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Abstract—Stochastic computing (SC) is a special type of 

digital compute strategy where values are represented by 

the probability of 1 and 0 in stochastic bit streams, which 

leads to superior hardware simplicity and error-tolerance. 

In this paper, we propose and demonstrate SC with GeSe-

based Ovonic Threshold Switching (OTS) selector devices 

by exploiting their probabilistic switching behavior. The 

stochastic bit streams generated by OTS are demonstrated 

with good computation accuracy in both multiplication 

operation and image processing circuit. Moreover, the bit 

distribution has been statistically studied and linked to the 

collective defect de/localization behavior in the 

chalcogenide material. Weibull distribution of the delay 

time supports the origin of such probabilistic switching, 

facilitates further optimization of the operation condition, 

and lays the foundation for device modelling and circuit 

design. Considering its other advantages such as simple 

structure, fast speed, and volatile nature, OTS is a 

promising material for implementing SC in a wide range of 

novel applications, such as image processors, neural 

networks, control systems and reliability analysis. 

Index Terms—selector, GeSe, stochastic computing, 

memristor, bit stream, random number 

I. INTRODUCTION 

TOCHASTIC computing (SC) is an approximate computing 

paradigm where a value is represented by the probability 

encoded in a stream of stochastic bits [1], [2]. It enables low-

cost implementations of arithmetic operations using standard 

logic elements, and also provides high tolerance to soft errors. 

Due to these advantages, SC is particularly suitable for those 

applications requiring parallel-processing techniques, such as 

image processing [3], [4], neural networks [5]-[7]and control 

systems [1], [8]. Despite these benefits, the performance of SC 

is limited by the quality of bit streams: correlation in the bit 

streams could dramatically degrade the computing accuracy. 

Fig. 1a demonstrates that a multiplication operation can be 

simply realized with a single AND gate, but correlated input 

streams could cause errors and should be avoided (Fig.1b). 

The natural probabilistic behavior and error tolerance of SC 

suits well with emerging nanotechnologies such as memristors 

[4], [7], [9], carbon nanotube field-effect transistors (CNTFETs) 

[10], and magnetic-tunnel junction (MTJ) devices  [11], [12], 

by  utilizing their probabilistic behavior associated with 

different mechanisms. However, the non-volatile memristors 

and MTJ devices need an erase (reset) operation and a separate 

read-out operation in each programming cycle, which increases 

operational complexity and energy consumption, and limits the 

generation frequency; the CNTFETs, although based on a 

revolutionary technology and have exciting potentials, still face 

difficulties in achieving large-scale production compatible with 

silicon-based CMOS.  

 
Resistive-switching memory devices are promising 

candidates for next-generation memory and neuromorphic 

computing [13][14]. In recent years, ovonic threshold switching 

(OTS) chalcogenide materials, such as GeSe, GeAsTe and 

SiGeAsSe, have been proposed as selector devices used to 

suppress the sneak current in emerging memory arrays due to 

their favorable characteristics such as CMOS-compatibility, 

volatile switching, fast speed and excellent endurance [15]-

[17],[27],[28]. OTS switching is an electronic process which 

involves defect localization/delocalization in a volatile 

conductive filament formed during the first-fire operation. The 

detailed switching mechanism has been discussed in our earlier 

works [17],[25]-[28]. 

OTS’s probabilistic switching has been exploited to 

implement  the true random number generators (TRNGs) with 

good randomness and stability [18]. In this paper, we propose 

and demonstrate another novel application: stochastic 

computing based on GeSe OTS selector devices. The stochastic 

bit streams generated by OTS have shown good computation 

accuracy in both multiplication operation and edge detection 
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Fig.1. (a) A multiplication operation is implemented with a single AND 

gate. (b) Correlated input streams could cause errors. (c) Schematic of 

the OTS structure. GexSe1-x is the switching layer; device size is confined 

by the pillar bottom electrode (BE). (d) Schematic of the bit stream 

generation waveform. Current is measured at the end of each pulse. 
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circuit for image processing. Moreover, the distribution of bit 

in the stochastic streams has been statistically studied. Weibull 

distribution of OTS’s delay time is used to explore the origin of 

such probabilistic switching. Considering OTS’s other 

advantages such as simple structure, fast speed, and volatile 

nature, it is a promising material for SC implementation in a 

wide range of novel applications, such as image processors, 

neural networks, and control systems. 

