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Highlights 
 

• Dynamics of Set and Reset Processes on TiN/Ti/HfO2/W-based RRAM 
devices  

• Voltage and time dependency of Set and Reset process 
• Set is described by an Erlang function. 
• Reset follows a sigmoidal law. 
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Abstract 

 

In this work, we have characterized hafnium oxide based bipolar resistive switching 

memories (RRAM) have by measuring the small-signal conductance. The samples 

under study exhibit a continuum of intermediate states which can be accurately 

controlled by means of adequate sequence of the applied stimulus.  The experimental 

results are analyzed to obtain information on the dynamics of the set and reset processes. 

This study reveals that ON-to-OFF (reset) and OFF-to-ON (set) processes are not 

symmetrical. Set transition is gradual and depends on the voltage stimulus according an 

Erlang function which consists on sum of k independent and identically distributed 

mechanisms, each having an exponential distribution. In contrast, reset process is more 

abrupt and can be described by a sigmoidal law. Time dependencies of set and reset 

process at fixed voltage values are explored as well. Set process is gradual at any 

positive voltage, whereas reset process is characterized by a time constant which 

depends on the applied voltage. Experimental results are explained in terms of the 

formation of interfacial barrier between the top electrode and the conductive filament. 

mailto:sduenas@ele.uva.es
https://en.wikipedia.org/wiki/Independent_and_identically_distributed_random_variables
https://en.wikipedia.org/wiki/Independent_and_identically_distributed_random_variables
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1. Introduction 

 

Resistive random-access memories (RRAMs) have enormous potential for the 

development scalable and efficient non-volatile memories, but also for analog 

applications and brain-inspired computing systems [1]. Because of that, it is mandatory 

to characterize the dynamics of the switching processes as a function of the stimulus 

applied to the memory cells. Many works have been devoted to discussing the properties 

of the filaments on the low-resistance and high-resistance sates, but the dynamics and 

the dynamics of the set and reset transitions are more rarely investigated [2].  

 

Hafnium oxide is one of the dielectrics more widely studied to fabricate this kind of 

devices. The resistive switching in HfOx is attributed to the movement of oxygen 

vacancies on the dielectric film, which leads to a valence change in the Hf cations and 

in the local conductivity [3-5]. Oxygen-deficient conductive filaments are formed 

during an electroforming process in which oxygen atoms are extracted from the film. 

Once the conductive filament is formed the device is at the low resistance or ON state 

(LRS). The high-resistance or OFF state (HRS) is achieved by an oxidation reaction in 

which oxygen vacancies are partially removed from the filaments by injecting oxygen 

atoms into the oxide. Subsequently, the ON state can be recovered by a new oxidation 

reaction in which oxygen vacancies are moved into the filament, that is, but extracting 

oxygen atoms by extracting oxygen atoms from the filament. 

 

The RRAM switching dynamics has been widely studied in terms of the variation of 

the gradual resistance changes when applying proper voltage waveforms [6-14] like 

triangular voltage ramps or trains of pulses. However, few works have been dedicated 

to observing the capacitance changes which concurrently occurs during the resistive 

switching process [15-19], and the electrical properties of resistive switching memories 

under a.c. electrical stimulus is rarely studied in detail [20, 21].   

  

In previous works, we have demonstrated that TiN/Ti/HfO2/W-based resistive 

memories exhibit hysteretic behavior not only in the d.c. I-V characteristic but also in 

the small signal admittance parameters [22, 23]. In these works, we proved that the real 
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(conductance) and imaginary (capacitance) components of the admittance of RRAM 

memories shows well-defined minor switching loops associated with partial transitions 

between the ON and OFF states. Excellent control of the intermediate states was 

achieved in these samples by means of a proper sequence of voltage waveform.   

 

In this work we present detailed analysis of how the conductance of the cells vary 

with the stimulus amplitude and time. We obtain quantitative expressions which can be 

used in analog application such as neuromorphic circuits or bioinspired circuits. 

 

2. Experimental setup 

 

The devices under investigation are TiN/Ti/20 nm-HfO2/W metal-insulator-metal 

(MIM) capacitors RRAMs. 20 nm-thick HfO2 films were deposited by atomic layer 

deposition (ALD) at 225 ºC using tetrakis(dimethylamido)hafnium and H2O as 

hafnium and oxygen precursors, and N2 as carrier and purge gas. Top (TiN/Ti) and 

bottom (W) electrodes were grown by magnetron sputtering.  

