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Abstract

®

CrossMark

The brain’s small-world network utilizes its short-range and long-range synaptic connections to
process information in a complex and energy-efficient manner. To emulate the former,
neuromorphic hardware typically leverages the conductance switching properties of thin-film
dielectrics and semiconductors. Because these materials offer low ion mobilities, long-range
connections built from thicker dielectrics require impractically-large forming voltages. To
overcome this intrinsic shortcoming of solid-state active media, we present in this paper a
simple Ag—H,O—Au cell that takes advantage of the relatively high ion mobility offered by
deionized water to enable programmable connectivity switches between neurons separated by
large gaps (~40 pm). We introduce dual voltage programming schemes that allow the switch
conductance to be modulated in analog and digital steps. When operating in the analog mode,
the switch conductance could be potentiated and depressed over a relatively large (3.5x) range.
In the digital mode, the Ag—H,O-Au switch delivered a high ON/OFF current ratio of ~600
and sustained this margin over 200 switching cycles. Additionally, both switch states could be
maintained for at least 3 h without external power. We show that unlike their solid-state
counterparts, the water-gap in the Ag—H,O—Au cell can be easily refreshed without
compromising the switching functionality. These attributes of Ag—H,O—Au switches in addition
to their biocompatibility and simple design make them attractive for neuromorphic wetware

implementations.

Supplementary material for this article is available online

Keywords: resistive switch, liquid synapse, long-range connection, neuromorphic, silver

dendrite, electrochemical

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

1. Introduction

Human brain graphs constructed from functional magnetic
resonance imaging and diffusion tensor imaging display
small-world connectivity [1-4]. Brain networks employ dense
short-range (SR) synaptic connections to realize functional
modules at local scales, and sparse intermodular long-range
(LR) connections to integrate information at the global scale
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[5]. This connectivity pattern allows the brain to lower the wir-
ing cost associated with LR connections without comprom-
ising the adaptability and functional complexity enabled by
SR connections [6]. In addition to enhancing global efficiency,
LR connections also co-ordinate brain-wide spatiotemporal
activities [7, 8] and they play key roles in endowing humans
with general intelligence [5] and preventing brain disorders
[9]. Their importance is concretized by the unexpectedly large
fraction of long-range axonal projections found in the cat
primary visual cortex [10]. The length of inter-areal axonal

© 2021 IOP Publishing Ltd  Printed in the UK
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projections depends on several factors, including but not lim-
ited to the brain regions they serve; many studies estimate them
at 1-50 mm [11-13].

The brain’s remarkable cognitive processing capabilities
and physical makeup inspired the idea of neuromorphic com-
puters [14, 15]. These specialized computing units generally
adopt a feedforward network architecture comprising layers
of electrical neurons interconnected via SR resistive switches.
Due to their metal/insulator/metal construction, two-terminal
memristors are placed at the crosspoints of overlapping wires,
allowing the inter-wire conductances to be programmed in
analog (full weight precision) or digital (binary weights) steps
[16-20]. Accordingly, a network of SR synapses is compactly
emulated using a crossbar array of SR resistive switches.
This hardware representation not only supports the density
requirements of SR synapses but also faithfully implements
the weighted-sum synaptic operations [21-26]. In comparison
to hardware designs utilizing transistor-based switches, those
employing resistive switches typically report higher speed,
power-efficiency, and circuit densities [27-30]. The physical
mechanisms responsible for resistive switching are relatively
simple and have been realized in a variety of material systems,
including binary and ternary metal-oxides as well as organic
materials [14, 31]. However, despite these advantages, lim-
ited progress has been achieved in realizing LR connections
using resistive switches. This can be attributed to two reas-
ons: (a) software—the lack of algorithms that fully leverage
LR connections for performance gains and (b) hardware—
implementing long-range connections with solid-state resist-
ive switches requires impractically large ‘forming’ voltages as
discussed below.

