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Nanostructured zirconia and gold films (ns-Au/ZrO,) have been demonstrated
as devices characterized by non-linear and hysteretic electrical behavior, with
short-term memory and potentiation/depression activity. Here we investigate
the conduction mechanisms regulating the non-linear behavior of the
nanostructured bilayer Au/ZrO, films. In particular, we investigated the hysteretic
I-V curves following the Chua’s approach to memristive systems and separately
modelling ion migration and electron transport in the films. The conduction
mechanisms exhibited by the bilayered nanostructured system are strongly
influenced by the nanogranular morphology that dynamically changes because
of electrical stimuli; structural rearrangements are particularly promoted by
intense local electric fields and high mobility along bottlenecks and edges in the
microstructure. Electron transport is accounted for the Schottky barrier at the
electrode interfaces and Poole-Frenkel effect in the bulk nanogranular material,
according to a dynamic reorganization of the cluster-assembled network. A
model for Poole-Frenkel effect is here discussed to include saturation of the
Coulombic traps in the high applied field regime; the proposed model has
been validated with experimental voltage ramps with varying sweep-velocity
and at different temperatures (from 300 to 200 K), as also by a power exponent
parameter analysis.

KEYWORDS

neuromorphic device, resistive switching, nanostructured films, Poole-Frenkel
conduction, Schottky interface

1 Introduction

A memristor is a two-port passive electronic element whose conductance depends on
the history of the applied signal (Chua, 1971). According to the formal description given
by (Chua and Kang, 1976), a flux-controlled memristor is a device governed by the two
following equations:

dw
- flw,v) (1)
i(t) = G(w, v)v(t) (2)
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where w is the state variable, v is the voltage applied and i is the
output current.

After the fabrication of a nanoscale physical memristor by
(Strukov et al., 2008), memristive devices have gained increasing
attention as they have shown potential predisposition for
neuromorphic applications (Mead, 2020) and low power signal
processing devices (Christensen et al., 2022). Their synaptic-like
behavior is of practical relevance for the emulation of brain
computational and learning capabilities in spiking neural networks
(Indiveri et al., 2013), as well as to build crossbar arrays for energy
efficient hardware for computing steps in artificial intelligence
algorithms (Wang et al., 2019; Xia and Yang, 2019).

In literature, memristive systems are most often composed by an
insulator thin layer sandwiched between two metal electrodes. To
describe the electrical behavior of these devices multiple models are
available in the literature, e.g., (Pickett et al., 2009; Laiho et al., 2010;
Chang et al., 2011; Yakopcic et al., 2013). We refer to (Linn et al.,
2014) for an exhaustive discussion on the applicability of well-
established memristive models to describe the complex nonlinear
dynamical behavior of such devices.

Fabrication of planar memristors has also been reported. Even
though these systems are less represented in the literature, they offer
unique opportunities for complex signal information processing
applications and for interfaces with biological systems (Fu et al.,
20205 Liu et al., 2020). In fact, the planar geometry allows the multi-
electrode set up which is a major deviation from the classical
two-terminal device paradigm. Thus, a bottom-up self-assembled
memristive network connects the electrodes without any top-down
construction required for crossbar arrays. In other words, the
electrodes take the role of “neurons” while the substrate takes the
role of the recurrent synaptic network connecting the neurons.
Moreover, these systems allow a larger number of resistance values
than a single memristor and increased tunability of the voltage
threshold as consequence of the choice of the input/output electrode
configuration in the network.

They also provide hardware substrates for application of
computing paradigms involving highly dimensional dynamical
systems, e.g., reservoir computing (Jaeger, 2001) or echo state
networks (Maass etal,, 2002), and the collective properties of
associative memory, e.g., in Hopfield networks (Hopfield, 1982)
and Boltzmann machines (Hinton and Brown, 1999). In the high-
dimensional computing paradigm, a key role is played by the
large number of elements involved in the computation, enabling
higher resistance to noise and fault-tolerant computation capabilities
similar to what happens in the brain.

