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Abstract

strongly interconnected through the synapses resulting in a highly parallel architecture. The complexity of the brain, its high number of interconnections, which can be recurrent, inspire the fabrication of neuromorphic devices. 2 They are based
on various physical principles like spintronics, 3
optics 4 or memristive devices. 5–8
Memristors were theorised by Chua in 1971
and described as the missing component linking
charge and flux. 9 In 2008, Strukov et al 10 showed
that some nanodevices exhibiting a non-linear hysteretic I − V curve are in fact memristive devices.
This phenomena was previously observed in memory based on resistive switching 11 and memristor
were proposed later as neuromorphic synapses. 5
Resistive switching arises from different phenomena 11,12 including the formation and destruction
of conductive filaments (CFs) from the migration
of metallic ions of Cu 13 or Ag 14 for example.
Atomic switches based on CF are convenient as
they can be integrated in a crossbar structure. 14
However, in the brain, neurons are highly interconnected by synapses and the connections can
be recurrent which leads to a much more complex
structure compared to crossbar architecture. Thus,
nanowire networks and especially silver nanowire
(Ag-NW) networks 15 seem to be good candidates
for neuromorphic computing as they have both numerous interconnections and memristive properties. In addition, Ag-NWs can be used for transparent electronics, 16 have a low electrical resistivity, 17 and are easily fabricated by different methods. 6,18,19

Due to their memristive properties nanowire networks are very promising for neuromorphic computing applications. Indeed, the resistance of
such systems can evolve with the input voltage
or current as it confers a synaptic behaviour to
the device. Here, we propose a network of silver nanowires (Ag-NWs) which are grown in
a nanopourous membrane with interconnected
nanopores by electrodeposition. This bottom-up
approach fabrication method gives a conducting
network with a 3D architecture and a high density of Ag-NWs. The resulting 3D interconnected
Ag-NW network exhibits a high initial resistance
as well as a memristive behavior. It is expected
to arise from the creation and the destruction of
conducting silver filaments inside the Ag-NW network. Moreover, after several cycles of measurement, the resistance of the network switches from
a high resistance regime, in the GΩ range, with a
tunnel conduction to a low resistance regime, in
the kΩ range.
A limitation of current computer architecture is
the separation between the memory and the processing unit which leads to the von Neumann bottleneck. To go beyond this bottleneck, a new field
named neuromorphic computing 1 has emerged
which takes inspirations from the brain to be more
efficient. Indeed, in the brain, the synapses, which
act as memory, and the neurons, which act as processing units, are distributed and the neurons are
1

D
H

z
y

x

Figure 1: a) Scheme of the 3D interconnected Ag-NW network inside the membrane. The nanowires are
represented in blue with H the network height, D the nanowires diameter and θ the angle with the normal.
Some interconnections are shown. b) SEM image of the network after dissolution of the membrane. The
network collapses because of the low porosity and the thin diameter of the Ag NWs.
Several fabrication processes are used to fabricate Ag-NW network like growing Ag-NWs from
Cu seeds 6 or with a polyol synthesis 20 and a
polyvinylpyrrolidone (PVP) coating 7,8,18,21 (more
fabrication processes are detailed in this review 19 ).
PVP coated Ag-NWs can exhibit different density
of Ag-NWs in the sample 8 as well as a larger resistance because of the PVP coating. 18 Several posttreatments can be used to increase the connections
between Ag-NWs including thermal annealing,
mechanical pressing and other techniques. 17,18 On
the contrary, one can use post-treatments to increase the resistance of the network and create opportunities for the creation of Ag CFs so that the
network exhibits a memristive behavior. It can be
done either thanks to the encapsulation of the Ag
NWs in an insulating shell like PVP 8,18,21 where
conductive filaments grow across the PVP insulating layer 21 or by fragmenting the Ag-NWs with an
UV/ozone irradiation followed by an annealing. 7
In this work, we propose a memristive device made of three-dimensional (3D) interconnected Ag-NWs. Those are deposited inside a
nanoporous membrane which allows a bottom-up
fabrication of a random but ordered NW network
with a high number of interconnections. 22
An electrochemical deposition in ion track
nanoporous polycarbonate (PC) membrane was
employed to produce 3D interconnected AgNWs as shown schematically in fig.1(a). The
PC nanoporous membrane with interconnected
nanopores has been fabricated by exposing a

