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ABSTRACT 

 

Resistive switching random access memory (ReRAM) is considered as a 

serious candidate for the next generation nonvolatile memory, due to its 

promising scalability. The ReRAM operation is based on the reversible 

change between two distinct resistance states, i. e. high resistance state (HRS) 

and low resistance state (LRS), by applying either voltage or current. The 

resistive switching (RS) systems have been intensively investigated, but the 

underlying mechanism is still under the debate. To be implemented in future 

memory, more vigorous investigations on the materials characteristics 

responsible for RS behaviors need to be conducted for a better understanding. 

In this study, the dominant factors determining the RS characteristics were 

identified via the analysis of circuit noise in DC and AC measurement system. 

A huge discharging current from the parasitic capacitance in source-meter was 

generated after reaching the current compliance in uncontrolled manner. This 

overshooting current made the RS less uniform even though the RS was 

carried out with same current compliance function. Thus, it should be 

necessary to eliminate the noise source in system or minimize the damage 

against the voltage/current spike. For a more practical pulse switching case, 

the impedance matching problem has to be solved, which can have effect on 

the RS characteristics. The parasitic impedance components, such as line 

capacitance and mutual inductance, induced a severe distortion of the input 

pulse pattern, as well as the time delay until the applied voltage approached 

the threshold level. The intrinsic capacitance of RS cell, however, inhibits a 

high speed operation, since the ramping rate of applied voltage was limited by 

the RC delay time. Besides, the charge dissipation from the intrinsic 

capacitance makes the conducting filament (CF) to be stronger. These results 

suggest that the understanding of the parasitic noise signal generated from a 

peripheral circuit is important to optimize the RS characteristics.  

In addition, the growth process of CF was examined in the real-time scale 

via the equivalent circuit model that can demonstrate the overall features of 
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the time-transient switching current. It is important to predict the 

configuration of CF, which is closely related to the RS characteristics. 

However, the direct observation of CF is very tricky. In this study, a novel 

methodology to conjecture the configuration of filament was drawn by 

converting the change of resistance to the volume fraction of conducting 

region in RS materials with respect to the time. For the specific RS system, 

associated with the Magnéli type phase transition, the Johnson-Mehl-Avrami 

(JMA) type kinetics theory can be applied to analyze the growth of the CF as 

long as the pulse SET switching was performed under the isothermal 

condition. To analyze the real-time transient behaviors, the numerical 

calculation was performed in order to capture the exact time evolution of 

current that passes through the memory cell during a SET process (i. e. the 

change in the resistance state from HRS to LRS), based on the PSPICE 

simulation. Due to the lack of a complete model to embody the ReRAM with 

conventional circuit elements, the equivalent circuit models for the unipolar 

RS and the bipolar RS system were designed to examine the resistance change 

in time-domain.  

The JMA kinetic growth model used in this study showed that it can be 

effectively used to determine the geometry of the filaments within the 

materials studied in this work. In general, the phase transformation based RS 

systems, such as TiO2 and WO3, show not only the unipolar RS but also the 

bipolar RS behavior even though the RS cell has a symmetric electrode 

configuration. This is due to the fact that the parts of the CFs remains even 

after the RESET switching and play a role as the virtual electrode despite the 

presence of the Pt electrode. Consequently, the fitting results according to 

JMA theory clearly exhibit that the evolution process undergoes in the multi-

sequential steps. Such is consistent with the changes in growth direction of CF 

from vertical to horizontal, in unipolar RS mode, whereas the vertical growth 

occurs without additional nucleation process in a single step in bipolar RS 

mode. Moreover, the CF growth characteristics were involved in the 

crystallographic and microstructural properties of the RS materials. For a 

specific case, the sputtered TiO2 film, which is crystallized as the rutile 
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structure and has a columnar grain, appears to help the RESET region to 

retain the same structure, which facilitates the rejuvenation of the CF during 

the subsequent SET step at the same location. This is reflected as the better 

uniformity and repeatability of switching parameters of the sputtered sample 

over the PEALD TiO2 sample. In the PEALD TiO2 RS cell, the RESET region 

may resemble the anatase-like structure, which inevitably induces more 

random nucleation of the CF during the subsequent SET step. Resulting JMA 

plot shows that the rejuvenation of the filament is accomplished by the 

repeated one-dimensional nucleation followed by the two-dimensional growth 

in PEALD samples, whereas one-dimensional nucleation-free mechanism 

dominates in the sputtered films. Using this kinetics model, it can be found 

that the lateral growth of CF, inducing a fast degradation, is controlled by 

connecting an appropriate series resistor. 
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1. Introduction 

 

1.1. Resistive switching phenomena in transition metal 

oxide films and its prospective applications 

 

As existing technologies in the semiconductor industry approach their 

physical scaling limits, a novel device concept has been required for the 

emerging memory and storage. Among the many alternatives to the currently 

prevailing charge-storing memory devices, the resistive switching random 

access memory (ReRAM) has attracted considerable attention to fulfil as a 

next generation memory for achieving non-volatility, low energy consumption, 

high endurance, high speed and scalability [1-5]. ReRAM utilized the resistive 

switching (RS) phenomena, which is reversibly changed the internal 

resistance state according to the history of applied voltage or current. In 

generally, ReRAM can be classified based on the operation mechanisms and 

switching materials. First, in most metal oxide systems, the RS phenomena 

can be originated from the generation or annihilation of non-stoichiometric 

defects, which cause the changes in electronic and ionic transport 

characteristics in a material. For example, the oxygen ion (or equivalently 

positive-charged oxygen vacancy) is considered to be a mobile species in 

metal oxide systems. Subsequently, these mobile oxygen defect leads to the 

alteration of valence state of metal cations and a specific electronic structure. 
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Such an anion-based RS behavior has been early demonstrated and 

extensively studied in various metal oxides, including binary transition metal 

oxides, e. q., TiO2, WO3, NiO, Ta2O5, and HfO2, or complex oxides, e. q., 

SrTiO3 and Pr0.7Ca0.3MnO3 [6-15]. The other type of ReRAM is often called 

an electrochemical metallization memory or conductive bridging memory, 

which is operated by the mobile metal cation generated from an 

electrochemically active electrode, e. q., Cu and Ag [16-18]. 

Meanwhile, a RS memory cell can be electrically switched between at least 

two different resistance states, which are high resistance state (HRS) and low 

resistance state (LRS), by bipolar or unipolar (also called nonpolar) operation 

modes. The unipolar resistive switching (URS) mode can be switched 

between bi-stable resistance states with regardless of both voltage polarities, 

whereas the bipolar resistive switching (BRS) mode requires opposite voltage. 

In general, an initial electroforming process, i. e., a soft-breakdown of 

dielectrics, is usually needed to enable subsequent RS operation because as-

prepared RS oxide films are normally too insulating to induce reliable 

switching behavior. After the electroforming, the conductivity of oxide film 

was decreased by applying voltage (current) in both BRS and URS cases 

(RESET, switching from LRS to HRS). Then, the current suddenly jumped 

again to a certain value (SET, switching from HRS to LRS) with an 

appropriate voltage and polarity. For a specific example, the typical RS curves 

of both URS and BRS mode in TiO2 are shown in Fig. 1.1. 

These operation modes are closely related with the switching mechanism and 
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the device structure. It was recently noted that the RS operation mode mainly 

depends on the electric potential gradient and Joule heating effect. The 

operation mechanism of URS commonly involves the formation and rupture 

of local conducting path, so called conducting filament (CF), by 

thermochemical reaction [19-22]. On the other hand, BRS is implied the field-

driven oxygen vacancy movement and varying the contact barrier height by 

subsequent electrochemical redox reaction. [23-25] Figure 1.2 reveals the 

overview of RS phenomena and the classification of mechanisms of ReRAM. 

[26] However, it should be noted that the viewpoints of the microscopic 

mechanism of RS phenomena have not reached a complete consensus. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 4 

 

Figure 1.1 Typical I-V behaviors of (a) URS and (b) BRS type operation 

scheme in TiO2 based RS cell. Icomp denotes the current compliance level. 

 

 

 

 

Figure 1.2 Classification of RS hysteresis and the operation mechanism. [26] 
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1.2. Technical challenges and outlook of ReRAM 

 

The device performance parameters of commercialized semiconductor 

memory and various emerging memories, e. q. ReRAM and phase change 

memory (PCM) and spin-torque transfer random access memory (STTRAM), 

are listed in Table 1 [27]. With regard to benefits of low power and high speed, 

ReRAM has a great potential to utilize as the next-generation nonvolatile 

memory. But more importantly, main concerns for the technological 

application are the scalability and reliability. For example, the configuration 

and geometry of local conducting path, CF, in the host insulating oxide are 

most likely critical factors in the scalability of ReRAM. Furthermore, the 

thermal crosstalk issue between neighboring cell is also considered to be a 

critical scalability, since Joule heating effect is believed to be involved in the 

switching operation mechanism. Therefore, more vigorous investigations on 

the mechanism of ReRAM are needed for better understanding and realizing 

as a high density memory. Besides, a crossbar-array (CBA) architecture built 

using passive switching memory and selection devices has been positively 

regarded as an ultra-high-density memory [28-30]. This architecture is able to 

achieve 4F
2
 design rule and scale it further down to 4F

2
/n by stacking n CBA 

layers. T. Y. Liu et al. recently reported that a metal oxide-based 32Gb 

ReRAM test chip, which is consisted with double-layered CBA architecture, 

developed in 24nm technology. [31] However, scaling-down leads to the 

interconnection line resistance and parasitic capacitance issues. A significant 
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voltage drop along the down-scaled lines in CBA hinders operational 

uniformity and easily causes miswriting or misreading operation, unless the 

writing/erasing voltage margins are large enough. [32, 33] And the 

contribution of parasitic capacitance between metal lines increase as the 

distance between wires becomes closer. Hence, this parasitic capacitance has a 

significant impact on delay in overall circuit performance. 

Another crucial property required for ReRAM is reliability and stability of 

memory state. Because both LRS and HRS of RS cell is regarded to be 

energetically unstable, the programmed resistance state could not be retained 

under severe external stimulation, leading to serious retention and endurance 

problems. Recently, it has been suggested that these problems can be 

overcome by choosing proper switching and electrode materials. J. J. Yang et 

al. demonstrated over 10
10

 open-loop switching cycles from Pt/TaOx/Ta 

stacked memory device. And they claimed the solid-state thermodynamic and 

kinetic factors of RS materials could be influenced on endurance property in 

metal oxide based RS systems [34]. Moreover, S. J. Chang et al. examined the 

URS and threshold switching behaviors of NiO film could be converted by 

controlling the thickness of electrode. If the Joule heat surrounding CFs is 

dissipated to metal top and bottom electrodes too much, a week CF was 

generated and immediately dissolved into host metal oxide film after 

removing applied voltage [35]. This result implies the device structure can 

influence on the stability of CF as well as a reliable switching characteristic. 