 

Electrical measurements were carried out putting the sample in a light-tight, 

electrically shielded box. DC-current and admittance were measured using a Keithley 

4200SCS semiconductor analyzer. The voltage was applied to the TiN/Ti top electrode 

with the W bottom electrode grounded. The small signal admittance parameters were 

measured by adding a 500 kHz small signal of 30 mV r.m.s. to the d.c. bias voltage. A 

parallel admittance model was selected which directly provides the real component 

value of the admittance (conductance, G) and the imaginary one (susceptance, B). To 

prevent the effect of parasitic elements due to the experimental setup (wiring, needles, 

etc.) a four-probe configuration was used. At each electrode, one probe was used to 

apply and measure the voltage, while the other one sensed the current.  A careful 

short/open calibration process was performed to eliminate the experimental bench 

parasitic artifacts. After compensation, impedance values lower than 4 Ω were 

measured in short-circuit, and higher than 109 Ω in open-circuit configuration. 

Therefore, we can ensure that the measured values are only due to the devices under 

test.  
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3. Results and discussion 

 

In a previous work [24] we describe in detail how the bipolar switching of these 

TiN/Ti/20 nm-HfO2/W devices were electroformed by applying a voltage of around 4 

V to the pristine sample and using a current compliance of 50 mA. Once the conductive 

filaments were formed, the low resistance state (ON state) was achieved by applying a 

voltage bias of +1.2 V, whereas the high resistance state (OFF state) was reached when 

applying a negative voltage of -1.6 V. Bipolar resistive-switching cycles showed 

excellent repetitiveness and a window between ON and OFF states of around 10 mA at 

-0.1 V. Moreover, we have found that these devices show a multilevel behavior which 

can be controlled in an easy and precise way. Figure 1 and 2 are examples of which we 

called cumulative erasing. In Fig. 1 we depart from set conditions and we apply negative 

voltage triangular ramps with increasing amplitude. Gradually, the reset process is 

accumulated from cycle to cycle. It is also important to note that when voltage returns 

to zero the state does not change. Only when the voltage exceeds the maximum value 

of the previous cycle, an increment of the reset process occurs. Similarly, a cumulative 

writing process can be achieved as Fig. 2 illustrates. Departing from full reset a state-

to-state sequence can be obtained by increasing the voltage 

amplitude from one cycle to the next one. In this case, we must point out that 

multilevel states in the set region without having to change the compliance current as 

suggested by Chang et al. [2]. A noticeable asymmetry is observed in the evolution of 

states in both regions. While in the set region the evolution is gradual from values of the 

Fig.1. Cumulative erasing I-V curves of HfO2 RRAM 
departing from full-set conditions 

 

Fig.2 Cumulative writting I-V curves of HfO2 RRAM 
departing from full-reset conditions 
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set tension of approximately 0.4 V, in the region of reset the transition is much more 

abrupt and starts at voltage values of about-0.9 V. 

 

In Ref. 24 well-defined admittance loops between 0 and a positive voltage varying 

from +0.1 to +1.2 V (ON state), or between 0 and a negative voltage varying from -0.1 

to -1.6 V (OFF state) were reported in the range 20 – 500 kHz. Full reset cycles departing 

from different initial set conditions and vice-versa were recorded, so that the initial state 

of each loop changed whereas the back-to-zero trajectories remained identical. 

Cumulative memory writing and erasing are obtained in this way. In Figs. 3 and 4 we 

plot the cumulative erasing and writing conductance cycles obtained at a a.c. signal 

frequency of 500 kHz. In these figures we have also plotted (dotted lines) the 

conductance vs. voltage dependency at the OFF state, Goff.  

 

We assume that this curve is symmetric, meaning that Goff only depends of the 

absolute value of the voltage. The differences between the experimentally measured 

values, G, and the off-state, Goff, can be attributed to the term due to the conduction 

filaments contribution itself. Therefore, Figs. 5 and 6 represent the conductive-filament 

conductance during cumulative erasing and writing process, respectively. We can see 

that when the voltage increases in one cycle, the conductance signal follows the same 

trajectory as in the previous back-to-zero voltage swing, so indicating the device 

remember its previous state, and each new state departs from the previous one. In other 

 
Fig.3.Experimental G-V curves showing cumulative 
erasing of HfO2 RRAM departing from full-set 
conditions. Dotted line represents the conductance G-V 
fitting on the OFF state. 

 
Fig.4. Experimental G-V curves showing cumulative 
writing of HfO2 RRAM departing from full-reset 
conditions. Dotted line represents the conductance G-
V fitting on the OFF state. 
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words, the maximum value of the bias voltage applied in a cycle determines the back- 

to-zero trajectories. In short, the evolution of the state with the applied voltage is 

indicated in Figs. 3 and 4 by the thick lines. We note that the behavior is different for 

erasing than for writing. The erasing process follows a sigmoidal function: 

 

𝐺𝐺 − 𝐺𝐺0𝑓𝑓𝑓𝑓 ∝
1

1+𝑒𝑒−𝛾𝛾(𝑉𝑉−𝑉𝑉µ)                            (1) 

 

with Vµ = -1.08 V and γ = 10 V-1. This expression can be interpreted in terms of the 

energy necessary to activate the oxygen to move to the top electrode. When the negative 

voltage is lower than Vµ the oxygen vacancies cannot be activated. More negative 

voltage values provide energy enough to activate the migration of the oxygen vacancies. 