To be configured for operation, an as-fabricated resistive
switch typically undergoes a ‘forming’ process, where its
dielectric layer (a few tens to a few hundreds of nanomet-
ers thick) is subjected to breakdown-inducing potentials of
~ few volts [22, 32-34]. Once formed, these devices can be
repeatedly switched between high (HRS) and low (LRS) res-
istance states in analog or digital steps [21]. Although this
approach works well for thin-film SR switches, the linear
scaling of forming voltage with dielectric thickness [32, 35]
impedes the construction of LR switches from thicker act-
ive layers. Compared with solid-state dielectrics, liquid media
offer higher ion mobilities and will therefore require substan-
tially lower forming voltages for implementing LR switches.
Due to its biocompatibility, solvation properties, and amen-
ability to small-world network formation, water is an exciting
candidate for LR switches. Its neuromorphic chemistry could
help find interesting applications in ad-hoc pattern recognition
circuits for closed-loop bioelectronic devices [36].

Previous research has already demonstrated the transistor-
gating properties of liquid electrolytes [36, 37]. Here, device
conductances were controlled either via charging of the
Debye-Helmbholtz layer or through bulk injection of ions into
the channel [36]. However, like their solid-state analogs, the
widespread adoption of three-terminal electrolyte-gated tran-
sistors has been challenged by emerging quasi-liquid [38]
and liquid-based [39—43] two-terminal resistive switches. Guo
et al were among the first to demonstrate reversible growth

and erasure of Ag filaments in an Ag—H,O-Pt electrochemical
cell [39]. However, as this study was primarily focused on
uncovering the physical mechanisms responsible for resist-
ive switching in Ag-based devices, it did not characterize the
cell with regards to its analog operability, endurance, and
non-volatility. Also, all experiments were performed in a 2D
cell that likely favored the formation of substrate-hugging
rather than freely suspended Ag filaments. Thus, the con-
trolled growth and erasure of unsupported high aspect ratio
filaments, a demonstration that is relevant to crossbar geomet-
ries, remained unaddressed. Nonetheless, this proof of concept
study was important as it laid the foundations for further
inquiries into liquid-based resistive switches. For instance,
Han et al built resistive switches from CuSOy-filled nanopor-
ous polycarbonate membranes (6 pm thickness) and demon-
strated acceptable endurance characteristics [43]. However,
this work did not characterize the non-volatility and analog
switching properties of the electrochemical cell; it also repor-
ted substantial performance degradations in thicker mem-
branes. Given these shortcomings, the recent study by Kim
and Lee, which demonstrated low-voltage analog and digital
switching in low concentrations (0.05 M) of AgNOj5 solution,
deserves special mention [40]. However, all experiments were
performed using a highly asymmetric electrode configuration
comprising of a flat Ag electrode and an inert probe tip. Hence,
it is reasonable to expect that the large tip curvature encour-
aged the formation of thinner Ag filaments (compared with
crossbar geometries) by elevating the local electric field dens-
ity [44]. Despite the inherent reset bias of this electrode config-
uration, the AgNOs - based switch endured only 100 switching
cycles and provided a relatively low ON/OFF current ratio of
~5. Also, the LRS and HRS could be retained over a very short
duration of ~15 min.

Apart from the electrochemical metallization approaches
discussed so far, where aqueous switching is mediated by the
growth and erasure of bridging metal deposits, some stud-
ies have also exploited the resistance switching properties of
semiconductor—electrolyte interfaces. For instance, Sun et al
showed how voltage-controlled oxidation and de-oxidation
of silicon—electrolyte interfaces could be used to build fluid-
based digital memories and latching circuits [41]. In another
study, Hassan et al took advantage of Schottky barriers formed
at the ITO-ZnO interface of the ITO-ZnO-H,0-Ag cell
and the selective transport of OH™ ions in ZnO to achieve
digital switching. To produce the required concentration of
H* and OH™ ions, water was electrolyzed at sufficiently high
voltages [42]. However, both studies discussed above util-
ized non-crossbar geometries and did not provide evidence
of the retention and gradual conductance switching proper-
ties. Notably, because these works relied on interfacial switch-
ing, maintaining a stable LRS demanded high concentrations
of supporting electrolytes [41] and/or higher than usual pro-
gramming voltages [42]. These requirements do not favor
the development of power-efficient and biocompatible LR
switches.

