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Abstract. A model for current voltage characteristics of a thin film metal-ferroelectric-metal structure is
constructed by combining the electrostatics of a polarized ferroelectric film with the balanced flow of charge
through its interfaces. Using a set of fitting parameters, good agreement with several sets of experimental
data is obtained for different system temperatures. The influence of model parameters on the current-
voltage characteristic is discussed. Best fit values of some of these parameters correlate well with ab initio
calculations in the literature, supporting the idea of low dielectric permittivity of the interface transition
layers in the ferroelectric.

1 Introduction

Thin film metal-ferroelectric-metal (MFM) heterostruc-
tures have exhibited impressive switching properties that
can be directly harnessed into applications such as fer-
roelectric random access memories (RAM) [1–9]. One of
the most important parameters to be controlled in these
cases is the leakage current. In order to be used as a RAM
module, the MFM device should be able to retain a fer-
roelectric state over extended periods of time and thus
it should be a very good capacitor. Leakage currents are
phenomena taking place at both interfaces of the MFM
device where carriers will “leak” into electrodes, poten-
tially destroying a prepared ferroelectric state. It is thus
important to study such devices under several conditions
and many research groups have characterized MFM ca-
pacitors for various temperature ranges, different metal-
lic electrodes, ferroelectric materials, etc. [4–6,10–13]. Not
surprisingly, the main conclusion of most of these studies
reported the interface phenomena to be responsible for the
leakage current [10,11,14–17] and since these are thin film
devices, the leakage will likely be affected by the entire
electrode-ferroelectric-electrode system.

Many theoretical treatments, use the general metal/
semiconductor (M/S) interface theory as a starting
point [18], and include the ferroelectric properties us-
ing an approximation that will be addressed below. The
rather obvious downside of this model is that it will only
calculate the electron current at one of the two inter-
faces of the MFM device and, while this is an accept-
able approximation when a thick semiconductor is in-
volved, the case of a thin film is not well represented.
Another limitation of the current models is in the choice
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of the transmission mechanisms used to calculate the leak-
age current. Schottky emission is usually the preferred
one, while electron tunnelling is more often neglected. The
main reason for not including a tunnelling mechanism for
all temperatures is also related to the general M/S in-
terface theory where barrier heights are low enough for
thermionic emission while the potential barrier thickness
is often too large for electron tunnelling. In the case of
ferroelectrics, however, the metal-ferroelectric interface is
considerably more complex due to the spontaneous po-
larization. The most common approximation that is used
to include the ferroelectric polarization is to consider its
effects from the perspective of some equivalent charged
sheets placed in the vicinity of each interface [2,12,19–23].
The absolute value of the charge density on each sheet is
equal to the polarization value, P. Such an approximation
is quite abrupt but it captures the profound effect of re-
ducing the potential barrier thickness that the ferroelectric
polarization has on the two interfaces. Equally important
is the fact that the electrostatic asymmetry introduced by
the polarization creates, near one of the interfaces, a high
potential energy barrier that is hard to be overcome by
carriers through Schottky emission only.

In this paper we propose a model for the thin film
MFM structure where the electron tunnelling is considered
as an important transport mechanism in the leakage cur-
rent. Also it will be shown that by using a general balance
equation for the incoming and outgoing currents through
the structure, contributions from both interfaces can be
accounted for in our formulation. Using this approach it
is possible to calculate the leakage current as a function
of a set of intrinsic model parameters whose values can be
adjusted by comparison with measured experimental data
thus providing valuable physical insight into the behaviour
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of the system. This model is by no means complete and
there are many avenues where it can be improved, such as
considering a continuous distribution of the polarization
charge in the ferroelectric instead of the abrupt charged
sheets. However, its present form can be used as a first
building block for a more general theoretical description
of the leakage currents in thin film MFM devices. It is
in these authors opinion that only by including the entire
device structure, true optimization can be performed for
real life applications. The present paper is structured as
follows: the theoretical model will be described together
with the approximations and the reasons behind each one,
followed by a discussion of the influence of model parame-
ters on simulation results. The theoretical model will then
be used to fit experimental current-voltage (I-V ) charac-
teristics obtained from three MFM samples (each with a
different top electrode material) for several system tem-
peratures and lastly conclusions and closing remarks will
follow.

