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Abstract
Networks of nanoscale objects are the subject of increasing interest as resistive switching
systems for the fabrication of neuromorphic computing architectures. Nanostructured films of
bare gold clusters produced in gas phase with thickness well beyond the electrical percolation
threshold, show a non-ohmic electrical behavior and resistive switching, resulting in groups of
current spikes with irregular temporal organization. Here we report the systematic
characterization of the temporal correlations between single spikes and spiking rate power
spectrum of nanostructured Au two-terminal devices consisting of a cluster-assembled film
deposited between two planar electrodes. By varying the nanostructured film thickness we
fabricated two different classes of devices with high and low initial resistance respectively. We
show that the switching dynamics can be described by a power law distribution in low resistance
devices whereas a bi-exponential behavior is observed in the high resistance ones. The measured
resistance of cluster-assembled films shows a / af1 scaling behavior in the range of analyzed
frequencies. Our results suggest the possibility of using cluster-assembled Au films as
components for neuromorphic systems where a certain degree of stochasticity is required.

Keywords: resistive switching, neuromorphic devices, cluster-assembled films

(Some figures may appear in colour only in the online journal)

1. Introduction

Significant performance improvements of computational
systems based on von Neumann architecture, in terms of data
handling and processing, are hardly sustainable at extreme
miniaturization due to the required energy dissipation cap-
abilities [1–4]. An approach aiming at the reproduction of the

human brain architectural and dynamical properties has been
proposed to overcome these limitations [3, 5].

Neurons and synapses are the two basic computational
units in the brain: a neuron receives the inputs coming from
other neurons and, on the basis of its own kind of activation
function, can in turn generate electrical spikes as an output
[6]. Synapses are the further key factor for the overall com-
putation capability of a neuronal system [6, 7]. The synaptic
strength between neurons, i.e. of their connections, is mod-
ified by both repeated and/or modified neural activity both in
pre-synaptic and post-synaptic cells (Hebb’s postulate) [6].
Furthermore, in the late 1990s, spike-timing-dependent
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plasticity (STDP), based on the temporal order of spikes,
emerged as a form of Hebbian learning [7].

The spontaneous firing of spikes from a network of
neurons displays spatial and temporal correlation [8, 9] and it
is expected to have a major neurobiological function [10–13].
Neuronal networks also display irregular spontaneous activity
characterized by intermittent bursts separated by periods of
reduced activity. Long-range correlations of the irregular
spontaneous activity have been extensively studied in vitro
showing power law dynamics and long-range interactions
[11–13].

The inter-spike intervals (ISI) of the spontaneous firing of
neuronal networks show different distributions [8], in vitro
hippocampal neuronal networks show a spontaneous spiking
activity with temporal correlation on a time scale of hundreds
of milliseconds. The power spectrum of the network firing
rate as function of the frequency showed significant 1/f trend
below 1 Hz [8].

Noise in neural systems is of fundamental importance for
information processing in nonlinear systems [14–16]. The
development of neuromorphic hardware containing prob-
abilistic spiking units aims at the reproduction of the sto-
chastic behavior present in biological neuronal networks
[14, 17, 18].

The fabrication of artificial hardware mimicking aspects
of the spiking activity of biological systems is difficult to
achieve with top-down CMOS-based technologies [19]. To
date, artificial realization of neuromorphic architectures has
been limited by the capacity to fabricate robust interconnects
between electronic components in a cost-efficient manner,
especially in designs utilizing unconventional topologies
[1, 2, 17, 19].

Networks based on the bottom-up assembling of nanos-
cale building blocks and showing resistive switching activ-
ities are becoming increasingly popular as possible solutions
for a straightforward fabrication of complex architectures
with neuromorphic features [20–23]. The electrical activity of
random resistive switch networks does not rely on the inte-
gration of specific devices, but is encoded in the collective
nonlinear dynamic switching behavior as a result of an
applied input signal [21]. There has been an increasing
number of reports on resistive switching observed in nano-
particle assemblies [20, 24–26] and on various proposed
mechanisms for such behavior in both uniform [24] and non-
uniform thin films and nanocomposites [20].

In nanoparticle assemblies the observation of resistive
switching has been attributed to filament formation between
individual metal particles likely due to charge carrier migra-
tion across undoped regions with a moving boundary [22, 27]
or attractive van der Waals forces [20]. In many cases the
nanoparticles were coated with an organic molecule, oxide or
polymer layer through which resistive switching occurs via
redox activity, the formation of a charge-transfer complex, or
the formation of donor–acceptor couples [22, 28–30].

