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The leakage current in all oxide epitaxial (La,Sr)MnOs-ferroelectric-(La,Sr)MnQO5 structures,
where the ferroelectric layer is either BaTiO3 or Pb(Zr,Tij )O3, was analyzed on a broad range of
temperatures and for different thicknesses of the ferroelectric layer. It was found that, although the
structures are nominally symmetric, the current-voltage (I-V) characteristics are asymmetric. The
leakage current depends strongly on the thicknesses of the ferroelectric layer, on temperature and
on the polarity of the applied voltage. Simple conduction mechanisms such as space charge limited
currents or thermionic emission cannot explain in the same time the voltage, temperature, and
thickness dependence of the experimentally measured leakage currents. A combination between
interface limited charge injection and bulk controlled drift-diffusion (through hopping in the case
of BTO and through band mobility in the case of PZT) is qualitatively explaining the experimental
I-V characteristics. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4808335]

. INTRODUCTION

Oxide heterostructures integrating materials with ferro-
magnetic and ferroelectric properties known as “artificial mul-
tiferroics” are of increased interest due to their potential use in
microelectronics, sensing, and other high-tech applications.'™
The potential magnetoelectric coupling between the ferromag-
netic and ferroelectric phases in multilayer structures opens
new possibilities in non-volatile memory devices, as for exam-
ple multiple states memories or electrical reading of magneti-
cally written information.® Other application, also in the field
of non-volatile memories, are based on the simultaneous pres-
ence of tunneling magneto-resistance (TMR) and tunneling
electro-resistance (TER) in structures combining ferromag-
netic oxide electrodes with a ultra-thin ferroelectric layer as
conduction barrier.” ' Strontium doped lanthanum mangan-
ites La;_,Sr,MnO5; (LSMO) are preferred materials in build-
ing these artificial layered multiferroics because they have on
one side a perovskite structure similar to the main ferroelectric
materials such as BaTiO; (BTO) and Pb(Zr,Ti)O5; (PZT) mak-
ing it appropriate for epitaxial growth and on the other side
good magnetic properties at room temperature (RT), its Curie
temperature of 350K being just above RT.'""'* LSMO is also
known for colossal magnetoresistance thus are good candi-
dates to be used in combination with ferroelectric perovskites
for TMR-TER structures or field effect devices.'">'* On the
other hand, BTO and PZT are prototypical ferroelectric materi-
als with well known ferroelectric properties.'>!” Therefore,
the combination of LSMO with BTO or PZT in multilayer all
oxide heterostructures has a significant potential for applica-
tions in microelectronics with special emphasis on non-volatile
memories. There are previous studies reporting on LSMO-
ferroelectric composites or on LSMO-ferroelectric superlatti-
ces or multilayers.'®® However, a detailed study of the leak-
age current in order to extract information on the possible
conduction mechanisms in LSMO-ferroelectric-LSMO

0021-8979/2013/113(22)/224103/10/$30.00

113, 224103-1

heterostructures has not been yet performed. The current paper
presents a detailed analysis of the leakage current in LSMO-
ferroelectric-LSMO epitaxial metal-ferroelectric-metal (MFM)
structures where the ferroelectric layer was either BTO or
PZT. The current-voltage (I-V) measurements were performed
on a broad temperature range and for different thicknesses of
the ferroelectric film. It was found that the thickness depend-
ence does not fit with space charge limited currents (SCLC),
being both temperature and voltage dependent. Also, the
asymmetry of the [-V characteristics suggests that Pool-
Frenkel emission is not an option for the conduction mecha-
nism in LSMO-ferroelectric-LSMO structures. Apparently, the
injection into the ferroelectric layer is controlled by the elec-
trode interfaces, but the volume is also playing a role through
a combination of SCLC and hopping mechanisms.

