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Programmable Functional Connectivity and Synchronous
Activity in Resistive Switching Self-Assembled

Nanostructured Networks

Davide Decastri, Thierry Nieus, Cristina Zuccali, Flavio Giacomozzi, Leandro Lorenzelli,

Francesca Borghi,* and Paolo Milani

The efficiency of biological data processing systems is based on their adaptive
connectivity and on the mutual interactions of their elements at different scales.
These features are not substantially present in the design of electronic archi-
tectures based on conventional integrated circuits. The exploitation of self-
assembled systems characterized by nonlinear dynamics is actively investigated
as a viable alternative strategy to develop energy-efficient data processing
devices. However, the encoding of external stimuli and the decoding of infor-
mation from the analog response of such systems is still a challenge. Here we
characterize the functional connectivity and the synchronicity between active
sites in cluster-assembled nanostructured Au films showing resistive switching
behavior by a combined approach based on micro-thermography and electrical
measurements. We investigate the complex mechanisms involved in the network
reorganization leading to its resistive switching activity and we identify the
interplay between network dimensions and its emerging electrical behavior. We
investigate the control on the synchronous activity and on the connectivity of the
micrometric active sites which rule the emerging network dynamics and determe
the performance of data processing devices. This activity is described using data
analysis techniques commonly used in neuroscience, which are proposed for the

1. Introduction

The rapidly growing demand for computa-
tional power of electronic devices, prompted
by the widespread Al-based applications in
our all-day-life,!"! is not adequately supported
by energy-sustainable solutions due to the
lack of hardware architectures escaping
from the limitations of the von Neuman
bottleneck.

Alternatives in terms of sustainability can
be taken from biological models and, in par-
ticular, from the mammalian brain that is
characterized by outperforming efficient data
processing capabilities emerging from a
complex wiring of interconnected neurons,
interacting and adapting at different scales
in response to external stimuli*™* These
systems are based on a redundant and adap-
tive neuronal network activity, in which the
structural and functional organization of
neural network at different scales mutually

first time to characterize neuromorphic systems.
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influence each other and result into complex

emerging behaviors.**!
In mammalian brains, individual neu-
rons count for little; it is population activity
that matters.>® Recurrently connected networks of spiking neu-
ronal cells underpin the astounding information processing capa-
bilities of the brain, which can learn through synaptic plasticity to
carry out complex network computations. Part of the difficulty in
understanding population coding is that neurons are noisy, which
means that the same pattern of activity never occurs twice, even
when the same stimulus is presented.” In this context, correlation
and simultaneity within spiking activity of different neurons may
play a crucial role in decreasing/increasing the amount of infor-
mation that is decoded by population activity, in a nontrivial way.!
Since neural cells are recurrently connected, forming a certain
number of recursive loops, their own connectivity plays a crucial
role in the coordinated and synchronous firing of the population.”!
In vivo, waves of spikes transiently characterize the activity of devel-
oping brain circuits and are fundamental for activity-dependent
circuit formation.®® Interestingly, neurons in vitro can also self-
organize and rewire to form networks!'” that spontaneously
express a rich repertoire of coordinated spiking activity after a
few weeks of growth. Collective spiking patterns, referred to as net-
work bursts!™! in which most neurons in the network fire
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together,l'” can rather persist over time, lasting up to a few
months.™*! Particular local connectivity plays a crucial role in
the upcoming of network bursts.'*) Moreover, it has been shown
that the same regions carry most of the state-dependent informa-
tion about external stimuli and undergo plastic reorganization
affecting how the network bursts propagate in the network.***!

Although from a biological point of view, the mechanisms of
stimuli and information encoding/decoding in neuronal popula-
tions and the role of noise are still a matter of investigation, the
exploitation of artificial systems based on self-assembled materi-
als, emulating the complex and adaptive structure of the brain for
data processing, is actively studied."*>% In particular, the exploi-
tation of the emerging behavior at different scales in complex self-
assembled artificial systems is a strategy that could lead to a more
efficient data processing,**? and possibly to the advent of a new
concept of in materia computation.'”*!! The main physical phe-
nomena driving nonlinear electrical behaviors and memory effects
in self-assembled systems are the formation/destruction of metal-
lic filaments between nanowires!'®*>** or through insulating
shell around metallic nanoparticles,”>*! as also the reorganization
of grain boundaries at the junctions of a nanogranular metallic
structure.”?% Self-assembled networks of nanoparticles and
nanowires have been exploited for physical reservoir comput-
ing,"”*% for nonlinear transformation tasks,**? and as Boolean
functions classifier."” To reach this goal, the characterization of
the activity of self-assembled systems at different scales and the
control over it through proper stimuli and feedback loops are of
fundamental importance.

Accessing information about the dynamics that produce the
complex electrical behavior such as resistive switching (RS) activity
in self-assembled nanostructured systems is challenging for sev-
eral reasons. Electrical resistivity tomography (ERT) analysis has
been developed®*** to allow the mapping of electrical conductivity
in self-assembled networks. However, ERT algorithm is based on
linear approximation of the electric characteristics, thus it fails in
case of strong nonlinearity or anisotropy in local electric conduc-
tion. Furthermore, the local solution reconstructed with finite ele-
ment method algorithm becomes increasingly inaccurate as the
distance from the electrodes grows, and the results are affected
by the meshing procedure. Lock-in thermography has also been
used to describe the change in conductance pathway characteriz-
ing random-assembled Ag-TiO, nanowire network.’>! However,
the control on network dynamic was not achieved, and the work is
rather on selective modification of the conductive scenario, with-
out a programmable protocol and a systematic approach.

