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Abstract

A stochastic model for the resistive switching of ReRAM devices with 1T1R

configuration is proposed in this work. This model states that the switching

is caused by the changes that occur in the narrowest zone of the conductive

filament due to the influence of the electric field. We work with a circuit repre-

sentation of this zone where there are some breakers that can change their state

according with a switching probability (Ps) that depends on the voltage drop

along the breaker and the threshold voltage. This approach gives the model the

stochastic behavior and allow it to generate the variability observed in most of

ReRAM devices. To includes the electrical signal of the transistor, we include a

series resistance. The model has been successfully validated by comparing mea-

sured and simulated IV curves of HfO2-based ReRAM devices of two different

scales, nm2 and µm2. The flexibility and easy implementation of this resistive

switching model makes it a powerful tool for the design and study of ReRAM

memories.
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1. Introduction

Resistive Random Access Memories (ReRAM) are potential candidates to

be part of the next generation of non-volatile memory technology due to their

promising characteristics: good cycling endurance, high speed, short switch-

ing time, low voltage operation and specially, its compatibility with CMOS5

industrial processes[1, 2, 3, 4]. However, alike the conventional memories, the

electrical response of ReRAM devices shows a stochastic behavior that can be

enhanced by the type of material[5, 6]. This characteristic produces variability

and makes it difficult to build an adequate predictive model.

ReRAM devices are simple MIM structure, two metallic electrodes sandwich-10

ing a transition oxide. Its memory concept is based on the resistive switching

of the oxide layer by applying electrical stress. Two states, high resistive state

(HRS) and low resistive state (LRS), are then possible. The transition from

HRS to LRS is called SET, while the transition from LRS to HRS is called

RESET. When opposite bias polarity is required for the resistive switching, the15

ReRAM is called bipolar.

In this work, we developed two stochastic models to understand and reliably

predict the resistive switching of bipolar ReRAM devices. To do it, we examined

the electrical IV curves of ReRAM cells of nine different areas. Among all

possible insulator materials, we worked with Hafnium oxide (HfO2) since it is a20

well-known metal-oxide material employed in the semiconductor industry[7, 8,

9]. HfO2-based ReRAM devices have a filament conduction that is activated just

after the electroforming process. During this step, electromigration of oxygen

vacancies creates a conductive filament (CF) inside the insulator that enables

electrical conduction between the two metallic electrodes[10]. Therefore, the25

resistive switching is possible thanks to the local formation (set) and rupture

(reset) of these filaments, driven by the applied electric field.

In the literature, models with different approaches and degrees of accuracy

have been developed to simulate the resistive switching of specific ReRAM de-

vices [11, 12, 13, 14]. However, in this work we give an unified approach which30

2



Figure 1: 1T1R ReRAM memory array

could be applied regardless of the material type, the fabrication process and the

size[15]. The model is based on the stochastic aspects of the resistive switching

and can be calibrated with only few parameters that can be extracted directly

by the analysis of IV experimental data. Further, the model include the signal

of the measured element due to the 1T1R configuration. To prove the model35

validity we used HfO2-based ReRAM data.

This article is organized as follows: first, the electrical characterization of

the HfO2-based ReRAM is given in Sec. 2. Then, the theoretical basis of the

stochastic model is given in Sec. 3 with the corresponding comparison between

experimental data and simulation results. After, the 1T1R model, that includes40

the electrical signal of the transistor used for measurements, is presented in Sec.

4. Finally, there is a discussion of results in Sec. 5 and the conclusions in Sec.6.

2. Electrical characterization

We work with HfO2-based ReRAM diveces with one-transistor one-resistor

(1T1R) architecture (see Fig. 1). Their structure consist of TiN(30nm) \HfO2(5nm)45

\Hf(10nm) \TiN(30nm) stacks whose areas are: 55x55nm2, 65x65nm2, 75x75nm2,

85x85nm2, 105x105nm2, 135x135nm2, 1x1µm2, 3x3µm2 and 5x5µm2. For this,

the samples will be divided into two groups: nm-size samples and µm size sam-

ples.
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All devices were electroformed using positive bias voltage with a compliance50

current of 5mA. The forming voltage was between 2V and 2.8V in nm-size sam-

ples and between 1V and 1.8V in µm-size. This difference could be attributed

to the reduced number of intrinsic defects in fresh samples, especially in the

smallest ones. Once the CF was formed inside the insulator, the current-voltage

characteristics were measured under dc voltage sweep at room temperature. In55

both kind of samples, the electrical response has the typical bipolar resistive

switching behavior with an asymmetric IV curve (see Fig. 2). This curves show

the already known cycle to cycle variability[16], especially in nm-size samples.