The device implementations discussed above highlight
the need for a crossbar-compatible two-terminal resistive
switch that can harness the advantages of electrochemical
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Figure 1. Fabrication of the Ag—H,O-Au LR switch (a) adhering a 70 pm silver wire onto a polyimide film; (b) adhering a 50 pm gold
wire onto a polyimide film; (c) orthogonal stacking of Ag (bottom) and Au (top) wires, and (d) injecting a water droplet at the cross-point

gap separating the Au and Ag wires.

metallization to implement programmable LR connections.
To address this, we present in this paper, a water-based non-
volatile LR switch whose conductance can be tuned in analog
and digital steps within a reasonably large resistance win-
dow, while maintaining relatively high ON/OFF current mar-
gins. This switch is constructed from an Ag—H,O-Au elec-
trochemical cell where the Ag and Au wires are separated by
a large gap (~40 pm) filled with deionized water. By optic-
ally interrogating the cell in real-time, we identify the phys-
ical mechanisms underlying its conductance switching prop-
erties. The highlights of this device are its simplistic design,
biocompatible construction, low-voltage operation, and high
ON-OFF current margin. Having described the motivation for
this work, the next section outlines the steps involved in the
fabrication of the Ag—H,O-Au LR switch. The third section
describes its performance attributes namely, its gradual con-
ductance response to low-voltage excitations, endurance, and
non-volatility. These are compared to prior demonstrations of
liquid-based switches to position the findings of this study in
the appropriate context. The conclusion section showcases the
key takeaways of this work.

2. Fabrication

Figure 1 illustrates the straightforward fabrication of the Ag—
H,0O-Au LR switch. Firstly, as shown in figures 1(a) and (b),
solid Ag (diameter = 76 pm) and Au (diameter = 51 pum)
wires were stretched taut and laid onto the adhesive sides
of two separate 25 pm thick polyimide films. As shown in
(b), the Au wire was suspended over a laser-patterned central
hole in the top polyimide film. Cross-stacking the two films
(keeping the Au wire on top) produced a well-like structure
with the Ag—Au crosspoint positioned squarely inside it (see
figure 1(c)). Injecting a water droplet into this depression yiel-
ded the desired Ag (bottom)-H,O (gap)-Au (top) switch con-
figuration. To estimate the as-fabricated interelectrode gap, the
well-like structure in one of the representative samples was
filled with polydimethylsiloxane (PDMS) instead of water.
The entire structure was then locked in place by thermally
curing the PDMS elastomer. Subsequently, the Ag-PDMS—
Au stack was vertically sectioned near the cross-point (see
figure 2(a)) and placed under the microscope (cross-section
facing toward the objective) for optical analysis. As shown
in figure 2(b), the measured gaps were about 40 um, at least

(a) (b)
o
Q‘@\\ 3 /’,,
N
QQ J /I;/f’
AoEX

Figure 2. Measurement of the Ag—Au interwire gap using a
moulded Ag-PDMS (gap)—Au construct. (a) Top view of the
moulded structure. The dotted line identifies the vertical slice next
to the cross-point (marked ‘X’); (b) cross-sectional view of the
Ag-PDMS-Au crossbar showing the ~40 ym PDMS gap.

two to three orders of magnitude larger than the thicknesses of
conventional solid-state switching media used in SR switches
e.g. 5nm TaO, in [18], 8 nm NbO, in [19], and 20 nm HfO, _,
in [34].

3. Experiments

The use of pure deionized water i.e. without any support-
ing electrolytes meant that the as-fabricated Ag—-H,O—Au LR
switch manifested an ‘open’ state (see figure 3(a)). To achieve
switch operation, it was first necessary to ‘form’ the device
by growing a mechanically stable and electrically conductive
Ag link across the water gap (see figure 3(b)). This could be
achieved by anodically biasing the Ag electrode at potentials
>1.5 V. Figures 3(c) and (d) show how applying a 2 V DC
bias to the Ag electrode of a representative synapse dramat-
ically reduced the water-gap resistance. Here, the filament’s
conductance was limited to 0.0011 S by enforcing a com-
pliance current /.. = 2 mA. Simultaneous optical interrog-
ation helped uncover the mechanism of filament formation.
When subjected to anodic potentials, the Ag wire produced
water-soluble Ag™ ions via a silver oxide intermediate. Under
the influence of sufficiently high electric fields, these ions
drifted across the large water gap (thanks to the high ionic
mobility of water) to the Au wire, where they were reduced
to metallic Ag. Since the entire electrodeposition process
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Figure 3. Electrical ‘forming’ of the Ag—H,O-Au LR switch