Il. EXPERIMENTAL METHODS

MEM structures with top and bottom LSMO electrodes
were grown by pulsed laser deposition (PLD) on (001)-ori-
ented vicinal SrTiO5; (STO) substrates with a nominal miscut
of 0.1°. First a LSMO layer was deposited on the STO sub-
strate, then the ferroelectric layer and finally the second
LSMO layer. The LSMO layers were deposited at 600 °C in
oxygen pressure of 0.15mbar at a laser fluence of about
0.4 J/cm?® and repetition rate of 2 Hz. PZT has been grown at
600°C in oxygen pressure of 0.28 mbar, fluence of about
0.7J/cm* and 5Hz repetition rate. BTO has been grown at
650 °C in oxygen pressure of 3 x 10~> mbar, fluence of about
IJ/cm2 and 5Hz. All films were cooled from the growth
temperature to RT in min. 300 mbar O, pressure in order to
avoid oxygen non-stoichiometry.

Top Pt contacts of 0.l mm square were sputtered
through a shadow mask. The ferroelectric capacitors with
bottom and top LSMO contacts were patterned by etching
the top LSMO layer with a diluted solution of sulfuric acid
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and using the Pt contacts as a hard metallic mask. The thick-
ness of the LSMO layers was in all cases of about 25 nm.
Different thicknesses were used for the ferroelectric layer:
30nm and 90nm for BTO; 25nm, 50nm, and 100 nm for
PZT. The structural quality of the LSMO-ferroelectric stack
was checked by X-ray diffraction and transmission electron
microscopy was commonly used to optimize the quality of
epitaxial growth and obtain low defect density samples. An
example of the typical quality of the layers used in the pres-
ent study is given in Figure 1 where X-ray data are shown
for the LSMO-PZT-LSMO and LSMO-BTO-LSMO cases.
Figure 2 shows atomic structure of the PZT-LSMO-STO
interfaces. One has to mention that the BTO layer may be
fully relaxed, considering that the thickness of the present
samples is higher than the critical thickness of 6-7nm
reported in literature.?’®

Current measurements were performed on a large tem-
perature range from 150K to 400K by placing the samples

in a LakeShore cryogenic probe station model CPX-VF
coupled to a Keithley electrometer model 6517. Ferroelectric
properties were evaluated by measuring the hysteresis loop
with a ferroelectric tester for thin films model TF2000
(AixaCCt) and by measuring the capacitance-voltage (C-V)
characteristic with a HP4194A impedance analyzer.

Ill. RESULTS AND DISCUSSIONS
A. LSMO-BTO-LSMO structures

Ferroelectric hysteresis measurements performed at dif-
ferent temperatures, shown in Figs. 3(a) and 3(b) for polar-
ization and current, indicate a degradation of the loops with
increasing the temperature. This is because of the leakage
current, which is increasing with the temperature, especially
for the negative polarity, as can be observed in the current
hysteresis loops presented in Fig. 3(b). A sharp increase of
the current can be seen at 400 K, reflected in the fact that the

FIG. 2. (a) TEM bright field image of a
LSMO-PZT-LSMO heterostructure and
(b) high resolution TEM (HRTEM) image
of the PZT-LSMO-STO interfaces.
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FIG. 3. (a) dielectric hysteresis loop and (b) current hysteresis loop recorded
at 1kHz on LSMO-BaTiO3-LSMO heterostructure with 30nm thick
BaTiOs.

saturation regime in the polarization hysteresis could not be
achieved at this temperature. Fig. 3(a) shows also that the
switching is not sharp, in the sense that the hysteresis loop is
far from being rectangular as it should be for a high quality
epitaxial film.?’ The polarization switching is rather gradual,
taking place on a few volts around the coercive field and sug-
gesting the presence of some structural defects acting as pin-
ning centers for the ferroelectric domains. This observation
is in agreement with the possible relaxation of the BTO
layer, with the formation of structural defects like disloca-
tions, twinning, etc.”® Also, the polarization hysteresis loop
is shifted towards negative voltages (reference electrode on
top) thus indicating the presence of an internal electric field
oriented from top LSMO to bottom LSMO contacts. It might
be that there are non-homogeneous distributions of charged
defects in the BTO layer, and that the two LSMO-BTO inter-
faces have dissimilar electronic properties. Even in the case
of perfect epitaxial interfaces, the chemical termination of
the subsequent layers can induce asymmetries of the interfa-
ces reflected in, for example, offsets of the hysteresis loop.>®
The value of the remnant polarization is about 18 uC/cm?,
the saturation polarization is about 25 uC/cm?, while the co-
ercive field is about 50 MV/m. I-V characteristics were
measured at different temperatures. The current densities for