Thus, the detailed understandings of fundamental mechanism and RS 
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materials are able to suggest guidelines for a high-performance RS cell design 

to be implemented in future technology. 
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Figure 1.3 Memory capacity trend of emerging nonvolatile memories. [31] 
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Table 1.1 List for the demonstrated performance parameters of current 

baseline memory technologies and emerging research memory devices. [27] 
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1.3. Research scope and objective 

 

The device performance of ReRAM has been remarkably developed and 

successfully achieved the requirements for memory applications in recent 

times. Nevertheless, the current status of ReRAM is still far from 

commercialization because the operation mechanism is not entirely 

understood in various metal oxide system. Besides, lack of a complete model 

embodied ReRAM by conventional circuit elements hinders accurate 

prediction of how it would work in designed circuit system. In this study, the 

equivalent circuit model demonstrated to RS memory is suggested and the  

In chapter 2, the dominant factors determining the RS characteristics and the 

cause in making RS parameters scattered would be identified via the analysis 

of circuit noise in measurement system. This result can give an insight into the 

influence of parasitic noise element on performance of ReRAM. And the 

correlation between noise signals with RS parameters is also examined by 

observation of RS process in time-domain. Chapter 3 covers the circuitry 

design for RS memories, which are operated by URS and BRS modes, and the 

interpretation of real time-transient behavior of RS in various transition metal 

oxide based RS cells, such as TiO2, NiO, WO3, Ta2O5, and HfO2 films. As a 

result, the kinetic methodology that is accurate enough to estimate the 

evolution of CFs in metal oxide films is proposed to predict the configuration 

of CFs. At last, chapter 4 summarized chapter 2 and 3.  
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2. Influence of parasitic elements in the 

peripheral circuit on the resistive switching 

behaviors 

 

2.1. Introduction 

 

The URS process proceeds by applying the same bias polarity, and has been 

understood from the formation and rupture of the percolated CF in several 

transition metal oxides.[1-4] The dominant parameter that governs the URS 

mechanism in TMO based ReRAM has still remained elusive due to the lack 

of matured technology and solid experiment evidence. But it has been 

reported that the electrical power and energy required for switching 

conductivity of RS cell can influence on the RS parameters, such as the 

maximum current for RESET switching and the switching voltages (VSET and 

VRESET), as well as the accompanying resistances (RSET and RRESET). For 

instance, C. Rohde et al. examined the formation of filament in TiO2 films has 

a relationship with the switching power, which is imparted to the film during 

switching [5]. Y. Sato et al. investigated that the RESET switching time was 

dependent on resistance in LRS of NiO film when a single short voltage pulse 

was applied to RS sample [6]. Such results assisted that RS phenomena is 

commonly induced by external electrical current or voltage signal and each 

parameters are interrelated in various TMO films. 
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However, a massive physical deformation of electrode during the 

electroforming or SET process is frequently observed in URS type ReRAM, 

which produces a wide variance of electrical properties and even causes 

device failure. [7, 8] Although the programming current is limited by using a 

compliance function of a sourcemeter to prevent a complete breakdown, the 

resistance of conducting filament is not well controlled due to the excess 

transient current induced by the parasitic circuit elements between the RS cell 

and a sourcemeter. This might have a close relationship with the non-uniform 

generation and rupture of the CF. Therefore, it is essential to examine the 

controlling parameter that governs the formation and rupture of CF for the 

better performance of RS materials. In this study, the current flow at the 

moment of SET switching with either the current – voltage (I – V) sweep or 

pulse switching modes was monitored carefully, and its correlation with the 

RSET was investigated.  

 For a practical application of ReRAM, the fabrication technology and 

capacity of ReRAM has made rapid progress with a crossbar-array (CBA) 

architecture built using a passive switching memory and a selection device in 

recent times.[9, 10] In CBA schemes, the selected RS cell was programmed 

by a high frequency pulse sequence rather than a DC voltage. For this instance, 

the pulling-up voltage from the word line was significantly interfered by 

parasitic impedance, such as a capacitance of the interconnection line.[11-14] 

Whenever an electrical signal is transmitted through a metal line, the charging 

and discharging of this line capacitance result in a delay, as well as the 
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degradation of reliability. The contribution of this line capacitance to the 

overall circuit performance of CBA increases as the distance between wires 

becomes closer and the matrix size becomes larger. However, it is 

complicated to estimate precisely the parasitic impedance of CBA depending 

on the geometrical alignment and to quantify the role of this parasitic 

impedance on RS characteristics. In the present study, therefore, the 

implication of noise signals on the resistance state of RS cell was examined 

by using the simple MIM stacked RS cell with the variable parasitic elements 

in the pulse switching mode.  
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2.2. Experiment 

 

The RS samples are 40nm and 60nm-thick TiO2 thin films deposited by an 8-

inch-scale single wafer shower-head type plasma-enhanced atomic layer 

deposition (PEALD) on a sputter-deposited Pt substrate. Ti(OC3H7)4 heated to 

50
o
C was used as the Ti-precursor and delivered with Ar carrier gas at a flow 

rate of 50sccm. During the oxygen source pulse step, O2 gas was supplied 

with Ar gas and each flow rate was 100 and 1000sccm, respectively. The 

typical ALD process sequence for TiO2 consisted of a precursor pulse (4 sec) - 

Ar purge (7 sec) - oxygen source pulse (total 4 sec while plasma power (100 

W) was turned on during last 3 sec) - Ar purge (5 sec). The physical thickness 

and the layer density of the grown TiO2 films were measured by an 

ellipsometer (Gaertner Scientific Co., L116D) and energy dispersive X-ray 

fluorescent spectroscopy (XRF, Themoscientific, ARL Quant’X), respectively.  

Figure 2.1 (a) shows the changes in the layer density of Ti as a function of the 

substrate temperature plotted in a linear scale. Here, ALD cycle was repeated 

by 200 times. The layer density of Ti, which directly indicates the growth rate 

of TiO2 films, slightly decreased up to ~250 
o
C of substrate temperature and 

then rapidly increased at higher temperature on Pt substrate. Such a transition 

of growth rate of TiO2 film usually ascribed to the change from the ALD-

regime to the CVD-regime. Thus, ALD regime of TiO2 films could be defined 

below 250 
o
C. Self-limiting ALD saturation behaviors of the growth rate with 

respect to the increase in the Ti-precursor and oxygen source pulse times are 
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confirmed at 250 
o
C, as shown in inset of Fig. 2.1 (b) When the precursor and 

oxidant pulse time was > 4 and > 3 sec, respectively, the growth rate of TiO2 

films was completely saturated, suggesting that the ALD-specific growth is 

well attained under this condition. Fig. 2.1 (b) exhibits the variation of layer 

density of Ti and film thickness with respect to ALD cycle number ranging 

from 50 to 1500. The steady state growth rate of TiO2 film calculated by the 

best linear fitted graphs is 0.38 Å /cycle (7.31 ng/cm
2
/cycle) between 50-300 

cycles. Then the saturated growth rate changed to 0.62 Å /cycle (10.4 

ng/cm
2
/cycle) above 300 cycle numbers. It supposed that the crystallization of 

film was involved to these transition of growth behavior of TiO2 films grown 

by Ti(OC3H7)4. [] After TiO2 film deposition, the top electrode was fabricated 

by a conventional photolithography and lift-off process, using 60-nm-thick e-

beam evaporated Pt on top of the TiO2 surface with an electrode area of 

6000~90,000 μm
2
 as shown in Fig. 2.2.  

The basic resistive switching behavior of the MIM structure samples were 

measured by using an HP4145B semiconductor parameter analyzer in either 

voltage sweep mode with the proper setting of the compliance current (Icomp) 

and current sweep mode. The transient current at the moment of set switching 

was monitored with a digital oscilloscope (OSC, Tektronix 684C) using the 

circuit shown schematically in Fig. 2.3(a). The input impedance of SPA was 

much lower (<1 Ω) than that of the OSC. Therefore, the adoption of a proper 

load resistance (R’) to SPA is essential for the current monitoring by the OSC. 

Here, the internal resistance of the OSC (ROSC) was 50 Ω and R’ was 17 Ω. 
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For a pulse switching mode, the switching operation of a TiO2 based RS cell 

was performed by either AC pulse application for URS-SET switching with a 

HP81110A pulse generator (PG) and DC voltage sweeps for URS-RESET 

switching with a HP4145B semiconductor parameter analyzer. And the 

transient current or voltage at the moment of SET switching was monitored 

with OSC. The bias was always applied to top electrode, while the bottom 

electrode was grounded (GND). Since the PG has the internal resistance of 50 

Ω or 1000 Ω in parallel with the exterior resistance, such as RS cell and OSC, 

the monitored current or voltage by the OSC was determined by the relative 

resistance ratio of internal resistance of PG (RPG) and the resistance of exterior 

circuit elements. To demonstrate the influence of parasitic circuit elements on 

RS behaviors, the measurement system for URS-SET switching was 

simulated by using PSPICE model. The URS sample was regarded as a 

voltage-controlled variable resistor in PSPICE model with the E-type voltage 

source whose terminal voltage was governed as an exponential decay function. 
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Figure 2.1 (a) Changes in the layer density of TiO2 films grown by repeating 

200 times of ALD cycle, depending on the substrate temperature plotted in 

linear scale. (b) Changes in thickness of TiO2 film and layer density of Ti as 

the number of cycles of ALD increased. The saturated growth rates of TiO2 

films on Si substrate was 0.38 Å /cycle (7.31 ng/cm
2
/cycle) below 300 number 

of cycles and increased to 0.62 Å /cycle (10.4 ng/cm
2
/cycle) above 300 cycle 

numbers. Inset shows the variations in the layer density as a function of Ti-

precursor feeding and oxygen source feeding time at the substrate temperature 

of 250
o
C. 
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Figure 2.2 Schematic for a cross-sectional structure of TiO2-ReRAM cell and 

the optical image of fabricated ReRAM device in top side view. 

 

 

 

Figure 2.3 Schematic diagrams for RS measurement system in (a) DC sweep 

mode and (b) AC pulse mode. The dominant internal impedance elements are 

the internal capacitance of SPA (Cinter is ~ 40nF, which is much higher value 

than memory capacitance (Cmem)) in voltage sweep system and the internal 

resistance of PG (RPG is 50 Ω.) in pulse switching system, respectively. 
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2.3. Parasitic capacitance issue on RS characteristics in 

a DC sweep mode 

 

2.3.1. Analysis of controlling parameters for SET state in URS-

type TiO2 based RS cell  

 

In previous works, it has been investigated that the RSET and IRESET are 

strongly influenced by Icomp level in voltage sweep mode. [5] Typical 

relationships between several URS parameters of TiO2 ReRAM cell are 

shown below. Figure 2.4 (a) and (b) show the variation of RSET and IRESET of 

TiO2 RS cell and the variation of PSET (VSETIcomp) and PRESET (VRESETIRESET) 

as a function of the Icomp, respectively. Here, RSET was calculated at 0.2V. 

Since a large deviation of switching parameter is pointed out in URS type 

ReRAM, the RS measurement was performed in three different samples and 

repeated 10 times successively for each sample at the same Icomp value in order 

to analyze the statistical distribution characteristics. As the Icomp for switching 

to SET state increased from 5 mA to 50 mA, the maximum current for RESET 

switching increased almost linearly with Icomp as shown in Fig. 2.4 (a), while 

the resistance of filament subsequent to SET switching decreased with Icomp. 

