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Abstract— This article establishes a novel interpretation
of the readout current in ferroelectric tunnel junctions
(FTJs), which we found to be rate-limited by trap-to-trap
tunneling (T2T) in the ferroelectric (FE) layer. We show that,
with a single set of material parameters, we can reproduce
both transient P − V and quasi-static readout experiments
for two variants of HZO-based FTJs featuring different tun-
neling dielectrics. Our investigation puts the simulation of
the readout current of FTJs on a much sounder physical
basis, which allowed us to then explore a few possible
design options to obtain an increase in the readout currents
and to improve the ratio between the ON and the OFF
currents. Our results suggest that the readout currents can
be improved mainly by increasing the bulk trap density in
the FE layer.

Index Terms— Ferroelectric devices, ferroelectric materi-
als, memristors, tunneling.

I. INTRODUCTION

APPLICATIONS of ferroelectric (FE) materials include
sensors and actuators, harvesters, and several flavors of

electron devices [1]. In particular, the discovery of ferro-
electricity in CMOS processing compatible materials, such
as fluorite-type Hf0.5Zr0.5O2 (HZO) [2] and wurtzite-type
Al1-xScxN [3], has prompted great interest for ferroelectric
tunnel junctions (FTJs), ferroelectric FETs (FeFETs) and FE
memcapacitors [4], [5], [6]. In this context, FTJs based on a
metal–ferroelectric–dielectric–metal (MFDM) stack have been
explored as high-impedance memristors in crossbar arrays
for in-memory and neuromorphic computing applications [4],
[7], [8].
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Fig. 1. (a) Sketch of an HZO-based MFDM FTJ, where the DE can be
either Al2O3 or Y2O3. (b) Flat-band diagram for VTOP = 0 V, showing a
realization of the energy and spatial distribution of traps according to the
parameters in Table I.

A systematic comparison between simulations and exper-
iments has established that charge trapping plays a pivotal
role in the stabilization of the FE polarization (P) in MFDM
stacks, both in FTJs [9], [10] and in FeFETs [11], [12]. In
fact, charge trapping can reduce the FE depolarization field by
partly compensating, and thus stabilizing, the FE polarization.
The possible role played by traps in the readout current of
FTJs, however, has not been investigated in comparable detail.
This is also because of the complex physics behind the ON and
OFF currents, whereby many co-existing trap-assisted transport
mechanisms can contribute to the overall current through the
material stack.

In this article, we present a joint simulation and experimen-
tal effort where: 1) we identify a single set of material and trap
parameters to reproduce both P − V curves, measured with
positive-up-negative-down (PUND) experiments, and quasi-
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TABLE I
TRAP PARAMETERS USED IN THE SIMULATIONS. THE TRAP ENERGY IS REFERRED TO THE CONDUCTION BAND MINIMUM OF THE HZO, AND

TRAPS ARE DISTRIBUTED UNIFORMLY WITHIN THE REPORTED ENERGY RANGE, WHICH IS CONSISTENT WITH PREVIOUS LITERATURE [22], [23].
THE VOLUMETRIC DENSITIES REFER TO BULK TRAPS INSIDE THE HZO LAYER. INTERFACIAL TRAPS HAVE BEEN DESCRIBED AS TRAPS

ACTUALLY DISTRIBUTED IN A 1.5-NM-THICK LAYER ACROSS THE FE–DE INTERFACE, AND THE EQUIVALENT AREAL DENSITIES IN THE TABLE

ARE GIVEN BY THE CORRESPONDING VOLUMETRIC DENSITIES MULTIPLIED BY THE 1.5-NM THICKNESS. THE DENSITIES OF BOTH BULK AND

INTERFACE TRAPS ARE IN AGREEMENT WITH VALUES REPORTED IN LITERATURE [24], [25]

static readout I−V characteristics; 2) we demonstrate the role
played by traps at the dielectric-ferroelectric (DE-FE) interface
during PUND measurements, whereby they can drastically
limit the electric field in the DE and the leakage current in the
FTJ; and 3) we establish that bulk traps in HZO are crucial
for the readout operation, as the current is, in fact, rate-limited
by trap-to-trap-tunneling in the HZO layer.

