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Abstract—In this paper, a compact model for filamentary, 
resistive switching devices based on the valence change 
mechanism is proposed. It is based on the motion of ionic defects 
in a filamentary region. In contrast to previous model, it uses 
two state variables representing the ionic defect concentration 
close to the two opposing electrodes. This enables the modelling 
of ionic diffusion and, hence, drift‒diffusion equilibria. In 
addition, the model can be used to simulate complementary 
switching in addition to the standard bipolar switching 
behavior.  
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I. INTRODUCTION 
Nonvolatile resistive switching devices based on the 

valence change mechanism (VCM) are a promising candidate 
for data storage, neuromorphic computing or computation-in-
memory applications [1, 2]. By the application of appropriate 
voltage stimuli, VCM devices can be switched between at 
least two resistance states: a high resistive state (HRS) and a 
low resistive state (LRS). The switching mechanism relies on 
the non-isothermal drift and diffusion of ionic defects, 
typically oxygen vacancies, within a filamentary region of the 
oxide [3]. The change of the atomic configuration modulates 
the electrostatic barriers at the metal/oxide interfaces leading 
to a change in the local conductivity [3, 4]. To model this 
complex physical behavior, Marchewka and co-workers 
developed a physical continuum model. The simulation results 
show, for example, that the gradual RESET transition 
originates from the drift and diffusion of the ionic defects 
approaching a dynamic equilibrium [5, 6]. In addition, the 
transition from bipolar to complementary switching is related 
to the symmetrization of the electrostatic barriers at the 
opposing metal/oxide interfaces [7].  

The rather long simulation times of continuum models, 
however, are not suited for circuit simulations. Thus, compact 
models need to be developed that allow for fast computation 
while still reproducing the experimental behavior. The 
compact models proposed in literature often use one state 
variable and only consider ionic drift [8-10]. These models 
can reproduce, for example, the nonlinear switching kinetics 
of VCM devices, but cannot account for a RESET equilibrium 
or complementary switching. 

In this paper, we present a compact model that is capable 
of simulating the RESET equilibrium as well as 
complementary switching. The compact model is consistent 
with the results of our VCM continuum model [5, 6]. 

 

Fig. 1. Equivalent circuit diagram representing the electrical model of 
an asymmetric ReRAM device. The voltage is applied to the active 
electrode (AE), whereas the ohmic electrode (OE) is grounded. 

The compact model is a part of our Juelich-Aachen 
Resistive Switching Tools (JART) and is called JART VCM 
v2.  

II. SIMULATION MODEL 
In the JART VCM v2 model, a filamentary region within 

the oxide matrix is considered as shown in Fig. 1a. The 
filamentary region of length lcell is divided into two regions: 
the disc region and the plug region of length ldisc and lplug, 
respectively. To each of these regions, one state variable is 
assigned, Ndisc and Nplug, which represents the ionic defect 
concentrations (typically oxygen vacancies) in the disc and the 
plug, respectively. For each of these state variables one 
ordinary differential equation (ODE) is solved resulting in the 
coupled ODEs 
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where A is the cross-section of the filament, e is the 
elementary charge, and zVo is the charge number of the ionic 
defects. The change of the defect concentrations is 
proportional to the ionic current Iion. As the increase/decrease 
of the disc and the plug concentration are interchanged in this 
model, the signs in eqs. (1) and (2) are opposite to each other. 
Thus, the total number of ionic defects in the whole filament 
stays constant during switching. The two state variables allow  
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us to model the ionic diffusion current density Jion,diffusion 
between these two regions, in addition to the ionic drift current 
density Jion,drift according to 
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In eqs. (3)-(5), a is the hopping distance, kB is the 
Boltzmann constant, ǻWA is the migration barrier, and ȣ0 is 
the attempt frequency for ion hopping. The function Flimit is 
introduced to prevent unreasonable defect concentrations and 
keep them between a maximum Nmax and minimum 
concentration Nmin [11]. The concentration gradient in eq. (3) 
is defined according to 
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Furthermore, the mean concentration N in eq. (3) is 
calculated using 