Further, small samples show higher resistance window (ION/IOFF ) compared

to big samples. This factor is essential to allow a high read margin between the60

two resistive states and to avoid fluctuations during operation[17].
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Figure 2: Current-voltage characteristics of HfO2-based ReRAM devices of 85x85nm2 and

5x5µm2, during one experiment of ten cycles.

2.1. Switching parameters

From IV curves, we extracted five parameters to characterize the resistive

switching. The first two are set and reset the transition voltages, Vset and Vreset,

that are identified by the abrupt current jump. The other three parameters are65

related to the conduction mechanisms.

Although the electrical response of ReRAM devices is controlled by conduc-

tion processes happening simultaneously inside the CF and the insulator, the

current-voltage characteristic can be related to a specific model. In the case of
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HfO2-based ReRAM, the quantum point contact model (QPC)[18] is the best70

choice as already demonstrated by Procel et al.[19]. This model states that CF

behaves as a quantum wire that allows conduction according to a potential bar-

rier that limits the flow of electrons. In HRS the potential barrier is high and

the current becomes a strongly nonlinear function of the applied voltage, while

in LRS the potential barrier is below the electrons energy and the conduction is75

ohmic. In this work, for HRS the current-voltage dependency has been defined

by a hyperbolic sine function that includes the IV response under positive and

negative voltages. This dependency is given by:

I = Io sinh(αV ) (1)

where Io and α are two parameters to be determined. In LRS, the IV relation-

ship is ohmic and described by:80

I = GV (2)

where G is the CF conductance.

All the parameters described above, Vset, Vreset, G, Io and α, were extracted

independently from 150 curves for each sample. In all cases, there is a wide

distribution of data that were submitted to a statistical analysis in order to

determine their characteristic values and their variability. The proposed model85

works with the stochastic behavior of the ReRAM, so it is important to include

this feature in the assessment of the electrical parameters.

In all samples, Vset and Vreset distributions can be described as unimodal,

where the mean value is the most suitable measure to describe each group.

Normality tests were used to determine if data set in both cases is normally90

distributed (see insets Fig. 3a and 3b). Comparing all samples, there are

two mean values of set voltage, Vset=0.673±0.047V for nm-size samples and

Vset=0.480±0.007V for µm-size, while there is only one mean value of reset

voltage Vreset=-1.151±0.114 V (Fig. 3a and 3b).

To characterize the conduction mechanism, we determined the conductance95
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Figure 3: (a) Vset and (b) Vreset as a function of the device area. Inset: Statistical distri-

bution of Vset and (b) Vreset for the sample of 85x85nm2. In LRS the dominant conduction

mechanism is ohmic, given by I = GV , where G is the conductance. In HRS the conduction

mechanism is tunneling, that can be studied by a relationship I = Io sinh(αV ). The values of

(a) G, (b) Io and (c) α as a function of area device are presented. Insets: response of µm-size

samples

by the fitting of IV curves under LRS with the relationship given by Eq. 2. As

one can see in Fig. 3c, the characteristic value for nm-size samples is G=176±8.8

µS while in µm-size samples is G=960±36 µS. In HRS, by the fitting of the IV

curves with Eq. 1, the values of Io and α were determined. The large distribution

of data is an evidence of the system variability in this state. Further, Io and α100

are strongly dependent on the area (see Fig. 3d and 3e).

2.2. Intrinsic switching parameters

It is important to note that the conventional characterization of ReRAM

devices relies on the use of one transistor (1T) to control current and protect

devices from hard dielectric breakdown (see Fig. 1). This element helps to cell105

performance and reliability characterization, but it could also generate their own

electrical signal which avoid the real characterization of the ReRAM element.
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The current controlled by the transistor is limited by an external parasitic effect

that can be represented by a series resistance Rs[20]. Thus, to find the intrinsic

switching characteristics of the ReRAM devices, the voltage drop over this Rs110

has been subtracted from IV curves [21]. We identified this contribution by the

small linear relationship after set transition in the experimental IV curves (in

black) in Fig. 4, where intrinsic IV response (in red) has also been included. As

expected, Rs contribution is more important in small samples.
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Figure 4: Experimental IV curves in grey, with mean value in black, along with the the

intrinsic electrical response in yellow, with mean value in red, for the HfO2-based ReRAM.