Here, we propose a strategy based on micro-thermography and
electrical measurements, for the study of the spatial and temporal
dynamics of the resistive switching activity of a nanostructured
gold network.*! Cluster-assembled films produced by supersonic
cluster beam deposition (SCBD)"” have been widely studied both
experimentally?®’%*#-2 and theoretically,?>**! as resistive switch-
ing systems that can be used for neuromorphic data processing
tasks."”?”! The main mechanism responsible for their electrical
conductivity behavior is the stochastic reorganization of the grain
boundaries of gold cluster-assembled films,**#%***3! driven prin-
cipally by electromigration and Joule heating.

Furthermore, we describe the adaptive reorganization of the
nanostructured network, from the nano to the macro scale, along
with all those strategies used to control the network connectivity,
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the synchronicity, and correlation of activities emerging in
different micrometric sites of the nanostructured network, which
promote its overall resistive switching electrical response. A
network correlation coefficient, describing the activity of local
micrometric sites, is adopted according to an approach typical
of neuroscience.

2. Experimental Section

2.1. Nanostructured Thin Film Production

Nanostructured gold films (ns-Au) have been deposited via
SCBDE7##¢ between two sputtered gold electrodes (100 nm
thick) on glass substrate; lift-off methods of photoresist masks
have been used to obtain the suitable lateral resolution of the
films (Figure 1a). Cluster-assembled nanostructured films are
highly porous and disordered, resulting from the stacking of
nanoparticles according to ballistic deposition principles.*”)
The nanostructured films are formed by nanometric cubic phase
Au clusters,*! characterized by a bimodal distribution,***” with
very small aggregates peaked at 0.40 nm and a population of the
largest clusters around 6 nm. A further detailed structural char-
acterization of the pristine ns-Au, by means of X-ray photoelec-
tron spectroscopy, has already been provided in ref. [48]. Gold
cluster-assembled films have been deposited beyond the electri-
cal percolation threshold (thickness about 10-20 nm).

The main steps of sample fabrication are summarized in
Figure 1a. We produced nanostructured gold thin films with differ-
ent dimensions to investigate the role of the film dimensions in the
emerging of the complex electrical behavior. Specifically, the size of
the edge parallel to the overall current direction, i.e., the length (that
corresponds to the distance between the electrodes), ranges from
125 pm to 1 mm, and the size of the edge perpendicular to the cur-
rent direction, i.e., the width, ranges from 125 pm to 2 mm (see the
sketch in Figure 1c for reference).

2.2. Micro-Thermographic and Electrical Measurements

We used an uncooled micro-bolometric thermal camera (Flir A655sc,
NETD 30 mK) equipped with close-up lens (Instantaneous Field of
View, IFOV 25 pm) for thermal imaging of the ns-Au samples dur-
ing electrical stimulation (a schematic is shown in Figure 1b).
Videos were recorded at 50 Hz. Electric stimulation and measure-
ments (application of constant voltage/bias) have been performed
using a Keithley 2606B SMU, with sampling frequency of 20 Hz.

Glass is a good electrical insulator substrate, with also
both low thermal conductivity (~1%) and low specific heat
(~840] g~' K™!). Low thermal conductivity allows to reduce heat
diffusion through the sample and to localize precisely the areas
involved in RS of the ns-Au above it. Low specific heat allows to
have fast thermal transients,!**) and consequently, to obtain good
temporal responsivity.

As-deposited ns-Au thin films are ohmic conductors and show
linear electrical properties. After a proper electric stimulation
was provided (i.e., current flowing is high enough), ns-Au films
undergo structural modifications over the entire nanostructured
network triggered by different physical mechanisms (thermally
promoted dewetting and electromigration) well described in
refs. [36,42], and RS activity is triggered. We call this process
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Figure 1. a) Schematic representation of the main steps in ns-Au thin film microfabrication. After electrodes deposition and lithography, a sacrificial layer
of photoresist was applied. Gold nanostructured film is deposited by means of SCBD, and photoresist lift-off was accomplished by acetone immersion.
b) Schematic representation of the experimental setup. Electric measurement and IR images were collected by a computer for data analysis. ¢) Schematics
of the samples and figurative summary of the vocabulary. d) Examples of analysis performed by the TE recognition algorithm. Surface representation is
adopted to highlight the effects of denoising. (1) Differential image of consecutive frames (Il), same image in (I) after smoothing, (Il1) thresholding

process for TE recognition.

electric forming process.*® This procedure was carried out by
stimulating ns-Au films at constant bias for 1min, and, in
absence of the expected abrupt increase in electrical resistance,
a further stimulation was provided, increasing the applied bias.
Since different ns-Au geometries were explored, we chose the
voltage step between two subsequent stimulations to keep the
variation of the mean electric field constant to 2 x 10 Vm™".
This strategy allowed to have uniformity in the forming pro-
cesses, irrespective of the sample dimensions.
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We have already demonstrated how the forming process and
the resulting resistive switching activity do not depend on the
gold pristine cluster size.[*”!

2.3. Identification of Thermal Events
Electric stimulations at constant bias were performed after form-

ing, as described in ref. [27], to explore the resistive switching
activity of the gold nanostructured network. After forming, the
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electric conduction of the ns-Au thin film was no more uniform:
regions with much higher current density respect to the sur-
rounding were often detectable by micro-thermography in the
form of “hotspots”, due to local joule heating effect. During a
constant voltage stimulation lasting few minutes, hotspots can
change their temperature, and new hotspots appear in different
regions of the nanostructured network (a video acquired by
micro-thermography of a ns-Au activity during electrical mea-
surement is available in Supporting Information).