Among a large number of metal oxides used for memristor
fabrication, ZrO, received considerable attention owing to its
belonging to high-k dielectrics with high permittivity, simple
composition, easy fabrication, and its compatibility with standard
CMOS fabrication processes (Sun et al., 2009; Parreira et al., 2016).
Recently, sandwiched devices with yttria-stabilized zirconia (YSZ)
active layers, exhibiting bipolar resistive switching, have been
proposed and regarded as filamentary switching (Gorshkov et al.,
2016). They utilized Conductive Atomic Force Microscopy (CAFM)
to induce single filament formation in thin YSZ layers, also
exploiting Au islands in an underlying layer (Filatov et al., 2017), or
Au NPs (Filatov et al., 2018) to concentrate the electric field. Other
studies developed a model for device behavior based on oxygen
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vacancies redistribution (Guseinov et al., 2017). Further electrical
characterization techniques revealed insights into ions migration
and resistive switching activity (Tikhov et al., 2018; Ryabova et al.,
2022), while also demonstrating multi-level device capabilities and
neuromorphic behavior akin to Spike Timing-Dependent Plasticity
(STDP) (Emelyanov et al., 2019).

In alternative to top-down fabrication approaches, bottom-up
self-assembling of nano-objects such as nanowires, nanoparticles
and domain walls is gaining increasing attention for the fabrication
of neuromorphic devices for different applications (Bose et al.,
2017; Mirigliano and Milani, 2021; Zhu et al., 2021; Milano et al.,
2022; Riecketal,, 2023; Cipollini et al., 2024). Recently a planar
resistive switching system based on nanostructured Au/ZrO,
showing short-term plasticity and with structural characteristics
compatible with the conditions of in wvitro cell culture has
been reported (Profumo etal., 2023). The system consists of the
superposition of two layers: the bottom one made of a cluster-
assembled gold film and the top one of a cluster-assembled zirconia
film. Nanostructured zirconia films have interesting biocompatible
properties (Schulte et al., 2016; 2018; Previdi et al., 2023) which
make them suitable as biological/artificial interface. The non-ohmic
and resistive switching behavior of gold cluster-assembled films
(CAFs), due to the reorganization of grain boundaries and defects
at the interfaces of the nanogranular films (Casu et al., 2024), has
been reported also in (Mirigliano et al., 2019; Nadalini et al., 2023);
by coupling gold with zirconia CAFs, it is possible to obtain a system
exhibiting additional neuromorphic properties such as short-time
retention (order of seconds) with stretched-exponential relaxation,
and potentiation/depotentiation (Profumo et al., 2023).

Here we investigate the conduction mechanisms of the bilayered
nanostructured Au/ZrO, films and we propose a memristive-
like model to describe the hysteresis properties of this system:
given the large size of the device (4 mm conductive path length)
and the large dynamical range of voltage input signal, previously
mentioned models for memristors are not able to outline the physical
conduction mechanisms since bulk conduction has an important
role in this case. We thus develop a model that integrates an
ideal bulk-limited and electrode-limited conduction mechanisms.
The former addresses conduction in the low resistance state
by a modern model of Poole-Frenkel (PF) effect, promoted by
the grain boundaries and granularity of the material (Felix et al.,
2011). Electrode limited conduction by the Schottky effect is used
for the high-resistance state. Finally, an analysis of the power
exponent parameter G = dln(I)/dIn(V) (Acha, 2017) is discussed
and an experimental characterization of the electrical response of
the bilayered film at different temperatures supports the model
proposed.

2 Materials and methods
2.1 Nanostructure fabrication

Ns-Au/ZrO, bilayer films are deposited on a commercial glass
coverslip (Zeus 2cm X 2cm x 1mm) cleaned in an ethanol
ultrasonic bath for 15 min. The two gold electrodes have been

deposited by thermal evaporation and they are separated by a 4 mm
long gap. Electrode’s dimensions are 3 mm x 7 mm x 80 nm. A
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FIGURE 1

ESEM (ESEM Quanta 200) image of the granular structure of the ns-Au/ZrOx nanocomposite.
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30 nm thick gold nanostructured film (ns-Au) is deposited using a
Supersonic Cluster Beam Deposition (SCBD) apparatus (Milani and
Tannotta, 1999; Borghi et al., 2022), filling the gap between the two
electrodes with a strip 1 mm large and 6 mm long. Subsequently, a
zirconia (ZrO,) nanostructured film of 90 nm thickness is deposited
with the same aforementioned apparatus, on the top of the gold
thin film (Borghi et al,, 2018). The SCBD apparatus is equipped
with a Pulsed Microplasma Cluster Source (PMCS) that allows the
production of neutral clusters in the gas phase, as described in
detail in (Wegner et al., 2006). For further details about fabrication
method, we refer to our previously published paper (Profumo et al.,
2023).In Figure 1, an Environmental Scanning Electron Microscopy
(ESEM) image of the nanocomposite is displayed, showing the
granular and porous structure of the ns-Au/ZrO, thin film.