2 Theoretical model

The focus of the present paper is to address the com-
plexity of the leakage current problem in a reasonably
accessible description. To this purpose, several simplify-
ing assumptions have to be made. Thus, a thin film MFM
device will be considered, consisting of a ferroelectric ma-
terial of thickness d sandwiched between two electrodes
taken as perfect electron reservoirs able to accommodate
any incoming and outgoing electron currents. The ferro-
electric material will be regarded as an epitaxial thin film
such that all possible issues relating to ferroelectric do-
mains and structure defects can be safely ignored. More-
over, the ferroelectric will be considered as a homogeneous
wide band gap n-type semiconductor [3,8], with a uniform
donor density Nd. The saturated ferroelectric polarization
will be described through an abrupt approximation: it is
assumed as uniform in the bulk region of the film and van-
ishingly small in two thin layers of nanometre size where
the atomic structure changes from that of a ferroelectric to
the electrode materials. Being uniform, the polarization P
may be equivalently assumed as generated by two oppo-
sitely charged sheets, with uniform surface densities −P
and +P placed at the extremities of the bulk ferroelec-
tric film [2,12,19–23]. The properties of the two periph-
eral regions (sometimes called “dead layers”), or indeed
their existence, is still debated in the literature [13,24–29].
However, it is widely accepted [15,16,22,25,27,29–31] that
polarization has a strong influence on each interface re-
gion and without trying to elucidate the actual mechanism
of transitioning from a material with a certain polariza-
tion state to a metal electrode, we will further refer to
the region between the point where the ferroelectric po-
larization is zero to the charged sheet in the ferroelectric
as a transition layer (TL), with a thickness di (as will
be further explained, the index i will take specific values
for each interface). The relative dielectric permittivity in
these two TLs, εi

d, is expected to be considerably different
than that in the bulk region, ε [13,24–29]. Extensive cal-

culations using the density functional theory framework
performed by Stengel and Spaldin [24] suggest that the
dielectric permittivity in these TLs is much lower than
the bulk value. Lastly, the TLs will be considered as fully
depleted regions.

The fact that the film is polarized certainly induces im-
portant peculiarities of the potential energy profile across
it. To account for such features in a convenient man-
ner, the structure will be divided in several regions. The
Poisson equation will be solved in each of them and the
proper boundary and continuity conditions will be im-
posed. The potential energy profile will obviously disturb
the spatial distribution of the quasi-free charge carriers.
Thus, deeper inside the bulk region, next to each charged
sheet, two regions with perturbed charge densities will
form in order to counteract the effects of polarization.
These two regions will be referred to as influence lay-
ers (ILs). These should not be confused with the depletion
layers that normally appear at an M/S, interface which are
regions with positive charge densities, influenced by the
dopant density in the semiconductor. In our case the two
ILs are different from each other, in the sense that, in the
vicinity of the positively charged sheet there should be an
accumulation of electrons while at the negatively charged
sheet the region should be depleted. The apparition of
these regions is strictly connected to the presence of the
two charged sheets and thus they are assumed as essen-
tially dependent on the ferroelectric polarization and on
its distribution in the ferroelectric bulk. The widths of the
two ILs, wi, are therefore considered unknown parameters
which will be estimated through fitting theoretical I-V
characteristics onto some experimentally obtained data.
This approach is clearly helpful in dealing with the prob-
lem in a simplified, non-recursive manner in which there
is not enough information to solve the Poisson equation
in each such region.

In the remaining bulk area, between the two ILs, the
electric field is considered to be completely screened by
the high doping [30–32]. This may seem like a strong ap-
proximation and, in the context of a thin film device, it
probably is. However one must not forget that the bulk di-
electric permitivity is usually quite large (ranging between
80 and 300 or even higher [12,14]) which suggests a high
density of mobile charges that could be responsible for the
electric field screening. Such an approach is not uncommon
in the literature and it allows one to concentrate on the
interface phenomena which appear to be the most influen-
tial on the leakage-current [27,31,32]. Figure 1, while not
drawn to scale, shows a visual representation of all the
regions described above.