J. Appl. Phys. 113, 224103 (2013)

the samples with different thicknesses of the BaTiOj3 layer
were compared at different temperatures (see Fig. 4). At
200K, the current densities for negative polarities are of
comparable values, while for positive polarity the current
density is higher for the thinner sample with less than one
order of magnitude. Contribution from polarization reversal
can be still observed around zero applied bias, up to about
2.5V, suggesting that the dwell time of 3 s/point was not
long enough to eliminate all transient components in the cur-
rent. However, a longer delay time is detrimental due to
gradual breakdown of the contact during repeated I-V meas-
urements. At 300 K, the current densities on positive polarity
are about the same, while on the negative polarity the current
density is about 40 times larger for the thinner BaTiO; film.
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FIG. 4. I-V characteristics of two LSMO-BaTiO5-LSMO structures, with
30nm and 90 nm thick BaTiOs;, recorded at (a) 200K, (b) 300K, and (c)
400K.
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At 400 K, the current density on negative polarity in the case
of the 30 nm thick sample, is about 140 times larger than for
the 90nm thick one. For positive polarity, the situation is
reversed and the current density for the 90 nm BaTiO5 layer
is about 4 times larger than for the 30 nm layer.

The asymmetry of the I-V characteristics may suggest
that the leakage current is controlled by the interfaces,
although the structure is nominally symmetric with bottom
and top LSMO electrodes. However, the different deposition
sequence for the two interfaces (BaTiO5 deposited on LSMO
for the bottom interface and LSMO deposited on BaTiO5 for
the top interface), as well as the different thermal histories of
the two interfaces (the bottom interface experienced high
temperatures for a longer time than the top one), can induce
different densities of interface states thus different interface
electronic properties (barrier height, band bending, etc.).
Therefore, a mechanism such as Schottky emission over an
interface-located potential barrier seems to be an adequate
conduction mechanism to explain the temperature and volt-
age dependencies of the leakage current.>' A more general
interface-and-bulk-limited mechanism such as Schottky-
Simmons and its associate equation can be used for estima-
tion of the current density taking care that the injection is
interface controlled while the drift throughout the film is
controlled by the bulk through the pre-exponential mobility
term, like in the following equation:*~>

2nmeprkT 3/2 q 0 qE,,
J=2q ——="— E —— | D, —
q( n? ) HECXPA = (78 4neoee, | )’

o))

where ¢ is the electron charge, % is the Planck’s constant,
me is the effective mass, k is the Boltzmann’s constant, y is
the mobility, E is the electric field in the bulk of the ferro-
electric, T is the temperature, (DBO is the potential barrier at
zero volts, E,, is the maximum field at the interface if a
Schottky-like contact is present (with a depletion region hav-
ing a voltage dependent width), ¢ is the vacuum permittiv-
ity, and ¢,, is the dielectric constant at optical frequencies.
Assuming full depletion in BaTiOj3, Eq. (1) can have the fol-
lowing dependency on the thickness d of the ferroelectric
layer:

2nmeprkT 32y q 0 q V
=2q( ———75— — —— | Dy — -1
.] q ( ]’l2 ,u d exp kT B 47'[80801) d

(@)

It is easy to verify that the exponential term does not contrib-
ute significantly to the difference in the current densities at
different temperatures for the two thicknesses of the BaTiO;
layer. For example, at +5 V and 200 K, the ratio between the
current densities can be as large as 5 for BTO thicknesses of
30nm and 90 nm, considering a value of 6.5 for the optical
dielectric constant. It was assumed that the potential barrier,
the mobility, and the effective mass are the same for the
samples of different thicknesses of the BaTiO; layer.
Increasing the temperature, this ratio should decrease, which
is confirmed experimentally for the positive side of the -V

J. Appl. Phys. 113, 224103 (2013)

characteristic at 300 K. However, Eq. (2) does not justify the
change observed at 400K, where the current density for
90nm thick BTO becomes larger than for the thinner film.
Also, Eq. (2) does not justify why the ratio of current den-
sities in layers with different thicknesses is larger on the neg-
ative polarity compared to the positive polarity.

