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Abstract— In memristors and resistance switching devices, 

there is a region prior to switching which exhibits current 

transients with potentially useful dynamics. We refer to this 

region as the subthreshold region owing to it occurring prior to 

any switching threshold. These transients exhibit a 

characteristic peaked response with a fast rise in current 

followed by a slower decay. This behaviour has previously been 

used to quantify the mobilities of defects drifting within the 

active layer of the devices, but it has also been used in 

neuromorphic circuits to carry out edge detection, to implement 

homeostasis within artificial synapses and could have uses in 

replicating eligibility traces. We present an empirical SPICE 

model to reproduce these transients within circuit simulators. 

The model is compared with experimental datasets for a range 

of applied voltages and we present experimentally verified 

parameters for readers to use within their own simulations. 

Keywords— memristor, ReRAM, SPICE, modelling 

subthreshold. 

I. INTRODUCTION 

In the pursuit for energy efficient bio-inspired computing, 

novel electronic devices such as memristors [1], [2] have 

played an important role in replicating the behaviours of 

biological synapses [3]. The resistance of these devices can 

be modulated by applying voltage pulses across the device. 

This property resembles the potentiation and depression 

behaviours of synapses where action potentials induce 

changes in the synapse’s conductivity.  

While potentiation and depression of a memristor’s 

conductance typically occur under opposite voltage 

polarities, there is a region of operation where both 

potentiation and depression occur under the same polarity [4]. 

This could prove advantageous for circuit designers if it 

meant synapse circuits could be developed within the 

constraint of single rail power supplies. We refer to this 

region of operation as the subthreshold regime owing to it 

occurring before any discrete switching thresholds are met.  

The subthreshold regime’s characteristic behaviour is 

illustrated in Fig 1. When a constant voltage is applied to the 

device its conductance increases rapidly - eventually reaching 

a maximum - after which, the conductance slowly decays. 

Both potentiation and depression have been induced without 

switching voltage polarities.  

This behaviour results in a unique current transient with a 

prominent peak. Transients similar to this have been observed 

in a range of oxides [5]–[7] suggesting the behaviour could 

be induced in the many oxide-based memristors in use today. 

Historically, this current transient has been used as a 

method of characterization. Of particular interest is the timing 

of the peak, which has been used to measure the mobility of 

mobile ions within a oxide thin film [5], [7]–[9]. This 

methodology is based on a space charge limited current 

model in which the peak is the result of a migrating space 

charge generating an ionic current [10], [11]. However, the 

validity of applying this model is not certain. For example, 

alternative explanations of the current transient argue that 

ionic currents are negligible and electronic currents are the 

source of the current transient [8]; if true, this would 

invalidate ion mobility measurements obtained from the 

transient’s peak. Whilst there is not yet a consensus on the 

physical model behind these transients, there is a general 

trend towards an explanation which involves the electronic 

conductivity being modulated via a combination of charge 

trapping and the migration of space charge [12]. 

 
Fig 1. The current transient phenomenon. The current transient induced 

within an silicon oxide based memristor device (inset) is plotted for a 

number of step potentials with a range of magnitudes. The transient is a 

combination of a rapid increase in device current, followed by a slower 

decay, resulting in a characterisatically peaked reponse. The top contact is 
grounded while the positive voltage is applied to the bottom molybdenum 

contact. 

Whether this behaviour can be used as a characterization 

tool is not yet clear, but there remains the potential to utilize 

the behaviour within neuromorphic computing. One such 

example is the use of the subthreshold regime to efficiently 

carry out edge detection within spike encoded images [13]. 

Equally, the device has shown promise in replicating synaptic 

behaviours such as in reproducing homeostatic behaviours 

[4] and the slow time dynamics of the behaviour could have 

use in replicating eligibility traces [14], [15]. Such long time 

dynamics are challenging to implement with RC circuits, 

however by exploiting the migration of slow ions they 

become obtainable. However, for circuit designers to 

experiment with this unique device behaviour, a model is 

sorely needed to enable efficient simulation.  

In this paper, we present a compact SPICE model to 

replicate the subthreshold behaviour of devices. We will 

document the structure of the model and then demonstrate its 

accuracy in replicating constant voltage experiments. 

II. DEVICES 

The device has a metal-insulator-metal structure as 

illustrated in the inset of Fig 1. The top metallic contact is a 

combination of a 100 nm thick gold layer deposited by 



electron beam evaporation and a 3 nm thick titanium buffer 

layer between the gold and oxide layer to improve adhesion. 

