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Abstract— In this work, we use a two-terminal 2D MoS2-

based memristive device to emulate an artificial neuron. 

The Au/MoS2/Ag device exhibits volatile resistance 

switching characteristics with a low threshold voltage and a 

high ON-OFF ratio of 106, originating from an Ag diffusion-

based filamentary process. The leaky integrate-and-fire 

neuron implemented with this device successfully emulates 

the key characteristics of a biological neuron.  

 
Index Terms— 2D Material, LIF Neuron, MoS2, SNN, TSM 

I. INTRODUCTION 

PIKING neural network (SNN) mimics the human brain 

most faithfully among all neural networks and are 

projected to be the most energy-efficient in processing 

temporal data. The artificial neuron and synapse are the 

building blocks of SNN. Initially the hardware for SNNs was 

implemented with complex complementary metal oxide 

semiconductor (CMOS) circuitry where a single neuron or 

synapse was realized with multiple transistors, which is 

intensive in terms of area and energy consumption [1]. The 

discovery of the memristor in 2008 proliferated the realization 

of artificial synapses using a single two-terminal device [2], [3]. 

However, despite the equal importance of artificial neurons, the 

use of a single device to realize artificial neurons is not well-

explored. Recently, threshold switching memristor (TSM) 

devices [4], non-volatile memristors [5], phase change 

materials (PCM) [6], ferroelectric materials-based field effect 

transistors (FET) [7], [8] and floating body transistors [9] have 

been utilized to demonstrate leaky integrate-and-fire (LIF) 

neuron for SNNs. Memristive properties in 2D materials 

provides opportunities for realizing artificial neurons with these 

atomically thin systems, which will allow the ultimate vertical 

scaling of neural network hardware [10]-[12]. H Kalita et al. 

demonstrated a MoS2/graphene TSM based artificial neuron but 

the high threshold voltage, low ON-OFF ratio and low ON  
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current of the TSM constrained the detail study of LIF neuron 

and limits its practical utility [11]. A vertical 2D-memristive 

structure with stable volatile switching characteristics, 

operating at a low   voltage and   providing   low   ON state 

resistance required for practical neuromorphic applications has 

not been developed yet. 

In this work, we demonstrate an artificial neuron using 

chemical vapor deposited (CVD) 2D MoS2-based TSM. The 

volatile switching characteristics of the TSM are enabled by a 

top silver (Ag) electrode. The Au/MoS2/Ag TSM exhibits 

volatile switching characteristics with a low threshold voltage  

and high ON-OFF ratio. Area- and temperature-dependent 

measurements establish that the volatile switching originates 

from complex Ag ion dynamics. The TSM device is integrated 

with a simple RC circuit to emulate a LIF neuron, which 

exhibits all-or-nothing spiking, threshold-driven firing and 

stimulus strength-based frequency response like biological 

neurons and shows controllable variation of temporal response 

with varying input and circuit parameters.  

II. METHODS 

 The schematic and optical image of the vertical structure 

Au/MoS2/Ag TSM is shown in Fig. 1a-b. Ti/Au (5/100 nm) 

bottom electrodes are patterned and deposited on a Si/SiO2 

substrate using standard photolithography and lift-off 

processes. Mo (10 nm) is patterned and deposited by electron 

beam evaporation on the bottom electrode. Mo is sulfurized in 

a low-pressure CVD system at 780 ℃ to obtain 2D vertically 
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Fig. 1. (a) Schematic and (b) optical image of Au/MoS2/Ag TSM device. (c) 

STEM and HRTEM image of cross-section of the vertical stack of MoS2 TSM 
device. (d) I-V characteristics of Au/MoS2/Ag vertical TSM device with 30 

consecutive cycles shown in faded color. (e) I-V characteristics of the TSM 

device at pristine condition and after pulsing for 5106 cycles with I-V for 

intermediate cycles shown in faded colors (device area 100 µm2).  
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aligned MoS2 (~23 nm). The availability of a higher number of 

dangling bonds and d-orbital electrons at layer edges make 

vertically-aligned MoS2 more electrochemically active than 

horizontally-aligned MoS2 layers [13].  The top electrode is 

patterned and Ag/Au (15/40 nm) is deposited by e-beam 

evaporation on top of MoS2. The dark-field scanning TEM 

(STEM) and bright-field high-resolution TEM (HRTEM) 

characterizations shown in Fig. 1c confirms that MoS2 layers 

are grown vertically. We perform electrical measurements to 

characterize the LIF neuron using a B1500A Semiconductor 

Device Parameter Analyzer on a Micromanipulator probe 

station (room temperature, in air) and Janis cryogenic probe-

station (vacuum of 10-4 Torr, variable temperature).  