(a) the as-fabricated device in ‘open’ state due to the insulating
water-gap; (b) the ‘formed’ switch in a low resistance state due to
the presence of a bridging Ag link; (c) forming voltage applied to
the Ag anode, and (d) current response of the Ag—H,O—Au switch
during the forming process. Note that the Ag link grows from the
Au electrode toward the Ag electrode and the sudden ramp in
current at ~20 s signifies a contact between the growing Ag link
and the Ag electrode.

(b)

Figure 4. Low-voltage programmability of the Ag—H,O-Au LR
switch (a) the —0.2 V/1 s reset pulses dissolve the highly resistive
portions of the Ag filament, thereby creating a small gap and (b) the
+0.2 V/1 s set pulses re-grow Ag bridges across the small gap
created by the previous reset process in (a).

was transport-limited, the resulting Ag filaments assumed a
dendritic morphology as they grew from the Au cathode to
the Ag anode. The forming process was deemed complete
when the Ag dendrite developed a sufficiently strong contact
(determined by [I..) with the Ag wire anode. Once formed,
the Ag-H,O—Au LR switch required much lower potentials
to switch between its non-volatile LRS and HRS. This could
be attributed to the growth and dissolution of the highly resist-
ive portions of the ‘formed’ Ag link [45, 46]. Figures 4(a) and
(b) describe this mechanism schematically (see supplementary
videos for the real-time demonstration, available online at
stacks.iop.org/JPD/54/225104/mmedia).
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Figure 5. A cyclic voltammogram of the Ag—-H,O—Au LR switch
characterizing its hysteretic /-V response. Here the current was
measured in response toa0 V- 02V — —-02V = 0V DC
voltage sweep. The arrows indicate the sweep direction where the
first quadrant describes the HRS — LRS set process, and the third
quadrant potrays the LRS — HRS reset process.

To record its hysteretic fingerprint, the synapse
was subjected to the following DC voltage sweep:
0V —=>02V = —-02V — 0 V. Starting from an initial
HRS, the 0 V — 0.2 V ramp transformed the Ag-H,O-Au
switch to its LRS (see the increase in operating current in the
first quadrant of figure 5). Thereafter, the switch retained the
LRS during the subsequent 0.2 V — —0.2 V deramp, until the
applied potential reached —0.1 V. At this point, the resistive
portions of the Ag link dissolved, lowering the synapse’s con-
ductance and ‘resetting’ it back to HRS (see figure 4(a)). The
switch maintained this HRS during the final -0.2 V — 0V
ramp. Based on the observed linearity of the /-V segments
between +80 mV and —80 mV, a read pulse amplitude of
50 mV was utilized for evaluating switch states throughout
this paper.

The adaptability and learnability of biological neural net-
works stem from their ability to fine-tune their SR and LR
synaptic strengths. Figures 6(a) and (b) highlight similar ana-
log switching, i.e. long-term potentiation (LTP) and long-term
depression (LTD) capabilities of the Ag—H,O—Au LR switch.
The results in figure 6(a) were obtained using short 0.2 V
set and reset pulses (pulse width = 0.2 s) whereas those in
figure 6(b) utilized relatively longer +0.2 V set and reset
pulses (pulse width = 0.4 s). These observations showcase the
expected trade-off between conductance resolution and pro-
gramming times. Irrespective of the pulse width employed, the
switch conductances could be tuned across a relatively wide
resistance range (normalized) of ~3.5.