This contact has a size of 200 × 200 μ𝑚. The insulator layer 

is a sub stoichiometric amorphous silicon oxide of thickness 

35 nm deposited via magnetron sputtering. The bottom 

electrode is a 300 nm thick molybdenum thin film deposited 

via sputtering. The device was previously fabricated for use 

as a switching resistance memory device [16]. 

To induce the current transient behaviour studied in this 

paper, the device must undergo an electrical stressing process 

described in [4]. This involves applying a constant current 

source to the device to induce electrical defects within the 

oxide layer. This process results in a permanent increase in 

conductivity and the ability for the device to now exhibit the 

peaked current transients of the subthreshold regime. The 

magnitude of the constant current source can be tuned to 

modulate the dynamics of the current transient, for example 

by selecting for largely the depression or the potentiation of 

conductance. 

After stressing, the device exhibits current transients as 

shown in Fig 1. Voltages are applied to the device at the 

molybdenum electrical contact while the gold electrical 

contact is grounded. These transients are observed for a range 

of voltages from 0.7 V to 1.1 V. If larger voltages are used, 

stressing can occur causing a gradual drift in device 

conductance, hence the experiments are limited to voltages ≤
1.1 𝑉. The current transients in Fig 1 form the dataset which 

will be used to fit the model parameters in later sections. 

III. SPICE MODEL DEFINITION 

The current transients in amorphous silicon oxide devices 

appear to be the result of two separate changes occurring 

within the device simultaneously, resulting in both an 

increase and decrease in conductance. These two changes in 

conductance differ in several ways. Firstly, in their timing, 

the increase in conductance is significantly faster than the 

decay. Secondly, in their volatility, the increase in 

conductance relaxes to its initial state within tens of 

milliseconds while the decay in conductance can take hours 

to fully reset. Thirdly, in their material dependence, the decay 

in conductance can be removed by changing the material of 

the electrodes [12]. This has led to the conclusion that the two 

changes are driven by different mechanisms and can exist in 

isolation which will be detailed in the following sections. We 

will first present the SPICE models for each of these 

processes separately and then combine the two to obtain the 

final model.   

A. Increase in Conductance 

The rapid increase in conduction appears to be the result 

of charge trapping. This is supported by its faster timescales, 

its greater volatility as well as experiments where optically 

injected carriers were shown to accelerate the process [12].  

One explanation of how charge trapping affects device 

conductance is that the height of a Schottky-like barrier is 

modulated via the population of interface states [17], [18]. 

Whilst Schottky barriers are strictly formed between metal-

semiconductor interfaces; studies have identified similar 

barriers within memristor devices [19]. Our silicon oxide 

devices are rectifying, suggesting they too have an interface 

barrier at one of the metal-insulator interfaces. Equally, the 

filaments in our devices are formed of silicon rich regions 

within the oxide, hence it’s feasible that the interface between 

these filaments and metal contacts do resemble a Schottky 

interface. 

We model this Schottky barrier as a voltage drop, 𝑣𝑛(𝑡), 

which acts to reduce the voltage across the active layer of the 

device as shown in Fig 2. As the height of the Schottky barrier 

shrinks, the potential across the active layer increases, 

resulting in a larger device current. 

The voltage drop caused by the Schottky-like barrier, 

𝑣𝑛(𝑡), is time dependent and is modelled with the sub-circuit 

illustrated in Fig 2B. The magnitude of the voltage drop is 

represented within the sub-circuit by the voltage across the 

capacitor, 𝐶𝑛. It has an initial value of 𝑣𝑛0and is discharged 

by the current source, 𝐼𝑛(𝑡). The rate of discharge is defined 

by the current source whose magnitude is proportional to the 

difference between the current voltage drop across the 

Schottky barrier and its final equilibrium value as detailed in 

equation 1 where α corresponds to the probability of trapping 

a carrier and the voltage difference relates to the 

concentration of unpopulated states. The current source 

discharges the capacitor to a final equilibrium voltage, 𝑣𝑛∞, 

where the trapping and de-trapping currents are equal.  

                   𝐼𝑛(𝑡) = 𝛼 × [𝑣𝑛(𝑡) − 𝑣𝑛∞] (1) 

B. Decay in conductance 

There is strong evidence that the decay in conductance is 

the result of charged ions drifting within the oxide thin film. 

This has been proposed in the majority of publications on 

such current transients [5]–[7]. This is largely based on the 

decay in conductance being a slow process occurring on the 

time scale of tens to hundreds of seconds; a time scale too 

long to be associated with the trapping of electrons or holes. 