An increased thickness dependence is given by the
SCLC.** One has to avoid confusion between the space
charge region (known also as depletion region) associated
with a Schottky contact and the space charge in SCLC mech-
anism. In the first case, the charge density in the depleted
region is uniform and is given by the concentration of the
jonized donors and/or acceptors.” In the second case, the
space charge refers to the injected charges into the insulator,
when their density becomes larger than the density of the
free carriers in the insulator.>® According to the Mott-
Gurney law,*® the current density should have a dependence
as d > in this case. For a thickness ratio of 1/3, the ratio of
the current densities should be around 30. The problem is
that this thickness dependence should not vary with the tem-
perature, meaning that the ratio of the current densities for
the two thicknesses of the BaTiO5 layer should have been
about the same at any temperature. However, this is not
experimentally observed. On the contrary, Fig. 4 shows that
for negative voltage the ratio between current densities
increases considerably with temperature, reaching about 140
at 400 K, while for positive voltages the ratio of current den-
sities decreases becoming at 400K subunitar, meaning that
the current is larger in the thicker than in thiner BTO films.
Such a behavior cannot be explained with the simple law of
the SCLC conduction mechanism.

A steeper dependence on thickness can be obtained in
the case of SCLC with an exponential distribution of traps.
The current density in this case is given by the following
equation:>’~®

st )| V!
N, ) @ &

J=q"uNf (1) <

Here, N, is the density of states in the conduction band,
assuming that the free carriers are electrons, N, is the density
of traps, &, is the static dielectric constant, d is the film thick-
ness, and /=T,/T with T, the characteristic temperature of
traps. 7, is related to the activation energy of the traps
E,=kT, fi)=1'2l + 1)'"'(l + 1)"*~'. Therefore, Eq. (3)
shows a J ~ V" dependence on voltage, with m=1 + 1, and
a dependence on thickness as d*"". Also, Eq. (3) shows that
the current density in this case of SCLC with exponential
distribution of traps has a temperature dependence through
the quantity /. We have to note here that / normally, should
be higher than unity. Deep traps have activation energy E,
higher than 0.1 eV, corresponding to a characteristic temper-
ature of about 1150K. Considering that current measure-
ments are performed at temperatures of hundreds of K
(100400K in the present case), it is clear that / should be
significantly larger than unity. If /=1, then Eq. (3) trans-
forms in SCLC controlled by shallow traps. Assuming that
the quantities y, N, and N, are the same in the two samples,
the value of / can be determined in two ways:
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1. By varying the thickness, respectively, at constant tem-
perature and voltage, from the ratio of current densities in
the case of two samples with different thicknesses.

2. At constant thickness and temperature, from the
logJ ~logV representation it is determined the exponent
m, and then the quantity 1.

The first method is based on the following relation:

I ds 2041 W
Jz d] ’

where J; and J, are the current densities in the samples with
thickness d; and d,, respectively, at the same voltage and
temperature. The thickness ratio will be the same at any volt-
age and temperatures. In principle, the quantity 7, should be
also the same, although small variations of the activation
energy are possible with temperature and voltage. Therefore,
the quantity / should decrease with increasing the tempera-
ture. Assuming that d; < d», the term in the right hand side
of Eq. (4) should decrease with increasing the temperature,
thus the ratio of current densities J;/J, should also decrease
with increasing the temperature. In our specific case on the
negative polarity of the I-V characteristics, the ratio of the
current densities is actually increasing with the temperature.
On the positive side, the temperature dependence is even
more complicated, starting with a higher than unity ratio at
200K and ending with a lower than unity ratio at 400 K.
Equations (3) and (4) cannot explain thus the experimental
results.