III. RESULTS AND DISCUSSION 

With the application of a positive bias on the top electrode of 

the TSM device, the device switches sharply from a high 

resistance state (HRS) to a low resistance state (LRS) at a 

threshold voltage (Vth) of ~0.35-0.4 V, with a high ON-OFF 

ratio of 106
, as shown in Fig. 1d. Since the device returns to its 

HRS during the reverse voltage sweep, it behaves as a threshold 

switch. The volatile switching in these devices could be 

attributed to the high thickness of MoS2 layers, with non-

volatility in switching in MoS2 being observed for thinner films 

[10], [14]. To investigate the reliability of the switching, 

continuous pulses of 1.2 V (pulse width 50 µs and 50% duty 

cycle) are applied to the device. The device switches to the LRS 

with every pulse and reverts to the HRS during the OFF time. 

The I-V characteristics of the device in pristine condition and 

after the application of the 5106 pulsed cycles are shown in 

Fig. 1e.  

With the application of appropriate electric field, Ag diffuses 

from the top electrode through the active channel material and 

forms a conductive path between the top and bottom electrodes. 

Upon removal of the electric field, the Ag filament 

spontaneously turns into a sphere for minimizing the interfacial 

energy [15]. This behavior facilitates the relaxation of the 

device by rupturing the conductive filament and enables the 

volatile behavior. We attribute the threshold switching nature 

of the Au/MoS2/Ag device to the formation of Ag conductive 

filaments through 2D MoS2 and the self-rupturing of those 

filaments.  

Figure 2a shows the resistance of the TSM device as a 

function of device area. The almost invariant resistance at LRS 

with respect to area supports the theory of conduction through 

localized filaments [16]. The inverse relation between area and 

HRS is ascribed to the uniform conduction, such as variable 

range hopping, through polycrystalline MoS2 [17]. The 

presence of localized grain boundaries, which limit conduction 

by scattering, causes the invariant HRS at larger area [16]. The 

filamentary switching process of the TSM is further confirmed 

by subjecting the device to voltage pulses with increasing 

amplitude. Fig. 2b shows the I-V characteristics of the device 

in pristine condition and after the application of voltage pulses 

with amplitude 2-5 V and a tON of 1 ms. The increase of the 

OFF-state current after applying the voltage pulses indicates the 

formation of a partial conductive path between the top and 

bottom electrodes [18]. As the voltage pulse amplitude is 

increased, the conductive filament becomes stronger and the 

relaxation time increases [15]. Therefore, after applying the 

pulse of 5 V amplitude, the device remains at LRS, resulting in 

a “fully formed” condition. These characteristics also support 

the Ag diffusion-based switching process [19],[20].  

Temperature dependent I-V measurements are performed on 

a pristine device and a fully electroformed device to study the 

conduction mechanism of the Au/MoS2/Ag structure at HRS 

and LRS. With increasing temperature, HRS current increases 

for the pristine device (inset of Fig. 2c), which is similar to the 

temperature-dependent conductivity of intrinsic 

semiconducting MoS2 [17]. The activation energy of the 

process is extracted from temperature dependent I-V 

characteristics of the pristine device, using the Arrhenius 

equation σ(T) = σ0exp(−Ea/kT) where σ0 is the conductivity 

at T = 0 K and k is the Boltzmann’s constant. The slope 

(−Ea/1000k) of the ln σ versus 1000/T plot provides the 

activation energy. The low activation energy of 62 to 104 meV 

shown in Fig. 2c, implies variable range hopping conduction in 

polycrystalline MoS2 [21]. Fig. 2d (inset) shows that when the 

device is fully formed, the OFF state current decreases with 

increasing temperature similar to the electrical characteristics 

of a metallic conductor, clearly indicating the formation of a 

metallic path between the two electrodes. This electrochemical 

formation of the conductive filament can be explained by the 

excellent ionic mobility of Ag within MoS2 facilitated by the 

electrochemically active vertically-aligned MoS2 layers [22]. 

Temperature coefficient of resistance (TCR) obtained from (RT 

−R380)/R380 vs. T plot shown in Fig. 2d is 510-3 K-1, which is 

the closest match to the TCR of Ag nanowire (3.3210-3
 K-1) 

[23]. Here RT denotes the resistance at temperature T.  

Next, we demonstrate an artificial neuron with the 

Au/MoS2/Ag TSM device. The process of generating action 

potential by biological neuron is explained by a bio-plausible 

model called “leaky integration and firing” [24]. Electrical 

 
Fig. 2. (a) Area dependence of LRS (obtained at 0.42 V) and HRS (obtained 

at 0.16 V) of Au/MoS2/Ag TSM device. (b) I-V characteristics of the device in 
pristine condition and after subjecting the device to voltage pulses of varying 

amplitudes. (c) The activation energy at different voltages extracted from 

OFF-state of temperature dependent I-V curves. Inset shows increasing trend 
of OFF-state current with increasing temperature. (d) (RT − R380)/R380 vs. T of 