Before any calculation of the leakage current is per-
formed, one needs to obtain the potential energy profile
for the entire structure using the indicated definitions and
approximations (this should actually be the case for any
related model: approximations are included at this level
and not in the final result!). Prior to solving the Poisson
equation in every region we need to clarify the naming
of various parameters. First of all, the two electrodes will
be referred to as t (top) and b (bottom) and each one,
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Fig. 1. Sketch of the MFM capacitor. The TLs are marked
with a dark shade of grey while the ILs are shown with a
slightly lighter shade. The thick red line represents the cal-
culated potential energy. Also marked with arrows are the in-
coming and outgoing currents through each interface. Figure
is not drawn to scale!

in turn, will play the role of the anode. This notation is
intended to be consistent with the way such devices are
manufactured: the epitaxial ferroelectric layer is grown on
the bottom electrode and the top electrode is deposited
in the final stage. The measurements are then performed
by using each of the electrodes as the anode after the po-
larization direction has been previously set such that an
increase in voltage would preserve it. When the top elec-
trode is the anode, the polarization points towards the
cathode and the two charged sheets are positioned as in
Figure 1. When the bottom electrode is used as the anode,
the situation will be completely reversed but requires no
special treatment from a theoretical point of view.

Solving the Poisson equation in each of the five regions
of the ferroelectric is trivial with the current set of approx-
imations and the solutions for the potential energy (W )
and electric field (E) are given below:

Bottom electrode TL:

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Wb(x) =
e Nd

2 εb
d ε0

x2 + Ab x + Bb

Eb(x) =
e Nd

εb
d ε0

x + Ab.

(1)

Bottom electrode IL:
⎧
⎪⎪⎨

⎪⎪⎩

Wp(x) =
qb

2 ε ε0
x2 + Ap x + Bp

Ep(x) =
qb

ε ε0
x + Ap,

(2)

the index p refers to the fact that the IL is formed in the
vicinity of the positively charged sheet and qb is the charge
density in the IL.

For the top electrode IL:
⎧
⎪⎨

⎪⎩

Wn(x) =
qt

2 ε ε0
x2 + An x + Bn

En(x) =
qt

ε ε0
x + An,

(3)

the index n refers to the fact that the IL is formed in
the vicinity of the negatively charged sheet and qt is the
charge density in the IL.

Lastly, for the top electrode TL:
⎧
⎪⎪⎨

⎪⎪⎩

Wt(x) =
e Nd

2 εt
d ε0

x2 + At x + Bt

Et(x) =
e Nd

εt
d ε0

x + At,

(4)

where, Ab, Bb, Ap, Bp, An, Bn, At and Bt are integration
constants that will be obtained from the continuity and
boundary conditions and εb

d, εt
d and ε are the dielectric

constants in the TLs and the ferroelectric bulk, respec-
tively. It should be noted that according to the assump-
tions detailed above, the potential energy in the bulk re-
gion Wbulk is position-independent and the electric field is
zero.

The boundary conditions should be satisfied by the
potential energy at the two interfaces while the continuity
conditions and the Gauss theorem will be used at the two
charge sheets and in the ILs to obtain all the integration
constants in equations (1)−(4):

Boundary conditions:
{

Wb(0) = Φb

Wt(d) = Φt − Va,
(5)

where Φb and Φt are the potential energy offsets at the
two interfaces and Va is the applied voltage on the top
electrode.

Potential energy continuity conditions:
⎧
⎨

⎩

Wb(db) = Wp(db)
Wn(d − dt) = Wt(d − dt)

Wp(db + wb) = Wbulk = Wn(d − dt − wt),
(6)

where db, dt, wb and wt are the widths of the TLs and ILs
at the bottom and top electrodes, respectively and will be
used as fitting parameters.

Electric field continuity conditions:
{

Ep(db + wb) = 0
En(d − dt − wt) = 0.

(7)

Electric displacement jump at each charge sheet:
{

ε ε0 Ep(db) − εb
d ε0 Eb(db) = +P

εt
d ε0 Et(d − dt) − ε ε0 En(d − dt) = −P.

(8)

By solving the system of equations all the integration con-
stants can be computed. The value of the potential energy
in the bulk region, Wbulk, can be obtained by following an
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approach developed by Nilsson [33] where the Fermi distri-
bution of electrons in a bulk semiconductor with a dopant
density Nd can be inverted with the following approximate
formula:

Wbulk

kB T
=

μ0

kB T
−

[
ln r

1 − r
+

(
3
√

π

4
r

) 2
3

+
8
√

π

3 (4 + r
√

π)2
r

]

,

(9)

where r = Nd

Nc
, Nc is the effective density of states in the

conduction band and μ0 is the chemical potential in the
bulk region.