Note that IRESET is usually higher than Icomp. In addition, both electrical powers 

for SET and RESET switching event are proportional to Icomp level. As a result, 

the CF becomes stronger by the current flowing through it and the intensity of 

electric field at the switching moment, which in turn needs more energy or 
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power for rupture. However, the RS parameters scattered rather largely even 

for a given compliance level. Besides, the RSET and IRESET are not able to 

control by current compliance operation when the Icomp becomes smaller than 

10mA, which suggests that another factor should be implicated with the 

filament formation process other than flowing current or power at moment of 

SET switching.  

Figure 2.5 (a) and (b) show the transient currents with time monitored by 

using the OSC, connected to RS sample as shown in Fig.2.3 (a), near the 

moment when SET switching occurs during the I-V. The sample was initially 

under the HRS state and the VSET was determined previously using an I-V 

sweep. Due to the splitting of the current into the two paths (to SPA and OSC), 

only the relative variation in the current as a function of time with the 

different Icomp is discussed. Since a certain voltage was applied to RS sample 

even after the current compliance process, the resistance state of RS cell is 

continuously changed until the end of voltage sweep as described in Fig. 2.5 

(b). In this case, SET switching with 40mA of Icomp occurs at 2.88V as shown 

in inset of Fig. 2.5 (b). When SPA detected the SET current more than Icomp 

level, the applied voltage suddenly decreases to 1.26V, which allows Icomp via 

the RS cell. But the voltage drops further to 1.1V after ~0.1ms. In other words, 

RSET decreases from 31.5 Ω to 27.5 Ω during the compliance operation, which 

is corresponding to final resistance state of filament observed by subsequent 

RESET switching curve. This indicates that Joule heat (i. e. electric power or 

energy) produced by Icomp can have an influence on continuous SET switching 
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behaviors. Therefore, the compliance function is not able to restrict 

completely the filament formation process unless the voltage sweep 

immediately stops as soon as RS cell switched to LRS. More importantly, in 

Fig. 2.5 (a) and (b), a huge overshoot current, which is much higher than Icomp 

level in a short time, can be observed at the SET switching moment. If the 

transient current was monitored by the OSC (IOSC) with a much shorter time 

scale, RC decay curve can be obtained as shown in Fig. 2.5 (c). This 

overshoot current must be caused by the internal circuit parasitic elements of 

the SPA and the compliance function operation was delayed for RC response 

time. When the abrupt current jump is detected, the SPA cuts off the voltage 

supply and it allow flowing the current corresponding to established Icomp level. 

Consequently, the voltage across the internal parasitic capacitor of SPA, 

which connected to RS cell in parallel, abruptly decreased as the compliance 

mode operated at SET moment and the parasitic capacitor discharged during 

RC time. After all, the monitored current is saturated to a certain value, which 

is determined by the internal impedance of the SPA. The internal capacitance 

is approximately 40nF, simply calculated by exponential decay function (e
-t/τ

). 

Generally, the discharging current monitored by OSC (IOSC) increases with 

increasing Icomp as shown in Fig. 2.5.(c), since the VSET increased with Icomp. 

Because the maximum current value of IOSC is much larger than Icomp, this 

discharging current from the parasitic capacitor of SPA could mainly 

determine the resistance state of RS cell. Figure 2.6 (a) and (b) exhibit the 

changes of IRESET and RSET with respect to the maximum value of IOSC. It 
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should be noted that the maximum IOSC of discharging current, depended on 

the VSET and internal capacitance, can be varied and influence on the scattered 

correlation between RS parameters and Icomp as discussed above, although 

SET switching was performed by using the same Icomp value. Once the Icomp is 

dropped below the 10mA, the VSET showed little relevance to the Icomp itself, 

but it is rather highly correlated with the discharging current. Therefore, this 

can explain why the maximum current for RESET switching is usually higher 

than Icomp and the resulting RS parameters are not well controlled. 

Meanwhile, there was a sharp peak at the starting position of transient current, 

which corresponds to the dissipation from another parasitic capacitance 

element with different RC decay time at the moment of SET switching. It can 

be expected that the additional charge stored in the ReRAM cell, which is a 

typical MIM stacked structure, releases due to the reduction of voltage applied 

to cell. This parasitic capacitance effect of RS cell affects the state of the CF 

significantly when the RS cell is operated by short voltage pulse and plays a 

vital role in the evolution process for CF, as will be shown later.  
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Figure 2.4 (a) The changes of RSET (black, closed square) and IRESET (red, open 

triangle) of TiO2 based ReRAM with varying the compliance current (Icomp) 

level from 5 to 50mA in voltage sweep mode. (b) The variation of PSET (black, 

closed square) and PRESET (red, open triangle) as a function of Icomp. To 

examine the statistical distribution of RS parameters, the electrical 

measurement was performed in three different samples and repeated 10 times 

for each sample at the same Icomp level. 
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Figure 2.5 The overshoot current spike monitored by OSC when SET 

switching occurs during the I-V sweeps. (b) The transient state of applied 

voltage across the RS cell during the current compliance operation. (c) The 

discharging current from the internal capacitance of SPA with different Icomp 

level. The internal parasitic capacitance is calculated to 40nF by exponential 

decay fitting curve (dash line). 
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Figure 2.6 The variation of (a) IRESET and (b) RSET with respect to the 

maximum discharging current monitored by OSC after reaching the Icomp. The 

peak value of IOSC , depended by VSET and internal capacitance, was scattered 

even though Icomp was fixed at same level. 
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2.3.2. An improvement in the distribution of RS parameters by 

reducing circuit parasitic capacitance  

 

Ielmini et al.[11] and Kinoshita et al.[15] also reported the influences of 

circuit parasitic capacitance during the SET switching on the IRESET (which 

eventually depends on the RSET) during the I-V sweep and pulse switching, 

respectively. The influence of parasitic capacitance is an inevitable problem if 

the switching operation was performed by using the compliance function 

generator, and it becomes increasingly dominant in higher density memory 

circuit, e. q. crossbar array. [16, 17] Again, any circuit parasitic capacitive 

element can undermine the controllability of programming voltage/current 

source. Even if the RS was carried out the current sweep mode, which is 

operated without current compliance, the unexpected noise involving the 

capacitance of surrounding circuit still affect to the state of RS cell due to the 

rapid deduction of applied voltage at SET switching moment. Thus, it should 

be necessary to eliminate the noise source in system or minimize the damage 

against the voltage/current spike.  

In order to reduce the internal capacitance of SPA, the measurement circuit 

was modified by floating the channel toward the ground of SPA and 

connecting OSC in series as shown schematically in inset of Fig. 2.7 (a). Then 

the SET transient current was monitored by the same manner. It is remarkable 

that the maximum peak of IOSC decreased from 55 mA to 20 mA when the 

switching current was limited to 20 mA in both cases. Because the applied 
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voltage was divided according to the ratio of resistance between RS cell and 

OSC, the voltage dropped to relatively higher level after reaching the Icomp. 

Therefore, the discharging current from the internal capacitance of SPA was 

also reduced as described in Fig. 2.7 (a). In the altered circuit, the parasitic 

capacitance (C’) was calculated as ~10nF by fitting the RC decay curve. 

Another notable difference is the uniformity of RS parameters. In comparison 

to previous results, the distribution of RSET with respect to a certain Icomp level 

significantly decreased and the resistance value of CF is slightly higher in this 

measurement scheme as shown in Fig. 2.7 (b). It is indicated that the over-

SET, caused by uncontrolled overshoot current from the parasitic capacitor, 

was effectively prevented by serial load resistor. Furthermore, IRESET clearly 

increased with the rate of Icomp, even though Icomp decreased below 10mA. As a 

result, if the ReRAM device can be assumed to be such a simple circuit 

regarding RS cell, a load resistor connected in series (Rload), and parasitic 

impedance connected in parallel (CP), the following condition should be 

considered to exclude the current spike problems. 
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Here, ∆V is the decrement of voltage across CP at the SET moment and τ is a 

time constant of RC circuit, respectively. However, if the external load 

resistance is too large, compared to RSET, the RESET failure occurs since the 

actual voltage across the RS cell just after RESET switching could be equal to 

or greater than VSET.[18] But the series resistance will be more successful to 

optimize the parasitic circuit noise as long as the requirements for memory 

writing/erasing operation was satisfied. 
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Figure 2.7 (a) The overshoot current noise for the modified I-V sweep system 

(inset) when the SET switching was performed by using 20 mA of Icomp. The 

parasitic capacitance was approximately calculated as 10nF by exponential 

fitting curve. (black, dash-dot line) (b) The changes of RSET and IRESET with 

varying Icomp value from 5 to 30 mA. 
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2.4. Influence of parasitic circuit element on the SET 

switching characteristics in AC pulse switching 

mode 

 

2.4.1. Intrinsic capacitance effect on the URS-SET switching in 

pulse switching mode 

 

The equivalent circuit model for the setup of pulse switching system was 

schematically shown in Fig. 2.8(a). Here, the PG was regarded to be a 

constant current source including inherently several parasitic components, 

such as Cpara, Lpara, and RPG. These parasitic circuit elements are connected to 

the sample, represented by a parallel connection of Rmem and Cmem, with a 

configuration as shown in the Fig. 2.8(a). In this scheme, RPG could be set to 

either 50 Ω or 1000 Ω, which could largely vary the actual current flow 

through the ReRAM cell even for the given programmed current (voltage) to 

the PG. Rmem varies according to the current pulses applied to the circuit, 

which could be in-situ estimated by monitoring the voltage appeared over 

ROSC via a relatively complicated circuit simulation. As discussed in detail 

later, Cpara and Cmem played crucial roles in the resulting resistances of the 

ReRAM cell after the switching. In this work, the SET switching behaviors 

were focused, because the RS cell staying in HRS is similar to a MIM-type 

capacitor, which induces the charge accumulation in Cmem and the dissipation 

of stored charge during the SET sequence played the crucial role in 
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determining the final RSET. In contrast, the Cmem in SET state ReRAM cell 

could be disregarded because there is hardly any accumulation of charge 

during the RESET pulse application, so the charge (current) originated from 

the word line driver (PG in this work) determines the RRESET. To estimate the 

Cmem, the capacitance – voltage (C-V) curves of the HRS ReRAM cell with 

respect to the area of Pt top electrodes (TE) was acquired, as shown in Fig. 2.8 

(b). For a certain instance, the intrinsic cell capacitance of HRS states with 

20000μm
2
 of TE was ~170 pF at 0V, which is very reasonable considering the 

TiO2 film thickness (40 nm) and dielectric constant (~ 40).[19] The C-V curve 

of LRS (data not shown here) cannot be reliably estimated due to the very 

high leakage current as can be expected, but this was not a serious problem in 

this work because the set operation is mainly concerned as described above.  

First of all, RPG and ROSC are fixed as 50Ω and the contact probe for RS 

sample was optimized by shielding wire in order to rule out any noise source, 

except the Cpara, and Lpara of PG attributed to the distortion of input voltage 

(current) signal, but these parasitic components are also negligible in this case. 