2.2 Electrical measurement

The as-deposited layered ns-Au/ZrO, films shows ohmic
electrical behavior as previously reported for the single layer of ns-
Au film (Mirigliano et al., 2019). After the application of constant
voltage higher than roughly 16 V, the device switches to the high
resistance state ascribed to the partial breaking and reorganization
of the underlying ns-Au film, a so-called forming process, well
described for ns-Au film in (Nadalini et al., 2023). Figure 2 shows
representative snapshots of the electrical response during the
forming process of the non-linear electrical behavior of the bilayered
samples: this process is related to a joule heating effect at low voltages
A),anon-trivial reorganization of the network at higher voltages due
to both heating effects and electroforming mechanisms B) and an
abrupt increase in sample resistance at a critical voltage C).

After the forming process, the device shows a non-linear and
hysteretic behavior reported in Figure 3. I-V curves are obtained
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applying DC voltages starting from —20 V to +20 V with velocity
sweep 1V/s and 2.3V/s. The measurements show that for faster
voltage sweeps higher currents are obtained. We observe peculiar
electrical behaviors consisting in the opening of the curves at
non-zero voltage and non-zero current and a saturation effect
almost independent of the velocity of the voltage sweep. As first
approximation, we discuss in the next Section 2.4 the saturation
effect that is ascribable to the saturation of the PF conduction
mechanism at a certain critical applied field.

We verified the stability of the IV curves acquired at the
different sweep velocities for ten cycles, as it is reported in
Supplementary Material (Supplementary Figure S1). Furthermore,
we evaluated the variability of the conduction responses for
different devices, nominally identical, i.e., with the same ns-
Au and ns- ZrO, thicknesses. In the Supplementary Material
(Supplementary Figure S2) the box plots of the main electrical
parameters of eight devices (initial resistance before the forming
process, resistance after forming process, current value at 20 V and
maximum percentual difference between forward and backward
currents at fixed voltage) are reported. We noticed the same
hysteretic and non-linear behavior, with the highest variability in the
current values, principally due to low reproducibility of the contact
area between the bilayered nanogranular structure and the bulk
electrodes, which affects the current flowing in the devices.

2.3 Electrical measurements at variable
temperature

In situ electrical characterization with temperature spanning
from ambient temperature (300 K) to 200 K, has been performed in
vacuum (p < 10-4 mbar) on films mounted on a copper cold finger of
a helium mechanical cryocooler. I-V measurements are performed
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FIGURE 2
Snapshots of the forming process of the non-linear electrical behavior in bilayered nanostructured sample. (A) Resistance in time at constant voltage
8 V showing initial joule heating effect, (B) resistance at 16 V showing an electrical response driven by the reorganization of the network, (C) resistance

at 18 V with an abrupt increase as indicator of an irreversible reorganization of the network.
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with a SPD3303X-E Programmable DC Power Supply and an Agilent
34410A multimeter at 2V/s and 1V/s.

2.4 Saturation of the Poole-Frenkel effect

Before describing the memristive-like model developed for
our device, we discuss the Poole-Frenkel (PF) effect both in the
classical formulation (Frenkel, 1938) and in the modern formulation
(Ongaro and Pillonnet, 1989), which incorporates a saturation effect
that must be included in a complete model for an emptying-trap
process.