25 µm-thick PC film to a two-step irradiation process. The topology of the membrane was defined
by exposing the film to a first irradiation step at
two fixed angles of −25° and 25° with respect to
the normal axis of the film plane. In pratice, the
angles are between 20° and 25°. After rotating
the PC film in the plane by 90°, the second irradiation step took place at the same fixed angular
irradiation flux to finally form a 3D nanoporous
network. The diameter of the latent tracks was
enlarged by following a previously reported protocol 23 to obtain a membrane with an average pore
diameter of 30 nm and a volumetric porosity of
about 0.4%. Next, the PC templates were coated
on one side using an e-beam evaporator with a
metallic Cr (3 nm)/Au (250 nm) bilayer to serve
as a cathode during the electrochemical deposition. The Ag-NWs were fabricated by electrodeposition using a silver-cyanide-based commercial
electrolyte (Silver-Bright-100, Metaken GmbH) in
a two-electrode configuration at room temperature
by applying a constant potential of -1.5 V versus a
double-junction Ag/AgCl reference electrode and
a platinum strip used as a counter electrode. The
reaction is the following:
−*
−
Ag(SCN)2−
3(aq) + e ) Ag(s) + 3SCN(aq)

(1)

After the silver electrodeposition process, the
network height H is approximately 24 µm. A
schematic view of the sample is presented in
fig.1(a). The morphology of the interconnected
Ag-NW network was characterized using a field2

emission scanning electron microscope (FESEM). For the electron microscopy analysis, the
PC template was removed by chemical dissolution using dichloromethane from Sigma-Aldrich.
As the network porosity is low, the network collapses once the membrane is completely removed
as shown on the SEM image in fig. 1(b). A scheme
of the Ag-NWs encapsulated in the membrane
with the Au cathode is presented in fig. 2(a) while
its inset shows a closer and tilted view of SEM image of the 3D interconnected Ag-NW network. As
it can be seen, the Ag-NW network has a complex
interconnected structure.

of volume from none (i.e. no crossing) to a complete crossing.
Previously reported 3D interconnected NW network 25 with NWs made of Ni with a diameter
of 80 nm and a volumetric porosity of 3% have
reached resistance as low as 4 Ω. To increase the
resistance of the 3D interconnected Ag-NW network and see a memristive behavior, the Ag-NWs
needs to be damaged. This is achieved during the
etching process where the cathode is partially removed to create a two electrodes device for electrical measurements 26 while insulating domains are
created in the network (see fig. 2(b)). Indeed, the
plasma etching also led to some heating of the
polymer membrane which is expected to generate
gaps and holes in the sparse network of Ag-NW
resulting in a sample with a high initial resistance.
The resistance of the 3D interconnected Ag-NW
network is then in the GΩ range and above. The
etching process is thus considered as a functionalizing step.
This fabrication process allows to produce NWs
below the lithography limit with numerous interconnections and a complexity beyond crossbar architecture as well as providing an easy scale-up of
the system by simply increasing its surface. As
the Ag-NWs are already interconnected, the membrane is not dissolved at the end of the fabrication.
Thus, the network has an enhanced solidity, is flexible 27 and is protected against oxidation. In addition, the randomness needed for neuromorphic
application is conserved due to the random location of nanopores in the membrane, the variety of
crossing types and the functionalizing step. This
method is low-cost, reliable and both diameter and
density of Ag-NWs can be easily tuned.
The measured sample is about 5 mm long and
1 mm wide, and the electrical contacts were directly made by silver paint. The I − V curves
of the Ag-NWs were obtained using a Keithley
617 electrometer. All measurements are made
at room temperature and tests were made to discard any electrical conduction via the PC membrane to ensure a complete conduction through the
Ag-NWs and their interconnections only. First,
an I − V cycle is repeated several times with a
voltage ramp increasing from 0 V to 100 V before decreasing back to 0 V with a time step of
1 V/s (see Fig. 3). The data are denoised thanks