Figure 2.8(c) reveals the monitored current signal by OSC when a square 

shaped pulse with 500 ns duration and 20mA (0.5V) was supplied from the 

PG. Note that the input current was divided into two parts; an internal 

resistance of PG, and an internal resistance of OSC serially connected with 

the RS sample. In a short circuit condition, a half of applied current was 

detected by OSC due to the same resistance value of internal/external circuit 

as described by black square symbol in Fig. 2.8 (c). The minimum rising time 
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of pulse pattern is ~7ns, which is slightly higher than the setting value of 2ns 

due to the unmatched internal impedance of PG. But, here the input voltage 

ramp was defined as a programmed value for convenience. The contact 

resistance was less than 2 Ω, and Cpara in contact probe was 0.1 nF. However, 

this is not a major concern in this measurement set-up (RPG=50Ω) because the 

portion of voltage-drops in parasitic circuit elements is imperceptible 

compared to that of load resistor, such as ROSC, and the Cpara is relatively 

smaller than Cmem.  

When the current pulse was applied to ReRAM device stayed at LRS (~ 25 Ω) 

under the same conditions, the saturated current level is slightly reduced from 

10 to 7 mA as represented by blue triangle, because the combination 

resistance of external circuit (HRS sample – OSC) increased from 50 to 75 Ω. 

While, if the memory cell was programmed as HRS (~ 1100 Ω), most of 

current flow through the internal resistor of PG and the saturated current 

flowing in RS cell and OSC, which is shown by red circle, is only 0.9 mA. In 

the meantime, it is noteworthy that there are two current peaks at the 

beginning and end of the pulse application. This should correspond to 

charging and discharging of RS cell, respectively, since the structure of RS 

cell is a MIM capacitor as mentioned above. From the transient pulse pattern, 

the estimated capacitance of HRS cell is 125pF by exponential fitting of RC 

decay, which is consistent with C-V measurement result. 

Figure 2.9 (a) shows the typical transient pulse when the SET switching 

occurs in the middle of pulse applications in the low internal impedance 
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systems (RPG = 50Ω). The switching pulse was 2V, which allowed repeating 

RS stably. The SET transient current was gradually increased after the RS cell 

was fully charged (<~150ns), because the discharging current of RS cell 

capacitance flow separately into two paths, one is RS cell itself and the other 

is a traveling route through RPG and ROSC, respectively. Therefore, a distinct 

discharging peak could hardly be seen by OSC as shown in Fig. 2.9 (a). The 

effect of this capacitive charge dissipation will be described in detail later. 

Another striking feature of SET transition in this switching mode is the 

correlation between the SET switching time and the intrinsic cell capacitance. 

Here, a SET switching time (tSET) was defined as a period until the transient 

current was reached to a certain saturated level, coincide with the leakage 

current of LRS. If the Cmem is ~170pF, the critical pulse width for SET 

switching is the ranges of 150ns < tSET < 200ns. From the inset of Fig. 2.9 (a), 

it clearly indicates that tSET depends on the TE area. This can be understood as 

follows. When the SET programming pulse was applied to the RS cell, the 

intrinsic capacitance starts to accumulate with charge influx immediately, at 

the same time the actual applied voltage across the Rmem gradually increases 

while the charging process of Cmem is completing. Figure 2.9 (b) shows the 

circuit simulation results for the changes in the applied voltage at the 

connecting node of Rmem with varying the Cmem from 50pF to 400pF. The 

input current (voltage) was 80mA (2V) and the resistance of HRS sample was 

assumed as 500 Ω. The other circuit components reflect the practical 

measurement system. For a certain voltage, such as VSET (1.75V), it is obvious 
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that the longer pulse is needed for reaching to VSET as the intrinsic capacitance 

becomes larger as shown in Fig. Thus, this result implies that RC delay 

attributed to Cmem may inhibit a high speed operation even though the 

interference from peripheral circuit was optimized. 

Meanwhile, the intrinsic capacitance is also responsible for determining the 

resistance state of RS cell. As shown in Fig. 2.10 (a), RSET and IRESET, 

representing the size or strength of CF, depend on the tSET in this pulse 

switching mode, although the data was scattered a little bit from the tendency. 

RSET was reduced by approximately 43%, while IRESET increased about 3 times 

with increasing tSET. If the SET switching was completed earlier than the RC 

delay time, it could be supposed that Cmem was not fully charged (the amount 

of stored charge was smaller than the saturated value at the applied voltage). 

Because the voltage across the RS sample rapidly drops according to the 

change of RSET during SET pulse applications, the discharging current from 

Cmem was generated and part of its current flow through the Rmem. As a result, 

this discharging current induces an additional change in the resistance state of 

CF, accordingly, the RSET (and IRESET) was controlled by the Cmem. This 

directly indicates the geometry of RS cell, for example thickness of switching 

layer or size of electrode, and dielectric properties of RS materials can govern 

the switching parameters, as well as the operation speed of ReRAM. Figure 

2.10(b) describes the changes and distributions of RSET and IRESET with regard 

to TE area. In this case, the 40nm and 60nm thick TiO2 layers were used to 

compare the effect of Cmem. The greater amount of charge stored in capacitor 
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makes the filament strong, leading to need more current for rupture during the 

RESET process. This tendency is more prominent in the 40nm-thick TiO2 

sample, where the Cmem is much higher. However, it should be noted that the 

changes in RSET and IRESET are nearly 2 times with regard to the variation of 

electrode area by ~ 10 times. In general, the dependency of LRS with 

electrode area is remarkable not so much than that of HRS because the 

filament size is much smaller than electrode area. Furthermore, as shown in 

Fig. 2.10(b), the dispersion of RSET and IRESET becomes severe according to the 

increase of Cmem, because the dissipation of stored charge through the Rmem 

generates the over-flowing current in uncontrolled manner and causes the 

randomized formation of CF. This suggests that the intrinsic capacitance of 

RS cell might have a crucial influence on the reliability of RS in TiO2. 

The influence of intrinsic capacitance on the switching behaviors could be 

prevented by modifying the rising time of input pulse pattern (tR). Figure 

2.11(a) reveals the SET transition pulse patterns with different tR from 2ns to 

300ns. If the ramp speed of input voltage from PG (e. q. word line driver) 

becomes slower, it could be clearly found the charging peak at the beginning 

of pulse application was shrunk and the saturated leakage current level, 

corresponding to RSET, decreased even though the programming voltage was 

same as 2V (80mA). These characteristics were originated from the fact that 

the tR limits the Cmem being charged. Figure 2.11(b) demonstrates the 

calculated current flowing at Cmem with different tR by a circuit simulation. In 

the circuit simulation, the Cmem was assigned as 200pF and Rmem was changed 
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exponentially from 500 Ω to 20 Ω. Assuming the SET switching triggered 

after 150ns from the pulse application, the maximum of discharging current 

during the transition of resistance state is only ~1.3mA when the tR is 300ns. 

On the other hand, the excessive current peak for 300ns of tR is much higher 

due to fully charged Cmem until the start of SET switching. Consequently, RSET 

slightly increased with respect to tR as represented in inset of Fig. 2.11 (b), 

since the over-SET process induced by charge dissipation could be effectively 

inhibited. However, this will inevitably lead to delay in switching speed.  
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Figure 2.8 (a) Schematic diagram of an accurate equivalent circuit for pulse 

switching. (b) Capacitance-voltage curves for 40nm-thick TiO2 base URS cell 

in HRS state with different electrode area. (c) The monitored transient current 

signal when a square shape pulse with 500 ns duration and 20mA was applied 

to short circuit (black, square), HRS (red, circle) and LRS samples (blue, 

triangle) when the internal impedance was optimized as RPG = 50Ω. 
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Figure 2.9 (a) The observed pulses for SET transition using a 2V (80mA) of 

input pulse supplied from PG. Inset of (a) is the change in of SET switching 

time (tSET) with respect to the size of top electrode. tSET was defined as a 

duration from the beginning of pulse application until the transient current 

was reached to a certain saturated level. (b) The changes of applied voltage 

across Rmem over time with regard to Cmem. 
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Figure 2.10 The distribution of RSET and IRESET according to (a) tSET and (b) the 

top electrode area. 
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Figure 2.11 (a) The SET transition pulses with varying the rising time (tR) of 

input pulse from 2ns to 300ns. (b) The simulation result for a current 

component, storing/drawing from Cmem when tR was assigned as 2ns (black 

square) and 300ns (magenta triangle), respectively. Inset shows the change of 

RSET with increasing tR.  
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2.4.2. Parasitic capacitance effect on the URS-SET switching in 

pulse switching mode 

 

When the RPG was assigned as 50 Ω, which is proper to optimized noise in AC 

pulse switching mode, the input current was distributed according to the ratio 

between internal (RPG) and exterior resistance (Rmem+ROSC). This evokes the 

loss of a programming current could occurs by peripheral circuit, for example, 

if the resistance state of neighboring RS cells was low enough to act as a 

sneak current path. But this current route is able to be blocked by a selection 

device connecting with each RS cell regardless of the resistance state of 

neighboring cells in actual CBA. So, the applied pulling-up voltage (current) 

was entirely transmitted to selected RS cell. This circumstance is similar to 

the experiment set-up, where RPG is 1000 Ω. In this instance, most of the 

supplied current flows via the external circuit due to the relatively higher 

resistance of RPG compared to Rmem or ROSC. Figure 2.12(a) exhibits the 

reading pulses of 0.5V applied to the short circuit, LRS and HRS RS sample, 

respectively. Namely, a constant current pulse of 10.5mA was generated from 

PG, so that the applied voltage across the programmed load resistor (50 Ω) is 

to be 0.5 V. Due to a great difference between internal and exterior resistance 

of PG, the maximum current level of reading pulse did not change 

significantly from 10mA in comparison with that of short circuit condition, 

although LRS sample (25 Ω) was additionally connected to ROSC as 

represented by red-circle in Fig. 2.12(a). For a HRS cell (~1000 Ω), on the 
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other hand, the monitoring current reached to ~5mA after the capacitive 

charging process of Cmem.  

More importantly, the distinguished current (voltage) spikes and slight 

wiggles can be observed at the beginning and end of the pulse pattern in a 

short circuit condition. It is well known that a sudden transition of applied 

potential makes these overshooting and ringing phenomena. This could be 

supposed that the Zpara of PG, which is not well matched each other, results in 

these unavoidable noises. Using the circuit simulation described in Fig. 

2.12(b), the Cpara, and Lpara were ascribed to 140pF and 0.1uH, respectively, 

which could not be varied intentionally. This Cpara is large enough as much as 

the intrinsic capacitance. Therefore, the influence of parasitic impedance on 

the propagation of AC pulse can be hardly ignored. In real CBA, the wire 

capacitance was determined by adding up all of the primary constituents of 

line capacitance, such as a capacitance between a bit line and ground and the 

fringing capacitance of a word line. And these capacitances could be modeled 

by a single capacitor connected to each cross-point in parallel, likewise the 

internal Cpara of PG was linked to RS cell in parallel. Accordingly, it is 

expected that the wire capacitance issues on the switching properties could be 

examined indirectly by using this system.  