Just for completeness of the analysis, the second method
to determine / was also tested. The log/~logV representation
at different temperatures is shown in Fig. 5.

Figure 5 shows a “normal” behavior for SCLC with ex-
ponential distribution of traps. A steep increse of the current
can be observed in the I-V characteristic at any temperature.
The voltage range where this increase occurs is dependent
on temperature. This behavior corresponds to the trap-filling
regime. After the steep increase, the voltage dependence
goes to V7, corresponding to the the trap-free SCLC regime.
This one should be temperature independent. The lines in
Fig. 5 show that indeed there is a convergence of the I-V

Curren

3, 35
o B I I B B B B I I L

1
Voltage (V)

FIG. 5. The logJ ~logV representation at different temperatures for the
LSMO-BaTiO;-LSMO structures with 30 nm thick BaTiOs. The higher cur-
rents are for the negative bias. The lines are guide for the eye showing the
convergence to the temperature independent SCLC trap free regime.
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characteristics towards a “cross-over” point which is reached
at about 60V for the negative polarity and at about 100 V for
the positive polarity.

The parameter /, calculated from the slope of the steeper
part of the I-V characteristics at 400 K for the negative po-
larity, is 8, leading to a characteristic temperature of 3200 K
and an activation energy of about 0.28 eV. About the same
values were obtained for 350 K and 300 K. On the positive
polarity, the / value is about 6, leading to an activation
energy of about 0.2eV. Therefore, it can be claimed that
there are two exponential distributions of traps, located near
the electrode interfaces, and that they have different activa-
tion energies because the processing conditions for the two
interfaces were different.

The above paragraph and discussion shows how false
conclusions can be drawn if measurements are performed
only on one thickness. In the present case, having two sam-
ples with very different thicknesses it is easy to argue, based
on the results presented in Fig. 4, that the SCLC with expo-
nential distribution of traps is not the right conduction mech-
anism to explain the experimental I-V characteristics. In
fact, the above considerations based on the thickness depend-
ence of the current density lead to the conclusion that SCLC
can be ruled out as the main conduction mechanism in the
studied samples.

The most puzzling result is the increase of the leakage
by increasing the film thickness, see Fig. 4(c) in the positive
polarity. The only conduction mechanism at which the
current density increases with the volume of the sample is
hopping conduction.**** On the other hand, the strong
asymmetry of the [-V characteristics and the temperature de-
pendence suggest an additional interface controlled carrier
injection mechanism, most probably Schottky emission.
Therefore, we propose a conduction mechanism based on
interface controlled charge injection into the BaTiOj layer,
and a bulk controlled drift by a thermally activated hopping
mechanism. In the followings, we present a detailed analysis
in the case of the 30 nm thick BTO film.

The temperature dependence of the electric conductivity
in the case of thermally activated hopping is given by*'

W,
o~ T’3/zexp (— k_T> , (&)

where W, is the activation energy for hopping. It can be
observed that the temperature dependence is similar to the
one of the Schottky-Simmons in Eq. (1). Arrhenius plots for
several voltages are shown in Fig. 6. It can be easily seen
from the slopes of the linear fit in Fig. 6 that the estimated
activation energy W, of the hopping mechanism is obviously
voltage dependent. Bearing in mind that the carrier injection
is controlled by interfaces through thermionic emission, a V"’
dependence was tested for the activation energy. The plot W,
vs. V2 is shown in Fig. 7. The V' dependence of the activa-
tion energy is confirmed, supporting thus the initial assump-
tion that the carriers are injected by thermionic emission into
the ferroelectric BaTiO5 layer. The barriers at zero bias are
about 0.51 eV for positive polarity and about 0.74 eV for neg-
ative bias. However, the fact that the activation energy is
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higher on the negative polarization is in contradiction with the
experimental data, which show higher currents for negative
polarity (see Fig. 4). Therefore, the temperature dependence
predicted by Eq. (6) may not be entirely correct, at least for
the negative polarity.
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FIG. 7. The voltage dependence of the activation energy for negative and
positive polarities of the I-V characteristics for a LSMO-BTO (30nm)/
LSMO heterostructure. The lines are the linear fits.
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FIG. 8. The representation of the measured current as function of sinh(aV)
for a constant temperature of 300 K.