disc plug .N N N= ⋅  (7)
The ionic current depends in a nonlinear manner on the 

electric field E. In principle, the electric field varies along the 
filament due to different work functions and space charge 
effects. This complex space-dependency needs to be 
approximated for compact modelling. If the work functions of 
the two metals are identical, the length of disc and plug are 
considered to be identical. In this symmetric case, the electric 
field is defined as 
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where Vdisc (Vplug) defines the voltage drop over the disc 
(plug) region. For differing work functions and lengths, the 
band bending under forward and reverse bias of the disc/metal 
interface is different. Thus, the definition of the electric field 
becomes polarity-dependent and  
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is used. Here, it is always assumed that the disc is close to 
the electrode with the higher work function, which is called 
active electrode (AE). The electrode close to the plug region 
is called ohmic electrode (OE) as it shows a very small 
interface barrier.  

The ionic current depends on the filament temperature T, 
which can increase from the ambient temperature T0 due to 
local Joule heating. Thus, the temperature becomes a function 
of the dissipated electrical power and it is approximated by 

disc th, 0efplug f)( .R TT V V I+ ⋅ += ⋅  (10)

In eq. (10), Rth,eff is the equivalent thermal resistance of the 
device. It represents the heat dissipation via the electrodes and 
the surrounding material. The total current flowing through 
the cell (the filament) is determined using the equivalent 
circuit diagram in Fig. 1. The two “Schottky” contacts are 
modelled by assuming thermionic field emission ITFE and 
thermionic emission ITE in reverse and forward direction of the 
contact, respectively. As the two “Schottky” contacts have 
opposite polarities, a signum function needs to be used in the 
calculation of the current as 
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Thus, while one Schottky contact is biased in forward 
direction the other one is biased in reverse direction. The 
currents are strongly nonlinear dependent on the ionic defect 
concentration close to the respective contacts. If the defect 
concentration increases, the current increases, too. The disc 
(plug) resistance Rdisc (Rplug) is also a function of the disc 
(plug) concentration and is calculated according to 
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A band conduction mechanism with mobility µn0 is 
assumed, in which the defect concentration defines the 
numbers of electrons in the conduction band. A slight 
temperature activation ǻEac of the transport is assumed as 
well. Further details of the model, like the used equations for   
Flimit, ITFE, and ITE, can be found in [11]. The model has been 
implemented in MATLAB and Verilog-A. Both model 
implementations of the JART VCM v2 model can be 
downloaded from our web site [12]. The used simulation 
parameters are given in Table I. 

III. SIMULATION RESULTS 
In a first simulation, constant voltage pulses with different 

amplitudes are used to study the RESET transition. Here, we 
assume an asymmetric cell. Fig. 2a shows the simulated 
current transients for three different RESET voltage 
amplitudes. The transition starts first for the highest voltage 
amplitude and then the current decreases gradually. This 
current transition is caused by the change of the disc 
concentration due to the applied voltage (Fig. 2b). Eventually, 
the current does not change anymore. In the constant current 
regime, the disc concentration is constant, too. Thus, the disc 
concentration does not change anymore while the voltage is 
still applied.  

TABLE I  
SIMULATION PARAMETERS 

Symbol Value Symbol Value 

lcell 5 nm ,AEBn0eφ  0.5 eV 

ldisc 1.5 nm ,OEBn0eφ  0.1 eV 

lplug lcell íldisc *A  6.01·105 A/(m2K2) 

rfil 35 nm  ȝn0 5·10-6 m2/(Vs) 
zVo 2  ǻEac 0.05 eV 
a 0.4 nm  Nmax 6·1027 m-3 
Ȟ0 8·1012 Hz  Nmin 1/(A· ldisc) 
ǻWA 0.9 eV  Rseries,0 1200 ȍ 
e  17· 0e   Rth,eff 1.6·106 K/W 