Again, we extract the intrinsic parameters to describe the resistive switching:115

Vset, Vreset, G, Io and α, from the intrinsic IV curves. We found that Vset and

Vreset trigger to a constant threshold voltage independently of the sample area

(see Fig. 5a and 5b), as it has been previously reported by Fantini[20]. Io and

α were extracted by the fitting of the intrinsic curves with Eq. 1. Both of them

are strongly dependent on the area device (see Fig. 5d and 5e). Finally, to120

determine intrinsic conductance (Gint), we extract series conductance (Gs=
1
Rs

)

from the total conductance G determined before (Fig. 3c), by applying eq. 3:

1

Gint
=

1

G
− 1

Gs
(3)

There is one characteristic value for each kind of sample (see Fig. 5c). In Fig 5,

we can compare the intrinsic parameters and those reported in section 2.1. It

allow us to appreciate the real characteristics of the dielectric.125
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Figure 5: Intrinsic parameters of HfO2-based ReRAM as a function of the area.

3. Stochastic model

This paper proposes a model for the resistive switching of bipolar ReRAM

device. This model works with the narrowest region of the CF, that in the fol-

lowing will be called active region. As shown in Fig. 6, this region is represented

by a parallel network of chains, each one composes of three electrical elements.130

Those elements connected with the region of the filament that does not un-

dergo any significant change during switching are always low resistance (LR),

meanwhile, the middle element acts as a breaker that has two resistance states,

low (LR) and high resistance (HR). The electric field mainly affects the active

region and cause the changing of breaker state. Previously in the literature, a135

local geometrical constriction has been proposed in the hour glass model[15] or

in the quantum point contact model [19, 18]. Experimentally, a truncated cone

shape conductive filament has been reported[22, 23].

In IV curves (Fig. 2), the resistive switching occurs around one threshold

voltage, Vset or Vreset, after some intermediate jumps. The model can simulate140

this progressive switching with several vertical chains in the active region. Thus,

set and reset transitions are the result of the gradual activation, or deactivation,
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(a) Active region

(b) Set and reset probability

Figure 6: (a) Schematic representation of the active region composed of N-chains, each one

with of three electrical elements that are low resistance (LR) or high resistance (HR), and (b)

Set and reset probability.

of the breakers in the active region. Nevertheless, only a stochastic process could

explain the cycle to cycle variability. This characteristic has been included in

our model by imposing a smooth switching probability, Ps, to control the change145

of breaker state: Pset for set process and Preset for reset process. A suitable

mathematical expression for Ps is a sigmoid function[24], given by eq. 4:

PS =
1

2
{1 + tanh [Cs (Vlink − Vref )]} (4)

where Vref and Cs are two parameters that need to be determined for set and

reset processes independently. Vref is Vset or Vreset, according to the process,

and their values can be determined from experimental data. Cs is the slope150

of the probability function and changes the direction and the steepness of the

function. For set process the slope will be positive and open to the right, and

for reset, it will be negative and open to the left (see Fig. 6b). Greater values

of |Cs| implying a very narrow transition, while the smaller ones, broader the
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transition. Ps also depends on the voltage drop along the breaker, Vlink, that155

can be determined by Vlink = Vi-Vj , where i and j are the nodes of the chains

(see Fig. 6a). Therefore, for each external voltage, the values of Vi and current

thought the system (I) are computed by solving Kirchhoff’s equation at each

node: Ii = Ii−j + Ii−m = 0, where, Ii−j and Ii−m must be written according to

the state of elements inside the chain. Thus, if the breaker is HR, the current at160

node i is the sum of ohmic and tunneling conduction (eq. 5), while if the breaker

is LR, it is the sum of two ohmic contributions (eq. 6). This agrees with the

dominant conduction mechanisms determined in section 2 for the HfO2-based

ReRAM.

Ii = σim(Vi − Vm) + Io sinh(α(Vi − Vj)) (5)

Ii = σim(Vi − Vm) + σij(Vi − Vj)) (6)

In this N-chain model with two conduction mechanisms, Kirchhoff’s equa-165

tions result in a system of nonlinear equations that are solved by the Newton-

Raphson method.