The migration of vacancies actually consists on oxygen ions coming from the top 

electrode. The sigmoidal dependency indicates that the reset process is an autocatalytic 

process.  

 

 

In contrast, cumulative writing process is better described by an Erlang function: 

 

𝐺𝐺 − 𝐺𝐺0𝑓𝑓𝑓𝑓 ∝
𝜆𝜆𝑉𝑉𝑘𝑘−1𝑒𝑒−𝜆𝜆𝜆𝜆

(𝑘𝑘−1)!
                            (2) 

 

where k =5 is the shape parameter and λ=4.5 is the rate parameter. That means that 

the set process consists of the sum of k independent and identically distributed 

mechanisms, each having an exponential distribution.  

 
Fig.5. Cumulative erasing G-V curves of HfO2 RRAM 
departing from full-set conditions after subtracting the 
OFF-state term Goff. The reset process has been fitted to 
a sigmoidal function (thick line).  

 
Fig.6. Cumulative writing G-V curves of HfO2 RRAM 
departing from full-reset conditions after subtracting the 
OFF-state term Goff. The set process has been fitted to an 
Erlang type function (thick line).  

https://en.wikipedia.org/wiki/Exponential_distribution
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Moreover, we have also studied the time dependence of conductance. We have 

obtained the conductance transients for various erasing voltages after a full-set state 

(Fig. 7) and for various writing voltage after a full-reset state (Fig. 8). These transients 

are very different as well. Erasing transients are exponential and become faster as the 

erasing voltage increases. In contrast, the writing transients are parallel for long times 

and differ in the values for the very short times.  That is, the set process is the result of 

adding several processes with very different time constants. 

 

These results can be interpreted at microscopic level in terms of the formation of 

interfacial barrier between the top electrode and the conductive filament, as proposed 

by Chang et al. [2]. Reset dynamics can be explained as follows: when the conductive 

filament is formed the applied voltage is homogeneously distributed along the entire 

conductive filament and moderate electric field exists everywhere. When the electric 

field reaches a value high enough some oxygen vacancies are activated to migrate to the 

top electrode and the filament is interrupted. Once the filament is partially dissolved the 

electric field suddenly increases at the interfacial energy barrier is formed between the 

top electrode and the switching layer so favoring the migration of new oxygen vacancies 

and causing a fast reduction of the conductivity. However, at the same time the thickness 

of the interface layer increases and this makes it difficult to migrate new vacancies. That 

causes that the time required to emit a new oxygen vacancy exponentially increases.  

 

 
Fig. 7. Conductance transients of HfO2 RRAM departing 
from full-set conditions after subtracting the OFF-state 

term Goff at different negative voltage values 

 
Fig. 8. Conductance transients of HfO2 RRAM departing 
from full-reset conditions after subtracting the OFF-state 

term Goff at different positive voltage values. 
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In the case of the cumulative writing, as the conductive filament is partially 

interrupted at the reset state, the electric field at the interface barrier is high even at low 

values of the applied voltages. Therefore, the minimum electric field needed to move 

vacancies from the top electrode to the filament is achieved at lower values than for the 

erasing process and conductance increases at voltages as low as 0.35 V. The higher the 

voltage the higher the electric field and, consequently, the greater the number of oxygen 

vacancies incoming to the switching layer and the velocity of the conductivity 

increasing. As the interface is filled with vacancies, its thickness diminishes, which 

favors incorporation of new vacancies and, then, the writing process does not saturate.  

But, at the same time, the increase of the conductivity causes an increase of the ohmic 

fall in the conductive filament and, therefore, a decrease of the electric field at the 

interface which slows down the writing process to long times.  

   

4. Conclusion  

 

In this work, we have proved that the dynamics of set and reset processes on resistive 

switching memories depends on the voltage applied and time. These devices show a 

multilevel behavior which can be observed controlled and accurately controlled by 

measuring the d.c. current or a.c. conductance when applying adequate voltage 

waveforms. The study of the conductance signal of HfO2 RRAM memory cells indicates 

that mechanisms responsible for the set and reset processes are very different. Voltage 

dependencies indicate that the Set process is described by an Erlang distribution which 

is compatible with a percolation process, whereas the Reset fits to a sigmoidal function 

and can be related to an autocatalytic oxidation reaction. Time dependencies are very 

asymmetric as well. Erasing transients are exponential and become faster as the erasing 

voltage increases. In contrast, the writing transients are parallel for long times and differ 

in the values for the very short times. We propose a microscopic explanation in terms 

of the formation of interfacial barrier between the top electrode and the conductive 

filament. 
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