced by the local electric
field determined by using the local parameter« and the con-
tribution of the free energy gradient. For us, these remarks
could explain the discrepancy of space charge density range
of values necessary to make ferroelectric properties vanish in
both kinds of approaches.

The next section is devoted to a detailed explanation of
the influence of this parameter.

B. Influence of N

In this section, we will study the influence of the space
charge densityN on the ferroelectric properties. We have

plotted in Fig. 9 the polarization-electric field dependencies
obtained for several values of the space charge density.

The loop which corresponds to the lowest space charge
density studiedsN=1015 cm−3d is very close to these ob-
tained for a ferroelectric insulatorsN=0d (only one of them
has been presented in Fig. 9). Let us remark that this loop is
constricted with respect to the dipole one(Pr ,ps and Ec

,ec). Because the results forN=0 and N=1015 cm−3 are
very close, that means forN=1015 cm−3, the contribution of
the space charge field to the ferroelectric properties is negli-
gible. In other words the constriction of the loop observed
for N=1015 cm−3 is only due to the surface effect. A more
detailed study concerning the influence ofN on the hysteresis
parametersPr and Ec will be reported at the end of this
section.

When the space charge density increases the constriction
of the hysteresis enhances and successively a double loop
hysteresis and a linear behavior are observed.

For a better understanding of these phenomena, we have
represented in Fig. 10 the profile forV, E, P, and « at the
remanent statePr

+. When there isN=1015 cm−3 space charge
density, the space charge field is very weak. The electric field
is almost reduced to the external componentE=Eext. As a
consequence the electric field inside the film is uniform, null
at Pr

+ [Fig. 10(b)]. The polarization is only influenced by the
surface effect(Fig. 4) and thus exhibits a symmetrical profile
with respect to the middle axis of the film. The polarization
is reduced close to the surface and is equal to the dipole
polarization in the interior of the film[Fig. 10(c)].

When N.1016 cm−3 the potential exhibits a parabolic
shape[Fig. 10(a)], the magnitude of the potential band bend-
ing is enhanced by the space charge density augmentation.
The electric field is linear and two regions of opposite in sign
electric field are observed in Fig. 10(b). As the space charge
density gets higher, the slope of the electric field distribution
increases and for the highest values ofN, the electric field is
higher thanec on the left side and lower than −ec on the right
side. As a consequence the mechanism already seen in the
previous section and described in Fig. 8 leads to the forma-
tion of an opposite polarization region structure. In fact the
evolution of the loop withN is very similar to those one
observed withj.

FIG. 8. Sketch of the surface effect(a) and space charge field effect(b) for
high space charge density. Arrows have been used to show the direction and
the magnitude of these effects on the polarization. The resulting polarization
profile (c) in which both effects are seen to be effective.

FIG. 9. Hysteresis loops for a 0.3-mm-thick film. Calculations have been
made, including the surface effect and by takingj=10−8 m. Several values
of N have been considered.N=1015 cm−3 (thick solid line), N=1016 cm−3

(dotted line), N=531016 cm−3 (dashed line), N=1017 cm−3 (long dashed
line), andN=1018 cm−3 (solid line).

024104-8 L. Baudry and J. Tournier J. Appl. Phys. 97, 024104 (2005)



The distribution of the electric field inside the film at a
given bias is completly determined by the knowledge of
«sE,Pd and N. Due to the spatial variation of the electric
field and the polarization, the permittivity is expected to
change through the depth of the film.

In the previous section we have focussed on the expla-
nation of the order of magnitude of«, which strongly de-
pends onj, so that we have adopted a logarithmic scale[Fig.
3(d)] in these conditions where the polarization profile ap-
peared to be uniform inside the film. Contrary to what we
obtained in the previous section, the order of magnitude of«
is not strongly influenced by the space charge density.

We now focus on the explanation of the detail of the«
profile shape. As shown in Fig. 10(d) the « profile strongly
depends on the space charge densityN. Two peaks of per-
mittivity are observed forN=1015 cm−3, one near each side.
Those kinds of profiles have also been reported for the sus-
ceptibility by Zhonget al.28 and by Glinchunket al.29 for
ferroelectric insulators.

For low space charge densitysN=1016 cm−3d, the per-
mittivity profile is slightly more asymetrical(dotted line).
The peak of permittivity observed on the left side is less high
than for N=1015 cm−3. As N increases the profiles become
more and more asymmetrical(dashed line) and the peak of
permittivity located at the left side vanishes.

