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ARTICLE INFO ABSTRACT

Keywords: A new mechanism is proposed for polarization switching in metal-ferroelectric-metal (MFM) structures. The
Ferroelectric switching is triggered by charge injection at electrode or grain interfaces under an external field, opposite to the
Polariza'tion. ) initial direction of polarization. Such injection destabilizes the compensation of the polarization, and is favored
l;:g;l}e:;;anon field by disappearance of Schottky barriers at interfaces, leading to a resistive like behavior. At the coercive voltage

the depolarization field is no longer compensated and the polarization change orientation parallel to the applied
field. After switching, the Schottky barriers are restored and the current start to decrease although the voltage
continues to increase. This leads to a differential negative resistance until the barriers are totally restored, po-
larization saturated on the new direction and the depolarization field annihilated by the injected charges. In a
perfect structure the switching takes place homogeneously, while the defects presence induces domains via local
nucleation and fields. The model is supported by theory, showing that at switching the MFM structure has a
resistive like behavior, and by experiments, showing that the voltage dependence of the current during switching
is linear and that the phase change at switching, in PFM measurements performed on high quality epitaxial films,
is abrupt. The analysis was performed on MFM structures based on different ferroelectric layers (e.g. Pb(Zr,Ti)Os3,
BaTiOs, BiFeOs or (HfZr)O,), different metal electrodes and different structural qualities. It appears that po-
larization switching triggered by charge injection at interfaces is a mechanism that can be applied to all MFM
structures based on oxide ferroelectrics.

Charge injection

1. Introduction

Ferroelectric materials are of great interest due to their potential use
in a variety of applications spanning from non-volatile memories, to
domestic burglar alarms [1,2]. They are used in combination with metal
contacts forming metal-ferroelectric-metal (MFM) structures that nor-
mally behaves as capacitors. Constant miniaturization of devices
involving ferroelectric perovskites has imposed passage from bulk ce-
ramics or crystals to thin films. The advance in the deposition techniques
allow now to obtain ferroelectric layers of epitaxial quality, or at least
highly textured in the direction perpendicular to electrodes [3,4].
Although considered as insulators, it was found that in MFM structures
the ferroelectric behaves more like a wide gap semiconductor, the entire
structure having a large but finite resistance. This can be dominated by
the high resistance of the depleted regions occurring at the electrode
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interfaces, that behaves like Schottky type contacts [5-7].

One specific property of ferroelectrics that it is widely exploited in
applications, especially non-volatile memories, is the polarization
switching. At macroscopic scale, this property is studied by performing
hysteresis measurements, rendering a polarization-voltage (P—V) loop
from which one can extract the remnant and saturation values of po-
larization, and the coercive field. At nanoscale, the switching can be
studied using piezoelectric force microscopy (PFM). The models for
polarization switching assumes formation of domains with opposite
directions of polarization. At the coercive voltage, when the polarization
is zero, it is assumed that there are equal volumes with polarization in
opposite directions. The presence of domains at nanoscale was demon-
strated using PFM, but also other techniques, such as transmission
electron microscopy (TEM) [8-12]. Therefore, one cannot deny their
presence. The question is, do the domains form in any circumstances or
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their presence/formation is generated by structural defects carrying
charges and inducing local electric fields that influence the polarization
switching? The theory predicts that domains form to minimize the free
energy in a ferroelectric slab, assumed to be a perfect insulator and in
the absence of metallic electrodes, thus without any free charge to
compensate the depolarization field. When metallic electrodes are pre-
sent, it is assumed that the depolarization field is compensated by the
free carriers from the electrodes and a single domain state can be sta-
bilized. The switching in this case assumes the nucleation and growth of
domains with polarization opposite to its initial orientation [13-15].
The nuclei form on charged defects distributed in the volume of the
ferroelectric film or at electrode interfaces, but what happens in the case
of a perfect single crystal layer, with perfect electrode interfaces? Do the
domains form in this case and, if they form, are stable? How can be
achieved the zero-polarization state when domains are not forming?
Experimental evidences started to occur supporting the hypothesis that
domains may not form during switching in nearly perfect epitaxial MFM
structures [16-18].

Among the popular models to simulate a polarization or current
hysteresis loop are those based on the classic thermodynamic Landau-
Ginzburg-Devonshire theory coupled with the Landau-Khalatnikov Eq.
[19-21]. Despite their apparent success, thermodynamic based models,
as well other models based on domains kinetic, do not consider two
critical aspects that can have a significant impact on the hysteresis
measurements: how the microstructure affects the shape of the loop and
the values extracted for polarization and coercive field; how the newly
developed depolarization field just after the switching is compensated to
stabilize the new direction of polarization. The reports in the literature
showing different shapes of hysteresis loops, and different values for
remnant polarization and coercive field, for the same material compo-
sition are so abundant that it is not worthy to mention them as refer-
ences. Just one can look for two popular materials, BaTiO3 (BTO) and Pb
(Zr,Ti)O3 (PZT, e.g. with Zr/Ti ratio of 20/80), and one can find very
different results, depending on the structural quality [22-25]. fact raises
suspicions of what input data one can use to model a certain hysteresis
loop or another. The second aspect mentioned above is also very
important and imply a redistribution of the charges involved in the
compensation of the depolarization field associated to the initial
orientation of polarization. When polarization switches, those charges,
either from the ferroelectric or from the electrodes, have to move from
one interface to the other to stabilize the new polarization orientation. If
the ferroelectric is assumed insulating, then those charges have to move
through the external wiring, making the hysteresis measurement
dependent on the experimental set-up. In reality, the ferroelectrics have
finite resistance, implying that compensation charges can move through
the MFM structure also. Therefore, there is a current flowing through the
circuit and the hysteresis loop is obtained by integrating exactly this
current, with all its components (displacement, leakage, other transient
currents), when an a.c. voltage is applied in the MFM structure. In the
ideal case, the displacement current should dominate.