The PF effect can be illustrated (see Figure 4A) as the reduction
of the potential barrier trapping the electrons to the Coulombic
(charged) centers in the bulk material as a consequence of the
applied electric field. Consequently, the escape probability of

Frontiers in Materials

electrons by thermal excitation is increased by the application
of the field. In Figure 4A curve a) shows the typical Coulombic
potential as a function of the distance from the charged trap. As
the electric field is applied, the electron needs smaller energy to
escape the attraction of the trap which is reduced by an amount
equal to BVE. Once the electron gains the necessary ionisation
energy by thermal excitation, it is promoted to the conduction band,
or the quasi-conduction band in the case of amorphous materials
(Hill, 1971). Thus, there exists a critical value of the applied field
such that the potential wall is reduced to the ground state of the
trap (see curve c¢) in Figure 4A). In such a case, no barrier is
present and the charged donor traps are completely ionised, thus
a saturation effect must be taken into account when high fields
are involved.

In the classical formulation (Frenkel, 1938), and in its variations
available in the literature, the conductivity o of the bulk material is
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(A) Schematic illustration of the PF effect. The electric field (dashed arrow) lowers the Coulombic potential well. If no field is applied an ionization
energy equal to q® is required (see curve (a)). Curve (b) illustrates the case of a non-zero electric field applied. Curve (C) shows the saturation effect: for
a sufficiently large electric field applied, there is no effective barrier trapping the electron, thus the donor trap centers are ionized. Only the right side of
the potential well is depicted. (B) Representative band diagram illustrating the PF effect as described in the original work. The energy levels of the
conduction band, E., the donor level, £, and the Fermi level E; are depicted. The relative position of E; and E¢ is arbitrary. Ny and N, indicate the
density of donor traps and acceptors. Both panels (A) and (B) are adapted from (Ongaro and Pillonnet, 1989; Harrell and Gopalakrishnan, 2002).
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proportional to:

~(a0-pVE)

KT

aVE

oxXe xe

A3)
where E is the external applied field, K is the Boltzmann constant, T'
is the temperature, g® is the ionisation potential and f8 = /¢*/m¢
is the PF constant, where g is the charge of the electron and ¢ and
€, are the dielectric constants of the vacuum and of the amorphous
material respectively.

Thus, the current density ] is proportional to:

J o< oF o< Ee*VE (4)

As firstly recognized in (Ongaro and Pillonnet, 1989), the
conductivity, o, in equation 3 is an indefinitely increasing function
of the applied field, which is in obvious contrast with the emptying
of the donor traps underlying the PF effect described above. This
inconsistency is due to the use of the Boltzmann function as a
steadily adopted and convenient approximation of the Fermi-Dirac
in the literature. Specifically, Ongaro and Pillonnet demonstrated
that the use of the Fermi-Dirac function to describe the population
statistics of the donor traps in their model leads to the description
of the saturation of the PF effect at high fields. We report
here their assumptions (Ongaro and Pillonnet, 1989; Harrell and
Gopalakrishnan, 2002) which we consider valid to model our device
in the following:

o The acceptor levels are positioned well-below the Fermi level
(see Figure 4B) thus they are completely filled for all values of
field and temperature.

It exists a single donor level at depth ® below the conduction
band, i.e., ¢® is the ionization energy.

The density of donor traps is greater than the acceptor density,
ie., c¢=Ny/N, > 1. The ionized donors and the acceptors are
assumed to lie apart disabling any interaction between the
two, even though for values of ¢ > 1 and large N, values the
assumption is difficult to maintain. The ratio between the donor
density and the density of states at the bottom of the conduction
band is s = N,;/N, < L.
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o The Boltzmann function is used only to describe the statistics
of the electrons populating the bottom of the conduction band,
n =N, exp((E, - E;)/KT).

« The Fermi-Dirac function evaluated at the donor energy level
describes the probability of occupancy of electrons in the trap’s
sites:

1

1+ e(Ed—Ef)/KT

f(Eq) = (5)

The use of the Fermi-Dirac permits the description of the
saturation and permits to avoid assumptions on the relative position
of the energy levels of E; and E, as in previous models.

Thanks to the assumption that all acceptors are filled, the
equation of conservancy of the charge can be written in the form
of ny = n+N,, which leads to the expression of the relative density
of electrons in the conduction band n, = n/N, :

4s(c— 1)e’7"z‘/E
c(l + ie”'ZVE)Z
(6)

n

- le—q+zv§<1 + §en-z@),
N, c

2

where n = g®/KT and z = §/KT. For the detailed derivation of the
above equation, we refer to the original paper (Ongaro and Pillonnet,
1989) and to the more recent paper (Harrell and Gopalakrishnan,
2002). Figure 5 shows the saturation of the relative density of
electrons, n,, as a function of the applied field.