To describe this rich phenomenology, we adopted the follow-
ing vocabulary (reported graphically in Figure 1c): conductance
variations detected by means of electric measurements were
referred as “electric events” (EEs). Here, we referred to “thermal
events” (TEs) to indicate significant (compared to noise, see in
the following paragraph an in-depth discussion) temperature var-
iations detected along the ns-Au. Since thermal image provided
also spatial information about TEs, we defined “active site” (AS)
any location where one or more TEs have been detected. The
notion of AS is strongly related to our spatial resolution (about
25 pm) because we did not have the possibility to distinguish fea-
tures on scales below thermal camera IFOV.

EEs have been detected comparing absolute conductance var-
iations with multiples of noise standard deviation (see ref. [27] for
further details). As we did for EEs detection, we used an analo-
gous algorithm for automatic TEs detection in thermal images
(Figure 1d). MATLAB environment was used to develop the soft-
ware. In this case, we performed pixel-by-pixel difference (in
short, a time derivativel®”) between frames 40 ms apart (we call
this “differential time series”) because this is the typical time
scale on which thermal transients take place in our systems.
We processed the image that has been obtained by difference,
performing denoising using 2D discrete wavelet transform
(DWT) and reconstruction by means of a first-level low-pass fil-
ter. This step allows to effectively smooth random temperature
variations with high spatial frequency that are mostly due to elec-
tronic noise, sensor instability, and nonstationary environmental
conditions. Furthermore, DWT reconstruction allows to enhance
the importance of temperature variations taking place on broad
length-scales, that are likely to be actual TEs, due to the expected
heat diffusion along the ns-Au and the substrate. TEs were then
detected by means of simple thresholding: if the modulus of the
maximum temperature variation exceeded a threshold, a TE was
detected. The threshold of 0.7 K was fixed considering both the
standard deviation of the noise, that has been estimated to be of
the order of 0.1 K (but can slightly vary between noise equivalent
temperature difference (NETD) and 0.15 K, depending on the
stability of atmospheric condition and camera warmup period),
by analyzing the temperature fluctuations in the thermal images
in absence of electric stimuli, and the presence of spurious ther-
mal transients along the ns-Au films after most intense TEs, that
can produce erroneous event detection.

2.4. Spatial Occurrence of the Thermal Events

We used principal component analysis (PCA)®"*?! as a data min-
ing technique to extract features from our recordings. PCA is an
unsupervised learning algorithm for dimensionality reduction
based on the search of linear combinations of variables that
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better accounts for the variance in a dataset. The first step of
PCA consists in diagonalizing the covariance matrix and describ-
ing the dataset in the basis of PCs. This procedure is generally
profitable because it allows to effectively detect a small subset of
PCs (i.e., linear combinations of the experimental outcomes) that
accounts for most of the data dispersion. In the second instance,
it is possible to reduce the dimensionality of the data, by exclud-
ing less informative PCs, i.e., those associated with the smallest
eigenvalues.

From the perspective of this study, each frame represents a set
of coordinates in a space with dimensionality equal to the num-
ber of pixels, while the collection of frames composing the
recording is the experimental dataset. The idea behind the appli-
cation of this strategy is the following: if some features (e.g., sys-
tematic temperatures variations occurring simultaneously in a
specific set of pixels) are present in the dataset, they are respon-
sible for the spreading of data along specific directions in the
experimental domain. For this reason, we expect that due to
the presence of TEs, the pixels framing ASs produce highly
spread readings respect to other pixels and can be effectively
detected by means of PCA. The reader must be very careful to
notice that PCA is not a clustering technique, and furthermore,
it assumes only the first two moments of the data distribution
(i-e., mean and variance) to be nonzero. PCA tends to be ineffi-
cient if data distribution presents very complicated features,®"
that necessitate nonzero higher-order moments to be accurately
described. For this reason, it can happen that multiple directions
of large variance are mixed (see ref. [51]). Our main goal in using
PCA is to perform dimensionality reduction to highlight,
through AS detection, the possible existence of few stereotyped
dynamics in our system.

2.5. Correlation Index of Active Site Activities
Here, we describe the spike time tiling coefficient (STTC),"*
usually adopted to measure correlation and synchronicity in neu-
ronal activity, and here adapted for the description of RS activity
taking place in different active sites (ASs). The main assumption
of STTC is that the spiking pattern is stationary.®*! This was
addressed in this nonbiological system by calculating it over long
RS activity traces, acquired at the lowest possible bias, to ensure
accurate STTC assessment in steady resistive switching regimes.
Considering a recording of duration T and given one AS A,
where a number of N, thermal events (TEs) have been detected,
the time instants where TEs happen in A, 0 <t} < T with
i=1,...,N,, and a synchronicity window At, we define:

Na
Ty = {U[tﬁ — At t;.“+At]} N[0, T) 1)

i=1

i.e., the set of all time instants “in proximity” (according to the
synchronicity window) to any TE happening in A during the
recording, and thus “available” for a coordinated activity with
B. Note also that T is defined by considering intervals starting
before TEs in A. This in not conflicting with causality principle
but instead accounts for the possibility that events in B trigger
events in A.
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We use T to define two other important quantities. At first,
we define:

T, =404 @)

where A(T,) denotes the Lebesgue measure of T,. Roughly
speaking, T, represents the fraction of time that is “occupied”
by the activity detected in A.

Given another AS B, we define:

[{tP:tP € Tp,i=1,...,Ng}|
Np

PA(B) = G)
where the notation || represents set cardinality. P, (B) is the frac-
tion of TEs in B that happen simultaneously to any TE in A,
according to the synchronicity window At (i.e., happen within
+At from at least one TE in A). If the recording period is suffi-
ciently long, both T, and P, (B) can be regarded as probabilities.