The present study focusses on a comprehensive analysis of the cur-
rent hysteresis loop. Based on this analysis it hypothesized that during
the switching the MFM structure has a resistive like behavior and that
the polarization switching is triggered by charge injection at the elec-
trode interfaces in the case of epitaxial layers. The model can be
extended to polycrystalline films, with the amendment that the charge
injection in this case takes place not only at electrode interfaces but also
at grain boundaries. The model assumes, based on theoretical consid-
erations that, at the beginning of the switching (electric field applied
opposite to polarization direction previously set in the MFM structure),
the Schottky like barriers at interfaces are reduced or even disappear,
facilitating injection of charges of opposite sign compared to those
involved in the compensation of the depolarization field associated with
the initial orientation of polarization. At coercive voltage, the depolar-
ization field is no longer compensated and the polarization change
orientation parallel to the applied electric field. Immediately after the
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switching the Schottky like barriers start to build up again at interfaces,
gradually reducing the current magnitude until the depolarization field
associated to the new direction of polarization is totally compensated
and the ferroelectric polarization is stabilized to saturation value. The
proposed model does not involve formation of ferroelectric domains, the
switching being homogeneous in any part of the ferroelectric films that
behaves as a single crystal. Domain forms however due to structural
defects or other inhomogeneities generating local electric fields that
hinder homogeneous switching. The model is supported by few experi-
mental findings such as almost perfect rectangular P—V loops in the case
of high quality epitaxial ferroelectric films, as well sharp switching in
PFM when the voltage applied on the tip during scanning is gradually
increased from maximum negative to maximum positive values. Based
on the fact that the current hysteresis loop shows similar features for
MFM structures of different ferroelectric materials (Pb(Zr,Ti)O3, BaTiOs3,
BiFeOs or (HfZr)O5), with different electrodes and different structural
qualities one can conclude that the proposed model is rather universal,
at least for oxide type ferroelectrics. This model does not necessarily
contradict the present models, but can explain the differences observed
in hysteresis measurements performed on samples of the same material
but of different structural qualities and different electrodes.

2. Preliminary considerations
2.1. Theory-equivalent circuit

The hysteresis measurement is, in principle, an a.c. measurement
since on the MFM structure is applied an alternative voltage, either si-
nusoidal or triangular. The equivalent circuit in this case is formed by a
capacitance — resistance parallel connection Cg-Rp, where Cp is the
capacitance and Rg is the resistance of the ferroelectric volume, in series
with a Cg capacitance associated to the Schottky contacts and a R.
resistance associated to metal contacts [26]. The real and imaginary
parts of the impedance of this equivalent circuit, assuming a sinusoidal
signal applied on the MFM structure, are given by:

R.(0?t2+1) + Ry
0 ti+1

7 = 1 ’ )
7 1 + w*tp(CsRy + 17)

1 »
oCs(w?t: +1) ( )

Here w is the pulsation of the small amplitude a.c. signal (o = 2xf,
with f the measuring frequency) and 7r is the time constant for the
ferroelectric layer (zr = CrRp). Depending on the product wrg, there can
be two extreme cases:

. 1 .1 /1 1
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For a given w, one can be in one or the other of the cases depending
on the values R, Rg, Cr and Cs. R, is the resistance of the metallic
contacts and it is expected to be low, maybe few hundreds of Q. Rg is the
d.c. resistance of the ferroelectric layer, while Cg is the capacitance for
saturated polarization, not voltage dependent. Cgs is the capacitance of
the Schottky contacts, which is voltage dependent, increasing for for-
ward bias (depletion region is reduced) and decreasing for reverse bias
(depletion region is enlarged). R, is not related to the structural quality
of the MFM stack, but Rg and Cr are. Cs can be also affected by the
structural quality, through the density of the free carriers (that can be
reduced in a defective layer compared to the one in a layer of high
epitaxial quality).
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Fig. 1. Polarization and current hysteresis loops recorded for MFM structures based on an epitaxial (a) and on a polycrystalline (b) PZT film with Zr/Ti ratio on 20/