Recently we have showed that metallic nanostructured
Au films fabricated by bare gold nanoparticles, produced in
the gas phase, and with thickness well beyond the electrical
percolation threshold, show a non-ohmic electrical behavior

and complex and reproducible resistive switching [21]. Here
we quantitatively analyze the electrical spiking activity of
nanostructured Au two-terminal devices in terms of ISI and
power spectral density (PSD) in order to assess the char-
acteristics potentially interesting for neuromorphic data
handling [8, 31].

2. Experimental methods

2.1. Device fabrication

Two-terminal devices based on nanostructured Au films were
fabricated by Supersonic Cluster Beam Deposition [32]: the
deposition apparatus is equipped with a Pulsed Microplasma
Cluster Source (PMCS) that allows the production of neutral
clusters in gas phase as described in details in [33]. Briefly, the
PMCS principle of operation consists on the ablation of a gold
rod by a plasma ignited during the injection of a high-pressure
pulse of argon. The species resulting from the target ablation
condense through collision with the Argon gas forming Au
clusters, then the cluster-gas mixture is expanded through a
nozzle forming a supersonic seeded beam [32]. The cluster
beam is then focused by an aerodynamic lenses system [34]
and directed on silicon substrates where a silicon oxide layer
has been previously formed by thermal annealing. In figure 1
the scheme of the experimental apparatus is shown.

The substrates are mounted on a holder to allow the
in situ characterization of the evolution of the electrical
resistance of the cluster-assembled film during the deposition.
A quartz microbalance (not shown in figure 1), positioned
near the samples, periodically monitors the amount and the
rate of deposited material and it allows to make an estimation
of the nominal thickness of the films. This configuration
allows the parallel production of different devices character-
ized by different nanostructured film thickness and hence
initial electrical resistance [24].

In figure 1 (bottom right) we show a schematic repre-
sentation of the two-terminal device: the cluster assembled
film is deposited, by using a stencil mask, in the gap between
two gold electrodes previously fabricated by thermal eva-
poration as described in detail in [24].

We fabricated two classes of devices using films with
thickness in different regions of the percolation curve and
hence different initial resistances: high initial resistance (HIR)
in the range 104<R<105 Ω (thickness 10–15 nm, in the
nonlinear region of percolation curve, where a large resistance
decreasing corresponds to a narrow thickness variation [24])
and low initial resistance (LIR) in the range 50<R<200 Ω

(thickness 20–40 nm).
The morphological and structural characterization of the

cluster-assembled films was carried out by FEG-scanning
electron microscopy operating at 5–7 kV of accelerating voltage
(SEM model Zeiss Supra 40), and by Cs-corrected transmission
electron microscopy, even in high resolution mode. The latter
was performed by a ThermoFischer Titan Themis Z microscope
operating at 300 kV of accelerating voltage, equipped with an
ultra-bright Schottky (X-FEG) electron source, with a double
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spherical aberration corrector, and a 16MP CMOS Ceta cam-
era. TEM/HRTEM imaging was performed on a thin film
(average thickness 12 nm) deposited on an amorphous and thin
(10 nm) substrate of silicon nitride.

2.2. Electrical characterization

The electrical conduction properties of the devices were tested
under two protocols using a High-Power Source Measure-
ment Unit (HPMSU, Agilent E52790A): the application of
both train of voltage pulses and of constant voltage over the
time. The resistance R of the devices was obtained through
the Ohm law ( )=R V

I
by applying a voltage V and measuring

the current I in the device. The HPMSU was remotely con-
trolled through a LabVIEW script to synchronize the appli-
cation of the voltage and the measurement of the current at the
desired sampling rate.

In the case of constant applied voltage, the current was
sampled every 50 ms for several minutes (20 000 points,
equivalent to 1000 s of total application time). When using
trains of voltage pulses, to excite the device one pulse was
applied lasting 100 ms and 1 s (pulse time width), respec-
tively, and with a voltage amplitude spanning an interval
between 3 and 40 V. Then a subsequent train of 8 sensing
pulses at 1 V (duration of 50 ms and period of 70 ms) fol-
lowed the excitation to measure the current and thus to
observe the evolution of the resistance.