Using equations (1)−(9) the potential energy profile
can now be determined within the confines of the above
set of approximations. At this point one should be able
to calculate incoming and outgoing currents through both
interfaces of the device. These can be generated by vari-
ous mechanisms simultaneously: tunnelling, thermal, trap
assisted etc. And should be accounted for as much as possi-
ble. Metal ferroelectric interfaces are usually studied from
the perspective of the so called Schottky emission, which
most of the time translates to thermionic emission with
the addition of Schottky barrier lowering. Due to the fact
that ferroelectric polarization induces large spatial vari-
ations of the potential energy at the extremities of the
bulk region (as compared to the normal metal-ferroelectric
band offsets), the present model will include the quantum
tunnelling component of the current alongside the ther-
mally generated one. Figure 1 shows the potential energy
profile for the MFM device (the figure is not drawn to
scale and the bulk region has been shortened in order to
better illustrate the shape of the potential barriers at the
two interfaces). The effect of the two polarization charge
sheets strongly influences the width of the interface barri-
ers and unlike a regular M/S interface the potential barrier
at the cathode is considerably thinner than the potential
barrier at the anode. Another major difference is obvi-
ously in the height of the anode barrier, where the polar-
ization influence induces a much higher barrier than the
initial metal-ferroelectric barrier offset. Moreover, when
compared to the normal M/S interfaces, the Schottky ef-
fect on this internal barrier should make little to no dif-
ference. Therefore, the quantum tunnelling should play an
important role in transiting the charge carriers through
this area.

The computations proceed by splitting the currents
through each interface into two categories: incoming cur-
rents from the metal electrodes into the ferroelectric and
outgoing currents, from the ferroelectric into electrodes.
Each category is assumed to be composed of a thermionic
component and a quantum tunnelling one. In order to en-
sure that the charge neutrality is satisfied, a balance equa-
tion is imposed by asking that the total current through
the device is conserved. The thermionic component of the
incoming/outgoing current is calculated using the general
Richardson formula [18]:

Itherm(Va, μ) = Sg
e m k2

B T 2

2 π2 �3
exp

(

−Wmax − μ

kB T

)

,

where, m is the electron effective mass in the poten-
tial barrier region, Sg is the surface area of the device
(usually this is taken as the surface area of the top elec-
trode), T is the system temperature and Wmax is the po-
tential barrier maximum which will be different for the
cathode and the anode (see Fig. 1). Lastly, μ is the chem-
ical potential in the region where the thermionic current
originates.

For the quantum tunnelling component of the cur-
rent, the transmission coefficient must be calculated for
each potential barrier and this can be achieved by using
the Wentzel-Kramers-Brillouin (WKB) approximation.
Therefore it is generally given by [34]:

D(E) = exp

⎡

⎣−2
�

x1∫

x2

√
2 m (W (x) − E) dx

⎤

⎦ , (10)

where, W (x) is the profile of the potential energy barrier,
and x1,2 are the turning points of the potential energy at
the energy level E, given by the equation W (x1,2) = E.
The tunnelling current can be further obtained by inte-
grating the product of the supply function and the tun-
neling coefficient in equation (10) [35] over all energies in
the relevant conduction band.

One important approximation used in our model is the
hypothesis of a local thermodynamic equilibrium in the
ferroelectric. This translates to an uniform local chemical
potential in the ILs and bulk areas. This approximation,
which can be motivated by the relatively small thickness
of the film, obviously allows a semi-analytical approach
of the computations. To obtain the relative position of
the chemical potential, μ0 in the bulk ferroelectric with
respect to conduction band minimum, one may rely on
the usual Fermi-Dirac statistics of a doped semiconduc-
tor [18] and make use of (9). This parameter is critical to
calculating the total current, since it gives an indication
about the existing population of electrons before the po-
tential barrier at the anode. The chemical potential in the
bulk ferroelectric can be obtained from the conservation
of the total current through the device, using the following
balance equation:

Ib
in(V, μ0) + It

in(V, μ0) = It
out(V, μ0) + Ib

out(V, μ0), (11)

where, the in and out indexes refer to the sum of all the
corresponding components of the currents.