Figure 2.13(a) shows the SET transient pulse when the input pulse with 500 

ns duration and 2V (42mA) was supplied from PG. In the SET operation, a 

huge current spike was usually observed during the pulse application. Here, 

the difference between the maximum of current peak and saturated leakage 
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current level is almost 8mA, which is almost 20% of input current pulse. In 

order to find out the origin of this current spike, the flowing currents through 

the every circuit components, marked as colored nodes in inset of Fig. 2.13(a), 

were calculated with assuming the Rmem, which is changing after 45 ns. As 

represented in inset of Fig. 2.13(b), the overall features of the monitoring 

current by OSC (open square, i(ROSC)) vs. time are well reproduced by the 

simulation (black line), suggesting that this circuit model accurately 

represents the experimental pulse-switching system. The remarkable things 

about the other current components, for examples i(Cmem), i(Rmem) and i(Cpara), 

during the SET transition (< 200ns) could be explained as follow. First, the 

i(ROSC) is sum of the input square shape pulse and the i(Cpara). At the 

beginning of pulse application, the i(Cpara) flows in opposite direction with 

i(Cmem), because  Lpara generates the induced potential so as to interfere an 

abrupt variation of applied voltage. This characteristic indicates that the 

induced noise could be transferred to adjacent word lines caused by parasitic 

elements when the pull-up voltage was supplied to a certain word line. 

Moreover, the maximum height of i(Cpara) is nearly -30mA (the negative sign 

means the opposite direction of current flow against the input current) in this 

system. Thus, the unexpected changes in the resistance state of neighboring 

cell are able to be triggered by LC coupling noise. Second, the loss of voltage 

across the RS cell, attributed to the induced potential of Lpara, restricts the 

storing of charge in Cmem. And the i(Rmem) at the SET switching moment is 

much higher than monitored current spike, since the charge drawing from 
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Cmem has to pass through LRS sample rather than RPG. Hence, the discharging 

current from Cmem could be an actual controlling parameter for SET switching 

behaviors, but it is more complicate to control the resistance state of CF 

precisely because the amount of storing charge is determined by not only the 

applied voltage from word line driver, but also the induced potential of 

parasitic impedance.  

In Fig. 2.14(a), the resultant RS parameters seem to be randomly scattered 

despite the SET switching was performed with the same pulse height (2.5V). 

Also this distributed characteristic was independent on the peak level of 

monitoring current. As discussed above, it can be supposed that the additional 

change in the resistance state of RS cell occurs in uncontrolled manner by 

parasitic noise and discharging current from intrinsic capacitance. And this 

cannot be seen directly by OSC, but it causes a huge deviation in RSET. Figure 

2.14(b) shows the distribution of RSET and IRESET with varying the size of top 

electrode pattern. For each data, the RS sequence was repeating 30 times with 

constant pulse and the mean values of switching parameters were statistically 

estimated. It is clear that not only both RSET and IRESET, but each of their 

deviation property were not dependent on the cell size. 

However, the current overshooting and ringing issue could be damped down 

by lowering the voltage ramp. Figure 2.15(a) shows the SET transition pulse 

with the variation in a rising time (tR) from 2ns to 300ns. Most striking of all 

is the reduction of the current spike with increasing tR. According to the 

simulation result, the current peak of i(Rmem) caused by discharging from Cmem 
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becomes smaller, and eventually the excessive current level is lower than the 

saturated current if tR is longer than 300ns as shown in Fig 2.15(b). As a result, 

the deviation of resistance state of CF is significantly degraded as represented 

in inset of Fig. 2.15(b). Kim et al. had reported that the uniformity of SET 

switching parameters could be improved by performing with a triangle shape 

pulse, since the point appearing the current spike was moved from top to 

middle of slope of pulse.[20] But the relationship between the current peak 

and resultant RSET is not clear in this case, because the monitored current 

pulse cannot detect the real transient current signal. Nevertheless, it could be 

understood that the tR modulation for alleviating the parasitic impedance 

effect allows improving the controllability of switching parameters. 
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Figure 2.12 (a) The input pulse for SET switching (open circle) and the SET 

transition curves (line). (b) The part of simulated current components (iRmem, 

iCmem, iROSC, and iCpara) from each node remarked in inset of (a). Inset of (b) 

shows the simulation result of iROSC in entire time scale, which is well 

matched to the experimental data.  
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Figure 2.13 (a) The distribution of RSET and IRESET according to the intensity of 

an excessive discharging current peak, detected by OSC. (b) The variations of 

RSET and IRESET with regard to the top electrode area in 40nm-thick and 60nm-

thick TiO2 RS samples.  
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Figure 2.14 (a) The SET transition pulses with the variation in a voltage ramp 

(tR) from 2ns to 300ns. (b) The simulation results of iCmem with a variable of tR 

when RPG is 1000 Ω. Inset show the variation of RSET as increasing tR. 
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2.5. Summary 

 

This study examined the correlation between the SET state resistance and 

excessive current (charge) flow during SET switching in both the I-V sweep 

and pulse switching experiments. The relatively uncontrolled decay of the 

SPA output current after reaching the Icomp in the I-V sweep made the RS less 

uniform. However, the total current flow may still be the dominating factor 

for RSET in the I-V sweep with such a long time scale (~ tens of μs). For a 

more practical pulse switching case, the RS parameters are affected 

significantly with regard to the internal impedance in PG and interconnection 

lines. The parasitic noise caused by Cpara and Lpara varies the resistance state of 

filament in uncontrolled manner, so that RS parameters have a large deviation 

likewise the DC sweep mode. This noise signal could be reduced by the 

modulation of ramping speed in pulse application. On the other hand, the RS 

characteristics in pulse switching system are governed by the dissipation of 

stored capacitive charge through the formed CF. The capacitance of RS cell 

cause the delay in operation speed as well as the excessive formation of 

filament. This effect also can be diminished if the SET switching occurs at the 

intermediate state of capacitive charging process. These results suggest that 

the memory cell size or dielectric properties of RS material could have a 

crucial influence on the reliability of RS in TiO2 even though the circuit 

parasitic noise was minimized.  
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3. Understanding the time transient switching 

behaviors of transition metal oxide based 

ReRAM 

 

3.1. Introduction 

 

Dielectric breakdown in MIM systems has been generally considered to be a 

catastrophic event for insulating or capacitive applications.[1] However, the 

RS phenomena in several MIM systems rely on the repeated “controlled soft 

breakdown” of the insulating films, by electroforming of conducting nano-

filaments and their rupture/rejuvenation. Binary transition metal oxides, e. q. 

TiO2, WO3, NiO, Ta2O5 and HfO2, are the most extensively studied as the 

reversible resistive switching materials.[2-9] Recently, the CFs in TiO2 have 

been identified as having a distinctive crystalline structure, Magnéli phases 

(TinO2n-1, where n = typically 4 – 5), with a conical or cylindrical shape 

depending on the electroforming condition.[10] In Ti-O systems, It has been 

considered that the homologous series of compounds TinO2n-1 were induced  

by crystallographic shear regarded as being oxygen-deficient as compared 

with parent rutile phase. The nucleation and growth of shear plane in oxygen-

deficient TiO2 necessitate the reduction of dislocation or planar faults by the 

sequential jump of cation. It should be noticed that there is no long-range 

diffusion of cations. As shown in Fig. 3.1, this Magnéli phases in a Ti-O 
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system is thermodynamically stable and highly reproducible without any 

further change in the oxygen potential [11]. It has been well known that WO3 

and VO2 also have the analogous series of sub-oxides in similar composition 

range of Magnéli phase in TiO2 [12, 13]. For instance, the Magnéli phase of 

WO3 can be observed nearby the stoichiometric WO3 phase as described by 

dash lines in Fig. 3.2. Thus, several other RS material systems might have 

similar distinctive topological phase separation. While, RS in NiO, where the 

conducting cluster is formed in the vicinity of breakdown boundary or grain 

boundary, has been usually understood from a percolation model, i. e. the 

random circuit breaker model.[14-16] Similarly, a switchable filament has 

been found exclusively at the grain boundary regions representing low 

resistant conductive paths through the dielectric film in the case of the 

stoichiometric HfO2 films.[17] However, it is difficult to demonstrate the 

nature of filament directly, so that the microscopic mechanism of RS 

phenomena is still argued in each RS material systems and. Therefore, it is 

also required to identify the physical and chemical properties of RS materials 

that govern the operation mechanism. 

As discussed in chapter 2, there are wide variations of RS performances even 

in devices using the nominally identical TiO2 materials, which must be closely 

related with the different configuration and connection/disconnection 

processes of the CFs in each specific sample. However, the variation cannot 

be understood from any preexisting models or theories due to the lack of 

detailed information on the evolution dynamics of the CFs. When the CF has 
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a distinctive phase standing out from the mother insulating phase, such as 

TiO2, RS can be considered a local phase transition process. For these cases, 

preexisting knowledge of the phase transitions, such as the Johnson-Mehl-

Avrami (JMA) type kinetic theory,[18, 19] can be used to understand the 

details of the switching dynamics. Nevertheless, there are two major 

difficulties when applying JMA theory to the TiO2 (or any other) RS systems. 

One is that an accurate estimation of the CF fraction in the mother phase is 

extremely difficult owing to its extremely tiny dimension and sparse density, 

which makes a statistically meaningful observation by any microscopic 

technique almost impossible. The other is the very short time scale (~ tens of 

ns) over which the phase transition occurs. Therefore, observing the transition 

in-situ is generally challenging. In-situ transmission electron microscopy 

(TEM) could not be a viable option for this type of study since TEM can see 

only a highly localized area. In addition, the high vacuum environment 

surrounding the thin foil of TEM specimen is very different from an actual 

environment of memory device operation. 

In this study, the authors developed a new methodology that is accurate and 

fast enough to estimate the evolution of CFs in several transition metal oxide 

based RS samples by monitoring and modeling the current variation during 

the switching from off- to on-state when a pulse bias was applied. Current 

evolution was transformed into the evolution of the volume fraction of the CF, 

and JMA kinetic theory was applied. The JMA kinetic model only concerns 

the growth step in such RS systems because nucleation occurs randomly at 
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fixed sites which are the remaining CFs or one-dimensional nuclei. It should 

be reminded here that the JMA kinetic growth model requires a constant 

growth rate over time. The CF growth in TiO2 (SET switching) is understood 

as a mostly electric field driven phenomena assisted by thermal energy. This is 

because the region where the CF will be formed is mostly insulating, meaning 

the high electric field applied here drives the electro-migration of oxygen ions. 

This is in stark contrast with the RESET situation, where the CF is already 

formed and a high field can hardly be applied, making the RESET more 

dependent on the thermal disruption of the CF. This method may appear 

simple but the actual implementation requires several precautions. When this 

kinetic methodology is applied to RS systems, a crucial correlation between 

the configuration of filament and switching parameters was revealed, such as 

switching voltage, speed, and repeatability. 
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Figure 3.1 The Ti-O phase diagram [10] 

 

 

Figure 3.2 The W-O phase diagram [12] 
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3.2. Experiment 

 

The various transition metal oxide films, such as TiO2, WO3, NiO and HfO2 

films, were prepared to study for time-transient behavior of RS phenomena. 