2.3. Data analysis method

We performed a threshold analysis in order to distinguish
switching events from random noise. This was obtained by
computing the relative difference of consecutive resistance
values in the temporal resistance series and setting a threshold
to discriminate from noise. Figure 2 shows a pattern of the
resistance evolution of a typical cluster-assembled film over
the time under a voltage application of 15 V. The threshold
value was chosen calculating the standard deviation of an
interval without switching events (the blue and red intervals
in figure 2, with the respective distribution on the bottom)
normalized by the average of the selected values. In this way
a switching event is defined as two consecutive resistance
values that differ by a number greater than the computed
standard deviation:

( )s
-

>+R R

R
n 1i i

i
normalized

1 *

with n=4 to obtain a robust thresholding process and to
avoid the recognition of spurious events. In the case of ran-
dom noise, the resistance values should be normally dis-
tributed, when the difference between two values is greater
than four times the standard deviation, then there is a high
probability that a switch occurs.

Data analysis is performed through a software developed
in MATLAB environment, which implements the method to
recognize the switches, and computes the quantity of interest

Figure 1. Schematic representation of a SCBD apparatus equipped with a PMCS source (not to scale). Au clusters are grown in gas phase
through the ablation of a gold target and then carried in the expansion chamber carried by a seeded supersonic beam. After an
aerodynamically focusing (the focuser is depicted in the expansion chamber), the cluster beam impinges on masked substrates mounted on a
mobile holder. We report an example of a typical electrical percolation curve taken in situ during the deposition, with a decreasing resistance
and increasing thickness over the time. The different morphological configurations of the samples, corresponding to different regions of the
percolation curve. A schematic representation of a cluster-assembled two-terminal device is also shown (cross section view).
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in (1) for the whole data series. To compute s ,normalized it is
possible to select several intervals where no presence of
switches appears, like shown in figure 2, and to observe the
resistance value distribution for each interval.

The normalized standard deviation of the data is com-
puted for each selected data interval and stored in memory.
The intervals are selected in order to be representative of each
explored resistance level, selecting different portions of data
resistance values (figure 2). The standard deviation in (1) is
chosen evaluating the explored resistance levels during the
thresholding process. In this way, the different amplitude of
the random noise, for different resistance levels, is taken
account, particularly when the switch amplitude is of different
orders of magnitude. This allows to analyze large amounts of
data and provides an objective method for the switch events
identification preventing the presence of artefacts. After the
recognition step, the series of switch events is obtained, and it
can be treated like a point process in time, a collection of
point related to the presence or the absence of the events.

The analysis is carried out for each resistance series
measured at different voltage values (5, 15, 25 V). We eval-
uated the Inter-Switch-Interval (ISI) distribution by comput-
ing the temporal distance = -+t t tie i i1 (the inter-event time)
of consecutive switches for the whole interval. The data are
plotted in form of probability density distribution function. To
fit the function that describe the distribution we used the
maximum likelihood method [23, 35] implemented in
MATLAB (see MATLAB documentation at [36]). This
approach has the advantage to not be sensitive to the choice of
the number of bins for the distribution. We fit both power law
and double exponential function and choose the best one
comparing the width of confidence bound interval computed
for the fit [36].

To further confirm the presence of correlations in
sequences of discrete switching events, analysis such as the
one proposed by Karsai et al in [37] was performed. We
counted the number of consecutive switches that falls into a
burst period if < Dt t,ie where Dt is a fixed time interval,
longer than the inverse of the sampling frequency. We
plotted the distribution of the number of events that belong
to the same burst period both for the original and for shuffled
data, that should show a non-correlated behavior. The
distributions for the two cases are compared to evaluate the
differences among them in order to identify the degree of
randomness in the switch occurrences. Usually an expo-
nential decay in the distribution data tail is expected for
independent and uncorrelated events; on the converse, an
heavy tail (a deviation from this exponential behavior)
should indicate the presence of temporal correlations in the
data [8, 37].

3. Results and discussion

3.1. Cluster-assembled film structure

Cluster-assembled Au films were characterized by TEM,
HRTEM and SEM at different thicknesses. In figure 3 we
show the TEM imaging of a typical film at increasing mag-
nification. We performed the characterization on a film with
average thickness of 12 nm in order to guarantee both the
transmission of the incident electron beam and the observa-
tion of the first stage of the film growth. The cluster-assem-
bled film has a structure consisting of branched aggregates
based on the hierarchical arrangements of small units in larger
features up to a certain critical length-scale, determined by the
time of the deposition process [38].