The basic idea behind STTC is the following: supposed to
know the dynamics that is likely to produce the correlations
and thus to be able to set a reasonable value for At (or, at least,
to set an upper bound to At) and considering a sufficiently long
recording period, if the activity in A is completely uncorrelated to
the activity in B, then it should be P,(B) = T4. On the contrary,
if activities in A and B tend to be positively correlated, we expect
that P,(B) > T,. Similarly, in case of anticorrelation
Pp(B) < Ty.

By using the quantities that have been defined above, STTC
has the form:

_ 1 Py(A)—Ty\ 1 [ Ps(B)— Ty
STTC_Z <1_PB(A)TB) "2 (1_PA(B)TA) (4)

STTC is defined to fulfil symmetry with respect to A and B,
and the normalization ensures that it is bounded between
STTC = —1 (fully negatively correlated) and STTC =1 (fully pos-
itively correlated).

Despite STTC is widely used to study biological neuronal
cultures,?*% to our knowledge, this is the first attempt to per-
form this kind of analysis on a nonbiological system. We chose
this coefficient to provide an estimate of the correlation and syn-
chronicity in RS traces since, compared to other possible metrics,
it has been shown to be independent from the typical firing rate
of the system.”! Note that At is the only free parameter of the
model; this allows to evaluate pairwise correlation in RS activity
recorded in different ASs within a sliding window, to be infor-
mative about correlation timescale. In fact, this parameter can be
set a-priori if the timescales of the physical (or biological) mech-
anisms that lead to interactions are known. In the absence of a
physical hypothesis it can be varied to check the presence of typ-
ical timescales of correlation.*®! Due to the lack of precise infor-
mation regarding the physics that could drive interactions in our
system, we followed the second strategy. STTC was computed
varying At ranging over two orders of magnitude: from 0.02 s
(i-e., thermal camera sampling period) to 20 s (sufficiently lower
than the sampling period, i.e., 300 s). By increasing the synchro-
nicity window, i.e., assuming the presence of interactions on
long time scales, we expect that coordination increases.
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We also provide an estimation of the firing rate in TE temporal
series corresponding to single ASs. Assuming the presence of a
bursting RS activity in correspondence of single ASs (our find-
ings support this assumption, see Section 3), we adopted the
method described in ref. [53] to identify bursts and then we esti-
mate inter switch intervals (ISIs) inside bursts. The method for
burst detection is adaptive, i.e., it identified bursts without a pri-
ori knowledge of ISIs timescales, and it relied on the statistics of
the time series itself. It consisted in the separation between short
ISIs (most probably belonging to bursts) and long ISIs (linked to
silence periods, i.e., intra-burst intervals) through a comparison
with ISIs mean. The procedure is repeated over the set of short
ISIs to exclude all intra-burst intervals with high confidence.

3. Results and Discussion

3.1. Forming Process

We characterized the forming process of ns-Au films with length
1 mm and width 2 mm. During the forming process, heat is dis-
sipated through the glass substrate and along ns-Au films, as also
on the gold electrodes. The temperature profile along the direc-
tion of the current flow presented a smooth peak roughly in cor-
respondence to the center of the conductive film, as expected and
described in refs. [57-59]. After forming, we observed a signifi-
cant decrease of radiance in the central area of the ns-Au film
(see Figure 2a). This is presumably due to film morphology mod-
ifications induced by the heating caused by the forming process:
we already reported that heat promotes dewetting phenomena
and ns-Au thin films reorganization.*®*? This leads to a
decrease of the coverage,*® thus causing a reduced contribution
of Au (poorly emissivel®”) and an increased contribution of glass
(highly emissive, roughly € = 0.8) to the radiance. On the right of
Figure 2a, atomic force microscopy (AFM) images of the ns-Au
thin films, before and after the forming process, are reported.
The reorganization of the gold thin films, at the nano and meso-
scale, is noticeable. Specifically, the network undergoes an
increase of a factor of 2 in cluster size, with the main peak shift-
ing from 6 to ~11nm, as demonstrated by X-ray Diffraction
(XRD) measurements published in ref. [36]. Furthermore, a
mesoscale reorganization of the network, principally driven by
dewetting and electroforming processes,*® is evidenced by
the change in the root-mean square roughness (Rq) of the
film, as calculated from AFM images: Rq increases from about
3 to 6nm.

The consequence of these effects is to produce an increase in
the emissivity (see Figure 2a) and concurrently a decrease in
reflectivity (according to Kirchhoff law®®) of the physical systems
(see also Figure S1, Supporting Information). Regarding the con-
tribution of Au, we stress that also the modification of ns-Au
morphology at the nanoscale over the entire samplel®* can lead
to a change in optical properties in the long-wave infrared spec-
trum, as pointed out in ref. [61]. It turns out to be challenging to
obtain a reliable estimation of ns-Au emissivity. The IR radiation
detected by the camera is produced by both the nanostructure
and the substrate, and it is difficult to disentangle the two con-
tributions. The interfaces between different materials play also a
role, along with reflections, in determining IR optical properties
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Figure 2. a) Radiance recorded from the as-deposited ns-Au sample and after the forming process. On the right, AFM images of the ns-Au thin films, (1)
before and (l1) after the forming process. An AFM image, magnification of the region interested by the groove, is shown at the bottom (ll1). b) Optical
image of the groove, arising perpendicularly to current direction during the forming process. c) IR images of ns-Au film in five different instants of the
recording, after the forming process. The connectivity changes during the stimulation, and different hotspots are immediately detectable. The applied bias
is 3 V. d) Histogram of the variations in conductance (I) due to RS, detected by means of SMU, and associated variations in local temperature due to all
TEs (11), as detected from the ns-Au sample using the thermal camera. Data are recorded during stimulation at 3 V.

of the physical system.**! To obtain reliable temperatures meas-
urements, we simply estimated the emissivity of the overall ns-
Au/glass system after the forming process, by using the direct
method.[*? We found an emissivity value between 0.65 and
0.70, in good agreement with the theoretical value found using
the model in ref. [36], i.e., the mean of substrate emissivity and
theoretical ns-Au emissivity, weighted for respective coverages.