Au cathode

100 nm

Ag interconnected NWs

Figure 2: Scheme of the 3D interconnected AgNW network and the Au cathode. (a) Before the
Au cathode etching, the NW network is intact. Inset: SEM image of the Ag NW network after dissolution of the membrane. (b) After the Au cathode etching, only two electrodes remain. Inset: the
etching process has damaged the nanowires. The
damages are represented as gaps. The damaged
network is not imaged by SEM as it would collapse once the membrane is removed.
The 3D structure presents a high number of
interconnections with the possibility of recurrent
connections with the advantages of NWs with a
regular diameter and length. The number of interconnections is estimated numerically and gives
5.5·108 ± 1.0·108 interconnections per mm3 . For
the network height, the density is around 107 interconnections per mm2 which is one order of magnitude greater than this recent structure. 24 The number of interconnection is easily adapted by adjusting the NWs diameter as well as the membrane
porosity. It is interesting to note that the interconnections between Ag NWs share different portion
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to a digital wavelet transform 28 and the same offset is added to each sweep to ensure a positive
current. Four consecutive cycles are plotted in
Fig. 3). One can see the typical behavior of a
memristive system with a pinched hysteresis for
all measurements. Similar results were obtain
in bulk silver nanowire–polystyrene composites 15
with an applied voltage ramp up to 160 V and
with PVP-coated Ag-NW network 29 for a threshold voltage below 2V. We expect that the memristive behaviour arises from the creation of fieldinduced Ag CF in the holes and gaps created during the plasma etching when the voltage increases.
However, when the voltage decreases, the new filaments break due to Rayleigh instability 30 and,
hence, the resistance increases. Indeed, the atoms
in the filaments are less stable than the atoms in
bulk nanowires, thus the creation of silver filaments is volatile.

sweep 1 - HR
sweep 2 - HR
sweep 3 - HR
sweep 4 - HR
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to high input voltage with a moderate power consumption.
For the first sweep, a change of the conduction
occurs when a threshold voltage Vth is exceeded
which leads to a strong current increase. Below
this threshold, the increase of the current I with
the voltage V is much smaller. This can be explained by the switching between direct tunneling
at low voltage and field emission at high voltage as
a Fowler-Nordheim plot suggests 31 (see Fig. 4(b)).
Similar results have been reported with another
type of Ag-NW network. 7 We suppose that the
tunnel conduction arises when nanowires are separated by an empty zone or gap acting like an insulating barrier which appears during the etching
of the cathode.
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Figure 3: Consecutive I −V cycles in the high resistance regime. A triangular voltage ramp is used.
It starts at 0 V, increases to 100 V and finally decreases back to 0 V. The arrows show the evolution
of the hysteresis with the voltage. A pinched hysteresis, typical of a memristive behavior, can be
seen for each consecutive sweep.

Figure 4: Tunneling phenomena in sweep 1 - HR.
(a) Data are extracted from sweep 1 until V =
100 V. (b) Fowler-Nordheim plot from data presented in (a). Inset: zoom on the switching region.
(c) Field-emission at high voltage (d) Direct tunneling at low voltage. Fits 1 and 2 are linear fitting
with y = ax + b and the fitting error limits are determine as y = (a ± ∆a)x + (b ± ∆b) with ∆a and
∆b the errors on the parameters a and b after fitting.

For each cycle, there is a local minimum resistance. Their values are 8.40 ± 0.02 GΩ, 7.11 ±
0.04 GΩ, 4.84 ± 0.02 GΩ and 2.73 ± 0.02 GΩ,
respectively. One can notice that the local minimum resistance decreases with each consecutive
cycle. Even with a voltage ramp reaching a high
voltage (100 V), as the current flowing in the device is in the nA range, the maximal power reach
for each sweep is respectively 1.12 µW, 1.37 µW,
1.7 µW and 2.9 µW. This device is then resilient