The incident cluster size distribution affects the film
growth dynamics: the surface diffusion on the silicon sub-
strate and the nucleation are favored for smaller clusters
initially resulting in a 2D growth, while larger clusters act as
static nucleation sites where a 3D growth mode is promoted
[38, 39]. HRTEM characterization shows that the branched
structures and larger aggregates are mainly constituted by
several crystal domains that have grown with no preferential
direction, as expected for a deposition on an amorphous
substrate [40]. Figure 3 clearly displays two most important
features belonging to the deposited film: (i) the branched
structure does not show any isolated cluster (see panels (a)–
(c)), suggesting that the percolation threshold has been largely
reached; (ii) the HRTEM image (panel (d)) shows that the
islands forming the film are in turn constituted by several
crystal domains, with size (calculated as domain wall length)
ranging between 5 and 10 nm. Moreover, they are randomly
grown and in different possible crystal relationships among
them: some of them are twinned domains, while in other cases
the domains are just separated by grain boundaries, often with
frequent stacking faults, in order to minimize the surfacial
interface energy. Finally, in some case a superposition of
crystal domains is also observed, and that is easily identifiable
by the Moiré fringes’ presence.

Figure 2. Top panel reports the spontaneous activity for the electrical
resistance as function of time for a cluster-assembled film under the
application 15 V bias. The two selected intervals for the ðœ
computation are shown highlighted in blue and orange. Bottom
panel reports the distribution of the resistance values for the two
selected intervals shown with the same color code. The first interval
has a distribution of the resistance values peaked around 3060 Ω,
while the second one is more broadened, hint of the presence of
switch events with low amplitude (less than 100 Ω).
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In general, what is indicated by the HRTEM imaging is
that the occurrence of the above-mentioned different possible
crystal domains configuration is very likely dictated by the
local thickness: if it increases, the structure evolves from
quasi 2D crystal domain to twinned ones, to further and
finally give rise to their superposition.

The structure of thicker films was also investigated by
SEM: figure 4 shows SEM micrographs of typical HIR
(figure 4(a)) and LIR (figures 4(b) and (c)) Au films. We
observe a complex structure resulting from the random
stacking of clusters and characterized by a network of con-
nected islands, gaps, and complex multilinked structures. The
SEM characterization of HIR confirms what already observed
by TEM. Figure 4(c) taken from a LIR film with a thickness
of 57 nm clearly shows a granular structure at the nanoscale
resulting from the ballistic deposition growth regime typical
of SCBD [38, 40]. HIR films are characterized by a lower
number of junctions between large islands and by a 2D
organization, whereas the LIR ones are highly interconnected
fully and 3D films present cluster aggregates bridged by tiny

junctions and higher density of small isolated island (insets of
figures 4(a) and (b)).

Cluster-assembled films fabricated by SCBD are char-
acterized by a hierarchical arrangement of nanoscale build-
ing blocks in larger structures producing topography, high
specific area, and porosity that can be accurately controlled
and varied at the nano- and mesoscale [41, 42]. The process
of formation of a nanostructured thin film by SCBD
takes place in a ballistic deposition regime [38], hence the
deposition time controls the morphology of the films, which
evolves regularly according to simple and reproducible
scaling laws [38]. The roughening of surfaces and interfaces
resulting from the bottom-up assembling of clusters has a
fundamental relevance for their functional properties
including electrical conduction [43].

3.2. Resistive switching and spiking behavior

Nanostructured Au films show a resistive switching activity
under the application of a constant or variable voltage
[25, 26]. The behavior of two-terminal devices fabricated

Figure 3. TEM/HRTEM images of the gold clusters. (a) Overall view of the percolating film, scale bar: 250 nm; (b) magnified view of the
square reported in panel (a), scale bar: 100 nm; (c) magnified view of the square reported in panel (b), scale bar: 50 nm; (d) HRTEM image of
the polycrystalline cluster surrounded by the square in panel (c), scale bar: 10 nm.

5

Nanotechnology 31 (2020) 234001 M Mirigliano et al



with films close to the percolation threshold have been
characterized in detail: they show features similar to those
reported for other systems based on the assembling of
nanoobjects [20, 22, 27].