II. DEVICE FABRICATION

The MFDM stack was directly deposited onto a p-doped
silicon wafer. A titanium nitride (TiN) bottom electrode (BE)
was sputtered at room temperature by using a physical vapor
deposition (PVD) process, achieving a total thickness of
10 nm. Subsequently, a 10-nm HZO layer and a 2-nm-thin
dielectric (DE, Al2O3 or Y2O3) layer were grown in an OpAL
atomic layer deposition (ALD) tool without vacuum break.
Finally, a 10-nm-thick TiN top electrode (TE) was sputtered
using the same process as employed for the TiN BE [Fig. 1(a)]
[13]. To promote the crystallization of HZO, thermal annealing
was conducted at 600 ◦C in a nitrogen atmosphere for 20 s.
The capacitor structure, with a radius of 100 µm, was formed
through electron beam evaporation of Ti/Pt (10 and 25 nm)
using a shadow mask. The fabrication of the entire stack was
completed using ion-beam etching to isolate the TE. Grazing
incident X-ray diffraction (GIXRD) and X-ray reflectometry
(XRR) were used to determine the crystal phases and film
thicknesses [13].

III. SIMULATION FRAMEWORK

The simulations in this work were performed by using the
TCAD simulation tool Ginestra1, which offers state-of-the-
art models for charge transport across DE stacks, and in
particular for trap-assisted tunneling (TAT) and trap-to-trap
tunneling (T2T) phenomena [14], along with direct tunneling
and other transport mechanisms such as the Poole–Frenkel
conduction. In our simulations, the dynamic equations for
the FE polarization and the charge trapping are solved self-
consistently with the Poisson equation, and by duly including
in the charge density the contributions due to trapped charges
and to the charge states of all defects.

In the device structure sketched in Fig. 1(a), we considered
both the design options using either Al2O3 or Y2O3 as the

1Trademarked.

tunneling DE. As in the fabricated devices, the HZO and DE
thickness is, respectively, tFE = 10 nm and tDE = 2 nm. The
relative DE background permittivity of the HZO was set to
εFE = 28, while the permittivity for Al2O3 and Y2O3 was set
to εAl2O3 = 9 and εY2O3 = 15, respectively [10], [15]. The
electron affinity for the HZO was set to χFE = 2.6 eV, whereas
the electron affinities for the Al2O3 and Y2O3 were taken as
χAl2O3 = 1.2 eV and χY2O3 = 1.4 eV, respectively [10], [16].
The tunneling masses for HZO, Al2O3 and Y2O3 were set to
0.37m0, 0.2m0 and 0.25m0, respectively [10], [17]. While we
acknowledge that most oxides are practically amorphous and
therefore their effective mass is not well defined, we also argue
that, in the context of TCAD models, the tunneling mass is
universally used as a semi-empirical material parameter that is
calibrated to reproduce the tunneling current across the oxide.
The work function (WF) of the TiN contacts is 4.57 eV [18].
The area of each simulated device is 75 × 75 nm2.

All the main results reported in this article have been
obtained by using the symmetric Preisach model to describe
the switching of the FE HZO layer. In particular, we used a
remnant polarization PR = 22.5 µC/cm2, a saturation polar-
ization PS = 22.55 µC/cm2, and a coercive field EC =

2 MV/cm, which are values consistent with previous lit-
erature [19]. Moreover, to corroborate the validity of our
modeling approach, we will show that similar results can also
be obtained by employing the Landau–Ginzburg–Devonshire
(LGD) model to describe the FE switching in HZO, and by
keeping unaltered the material parameters, the defect densities,
and the device geometry. For the simulations based on the
LGD model, we used values for the free energy expansion
coefficients that are close to those reported in the literature for
HZO [10], namely α = −2.5 · 108 m/F, β = −3 · 109m5/FC2,
and γ = 9 · 1010 m9/FC4.

In Ginestra, traps are treated as point-like, discrete sites that
can capture one or more electrons and have different charge
states. We here employed amphoteric defects that can be found
in three charge states. Traps are positively charged when empty
[D(Q) initial state], they are neutral when occupied by a
single electron [D(Q) to D(Q-1) transition], and are negatively
charged when occupied by two electrons [D(Q-1) to D(Q-2)
transition].