Another aspect which must be considered is the strong
nonlinearity of the I-V characteristics. In the case of the
thermally activated hopping, the voltage non-linearity is
explained by the following equation:

L Vqa W,
Ve sinh (m) exXp (— ﬁ) . (6)

Here, w is width of the high resistance region of the film,
assimilated to the depletion region of a Schottky type con-
tact, and a is the distance between two neighboring hopping
sites. In order to prove the dependence shown in Eq. (6), the
current at a temperature of 300 K was represented as function
of sink(aV) where the quantity o« = ga/2kTw (see Fig. 8).

A linear dependence of the measured current on
sini(aV) is obtained. The value estimated for o from the lin-
ear fit is 1 for both polarities. Assuming a hopping distance
of about 4 nm, which represents a concentration of the hop-
ping sites of one at approximately 10 unit cells similar to the
oxygen vacancies concentration of about 10'”cm™, a nor-
mal value in ferroelectric perovskites,*™** a value of about
70nm is obtained for w. w is larger than the film thickness,
suggesting that even at zero volts the BaTiO; film is fully
depleted and thus the electric field inside the film can be sim-
ply calculated as V/d.

Considering the above discussion, the following equa-
tion, which combines both thermionic emission and hopping
conduction, is proposed for explaining the temperature and
voltage dependence of the current density in the studied
LSMO-BTO-LSMO structures:

q

Jy/~ =Fi(Es — | + E;)exp ~iT (DY + W,)

)

Here, E, is the applied field, and E; is the internal (imprint)
field whose presence is suggested by the hysteresis measure-
ments shown in Fig. 3. The = signs stand for the positive
and negative polarities. The term W,+®;° takes into consid-
eration the thermal activation energy (the potential barrier)
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for the hopping and the height of the potential barrier (at
zero field) for the thermionic emission. The pre-exponential
term may have temperature and voltage dependence, and
may include also the mobility of the charge -carriers.
However, for the present simulations, it will be considered
that this term is constant with electric field, temperature, and
thickness. Fig. 9 shows simulated -V characteristics for
three temperatures together with the experimental data. The
simulations were performed according to Eq. (7) and using:
a pre-exponential factor of 1072A; a value of 0.51
+ 0.05eV for the quantity W,+®z° in the case of the posi-
tive polarity; an internal (imprint) field produced by a volt-
age of 1V (as suggested by the hysteresis loop in Fig. 3) and
oriented from top to bottom electrode; a value of about 6 for
the optical dielectric corlstant;45 and a thickness of 30 nm for
the BaTiO3 layer. On the negative polarity, the simulation
was performed using the following values for the quantity

Current (A)

Voltage (V)

Current (A)

Voltage (V)

Current (A)

Voltage (V)

FIG. 9. Experimental and simulated I-V characteristics at three tempera-
tures: (a) 200K; (b)300K; (c) 400K.

J. Appl. Phys. 113, 224103 (2013)

W;,-l-(DBO; 0. 39eV at 200K; 0.36eV at 300K; 0.28¢eV at
400 K.

It can be seen that Eq. (7) simulates quite well the exper-
imental I-V characteristics. On the positive side, it seems
that the total activation energy for conduction, given by the
sum between the interface barrier and activation energy of
the hopping conduction W,+®z° does not vary with the tem-
perature, suggesting negligible effect from the interface
states. On the negative side, the total activation energy
W, + ®5° decreases with increasing the temperature, most
probably because of the potential barrier associated with the
electrode interface (DBO. This is possible when interface traps,
which show temperature dependent occupation state, are
involved in lowering the effective barrier besides the
changes induced by the inherent asymmetry of the interfaces.
The thickness dependence of Eq. (7) was also verified. The
results are presented in Fig. 10 for the temperature of 400 K
and two thicknesses of the BTO film, i.e., 30 nm and 90 nm.