Equation (11), although not analytically solvable, will
result in the dependence of the chemical potential μ0 on
the applied voltage on the anode and with it the leakage
current for the MFM capacitor can be calculated as:

Ileak(V ) = It
out(V, μ0(V )) − It

in(V, μ0(V )). (12)

3 Results and discussions

In order to investigate how the theoretical model pre-
sented in the previous section is able to fit real experi-
mental data, measurements have been performed on three
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Fig. 2. Influence of the model parameters on the I-V curve
and comparison with experimental data (hollow symbols).
The values of each parameter for the bottom electrode were
changed in turn from the best fit values (red continuous line)
while maintaining the rest fixed. (a) TL dielectric permittivity;
(b) interface potential barrier; (c) TL thickness; (d) IL width.

different MFM samples. They have been prepared with a
common SrRuO3 (SRO) bottom electrode (deposited on
single crystal SrTiO3) on top of which the ferroelectric
Pb(Zr0.2Ti0.8)O3 (PZT) layer was epitaxially deposited
by pulsed laser deposition with a thickness of 300 nm.
Metallic top electrodes were later deposited on the PZT:
SRO, Cu and Pt. The full details of the deposition pro-
cess and the measurement technique are described else-
where [16]. The I-V measurements were performed af-
ter the polarization state was set in the ferroelectric to
point, in turn, towards the bottom and the top elec-
trodes. This way it was possible to use both electrodes
as the anode and investigate the possible role of the elec-
trode on the I-V characteristics. Each sample was mea-
sured at three different temperatures ranging from 160 K
to 310 K.

Equation (12) can be used to obtain the voltage de-
pendence of the leakage current for the MFM capacitor
with a number of parameters that need to be adjusted:
the barrier heights at each interface (i.e. the conduction
band offsets with respect to the electrodes, or interface
potentials), TLs thicknesses, ILs widths and the dielectric
permittivity for each TL. The experimental measurements
were performed such that the polarization state was pre-
served. Thus, when the top electrode is the anode, the
polarization points towards the bottom electrode and vice
versa. Figure 2 illustrates the influence of the parameters
related to the anode region (where the positive voltage is
applied) on the I-V characteristics.

At this point it should be noted that all the fit-
ting parameters were varied independently. This may
obviously be considered as a limitation of the present
model as compared, for example, to a more complex
self-consistent treatment that would automatically incor-
porate the background relationships between various pa-
rameters. However, even with such inherent drawbacks,

the present approach could still be used as a reasonably
simple yet comprehensive way of investigating thin film
MFM devices. The continuous line in each panel of Fig-
ure 2 represents the best fit curve for the experimental
data shown in open symbols, while the dashed curves were
obtained by deliberately modifying one of the four most
important parameters at a time. As it can be seen, each
of the four quantities contributes in a different way to
the shape of the I-V curve. The dielectric permittivity of
the TLs (Fig. 2a) seems to have the most important role
in shaping the I-V in the high voltage region. The I-V
characteristics measured for a variety of samples, display
an interesting flattened shape in the high-voltage region,
which would point to a dominance of the thermionic-type
transmission of carriers in these voltage ranges. Neverthe-
less, the temperature dependence is not strong enough to
suggest a thermionic type emission either. Instead, one
must still consider an important contribution from the
tunneling through the anode barrier, for which it turns
out that a low value of the dielectric permittivity in the
TLs ensures such a quasi-saturation of the emission cur-
rent with the applied voltage. It can be assumed that, as
an effect of the strong ferroelectric polarisation, both TL
regions are flushed out of conduction electrons and their
polarizability is inhibited by the strong local fields. The
interface potential barrier (Fig. 2b) only has a marginal
effect at low voltages. This is due to the fact that the
offset between the electrode work function and the fer-
roelectric affinity, pales in comparison to the overall po-
tential barrier height created by the ferroelectric polariza-
tion in the anode region (see Fig. 1). The TL thickness
(Fig. 2c) has an almost similar influence as the interface
potential barrier since, over a certain value of the applied
voltage, there are no significant changes to the main an-
ode barrier height or thickness, the electron emission be-
ing controlled almost entirely by the value of the dielec-
tric constant in the TL. The parameter that changes the
overall value of the emission current is the IL thickness
(Fig. 2d). Since the electrons will occupy states with en-
ergies in the vicinity of the conduction band minimum,
this is where the emission will most likely take place from.
The IL thickness controls the biggest part of the potential
barrier thickness as it is “seen” by an incoming electron.
Moreover, the IL is directly influenced by the ferroelectric
polarization and will not depend strongly on temperature
or on the top electrode. This behaviour is in direct con-
trast with the general theory for the metal/semiconductor
contacts where the depletion width has a strong voltage
dependence.