For N=1017 cm−3 an opposite polarization region struc-
ture is observed[Fig. 10(c)]. A peak of permittivity is ob-
served close to the middle of the film and two regions of low
permittivity are observed on each side of the peak. AsN
increases the peak of permittivity becomes more and more
centered with respect to the middle of the film, and for the
highest space charge density consideredN=1018 cm−3 the
permittivity profile appears to be symmetrical.

It can be noted that the changes observed in the sym-
metrical properties of the permittivity profile are in close
relation with the changes observed on the polarization pro-
files. For the lowest values ofN studied the surface effect
prevails over the effect induced by the space charge field.
Thus polarization and permittivity profiles are symmetrical
with respect to the middle of the film because the surface
effect has the same magnitude on each side of the film. For
medium space charge density both effects influence the po-
larization permittivity and symmetrical properties are not ob-
served. For the highest values ofN, the space charge effect
prevails over the surface effect so that the polarization and
the permittivity exhibit symmetrical profiles because they are
mainly influenced by the space charge field which itself ex-
hibits symetrical profile. Except close to the surface, we have
observed that« followed the variation ofu]p/]zu with z. That
behavior can easily be explained as follows: The more im-
portant component of«szd is the term 1/e03]p/]e. So that
the termks]p/]zd2 in Eq. (4) can be rewritten approximately
kK2«2e0

2, whereK is the slope of the electric field which is
almost uniform.

As a consequence, the spatial variation of the permittiv-
ity is governed by the polarization gradient. In fact the aug-
mentation of the polarization gradient increases the free en-
ergy. This corresponds to a less favorable situation and thus
the polarization is easier to switch.

Because the polarization is determined by the boundary
conditions[Eq. (7)], the polarization variation at the surface
is not strongly influenced by the space charge field. As a
consequenceuPs0du and uPsLdu are almost independent ofN
and as is also« at the surface.

FIG. 10. The profiles of potential(a), electric field(b), polarization(c), and
differential permittivity (d) inside an 0.3-mm-thick film are presented. Cal-
culations have been made, including the surface effect and by takingj
=10−8 m. Several values ofN have been considered.N=1015 cm−3 (thick
solid line), N=1016 cm−3 (dotted line), N=531016 cm−3 (dashed line), N
=1017 cm−3 (long dashed line), andN=1018 cm−3 (solid line).
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These explanations are valid except in the close vicinity
of the surface, i.e., near the peak locations. It is difficult to
provide a simple explanation of the permittivity peaks, the
permittivity behavior in the vicinity of the surface is influ-
enced by both the boundary conditions and the polarization
gradient term. These opposite effects can explain the exis-
tence of permittivity peaks because according to the position
between the effect of the polarization gradient or the effect of
the boundary conditions, we think that one of them prevails
over the other one.

For a better understanding of the contribution of the
space charge field and the surface effect toward the ferroelec-
tric semiconductor properties, we have plotted in Fig. 11 the
evolution of the ratiosEc/ec and Pr /ps with N for many
values of the correlation length. The results are compared to
those obtained for a ferroelectric insulator. For the lowest
value examinedj=10−9 m [Fig. 11(a)], the values for the
ratios are not distinguishable from those obtained for a ferro-
electric insulator. The alone phenemenon responsible of the
constriction of the loop(Ec/ec,1, Pr /ps,1) with respect to

the dipole one is the surface effect. That means, in that case,
that the space charge field is not sufficient to modify hyster-
esis properties. As expected for the highest correlation length
values studied, we observe in Figs. 11(b) and 11(c) that the
reduction of the ratios for a ferroelectric insulator(only due
to the surface effect) increases withj. For a ferroelectric
semiconductor the coercive field decreases withN. That
clearly shows that the role of the space charge field on the
switching properties is important. From aboutN=6.45
31016 cm−3 for j=10−8 m and N=1.7231016 cm−3 for j
=2.5310−8 m the coercive field is null, which corresponds
to the appearance of the opposing region structure inside the
film. It is convenient to distinguish two parts on the polar-
ization curves[Figs. 11(b) and 11(c)]. Before the appearance
of the opposing region structure, the effect of the space
charge field is weak and its effect gives rise to the polariza-
tion decreases on one side and the increases on the other side
(Fig. 4). Because of these opposite effects, the film polariza-
tion, which corresponds to the mean value over thickness, is
close to those of a ferroelectric insulator. After the appear-
ance of the opposing region structure, the film polarization is
null because its profile is symetrical with respect to the point
of zero polarization located in the middle of the film.

V. CONCLUSION

The internal description of a ferroelectric semiconductor
thin film, i.e., potential, polarization, electric field, and dif-
ferential permittivity variation inside the film, has allowed us
to discuss their effects on the hysteresis properties.