It is clear that Eq. (7) cannot fully describe the thickness
dependence, although on the negative side this dependence
is correctly simulated at least qualitatively. It may be that
microstructural defects such as misfit dislocations or oxygen
vacancies can distort the simple thickness dependencies of
the conductions mechanisms used to explain the experimen-
tal data, dependencies which were deduced assuming homo-
geneous properties of the film over the entire volume.

In conclusion, the conduction mechanism in LSMO-
BaTiO5-LSMO epitaxial structures was investigated and it
was found that:

1. The conduction mechanism is a combination between
thermionic injection controlled by the potential barriers
associated to electrode interfaces and thermally activated
hopping;

2. Oxygen vacancies may be involved in the hopping mech-
anism. Also, their non-uniform distribution may explain
the presence of the internal field and the different poten-
tial barriers at the two electrode interfaces as well as com-
plex thickness dependence.

10° g
X: 400K “a—30mm
g 10 ; —0—90 nm
g
S0
< E
N—"
>
=
wn
=
O
o
S
o
g
=
@)
1
4 6

Voltage (V)

FIG. 10. Experimental (symbols) and the simulated (lines) I-V characteris-
tics, respectively, for heterostructures with 30nm and 90nm BTO layer
thicknesses.
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FIG. 11. Ferroelectric hysteresis loop (a) and the corresponding current hys-
teresis loop (b) recorded at different temperatures for a LSMO-PZT-LSMO
heterostructure with 100 nm thick PZT.

B. LSMO-PZT-LSMO structures

In order to verify the generality of the above conduction
mechanism, we have applied the concept to a similar struc-
ture, but with different ferroelectric layer. We have grown
all epitaxial LSMO-PZT-LSMO heterostructures and we
have applied similar analysis as for the heterostructures with
BTO.

The ferroelectric properties were also checked by meas-
uring the hysteresis loop at different temperatures. The
obtained results are shown in Fig. 11. Compared to the case
of LSMO-BTO-LSMO structures, the magnitude of the fer-
roelectric polarization is much higher, reaching nearly
100 uC/cm?.*® The hysteresis is almost rectangular, with a
strong imprint towards negative voltages. The imprint is sim-
ilar to the BTO case suggesting thus a common origin. The
coercive field is of about 20 MV/m.

I-V characteristics at room temperature and for different
thicknesses are presented in Fig. 12. It can be seen that these
are strongly asymmetric, with different thickness dependen-
ces for the two voltage polarities.

Referring to Fig. 12, it can be seen that on the positive
bias the magnitude of the current increases with the thick-
ness. The ratio of the current values for 25nm and 100 nm

J. Appl. Phys. 113, 224103 (2013)
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FIG. 12. I-V characteristics measured at (a) 200 K and (b) 300 K on LSMO-
PZT-LSMO structures with 25 nm, 50 nm, and 100 nm thick PZT layer.

thick PZT films, at a voltage of 2V is about 70 at 300K and
about 40 at 200K, suggesting SCLC as conduction mecha-
nism. We remind here that in the case of SCLC the current
decreases as d_3, with d the thickness of the film, thus the
current should decrease 64 times for the 100nm thick film
compared to the 25nm thick PZT. Therefore, the ratios
between 40 and 70 are close to the theoretical value of 64.
However, on the negative bias, the current increases with
increasing thickness up to about 1V, then the thickness de-
pendence becomes quite complicated, with no clear trend.
An increase of the current with thickness suggests a hopping
mechanism, as discussed for the case of LSMO-BTO-LSMO
structures.

Further on, similar to Figure 4 in the case of the BTO-
based structures, we have represented the I-V characteristics
at different temperatures in log-log scale (see Fig. 13). It can
be seen that for negative bias the current has the tendency to
become temperature independent at voltages over 2 V, corre-
sponding to SCLC with exponential distribution of traps (the
discussion referring to Figure 5 in Sec. III A). For positive
polarity (Fig. 13(b)), the current increases with the tempera-
ture but the slope in the log-log plot seems to be constant.
This fact may be possible for SCLC with a shallow distribu-
tion of traps>®
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FIG. 13. The logJ ~logV representations for (a) negative and (b) positive
fields, respectively, and at different temperatures for the 100 nm thick PZT
layer.