II. DEVICE AND CHARACTERIZATION 

TiN/GeSe/TiN selector devices were integrated in a 300 mm 

process flow, using a pillar (TiN) bottom electrode which 

defines the device size to 50 nm (Fig.1c). The 10 nm-thick 

amorphous GeSe chalcogenide film was achieved by room 

temperature physical vapor deposition (PVD) and passivated 

with a low-temperature BEOL process scheme [15]. Under a 

constant voltage pulse (Fig. 1d), there is a stochastic delay time 

(tdelay) before the device is switched on [19],[25]. Such 

stochasticity is exploited in Fig. 1d by applying a sequence of 

pulses of certain conditions and measuring the current at the end 

of each pulse to check whether the device has been switched on 

(“1”) or not (“0”) during this pulse. Thus, the stochastic bit 

stream, whose probability (of “1”) represents the value, can be 

generated. Thanks to the volatile nature of OTS, the generation 

of a stochastic bit does not require a separate erase (reset) 

operation or a read-out operation, which could greatly simplify 

the circuit and improves the bit generation throughput. The fast 

I-V characterization was done with a Keysight B1500A 

semiconductor analyzer with embedded B1530A Waveform 

Generator/Fast Measurement Unit (WGFMU). 

 

III. RESULTS AND DISCUSSIONS 

Firstly, stochastic computing is demonstrated in a 

multiplication operation. With a fixed pulse width, OTS’s 

switching probability is dependent on the pulse amplitude (Fig. 

2a). The bit streams generated by the 1,000 pulses at 2.7 V and 

2.8 V are sent to an AND gate for multiplication (Fig. 2b). After 

SC, the output bit stream represents a value of 0.463 (Fig. 2c), 

very close to the arithmetic product of 0.460 and supporting the 

good stochasticity and uncorrelatedness of bit streams 

generated by OTS. 

Looking into the stochastic bit streams, it is interesting to find 

that the segment length, i.e. the number of consecutively 

appearing “0” or “1” as demonstrated in Fig. 3a, follows 

exponential distribution (Fig. 3b), which indicates that the 

stochastic generation process can be considered as a 

memoryless discrete-time Markov chain [20]. The mean value 

of the segment lengths can be named as segment length constant 

τ (Fig. 4b). τ0 and τ1 are oppositely dependent on the pulse 

amplitude (Fig. 4c) and pulse width (Fig. 4d). 

 
Such segment length information facilitates the modelling of 

bit streams of any probability values and further the simulation 

of an OTS-based edge detection circuit in an image processing 

system. Such system uses an OTS array to convert pixel values 

into stochastic bit streams in parallel (Fig. 4a), which are 

further processed by the Robert cross algorithm (Fig. 4b) to 

highlight significant gradients in the diagonal direction across 

the array. The array and circuit have been reported in [4]. In this 

way, image edge can be detected. Fig. 4(c-d) compares the edge 

detection result with streams of 100 and 1,000 bits respectively. 

Edge detection is successful and increasing the stream length 

can significantly improve detection quality. 
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Fig.2. (a) Switching probability at different pulse amplitudes(tpulse = 1μs). 

(b) 1000-bit stochastic streams generated at 2.7 V and 2.8 V 

representing the values of 0.561 and 0.820 respectively sent to an AND 

gate for multiplication. (c) The output bit stream after SC represents a 

value of 0.463, close to the arithmetic product of 0.460.  
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Fig.3. (a) Demonstration of “0” and “1” segments in a 20-bit stream. (b) 

Exponential distribution of segment length, from the 1,000-bit stream 

generated with Vpulse = 2.7 V and tpulse = 1 μs. (c) Dependence of segment 

length constants, τ0 and τ1, on Vpulse with fixed tpulse = 1 μs. The 

corresponding τ0 and τ1 of any analog probability value can be obtained 

via interpolation (straight lines). (d) Dependence of segment length 

constants on tpulse with fixed Vpulse = 2.6 V. 