Recently, we demonstrated that nanostructured Au films
with thickness well beyond the percolation threshold show
complex resistive switching behavior [24], here we consider
two terminal devices fabricated with cluster-assembled films
with variable thickness beyond the percolation threshold and
hence with different resistances as described in section 2.1.
Figure 5 shows the measured resistance series (red dots
identify the switching events as described in section 2.3) both
for HIR ((a)–(b) panels), and LIR samples ((c)–(d) panels).
For HIR films we observe the onset of a resistive switching
activity upon the application of low constant voltages (3 V)
with no activation phenomena (see figures 5(a), (e), (b). In the
case of LIR films, an activation event takes place at a
threshold voltage ranging from 20 to 30 V in order to observe
a switching activity [24]) (see figures 5(c) and (d). HIR
devices (figure 5(a)) show a resistive switching pattern with a
small number of events uniformly distributed compared to the
LIR, where a more pronounced activity with events grouped
in bursts is visible (figure 5(c)). These differences tend to
disappear at high voltages (15 and 25 V) (see figures 5(b) and
(d). Events with a higher amplitude take place with a low
frequency over the time under the application of a constant
voltage.

The switching activity can be controlled by using voltage
pulses: figure 6 shows the typical resistance switching pattern
observed in HIR devices. This class of samples shows
reversible switches with the application of pulses with 3 V
excitation pulses and a time width of 100 ms. The amplitude
of the resistance variations is usually lower than one order of
magnitude.

LIR devices need a threshold voltage (being its value
dependent on the initial sample resistance) to activate the
switching behavior also under the application of a periodic
voltage. At voltage pulses lower than the threshold value, the
device shows an ohmic behavior; approaching the threshold
values the resistance undergoes an increasing trend as shown
in figure 7(a). After the application of each excitation pulse,
the resistance increases like an integration process in time. In
addition, during the measurements through the sense pulses, it
shows a sort of relaxation: a similar feature is observed in
neural networks and it is described by the leaky integrate-and-
fire neuron (see figure 7(a)) [6, 44]. This type of behavior is
more clearly visible with 1 s width pulses. In figure 7(b) the
activation of switching activity takes place after the applica-
tion of voltage pulses for a time window of about 100 s. The
number of pulses needed to reach the activation step depends
by the voltage level, the pulse width and the number of
pulses.

In figure 8 the behavior of the LIR device under the
application of voltage pulses after the activation, is shown:
with 5 V pulses the device changes the resistance from the
high to a lower level for almost one order of magnitude
(figure 8(a)), while a transition to a higher resistance state
under the application of 20 V pulses is observed (figure 8(b)).
The switching from high resistance to low resistance levels is
reproducible and stable. We observed that the reversible
switching behavior can be controlled tuning the pulse width
and the height. For higher voltage pulses (beyond the

Figure 4. (a) Top-view SEM micrograph showing the surface
morphology of a HIR cluster-assembled Au film (EHT 5.00 kV).
The thickness of the film is 14 nm. The inset shows an enlargement
where a poorly connected film characterized by the presence of
several isolated structures is visible. (b) Top-view SEM micrograph
showing the surface morphology of a LIR cluster-assembled Au film
(EHT 5.00 kV). The thickness of the film is 25 nm. The inset shows
an enlargement where a fully connected network of cluster is clearly
visible. (c) Cross section of a cluster-assembled films 57 nm thick
(EHT 7.00 kV). The observed morphology is characterized by
nanoscale porosity, poorly connected and non-compact structures with
lower density with respect to bulk and increasing surface roughness
with film thickness.
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activation level for LIR samples) 100 ms pulses are
employed. In figure 8(c) consecutive and reversible switch
between higher and lower resistance state are shown with the
applied pulses.

As we recently pointed out [24], the observed switching
behavior in nanostructured Au films beyond the percolation
threshold is quite unexpected and it has never been
reported, to the best of our knowledge. In cluster-assembled
gold films the granular structure at different length scales
largely determines the non-ohmic electrical properties of the
system. Although the elemental building blocks can be
considered metallic, their assembly does not result in an
overall ohmic conductor. The use of ‘good metal’ building

blocks to fabricate ‘bad metal’ systems has been reported in
the case of Ag films, assembled with traditional methods,
where structural disorder at the mesoscale influenced in a
substantial way the electronic properties of the sys-
tem [45, 46].