2.5 Bilayered memiristive-like model

2.5.1 Electron conduction

To model our system, we consider two elements in parallel
as illustrated in the schematic in Figure 6. The geometry of the
bilayered network, in which the 30 nm thick ns-Au film is deposited
below the 90 nm thick ns-ZrOx film, suggests such a parallel
architecture. Furthermore, a similar parallel connection between
two electrical components, representing a bulk and an interface

frontiersin.org
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FIGURE 5
Relative density, n, as a function of the applied field, E, according to

Eq. 6. Saturation is observed for zVE > n.(n=27,z=7,s=.1). Adapted
from (Ongaro and Pillonnet, 1989; Harrell and Gopalakrishnan, 2002).

conduction mechanisms, is reported in literature for a Schottky
in parallel with a SCLC mechanism in (Gomez-Marlasca et al.,
2013) and in a simpler fashion by diodes in parallel and series
with a interface and bulk resistances respectively in (Acha, 2011).
Furthermore, the nanogranular structure of the film promotes
local phenomena of ion migration and structural reorganization
(Yun et al.,, 2016) providing a high network responsiveness to the
formation of different conductive paths. We are here interested
in developing an ideal model describing the main conduction
mechanisms, the resistance of the electrodes is hence neglected but
they can be implemented in the model with a resistance in series.
The first element, depicted as a diode on each interface, as similarly
reported in (Gomez-Marlasca et al., 2013) and in (Yang et al., 2008),
refers to the electrode-limited conduction which is modelled as
Schottky effect according to equation:

Js = Ae?VE )

where Jg. is the current density and E is the externally applied field. A
is a fitting parameter that takes care of the constant temperature of
the device, the Richardson constant and the exponential prefactor
with the Schottky barrier height. The parameter y is another
fitting constant which takes care of the electron charge and
the dielectric constant of the amorphous material which is not
easily accessible experimentally. Both zirconia and gold clusters
interconnected networks can promote such an electrode-limited
conduction, since cluster-assembled gold films show similar non-
linear electrical behavior by themselves (Mirigliano et al., 2019;
Nadalini et al., 2023).

The second element represents the PF effect for the
bulk Similarly what thin
Ba0.85r0.2TiO5/ZrO, heterostructures in a metal-insulator-metal
(MIM) configuration resemble Schottky conduction at low electric
fields and PF conduction at high ones, probably related to deep trap

conduction. to we  propose,

levels (Sahoo et al., 2013). These two conduction mechanisms have
been proposed competing also in the conduction properties of a
sputter-deposited Al/ZrO,/Si structure (Chiu et al., 2005) and in the
case of thin film metal-insulator-metal capacitors in a unified theory
(Lau, 2012). Moreover, the nanostructured gold layer underneath
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FIGURE 6
Schematic of the equivalent circuit model for the nanostructured
bilayer Au/ZrOx device. See Eq. 9.

the ZrO, layer enhances the effective field, leading to the saturation
of the PF effect for larger voltages applied across the device.

According to this consideration, the standard PF of Eq. 3 is not
sufficient to describe the conduction in our device, hence we use
the PF equation as proposed by (Ongaro and Pillonnet, 1989). The
current density flowing into this element is:

Jpp = qUN_n,E = Bn E (8)

where B is a fitting parameter that takes care of those physical
parameters that are not easily accessible from an experimental point
of view for an amorphous film as ours, i.e., the density of donor
traps, N, the mobility of electrons in the low conduction band
(or quasi-conduction band for amorphous films), 4. The relative
density n, is modelled with Eq. 8 provided by (Ongaro and Pillonnet,
1989) and it incorporates the parameters #,z,¢ and s discussed
in Section 2.4.