First, the 60-nm-thick TiO2 films were fabricated in two different ways; One 

is a PEALD method as described in chapter 2, the other is a reactive RF 

magnetron sputtering using a Ti metal target and 20% O2 containing Ar gas 

with a plasma power of 150 W. Figure 3.3 (a) shows the glancing angle X-ray 

diffraction (GAXRD) patterns of the two films. The PEALD TiO2 thin film 

showed only anatase, whereas the crystal structure of the sputtered TiO2 film 

is composed of rutile. However, there are no significant differences in the 

chemical concentration between PEALD and sputtering TiO2 samples. Figure 

3.3 (b) and (c) show the AES profiles of both TiO2 films. It must be noted that 

the absolute atomic concentration shown in AES profile are not accurate 

enough to tell the Ti:O ratio due to the lack of the appropriate reference 

sample, but the relative ratio of the atomic concentration between Ti and O is 

entirely consistent in both films as shown in Fig. 3.3 (b) and (c). And Pt/60 

nm-thick WO3/Pt stacked devices was also prepared in order to examine the 

phase transition type RS mechanism. WO3 film was fabricated by reactive DC 

sputtering using a W metal target with a O2/Ar partial pressure of 30% and the 

plasma power of 30W. The deposition rate of WO3 films is about 15nm/min as 

shown in inset of Fig. 3.4(a). After deposition of WO3 films, the thermal 

annealing was performed at 400
o
C for 1 hour in pure O2 atmosphere. In Fig. 
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3.4(a), GAXRD pattern shows WO3 film grown on Si substrate is amorphous 

phase. Figure 3.4(b) shows the AES depth profile of WO3 film grown on the 

Pt substrate. There is a little amount of impurities, such as carbon, in the films, 

but the relative concentration between W and O is uniform. 

As the comparison group, HfO2 and NiO films were prepared. A 13nm-thick 

HfO2 sample was prepared by RF reactive sputtering. The process pressure is 

20mTorr with an oxygen partial pressure of 30% and RF power is 100W. And 

a 40-nm-thick NiO film was fabricated by plasma enhanced ALD system. 

Ni(MeCp)2, synthesized by the Air Liquide company, was used as the Ni-

precursor. The bubbler for the Ni-precursors was heated to 50 
o
C and the 

precursor was delivered to the reaction chamber with Ar carrier gas at a flow 

rate of 50 sccm. And plasma activated O2 gas was used as an oxygen source, 

which is supplied with Ar gas during an oxygen source pulse step; each flow 

rate was 50 and 1000 sccm, respectively. The saturated PEALD rates of NiO 

film on Pt, which is obtained from the best linear fitted graphs shown in Fig. 

3.5(a), was 0.48 Å /cycle at a 250 
o
C of substrate temperature. The -2 scan 

XRD implies that a very strong NiO (111) peak was found in this diffraction 

spectrum near 2 ~ 37
o
, and AES depth profile shows that the NiO film on Pt 

substrate generally has uniform oxygen content as described in Fig. 3.5(b) and 

inset graph. The details of PEALD process and the characterization for NiO 

films had been described in elsewhere [20].  

 The 60 nm-thick platinum top electrodes for characterization of electrical 

properties in all kind of prepared RS films were fabricated by e-beam 
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evaporation using a shadow mask with an electrode area of 60,000 μm
2
. I-V 

behavior of RS samples was measured using an HP4145B semiconductor 

parameter analyzer. Pulse-switching experiments were performed for both 

types of samples with a constant current supply using a pulse generator (PG, 

HP81110A), and the transition current at the moment of SET switching was 

monitored using a digital oscilloscope (OSC, Tektronix 684C). The PG, 

sample and OSC are connected in series. The measurement system was 

optimized to prevent the RS characteristics from the interference of signal 

noise at room temperature. When the parasitic components from the sample 

itself and circuits were taken into account by the circuit simulation and 

reference measurement, the time evolution of the total current through the 

forming CF could be estimated, which was used to estimate the CF growth 

kinetics using JMA theory. Glancing-angle incidence XRD and TEM were 

used to characterize the microstructure and crystal structure of the RS films. A 

200kV field emission TEM (Tecnai F20) was used for electron diffraction and 

HRTEM. The cross-sectional images for the fabricated RS devices were 

obtained by scanning electron microscopy (SEM, Hitachi, S-4800). 
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Figure 3.3 (a) GAXRD spectra of the TiO2 thin films deposited by PEALD 

(black, upper graph) and sputtering (red, lower graph). PEALD TiO2 film has 

an anatase (A) structure, whereas the sputtered TiO2 film has a rutile (R) 

structure. The black circles indicate the Pt substrate. AES depth profiles for (b) 

PEALD TiO2 and (c) sputtered TiO2 film grown on Si substrate, respectively. 
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Figure 3.4 (a) GAXRD pattern of WO3 film deposited on Si substrate. Inset 

shows the changes in thickness of WO3 film with respect to sputtering time. (b) 

AES depth profile of 30nm-thick WO3 film grown on Pt substrate. 

 

 

Figure 3.5 (a) Changes in thickness and layer density of NiO films deposited 

on Si and Pt substrate with increasing the number of cycles. Inset of (a) shows 

the cross sectional SEM image for 40nm-thick NiO film grown on Pt substrate. 

(b) XRD patterns in θ-2θ scan mode of 30nm-thick NiO films deposited Pt 

substrate. Inset of (b) represents AES depth profile of NiO film. 
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3.3. Analysis of time-transient behaviors for resistive 

SET switching using the equivalent circuit model in 

AC pulse switching mode 

 

3.3.1. An equivalent circuit model and PSPICE simulation for 

SET switching operation in unipolar type ReRAM  

 

In order that the time-transient behaviors of RS cell was examined in real-time 

scale, the URS sample was electroformed first and subsequently switched to 

RESET state by an I-V sweep before the pulse-switching SET experiment was 

performed and the pulse switching system was configured with low 

impedance mode. As discussed in chapter 2, a typical transient current versus 

time curve shows the initial current peak that decays in ~ 50 ns when a square 

current pulse was applied to URS sample, because the RS sample behaves like 

an MIM capacitor (Cmem) owing to its high resistance value and capacitor-like 

structure. (see Fig. 3.6(c)) Then, the current increases abruptly between ~150 

and ~200 ns corresponding to SET switching. i. e. the ruptured CF is 

reconnected during that period. After SET switching, the Cmem value becomes 

negligible owing to the high leakage current and the RS sample plays a 

function as a simple resistor. Thus, it could be supposed the charge stored in 

Cmem might be immediately escaped when the voltage across the RS sample 

dropped to a certain level from the fact that any discharging current cannot be 

observed at the end of pulse application. Therefore, it is plausible to assume 
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that URS sample could be represented by a simple equivalent circuit consisted 

of a variable resistor and a parallel connected capacitor. 

  Nevertheless, the transient current at SET switching moment could be 

interfered by its peripheral circuit. For example, there is an unexpected, 

alternative parallel current path attributed to the internal resistance of PG (RPG) 

in this AC pulse switching mode. To complicate matters further, if the voltage 

across the Cmem was dropped in accordance with a reduction in the resistance 

of RS cell (Rmem), it becomes a parallel circuit component of the Cmem and 

Rmem so that the initial capacitor voltage must decay with time, i.e. charge 

dissipation current (idis) flows in the sample. In this case, the idis is divided into 

two components, iin and iout depending on the relative resistance ratio between 

(RPG + ROSC) and Rmem as shown in Fig. 3.6 (a). It has been reported that iin has 

a profound effect on the evolution of Rmem.[21] Therefore, an accurate 

estimation of the actual current flow through Rmem [imem (= ileak + iin)] requires 

the establishment of an accurate circuit model and a rather complicated, 

iterative simulation. The equivalent circuit model of URS type ReRAM 

sample and measurement setup is useful for understanding of the switching 

behavior and description of real AC pulse signal via ReRAM as a practical 

circuit elements, such as R, L, and C due to the lack of a compact model that 

could be integrated in a time domain simulation. Here, the PSPICE model of 

ReRAM for pulse switching mode is introduced by mathematical model and 

devoted to demonstrate the switching transient pulse signal in a specific case 

of TiO2 film.  
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Figure 3.6 (b) shows the equivalent circuit model that was used for the 

PSPICE simulation. For this PSPICE simulation, the ReRAM device operated 

as a voltage-controlled variable resistor. The voltage across the RS sample 

(Rmem//Cmem) is sampled by an Rvar (EVALUE of Library abm.slb) and 

translated to a voltage, which is referred to the controlling voltage function 

generator (Vref) and multiplied by the current supplied by PG. The input 

voltage applied by function generator must directly represent the resistance of 

RS cell in this circuit model. For a specific case, the resistance of ReRAM is 

decaying from 300 to 15 ohm, which is obtained from the measurement data, 

and the time constant for resistance variation is assumed to 30 ns. Cmem is also 

established as 100pF by C-V measurement at a switching voltage, ~2V. If 

there was no capacitor component in RS cell, the switching current can be 

simulated easily and the time-transient current by the Rmem(t) is shown by the 

red line in Fig. 3.6 (c). On the other hand, when Cmem is assumed to be present 

in parallel with Rmem, imem shows the variations represented by the green-dot  

line due to the involvement of the discharging current component. The overall 

features of the monitoring current by OSC (iOSC, blue dash line) vs. time are 

well reproduced by the PSPICE simulation, suggesting that the circuit model 

shown in Fig. 3.6 (a) accurately represents the experimental pulse-switching 

system. Most notably, the iOSC does not exhibit the real transport current 

through the memory cell during the SET switching, since the idis is splitting 

into iin and iout as discussed above. Thus, this difference between the measured 

current and the real-transient current should be considered to perceive the 



 

 70 

switching dynamics. 

On the basis of PSPICE simulation results, it needs to be compensated for a 

difference between the monitoring current (iOSC) and real transition current 

(imem) in order to capture the exact time evolution of current that passes 

through the memory cell during a SET process. Here, the numerical 

calculation was performed with the initial conditions of Rmem(t = t0) = ROFF 

and idis(t = t0) ~ iout(t = t0) = 0 and the experimental input values (iOSC). The 

following three equations can be used to evaluate Rmem, ileak, etc. as a function 

of time; 
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Monitoring current: )t(i)t(i)t(i outleakOSC +=     (3) 

 

First, Rmem(t0) is calculated by substituting ileak(t0), which is iOSC(t0), into eq. 1. 

Subsequently, idis(t0+Δt) was found from eq. 2, where dqmem/dt can be 

approximated as {qmem(t0+Δt) - qmem(t0)}/Δt = qmem(t0)/Rmem(t0)Cmem, where Δt 

is the sampling time of the OSC (0.1ns). Finally, from the measured value of 

iOSC(t0+Δt), ileak(t0+Δt) can be determined using eq. 3 where the iout(t0+Δt) was 
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estimated using idis(t0+Δt) and eq. 2. At this step, Rmem(t0+Δt) can be 

calculated from Rmem(t0+Δt) = 80mA  RPG/ileak(t0+Δt) - (RPG+ROSC). These 

steps are repeated until the iOSC is saturated at a certain high level. An example 

of calculated each current component is shown in Fig. 3.7(a), which revealed 

that the monitored iOSC clearly underestimated the imem due to the involvement 

of part of idis. 