In our case, incident clusters form, upon landing on the
substrate, larger aggregates without losing their individuality
[40, 42]. They physically connect in a continuous network, as
shown by SEM and TEM imaging, forming large poly-
crystalline structures (figure 4) characterized by the presence
of a very high density of grain boundaries and stacking faults.
These larger polycrystalline structures are loosely connected
forming a porous film.

Figure 5. Switch activity patterns (in red the events identified as switch) for two different samples under different voltage values in a time
window of 300 s. (a) The switching activity for a HIR film under low applied voltage (5 V) characterized by few and uniformly distributed
events. (b) Switching activity for the same sample under the application of higher voltage (15 V); the increasing of switching activity is
clearly visible. (c) Switching activity for a LIR sample under 5 V and (d) under 15 V. In both cases an intense activity with burst events is
visible.
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Electronic carrier conduction in these porous systems can
be considered to be based of space charge limited conduction
mechanisms and coulomb blockade [47] with very strong
geometrical constraints [48–50]. The presence of an extre-
mely high density of grain boundaries and crystalline orien-
tation mismatch deeply affect the electrical conduction
[45, 51, 52] representing a barrier for the electric charge flow
determining and resulting in a distribution of different
‘resistances’ over the cluster-assembled film [53, 54].

The grain boundaries distribution can dynamically
change under the current flow because of the formation of
local ‘hot spots’ that induce atomic rearrangement, and for-
mation/destruction of contact depending on the power dis-
sipated locally [52–55], as schematically sketched in figure 9.
We qualitatively represent in three different steps, the evol-
ution of a grain boundary (different colors indicate different
crystalline orientations): the grain boundary region structure
depends on the flowing current that determine rearrangements
of the crystalline planes resulting in the exploration of dif-
ferent resistance film levels, the transition from configuration
1 to configuration 2 in figure 9 determines the observed
switching behavior.

The evolution of the grain boundary structure can be due
to Joule heating resulting from current flow through an inter-
cluster and intra-cluster (figure 9 sketch 1) [52–55]. The
formation of hot spots determines the local rearrangement of
the crystalline phases and defect annealing, giving rise to
either a further increase of the current (sketch 2) or to a
junction break (sketch 3). The modification/breaking of the
physical contacts among nanoparticles and the dynamical
rearrangement of defects cause the observed resistive
switching behavior [23].

In a complex nanoscale junction (see figures 3 and 4),
when a point contact between grain is smaller than the mean
free path of electron, a small voltage drops (about 100 mV)

can induce high temperature (up to thousands K) [56] causing
the re-arrangement of the junction through defect displace-
ment, atom migration and re-crystallization [53, 57].

Starting from this picture one can understand the dif-
ferences among HIR and LIR samples as arising from the
different degree and number of nano- and mesoscale junc-
tions formed during the cluster deposition process. HIR
samples are fabricated stopping the deposition close to the
percolation thickness where the number of interconnection
and junctions is relatively low. The structure is characterized
by gaps acting as an effective barrier for the electron flow,
thus involving non-ohmic conduction mechanism [58] and
bridges, where current can reach high density levels indu-
cing breaking/formation events. This determines the global
non ohmic behavior observed since the application of low
voltages (figure 6). On the other hand, LIR samples are
characterized by a larger number of interconnections
between grains with a higher volume density; as a con-
sequence, the dissipated energy for volume unit and current
density assume different values compared to those of HIR
samples for the same applied voltage. The possibility to
observe reversible switches controlled by the voltage pulse
amplitude is due to the balance between connections for-
mation and breaking taking place at the nanoscale for the
different applied voltage values [23]. Higher voltages cause
a higher flowing current inducing several and consecutive
breaking phenomena between grains.

3.3. Switching correlation structure (ISI)

In order to verify the existence of a degree of correlation
among the electrical spikes observed in the cluster-assembled
films, we performed the Inter-Switch-Interval distribution
analysis as in the case of neuronal networks [8, 23]. In
figure 10 we report the ISI distribution for both LIR and HIR
devices polarized at 5 V. The distributions show a high
number of consecutive switches characterized by small
interval time between each other, giving rise to the higher
peak in the graphs. The longer time intervals are determined
by period of silence, i.e. where no switches are present; they
determine the tail at higher time interval in the ISI
distribution.