We included two populations of traps with a different spatial
distribution. One population is uniformly distributed in the
volume of the HZO, labeled as “Bulk” in Table I, and a
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Fig. 2. Charge versus voltage characteristics measured by the
PUND method with a 2-ms-long waveform [see inset in (b)] and for
(a) Al2O3–HZO and (b) Y2O3–HZO FTJs (see also Fig. 1). The charge
is obtained by subtracting the charges measured during the P (N) and
the U (D) pulses, to eliminate possible DC leakage and the paraelectric
contribution. Simulations reproduce well the experiments by using the
FE and trap parameters given in Section III and Table I. (c) and (d) Same
analysis for PUND simulations carried out by using the LGD model for
the FE dynamics.

second population is uniformly distributed in a 1.5-nm thick
layer across the HZO–DE interface, labeled as “Interfacial” in
Table I. Each population plays a significant and different role
in the operation of the FTJ devices, as it will be discussed in
the next sections. All the trap parameters are summarized in
Table I.

For a given set of defects, the discrete traps are randomly
generated in the device volume, and the average trap number
in the simulation domain is proportional to the trap density,
which corresponds to about 104 discrete traps in the entire
simulated volume. Fig. 1(b) reports the band diagram at
VTOP = 0 V for one realization of the energy and spatial
distribution of traps, generated according to the parameters
in Table I. Here, we would like to acknowledge that, during
a long-term operation of the devices under study, new traps
may be generated [20], [21], and the overall properties of traps
may statistically change with time. In this work, however, we
do not account for the effects of the cycling and aging of the
devices. In other words, we assume a fixed trap configuration
in the comparison between simulations and experiments that
is developed in Section IV.

IV. COMPARISON WITH EXPERIMENTAL PUND AND
QUASI-STATIC I − V

We compared simulations against a complete set of experi-
ments carried out on both the fabricated devices.

.A. Analysis of PUND Experiments
We first focus on transient PUND experiments, which

we used as a starting point to calibrate the ferroelectricity

parameters for the HZO, as well as for the extraction of the
parameters of the two trap populations for the Al2O3–HZO and
the Y2O3–HZO FTJs. In fact, as already pointed out in [9],
[10], and [26], a high density of traps is required to reproduce
the experimental P − V and PUND curves, particularly at
the FE-DE interface to reduce the depolarization electric field
[26]. Fig. 2 reports the comparison between simulations and
measurements for transient PUND performed at a frequency
of 500 Hz [see the inset of Fig. 2(b)], showing that our
simulations can reproduce experiments quite well once the
interface trap distributions are calibrated.

Fig. 2(a) and (b) shows the results for the Al2O3–HZO FTJ
and the Y2O3–HZO FTJ, respectively. As can be seen, the
main difference between the two devices is the appreciably
different remnant polarization observed in the experiments.
Consequently, for the simulations of the Y2O3-HZO FTJ, in
the Preisach model, we lowered PR to 12.5 µC/cm2 and PS
to 12.55 µC/cm2, whereas in the LGD model, we modified
the free energy expansion coefficients to α = −4 · 108 m/F,
β = −1 · 109 m5/FC2, and γ = 8 · 1011 m9/FC4.

This difference in the HZO properties between the
Al2O3-HZO and the Y2O3-HZO FTJs may be attributed to
the slightly different HZO phase compositions of the two
fabricated FTJs. Indeed, even if comparable GIXRD peak fea-
tures were reported for these devices [13], still some slightly
different phase compositions and/or rotated FE domains (not
contributing to PUND experiments) may be responsible for the
different PR values probed by the electrical characterization.

Fig. 2(c) and (d) reports the same analysis of the transient
PUND measurements performed by using the LGD model
for the FE dynamics, instead. As can be seen, the quality
of the agreement between simulations and experiments is
again quite good. These results confirm that, irrespective of
the model used for FE dynamics, the traps play a pivotal
role in transient PUND characteristics. Moreover, even if it
has been reported that Al2O3 tends to form interface dipoles
[27], [28], the fairly symmetric positive and negative coercive
voltages observed in Fig. 2 suggests that, in the device stacks
at study, possible interface dipoles are not strong enough to
substantially influence the device operation.

.B. Analysis of Readout Current and Transport
Mechanisms

Once the FE and DE parameters and the trap distributions
at the FE–DE interface have been calibrated, we moved to
the analysis of read currents. Fig. 3 reports the quasi-static
readout currents for both the Al2O3–HZO and the Y2O3–HZO
devices. The IOFF curve (blue) is measured after a RESET
pulse, whereas the ION curve (red) is obtained after a SET
pulse. The SET and RESET pulses are identical to the P pulse
and the N pulse of the PUND signal, respectively [see inset
of Figs. 2(b) and 3(a)].