As previously shown24 for a ferroelectric insulator, the
correlation lengthj plays an important role on the magnitude
of the surface effect. In the present article we have also
shown that for a ferroelectric semiconductor, the polarization
profile also depends on the space charge field. The most im-
portant result is that the order of magnitude of the parameter
j also strongly influences the permittivity« inside the film.
As a consequence, because for a ferroelectric semiconductor
the parameter« plays an important role in Poisson’s equa-
tion, the space charge field is not only determined by the
space charge density but also by the coupling between di-
poles introduced by means of the correlation length. The
permittivity « strongly decreases whenj increases, and as a
result the electric field inside the film reaches very high val-
ues. For medium coupling,« is very weak inside the film,
and as a consquence, for low space charge density high elec-
tric fields are also observed in the ferroelectric. In other
words, even without high space charge density, high space
charge fields can be observed because of the low« value
induced by the coupling inside the material.

Recently, Prosandeevet al.,30 by studying heterogeneous
ferroelectrics, established that the susceptibilityx was con-
versely proportionnal to the parameterk in front of thes¹Pd2

in Landau’s equation. The Prosandeevet al. and present
studies both show that, respectively,k andj=Îk / uau play an
important role in the susceptibility and the permittivity val-
ues. It must be noticed that despite the differences between

FIG. 11. The evolution of the ratiosPr /ps (dashed lines) and Ec/ec (solid
lines) with N are presented for three correlation length valuesj=10−9 m (a),
j=10−8 m (b), j=2.5310−8 m (c). The horizontal thick lines correspond to
the values obtained for a ferroelectric insulatorsN=0d. In (a) the ratio values
for a ferroelectric semiconductor are identical to those obtained for the
ferroelectric insulator.
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the two approaches the same trend in evolution is observed:
When the correlation increases,k andj=Îk / uau increase, as
a consequence« andx strongly decrease.

For example, for a 0.3-mm-thick film with a space
charge densityN=531015 cm−3, by taking j=25310−9 m
we obtained the electric field at the surfaceEsurf=13.4
kV/cm. That value must be compared to the value usually
obtained for the case of an ideal dielectric with the same
thickness when the space charge density and the polarization
are uniform inside the film. The electric field at the surface
can be determined by integrating Eq.(10). By taking as com-
monly madeer =300 we obtainEsurf=0.452 kV/cm. This
discrepancy between the values ofEsurf calculated by the two
methods show that very different values for macroscopic pa-
rameters inside the film can be found according to the theo-
retical approach employed.

A lot of works devoted to study switching31 and
conduction32 properties or fatigue phenomenon33 are obvi-
ously based on different physical descriptions. But they have
in common that the ferroelelectric thin films are considered
as partially or fully depleted and the space charge field is
determined by using Poisson’s equation for an ideal dielec-
tric. In fact the crucial parameter of these approaches is the
surface fieldEsurf rather than the space charge densityN or
the relative dielectric constanter. The surface field produced
by the space charges required to fit experimental data is,
respectively, about 90, 45, and 45 kV/cm which corre-
sponds, respectively, to different sets of parameters(N
=1018 cm−3, er =200, L=0.3 mm), (N=531017 cm−3, er

=300, L=0.3 mm), and (N=1019 cm−3, er =400, L
=0.02mm). By the use of our model, the values of the sur-
face field 90 and 45 kV/cm are, respectively, obtained for
N=3.3631016 cm−3 and N=1.6831016 cm−3, accounting
for 25310−9 m correlation length.

We have also studied the effect of the space charge den-
sity on the ferroelectric properties, and have found that the
details of the« profile shape is influenced by the value ofN.
Moreover, we have pointed out that the coercive field is more
affected by the space charge field than the remanent polar-
ization. It is well known that according to the space charge
density the ferroelectric properties can vanish. This behavior
has been reported in theoretical approaches by many authors
for many years.10–13,18All these studies have been made by
neglecting the surface effect and correlation length but ac-
counting for the parameterer. In fact by taking into account
correlation phenomena and a permittivity, which depends on
field and polarization, we have shown that the ranges of
space charge density for which ferroelectric properties are
modified are strongly influenced by the space charge field
and could be diminished by many orders of magnitude ac-
cording to the value ofj.

The extrapolation length which plays an important role
in the polarization variation close to the surface could also
strongly influence the permittivity profile. Because it is well
known that the magnitude of the surface effect on the ferro-
electric properties increases while the thickness decreases,
one can expect permittivity variations driven by size effect.
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