The maximum reached interval value can be different for
each class of samples. It is usually higher for LIR samples
(like the case in figure 10(a), these results arise from a pattern
with bunches of events (bursts) separated by longer interval of
times (see figures 5(c) and (d). For HIR samples we observe
shorter intervals as shown in figure 10(b), resulting from a
pattern of switches more uniformly distributed than the first
one (like that shown on figures 5(a) and (b). In both cases we
investigated the distribution trend fitting exponential and
power laws through the maximum-likelihood method
[23, 35], and we compared the confidence bounds of the
estimated parameters in both cases. We verified a power law
trend (figure 10(a)) for LIR devices; for HIR samples at low
applied voltage a bi-exponential trend better fit the data
(figure 10(b)). We argue that these differences arise from the
different morphological properties and number of junctions.

Figure 6. Switching activity of a HIR cluster-assembled film under
the application of voltage pulses (3 V) (y axis in log scale).
Reversible and consecutive events are observed due to the
application of low amplitude voltage pulses.
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For the LIR case, the presence of longer silence period in the
resistance series at higher voltages (see figures 5(c)–(d) and
the related discussion in the text) imprints a heavier tail to the
ISI distribution.

This wide range of explored intervals can originate from
the variety of structural defects and the consequent energy
and time scale involved in their evolution. As an example, we
consider the vacancy diffusion mechanism that could be
responsible for the resistance fluctuation, being it capable to
cover a wide range of relaxation-time interval, from 10−11 to
107 s [58].

To confirm this behavior, we compare the ISI distribution
obtained in different condition in figure 11. The ISI dis-
tribution and the fit results for two set of data obtained with
two different thresholds (n=4 and n=6 in equation (1)).
The results clearly show that there is no strong influence on
the choice of the threshold in the explored range. The ISI
distribution for different samples (both LIR and HIR ones) in
figure 11(b) and under different applied voltage (figure 11(c))
confirmed the previous observations: LIR samples present a

higher number of events at higher ISI (see the tail in
figure 11(b)), while at higher voltages can trigger an higher
number of bursted events (compare the trend of the curves in
figure 11(c)). In LIR devices we observe longer ISI, as shown
in figure 10(a), because of the presence of a larger number of
junctions and connections that require a higher energy dis-
sipation to activate bursts of switches. This makes the events
more grouped, with a lower probability (longer intervals
between events) but with a high number of events after the
activation (avalanche process).

This indicates a correlation between the switching events,
as further suggested by the pronounced tail of the ISI graph in
log scale.

In order to corroborate this observation, we performed
the burst analysis comparing shuffled and original data (as
described in the last part of section 2.3). The results are shown
in figure 12(a), where the distribution of the bursty period
(defined as the sequence of the number n of events where
each one follows the other in a time window Δt) is plotted for
different Δt: the dotted curves (shuffled data) has a faster

Figure 7. (a) Potentiation behavior of LIR samples under the application of a train of pulses near the voltage threshold (27 V in this case,
width 1 s). (b) Switching activation of the LIR film (y axis in log-scale). After the potentiation trend shown in (a), the resistance abruptly
increases. Note that the resistance scale does not allow to recognize the potentiation progression that appears as a straight line.

Figure 8. (a) Transition to a low resistance level under the application of low voltage pulses (5 V) for LIR sample. (b) Transition to a higher
resistance level under the application of high pulses (20 V). Y axis in log-scale for both graphs. (c) An example of consecutive transition from
the higher resistance level to the lower one and vice-versa for a LIR sample observed under the application of consecutive low (10 V) and
high (30 V) voltage pulses.
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Figure 9. Schematic representaion of the atomic rearrangements at a single grain boundary, due to current flow, giving origin to switch
events. Different colors identify regions with different crystalline orientations. The starting configuration (1) represents the initial grain
boundary atomic arrangement. During current flow through the boundary joule heating causes locally a temperature increase that favors
crystalline plane rearrangement and defect elimination thus decreasing the local resistance (2). The higher current density causes further
heating and breakdown of the electrical connection (3) resulting in a sudden increase of resistance. The current flow redistribution among
adjacent regions causes further atom migration and reconstruction of the electrical connectivity between the grains (back to 1). This
dynamical rearrangement is at the origin of the spiking behavior reported in the central panel.