Further, in support of a drifting defect hypothesis, it has been 

shown that the process can be reversed by applying a voltage 

of opposite polarity despite the device exhibiting 

significantly smaller currents in the opposite polarity [12]. In 

our model, we continue with this approach and assume the 

presence of migrating defects. Importantly, we assume the 

ionic current induced by the migrating space charge is 

 
Fig 2. SPICE Model diagram. (A) The SPICE model produces an output 

current, 𝐼(𝑡), given an input voltage, 𝑉(𝑡). The circuit consists of a single 

resistor, R0, in addition to two voltage sources which act to reduce or 

increase the magnitude of the voltage applied to the resistor. These voltage 

sorces are described by the sub-circuits highlighted in blue and red. (B) The 

voltage source, 𝑣𝑛(𝑡), has an initial value of 𝑣𝑛0  and reduces over time 

leading to an increase in device current. (C) In contrast, the voltage source 

𝑣𝑠𝑐(𝑡) has an initial value of 0 𝑉 and increases over time causing a reduction 

in the current flowing through the device. All capacitors are set to a value of 

1 𝐹, whereas the values of the resistors and voltage biases are obtained from 

fitting the experimental data. 



negligible in comparison to the electronic currents as 

predicted by [8]. 

The electronic current through the device is assumed to 

be via a conductive channel within the oxide. In our silicon 

oxide devices, this is a silicon rich filament that forms during 

electrical stressing. Such filaments are common in 

memristors and have been observed in our devices using 

etching C-AFM techniques [20].  

To induce an electronic current through these filaments 

there must be a potential across the channel. In our model, the 

migrating space charge modulates this current by reducing 

the potential experienced along the filament. This space 

charge is most likely a positively charged ion accumulating 

near the top gold electrical contact. This claim is supported 

by the observation that the effect of the accumulating of space 

charge can be removed by changing the material of the top 

electrical contact from gold to ITO [12]. The exact species of 

this ion is not yet certain. A significant amount of oxygen 

migration, and their associated oxygen vacancies, has been 

observed migrating throughout the device when under bias 

[21], suggesting this could be a valid candidate, but equally, 

in other devices hydrogen has been found to define device 

behaviour [22] and hydrogen has been detected within our 

devices in large quantities. Because it is not yet certain which 

ion is responsible, we therefore assume a generic space 

charge. 

The impact of the space charge on the conductive channel 

is as follows. Initially, the space charge has a homogenous 

distribution. When the voltage is applied to the device, this 

imparts a force on the space charge which begins to drift and 

accumulate at the device electrode where it is blocked from 

exiting the oxide. This accumulation forms a region of higher 

concentration of space charge that consumes some portion of 

the potential applied across the device. This results in a lower 

potential drop across the conductive channel. As the space 

charge accumulates, this voltage drop increases meaning less 

potential is dropped across the channel causing a steady 

reduction in device current. Eventually, the drifting force 

imparted on the space charge will reach equilibrium with the 

diffusion and Coulombic repulsion formed by the 

accumulated space charge, leading to a steady state condition. 

When the potential is removed, the space charge diffuses 

back to its original distribution. 

We model this process using the circuit illustrated in Fig 

2. The conductive channel is modelled with a fixed resistance 

𝑅0. The voltage across the conductive channel is defined by 

the applied potential at the terminals of the device, 𝑉(𝑡), and 

the voltage source, 𝑣𝑠𝑐(𝑡), which represents the voltage drop 

caused by the accumulated space charge. This voltage source 

is time dependent and is defined by the subcircuit shown in 

Fig 2C. As the voltage of this source increases overtime, the 

voltage across the fixed resistor drops and the device current 

also reduces.  

The sub-circuit in Fig 2C tracks the accumulation of the 

space charge and its corresponding voltage drop, which is 

represented by the voltage across the capacitor 𝐶𝑠𝑐 . This 

capacitor is charged by the current source, 𝐼𝑠𝑐(𝑡), generating 

a current according to equation 2. It is defined by the voltage 

applied across the device and, μ , which symbolises the 

mobility of the space charge. The current source draws charge 

from a voltage source representing the steady state voltage 

drop i.e. the maximum voltage drop consumed by the 

accumulated space charge, 𝑉𝑠𝑐𝑚𝑎𝑥. 

 

𝐼𝑠𝑐(𝑡) =    [𝑉𝑠𝑐𝑚𝑎𝑥 − 𝑣𝑠𝑐(𝑡)] × … (2) 

 [𝜇(𝑉(𝑡) − 𝑣𝑠𝑐(𝑡))]  

C. Combined Model 

To complete the model, the subcircuits for both potential 

drops are combined as shown in Fig 2A. The two voltage 

drops act upon a single resistor representing the conductive 

channel, 𝑅0. In practice, this channel does not exhibit ohmic 

conduction and so its resistance will have a voltage 

dependence. This is taken into account when we collect the 

meta-parameters.  