2

J = geosx,uﬁ%. ®)
The only difference compared to the trap free regime is the
term 0, which is the ratio of the free carriers to the trapped
carriers. 0 has a temperature dependence proportional with
exp(—E/kT), where E, is the activation energy of the trap-
ping level. Therefore, increasing T leads to an increase of the
current because the value of 0 is increasing (more free /less
trapped carriers). Indeed, representing Ln(Current) ~ 1000/T
for a voltage of 2V an Arrhenius type plot is obtained. An
activation energy of about 0.15eV is obtained from the slope
of this plot (see Fig. 14).

However, the slope of the log-log I-V representation in
Fig. 13, for positive bias, is around 3 at all temperatures, sug-
gesting a double injection SCLC.?® In this case, the thickness
dependence should be as d >, which is not experimentally
confirmed. All in all, the analysis performed on the experi-
mental data considering SCLC as dominant conduction
mechanism leads to contradictory results, so, as in the BTO
case, the SCLC alone cannot explain the experimental
findings.

We have thus performed analysis similar to the case of
LSMO-BTO-LSMO structures in order to estimate the
potential barriers at the two electrode interfaces. The follow-
ing values were found:

J. Appl. Phys. 113, 224103 (2013)
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FIG. 14. Arrhenius plot for a positive bias of 2 V. The line represents the lin-
ear fit.

1. 0.45 = 0.05eV for both voltage polarities in the case of
the PZT layer with 25 nm thickness

2. 0.45 = 0.05eV for positive voltage and 0.75 = 0.05eV
for negative voltage in the case of the PZT layer with
50 nm thickness

3. 0.25 = 0.05eV for positive voltage and 0.8 = 0.05eV for
negative voltage in the case of the PZT layer with 100 nm
thickness

As for BTO, the potential barrier is constantly lower for
the positive bias. The values are quite similar, which is a
very interesting result considering that the two ferroelectric
materials have significantly different remnant polarization
and dielectric constant. Considering that the trend of the I-V
characteristics with voltage, thickness, and temperature is
similar to those analyzed in detail for LSMO-BTO-LSMO
structure, one can think that the conduction mechanism is
also similar; respectively, a combination of interface con-
trolled injection and volume controlled hopping. However,
in the case of the LSMO-PZT-LSMO structures, Eq. (6) does
not hold in the sense that the current does not have a linear
dependence on sinf(oV) for both polarities and with the
same value for o as was found for the BTO-based structures.
It results that in the case of the PZT the conduction mecha-
nism is similar to the one reported in Ref. 32, with interface
controlled injection and bulk controlled drift-diffusion
through the mobility term in Eq. (1).

IV. CONCLUSIONS

The leakage current in epitaxial LSMO-ferroelectric-
LSMO heterostructures, where the ferroelectric layer is ei-
ther BTO or PZT, was studied over a broad temperature
range and for different thicknesses of the ferroelectric layer.
The thickness dependence is different for different voltage
and temperature domains and does not fit simple SCLC
model. The asymmetry of the I-V characteristics and the
voltage square root dependence of the activation energies
suggest both interface and bulk controlled conduction mech-
anisms. A combination of thermionic injection and thermally
activated hopping is the closest to explain the voltage and
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temperature dependence, but fails to explain the thickness
dependence for the LSMO-BTO-LSMO structure. Similar
experimental results are obtained for the LSMO-PZT-LSMO
heterostructures. The conduction mechanism in latter case
seems to be a combination between thermionic injection at
the electrode interface and bulk controlled drift-diffusion
through the band mobility of the injected carriers. Further
experimental and theoretical studies are needed in order to
clarify the origin of the charge transport in artificial type
multiferroic structures based on LSMO and ferroelectric
layers.
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