 
Fig.4. (a)  A 256x256 image for edge detection with schematic pixel 

array. (b) Edge detection circuit based on Robert cross algorithm. Xi,j is 

the  stochastic bit stream generated by OTS, representing the pixel 

value at (i,j) in the array.(c-d) Edge detection results using (c) 100-bit 

and (d) 1000-bit stochastic streams. 
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The origin of such excellent stochasticity of OTS-based SC 

can be attributed to the stochastic delay time during switch-on, 

as demonstrated in Fig. 5a. It is further found that in a wider 

pulse, the delay time measured within the measurement range 

(10 ns ~ 50 μs) follows Weibull distributions at different pulse 

amplitudes (Fig. 5b). It is well known that the time-dependent 

dielectric breakdown (TDDB) follows the Weibull distribution 

and is triggered by the formation of a filamentary conductive 

percolation path [23][25].  The Weibull distribution of tdelay in 

OTS can be attributed to a volatile filamentary formation 

process, therefore, induced by a different mechanism such as 

electronic defect de/localization [25-27].  

The dependence of OTS switching probability on both pulse 

amplitude and width is further investigated. In Fig. 5b, tdelay is 

reduced at higher pulse amplitude, as the Weibull distribution 

parallel shifts to left. This demonstrates that a pulse with either 

higher amplitude or longer width can increase the switching 

probability measured at the end of the pulse. The details of the 

Weibull plot can be found in [25] [26]. The Weibull parameters, 

α and β, in Fig. 6a, are extracted from Fig. 5b and can be fitted 

well linearly with pulse amplitude. Based on this observation, 

the switching probability at a wide range of pulse conditions, 

i.e. amplitude and/or width, can be simulated, as shown in the 

heatmap of Fig. 6c, where the scattered colored dots are 

experimental switching probability measured by applying 

1,000 pulses at the corresponding conditions. The good 

agreement supports that whilst the switching of OTS is 

stochastic, the switching probability can be precisely controlled 

by either tuning the pulse amplitude or width in a wide range, 

which provides further flexibility for its SC application. 

 
A practical OTS-based SC system will be challenged by a 

range of reliability issues, such as switching probability drift 

induced by cycling and device-to-device (D2D) variability. The 

endurance of GeSe OTS has been significantly improved by 

introducing a recovery scheme which prolongs the endurance 

to >1011 [17], while SiGeAsTe OTS has demonstrated a stable 

endurance performance >1011 [27],  which is limited by the 

measurement instrument. The D2D variability is within a few 

tens [27] or hundreds of millivolts [18]. Whilst SC has 

demonstrated good robustness against reliability issues thanks 

to its error-tolerate nature [2], these issues can be further 

migrated by solutions at the peripheral circuitry level, such as a 

real-time switching probability monitor circuit utilizing 

counters/comparators to adjust and map the input pulse 

conditions accordingly. In addition, several novel programing 

methods have been proposed to improve the reliability of OTS 

selectors, such as controlling the fall time/operation current [28], 

or using the “1/2V” scheme [29]. The detailed circuit design is 

out of the scope of this paper, as it aims to timely propose the 

concept of OTS-based SC. Additionally, the switch-off process 

of OTS is also a probabilistic process but at a much faster speed 

[25], [26], which could be further exploited in future work to 

enhance the performance of OTS based SC. 

 

IV. CONCLUSIONS 

In this paper, we propose and demonstrate stochastic 

computing with GeSe-based OTS selector device by exploiting 

its probabilistic switching behavior. The high-quality stochastic 

bit streams generated by OTS lead to good computation 

accuracy in both multiplication operation and edge detection 

circuit for image processing. Moreover, the bit distribution in 

the stochastic streams has been statistically studied and linked 

to the collective defect localization/delocalization behavior in 

the chalcogenide material. Weibull distribution of the delay 

time supports the filamentary origin of such probabilistic 

switching, facilitates optimization of operation conditions, and 

lays the foundation for device modelling and circuit design. The 

simple structure, fast speed, and volatile nature of OTS make it 

promise for stochastic computing in a wide range of novel 

applications, such as image processors and neural networks. 
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