fully formed TSM device. At fully formed condition, current decreases with 

increasing temperature (inset). (Device area 4 µm2) 
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implementation of the LIF model requires a component to 

integrate the incoming signal and a threshold driven switch to 

generate the output signal once the threshold is met. The 

Au/MoS2/Ag TSM device can emulate the LIF model when 

integrated with an RC circuit (externally connected on a 

breadboard, with the TSM device probed in the probe station) 

as shown in Fig. 3a. The RC circuit mimics the integration 
process of the membrane potential while the ion movement of 

a biological neuron is emulated by the Ag ion dynamics of a 

TSM device. Fig. 3b shows the multiple current spikes 

generated from the LIF neuron for a continuous stream of input 

voltage pulses with 100 µs pulse width and 1 V amplitude.  

The process of generating output spikes by LIF neuron is 

elucidated in Fig. 3c-d. Initially the TSM device remains at the 

HRS and allows a negligible leakage current to flow through 

load resistor RL. Therefore, in response to continuous pulses, 

the capacitor accumulates charge and the potential at node B 

(VB) increases, as shown in Fig. 3c.  As soon as, VB reaches the 

threshold value, the TSM switches to LRS and the capacitor 

discharges through the load resistor, resulting in an output 

spike, as shown in Fig. 3d, and the whole process emulates the 

threshold driven firing behavior of a biological neuron. No 

response below the threshold voltage and output generated 

upon surpassing the threshold voltage demonstrate the all-or-

nothing spiking of a biological neuron. The discharging of the 

capacitor causes VB to decrease below Vth and the TSM reverts 

to its HRS. The all-or-nothing spiking behavior of the TSM 

device enables it to generate output results after producing the 

first spike in a SNN. For other architectures of artificial neural 

network (ANN), results are obtained only after processing all 

the layers. This enables SNN to reduce latency and 

computational complexity [25].  
A certain degree of stochastic behavior is advantageous for 

enhanced capability and stability of many neuromorphic 

systems [6], [26]. We perform a statistical analysis of the 

distribution of output current spikes over a time period of 4 s, 

consisting of 106 output spikes for 20,000 input voltage pulses. 

Fig. 4a shows that the number of input voltage pulses required 

to generate an output spike follows a normal distribution due to 

the stochastic nature of the device.  In a neural network, the 

activation function determines whether the neuron would be 

activated or not depending on the weighted synaptic input. Fig. 

4b demonstrates the increase in the number of output spikes as 

the input voltage pulse amplitude is increased, following the 

sigmoid function most commonly used in SNNs as an activation 

function.  

Figure 5a shows that increasing pulse width facilitates faster 

charging of input capacitor Co, hence an increasing number of 

spikes is observed with increasing pulse width. Increased firing 

with increasing pulse amplitude and pulse width emulates the 

stimulus strength-based frequency response of a biological 

neuron. Conversely, increasing the pulse interval results in 

decreasing number of output spikes, as shown in Fig. 5b. 

Reduction of the value of the input capacitance Co brings down 

the integration period, resulting in an increased spiking 

frequency, shown in Fig. 5c. Fig. 5d demonstrates that 

changing the input resistance while keeping the RC time 

constant fixed does not affect the output spiking frequency. The 

ability of tailoring these input pulse and circuit parameters for 

controlling the firing rates makes the Au/MoS2/Ag artificial 

neuron viable for use in neuromorphic applications.   

IV. CONCLUSION 

In conclusion, Au/MoS2/Ag memristor devices are fabricated 

with large area CVD-grown MoS2. The threshold switching 

originates from conductive filament formation by Ag diffusion 

through 2D MoS2. A LIF neuron with controllable spiking 

characteristics is realized using the TSM device. The 

demonstration of artificial neurons with 2D MoS2 exhibits the 

viability of this device for future neuromorphic applications and 

edge computing on a complete 2D platform.  

 
Fig. 3. (a) Circuit diagram for realization of artificial neuron with Au/MoS2/Ag 

TSM. (b) Continuous output current spikes from neuron.  c) Voltage at node 

B (VB). (d) Voltage across load resistor RL (VRL). (Device area 400 µm2) 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
Fig. 4. (a) The normal distribution of variation in the number of pulses required 

for generating an output spike. (b) The variation of number of output spikes for 

a given time period with increasing input pulse amplitude. The variation 
follows sigmoid function. (Device area 400 µm2) 

 

 
 

 

 
 

 
Fig. 5. (a) Increasing pulse width with constant pulse interval and pulse 
amplitude leads to increasing spiking frequency. (b) Increasing pulse interval 

with constant pulse amplitude and width results in decreasing spiking 

frequency. (c) Lower capacitance (Co) increases the spiking frequency. (d) 

Variation of both Ro and Co by keeping RC time constant unchanged does not 

affect the spiking frequency. (Device area 400 µm2) 
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