80 Measurements performed in the dynamic mode, at 1 kHz.

One can simplify egs. (2°) and (2”) even further, based on usual
values for quantities involved in these equations. For simplicity, only
high quality epitaxial films of perovskite ferroelectrics will be consid-
ered, to eliminate perturbative, extrinsic, contribution of structural de-
fects that are present in textured or polycrystalline layers of the same
materials. The Cp value is of the order of 100 pF [26]. It is more difficult
to estimate Rg. This is because of the presence of the Schottky contacts at
the electrode interfaces. It is largely accepted at present that a MFM
structure is a back-to-back connection of two Schottky diodes (included
in the equivalent circuit discussed above) [27,28]. For any polarity of
the applied voltage, one diode is reversed biased, limiting the current
flowing through the MFM structure, while the other is forward biased.
However, in the case when there is only one Schottky contact and the
other one is ohmic, for the voltage polarity when the Schottky contact is
forward biased one ca presume that both contacts are ohmic and the
ferroelectric layer is a resistor. Taking the current recorded in this case
one can estimate a value between 10 and 100 KQ for Rg [29]. Then the
CpRf product, which is 7p, is of the order of 107%-107° s. The usual
frequency for hysteresis measurements is in between 10 and 1000 Hz. It
results that the product ozr is at most 10’1, much lower than unity. It
means that, for usual conditions of the hysteresis measurements, the eq.
(27) applies. Rp> > R, thus Z’ can be approximated with Rg. The term
®?CrR? can be estimated to about 108 for a frequency of 1000 Hz, a Cg of
100 pF and a Ry of 100 kQ. Cg is of the same order of magnitude as Cg,
but during switching Cg can be significantly larger than Cg because the
depletion region is very thin at both electrodes (one turns from reverse
to forward biased, the other one turns from forward to reverse biased).
The bottom line is that Z" is of the order of 108, much larger than Z’. In
these conditions, the current flows mostly through the resistive branch
of the parallel R-C circuit associated to the ferroelectric volume.
Therefore, the entire MFM structure has a resistive like behavior during
polarization switching.

I1.2. Theory-Leakage current through a metal-ferroelectric-metal
structure.

It was previously shown that the current density in MFM structures is
governed by the following equation, which is a derivative of the
thermionic emission over a potential barrier, taking into account the
presence of the image charge (Schottky effect) and a mean free path of
electrons smaller than the thickness of the sample [30-32]:

_ 27[meffkT 3/2 q ) qu
J72q< h2 HEexp kT e 4AmEgEgy ®

The notations are as follows: meg-effective mass of electron; g-elec-
tron charge; k-Boltzmann’s constant; T-temperature; h-Planck’s con-
stant; p-electron mobility; E-applied electric field; P-polarization; &o-
vacuum permittivity; gqp-dielectric constant at optical wavelengths; -

the potential barrier at zero applied voltage; Ey,-maximum electric field
at the electrode interface assumed to behave as a Schottky contact. Ey, is
given by:

2qNy; (V + Vi P
By = | 2NV Vi) | P )
E0Est E0Est

Where eg-static dielectric constant; Neg-the effective density of
charges in the depleted region (those charges that can respond to a small
amplitude a.c. voltage during the capacitance measurement); V-the
applied voltage; Vp;-the built-in potential in the presence of polarization
charges.

Introducing (4) in (3), one obtains the following equation for the
current density:

q 0 q P [2qNeV
~ —— | &, — e
J exp kT B 47[8080p <€0€s[ + EoEst (5)

Vpi” was neglected compared to the applied voltage.

Eq. (5) shows that the current density flowing through a MFM
structure is modulated by the ferroelectric polarization through the
height of the potential barrier at the electrode interfaces behaving as
Schottky contacts. Technically, the exponent in eq. (5) can be very small
when the switching begins, but polarization is still high and the applied
voltage closes the coercive value [30]. 31 One can make a rough esti-
mation using data reported in the literature for epitaxial PZT films: P
about 1C/m>, gop Of 6.5, &5 of 30 (the background dielectric constant),
Negf of 10 m~3 and Cbg about 1 eV [26,28,30,33]. The exponent can be
below 0.1 for example, and the exponential term is close to unity, in
which case, the eq. (3) becomes:

3/2
J=2q (72”";:5 kT) uE 6)

Eq. (6) suggests that, for a limited time and voltage range during the
polarization switching, the leakage current has an ohmic-like (J = cE)
behavior and the ferroelectric films behaves like a resistor, with a
resistance that can be obtained from the slope of a current-voltage (I-V)
characteristic, if this is linear (ohmic behavior).

The above considerations show that, during the polarization
switching, the MFM structure may behave as a resistor and not as a
capacitor, as suggeste also from considerations on the equivalent circuit
discussed in the previous sub-section. All these considerations were
made disregarding the strctural quality of the ferreoelctric. This can
have a severe impact on the hysteresis measurements, as will be shown
in the next sub-section.

I1.3. Impact of structural quality on hysteresis.

