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he concept of ferroelectric tunnel

junction (FTJ) was already proposed

by Esaki in 1971,' but its practical
realization has for a long time been ham-
pered by experimental limitations. At the
time of Esaki's proposal, it was not even
clear whether ferroelectricity would be pre-
served in the range of barrier thicknesses
required for tunneling. Only recently has it
been established that layers of only a few
nanometers can remain ferroelectric, pro-
vided the electrical and mechanical bound-
ary conditions are adequate.>*

Together with the advances in the growth
of high-quality oxide heterostructures, the
interest in FTJs naturally re-emerged. A large
asymmetry in the tunnel current under
polarization reversal was first measured in
a6 nm thick SrRUOs/Pb(Zro 55 Tig.4g)O3/Pt FTJ
(although the measured current might not
be in the direct tunneling regime in this
case)* and then also in a 2 nm thick La, /55113
MnOs/Lag 1BigoMnOs/Au multiferroic junction.®
The related tunnel electroresistance (TER)
effect, that is, the dependence of the resis-
tance on the orientation of the polarization
of the ferroelectric, is not only of academic
interest but also valuable for practical ap-
plications. The most obvious one pertains to
ferroelectric random access memories (FE-
RAMs)® based on ferroelectric capacitors in
which measurement of the tunneling current
would allow for nondestructive readout of the
polarization state. Recently, using conduc-
tive atomic force microscopy, Garcia et al.”
reported a giant TER of 75.000% across a
3 nm thick BaTiO3 barrier and demonstrated
scalability down to lateral sizes compatible
with storage densities greater than 16 Gbit
in.”2. Similar results were reported on other
systems,® '3 motivating further exploration
of the interplay between tunneling and
ferroelectricity.
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Understanding the effects that govern electronic transport in ferroelectric tunnel junctions

(FTJs) is of vital importance to improve the efficiency of devices such as ferroelectric memories

with nondestructive readout. However, our current

knowledge (typically based on simple

semiempirical models or first-principles calculations restricted to the limit of zero bias) remains

partial, which may hinder the development of more efficient systems. For example, nowadays

it is commonly believed that the tunnel electroresistance (TER) effect exploited in such devices

mandatorily requires, to be sizable, the use of two different electrodes, with related potential

drawbacks concerning retention time, switching, and polarization imprint. In contrast, here we

demonstrate at the first-principles level that large TER values of about 200% can be achieved

under finite bias in a prototypical FTJ with symmetric electrodes. Our atomistic approach

allows us to quantify the contribution of different microscopic mechanisms to the electro-

resistance, revealing the dominant role of the inverse piezoelectric response of the

ferroelectric. On the basis of our analysis, we provide a critical discussion of the semiempirical

models traditionally used to describe FTJs.

KEYWORDS: ferroelectric tunnel junction - first-principles calculations

Presently, it is commonly accepted that,
in order to obtain a sizable TER, it is manda-
tory to have asymmetric FTJs (a-FTJs in the
following), that is, junctions involving two
different metallic electrodes.'* Such a belief
seems to rely on theoretical arguments
assuming that the magnitude of the tunnel
current is essentially controlled by the
mean barrier height, a parameter that does
not change upon polarization switching in
symmetric junctions, that is, FTJs with iden-
tical left and right electrodes (s-FTJs in
the following). While recent experimental
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results are promising, the presence of two different
electrodes in a-FTJs results in a preferred polarization
orientation of the ferroelectric barrier, with related
drawbacks concerning retention time, switching, and
polarization imprint.'® Thus, it is timely to question
whether having asymmetric electrodes is really man-
datory or, rather, whether the symmetry breaking
induced by the polarization itself and already present
in symmetric junctions might be sufficient to modulate
the tunneling current. Here we give an answer to this
fundamental question. We prove at the theoretical
level that, contrary to the common belief, s-FTJs can
indeed exhibit a large TER. Our fully first-principles
approach makes it possible to quantify, for the first
time, the different mechanisms contributing to the
effect and opens new perspectives for the modeling
and design of ferroelectric tunnel junctions.