Set process is simulated following the flowchart presented in Fig. 7a. Ini-

tially, all breakers are HR and the external voltage (Vext) is applied. Then,

the current (I) through the chains and the node voltages (Vi) are computed by170

solving the system of equations given by Eq. 5 and 6. After, the value of I is

compared with the compliance current (Icomp). Only if the current is smaller

than Icomp, the process can continue, such as occurs in real systems to prevent

dielectric breakdown of the device. Then, the drop voltage across the breaker

(Vlink) and set probability (Pset) are computed. Afterward (Pset) is compared175

with a computer-generated random number p, and only if Pset is bigger than p,

the breaker state changes to LR, otherwise the state remains as HR and Vext

is increased. Once all elements in the active region are LR, the entire ReRAM

is in LRS. For reset process, initially, all breakers are LR and negative bias is
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applied over the system. The computer simulation follows the steps depicted in180

the flowchart in Fig. 7b.

(a) Set process (b) Reset process

Figure 7: Flowchart used in simulation for (a)set and (b)reset processes.

3.1. Simulation results

First, we compared experimental data with simulation results. There is

an example for one sample of each kind in Fig. 8. Several cycles have been

included, in light blue experimental curves, with the mean value in blue, and185

in grey simulated curves with the mean value in black. For model calibration,

seven parameters are required: Vset, Vreset, G, Io, α, Cset and Creset. They have

been obtained independently for both kind of samples from the IV experimental

curves (section 2). It must be noted that although both kind of samples follow

similar behavior, the model was calibrated independently. As one can see inf Fig.190

3, there are three parameters that are appreciably different: the conductance

G, the current Io and the factor α. They all characterize the CF conditions in

LRS and HRS, thus one could suggest that even if the conduction is localized
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in the CF, it has different size between both kinds of samples.
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Figure 8: Model and experimental current–voltage response of HfO2ReRAM devices. Grey

lines correspond to the model with mean value in black, while light blue lines correspond to

experimental data with the mean value in blue.

As expected, the model can reproduce the gradual switching. Nevertheless,195

the flexibility of this model allows it to simulate an abrupt transition, like those

observed in Cu/WOx/TiN ReRAM[25], if it works with one chain in the active

region. Both kinds of switching, gradual or abrupt, have been reported in the

literature and they are closely related to the initial CF resistance[26].

4. 1T1R Model200

Most of the models proposed in the literature for resistive switching of

ReRAM devices do not consider the electrical response of the series resistance

Rs, associated with the 1T1R configuration used for measurement [13, 18]. Here,

the model proposed in section 3 has been modified to include the series resis-

tance (Rs). The schema of this 1T1R model is presented in Fig. 9, where there205

is a new node corresponding to the connection with series element, of conduc-

tance Gs (Gs=1/Rs). Such as in the previous case, Kirchhoff’s equations at

each node must to be solved according with the state of the breaker: Ohmic

or TAT conduction, given by eq. 5 and 6. This model has been implemented

in a Python-based script, and calibrated with data of Table 1 that summa-210

rize all intrinsic values. The values were devided in two groups according with

12



Table 1: Intrinsic parameters of HfO2-based ReRAM.

Parameter nm-size samples µm-size samples

Vset [V] 0.337 0.337

Vreset [V] -0.226 -0.226

Rs [Ω] 4184.40 816.49

G [µS] 694.11 4363.79

I0 [µA] Io= 3.07x10−16A−0.73 Io= 3x10−4A0.03

α [1/V] α = 0.038 log(A) + 3.56 α = 0.038 log(A) + 3.56

sample-size.

Figure 9: Schematic representation of the 1T1R Model composed of N-Chains an the series

resistance Rs.

Experimental data along with simulation results are presented in Fig. 10 for

two samples, where grey lines correspond to the model with the mean value in

black, while light blue lines correspond to experimental curves with the mean215

value in blue. A good relationship between the experimental and the simulated

curves is found in all cases.

Comparing Fig. 8 and Fig. 10, the incorporation of Rs in the model has

improved the simulation, especially in the HRS.

13



−2.0 −1.5 −1.0 −0.5 0.0 0.5 1.0 1.5

Voltage [V]

10−3

10−2

10−1

100

101

102

103

In
te

ns
it

y
[µ

A
]

Experiment
Model

(a) 55x55nm2

−2.0 −1.5 −1.0 −0.5 0.0 0.5 1.0 1.5

Voltage [V]

10−1

100

101

102

103

104

In
te

ns
it

y
[µ

A
]

Experiment
Model

(b) 5x5µm2

Figure 10: Model and experimental current–voltage response of HfO2ReRAM devices. Grey

lines correspond to the model and light blue lines correspond to experimental curves.