Fig. 1 presents the results of the hysteresis measurements performed
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Fig. 2. “Polarization” and current hysteresis loops recorded for: a) commercial capacitor; b) commercial resistor; ¢) capacitor and resistor, parallel connection; d) a
commercial Schottky diode connected to a parallel capacitor-resistor connection (see the inset); e) back-to-back Schottky diodes with a parallel capacitor-resistor

connection in between (see the inset).

on two layers of Pb(Zry 2Tig g)O3, with thicknesses of about 200 nm, one
epitaxial prepared by pulsed laser deposition (PLD) on SrRuO3/SrTiO3
substrate, and one polycrystalline deposited by sol-gel on Pt/Si sub-
strate. Details about deposition can be found elswehere [16].

One can observe large differences in the shape of the hysteresis and
in the values of remnant polarization, coercive voltage and current.
These results underline how crucial is the structural quality when
assessing the material properties and polarization switching behavior.
Such aspects cannot be included in simple models based on equivalent
circuits, leakage current mechanisms or thermodynamic theories, all
considering a MFM structure as a ferroelectric slab with two metal
electrodes on it, without any indication on the influence of the structural
quality.

However, based on the above results, one can hypothesize that an
epitaxial film behaves more like a resistor, while a polycrystalline film
behaves more like a capacitor, both having the equivalent circuit
described in sub-section 1, only with different values for Cg, Rg, Cs, and
the same eq. (4) for the current density, but with different values for P,
Negr and, possibly, &g (this is a discussion beyond the purpose of this
study, concerning if the background dielectric constant of the ferro-
electric should be used or the effective one derived from capacitance
measurements).

The differences in Fig. 1, between the epitaxial and the poly-
crystalline films, can be attributed to grain boundaries. In a very good
quality epitaxial film one has only electrode interfaces. In a poly-
crystalline film, besides the electrode interfaces one has those grain
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Fig. 3. The current peak associated to polarization switching for: a) PZT epitaxial layer with top and bottom SRO contacts; b) BTO epitaxial layer with top Pt and
bottom SRO contacts; ¢) BFO epitaxial layer with top and bottom SRO electrodes; d) HZO layer with TiN electrodes; e) PZT epitaxial layer with bottom SRO contact
and top SRO, Cu, and Pt electrodes. The red lines show the linear fit for the increasing and decreasing parts of the current peak; the horizontal black lines show the
starting and ending points for the linear fit. The term Accuracy refers to the deviation from a perfect linear fit (see also Figure SM1). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

boundaries that can introduce space charge regions, internal electric
fields and other structural defects acting as traps or scattering centers for
the free carriers, or impeding the polarization switching and the
movement of the domain walls. The result is a lower current value, thus
a larger resistance, and lower values for remnant polarization due to
back-switching induced by local electric fields.

The results in Fig. 1 also suggests that the presence of the Schottky
contacts at the electrode interfaces may be essential for the stability of
polarization in epitaxial films, while in polycrystalline ones the presence
of very good Schottky contacts at electrodes is not so critical due to the
presence of a multitude of potential barriers at grain interfaces. Several
experimental simulations were performed to verify this hypothesis.

I1.4. Artificial simulation of MFM structures.

Test were performed using simple circuit components like resistors,
capacitors and Schottky diodes, using the same equipment used for
hysteresis measurements in the case of real MFM structures, namely
TF2000 tester for ferroelectrics from AixACCT. In fig. 2 are presented the
“polarization” and current hysteresis loops obtained in the following
cases: simple capacitor (1 nF); simple resistor (1 MQ); parallel capacitor-

resistor circuit; parallel capacitor-resistor circuit in series with one
Schottky diode; parallel capacitor-resistor circuit in series with two
Schottky diodes connected back to back to mimic the equivalent circuit
of a real MFM structure, as described in sub-section II.2. A triangular
voltage wave of 1 kHz was applied on the “samples” in all cases. An area
of 1 mm? was considered in all cases to calculate the so called
“polarization”.

In the case of a capacitor (Fig. 2a), the “polarization” charge is
proportional with the applied voltage, in the case of a resistor (Fig. 2b)
the current is proportional with the applied voltage. For a parallel
connection of a capacitor and resistor (Fig. 2c) the hysteresis is one
expected for a leaky capacitor. If a Schottky diode is added at one side
(Fig. 2d), the current is low when the Schottky diode is reverse biased
and high when the diode is forward biased. When Schottky diodes are
added on the both sides of the parallel connection of a capacitor and
resistor (Fig. 2e) then one obtains a hysteresis loop similar to a MFM
structure with a polycrystalline ferroelectric (see Fig. 1b for
comparison).

These results demonstrate that both assumptions made in sub-
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loops were recorded using a TF2000 ferroelectric analyzer, operating either in the dynamic or in static mode (details can be found in the operation manual).

sections II.1. and II.2. are correct, the equivalent circuit of a MFM polarization switching. However, this resistive like behavior can be
structure is the one schematically shown in the inset of Fig. 2e, and the influenced by the structural quality of the ferroelectric layer being, most
electrode interfaces behaves as Schottky contacts. In both cases it is probably, more pronounced for epitaxial films compared to poly-
predicted that the MFM structure may behave more like a resistor during crystalline ones, when the capacitive behavior starts to dominate as



L. Pintilie et al.

a) o
5
4
E 3
2
1
0
c) 6
5
4 220
200
g 3 180
160
2 140
120
1 100
80
0

Materials Science & Engineering B 325 (2026) 119130

6
d)
5
4
E 3

Fig. 6. PFM experiments on an epitaxial PZT film of 200 nm. a) topography; b) poling map; c) amplitude of the PFM signal; d) phase of the PFM signal. The black
point inside a circle represents the point of the polarization orientated UP, while the cross represents the polarization orientated DOWN.

shown in sub-sections II.3. and II.4. Further on, the current behavior
during polarization switching will be investigated in more detail.