We obtained the evidence from thermal images that conduc-
tion in ns-Au is no more uniform after forming completion.

Small Struct. 2025, 6, 2500330 2500330 (6 of 15)

In particular, some hotspots are clearly detectable in thermal
images during conduction (see Figure 2¢) and from an optical
inspection it is evident that a “groove” is often present along
the deposit after forming, with its magnified view shown in
the bottom AFM image of Figure 2a and the full view displayed
in the optical image in Figure 2b. The groove preferentially forms
in the central region of the film, where the highest temperature is
reached, leading to the most significant morphological changes
driven by both Joule heating and electromigration effects.
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The groove is thus one of the main responsible for resistance
increase that has been always reported after forming, along with
the reorganization of the network morphology and connectivity
over the entire nanostructured sample.*® Evidences of the reor-
ganization of the thin film during the forming process, at the
nano and mesoscale, have also been provided by SEM and
HR-TEM characterization.*®*?

3.2. Pairwise between Resistive Switching and Local Thermal
Events

The spatial distribution of the hotspots detected after the forming
process by the thermal differential video (as the frame shown in
Figure 2c) was concentrated in correspondence of the groove. This
highlights the presence of different conductive pathways respon-
sible of resistive switching activity along the inhomogeneous
region that act as a “bottleneck”, where current density is consis-
tently higher than the surroundings, leading to important joule
heating and electromigration effects, as pointed out in ref. [40].

Hotspots always presented a sharp peak of temperature in cor-
respondence of few pixels (Figure 2c). Since our spatial resolu-
tion was limited to micrometric scale (see M&M), and due to the
broadening effect caused by heat diffusion, it is difficult to pro-
vide a reliable estimation of the actual diameter of the region
interested by RS events. However, in most cases, it is possible
to indicate an upper bound for this quantity, i.e., camera
Measurement Field of View (MFOV)=3*IFOV ~75um. We
have often observed a sharp peak in temperature in correspon-
dence to a single pixel, so it is possible that the actual diameter of
the region interested in RS phenomena may be smaller than
IFOV =25 pm.

Interestingly, we find that TEs and EEs are essentially pairwise
synchronized: almost every detected local TE happened concur-
rently to an EE recorded as network electrical activity by the gold
electrodes, thus proving that TE were linked to RS and identified
with a local (tens micrometers large) active site (see Figure 3a).
Due to the evidence of the presence of localized ASs, we used
micro-thermography to track the RS activity in different locations
of the sample, i.e., to disentangle the contributions from differ-
ent ASs. We exploit the fact that the areas of the sample under-
going strong temperature variations are easily detectable in PCs,
to identify ASs locations. Then, we built time series of TEs asso-
ciated with single ASs considering only TEs whose peak belongs
to centers first or second nearest neighbors (Figure 3a). Time
series associated to TEs recorded by different ASs will be further
analyzed in the next paragraphs.

We stimulated ns-Au thin film for 5 min with different biases
to trigger RS events. RS turns out to require a voltage threshold to
be activated, that was found between 1 and 2 V. According to our
findings RS is a threshold-activated phenomenon, similarly to
analogous systems.’””**! We have also performed electrical char-
acterizations at higher voltages (3 V), also reversing the bias at each
step. We show in Figure 2d the histograms of both the tempera-
ture and the electrical conductance variations detected, for a rep-
resentative ns-Au sample at constant bias (3V). Most of the
conductance variations due to the exploration of different resistive
levels produced multimodal and symmetric features in the
resistance histogram, that are present also in the temperature
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histogram, highlighting preferred ways for the network to struc-
turally and electrically reorganize. This is a consequence of heating
and cooling of the same ASs in multilevel RS.””) Even if the maxi-
mum temperature recorded over an AS is in the order of few tens
degrees Celsius above room temperature, it is likely that the actual
temperature reached by an AS is substantially higher but cannot
be measured essentially due to limitation in spatial resolution.

A further increase in the voltage applied has often led to explore
more frequently high resistance states (10°~10° ), where hotspots
are no longer detectable, suggesting the predominance of different
conduction mechanisms that due to extremely low currents were
not suited to be characterized with micro-thermography.

In Figure 3b,c, we show the comparison of the time series of
the detected EEs and TEs, for two different biases, i.e., 2and 3 V:
by increasing voltage more RS events were triggered, and the
activity tended to be more pronounced at the beginning of the
stimulation, suggesting a nonstationary process.

3.3. Temporal and Spatial Distribution of Active Sites

Electric RS consists of local rearrangements of grain boundaries
in the ns-Au sample, and concurrently, in local heating (or cool-
ing) of the sample in the specific regions in which the rearrange-
ment principally happened. Regions in the real-time series that
underwent temperature variation were easily detected by PCA,
because they were responsible for the major amount of variance
in the dataset. If RS was triggered, the number of principal com-
ponents (PCs) that accounted for larger amount of explained var-
iance in the dataset of 15 000 recorded frames (5 min of electric
stimulation), was of the order of few units (usually in the order
of ten). This highlights the presence of few preferred configura-
tions in electric conduction, each characterized by a different set
of conductive ASs, confirming the major distribution of TEs
close to the groove formed during the forming process.