Bfe  5.5· 0e  T0 293 K 
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As shown in Fig. 2c and d, the constant disc concentration 
originates from the approached equilibrium of drift and 
diffusion. During the RESET transition, the ionic drift moves 
the positively charged oxygen vacancies from the disc region 
to the plug region. Thus, a concentration gradient builds up, 
which gives rise to an ionic diffusion current counteracting the 
drift current. Eventually, these two currents reach an 
equilibrium. The simulation results also show that the final 
disc concentration is a function of the applied pulse voltage  

 

Fig. 3. Influence of Vstop on the HRS during the RESET and its limit. All 
sweeps are simulated with a sweep rate of 1 V/s. The initial HRS is 
defined by Ndisc,initial = 1.9·1025 m-3 and Nplug,initial = 3.2·1027 m-3. (a) I–V 
curves with a maximum positive sweep voltage of 1.2 V, 1.5 V, and 
1.8 V, respectively. (b) Oxygen vacancy concentration in the plug and 
the disc for the three stop voltages. 

Vpulse. The higher the pulse amplitude, the smaller is the 
final disc concentration. Thus, the final resistance is higher for 
a higher RESET voltage used. These results are equivalent to 
the results of our continuum model and consistent with 
experimental data [6]. In a second simulation study, the 
RESET equilibrium is investigated for voltage sweeps with 
varying RESET stop voltage Vstop. As shown in Fig. 3a, the 
increase of Vstop leads to different HRS, but at very high Vstop, 
the HRS stays constant. Similar to the constant voltage 
operation a driftdiffusion equilibrium evolves, which results 
in constant values for the disc and plug concentration 
(Fig. 3b). The tuning of the HRS with the RESET stop voltage 
has been reported for various VCM cells in literature [5, 13-
16]. The occurrence of an HRS saturation has been reported 
as well [17, 18]. 

Besides the simulation of the RESET equilibrium, the 
JART VCM v2 model allows us to simulate complementary 
switching behavior. For the simulation results shown in 
Figs. 2 and 3, an asymmetric device structure is assumed as 
discussed before. The electrostatic barrier at the active 
electrode is a lot higher than the one at the ohmic electrode. In 
this case, Ndisc determines the overall current through the 
device and thus the switching is bipolar. If a symmetric stack 
is considered, the lower one of the two concentrations will 
determine the overall current. In Fig. 4a, the concentration in 
the left half of the cell is lower. As long as the concentration 
on the left side is limited to lower values than on the right side 
due to the (chosen) current compliance, bipolar switching is 
obtained. If no current compliance is used, the ionic defects 
can move completely from the left region to the right region 
and vice versa. This leads to complementary switching 
behavior as shown in Fig. 4b. Figure 4c shows a bipolar 
switching mode, which results from the change of the 
concentration in the right region. This behavior is consistent 
with experimental data [19, 20] and our continuum model [7]. 

 

Fig. 2. For three RESET pulses (rise time 100 ns) with Vpulse = 0.5 V, 
Vpulse = 0.8 V, and Vpulse = 1.2 V, the current transients (a) and the oxygen 
vacancy concentrations in the plug and the disc (b) are compared. For the 
initial LRS, Ndisc,initial = 1.07·1027 m-3 and Nplug,initial = 2.75·1027 m-3 are 
used. For Vpulse = 0.5 V, the total ionic current and its drift and diffusion 
component are plotted on (c) a logarithmic and (d) a linear scale. 
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Fig. 4. Transition of bipolar and complementary switching. (a) Bipolar 
switching at one electrode by applying a current compliance for negative 
voltages. (b) Complementary switching arises in a symmetric model if no 
current compliance is active. (c)  Bipolar switching at the other electrode 
by applying a current compliance for positive voltages. The initial values 
for the defect concentrations in both regions are similar to the simulation 
in Fig. 3. The device stack is symmetric with ldisc = lplug = 2.5 ns and 

,AE ,OEBn0 Bn0e eφ φ= = 0.3 eV. 

IV. CONCLUSIONS 
In this paper, we present a compact model that can 

simulate the RESET equilibrium and complementary 
switching behavior. To this end, a second state variable is 
introduced, which enables us to implement ionic diffusion in 
addition to ionic drift. The simulation results are consistent 
with our previous physical continuum model, but significantly 
reduce the simulation times. 
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