3. Experimental methods

This work discus results of hysteresis measurements performed in the
last 10 years on a variety of MFM samples from different ferroelectric
materials, prepared by different methods, and using different electrodes.
One can divide these samples in several groups:

1. PZT samples. The Zr/Ti ratio was 20/80. Most of the samples are
epitaxial and were grown by PLD on SrRuOs3/SrTiO3 substrates, with
SrRuO3 (SRO) acting as bottom electrode (about 20 nm thick).
SrTiO3 (STO) substrate is single crystal with (001) orientation. The
top electrode was also SRO, but other metals were also used such as
Cu or Pt. Some films were deposited by sol-gel on Pt/Si substrate, as
mentioned in sub-section II.3. The thickness was, in general, around
200 nm and area of the top contacts was 100 x 100 um? if no other
specific information is given. Information about the growth can be
found in previous literature [16,28].

2. Other ferroelectrics with perovskite structure, such as BaTiO3 (BTO)
and Mn-doped BiFeOs (Mn-BFO) gown by PLD on STO/SRO sub-
strates. Information about the growth can be found in previous ar-
ticles [28].

3. Zr-doped HfO, (HZO) films grown by magnetron radio-frequency
(RF) sputtering on Si substrate with TiN bottom electrode. Infor-
mation about the growth can be found in previous articles [34].

All the electrical measurements were performed in cryogenic station
from Lake Shore, with micromanipulator arms and CuBe needles to
contact the MFM structure. For the hysteresis measurements, a TF2000
analyzer was used, as mentioned in sub-section II.4.

4. Experimental results of current hysteresis measurements

Fig. 3a depicts the current peak associated to polarizations switching
for the PZT sample with polarization and current hysteresis shown in
Fig. 1a. One can see that for a voltage range located between 3.2 and 4 V
the I-V characteristics is linear, with a confidence factor around 99 %
(see Figure SM1 in Supplementary Material — SM). One can assume that,
in this voltage range, the MFM structure behaves mostly like a resistor,
as discussed in sub-sections 2.1. and 2.2. This means that eq. (4) may
apply in this case, meaning that the exponent is close to zero.

Fig. 3b), ¢) d) and e) presents similar results obtained on BTO, Mn-
BFO, HZO, and PZT with different top electrodes, respectively (full po-
larization and current hysteresis loops are shown in Figures SM2-SM5).
In all cases the increasing part of the current peak associated to the
polarization reversal has a linear behavior with positive slope, as for the
case of PZT. Even for polycrystalline films the increasing part of the
current peak associated to polarization switching has a reasonable linear
behavior, as can be seen in Fig. 1b) and detailed in SM-Figure SM6.
However, the capacitive behavior is dominant over the resistive one.
One can assume that this change is due to the many grain interfaces that
impact the injected chares into the film, as will be discussed later on in
section 5.

The linear behavior was observed for different temperatures, as well
as for different amplitudes and frequencies of the triangular voltage
wave used for hysteresis measurements. The temperature, amplitude
and frequency dependencies of the resistance extracted from the
increasing part of the current peak associated to polarization reversal
are analyzed in more detail in SM for the case of PZT and HZO layers.
The results suggest some common patterns but further studies are
needed to fully explain these dependencies.

The decreasing part of the I-V characteristics in Fig. 3 has also a
linear behavior, in all cases, but with a negative slope, meaning negative
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Fig. 7. PFM experiments on a polycrystalline PZT film of 200 nm. a) topography; b) poling map; ¢) amplitude of the PFM signal; d) phase of the PFM signal. The
black point inside a circle represents the point of the polarization orientated UP, while the cross represents the polarization orientated DOWN.

conductance (or resistance). If the resistive like behavior with a positive
value of conductance/resistance is supported by the theoretical con-
siderations made in sub-section 2.1. and 2.2., the negative conductance/
resistance extracted from the decreasing part of the current peaks in
Fig. 3 is harder to explain but not impossible. These results will be
approached in more detail in the next section.

5. Discussion

To shed some light on this matter, one should refer to the differential
resistance and not to the one related to the linear current-voltage
characteristic encountered in the case of a simple resistor. One can
take into consideration that the polarization switching is a dynamic
effect, implying not only the switch of bound polarization charges from
one electrode interface to the other, but also the change of the charges
involved in the compensation of the depolarization field associated to
ferroelectric polarization, whatever these are free or trapped charges.
Therefore, polarization switching implies not only the displacement
current dP/dt (P being the polarization and t the time), but also tran-
sitory currents produced by the redistribution of the charges involved in
the compensation of the newly generated depolarization field associated
to the new orientation of polarization after switching. A differential
resistance may be recommended in this case of transient currents. This is
supported by the fact that negative differential resistance (NDR) was
reported in structures involving ferroelectric layers [35-38]. In the
followings only PZT films will be considered, assuming that the con-
clusions drawn in this case apply to other similar oxide ferroelectrics.

