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The abstract should be a single paragraph that summarises the content of the article A Ag2S-island network is fabricated 
with surrounding electrodes to enable it to be used as a reservoir for unconventional computing. Local conductance change 
occurs due to the growth/shrinkage of Ag filaments from/into each Ag2S island in the reservoir. The growth/shrinkage of Ag 
filaments is caused by the drift of Ag+ cations in each Ag2S island, which results in a unique non-linear response as a reservoir, 
especially at lower frequencies. The response of the reservoir is shown to depend on the frequency and amplitude of the 
input signals. So as to evaluate its capability as a reservoir, logical operations were performed using the subject Ag2S-island 
network, with the results showing an accuracy of greater than 99%. 

Introduction 

Artificial intelligence, such as Deep Learning, has become a widely 
used conventional technique in our present-day information society. 
The remarkable progress of artificial intelligence, which has been 
achieved mainly by software-based systems running on von-
Neumann computers,1 has enabled functions such as image 
recognition and voice recognition.2 However, there is some concern 
that von-Neumann computing is approaching its performance 
limits,3,4 which will in turn limit further progress in artificial 
intelligence. The development of hardware-based neuromorphic 
computers is one of the solutions to this problem.5 

Recently, much attention is being directed at reservoir computing 
(RC); an emerging computing method based on biological recurrent 
neural networks.6-8 Information processing in RC systems can be 
divided into two parts. In the first part, time-series signals are input 
into a reservoir, in which input signals are non-linearly transformed 
and output. In the second part, the output signals from a reservoir 
are linearly combined by multiplying a weight to give a computing 
result. In RC, what should be optimized by learning are the weights 
connecting a reservoir and the output layer, which is much different 

from deep learning where weights between all neighboring layers 
have to be optimized.9-11 In addition, research into materials-based 
RC systems is accelerating as a result of the ability of various physical 
and chemical systems to work as reservoirs,12 including the use of 
nanoparticles of Au,13-16 SnOx17,18 and Ag-Ag2S (core-shell).19,20 
Nanowires have also been used to form reservoirs, as has been 
demonstrated by the use of networks of Ag-Ag2S nanowires9,21-23 and 
molecule-adsorbed carbon nanotubes.24-26 In previous studies, 
several systems9,19-23 have utilized atomic switch technology, which 
controls the growth and shrinkage of a Ag filament from Ag2S.27 In 
conventional atomic switch operation, a Ag filament grows in a gap 
between a Ag2S electrode and a counter metal electrode. By using 
the gap size and the Ag2S electrode size as the parameters, operating 
characteristics such as switching speed,28 volatile/nonvolatile 
operation29 and short-term plasticity/long-term potentiation30 can 
be controlled. For example, when being used as a single device, small 
gaps on the order of 1 nm enable faster nonvolatile switching, while 
large gaps on the order of 100 nm cause slower volatile/nonvolatile 
selective switching.31 

In previous studies, Ag2S-based reservoirs used smaller gaps of 
molecules surrounding Ag2S nano-particles19,20 or an electrolyte 
between Ag2S nanowires.21-23 The frequency of input signals was on 
the order of 10 Hz or higher, depending on the gap size and the 
materials used in a given gap. When we use a reservoir as an edge-
computing device, such as would be used for environment 
monitoring, it should respond to frequencies specific to the 
phenomenon to be detected. For instance, earthquakes are 
characterized by frequencies of 10 Hz or lower. It has recently been 
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pointed out that monitoring ultra-low-frequency vibrations of about 
0.01Hz-0.1Hz, which are caused by the slow slip phenomenon at 
plate boundaries,32,33 is important in detecting the premonitory 
symptoms of large-scale earthquakes.34 We have successfully 
developed a reservoir that can respond to the characteristic lower 
frequencies of earthquakes, which is just one example of the 
phenomena needing to be monitored.  

In this study, a Ag2S-island network is used as a reservoir, in which 
network conductive channels are formed by Ag filaments grown from 
Ag2S islands,35 as schematically shown in Fig. 1. Ag filament growth 
also causes a change in the conductance of each Ag2S island, 
depending on the growth length of a given Ag filament and the size 
of a given Ag2S island,36 which also contributes to modify the 
conductance of each channel. Moreover, input signals induce 
gradients of Ag+ cations in Ag2S islands, which results in the 
formation of an inner electric potential in each Ag2S island. Namely, 
each Ag2S island works as a nano-battery.37 Due to these effects, Ag2S 
island networks show unique characteristics as reservoirs. 