Being the groove roughly perpendicular to current flow, our
observations suggest that ns-Au multilevel RS was mainly linked
to the formation and destruction of conductive paths in parallel.
This finding is particularly significative because it highlights an
important difference between ns-Au films and nanowires assem-
blies, where stimulation often led to winner takes all dynam-
ics,>% je., the tendency to reinforce a single conductive
path. Furthermore, this fact accounts for nonlocal interactions
between different regions of the thin film and spatial correlation,
which can be exploited for data processing applications.!**"!

First, it is evident that the number of ASs is much less than the
amount of TEs (see Figure S2, Supporting Information). In
5 min of recordings, we have usually observed the presence of
less than ten ASs, while at bias >1V it is common to observe
tens or hundreds of TEs. This implied the ASs formed recur-
rently in the same position. Furthermore, switching activity is
not evenly distributed in time over all the ASs: some of them
present a richer temporal activity and much higher number of
TEs respect to others, that are rarely triggered.

We characterized the temporal distribution of TEs for each
single ASs, following the procedure summarized in the previous
paragraph. We found that strong temporal correlation is present
in the TEs traces related to specific AS (see Figure S3, Supporting
Information): it is common to observe periods (“bursts”) of
intense switching activity lasting several seconds, followed by
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Figure 4. a) lllustrative case of the first eight PCs in the dataset of the thermal images acquired with bias equal to 2V and b) 3 V (same of Figure 3). PC
modulus is normalized and dimensionless. ASs are easily detectable in the first components. c) Percentage of cumulative explained variance for each PC.

In Figure 4, we reported the results of applying PCA on the
thermal time series acquired under different biases (2 and 3 V).
PCA turned out to be an effective method to resolve the local
regions responsible for RS activity. The larger amount of variance
was explained by the first ten components or less (Figure 4c),
where ASs are easily detectable. From the comparison of the
analysis in Figure 4a,b, it is possible to notice that increasing
the applied bias RS activity can be triggered in more ASs.
Notice that due to both the AS coordination and the nontrivial
distribution of the experimental points (see the discussion in
Section 2), some ASs were present in more than one PC.

For voltages much higher than the upper bound of the present
range (5 V or more), the current density is sufficient to break the
conductive paths corresponding to all the ASs, and the sample
tends to explore only a high resistance state (10°~10° Q), without
any AS clearly detectable by means of micro-thermography.

3.4. Critical Dimensions

To verify the role of film dimensions in the emerging of the com-
plex dynamics of ns-Au network, we produced nanostructured
samples with different geometries at the micrometer scale.

Small Struct. 2025, 6, 2500330 2500330 (9 of 15)

Both width and length were reduced to approach thermal camera
MFOV. Two classes of samples, with reduced length or width
(down to 125 pm) were fabricated. Keeping one of the two dimen-
sions well above MFOV allowed to easily detect ASs and to study
the effect of shrinkage along the separate directions.

In accordance with our previous findings, in all samples with
small width (125 pm), only one or two ASs can be clearly detected
(see Figure 5). In contrast, reducing samples length (125 pm)
allows to maintain a higher quantity of ASs. These observations
confirm that ASs usually do not rise in series. If enough space is
provided perpendicularly to current flow, multiple ASs can
emerge in parallel.

These classes of samples can be also easily distinguished by
means of PCA: samples with length = 125 pm present a larger
number of ASs (comparable with that of macroscopic samples,
length = 1 mm, width =2 mm), that led to a higher number of
significant PCs. This is evident in the explained variance plot (see
Figure 5c).

Concurrently, the electrical characteristics are different for the
two classes of samples. In the first case (length 1 mm, width
125 pm), RS activity is still present but is rarer. In the second
case (length 125 pm, width 2 mm), RS is much more common.

© 2025 The Author(s). Small Structures published by Wiley-VCH GmbH
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Figure 5. a) PCs of differential thermal images of a sample with length =1 mm, width = 125 um. Two ASs are clearly visible in the first three PCs. b) PCs
of differential thermal images of a sample with length =125 pm, width=2mm. c) Explained variance comparison. In the case of samples with
length =125 pm and width 2 mm, the explained variance per PC decreased slowly due to the more complex RS activity, i.e., higher number of ASs
and TEs. d) Comparison between RS activity in samples with different geometries. Data were collected by applying 3 V on three replicate samples,
per each geometry. The red boxes and the gray planes represent the first and third quartiles, and the minimum and maximum values, respectively.

These results are expected since by reducing the width of the
samples also the number of reconfigurable local regions available
by current decreased (see also similar results in ref. [67]) and con-
sequently a higher number of available ASs led to a richer phe-
nomenology in electrical activity. To highlight this, in Figure 5d,
we report the number of RS events for the three classes of
samples that are the subject of the present work. For each sam-
ple, we reported the number of most significant events, i.e., the
events with amplitude higher than 107> Q% that are also easily
detectable by mean of thermal imaging.

3.5. Correlations in Network Activity

We also verified the presence of correlations between TEs taking
place in different ASs. A measure of the possible interactions
between TEs series is given by the STTCP? (see Section 2).
RS does not exhibit complete stationarity, as required by STTC
method, at least since the first ten seconds: immediately after the

Small Struct. 2025, 6, 2500330 2500330 (10 of 15)

beginning of electric stimulation, RS events are more frequent
than the rest of the measurements. After several tens of seconds,
RS activity becomes stable, and silence periods of seconds or
minutes arise, along with bursts. This fact suggests that the system
underwent strong permanent modifications since a more stable
configuration was reached. With the aim to disentangle these
two dynamic regimes, and to work as far as possible in stationary
regimes, we computed the STTC separately over the first minute
and the last 4 min of the recordings. Figure 6 reports the results of
this analysis for a typical sample (length = 1 mm, width = 2 mm).