Maintaining a long and thin filamentary backbone in a
highly diffusive medium, such as water, challenges the endur-
ance of LR switches. Hence, to evaluate its cyclability, the
Ag-H,0-Au cell was switched between its LRS and HRS
via repeated (and alternative) application of +0.2 V/1 s set
(HRS — LRS) and —0.2 V/1 s reset (LRS — HRS) voltage
pulses. As confirmed by figure 7(a), the cell could sustain
210 switching cycles, maintaining a mean ON/OFF resistance
ratio of 113 and a standard deviation ogy, = 59. In compar-
ison to the LRS, the HRS displayed greater cycle-to-cycle
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Figure 6. Gradual conductance switching i.e. long-term
potentiation (LTP) and long-term depression (LTD) characteristics
of the Ag—H,O—-Au LR switch. These results were achieved using
+0.2 V set and —0.2 V reset pulse trains with 200 ms (in (a)) and
400 ms (in (b)) pulse widths.

variance (see figure 7(b)). This could be attributed to the fol-
lowing reasons: (a) limited accuracy of low current measure-
ments using the Gamry potentiostat, (b) lack of precise con-
trol over the size of Ag filament erased, and (c) variations
in the concentration of excess Ag™ ions in water. The last
reason is particularly important considering that water-soluble
Ag™ ions are released during each of the forming, set, and
reset operations. As seen from figure 7, the ON/OFF resist-
ance margin (R.g/R,,) decreased over the last ten cycles, cul-
minating in a stuck-at-LRS condition in the 211" switching
cycle. The apparent pre-failure HRS drift is suggestive of the
incomplete dissolution of the previously deposited Ag fila-
mentary material, which may be attributed to the build-up of
excessive Ag™ ions in water [40, 47]. Although in-situ optical
microscopy provides evidence of excessive Ag™ ion dissolu-
tion during the forming step, additional experiments monitor-
ing the water-gap conductances are necessary to confirm this
hypothesis. Overall, the Ag-H,O-Au LR switches demon-
strated better endurance compared with the recent demonstra-
tion of AgNO3-based synapses [40]. Minimizing the cycle-
to-cycle drift in HRS and matching up to the endurance of
CMOS-based SR switches requires refining the programming
framework. For instance, utilizing a current-limiting resistor
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Figure 7. (a) Endurance of the Ag—H,O—Au LR switch to repeated
switching via the application of +0.2 V set (4) and reset (-) pulse
trains and (b) the statistical spread of the measured LRS (blue) and
HRS (red) resistances across all cycles.

in series with the Ag—-H,O-Au LR switch and enforcing a
compliance voltage during the reset process would provide
better control over the filament morphology and dissolution
characteristics. In the context of improving device endurance,
it is useful to note that unlike solid-state synapses, the Ag—
H,0O-Au cell is amenable to physical resets, that is, in the event
of device failure, the Ag link bridging the Ag and Au elec-
trodes can be disintegrated by simply flowing water through
the cross-point. As shown later in this section, this mechanism
can be leveraged to extend device lifetimes beyond the onset
of hard faults.

The non-volatility of synaptic conductances enables long-
term memory and low power operation. Figure 5 confirmed
this property in Ag—H,O—Au LR switches, albeit over shorter
time scales (sweep rate = 25 mV s~!). As mentioned previ-
ously, water is a high diffusivity medium for Ag™ ions, and it
encourages volatility of the programmed LRS conductances.
In the absence of external power, a competition between the
surface and volumetric energies of the high aspect ratio Ag
link coupled with the enhanced diffusivity of Ag atoms in
water promotes mechanical instabilities, such as the Rayleigh—
Plateau instability, that naturally drive the cell toward the
HRS [46, 48]; as a result, the temporal stability of the LRS
is called into question. To fully characterize its retention
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Figure 8. State retention characteristics of a representative
Ag-H,0-Au switch whose HRS and LRS was programmed using
+0.2 V/1 s set (+) and reset (—) pulse trains.