 

 
Fig. 1 Schematic of a Ag2S island network-based reservoir. Ag 
filaments grown from Ag2S islands make conductive channels in the 
network. 

Experimental 

In order to have a larger time constant in the reservoir operation, we 
made gaps larger than those used in previous studies.19,20 The Ag2S 
reservoir used in this experiment was fabricated as follows. 

First, surrounding Au electrodes were fabricated on a SiO2 substrate 
by EB-lithography. Two types of electrodes were created. One has 
four electrodes surrounding a circular reservoir area with a diameter 
of about 1 µm (Fig. 2a), the other has sixteen electrodes surrounding 
a circular reservoir area with a diameter of 30 µm. The smaller four-
electrode sample was used to evaluate the fundamental 
characteristics, while the sixteen-electrode sample was used to 
demonstrate the logic operations. 

After the electrodes were made, Ag was thermally deposited onto 
the substrate annealed at 130 ˚C, while monitoring the current 
flowing between two of the electrodes with a bias application of 10 
mV.38,39 When the monitored current increased to a few nA as a 
result of the tunneling current flowing among the Ag islands, the Ag 
deposition was stopped. The thickness of the Ag films deposited by 
this method was an average of 9.5 nm, which resulted in the 
formation of Ag islands 50 - 100 nm in size, with a spacing of a few 
nm between them. 

Then, the Ag islands were sulfurized with sulfur vapor in a vacuum 
heating furnace at 70 ˚C for 20 min. During the process of crystalizing 
into Ag2S, Ag islands change their morphology, which usually widens 
the spacing between the islands. Since the growth of Ag filaments 
requires a small number of electrons,40,41 we deposited molecules of 
N,N′-Dioctyl-3,4,9,10-perylenedicarboximide (PTCDI-C8) on the 
whole surface in order to ensure the presence of a small current, of 
less than 1 nA, to enable the Redox reaction (Ag+ + e- ↔ Ag). The 
thickness of the said molecular film was 3 nm. Figure 2b shows an 
example of PTCDI-C8 covered Ag2S islands observed by atomic force 
microscopy. Sulfurization seems to reduce the island size to 20 – 50 
nm. Since atomic force microscopy could not resolve the narrow gaps 
between the Ag2S islands, they appear to be connected to each other, 
although there are actually spaces between them. 

 

Fig. 2  (a) SEM image of four electrodes surrounding the Ag2S island 
network. (b) AFM image of Ag2S islands. 

Results and Discussion 

Basic characteristics of a Ag2S-island network 

Non-linear transformation of input signals is the most important 
function performed by a reservoir. Figure 3 shows the experimental 
results of non-linear transformation using the four electrode devices, 
where a sinusoidal wave Vin of 0.1 Hz was input with input amplitudes 
of (a) 4 V and (d) 6.2 V. The change in output signals Vout measured 
at one of the three electrodes are shown in Figs. 3b and 3e, 
respectively. Change in the resistance of the reservoir Rreservoir, which 
was calculated with a reference resistance R0 of 1 MΩ and eq. (1) 
where we assumed the inner potential Vinner was zero, are shown in 
Figs. 3c and 3f, respectively. 

𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑅𝑅0 ∙ �
𝑉𝑉𝑖𝑖𝑖𝑖+𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜
�       (1) 
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Fig. 3  Experimental results of a non-linear transformation following 
a sinusoidal input. The left-hand column shows (a) input, (b) output 
and (c) resistance when the amplitude of the input was 4 V. The right-
hand column shows (d) input, (e) output and (f) resistance when the 
amplitude of the input was 6.2 V. 

The shape of the output waves Vout completely changed from those 
of the input signals, indicating that the Ag2S-island network has a 
non-linear transformation function. It can be seen that the larger 
amplitude (6.2 V) modified the input wave more than did the smaller 
amplitude (4 V). More interestingly, steep increases in output were 
frequently observed, such as those indicated by the blue arrows in 
Figs. 3b and 3f. These remarkable increases are assumed to be 
caused by the completion of the formation of Ag filaments that 
connect Ag2S islands. As observed in the operation of a single atomic 
switch, they also resulted in a steep decrease in resistance in the 
Ag2S-island network, as indicated by the blue arrows in Figs. 3c and 
3g, where the resistance decreased (c) 3 GΩ and (f) 8 GΩ, respectively. 
Although the shape of the output signals changes a little in each 
period, non-linear transformations were repeatedly carried out, 
which is a requirement for time series prediction by RC.42,43 