IV. PARAMETER FITTING & MODEL PERFORMANCE 

The complete model has a total of six parameters, 

identified in Table 1. They will be fit to the dataset plotted in 

Fig 1, which contains current transients observed in a single 

device for a range of voltages from 0.7 V to 1.1 V. 

Initially, the model is individually fit to each voltage trial 

and will then be generalised in a later stage. Fitting is carried 

out in MATLAB using the fminsearch function which 

employs the simplex search method [23] to minimise an error 

function which has been set to the mean-squared-error. The 

process of fitting individual voltage trials results in a set of 

parameters which exhibit voltage dependencies except for 

one exception, 𝑣𝑛∞, which is spread around a central value 

for different voltages and so is assumed to be independent of 

the applied voltage. For this parameter we calculate the mean 

average of its value across the dataset and then set it as 

constant, 𝑣𝑛∞ = 0.35 𝑉.  

The prediction of the model when parameters are re-

optimised for each specific voltage case is plotted in Fig 3A. 

An example residual for the case of 𝑉 = 0.7 𝑉 is plotted in 

Fig 3B which exhibits the worst residuals due to the lower 

device currents, it shows a maximum error of 13% which 

occurs at the onset of the transient. However, these errors 

drop rapidly resulting in mean error of only 1.9% across the 

duration of the transient. For all voltage cases the absolute 

error remains < 5 𝑛𝐴  throughout the transient. This is a 

reasonable fit, however, there is a persistent oscillation 

occurring in the residuals of all voltage cases suggesting the 

model is missing some dynamics within the current transient. 

Naturally, this approach to fitting will result in a good fit 

because of the re-optimisation of parameters for each voltage 

case. However, the model is not yet generalized. In its current 

form the parameters of the SPICE model must be modified 

depending on the voltage being applied to the device. Ideally, 

the model would be generalized wherein a single set of 

parameters applies to a range of applied voltages. 

To generalise the model, we must modify it to account for 

the voltage dependency of each parameter. Inevitably, this 

process introduces error into the model’s behaviour and 

increases fitting residuals. However, the ability to predict 

device behaviour for a range of voltages using only a single 

set of parameters justifies this reduction in accuracy. For each 

of the voltage dependent parameters, we fit the parameter 

values to a suitable function, as indicated in Table 1 and 

illustrated in Fig 4A-E. From these functions we extract the 

coefficients that describe the voltage dependency, for 



example the gradient and offset of a single order polynomial. 

We refer to these coefficients as meta-parameters because 

they encompass the parameters obtained previously from 

fitting the experimental data. 

TABLE I.  MODEL PARAMETER VALUES  

 The predictions of the generalised model are shown in 

Fig 4F. The errors between experimental and simulated 

device currents for each voltage curve have increased in 

comparison to the voltage specific parameters. However, the 

advantage of the generalised model is that its parameters no 

longer require refitting for different applied voltages.  

A significant divergence of the generalized model occurs 

for the case of 𝑉 = 1.1 𝑉. As evident in Fig 4F, the model 

consistently predicts a lower device current within the first 

half of the transient. This may be due to the larger applied 

voltage and corresponding currents causing electrical 

stressing within the oxide. It is known that these devices 

respond to electrical stressing with an increase in device 

conductivity. [4] 

We can correct for this by introducing a stressing term 

that acts to increase the number of traps within our 

representation of the Schottky interface. The discharge 

current described in equation 1 is modified to include a term 

that charges the capacitor, 𝐶𝑛 , simulating the creation of 

additional trap sites. This term is proportional to the current 

flowing through the device, σ𝐼(𝑡) , where σ  represents the 

probability of defect creation for a given magnitude of 

current, 𝐼(𝑡). This results in equation 3.  

 

𝐼𝑛(𝑡) = 𝛼 × [𝑣𝑛(𝑡) − 𝑣𝑛∞]  −  σ𝐼(𝑡) (3) 

 

The result of introducing this additional stressing term is 

plotted in Fig 5. The two models are contrasted both with and 

without the stressing term and it is evident that introducing 

the stressing term, where 𝜎 = 5.71 × 105, improves the model’s 

performance in the first half of the transient. Note, however, 

that the model is no longer generalized because this stressing 

term does not apply to smaller voltages.  