 Meanwhile, the equivalent RSET is the combined resistance of the CF regions 

(Rmem) and the remaining insulating matrix in parallel. However, RSET can be 

represented safely as Rmem because Rmem is much smaller than the other. For a 

specific case of TiO2, the shape of the CFs was assumed to be cylindrical, and 

the resistivity of the Magnéli phase was assumed to be close to that of the 

bulk, ~2 mΩcm [22, 23] for simplifying the calculations. The estimated imem is 

the sum of ileak and iin. From the assumed simple geometry of the CF, Rmem 

was converted to the diameter of the CF. The evolution of the CF radius with 

time is included in Fig. 3.7(b). The SET switching time span in this specific 

case was ~ 30 – 40 ns, and the eventual CF radius was ~ 60 nm, which is 

much larger than the previously reported values (~ < 10 nm).[8, 9] This 

suggests that the estimated CF diameter corresponds to the sum of several CF 

formed during this specific SET step. 
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Figure 3.6 (a) Schematic diagram of the equivalent circuit and current 

component for the pulse switching system. (b) The PSPICE model for URS 

sample regarded as a voltage controlled variable resistor. (c) A typical SET 

switching curve with time when a current pulse with 300 ns duration was 

applied to the device (closed circle) and PSPICE simulation results for the 

transient current through the OSC (iOSC, blue dash) and RS memory cell (imem, 

without Cmem (red line) and with Cmem (green dot-line)). 
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Table 3.1 Netlist of PSPICE simulation for URS type ReRAM using the 

controllable resistor scheme 

*Analysis directives:  

.TRAN  0 600ns 0 10n  

.INC ".\urs1-SCHEMATIC1.net"  

**** INCLUDING urs1-SCHEMATIC1.net **** 

* source URS1 

 

V_Vref   

      

I_Ipg  

 

R_Rref 

R_Rpg  

R_Rmem       

R_Rosc         

E_Rvar  

C_Cmem          

V_Vsen          

Node1, 0   

+EXP 15, 300, 0, 0, 100n, 50n 

0, Node2, DC 0Adc, AC 0Aac 

+PULSE 0, 0.08, 2n, 2n, 2n, 300n  

Node1, 0, 1G 

Node2, 0, 50 

Node2, Node3, 3G 

Node4, 0, 50 

Node3, Node4, VALUE {V(N00656, 0)*I(V_Vsen)} 

Node2, Node4, 0.1n 

Node2, Node3, DC 0Vdc, AC 0Vac 
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Figure 3.7 (a) Monitored current (iOSC) and simulated current components (ileak, 

imem, idis, iin and iout) with time. (b) Changes of Rmem and filament size with 

respect to time. 
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Table 3.2 The detailed calculation process used for extracting the current 

components from monitoring current (iOSC) 

Input : iOSC(t)=[time, values] 

t0 = user defined; 

Cmem = user defined;  

RPG=ROSC=50; 

ROFF=80mA*RPG/iOSC(t0)-

RPG+ROSC 

idis(1)=iout(1)=0; 

Rmem(1)=ROFF; 

Δt=t(2)-t(1); 

ileak(t0)=iOSC(t0); 

 

for (0 < t < t0) { 

icharg(t)=iOSC(t)-ileak(t0); 

q = ∑ icharg(t+Δt)* Δt ;}  

for (t > t0) { 

q(t+Δt)=q(t)-q(t)*Δt/Rmem(t)*Cmem; 

idis(t+Δt)=[q(t+Δt)-q(t)]/Δt; 

iout(t+Δt)=idis(t+Δt)*Rmem(t)/[Rmem(t)+RPG+

ROSC]; 

ileak(t+Δt)=iOSC(t+Δt)-iout(t+Δt); 

Rmem(t+Δt)=80mA*RPG/ileak(t+Δt)-

(RPG+ROSC);} 

Output : Rmem(t), ileak(t), idis(t) 
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3.3.2. An equivalent circuit model and PSPICE simulation for 

SET switching operation in bipolar type ReRAM 

 

To demonstrate the equivalent circuit modeling for BRS type memory in pulse 

switching mode, a similar approach is proposed by using PSPICS simulation 

tool. Comparing the URS memory cell with BRS memory cell, however, the 

contribution of cell capacitance in LRS sample can no longer be ignored 

because of the leakage level involved in it. Figure 3.8 (a) exhibits the C-V 

measurement result for BRS sample. The cell capacitance of LRS in a BRS 

samples with top electrode area of 60000μm
2
 is ~520 pF with 48% loss 

tangent at 0V, while that of LRS in a URS is almost meaningless due to high 

leakage current. Furthermore, when the SET switching pulse was applied to 

HRS sample with a 200ns duration and 32mA, a huge discharging current 

from the memory cell could be detected at the end of the current pulse signal 

as represented by open dot in Fig. 3.8 (b). These behaviors indicate the BRS 

memory cell serves as a capacitor-like device, even though the resistance state 

of cell becomes lower level after SET switching. Therefore, here, not only the 

change in resistance of RS cell but the change of capacitance should be 

carefully considered in calculation process. Accordingly, the BRS memory 

was designed as a circuit element consisting with a variable resistor and a 

variable capacitor, which is connected to each other in parallel. 

The equivalent circuit system is shown schematically in Fig. 3.8 (c). The 

controllable capacitor model response to a sudden change of capacitance 
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value corresponding to the external voltage source. Basically, the voltage 

controlled capacitance model, expressed by eq. (4), is used for the 

implementation of circuit simulation. [24, 25] 

 

dt
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The voltage of a variable Cmem, applied between node 1(N1) and node 2(N2) as 

described in Fig. 3.8 (c), is sampled by EVALUE part of library abm.slb. Then, 

the derivative of this voltage is multiplied by an external voltage source 

(Vcap_var) that must directly read as capacitance value in this model. Also the 

derivative of Vcap_var is multiplied by the sampling voltage. These two 

contributions are added and converted to a current with GSUM of library 

analog.slb. Finally, the red line in figure 3.8 (b) reveals that the simulated 

results of PSPICE model is well matched with a given data. In this specific 

case, the resistance and the capacitance of RS sample varied from 1100 to 350 

ohm and from 500 to 570 pF, respectively. In a similar manner, the time 

transient analysis using this equivalent circuit model can be adopted in 

RESET switching of BRS sample as shown in Fig. 3.9.  
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Figure 3.8 (a) C-V curves for 45nm-thick TiO2 base BRS cell with an 

electrode area of 50,000 μm
2
. (b) A SET switching current pulse and 

simulated current by using PSPICE. (c) The equivalent circuit model for BRS 

sample with a voltage controlled Cmem. 
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Table 3.3 Netlist of PSPICE simulation for BRS type ReRAM using the 

controllable resistor and capacitor scheme 

*Analysis directives:  

.TRAN  0 600ns 0 10n  

.INC "..\SCHEMATIC1.net"  

**** INCLUDING SCHEMATIC1.net **** 

* source BRS1 

X_DIFFER1  

V_V_mem_var 

 

I_Ipg  

 

R_Rref 

E_E_cap_var 

E_MULT1 

R_Rpg 

X_DIFFER2 

R_Rmem       

R_Rosc         

E_SUM1 

 

Node4, Node7, SCHEMATIC1_DIFFER1  

Node5, 0   

+EXP 100, 500, 0, 1n, 75n, 30n 

0, Node1, DC 0Adc, AC 0Aac 

+PULSE 0, 0.05, 2n, 5n, 5n, 300n  

Node5, 0, 1G 

Node4, 0, VALUE { V(Node1, Node2) } 

Node10, 0, VALUE {V(Node4)*V(Node11)} 

Node1, 0, 50 

Node6, Node11, SCHEMATIC1_DIFFER2  

Node1, Node2, 3G 

Node2, 0, 50 

Node9, 0 VALUE {V(Node10)+V(Node8)} 
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G_G_cap_var 

E_MULT2  

V_Vsen    

V_V_cap_var  

 

E_E_mem_var 

Node1, Node2, Node9, 0, 1 

Node8, 0, VALUE {V(Node6)*V(Node7)} 

Node1, Node3, DC 0Vdc, AC 0Vac  

Node6, 0   

+EXP 0.1n 0.05n 0 1n 75n 30n 

Node3, Node2, VALUE{V(Node5, 0)*I(V_Vsen)} 

 

.subckt SCHEMATIC1_DIFFER1 IN OUT   

C_DIFFER1         IN $$U_DIFFER1 1  

V_DIFFER1         $$U_DIFFER1 0 0v  

E_DIFFER1         OUT 0 VALUE {1.0 * I(V_DIFFER1)} 

.ends SCHEMATIC1_DIFFER1 

 

.subckt SCHEMATIC1_DIFFER2 IN OUT   

C_DIFFER2         IN $$U_DIFFER2 1  

V_DIFFER2         $$U_DIFFER2 0 0v  

E_DIFFER2         OUT 0 VALUE {1.0 * I(V_DIFFER2)} 

.ends SCHEMATIC1_DIFFER2 
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Figure 3.9 PSPICE simulation for BRS RESET switching curve. 
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3.4. Johnson-Mehl-Avrami kinetics model for resistive 

SET switching in various transition metal oxide thin 

films 

 

3.4.1. Study on the switching dynamics for URS and BRS type 

resistive switching memory devices using Johnson-Mehl-

Avrami kinetic theory 

 

In Pt/TiO2/Pt stacked RS cell in HRS, the CF ruptured region could undergo 

BRS phenomena depending on the history of applied voltage (polarity) and 

the current compliance level, even though BRS behavior is usually derived in 

particular asymmetric electrode system. Due to the stability of Magnéli phase 

in oxygen-deficient TiO2, the drift of oxygen vacancies along the electrical 

potential between Pt/TiO2 and TiO2/residual-Magnéli phase interface is 

responsible for the switching-diode-like RS behavior as described in Fig. 

3.10(a). [26-28] Therefore, the co-existence of URS and BRS in a symmetric 

RS system can be deeply associated with the stability of sub-oxide phase in 

thermodynamical aspect. For the case of WO3, as shown in Fig. 3.10 (b), the 

Pt/WO3/Pt RS cells commonly exhibit either URS or BRS type switching 

behaviors likewise RS behavior in Pt/TiO2/Pt cell. It has been well known that 

the WO3 is a typical d
0
 transition metal oxide whose valence band maxima are 

composed of O 2p states and conduction band minima of W 5d states. So the 

d-band is empty in the case of fully oxidized cations (W
6+

) but tends to be 
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partially filled by electrons due to the presence of oxygen vacancy defects, so 

that WOx turns into n-type semiconductor and the band gap of WO3 is 

lowering from ~ 3.4 eV to ~2.6 eV as increasing the non-stoichiometry [29, 

30]. In a recent study, D. S. Hong et al. reported that the electric forming 

causes a redistribution of the oxygen vacancies in WO3-x, yielding an electric 

structure consisted of a conductive channel stemmed from cathode and an 

insulating layer around anode.[31] And it is confirmed that repeated electric 

switching lead to a lateral expansion of virtual cathode and a redistribution of 

theW
6+

/W
5+

 ions between two electrodes by in-situ optical observation. In this 

respect, RS in WO3 would be likely to involve the local phase transformation 

after a massive ionic transport occurs at the initial electroforming process.  

Many of the solid state phase transformations can be regarded as the outcome 

of two phenomena; nucleation and growth. Once an incipient nucleus has 

reached its critical size, the surface energy that restricts the development of 

the new phase become insignificant and the kinetics for growth are becoming 

dominated by the limiting kinetic mechanism and thermodynamic driving 

forces. Under certain circumstances, the well-known JMA theory can be used 

for an analytical description of their transformation kinetics. In the framework 

of the JMA theory, the total volume fraction (X(t)) of the transformed phase 

can be described as eq. (5).[18, 19, 32-34] 

)tκexp(1)t(X n--= ( 4n1 ≤≤ : Avrami exponent)      (5) 

, κ is a constant at a certain temperature. The JMA theory is based on two 
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general assumptions that 1) there is a constant random nucleation rate, and 2) 

the growth rate is independent of time throughout the whole volume. These 

assumptions require constant temperature over time and space. For a given 

nucleation rate, the JMA kinetic model describes the growth behavior, and the 

Avrami exponent n is correlated to the dimensional information (D) of the 

growing phases. When continuous nucleation is accompanied by growth, n 

becomes D+1, but for retarded nucleation, n ~ D.  