In the calculation of Rreservoir, we assumed that the inner potential 
Vinner is zero, which results in disconnection of the curves in Figs. 3c 
and 3f, as indicated by the dotted blue ellipses. Since the inner 
potential should be not so large, it was expected from eq. (1) that the 
disconnection caused by the neglect of Vinner happens only when Vin 
and Vout become small, e.g., every five sec. However, it was observed 
every ten sec. For instance, at 5 sec. in Fig. 3c, disconnection is not 
so visible, as indicated by the dotted green ellipse. These differences 
can be understood to be caused by the remaining Ag+ cations in a 
Ag2S island. When the polarity of Vin changes from positive to 
negative, such as at 5 sec. in Figs. 3a and 3d, Ag filaments will shrink. 
In other words, any Ag filament that still exists on a Ag2S island at 

that time causes the number of Ag+ cations in the Ag2S island to be 
smaller than it was before the growth of said Ag filament. Such small 
number of Ag+ cations can only form a smaller inner potential. On the 
other hand, when the polarity of Vin changes from negative to 
positive, such as at 10 sec. in Figs. 3a and 3d, Ag filaments will grow, 
meaning that almost all the Ag+ cations are still in a Ag2S island, and 
with a higher density at the side exhibiting growing. The larger 
number of Ag+ cations in such distribution can form a larger inner 
potential. By smoothly connecting the curves, it is expected that an 
inner potential, with a maximum of about 1 V, will be formed in the 
Ag2S-island network. When repeating the bias application, 
disconnection is also observed at a timing of every 5 sec., as indicated 
by the green arrow in Fig. 3c. As can be seen in Fig. 3f, this becomes 
more visible when using a larger input bias, which can make a larger 
slope in the distribution of Ag+ cations in a Ag2S island. 

Dependence on amplitude and frequency of input signals 

We measured the change in resistance ΔR when a steep 
increase in the output bias was observed, as shown in Figs. 3b 
and 3e, because ΔR indicates the degree of Ag filament 
growth in a Ag2S-island network. Figure 4a shows the change 
in ΔR as a function of input frequency. With both input 
amplitudes of 4V and 6.2 V, ΔR decreases with increase in the 
input frequency, and becomes almost zero at around 0.5 Hz. 
This frequency range is much different from those of previous 
studies, in which frequencies of around 10 Hz were used,19-23 
suggesting that the spacings between the Ag2S islands in this 
study were much larger than observed in those used in 
previous studies. 

 

Fig. 4  Dependence of ∆R on the frequency (a) and on the input 
amplitude (b). The definition of ∆R is shown in the inset. 
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Figure 4b shows the dependence of ΔR on the amplitude of a 
sinusoidal input wave of 0.1 Hz. As can be seen, ΔR increases 
with increase in the input amplitude, indicating that Ag 
filaments grow longer and/or thicker at larger input wave 
amplitudes. The measurements were done both from 1 V to 6 
V and vice versa. Because no dependence on the measuring 
sequence was observed, we were able to conclude that Ag 
filament growth was stably repeated, at least in the bias range 
up to 6 V. Here, it should be noted that ΔR is almost zero when 
the input amplitude is less than 1.4 V or the input frequency 
is higher than 0.5 Hz. This should not be taken to mean that 
Ag2S-island networks function only with restricted conditions, 
which is not the case. Non-linear transformation is carried out 
even when ΔR is almost zero, as we were able to show by 
demonstrating logic operations in such condition (see 
Supplemental Information). 

Power Spectral Density 

In the human brain, spike firing occurs with a temporal correlation of 
several hundred milliseconds,44,45 which is characterized by 1/f 
noise.46 Similar spatiotemporal fluctuations have been observed in 
various other systems, including physical reservoirs.21-23 Analysis of 
power spectral density (PSD) often reveals the characteristics of the 
phenomena that occurred inside. For instance, PSD analysis on a 
network of Ag nanowires coated with polyvinilpirrolydone (PVP) 
revealed the existence of two mechanisms that cause switching; one 
being low-frequency switching due to changes in connectivity across 
domains, and the other high-frequency switching due to Ag filament 
growth in the PVP film at individual junctions.47 

In this study, the PSD of a Ag2S-island network was measured by 
applying a constant voltage of 4 V between two electrodes at 
opposite sites, the result of which measurement is shown in Fig. 5. 
Fitting the spectrum to 𝑓𝑓−𝛼𝛼 gives α = 1.44, indicating the existence 
of interactive change in resistance in the Ag2S-island network. 
Namely, one Ag filament growth induces another Ag filament 
growth/shrinkage, in what amounts to a chain reaction, across the 
Ag2S-island network. When Ag filaments bridge Ag2S islands, the 
distribution of an electric potential in the Ag2S-island network can 
change remarkably, causing a highly interactive phenomena 
characterized by α larger than 1. No significant Ag filament growth is 
observed at frequencies higher than 10 Hz. As a result, resistance 
change in one area does not affect other areas. Then, α becomes 
small due to independent random switching in the network, such as 
0.76 in this measurement. Because of such characteristics, Ag2S-
island networks are more responsive to signals with lower 
frequencies. 