For a long time, the theory of FTJs relied on semi-
empirical approaches'*'®~'® that, while very useful,
present serious limitations. As highlighted by Tsymbal
and Kohlstedst,'® describing FTJs faithfully constitutes a
challenging problem that, beyond the correct quan-
tum modeling of electron tunneling, requires to take
simultaneously into account various effects, such as
the electrostatic screening at the interfaces and the
atomic (including strain) relaxations within the barrier
and at the interfaces under applied voltage. Progress
has been made recently toward a first-principles char-
acterization of FTJs,2°~2* but the simulations have so
far been restricted to the limit of zero bias.?> This
unsatisfactory situation can be partly attributed to
the large computational cost associated with the si-
mulations of such complex systems and phenomena
but also to intrinsic limitations of density functional
theory (DFT) methods.? DFT calculations within the
usual local density (LDA) and generalized gradient
(GGA) approximations systematically underestimate
the band gap of typical ferroelectrics by a factor of
about 2. Such a problem often becomes pathological in
the simulation of FTJs, as it is common for DFT to locate
the Fermi level of the metal in the vicinity of the
conduction band of the ferroelectric barrier rather than
well inside its gap.®® Such an error results in computed
Schottky barriers that are artificially too small, which in
turn yields an overestimate of the tunnel current and
makes it impossible to simulate the FTJ under a
significant bias without incurring in Zener breakdown.

In order to circumvent those problems, we searched
for a model ferroelectric system that exhibits, in a DFT-
LDA simulation, the same characteristics as a typical
real FTJ. We selected BaZrOs3, a wide band gap perov-
skite oxide that, although not ferroelectric in bulk form,
can be made ferroelectric when grown epitaxially on
substrates such as cubic KTaOs; (4.86% epitaxial
compression). In such conditions, a BaZrOs thin film
simulated at the DFT-LDA level presents a ferroelectric
ground state of tetragonal (P4mm) symmetry with a
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Figure 1. Sketch of our simulated s-FTJ. (a) Atomic view
indicating the layers of the gold electrode that are explicitly
considered in the contact region and are allowed to relax in
response to the applied bias. (b) Energy profile along the
tunneling barrier associated with a s-FTJ and its behavior
under applied bias.

band gap of 3.4 eV, c/a ratio of 1.12, spontaneous
polarization of 53 uC/cm?, and piezoelectric constant
of 36 C/m? a set of values comparable to those
experimentally reported for prototypical ferroelectrics
such as BaTiOs or PbTiOs. Starting from this, we built a
Au/ZrO,-(BaO-ZrO,),,/Au tunnel junction (Figure 1a)
in which m layers of the ferroelectric material are
sandwiched between symmetric gold electrodes.

RESULTS AND DISCUSSION

The zero-bias equilibrium structure of our model
s-FTJ was determined using the LDA as implemented
in the code SIESTA.?” The atomic positions and out-
of-plane c lattice constant were optimized under fixed
epitaxial strain conditions that mimic an in-plane
compression of 4.86% (corresponding to the above-
mentioned KTaO3 (001) cubic substrate). Under short-
circuit boundary conditions, the system remains ferro-
electric for m values of 2 and 4, even though the
screening of the depolarization field (qep) is incom-
plete. As shown in Figure 2e (see the zero-bias result),
this is reflected in a potential drop AV = 110 meV
(30 meV) across the ferroelectric layer form =4 (m=2),
making the barrier trapezoidal. This situation is com-
parable to what was experimentally observed in
strained BaTiO; films in ref 7. The reason why &gep
does not totally suppress the polarization of the barrier
is two-fold: First, the epitaxially strained BaZrO; pre-
sents a relatively strong ferroelectric instability, with an
associated energy double-well of about 106 meV per
formula unit; second, gold electrodes on BaZrO; dis-
play good screening properties, with an effective
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Figure 2. (a) /-V curves corresponding to state R of our model s-FTJ (see text) and computed in various conditions: (1)
Allowing a full (“atoms—+cell”) structural relaxation in response to applied bias (red); (2) allowing the atoms to relax but
keeping the simulation cell fixed (blue); (3) fixing the zero-bias geometry (black). (b) Curves of d//dV obtained by fitting the /(V)
data of panel (a). (c) Ratio of the differential conductances (G = dI/dV) of the R and L states of our s-FTJ (see text). (d)
Transmission function at zero bias. The inset shows the region around E — E; = 0, which determines the calculated intensities
for the considered voltage values. The results for 0.7 V correspond to the atoms-+cell case. (e) Position-dependent
electrostatic potential for several voltage values (no relax case). (f) Position-dependent change of the electronic density Ap

with respect to zero-bias result (no relax case).

screening length of 0.037 A. Finally, the Fermi level of
the electrode is aligned with the middle of the gap
of the ferroelectric, and the calculated Schottky bar-
riers for electrons and holes (¢, = 1.80 eV and ¢, =
—1.49 eV, respectively) also agree well with what was
reported in ref 28 and is expected for a typical metal/
ferroelectric oxide interfaces.