Figure 9. Simplified circuit model of the Ag—H,O—Au LR switch
highlighting the influence of LRS conductance on the magnitude of
reset voltage. Here, V; is the applied reset voltage, Ry, is the
resistance of the part of the filament that is not erased significantly
during resets, R. is the resistance of the filamentary segment that
undergoes erasure and facilitates the LRS-to-HRS transition, and R,
represents the electrochemical resistance to Ag oxidation.

characteristics, the Ag—H,O-Au switch was programmed to
HRS and LRS (one at a time), and these states were mon-
itored every two minutes over a total duration of two hours.
Figure 8 shows the 1 h non-volatility of a representative
Ag-H;0-Au LR switch. At the end of an hour, the LRS
degraded abruptly, thereby transforming the cell to HRS. The
large 2- minute delays between consecutive reading pulses—
deliberately chosen to minimize any influence of the read oper-
ation on the LRS stability—prevented the LRS conductance
degradation from being resolved accurately in time. However,
the typical exponential-like drop in LRS conductance at the
end of the retention window was observed in other tests (res-
ults not included here) with the Ag—H,O-Au switch [48, 49].
Note that the limited current resolution of the Gamry poten-
tiostat (during the 50 mV/50 ms read operation) was chiefly
responsible for the recorded variance in the HRS conductance.

Compared with the device in figure 8, which displayed
a mean LRS resistance of 2.3 k2 over 60 min, those with
thicker filaments i.e. mean LRS resistance of 1.2 k{2 demon-
strated higher retentivity ~120 min (results not shown here).
However, erasing thicker filaments using low reset voltages
ie. —0.2 V/1 s proved to be a challenge and ittypically
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Figure 10. (a) Endurance of the Ag—H,O-Au LR switch to
repeated switching via the application of 2 V set (4) and reset (—)
pulses. The dashed-dotted line denotes the instance when the
water-gap was refreshed, and the device was ‘re-formed’.

(b) The statistical spread of the measured LRS (blue) and HRS (red)
resistances across all cycles.
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Figure 11. Non-volatility of a representative Ag—H,O—-Au LR
switch. Here, the LRS was programmed using +2 V/1 s instead of
+0.2 V/1 s set pulse trains and this promoted the growth of thicker
filaments (see the middle inset).

resulted in permanent stuck-at-LRS failures. Achieving both
high retention times and good reset reliability required (a)
programming the device to highly conductive LRS and (b)
utilizing higher reset voltages (—2 V/I s). Figure 9 uncovers
the direct relationship between the LRS conductance and the
required reset voltage through a simplified circuit model of
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Table 1. Comparative summary of this work vis-a-vis prior demonstrations of liquid-based resistive switches.

Crossbar Electrode Switch ON/OFF Endurance Retention  Analog
Work geometry spacing medium ratio Set | reset voltages (# cycles) time switching
This work Yes 40 pm DI water ~600 40.2 V analog 210 >3 h Yes

or £2 V digital

Guo et al [39] No 3 um DI water ~200 —-03VI10.4V 2 N/A N/A
Han et al [43] No 6 pm CuSOq4 ~100 —0.1V104V 500 N/A N/A
Kim et al [40] No 12 mm AgNO3 ~5 —0.04VI10.1V 100 03h Yes
Sun et al [41] No N/A KCl1 ~100 3VI-35V 5 N/A N/A
Hassan et al [42] No N/A Water ~2.6 28VI-28V 100 N/A N/A
the Ag—H,O-Au LR switch. Here, V; is the amplitude of the (a)
reset pulse, Ry, is the effective resistance of the highly con- S1 S2
ductive regions of the Ag link that do not participate directly \ /

in the resistive switching events, R, is the effective electrical
resistance of the highly resistive regions of the Ag filament that
undergo growth (erasure) when subjected to set (reset) pulses,
and R, represents the charge transfer resistance to the oxida-
tion of the resistive regions of the Ag link [50, 51]. Note that
during the reset process the current i, facilitates an increase in
R. by instigating the electrochemical oxidization and dissol-
ution processes. From figure 9, the potential AV, =V, — V,
across R, can be calculated as:

—1
AV =Vi(14R () - (1)