To summarise, the SPICE model proposed in Fig 2 can be 

generalised for silicon dioxide devices for voltage ranges 

within 0.7 𝑉 − 1.0 𝑉 . Beyond this, the model must be 

modified to account for the additional stressing occurring 

within the oxide by introducing a stressing term as described 

by equation 3. However, the validity of this stressing term has 

not been validated for voltages beyond 1.1 𝑉  hence it is 

highly likely that further modifications would need to be 

made to account for stressing accurately in future work.  

V. LIMITATIONS & FUTURE WORK 

In its current format, the model’s parameters are limited 

to a voltage range which avoids significant additional 

stressing. For example, we have limited our device 

characterisation to voltages ≤ 1.1 𝑉 . If the voltage is 

increased to the point that stressing begins to occur the shape 

of the transient changes and the model no longer holds. This 

range can be determined by running multiple trials at a fixed 

voltage, if there is a gradual increase in conductance across 

trials, the applied voltage should be reduced.  

To extend the model to more general inputs, beyond that 

of a step potential, the relaxation dynamics of the current 

transient need to be included. This can be done by including 

leakage terms to the charge trapping and space charge 

circuitry which discharge or charge their respective 

capacitors.  

Finally, this is an empirical model that has in part been 

influenced by the physical model of the device. However, 

there is still a significant degree of uncertainty as to what 

causes the current transients and whether this differs between 

devices of different materials. To develop more complete 

models, further work needs to be done to verify the physical 

mechanisms of this behaviour.  

Parameter Function Value 

𝑅0 Exponential 𝑅0(𝑉) = 6.00 × 106 𝑒𝑥𝑝(−1.07𝑉) 

α Linear α(V) = 1.09V − 0.454 

𝑣𝑛∞ Constant 𝑣𝑛∞ = 0.35 

𝑣𝑛0 Linear 𝑣𝑛0(𝑉) = 1.03𝑉 − 0.391 

μ 2nd Order 

Polynomial 

μ(𝑉) = −0.038𝑉2 + 0.142𝑉 − 0.057 
 

𝑉𝑠𝑐𝑚𝑎𝑥  Exponential 𝑉𝑠𝑐𝑚𝑎𝑥 = 5.17 × 10−2 𝑒𝑥𝑝(2.01𝑉) 

 
Fig 3. Fitting performance of the SPICE model. (A) The model’s response is compared with experimental data for a range of voltages. Experimental 

datapoints are indicated with gray points while model predictions are plotted with solid coloured lines. For each voltage case, the parameters in table 1 are 

refitted to minimise the mean-squared-error between the experimental and model’s response. (B) The residuals between the model’s prediction and 

experimental data is plotted for 𝑉 = 0.7 𝑉 which exhibits the largest error of 13% at the onset of the transient which is predominantly due to noise within the 

experimental data. In contrast, the average percentage difference for the duration of the transient is 2% with absolute residuals never exceeding 5 𝑛𝐴. 



 

 

 

 

 

 

 

 

 

  

 

Fig 4. Fitting of the model’s meta-parameters (A-E) The fitting for each of the model’s parameters is plotted using the equations described in Table 

1. The coefficients of these functions are referred to as meta-parameters and are then used in the generalised model to produce a black box model that 
can reproduce the current-time response to any voltage between 0.7 and 1.0 V. (F) The response of the generalised model is plotted alongside the 

experimental data. This model uses the meta-parameters described previously. The generalised model breaks down at larger voltages, i.e. at 𝑉 = 1.1 𝑉, 
which we assume is due to the additional stressing of the oxide that occurs at higher voltages and device currents.  



 

 
Fig 5. Improving the fit at higher voltages. Two versions of the 

generalised model are plotted for 𝑉 = 1.1 𝑉. As indicated in the 

legend, the model including an additional stressing term, 𝜎𝐼(𝑡) 

where 𝜎 = 5.71 × 105, achieves a better performance at this higher 

voltage in comparison to the model without the stressing term. We 
believe the need for this term suggests that stressing is starting to 

occur within the oxide at this higher voltage. 

VI. CONCLUSION 

We have presented an empirical SPICE model to simulate 

the current transients observed in the subthreshold regime of 

a silicon oxide memristor device. The model achieves a fit 

which exhibits peak errors of ≤ 13% and a mean average 

error of < 2%  when compared against experimental data. 

The model was generalised using meta-parameters to enable 

a single set of parameters for a range of applied voltages. 

This model will prove useful both to circuit designers 

wishing to explore using this unique behaviour within 

neuromorphic circuits, as well as to device researchers 

investigating the causes of the current transient. With this 

SPICE model, designers can replicate previous studies which 

employed the subthreshold behaviour to determine edges 

within images, implement homeostasis within artificial 

synapses and explore more novel uses within memristive 

circuits.  
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