Because of the inherently statistical distribution of the
position and energy of the traps, the simulation of a device
having a given set of trap densities corresponds in fact to one
specific realization of all the possible devices having such trap
densities. Therefore, for each bias point in Fig. 3, the shaded
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Fig. 3. Comparison between experiments (circles) and simulations
(lines) for quasi-static readout currents. OFF current is measured after
a RESET pulse and ON current after a SET pulse (see inset). Twenty-
five different realizations of the device are simulated, and the shaded
area shows the statistical deviation of the results. (a) Experiments and
simulations for the Al2O3 FTJ. (b) Same comparison for the Y2O3 FTJ.
(c) and (d) Report the same analysis performed by using the LGD model
for FE dynamics.

areas correspond to the outcome of 25 independent realizations
of a device. More precisely, the shaded area is centered on the
current mean value, and the width of the area is equal to two
standard deviations of the corresponding results. Proper tuning
of bulk trap parameters allowed us to match the experimental
I − V . Moreover, Fig. 3(c) and (d) reports the same analysis
for the readout currents, but performed with the LGD model
for the FE HZO.

Quite notably, Figs. 2 and 3 show that, for each device, the
same set of material and trap parameters can provide a fairly
good agreement with both transient PUND measurements and
quasi-static readout currents. This evidence strengthens our
confidence in the modeling methodology, particularly because
we used essentially the same parameters in the two devices
for both interfacial and bulk traps, the only difference being
the densities of these defects.

Fig. 4 illustrates the crucial role played by trap-to-trap
tunneling in the overall readout current of the FTJs under
investigation. In particular, Fig. 4(a) reports the simulated
OFF current (for a single device realization), and obtained
by either including the trap-to-trap tunneling (T2T, magenta
curve) or neglecting it (No T2T, teal curve). When transport
does not include T2T, the total current drops by several orders
of magnitude, which is consistent with previous results in [21].
Fig. 4(b) shows qualitatively similar results for the ON current.

The prominent role of T2T can be explained with the help
of the sketch in Fig. 4(c). In the TAT mechanism, each trap
can only exchange carriers with the electrodes, so that each
trap can only split into two parts the overall tunneling path
between the two electrodes. Therefore, for a TAT mechanism,

Fig. 4. Simulated readout current calculated by including (T2T) or
by excluding (No T2T) the T2T contribution for the Al2O3 FTJ. Similar
results have been obtained for the Y2O3 FTJ (not shown). (a) and
(b) Correspond, respectively, to the ON and OFF states already intro-
duced in Fig. 3. (c) Simulated band diagram with a sketch of some
trap-assisted-tunneling paths (green arrows) included in our simulations,
for electrons moving from the cathode (left, metal contact at the DE
layer) to the anode (right, metal contact at the FE layer). The T2T
(magenta arrows) can partition the cathode-to-anode tunneling path
much more effectively than a mechanism assisted by a single trap
TAT [29].

the dominant contribution to the current is given by the traps
located roughly in the center of the DE stack [30], which
tends to reduce the TAT current quite drastically when the
DE thickness increases. In the T2T mechanism, instead, traps
can exchange carriers with other traps, so that the overall
tunneling path between electrodes can be split into several
shorter subpaths. Therefore, if the density of bulk traps is
large enough (i.e., larger than approximately 1020 cm−3 for the
results of this work), the T2T mechanism becomes dominant
compared to all other mechanisms included in our simulations,
including the Poole–Frenkel transport [14], [31].

Indeed, for a high density of bulk traps in the HZO layer,
T2T is the most credible physical mechanism to describe the
electronic transport through the FTJ stack [21], [29].