In order to have an estimation of the switching
zone between these two regimes, a linear fitting
is performed on a selection of data for both field
4
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emission and direct tunneling (respectively "fit 1"
and "fit 2" on Fig. 4). For the field emission, a
linear dependence is shown when ln(I/V 2 ) is plotted as a function of 1/V as it appears in Fig. 4(c).
The direct tunneling exhibits a linear dependence
when ln(I/V 2 ) is plotted as a function of ln(1/V )
as shown in Fig. 4(d). An error is extracted from
"fit 1" (resp. "fit 2") and the switching limits are
determined as the first (resp. last) value outside the
fitting error range. The error of "fit 2" is small and
is hardly seen in Fig. 4(d). These two switching
limits are 12 and 60 V for the direct tunneling and
field emission respectively. The switching of the
tunneling conduction arises from a change of the
tunneling barrier shape from a rectangular barrier
to a triangular barrier 31 which enhances the probability of tunneling.
We repeatedly measured this sample with I − V
cycles, until its resistance dropped in the MΩ
range and below. This new regime is called low
resistance regime (LR) due to the decrease of the
minimum resistance by a factor of about 47,000.
After several repeated I − V cycles, we suppose
that some filaments present an extended lifetime
leading to a strong decrease of the resistance. A
similar behaviour was reported by Avizienis et al. 6
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Figure 5: I − V cycles for two consecutive measurements in the low resistance regime. The voltage ramp starts at 0 V, increases to 50 V, then decreases to -50 V and finally increases back to 0 V.
The arrows show the direction of the current evolution with the voltage ramp.
This induces that during the first half of the
sweep, a local maximum and two local minima
of resistance are reached. The corresponding resistances are given in Table 1 before being averaged. The resulting averaged minimum resistance
is RLR
min = 0.163 ± 0.021 MΩ while the following averaged maximum resistance is obtained:
RLR
max = 0.965 ± 0.083 MΩ. There is a factor six
between the minimum and the maximum averaged resistance in the first-half of the sweeps.
Similar results were obtained in the second half
of the sweeps with RLR
min = 0.156 ± 0.046 MΩ and
RLR
=
0.862
±
0.123
MΩ. In this low resistance
max
regime, the minimum resistances are in the kΩ
range, with a voltage threshold in the order of 2 V.

Several measurements are made in the low resistance regime and two consecutive I − V cycles
are reported in Fig. 5. The data are denoised in
two steps. First, outliers above 200 µA are suppressed and replaced thanks to an interpolation.
Then, the data are denoised with a digital wavelet
transform. 28 As seen in Fig. 5, a different memristive behavior is observed compared to the high
resistance regime.
The voltage ramp starts at 0 V, increases to 50 V
before decreasing to -50 V and returning to 0 V.
The I − V curves show several interesting behaviors. At first, the current increases with the voltage for V > 2 V until V ∼ 10 − 25 V depending
on the sweep. Then, the current decreases while
the voltage continues to increase until V = 50
V is reached. Then, the current increases while
the voltage decreases until V ∼ 15-20 V and finally, the current decreases with the voltage until
V = 0 V. The same repeats in a symmetric way
when the voltage goes down to -50 V and back to
0 V.

Table 1: Minimum and maximum resistances in
the low resistance regime and their associate voltage during the first half of the sweeps. RLR
min,fwd is
measured in the first part of the first sweep when V
increases from 0 V to 50 V, while RLR
min,bwd is measured in the second part when V decreases from
50 V to 0 V. The maximal resistances are taken at
50 V for clarity.
RLR
min, fwd
RLR
max
RLR
min, bwd

5

Sweep 1 - LR
0.150 MΩ at 13 V
1.007 MΩ at 50 V
0.157 MΩ at 10 V

Sweep 2 - LR
0.168 MΩ at 15 V
0.923 MΩ at 50 V
0.178 MΩ at 9 V

In conclusion, we reported a 3D interconnected
Ag-NW network with a simple two step fabrication process composed of a template-assisted electrodeposition and an etching leading to a highly
interconnected network. The latter has a double
function as it both damages the Ag NWs creating
holes and gaps were Ag CF can grow, giving rise to
memristive properties to the 3D interconnected Ag
NW network, and defines electrode pads for electrical connection. In the future, the etching pattern will be tuned from a basic two electrodes design to a more elaborate pattern with numerous input/output pads. The resulting NWs are highly ordered and encapsulated in a 3D nanoporous polymer film. The 3D architecture allows to have
5.5 ± 1.0 108 interconnections per mm3 with an
increased complexity as the interconnections are
random with a variety of crossing type. Two resistance regimes are measured with different resistance range: in the GΩ range and above for the
high resistance regime and in the MΩ range and
below for the low resistance regime. A tunneling conduction arises in the high resistance regime
and both high and low resistance regimes exhibit a
memristive behavior. The presented 3D interconnected Ag-NW network could be used for neuromorphic applications due to its memristive properties and more precisely for reservoir computing in
a similar way as these recent studies. 21,32 In addition, the high density of interconnections will be
exploited to train multiple learning process on the
same device as numerous pathway are expected to
growth in the Ag-NWs network. 29 Thus, it is a
promising device for future application in neuromorphic computing.
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