The total current density flowing into the device is ruled by the
following equation:

KW={

where w € [0,1] is the first order state variable that rules the relative
contributions of the bulk-limited PF effect and the electrode-limited
Schottky effect. The state variable dynamics describes the motion

Wpp(¥) + (1 = W) (v), if v>0

9
(= w)pp(IV) + Wi (WD), if v<0 ®

of ions through the device. The current densities are written as
functions of the applied voltage, rather than functions of the field
asin Eqs 7, 8.

A phenomenon introduced by such nanogranular
systems is that grain boundaries and defects promote the
formation of barrier layers (Whangbo and Subramanian,
2006; Felixetal, 2011), responsible for dielectric properties
of the material which affect both y and B already mentioned
parameters, present in Schottky and Poole-Frenkel mechanisms

respectively.
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FIGURE 7
Comparison between our model and measured data. In (A) the simulation of an IV sweep at 2.3 V/s. In the first row, the current and the applied voltage
as a function of time are depicted on the left, while on the right the |-V characteristics of the simulated device is shown. On the bottom row, the
state-variable is plotted versus time (left) and versus the applied voltage (right). In (B) the experimental data are shown for comparison both in time (left)
and in the |-V plane.

2.5.2 lon migration

The application of a voltage difference between the electrodes
results in the field-driven migration of the ions species through the
insulating layer towards the cathode electrode. Ion species might
consist of positive ones or oxygen vacancies in the ZrO, layer as
similarly reported for the case of (Gomez-Marlasca et al., 2013) and
by first-principles calculations in (Shi et al., 2014) as well as metallic
ions either injected in the device from the metallic electrodes or from
the nanostructured surface of the gold layer below the zirconia layer.
The presence of grain boundaries and defects in the nanostructured
zirconia layer can favor ion mobility (Yun et al., 2016). Compared
to devices made of thin-oxide-film sandwiched between two metals,
in our device filament formation spanning the large device size is
less likely. The slow ions motion, when compared to the (almost)
instantaneous electronic motion, results in a redistribution of charge
at the electrode interface which results in a modification of the
Schottky barrier at the forced electrode (Yang et al., 2008; Acha,
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2011; Gomez-Marlasca et al., 2013), and vice versa for negative
applied voltage.

The motion of ions is modelled according to the sinh-model
equation from (Chang et al., 2011):

aw _ _A(eﬁ _e’i)

dt (10)

where A is the drift velocity, v, and v, are activation thresholds.

3 Results and discussion
3.1 Validation of the bilayered model
To fit the parameters of our model, we used the experimental

data shown in Figure 7B. Simulation results for a complete cycle,
—20 to 20V, are illustrated in Figure 7A. The relevant features of
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Simulated |-V curve for two sweep velocities.

the curves, such as the opening of the hysteresis for both non-zero
voltages and currents and the saturation effect, are captured by our
model. Figure 7 shows on top-left the current time evolution (red
curve) for a triangular voltage signal (green curve) applied. The same
dynamics is plotted in the I-V plane in the top-right of the figure. In
the second row, the state variable w is plotted in time and against the
applied voltage signal. In Figure 7B the experimental data are shown
for comparison.
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FIGURE 9

Power exponent parameter G of experimental data (blule dotted lines)
and for the model proposed (red lines) as function of V2. (A) Forward
increasing voltage. (B) Backward decreasing voltage. A linear
dependence typical of Schottky conduction is also reported with a
black line.
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Figure 8 shows the simulated I-V curves for two voltage sweep
velocities: 2.3 V/s (blue) and 1.0 V/s (orange). Simulation results
are in good agreement with experimental measurements (see the
experimental I-V characteristic shown in Figure 2) and (Profumo
et al., 2023). Furthermore, a good agreement with parameters of
(Chiu et al., 2005) is obtained. Fixing T at ambient temperature we
obtained a ®p = 0.7V (1.1 V in (Chiu et al,, 2005)) and, given a
characteristic length over which the voltage is applied of 200 nm
(which is reasonable due to the confinement effect of the Au clusters
and corresponding to a medium electric field of 1 MV/cm), a er =
6,5 (er = 6,25 in (Chiu et al., 2005)). To obtain all curves shown in
this section, an initial non-zero guess for the initial condition of the
state variable was given as it is reasonable to assume that the initial
DC bias of —20 V affects the initial state of the internal state variable.