5. Discussion220

In this work, we analyze the resistive switching of ReRAM devices with only

five parameters that can be extracted directly by experimental curves. Further,

in order to address the intrinsic properties of the dielectric, we extracted the

the signal of the transistor used in 1T1R configuration. We found that intrinsic

Vset and Vreset are dependent on the dielectric material instead of the samples225

size (Fig. 5b and 5b) while intrinsic G, Io and α (see Fig. 5c, 5d and 5e) are

dependent on the device area. This behavior could be related with the size of

the CF region where the resistive switching takes place.

The variability of IV curves (Fig. 2 and 4) and, therefore, the variability of

the switching parameters, is a characteristic of ReRAM devices attributed to the230

stochastic nature of the switching process. These feature is more evident in HRS,

as has been proven by the statistical analysis of Io and α. This result could be

interpreted by a higher distribution of energy barriers for defect migration that

controls the reset process[6]. According to QPC model, the conduction during

HRS includes multiple nonlinear and closely coupled parameters, such as the235

energy of the electrons, the potential barrier height, the shape of the barrier, a

series resistance external, among others [19, 18]. In this work, we have taken

the QPC arguments but we have extracted only few electrical parameters (G,

I0 and α) to reproduce the conduction mechanism of HfO2 ReRAMs due to the
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macroscopic evidence. In simulation, the model works properly with devices240

of two different scales, nm2-size and µm2-size, although the parameters used

for calibration have been divided in two groups. In this sense, the impact of

the area on the resistive properties has been evaluate in HfO2-based ReRAM

devices.

Regarding to the model, there is a direct relationship between ReRAM de-245

vices and the active region. Our samples have a bilayer structure HfO2/Hf that

allows the formation of a sub-stoichiometric region at this interface that acts

as an oxygen reservoir for the resistive switching[27]. According to the con-

ductive filament mechanism, the CF could be localized inside the dielectric but

composed of different paths of oxygen vacancies. These paths are reconnected250

or disconnected due to the effect of the electric field and provokes set and re-

set transition due to the movement of oxygen vacancies. This fact has been

experimentally confirmed in the HfO2/TiN structure[16] and in the NiO-based

system [28]. The interpretation of the resistive switching obtained from this

model is as follows: if a positive voltage is applied and reaches the Vset, the255

changing to LRS occurs because of the random connection of some paths due

to oxidation/reduction processes of oxygen anions and vacancies[29, 30]. This

transition is produced in the model by the activation of all breakers. Contrary,

when the negative voltage is applied and reaches the Vreset, the rupture of the

filament is caused by the filling up of the oxygen vacancies due to the drift of260

oxygen ions or the diffusion of oxygen ions caused by the concentration gradient

of oxygen [31, 32, 33]. In the model, it means the deactivation of the breakers

and the transition to HRS.

In this report we propose a new modeling approach for resistive switching

that incorporate the electrical signal of the measurement element (1T). This265

1T1R model is consistent with the QPC model in the sense that it works with

the narrow zone of the filament and also includes the series resistance external to

the constriction [19, 18, 34]. With this change, in the modeling, we work directly

with the intrinsic characteristics of ReRAM, and improve the simulation results.

Both models, the stochastic model and the 1T1R model, can simulate the270
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variability reported in most of ReRAM devices. To do it, models work with

a switching probability, Ps, that reproduces the variability in a natural way

since the algorithm includes the stochastic behavior of the process. Although

a switching probability for ReRAM commutation has been proposed before in

Kinetic Monte Carlo simulation[21], working with Ps at the level of circuit275

simulation is a new proposal. Furthermore, the calibration of this function can

be done directly from the experimental evidence, such as in this work. This

technique could be easily applied to other electronic devices that have random

electrical behavior.

Finally, working with a switching probability to control the change of state280

and including the signal of the measurement element are two new good proposals

in the field of memory studies that allow improving simulation results while

generating variability.

6. Conclusion

We have developed two stochastic models for the resistive switching of ReRAM285

devices, that can simulate the IV response of bipolar cells. One of the mod-

els includes the electrical signal of the measurement element which is a new

approach in the field of ReRAM simulation.

In simulation, both models work properly with devices of two different scales,

nm2 and µm2. Although the parameters used for calibration has been divided290

in two groups, working with few parameter allow a quantitative description of

resistive switching. Both models are able to reproduce the electrical variability

observed in all ReRAM devices by using a switching probability to control the

change of system state.

Due to the versatility of the proposed models, they could be powerful tool295

for simulation and studying of other tochastic devices, such as the case of the

CBRAM.
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