We then performed a first-principles investigation of
the transport properties of our s-FTJ. We used a non-
equilibrium Green's function formalism combined with
DFT?° to calculate the electric current that appears in
response to a finite bias potential. The methods, be-
sides providing the current, also allow us to calculate
the forces and stress induced by the external bias.°
Our calculations, therefore, include for the first time
both the electronic and lattice relaxations in response
to the finite applied voltage. The computed /—V and
differential conductance (G = di/dV) curves for m = 4
are shown in Figures 2a and 2b, respectively. We only
show the case in which the polarization of the barrier is
pointing to the right (state R), which is equivalent by
symmetry with the case of a left-pointing polarization
(state L). [The corresponding /—V curves are related by
(V) = —I(—=V)] Also, as sketched in Figure 1b, we assume
that a positive bias corresponds to having the left elec-
trode at a higher potential. As a result, a positive bias
produces an electric field pointing to the left and tends to
depolarize the ferroelectric layer in state R.

The red curve of Figure 2a represents the expected
|-V characteristic of a FTJ in a finite bias, with a TER =
1?1 of 190% at V= 0.7 V.. Further, the red d//dV curves of
Figure 2b provide an even stronger TER signature, as
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we obtain Gg/G, ratios of about 2 already at a small bias
of 0.5V (see Figure 2c¢). This constitutes our main result
and demonstrates that it is possible to achieve a
sizable, experimentally detectable, TER effect in FTJs
with symmetric electrodes.

These results correspond to the realistic situation in
which the ferroelectric layer relaxes in response to the
applied finite field (see sketch in Figure 1b). In fact,
both the unit cell and the internal atomic positions are
expected to relax significantly in ferroelectrics, which
typically exhibit large piezoelectric and dielectric con-
stants. In our case, the structural relaxation of the
barrier as a function of applied voltage, obtained self-
consistently in our first-principles calculations, can be
reproduced accurately by a simple model, that is, an
effective Hamiltonian that includes the ferroelectric
soft-mode and strain degrees of freedom (see Support-
ing Information). For positive bias, the applied electric
field goes against the polarization of the barrier, and
consequently, the barrier thickness decreases via the
inverse piezoelectric effect (—1.6% at V = 0.7 V). For
negative bias, the opposite happens (a +1.2% barrier
thickness increase at V = —0.7 V). Bearing this in mind,
the general shape of the red /—V curve in Figure 2a (i.e.,
R > [ can be easily understood: under positive
(negative) bias, the inverse piezoelectric effect results
in a decrease (increase) of the thickness of the barrier,
thus producing a concomitant increase (decrease) of
the tunnel current, which depends exponentially on
the barrier thickness.

To further demonstrate the role of the inverse piezo-
electric effect, we performed additional calculations
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under constrained geometries. More precisely, the
black curves in Figures 2a—c were obtained by fixing
the barrier and electrodes at the zero-bias geometry,
and the blue curves correspond to an intermediate
situation in which the atoms are allowed to relax while
the total length of the simulated heterostructure along
the c direction is kept fixed. This latter case mimics the
experimental situation in which the FTJ is encapsu-
lated, and although the thickness of the whole system
is constrained, the atoms and the thickness of the
ferroelectric layer can still slightly relax, thus compressing
or expanding the electrodes.

Freezing the zero-bias geometry (black curves), the
obtained /—V characteristic is still notoriously asym-
metric, with the current being larger for negative
voltages. For example, at V = 0.7 V, we obtained a
TER (*/1") of 70% and a G*/G" ratio of 0.5. Let us stress
that this electroresistance effect has a purely electronic
origin and directly emerges from the asymmetry of the
barrier, imposed by the mere fact that it is polarized.
Hence, this is a new and clear indication that having
asymmetric electrodes may not be necessary to intro-
duce a significant asymmetry in the current. Interest-
ingly, note that the asymmetry associated with a purely
electronic effect (I} < 1) is opposite to the one induced
by the piezoelectric response (If > ). As a result of this
competition, we obtain a rather symmetric result in the
intermediate situation in which only a partial structural
relaxation of the barrier was allowed (blue curves).
The TER of the fully relaxed structure (red curves)
results from the competition between electronic and
inverse piezoelectric effects and is clearly dominated
by the latter.