5.1. Differential resistance/conductance

The direct derivative of the current-voltage (I-V) characteristic
shown in Fig. 3a) gives, in fact, the differential conductance G = dI/dV.
The obtained graph is shown in Fig. 4a). However, it is not straight-
forward that the differential resistance is the reverse of the differential
conductance. To directly obtain the differential resistance, the I-V
characteristic was transformed in a V—TI one (it is actually a 90-degree
clockwise rotation of the graph in Fig. 3a) then the derivative was
extracted. The result is presented in Fig. 4b). One can see that the dif-
ferential resistance is much noisier that the differential conductance,
probably because of large noise in current at voltages for which the
current values are small (below 3 V and above 5 V). Therefore, only the
voltage range between 3 and 5 V was considered and presented in the
inset of Fig. 3b). It is the voltage range corresponding to polarization
switching.

The inset shows that at a voltage slightly below 4 V (corresponding to
the current peak in Fig. 3a), the differential resistance change from
positive to negative and remains negative until the switching ends.
Similar behavior has the differential conductance, who becomes nega-
tive at voltages larger than, roughly, 4 V. For voltages below 3 V and
above 5 V the differential resistance has an average value of about 200
kQ, significantly larger than in the voltage range where the switching
take place.

These results are somewhat contrary to one have expected from
considerations in sub-sections II.1. and II.2., and from the linear
behavior of the current on the increasing and decreasing parts of the
peak associated to polarization switching, all suggesting a resistor like
behavior with an ohmic like I-V characteristic similar to a standard
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Fig. 8. a) The initial state of the MFM structure, with electrodes on the left and right sides of the blue slab mimicking the ferroelectric layer, the initial orientation of
polarization is indicated by the red arrow; b) An external electric field (see the blue arrow above the ferroelectric slab) is applied opposite to the initial direction of
polarization. Charges start to be injected at electrode interfaces as indicated by the green arrows; c) The state of the MFM structure after polarization switching, when
polarization’s orientation is parallel with the applied field. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

resistance. For completeness, the derivative of the V—I characteristic
(see Fig. 2b) is shown in Fig. 4c). One can see that, disregarding the
inherent noise of the derivative, the resistance value is constant with
voltage and about 1 MQ within an error of 10 %, which is the tolerance
of the commerecial resistance used in the experiments of sub-section II.4.
By contrast, the differential resistance and the differential conductance
have a resonant like behavior at switching. Some other interesting fea-
tures observed for the increasing part of the current peak are discussed
separately in SL

This behavior will be explained, at least qualitatively, proposing that
the polarization switching is triggered by charge injection/extraction at
interfaces, without domain formation in high quality crystals, the

domains occurring in imperfect crystals as will be explained later on.
The new model is taking into consideration the presence of the Schottky
like contacts at electrode interfaces and the preliminary considerations
from sub-section II.1. and IL.4.

5.2. Relation between structural quality and domain formation during
switching

The classic theories of switching are based on nucleation and growth
of ferroelectric domains [39]. When polarization is saturated, on a di-
rection or the other, the ferroelectric is monodomain, with polarization
oriented up or down. The switching starts with nucleation of domains
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Fig. 9. The origin of the current peak at polarization switching in relation to
the behavior of potential barriers at interfaces in the MFM structure schemat-
ically presented in Fig. 8.

with opposite direction of polarization, and the state with zero polari-
zation (at coercive fields +/— E.) is obtained when there are equal
volumes with up and down polarization. In terms of thermodynamic
theory, the switching is explained based on the double well free energy
landscape, as in [40].

Domain formation and charge injection at interfaces does not
exclude each other, especially in highly defective films, where they can
coexist and influence each other’s as for example through conductive
domain walls. However, as the structural quality increases towards
single crystal and only electrode interfaces remain, the probability that
polarization switching takes place through domain formation decreases,
the switching being dominantly triggered by charge injection as pro-
posed in the previous section. There are some experimental evidences
supporting this claim. For example, the hysteresis loops presented in
Fig. 5.

One can see that in the static mode there are only a few intermediate
polarization states between the extreme up and down values. This
finding suggests that if domains are forming, these are only a few and
rapidly expanding to the entire volume, so that the switching is very
abrupt in the static hysteresis loop.

An even more relevant experiment is to use PFM for switching.
Fig. 6b shows a poling map in which the applied voltage on the tip was
increased from -15 V to +15 V while the tip was scanned on the surface
from left to right. Fig. 6¢) shows the phase variation recorded when the
above-mentioned poling map was used. One can see that the phase
suddenly changes when polarization switches from up (bright surface)
to down (dark surface). This result suggests that, when coercive voltage
is achieved, the polarization switches from up to down in the entire
volume.