.C. Leakage Current During PUND Measurements
Further evidence about the critical role played by traps at

the FE–DE interface in the operation of FTJs is shown in
Fig. 5(a), where the measured and simulated currents during
PUND experiments are compared for the Al2O3 FTJs and
for different interface trap densities. As can be seen, when a
relatively low interfacial trap density Nint≈ 1012 cm−2 is used
in simulations, the calculated current is unrealistically large at
high VTOP [green curve in Fig. 5(a)], indeed several orders of
magnitude larger than the experimental current (circles). This
huge leakage current is drastically suppressed by assuming a
higher interface trap density of about 1014 cm−2 (purple curve),
in which case the overall simulated current is in fairly good
agreement with experiments.
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Fig. 5. (a) Simulated and measured current during PUND experiments
corresponding to the P −V curve in Fig. 2. For a relatively low density of
traps across the HZO−Al2O3 interface (1012 cm–2), the leakage current
at large VTOP (green curve) is orders of magnitude higher than the
measured current (open circles). For the trap density in Table I (purple
curve), the simulated current is instead in fairly good agreement with
experiments. (b) Band diagram in the FTJ for different trap densities at
the HZO−Al2O3 interface and for VTOP = 5 V. For the lower trap density,
the voltage drop across the Al2O3 is much larger (green curve) than it
is for the higher trap density (purple curve). The large electric field in
the Al2O3 for Nint= 1012 cm−2 yields the huge leakage current in the
simulated curve in (a) (green).

The crucial role played by interfacial traps in the results
of Fig. 5(a) is explained in Fig. 5(b), where the energy
band diagrams of the stack corresponding to the maximum
applied VTOP = 5 V are shown. For the lower trap density
(green curve), the band bending in the Al2O3 layer is large
enough to enable direct tunneling (or even Fowler–Nordheim
tunneling) through the thin Al2O3 layer. This results in the
huge leakage current shown in Fig. 5(a), which is not observed
in the experiments. This direct tunneling current triggered by
the strong band bending at large VTOP is much larger than the
TAT and T2T contributions at the same bias. Furthermore, the
electric field in the DE layer corresponding to Nint= 1012 cm−2

appears unrealistic not only because of the huge corresponding
currents, but also because such a field would likely induce a
breakdown of the thin DE layer [32], [33].

When the interfacial trap density is increased [purple curve
in Fig. 5(b)], the electric field in the DE layer is much
weaker. For energies close to the Fermi energy EF,B = 0 eV of
the bottom electrode (i.e., the cathode), a tunneling current
contribution now implies a path inside the HZO bandgap,
which drastically reduces the current. The band diagram in
Fig. 5(b) also shows a nonlinear band profile in the HZO.
This is the outcome of the self-consistent solution of the
Poisson and transport equations in the material stack, whereby
the charge trapped in the HZO layer results in a nonuniform
electric field. Similar results have been obtained for Y2O3 FTJs
(not shown).

V. ENGINEERING OPTIONS FOR READOUT CURRENT

By leveraging the extensively validated simulation setup
described in the previous sections, in this section, we inves-
tigate a few design options to increase the readout current
and the ratio between the ON and the OFF currents. For
this analysis, we used an Al2O3-based FTJ as a baseline
device, considering the better technological maturity and wider
usage in CMOS devices of Al2O3 compared to Y2O3 based
FTJs [34].

In the literature, several attempts have been made to opti-
mize the read current values, for example, by reducing the
thickness of the HZO layer to increase the read current [35].
However, recent experimental findings seem to suggest that
this design option does not yield the desired results. In fact,
by halving the HZO thickness, only a limited increase in the
ON-state current could be achieved [20]. Therefore, in this
section, we will examine two different design knobs, namely
the WF of the metal electrodes and the trap density in the
bulk of the HZO layer, which has been shown to depend on
the HZO growth process [36], [37].

Fig. 6(a) reports the simulated ON and OFF currents and
their ratio for three different WF values. The reduction of WF
results in an increase in the current values for both the ON
and the OFF states, therefore not improving significantly the
ION/IOFF ratio, as can be seen in Fig. 6(b). This trend qualita-
tively matches the experimental findings in [38], whereby the
WF modulation of the TiN electrodes (obtained by adding a
TiAl layer) could improve the current values but at the same
time lead to a slightly lower ION/IOFF ratio.

These results can be explained with the help of Fig. 7,
whereby we analyze the band diagrams of the reference device
having WFT = WFB = 4.57 eV [Fig. 7(c) and (d)] and of
the device having the lowest WFT = WFB = 4 eV [Fig. 7(a)
and (b)]. For both the OFF and ON states of the device with
WF = 4 eV, the lower WF produces a higher electric field in
the HZO layer, as can be seen by comparing Fig. 7(a) and (b)
with Fig. 7(c) and (d). Such an influence of WF on the band
diagram is basically the same for both the ON and the OFF
states; therefore, the ION/IOFF ratio is hardly affected by the
WF, as can be seen in Fig. 6(b).