It is instructive to check whether our first-principles
results can be captured by simple semiempirical mod-
els. In ref 16, a one-band model was used to estimate
the /—V curve of a rectangular piezoelectric barrier.?'
This model includes several physical parameters that
were derived from experimental data by the authors of
ref 16, but which we can alternatively obtain from first-
principles. Using an average barrier height ¢, =
1.85 eV, an effective piezoelectric constant ds3 =
—0.31 A/V, a deformation potential of the conduction
band k3 = 5.91 eV, and a barrier thickness at zero bias
to = 17.677 A, all values directly derived from our
calculations, we can fit the effective mass along the
current flow (longitudinal direction, mso) and its de-
pendence on strain (u33 coefficient) so that the model
reproduces the first-principles /—V curve in the fully
relaxed case. We obtain a perfect agreement between
this simple rectangular barrier model and the first-
principles results (see Supporting Information) for msq
= 0.193m, and us3 = —0.827, where m, is the free
electron mass, which further supports our interpreta-
tion that the asymmetry of the current in our s-FTJ is
dominantly produced by the piezoelectric response.
Note that our fitted value of the effective mass is very
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close to the value used in ref 16 (msq = 0.2m,). It is,
however, significantly smaller than the band mass we
can extract from the dispersion curves of BaZrO; (m, =
2.86m. and m; = 0.38m, for the lowest conduction
band). This artificially low value can be understood as a
renormalization of the mass required to compensate
for at least two effects: First, there are both electron
and hole contributions to the current, which translate
within this simple one-band picture in a decrease of
the effective mass. In fact, the transmission function
computed from first-principles suggests that the hole
contribution is slightly dominant (see Figure 2d for
representative results). Second, BaZrOs is not insulat-
ing in the interfacial region, and the effective thickness
of the barrier is probably smaller than the physical
thickness included in the model; a smaller mass can
also effectively compensate for the overestimate of the
barrier thickness.

In ref 32, an alternative model was used thatincludes
an intrinsic asymmetry of the FTJ through the consid-
eration of a trapezoidal barrier. In principle, in our s-FTJ,
the asymmetry of the barrier should be coming from
the incomplete screening of the depolarizing field,
which yields a difference of barrier height between
the left and right interfaces of AV =110 meV for m = 4.
If we combine the two models to properly include both
this intrinsic asymmetry and the piezoelectric effect,
we get again a proper description of the first-principles
|-V curves (see Supporting Information) with para-
meters relatively similar to those obtained for the
rectangular barrier (mso = 0.197m, and u33 = —1.292).
This reflects the fact that the intrinsic asymmetry of the
barrier is small and has a minor impact on the shape of
the current. Accordingly, if we now set the piezoelectric
coefficient to zero, we do not get any sizable asym-
metry (TER ~ 100%) in the /—V curve, which implies
that a simple trapezoidal barrier cannot fit the asym-
metry obtained at fixed zero-bias geometry. This sug-
gests that the intrinsic asymmetry is a rather com-
plex effect, going beyond the simple presence of a
depolarizing field and probably more related to inter-
facial effects.

It is interesting to try to get better insight into this
purely electronic TER effect, for which our first-
principles simulations suggest the following qualita-
tive explanation. As shown in Figures 2e and 2f, the
right interface seems electronically more reactive to an
applied bias, especially with regard to the penetration
into the ferroelectric barrier of the bias-induced Ap.
Such a differentiated behavior of the left and right
interfaces relies on their different atomic structures,
which is, in turn, a consequence of the presence of a
spontaneous polarization; for example, because the
polarization of our simulated s-FTJ points from left to
right (see Figure 1b), the right interface presents
relatively short Zr—Au bonds (3.13 A) as compared
with the left one (3.30 A). Then, in our simulations,
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application of a negative (positive) bias results in an
increased electronic density at the right (left) interface,
which leads to a relatively large (small) charge leakage
into the barrier, and thus a large (small) current. We can
thus rationalize the sign of the purely electronic TER
effect shown in Figure 2 in terms of a mechanism that
might apply to other FTJs, as well. Further work will be
needed to confirm such a mechanism and its generality.

Finally, let us comment on how the TER effect we
have obtained compares with values in the literature.
The very large TER values of 75000% reported by
Garcia et al.” for strongly asymmetric FTJs were mea-
sured at very large biases (1.5—2.5 V) that probably lie
beyond the switching voltage of our s-FTJ (see Sup-
porting Information). Thus, we doubt such large effects
can be reached in a s-FTJ as ours, even if thicker
junctions were considered. On the other hand, in their
seminal paper,'® Zhuravlev et al. estimated a Gg/G, ~ 4
at 0 V for a typical a-FTJ that was 1 nm thick and had a
spontaneous polarization of 50 /LC/sz. In contrast, our

METHODS

The zero-bias calculations have been performed within DFT
and using LDA as implemented in SIESTA code.?’” The electronic
transport calculations in finite applied bias were performed
using the non-equilibrium Green's function formalism com-
bined with DFT?® as implemented in TranSIESTA code. We use
a simple Hamiltonian model, which includes the ferroelectric
soft-mode and strain degrees of freedom, in order to describe
the atomic and strain relaxations of the symmetric FTJs. The
semiempirical one-band models for a rectangular piezoelectric
and trapezoidal ferroelectric barriers were used to fit the first-
principles tunneling currents (see Supporting Information for
technical details and references).
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