This experiment also confirms that as-grown PZT epitaxial films are
having up polarization if grown on SRO electrode [41].

The situation is totally different in a polycrystalline film deposited by
sol-gel on a Pt/Si substrate [16], as shown in Fig. 7. Using a similar
poling map, one can see that the switching is gradual (see the red square
in Fig. 7d). The two opposite directions of polarization are separated by
a zone where domains of opposite orientations co-exist. There are also
small areas where the polarization does not switch, suggesting that the
local electric fields due to charged structural defects are strong enough
to prevent switching.
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5. 3. The model of polarization switching triggered by charge in-
jection at interface.

The previously presented experimental findings can be explained
starting from the schematic shown in Fig. 8 and the hypothesis that the
polarization switching is triggered by charge injection at the electrode
interfaces.

In Fig. 8a) the MFM structure is in a well-defined polarization state
(polarization is considered saturated), so that the compensation of the
depolarization field requires accumulation of electrons at the electrode
interface where the polarization charge is positive (right side in Fig. 8a),
and depletion of electrons at the opposite electrode interface, where the
polarization charge is negative (left side in Fig. 5a). One can say that the
left interface is a reverse biased Schottky contact, while the right
interface is a forward biased. However, the charges compensating the
depolarization field are somehow blocked at the interfaces, possibly on
interface traps, otherwise a cure would be detected in an external cir-
cuit, which is not the case, the MFM structure does not act as a charged
capacitor, that generates a current when short-circuited.

In Fig. 8b) an external electric field is applied on the MFM structure,
opposing the direction of polarization. Electron will be injected at the
left interface, reducing the depletion region, and will be extracted at the
right interfaces (green arrows in Fig. 8b). As the voltage increases, more
electrons will be injected and extracted at electrode interfaces, the
consequence being the destabilization of the charges that compensate
the depolarization filed. The final result is that the polarization is no
longer stable on the initial orientation and has to switch on the direction
of the applied field (see also the Fig. 9, relating what happens with the
potential barriers at interfaces with the current peak at switching).
During this process, the barriers at interfaces may disappear and the
current flowing through the MFM structure may have an ohmic like
behavior as function of the applied voltage, as suggested by eq. (4) in
sub-section II.2. This can explain the increasing part of the current peak
in Fig. 3a).

Further on, in Fig. 8c) is presented the situation after polarization
switching. Electrons continue to be injected at left interface, but this
time they contribute to the compensation of the positive polarization
charges and extracted at the right interface, building a depletion region
and compensating the negative polarization charges. At the end, a
reverse biased Schottky like contact appear at the right interface,
limiting the current through the entire MFM structure. The current de-
creases as the depletion region increases, leading to the decreasing part
of the current peak in Fig. 3a) and the negative differential resistance or
conductance (see also Fig. 9). At the end, the polarization is saturated
and stabilized by the compensation charges located in the interface re-
gions and the current returns to low values recorded before switching
(see Fig. 3a) below 3 and above 5 V).

In the above discussion it was assumed that the PZT films is n-type
(we remind that it is an epitaxial film) due to the presence of oxygen
vacancies, but the discussion remains valid for a p-type ferroelectric as
long as there are Schottky like contacts at the electrode interfaces.

The I-V characteristics presented in Fig. 3 where all obtained on high
quality epitaxial films. Looking at Fig. 2b), one can see that NDR is
present also in polycrystalline films, since there is also a decreasing part
of the current peak associated to polarization switching. The current
peak in this case is broader due to back switching effects. The
compensation process of the depolarization filed after switching is more
complicated in this case, one can have a distribution of local electric
fields, potential barriers at different heights and widths, more traps, all
making the capacitive like behavior more pronounced, but still at
switching the resonant like behavior of NDR remains.

The explanation given above in relation to Fig. 8 remains valid only
that it applies to all the grain barriers, not only to the electrode in-
terfaces, as shown in Fig. 10.

The schematic in Fig. 10 may look over-simplified but it helps to
understand the switching in polycrystalline samples assumed to be a
collection of perfect crystals, with different orientations of polarization
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Fig. 10. The schematic of the of the polarization switching triggered by charge injection/extraction at interfaces in a polycrystalline sample. Narrow red arrows show
initial direction of polarization in different crystalline grains assumed to be perfect crystals, and the thick red arrow show the initial direction of polarization at
macroscopic scale before switching. Yellow arrows show polarization direction after switching. Green arrows show the charge flow at interfaces, injection on one side
and extraction on the other side. A) is the situation before switching, just when an external field is applied on the sample; b) show an intermediate situation, when
polarization has switched in some grains; c) is the final state, after switching and when polarization is saturated in the direction imposed by the external electric field.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and potential barriers at the interfaces between crystalline grains. In
each grain there will be a polarization component perpendicular on the
electrodes (lateral sides in Fig. 10), leading to a net polarization as
schematically presented by the thick red arrow in Fig. 10a). When an
electric field is applied charges start to be injected/extracted at each
interface, leading to switching in different grains when the local con-
dition for the compensation of the depolarization field is no longer ful-
filled. As the field increases, polarization switches in more and more
grains (intermediate situation in Fig. 10b) until it switches in all grains
and the microscopic resultant is parallel to the applied electric field (see
Fig. 10¢).