Besides the influence of the WF of the electrodes, we have
also investigated the impact of the density Nblk of the HZO
bulk traps. Fig. 8 shows that, for tFE = 10 nm, an increase in
Nblk can enhance the readout current and also push the high
ION/IOFF ratio range to much larger ION values. This sensitivity
to Nblk is fully expected, because Fig. 4(a) and (b) has shown
that the readout currents are dominated by T2T. Here, it is
worth to mention that, for the results in Fig. 8, we have used
a fixed density Nint= 2·1014 cm−2 of interfacial traps which, as
pointed out in the caption of Table I, are actually distributed in
a 1.5-nm-thick layer across the HZO–DE interface. Therefore,
for all the Nblk values in Fig. 8, the contribution of Nblk to
the overall trap density in the 1.5-nm-thick interface region
is negligible compared to the contribution of Nint. Hence,
in the results of Fig. 8, the partial screening and resulting
stabilization of the FE polarization is mainly due to interfacial
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Fig. 6. Simulated quasi-static I − V characteristics for an Al2O3-based
FTJ having three different WF values WFT = WFB (4, 4.25, and 4.57 eV).
(a) ON (solid lines) and OFF (dashed lines) current density versus read
voltage VTOP. (b) Corresponding ON/OFF ratio versus ION current.The
reduction of WF results in an increase of both the ON and the OFF
current; therefore, the ION/IOFF ratio is essentially unchanged.

Fig. 7. Band diagrams for the OFF and ON states corresponding to
simulations in Fig. 6 and for (a) and (b) WFT = WFB = 4 eV; and (c) and
(d) WFT = WFB = 4.57 eV. The dots display the discrete trap sites
included in the simulations either at the HZO−Al2O3 interface or in the
bulk of the HZO layer. The contribution of each trap to the total current
is illustrated using a color scale. The green shaded area in each plot
identifies the Fermi window set by VTOP.

traps, whereas bulk traps are paramount for the electronic
transport across the overall DE stack.

One more design knob to tune the performance of the FTJs
at study is the thickness of the DE layer [38]. However, the
simulated band diagrams reported in Figs. 5(b) and 7 show
that, when the FE polarization is sufficiently screened by
interfacial traps, then the band bending in the thin DE is quite
limited and the readout current is rate-limited by T2T in the
HZO layer. In this respect, we verified that moderate changes
in the DE thickness cannot change this physical picture for
the readout current.

Fig. 8. Simulated readout performance for three different bulk trap
densities Nblk of an Al2O3-based FTJ having tFE = 10 nm. (a) ON (solid
lines) and OFF (dashed lines) current densities versus read voltage VTOP.
(b) Corresponding ON/OFF ratio versus ION current. HZO bulk traps play
a crucial role in the readout current of the device. An increased trap
density leads to higher ION values and to a slight increase in the ON/OFF
ratio.

VI. CONCLUSION

In this article, we report a TCAD simulation framework
capable of reproducing both P − V curves from PUND
experiments and quasi-static readout I − V characteristics
in bilayer FTJs and for two different device variants. Our
results emphasize that the operation of bilayer FTJs is largely
influenced by both bulk traps in the HZO layer and interface
traps at the FE–DE interface. In particular, we demonstrate
that the readout current is most likely rate-limited by T2T in
the HZO layer, both in the ON and the OFF states. In fact,
for readout voltages that do not disturb the polarization state,
our simulations suggest that a direct or Fowler–Nordheim
tunneling condition through the thin DE is not met.

Then, our calibrated simulation setup has been used to
investigate the engineering of the material stack to improve the
ON current and ION/IOFF ratio. Our findings demonstrate that
the readout currents can be improved mainly by increasing the
density of the HZO bulk traps. The feasibility of these design
guidelines remains to be seen, and it is a clear goal for future
research activities.

The outcomes of our analysis, together with findings in the
literature [21], suggest that a generation of traps induced by
cycling or aging is not expected to modify the predominance of
T2T in the HZO layer as the tunneling mechanism governing
the readout current. However, a systematic analysis of the
correlation between device aging and dominant tunneling
mechanisms goes beyond the scope of this work, and it
constitutes ground for future endeavors.
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