Limitations of our modelling are believed to be due to the role of
second order state variables, as the temperature. In fact, temperature
affects both the mobility of ions and the electronic description, thus
its role needs to be investigated for future modelling of this device.
Furthermore, our modelling does not take into account spontaneous
relaxation of the device.

3.2 Experimental IV curves at different
temperatures

An analysis from experimental data of the power exponent
parameter G = dIn(I)/dIn(V) (Acha, 2017) at room temperature
gives an insight into the different predominant conduction
mechanisms in the two regimes of the hlysteretic curve. In Figure 9
we report G curves as function of V2 for the forward A) and
backward B) branch of the positive voltage portion of the I-V
curve, both for the experimental data (blue dots line) and the
model proposed (red lines). The forward branch is well described
by the model for high voltages while for low voltage a significant
discrepancy arises. Furthermore, the peak in the forward gamma
curve is often recognized in the case of PF conduction with a
resistor in series and one in parallel (Acha, 2011; 2017; Acha et al.,
2016). On the other hand, for the backward branch the model
well describes the experimental curve besides for the raising of
resistive switching activity (here clearly present in the raw data, note
that some data points are out of the figure box). A zero-passing
linear dependence (characteristic of pure Schottky interfaces)
is also reported. These curves further support the hypothesis
of the two mechanisms proposed in the memristive-like model.
Nevertheless, they underline a poor accuracy of the model at low
voltage which can be justified considering a higher noise in the
experimental measurement at low voltages and due to capacitive
effects (Zhou et al., 2020).

Remarkably, Poole-Frenkel (P-F) emission involves a process
similar to Schottky emission, in which thermally excited electrons
emit from traps into the dielectric’s conduction band. P-F emission
is thus also known as internal Schottky emission (Zafar et al., 1998)
and no marked distinction can be made between the bulk- and
electrode-limited conduction mechanisms (Chiu, 2014) especially
in such a nanogranular structure (Felix etal, 2011). The slower
dynamics of ionic migration (when compared to the electrons’
almost-instantaneous dynamics) regulates the switching between
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data, for forward and backward ramps, are carried out with the Poole-Frenkel and Schottky formula, which give the main contribution in each of these

the two conduction mechanisms involved, particularly promoted by
the network responsiveness.

The low sensitivity of the in-situ apparatus at low current
values prevented us from the evaluation of the gamma parameter
at lower temperatures. Nevertheless, we reported in Figure 10A
representative IV curves acquired at three decreasing temperatures,
and on the right (Figure 10B) the Arrhenius plot of the current
at 20V, for the backward and forward voltage ramps. These data
confirm a hysteretic behavior of the current decreasing at lower
temperatures. Furthermore, an exponential fit of the Arrhenius
plot stress the accuracy of the proposed model, given the expected
temperature dependence of both the Schottky and the Poole-Frenkel
mechanisms. For the backward ramp where we propose a main
contribute of the Schottky mechanism, a quadratic term in T is
included (note that this term has not significant contribute to the
fitted curve). The decrease of the hysteresis with temperature can be
interpret also with the decreasing mobility of oxygen vacancies in
the film (Aleskandrova et al., 2006).

4 Conclusion

A description of the conduction behavior of a nanostructured
bilayer Au/ZrO, film has been proposed as a result of the interplay
of a PF and a Schottky mechanisms; on this base a memristive-
like model for the devices has been developed. Our model accounts
for the electrical hysteretic behavior observed in experimental
set-up of a nanogranular network, where ion migration and
network reorganization are well promoted. The model is based
on ion migration which regulates the relative contribution of two
mechanisms of electrical conduction proposed. Electrode-limited
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conduction is modelled as Schottky effect, while bulk-limited
conduction is modelled according to the Poole-Frenkel (PF) effect,
where the presence of the two nanogranular materials, full of grain
boundaries and defects, promote each of the two mechanisms.
In this work we used a refined model for the PF effect which
integrates the saturation at high field due to the complete ionization
of the traps. Moreover, our model shows good agreement with
the experimental data for multiple voltage sweep-velocity as for
electrical measurement at different temperatures, as also with power
exponent parameter curves.

Both LTSpice and Python code to simulate the memristor are
provided (see Supplementary Material).
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