When PFM is used, then only the component perpendicular to the
surface is probed, leading to phase contrasts that are usually called
domains. However, because of the structural defects, the switching is not
sudden in all the volume, but it is gradual, leading to a more elongated
hysteresis loop and to a broader current peak as shown in Fig. 3b).
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At the end, a few words about the Landau-Khalatnikov (LK) equa-
tion, given by [19]:
5dP_dG
dt ~ dp
P is the polarization, t is the time, G is the free energy in the presence
of an applied electric field E and § is a kinetic coefficient. It is interesting
to notice that dP/dt has the units of a current density, while dG/dP is an
electric field, thus eq. (4) resembles the relation J = oE of an ohmic like
conduction, similar to eq. (4). For G, the following equation is used:

©

1

G(P)=G0+2

1 1
aP® +—bP* +—cP® —EP %)
4 6
Gy is the free energy at zero electric field and a, b, ¢ are thermody-
namic coefficients. Introducing (7) in (6) and using a periodic electric

field of the form Egsin (ot) (0 = 2xf, with f the frequency of the applied a.
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c. signal for the hysteresis measurement), one can simulate practically
any polarization or current hysteresis loop if one uses proper value for 5,
P, a, band c [19,42,43].

The problem with these thermodynamic models (and others) is that
they do not take into consideration microstructural features, like po-
tential asymmetry in electrode interfaces, local fields generated by
charge defects, or mobile charge carriers. Although it may reproduce a
hysteresis behavior, including a linear-like dependencies of the I-V
characteristics on the increasing or decreasing parts of the current peak
associated to polarization reversal, they cannot explain the asymmetries
often encountered in real hysteresis loops, not mentioning the, some-
times large, differences observed in the hysteresis loops recorded for
different samples from nominally the same material. They can simulate a
general behavior, but not all details. This is an enormous task, going far
beyond the scope of the present study.

At the end, a short discussion on polarization switching models in
ferroelectrics. As mentioned in the Introduction section, the vast ma-
jority of the models assume that, when an external electric field as
applied on a MFM structure in opposite direction to the polarization one,
domains will nucleate and grow with polarization orientation parallel to
the applied field and opposite to the initial orientation of it. Aside of the
references mention in the Introduction, one can mention also the
excellent review of Scott in [13]. Same author mentions also the possi-
bility of polarization switching without domain formation, see Ref. [44].
In this reference it is mentioned that switching without domain forma-
tion is possible in perfect crystals, or at least nearly perfect, since do-
mains tend to form on charged structural defects located in the volume
or at interfaces, whatever these are at electrodes or between crystalline
grains. Our findings show that, indeed, domains may for or not
depending on the structural quality of the ferroelectric film.

In support to our model of polarization switching triggered by charge
injection/extraction at interfaces, we would like to remind a phenom-
enon that was relatively intensive studied 10-15 years ago, namely
electron emission from ferroelectric surfaces [45]. Electron emission
takes place when there is a sudden change in polarization, e.g. at
switching. It means that those charges are accumulated at the surface to
compensate the bound polarization charges and when the sign of these
charges changes, then the electrons are emitted. By extension, this can
be regarded as a charge injection/extraction at the interface.

6. Conclusions

In conclusion, a new switching mechanism is proposed, based on
charge injection/extraction at electrode or crystalline grain interfaces. It
is also evidenced, both theoretically and experimentally, that the MFM
structure during polarization switching has a resistive like behavior. The
resistance is positive on the increasing part of the current peak associ-
ated to switching and negative on the decreasing part. This is explained
qualitatively by the disappearance of the potential barrier at the elec-
trode interface on one side (increasing part of the peak) and re-
appearance of the potential barrier at the opposite electrode interface
(decreasing part of the peak). Similar effect may occur at grain bound-
aries that are in between electrode interfaces. The resistive like behavior
seems to be present in oxide ferroelectrics, although the analyzed sam-
ples are of different materials, different thicknesses, different structural
qualities and with different electrodes, this behavior being related only
to the properties of the electrode or grain interfaces. However, the
thickness of the ferroelectric layer may have some influence in the case
of polycrystalline films, as well as the size of the grains, in the sense that
these two quantities influence the number of gain interfaces between the
electrodes. This will be subject of a future study.

Present results suggest that, in perfect MFM structures the switching
takes place, most probably, without domain formation, being triggered
by the imbalance of the depolarization field due to the injected/
extracted charges up to the point when the polarization direction is no
longer stable and has to orient parallel to the external electric field. Once
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the defects are present, then domains may form and the switching may
be modeled by nucleation and growth, although down to single perfect
crystalline grains the switching inside those gains takes place still
without domain formation. Anyway, further studies are needed to
confirm the model, implying pushing farther to obtain perfect MFM
structures.
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