Figure 10. ISI distribution for measurements at 5 V. (a) Results for a LIR sample: the power law obtained by the maximum likelihood method
is shown in the log-log scale graph (the estimated parameter with the confidence bounds at 95% certainty level is shown in the legend) (b)
Results for a HIR sample: the bi-exponential trend that better fit the data are shown in the graph in semi-log scale (the estimated parameter for
each exponential branch with the confidence bounds at 95% certainty level is shown in the legend).
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decrease than the continuous ones (original data). This is due
to the presence of longer ISI in the data that are washed away
after the shuffling process. In samples with a more uniform
switching pattern (like in HIR samples at low applied voltage)
the two curves are more similar (data not shown). Although
we cannot fit a power law trend due to the small number of
points, a pure exponential behavior (that should be an hint of
independent and random events [37]) has never been
observed for the original data; we never observed exponential
trend for the data and the curve shows an heavy tail unlike the
shuffled data one. We point out that similar trend is
encountered studying the electrical activity of neurons (see or
example [37, 59]). To exclude the influence of the selected
time window to perform the analysis, we compared different
curves in the same graph (figure 12(a)): they all show the
same trend; the slight difference in the green curve can arise

from the higher time window so that uncorrelated periods are
merged together.

We also performed the analysis of the power spectral
density (PSD) of the overall data noise. The fluctuations in
measured electrical quantities can give important information
about the phenomena involved in the flowing of charges and
their interaction with the particles that compose the studied
system [58, 60]; so the PSD can give a deeper insight into
their time correlation [61–64]. The measured resistance of
cluster-assembled films shows a / af1 scaling behavior in
the range of analyzed frequencies (figure 12(b)), with

a< <1 1.5. No significant differences were observed
among LIR and HIR devices. We observe a dependence of
the exponent α from the applied voltage, resulting in lower
absolute value at lower voltage in most cases, as shown in
figure 12(b).

Figure 11. (a) ISI distribution for the same sample under the same applied voltage at different threshold. The distribution and the resulting fit
are not substantially affected by the chosen threshold. (b) ISI distribution for different samples (LIR samples blue and red curves, HIR
samples green and yellow curve) obtained under the same applied voltage (5 V). (c) Typical ISI distributions for one sample obtained under
different applied voltage (5, 15, 25 V). This shows as the applied voltage can determine the inter-switch interval distribution.

Figure 12. (a) The number of consecutive event distribution for different time windows Δt (1, 3 and 6 s) in log scale. Each curve of the
number of consecutive events distribution (continuous line) is compared with the distribution obtained after the shuffling process (dotted
line). (b) The power spectral density of the resistance data series of a cluster-assembled film in log scale for the same sample under two
different applied voltage (5 and 25 V).
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4. Conclusions

We have quantitatively characterized the resistive switching
and the electrical spiking activity of nanostructured Au two-
terminal devices under the action of d.c. and pulsed voltage.

Our data show that the electrical behavior is influenced
by the initial resistance of the cluster assembled films and that
stable and reproducible features in terms of potentiation and
reversible transition from low-resistance to high resistance
states are present.

The electrical activity of cluster-assembled films is char-
acterized by irregular bunches of spikes caused by resistive
switching events, their analysis in terms of ISI show a strong
correlation for bin widths of seconds; burst size and duration
follow power law distributions. The spiking dynamics can be
described by a power law distribution for LIR devices. The
measured resistance of cluster-assembled films shows a 1/fα

scaling behavior in the range of analyzed frequencies.
Au cluster-assembled films have a nanocrystalline

structure characterized by an extremely high density of grain
boundaries and crystalline orientation mismatch that deeply
affects the electrical conduction. The flow of electric current
causes the rearrangement of nanocrystalline domains and
grain boundaries with the consequent dynamical creation and
destruction of pathways with variable resistance causing the
switching events.

The simplicity of fabrication and integration of nanos-
tructured Au two-terminal devices on standard and polymeric
substrates [26] make them very interesting candidates for the
integration of neuromorphic elements in systems where the
use of standard CMOS-based technologies is difficult and
expensive [65]. The switching activity and its dependence
from external stimuli [26] can open interesting perspectives
for the fabrication of systems where a certain degree of sto-
chasticity is needed [14, 31] and for the development of mem-
sensing platforms [66].
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