Figure 3 shows the experimental I-V characteristics
for three samples with different top electrodes (SRO in
Fig. 3a, Cu in Fig. 3b and Pt in Fig. 3c) that were fit-
ted with the current theoretical model. The experimental
data have been collected at three different temperatures
above 150 K and each characteristic has been taken by ex-
changing the role of the anode between the two electrodes
(the anode electrode is indicated on the corresponding
branches of the diagrams). The average values of the fit-
ting parameters are detailed in Table 1. These values were
obtained by considering first the bottom electrode, then
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Table 1. Average values for the parameters used in the fitting of the experimental data of Figure 3.

Bottom electrode Top electrode
εb

d db (nm) wb (nm) Φb (eV) εt
d dt (nm) wt (nm) Φt (eV)

SRO SRO
5.93 4 5.08 0.5 2.4 3.23 5.32 0.8

SRO Cu
2.23 3.2 4.94 0.5 2.2 4 4.85 0.7

SRO Pt
8.23 3.8 5.12 0.5 2.16 1.96 5.3 1
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Fig. 3. Best fit curves (continuous black lines) for three top
electrode materials and three system temperatures shown in
open symbols.

the top one as the anode. The rest of the parameters used
in this model were considered constant and assigned rea-
sonable values from the literature: Nd = 4.5 × 1025 m−3,
ε = 200 and P = 0.9 C m−2 [10,12,14–17,36].

The values obtained in Table 1 are very consistent
and one indication for this consistency is in the values
for the IL thickness: since all samples have the same epi-
taxial ferroelectric layer, one would expect that the po-
larization will have the same impact on the charge dis-
tribution, such that similar values would result for the
cathode and the anode IL thickness. The small differences
that can be observed between samples can be the result

of small variations in the value of the ferroelectric po-
larization or a decrease in the degree of epitaxy at the
top-electrode interface. The consistency of the model is
also given by the values obtained for the interface poten-
tial barriers at each interface. The bottom electrode in-
terface has the same value for each sample since this is
the common interface, while the barrier height at the top
electrode interface is different, depending on the used ma-
terial. One interesting fact can be noted for the SRO top
electrode, where the potential barrier height was different
than that for the bottom electrode. This may be due to
the decrease in the degree of epitaxy over the thickness of
the ferroelectric, which makes the top electrode interface
not exactly identical to the bottom one, thus resulting in a
different set of parameters. One should note however that
there are some discrepancies between the barrier heights
obtained with this model and the ones presented in refer-
ence [16]. The reason lies in the fact that a single-interface
model with a Schottky electron transfer mechanism was
used in that case, and the results were expected to dif-
fer from the ones presented in this work where the prob-
lem is analysed from an integrated, two-interface point
of view.

While both interface barriers and the IL widths are
weakly coupled with the applied voltage, the remaining
parameters, dielectric permittivity and thickness of the
TLs, can be used to better differentiate between the three
samples. It appears that, depending on the material used
as top electrode, the interface regions are affected simulta-
neously in different manners. First, the dielectric permit-
tivity of each TL is much lower than the value considered
in the rest of the ferroelectric, ε = 200. Moreover, although
all three samples have a common SRO interface, the val-
ues of εb

d are affected by the top electrode, contributing to
the argument that the ferroelectric together with both its
interfaces should be considered as a whole system. Also,
with the exception of Cu, εt