 

Fig. 5  Power spectral density (PSD) measured by applying a constant 
bias of 4V to a Ag2S island network. 

Logic operation 
Logic operation is demonstrated using a Ag2S-island network with 16 
surrounding electrodes, as schematically shown in Fig. 6(a). The area 
of the Ag2S-island reservoir was expanded to 30 µm in diameter in 
order to arrange the 16 electrodes with a certain number of Ag2S 
islands, even in between adjacent electrodes. The 30-µm network 
also showed characteristics similar to those of a 1 µm-network, e.g., 
frequency and amplitude of input dependent non-linear 
transformation, as described in Supplemental Information. We input 
the two binary signals Vin1 and Vin2, as shown in Fig. 6(b), to two 
electrodes located apart from each other, and the output signals, O1 

- O14, were measured at the remaining fourteen electrodes. Figure 
6(c) shows the fourteen measured output signals. Several output 
signals gradually changed over a few seconds, after the change in 
input signals, indicating the larger time constant of the Ag2S island 
network. 

 

Fig. 6   (a) Schematic of a reservoir used for logic operations. (b) Input 
signals. (c) Output signals. 

A linear combination Z (t) was made by eq. (2) using the fourteen 
outputs, the weights, w1 – w14, and the bias, w0, where the weights 
and the bias were calculated by linear regression. The mean square 
error (MSE) between Z (t) and the target Y (t) was calculated by eq. 
(3), where N is 15,000 in this experiment. We demonstrated six logic 
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operations, i.e., AND, NAND, OR, NOR, XOR, and XNOR. The accuracy 
of each logic operation was calculated by eq. (4).48 

𝑍𝑍(𝑡𝑡) = ∑ 𝑤𝑤𝑟𝑟𝑂𝑂𝑟𝑟(𝑡𝑡) + 𝑤𝑤0𝑟𝑟              (2) 

MSE = ∑(𝑍𝑍(𝑡𝑡)−𝑌𝑌(𝑡𝑡))2

𝑁𝑁
                 (3) 

Accuracy = �(1 − MSE) × 100�%    (4) 

Figure 7 shows the results of linear combinations to synthesize the 
six logic operations, with the target signals indicted by a solid black 
line in each panel. Including XOR and XNOR, which are difficult to 
synthesize due to the requirement of higher non-linearity in the 
transformation,17,38 all logic operations are carried out with a very 
high accuracy of over 99%. The fourteen outputs of O1 - O14 are 
individually shown in Supplemental Information. The optimized 
weights of w1 – w14 for each logic operation are also found in 
Supplemental Information. The results clearly suggest that Ag2S-
island networks act as reservoirs capable of outputting high-
dimensional representations of inputs. 

 

Fig. 7    Results of the logic operations. Synthesized curves are 
indicated by colored lines in each panel. The target in each logic 
operation is indicated by a solid black line.  

Conclusions 

In this study, we developed an RC device using a Ag2S-island network 
as a reservoir, in which Ag filament growth from Ag2S islands, as a 
result of electrochemical reactions, causes a change in resistance 
between electrodes. Due to the longer time constant of the Ag 
filament growth compared to electron movement, a Ag2S-island 
network reservoir is more sensitive to frequencies lower than 0.5 Hz. 
The subject Ag2S-island network reservoir shows a non-linear 
transformation that depends on the frequency and amplitude of the 
input signals. Power spectral density analysis clearly indicates that 
the Ag filament growth induces interactive responses in a Ag2S-island 

network at said lower frequencies, while local resistance change 
independently occurs at higher frequencies. However, regardless of 
the frequencies, the Ag2S-island network reservoir non-linearly 
transforms input signals, as confirmed by the OR, AND, XOR, NOR, 
NAND, and XNOR logic operations at an high accuracy of over 99%. 
There are several phenomena characterized by lower frequencies, 
including low-frequency earthquakes, which it would be extremely 
beneficial to detect using edge devices in actual environments. The 
technique demonstrated in this study would contribute to develop 
of such systems. 
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