Interestingly, STTC showed high variability in ASs coordina-
tion. Some ASs present strong coordination on time scales typi-
cal of inter-burst activity (i.e., for synchronicity windows smaller
than 1 s). For other pairs of active sites, ASs tend not to be coor-
dinated on these time scales. In this second scenarios, significant
increase in STTC is obtained only by increasing the synchronicity
window to the order of seconds, or tens of seconds. From the
collected data, it is not possible to identify a typical distance
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Figure 6. lllustrative example of STTC coefficients, computed for different values of the synchronicity window and distances between ASs. a) Schematics
of the disposition of three ASs along the sample. b) Binarized recordings of the TEs in the ASs in (a). STTC computed for c) the first minute of recording
(interval from 0 to 60 s) and d) the last 4 min (interval from 60 to 300 s). STTCs computed on traces |/Il and |/IIl are emphasized. The applied bias is —3 V.

leading ASs to produce coordinated activity (Figure 6), since
coordination can arise at very different scales (also in ASs several
hundred micrometers apart). From STTC analysis, we can
deduce that closest ASs show correlated activity for a longer
period of time (Figure 6d), while correlated activity on shorter
period (Figure 6¢) can be reached even for ASs far apart, depend-
ing on network connectivity.

Despite ASs tend to be located near the groove, the morpho-
logical modifications due to dewetting during the forming pro-
cess take place in most of the ns-Au films, leading to further
complex connectivity of the network that in turn promotes
ASs to effectively interact over long distances. In this picture,
a RS event taking place in an ASs leads to a current redistribution
inside the network that can trigger further RS events in the other
distant ASs. Considering device-device variability and several
measurements at 3V, we have always observed the reduction
of the coordination between ASs during the last 4 min of record-
ing (Figure 6d).

Interestingly, we found that the applied bias can partially con-
trol the degree of coordination between ASs. When a RS event
happens with low bias, the redistributed current is not sufficient
to trigger further RS events in the neighboring sites, and the
degree of coordination is lower than for higher bias applied

Small Struct. 2025, 6, 2500330 2500330 (11 of 15)

(see Figure 7a,b for comparison). Film dimensions can also influ-
ence the coordination between AS’s activity. Despite the number
of them is much lower for narrower nanostructured film, their
activity tends to be correlated (see Figure 7c).

We also computed the center of mass (CM) of the conduction
map (see Supporting Information S4), to track a coarse-grained
evolution of the conductance during repeated stimulations. We
highlighted the presence of the initial chaotic transient, charac-
terized by strong displacements of the CM, lasting several
seconds, and the following stabilization in a preferred configu-
ration of conducting ASs, with less frequent modifications of
CM location. This fact highlights that after the transient occur-
ring at the beginning of a stimulation by a constant bias, ASs
reach a more stable configuration and are less prone to produce
RS events in response to current redistribution across the net-
work. In this phase, RS activity is much more linked to single
ASs that produced bursts locally, with less influences between
spatially separated regions, similarly to single-neuron spiking
behavior highlighted in ref. [63].

In a biological context, coordination between neural spike
trains is thought to play a key role in information propagation
and processing, as also in self-organization of the neural system
during development.®®®"! For instance, in spontaneous retinal
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Figure 7. STTC computed in the first minute of recording for a sample
with length=1mm, width=2mm at a) —2V and b) —3V, and for a
microfabricated sample with c) length =1 mm and width =125 pm.

activity, the propensity of two neurons to fire close in time to each
other can affect their wiring onto a common target.”! In a non-
biological context, and specifically in our nanostructured system,
STTC is a suitable method to describe the dynamics of the sys-
tem, independent on the firing rate, and to suggest the presence
of a certain degree of correlations in the network, i.e., the pres-
ence of interactive regions. Further studies are needed to evalu-
ate the entity of these network’s interactions, eventually the
formation of recurrent loops and feedback regions in different
sites of the nanostructured network.

3.6. Control of the Network Connectivity

Despite resistive switching is an intrinsically stochastic phenom-
enon, we explored the response of ns-Au thin film to pulsed stim-
uli to effectively tune the electrical response and conductive
pattern. The deterministic part in the electric response is partic-
ularly interesting from a fundamental point of view, due to the
possibility to explore information mapping in a physical sub-
strate (i.e., a sort of engram),”" and in view of future implemen-
tation of programming protocols of data processing systems
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based on ns-Au devices, such as for reconfigurable threshold
logic gates.2%2!

It is straightforward to understand that by applying sufficiently
high voltages all the conductive connections are broken, and the
sample goes to a high resistive state (HRS) (i.e., electrical resis-
tance > MQ), in which no ASs are detectable due to thermal cam-
era sensitivity. However, smaller biases are likely to reform the
conductive paths, allowing the sample to switch to a low resis-
tance state (LRS), in the order of kQ.

To study the effect of pulsed electrical stimulation, we applied
the following experimental routine: 1) five pulses with amplitude
6V and duration 250 ms, to drive the sample to the HRS (Reset);
2) thirty pulses with amplitude 2.5V and duration 250 ms, to
switch the sample back to a LRS (Set). For the Set operation,
two different protocols were employed, unipolar train pulses
and bipolar train pulses, i.e., all the pulses have the same polarity
(opposite to the Reset pulses), or every pulse has opposite polarity
respect to the previous one (in Figure 8 illustrative examples are
shown). The reset operation (corresponding to HRS) allowed to
repeat the Set operation multiple times starting from the same
initial condition, i.e., no conductive path formed inside the sam-
ple. The two different Set protocols were tested on the same
sample.