d < εb
d, suggesting that the

top electrode interface has a much stronger effect on the
polarizability of the neighbouring TL. The behaviour ob-
served for the dielectric permittivity of the TL is in good
agreement with the calculations performed by Stengel and
Spaldin in reference [24]. They have noted that, what they
call “intrinsic dead layer”, is a transition zone between an
ideal insulator and a metal where the polarizability falls
dramatically with respect to the bulk ferroelectric mate-
rial. This result is shown in Figure 4 where the inverse
dielectric permittivity is represented as a function of po-
sition and each zone is shaded in the same fashion as in
Figure 1.
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Fig. 4. Inverse dielectric permitivity as a function of posi-
tion for the entire MFM structure for each of the three elec-
trode combinations: (a) SRO/PZT/SRO; (b) SRO/PZT/Cu;
(c) SRO/PZT/Pt. The shaded sections follow the same scheme
as in Figure 1.

The two peaks in each of the three cases, represent
the TL regions for each interface. In this view, it becomes
evident that, depending on the material chosen for the
top electrode and the growth conditions, the MFM sys-
tem will have a different behaviour. Even if εi

d may not
be strictly identified as dielectric constants of the TLs
(due to the various model simplifications, especially the
very schematic spatial distribution of the polarisation),
the trend observed by Stengel and Spaldin [24] can still
be considered as confirmed through this completely inde-
pendent approach.

A final point must be discussed about the values ob-
tained for the fitting parameters in Table 1. They are
clearly dependent on two specified quantities, namely the
saturated polarization P and the dielectric constant in
the ferroelectric bulk, ε. It must be stressed out that,
while their values in our computations are suggested in
the current literature, they have both quite large mar-
gins of uncertainty. For example, the determination of
the dielectric permittivity in the bulk area of the film
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Fig. 5. Influence of the polarization (a) and the dielectric con-
stant of the ferroelectric bulk value (b) on the I-V characteris-
tics and comparison with experimental data (hollow symbols).
The P and ε values were changed from the best fit values (red
continuous line) while maintaining the rest of the parameters
fixed.

is always contaminated by the different polarizability of
the transition layers [24] in the areas of the electrode in-
terfaces. Moreover, both quantities may show variations
with temperature, which, for reasons of insufficient reli-
able data, we have disregarded in our fitting procedures. It
would be therefore of interest to investigate how the vari-
ation of the ferroelectric polarization, P or the dielectric
constant ferroelectric bulk, ε may affect the computed I-V
characteristics. This analysis is summarized in Figure 5.

It may be seen that any decrease in P (Fig. 5a) or
an increase of ε (Fig. 5b), would translate the diagrams
towards higher currents. This trend can be easily com-
pensated by increasing the wb,t value, which would pull
the diagram downwards as it is shown to happen in Fig-
ure 2d. Therefore, any imprecision in P or ε would trans-
late in the uncertainty of the extent of the corresponding
IL and any temperature variations of these two quanti-
ties would imply a corresponding variation of wb,t. For
example, it is known that the dielectric constant increases
when the sample is heated from low temperatures towards
the room ambient ones. This determines a corresponding
shift towards higher values of the I-V diagrams, which
should be compensated by an increase of the fitting val-
ues for wb,t with temperature, which is clearly physically
plausible. The same effect would also have the expected
decrease of the polarization values, P with temperature.
The current theoretical model has been used to success-
fully fit experimental data for various structural and ther-
mal conditions. However there are still a number of param-
eters which should be obtained experimentally with higher
degree of accuracy before a quantitative analysis can be
performed. Nevertheless, this model can be used to inves-
tigate trends for the variation of the involved parameters
of a thin film MFM system under different conditions.
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4 Conclusions

The present theoretical model outlines the importance of
considering together the two interfaces of the thin film
MFM device. Even if very schematic, the approach is able
to accurately reproduce and to some extent predict, how
parameters such as the potential barrier heights, dielec-
tric constants, influence and transition layer widths can
act on the leakage current. The results of the model re-
lated to spatial variation of the dielectric constant in the
ferroelectric are also in good agreement with independent
numerical calculations performed on similar structures.
However, it should be noted that this treatment is strongly
simplified in that the ferroelectric polarization is consid-
ered via the abrupt approximation, as produced by a pair
of charged sheets. In reality, it is expected that the polar-
ization gradually decreases in the TL regions towards zero
at the electrode interface. Such an approach would need a
much more complex treatment of the entire system, in a
self-consistent procedure, of which the present model can
be considered as a first approximation.
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