To accelerate filament dissolution, AV,, must be maxim-
ized using large values of V; and R, such that R, > Ry. For
Ag-H,0-Au switches featuring high aspect ratio Ag links and
large LRS conductances, the ratio R. /Ry, is relatively low, and
hence achieving a sufficiently large AV, across R necessar-
ily demands larger V;. This explains why —2 V/1 s pulses
proved to be more reliable in resetting Ag—H,O—Au switches
with LRS resistances less than 2 k). However, using asym-
metric set (0.2 V/1 s) and reset (—2 V/1 s) programming
scheme frequently led to set failures, presumably because the
gaps created by high-voltage erasures were too large for low
voltage set pulses to bridge. This prompted the utilization of a
symmetric +2 V/1 s setand —2 V/1 s reset pulse scheme which
enabled quicker LRS — HRS and HRS — LRS transitions
and higher ON/OFF current margins at the expense of analog
operability. The suitability of this programming scheme for
digital mode operation of Ag-H,O-Au LR switches is con-
firmed by figure 10(a), which shows how these switches could
sustain over 200 switching cycles while maintaining a very
high ON/OFF resistance margin (mean) of ~600. Figure 10(b)
describes the spread of LRS and HRS resistances. In addi-
tion to describing its cyclability, figure 10(a) also highlights
the amenability of Ag—H,O-Au switches to fluidic resets. For
example, between cycles 90 and 91 (dashed vertical line in
figure 10(a)), the water inside the polyimide well (see figure 2)
was substituted with a fresh droplet of deionized water. This
water exchange destroyed the existing Ag link, requiring the
Ag-H,;0-Au switch to be re-formed using +2 V DC before
continuing further with the endurance test. However, as seen
from figures 10(a) and (b), despite physically breaking and

(b)
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Figure 12. Programmability of a2 x 1 Ag-H,O-Au LR switch
crossbar array. (a) Schematic illustration of the array. The two
switches S1 and S2 are located at the crosspoints of overlapping Ag
(bottom) and Au (top) wires. (b) Conductances of S1 and S2
measured after programming the array to each of the following
states (S1,52) = {(0,0),(0,1),(1,0),(1,1)}. Note that ‘0’ and ‘I’
denote HRS and LRS respectively.

reforming the Ag link, the Ag-H,O—-Au synapse displayed
remarkable consistency in its LRS and HRS conductances.
Also, thanks to the highly conductive LRS, the Ag-H,O-Au
LR switch maintained both HRS and LRS for at least 3 h (see
figure 11).

To evaluate the prospect of building larger LR switch
arrays, two Ag wires were overlapped over a single orthogon-
ally oriented Au wire, producing the 2 x 1 crossbar sketched
in figure 12(a). Switches 1 and 2, denoted as S1 and S2 respect-
ively, were individually programmed to their respective LRS
and HRS using £2 V/1 s pulse trains. After each programming
step, the conductances of S1 and S2 were ascertained using
50 mV/50 ms read pulses. Figure 12(b) presents the measured
conductances for each of the four programmed states (S1,S2)
of the 2 x 1 Ag—H,0O-Au array viz. (0,0), (0,1), (1,0), (1,1).
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Note that ‘0’ and ‘1’ refer to the low conductance HRS and the
high conductance LRS, respectively. This preliminary demon-
stration highlights the potential of building LR digital synapse
networks using Ag—H,O—Au crossbar switch arrays.

As summarized in table 1 above, the vertically oriented
Ag—H,0-Au LR switch crossbars demonstrated in this paper
overcome some of the shortcomings associated with previous
implementations of liquid-based switches.

4. Conclusion

This paper showed how a relatively high ion mobility medium,
such as water, can be harnessed to build Ag—H,O—Au long-
range switches that are capable of interconnecting neurons as
far apart as 40 pm. These electrochemical switches require
low forming voltages to grow high aspect ratio Ag links across
large water-gaps. Post-forming, subsequent low (high) voltage
analog (digital) switching could be localized to the more res-
istive regions of the Ag link backbone. In addition to demon-
strating analog and digital switching across a large conduct-
ance range, the Ag—H,O-Au LR switches displayed good
endurance and state retention. Unlike solid-state switches
whose thin-film active layers cannot be etched and redepos-
ited post-fabrication, Ag—H,O—-Au switches are amenable to
physical resets via direct water-exchange. The simple con-
struction, neuromorphic functionality, and fault-tolerability of
Ag—H,0—-Au switches make them particularly attractive for
neuromorphic wetware implementations.
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