We observed that by applying unipolar trains of pulses there is
a low probability to trigger the formation of new conductive paths
(Figure 8D). To the contrary, a continuous change in the polarity
of the pulse train is way more effective in forming many connec-
tions. In fact, by applying alternate pulse trains an increasingly
high number of conductive paths is formed and present RS activ-
ity during the stimulus application (Figure 8c). This change in
conductive pattern is reversible and reproducible, as the conduc-
tive patterns reported in Figure 8 are consecutive in time (see
also connectivity changes after further repetitions of pulsed
stimuli reported in Figure S5, Supporting Information, per-
formed again on the same sample whose results are shown in
Figure 8). We tested five samples with width =2 mm to exploit
our spatial resolution looking at larger devices, and even if
device-device variability is present in terms of number of conduc-
tive paths and easiness to trigger their activation, this same phe-
nomenology was observed irrespective of the sample length.

An analogous phenomenology, along with the possibility of
reliably change the electric conductance of the system, was
reported in multiple nanogap-based devices,”? and it is likely
that the physical origin of RS in the systems under study was
similar to the one reported in the latter, i.e., atom surface diffu-
sion and field migration. In our case, the formation of conductive
hillocks/filaments sustaining high current densities (and conse-
quently, prone to the structural modifications due to electromi-
gration and joule heating) accounted also for the emerging of the
hotspots described in Figure 2, with high IR contrast respect to
the surroundings.

The control over the network connectivity and its reprog-
rammability enables the tuning of the conductivity map of the
nanostructured system. The emergence of new micrometric
active sites defines different resistance states of the overall sys-
tem, as recorded by two electrodes and stressed in the conduc-
tance distributions reported on the right of Figure 8b,c.

The controllability over connectivity, and therefore over the
resistance states of the system, is important for all those data
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Figure 8. a) Construction of the time series representative of the conductance evolution: for each frame (1), we detect the maxima per each row of pixels
parallel to the current direction (white squares) (Il), and these are used to build a 1D array of pixels representative of the conduction state of the sample. In
this way, it is possible to follow the evolution of the conduction of the sample during the electrical stimulation using a single 2D image. b,c) Evolution of
conductance of a gold nanostructured sample due to different pulsed stimulation. We applied two different train pulses protocols; namely, (b) unipolar
trains pulse and (c) alternate train pulse. On the right, the corresponding distributions of the absolute conductance values recorded from the ns-Au
sample during the writing pulses. The sample has length =125 pm, width =2 mm.

processing applications in which different resistance levels are
needed. For instance, this capability is essential for the imple-
mentation of programmable analog circuits, as gain amplifiers
and relaxation oscillators, where variable resistances composed
by cluster-assembled nanostructures have been integrated in
hybrid computing platforms with conventional components.”?!

The controllability on specific connectivity and resistivity maps
has direct implications also for nonlinear threshold logic gates
based on cluster-assembled materials.**2*7* Specifically, in
reconfigurable nonlinear threshold logic gates the weights asso-
ciated to the inputs are input-dependent, as introduced by the
Receptron model.”) In this nanostructured hardware, the non-
linear dependence of the weights by the inputs is implemented
by the complex connectivity of the network and the resulting con-
ductivity map.”"! Therefore, the ability to control the network

Small Struct. 2025, 6, 2500330 2500330 (13 of 15)

connectivity significantly impacts the device’s capacity to explore
a wide range of weight configurations, which is essential for
implementing a broad set of Boolean functions.

Furthermore, the control over the dynamic of the system, in
terms of synchronicity and correlated activity of its local active
sites, can be exploited for the processing of time-series, with
the methodology used in ref. [76].

4, Conclusion

We experimentally demonstrated the role of network reorganiza-
tion at different scales in the emerging of nonlinear electrical
responses of self-assembled Au nanostructured films. In partic-
ular, the presence of localized micrometric areas that are
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responsible for the RS activities (i.e., ASs), related to local rear-
rangement of grain boundaries at the nanoscale, has been deeply
characterized.

The combined use of micro-thermography and PC analysis has
been proved as a nonperturbative method to map electric conduc-
tion dynamic in ns-Au thin films, and we effectively applied it to
study the spatial and temporal correlations in RS activity of a nano-
structured resistive switching films. Furthermore, we identified
the role of the dimensionality of the system in RS dynamic.

RS activity may emerge from the organization of micrometric
active sites in the nanostructured network in correlated activity,
by following simple constraints on distance-based connectivity as
biological neural systems, as also by a complex connectivity
which links remote regions of the network. By changing the
dimension of the nanostructured network and the bias applied
it is possible to control at a certain degree the synchronicity
and correlation in the activity of the network, as also the number
of active sites. This result suggests that nanostructured Au films
are interesting platforms to study interacting and recurrent elec-
trical activity typical of neuronal systems. The methodology
developed, sourced by neuroscience and biology framework,
is an important tool for the characterization of all those self-
assembled systems showing neuromorphic properties.

The controlled and reversible programmability of the ns-Au net-
work’s connectivity, by means of specific train pulses used as writ-
ing stimuli, demonstrated the capability of our devices to encode
stimuli into specific connectivity, which can last in time and be
reprogrammed on demand multiple times. This enables the
fabrication of data processing devices based on self-assembled sys-
tems, such as reconfigurable threshold logic gates,?**! featuring
tailored and adaptable connectivity that allows controlled emergent
analog responses in complex networks.
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