In this study, it is assumed that this kinetics theory can be utilized to 

understand the kinetic evolution of CFs in any type of switching system as 

long as the CFs stand out as a distinctive phase from the mother insulating 

phase, such as TiO2 and WO3. To be precise, the premise for the formation 

reaction of CF in TiO2 and WO3, which is the isothermal condition during the 

evolution of CF, should be validated before the application of kinetics model, 

because the nucleation and growth rate should vary significantly depending on 

the temperature. Thus, it is plausible the switching speed could be influenced 

if the temperature in the vicinity of CF was changed by joule heating during 

the pulse application. When the filamentary RS sample stays in the HRS, 

there are large numbers of partial CFs remaining, where the heterogeneous 

nucleation begins for subsequent CF growth. Here, the nucleation time (tn) for 

CF is defined as the duration between the start point of pulse application and 

beginning to change rapidly in current as shown in Fig. 3.11(a). And the 

difference between tSET and tn, which is actual evolution time, is indicated to 

be the SET transition time (ttrans). Figure 3.11(b) shows the changes of average 
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SET switching time variables as a function of input voltage pulse. In a WO3-

RS cell, the SET time variables in range of 1V < VSET < 1.5V are only 

considered because tn almost approached the capacitive charging time when 

the applied voltage is higher than 1.5V. It is noteworthy that both log tn and 

log tSET linearly decrease with increasing SET voltage (current) pulse height. 

In addition, in case of TiO2, ttrans also decreased as the applied potential 

increased. This suggests the nucleation and growth rate are governed by the 

applied voltage stress, i. e. electrochemical potential at a given temperature. 

Furthermore, it can be reasonably anticipated that the nucleation and growth 

rate are also influenced by the heat dissipation through the metal electrode 

during the tSET. In order to verify these heat generation and dissipation effect, 

the RS samples with different thickness of bottom electrode (30, 60, 100nm) 

were prepared as shown in Fig. 3.12(a, c, e). The thickness and area of top 

electrode in three different samples are identically 50nm and 55000μm
2
, 

respectively, so as to perform the initial forming process under same condition. 

As a result of repeating RS cycles in these samples, the I-V curves with same 

compliance current level and the distribution of basic RS parameters, such as 

VSET, IRESET, and RSET, are very similar to each other as described in Fig. 

3.12(b, d, f). Additionally, the pulse switching operation was repeating 30 

times with same voltage (2V) and duration (500ns) of SET pulse in each RS 

sample. In Fig. 3.13, however, the average tSET for the pulse switching is 

almost same regardless of the thickness of bottom electrode. This result 

directly indicates the temperature around the residual filament (i. e. nucleation 
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site) is not much changed by the joule heat generation and dissipation from 

the beginning (~150ns) to the completion of CF growth (~200ns). Accordingly, 

the constant growth rate can be adopted in this nano-second time scale pulse 

switching system.  
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Figure 3.10 The typical I-V behaviors of URS and BRS type operation in (a) 

Pt/TiO2/Pt and (b) Pt/WO3/Pt RS cell. 

 

 

Figure 3.11 (a) The URS SET transient pulse pattern in Pt/WO3/Pt with a 

80mA and 500ns of duration pulse and definition of SET switching time 

variables, for example tn, ttrans, and tSET. (b) Changes in tSET and tn of WO3 and 

TiO2 RS cells with respect to the variation of SET pulse height. 

 



 

 88 

 

Figure 3.12 The cross sectional SEM images and I-V switching curves of TiO2 

RS cells with regard to (a, b) 30nm, (c, d) 60nm, and (e, f) 100nm-thick 

bottom electrode. 

 

Figure 3.13 The variation in tSET of TiO2 RS cell with respect to the thickness 

of bottom electrode. 
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Therefore, details of the evolution of each CF during the ttrans can be 

understood from the following. The time-dependent ileak(t) can be used to 

estimate the evolution of the volume of CF as a function of time (βCF(t)) 

using the following eq. (6); 

2

CFmem

mem

mem

leak
dρ

)t(β)t('V

)t(R

)t('V
)t(i ==                (6)  

, where d, and ρ is the thickness of the film, and resistivity of Magnéli CF, 

respectively. During the subsequent SET switching step, CF growth can occur 

from any of the remaining partial CFs so the random nucleation hypothesis of 

JMA model is applicable to this case. Because the tiny size of the CFs (< ~10 

nm in diameter) and the long distance between them make a mutual 

interaction to be improbable, the first order approximation for the growth 

kinetics is reasonable. It is customary to express the JMA equation in the 

following form; 

κlntlnn)}]t(X-1ln{ln[ i +=-
,   (7)  

Therefore, the n value for the CF evolution can be achieved by plotting ln[-

ln{1-ileak(t)/ileak(∞)}] as a function of lnt .  

 Figure 3.14 shows the ln{1-ileak(t)/ileak(∞)}] plots of the SET transient pulse 

for URS in both TiO2 and WO3 films. These URS pulse switching events were 

performed by using 2V (80mA) for TiO2, and 1.25V (50mA) for WO3, 

respectively. And the JMA fitting was also applied to the BRS-SET transition 

curves in TiO2 and WO3, operated by -0.8V and -0.9V of a single pulse 

sequence in each case, as represented in Fig. 3.15 (a) and (b). The fitting 
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results according to JMA theory clearly reveal that the evolution process 

undergoes in sequential steps in both cases and variations in the n value with 

time are found; n values recur between 1, 2, and 3. The formal relationship 

between the estimated leakage current and transformed volume fraction in the 

JMA framework is as following. As represented in Fig. 3.16, for n = 1, there 

the cylindrical shaped CF is assumed. The resistance of matrix phase (Rmp) is 

much higher and invariant with time. Then, volume fraction of CF can be 

considered as the length fraction (l(t)/d, where l(t) is the length of CF at time t) 

of the cylindrical region which would be eventually the CF. 
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, where R is the radius of final CF which does not grow. 

In a macroscopic aspect, the bipolar SET switching can be simply assumed to 

be an expansion of a conducting region (i. e. highly non-stoichiometric 

region), attributed to the drift of oxygen vacancy along the electrochemical 

potential. If the JMA model was applied for the BRS SET switching of TiO2 

and WO3 in the same way, interestingly, the transformation reaction proceeds 

in a single step and the exponent is valued almost always 1, as shown in Fig. 

3.15. This indicates the highly oxygen-deficient region grows between the 

residual filament and Pt electrode without any additional nucleation or growth 

dimension transition, which is consistent well with the prevalent ionic drift 

model for BRS system.  
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Figure 3.14 The JMA plot for the URS-SET transient curves during the ttrans in 

(a) TiO2 film and (b) WO3 film. 

 

 

 

Figure 3.15 The JMA plot for the BRS-SET transient curves during the ttrans in 

(a) TiO2 film and (b) WO3 film. 
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Figure 3.16 Schematic diagram for each growth step with different Avrami 

exponents. 
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3.4.2. Filament growth behaviors depending on the crystal 

structure and microstructure of TiO2 films  

 

Figure 3.17 shows the crystalline structure and basic RS characteristics of the 

PEALD and sputtered TiO2 films. Figures 3.17 (b) and (c) show the typical 

URS I-V curves of the two films. The most notable difference between the 

two types of cells is the presence (PEALD TiO2) and absence (sputtered TiO2) 

of an electroforming process. It is expected that this difference would be 

related to the microstructural and crystallographic differences between the two 

types of TiO2 films. This difference may be alternatively understood as 

follows. The RESET operation of the sputtered sample recovers its pristine 

state by a ‘hard’ RESET due to the very high peak RESET current (inset Fig. 

3.17 (b)). This makes the subsequent SET occur at a voltage close to the first 

SET voltage. The initially slightly leakier property of the sputtered sample 

compared to the PEALD sample suggests that there are already tiny leakage 

current paths, which may act as one dimensional nucleus along the film 

thickness direction for subsequent CF formation during a SET step. The high 

LRS current implies that there are many CFs formed. However, the 

occurrence of a hard RESET suggests that each CF is relatively week, 

meaning that they recover the pristine state after a RESET. This is related with 

the columnar grain structure (see Fig. 3.18) and rutile phase of the sputtered 

film. The leakage paths may have been originally formed along the vertically 

aligned grain boundaries. This could be understood more evidently from the 
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JMA-type kinetics analysis shown later.  

  As the Magnéli structure is a rutile-derived structure (The segregation of 

oxygen vacancies on the (121) planes shear the rutile crystal along the 

direction in the plane resulting in a Magnéli phase. The total vacancy 

concentration determines the average distance between the crystallographic 

shear planes.[35, 36]), sputtered TiO2 films may already contain tiny Magnéli 

CFs or its embryos in the pristine state. It must be reasonable to assume that 

crystallographic defects, such as grain boundaries or stacking fault regions in 

rutile work as the nuclei for Magnéli CFs. On the other hand, the not 

significantly larger leakage current of the pristine sputtered sample suggests 

that the density of the possibly built-in CFs in this film is quite low or 

conductivity of each CF is quite low. In addition, CFs can connect more easily 

the top and bottom electrodes in the sputtered TiO2 film because of its 

columnar structure, whereas PEALD TiO2 films have a random grain growth 

structure, as shown by the TEM image in Fig. 3.19.  

Figures 3.19 (a) and (c) show low magnification bright field TEM images of 

the PEALD and sputtered sample, respectively, and (b) and (d) are high-

resolution TEM images of the squared area shown in (a) and (c). A thin 

amorphous region (~ 10nm) is formed between the crystallized main part of 

the TiO2 film and bottom electrode in the sputtered sample probably due to 

the ionic bombardment effect and possible kinetic mixing with the bottom 

electrode. The thin interfacial amorphous layer may act as a buffer layer that 

could improve the switching uniformity. Although extensive TEM 
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investigations were performed, no clear image or diffraction information from 

the possibly built-in Magnéli phase CFs was achieved from the sputtered 

sample. This suggests that the embryos of the CF in this sample are extremely 

small and sparsely distributed, or they do not for the distinctive Magnéli 

structure yet at the pristine state. 

To further understand the difference in the RS properties of the two samples, 

several RS parameters, such as maximum current of the LRS immediately 

prior to RESET switching occurs (IRESET), and the switching time, were 

estimated and their distributions shown in the insets of Figs. 3.17 (b) and (c). 

Here, the switching time was defined as the duration from the moment the 

voltage is applied to the completion of the SET process in pulse switching set-

up, which is discussed in detail later. The larger variations in the switching 

parameters of the HRS in PEALD sample compared to that of sputtered 

sample are obvious. This suggests that the rupture and rejuvenation of the CF 

in the sputtered sample was induced repeatedly at the same location, whereas 

those in the PEALD sample may occur not necessarily at the same location. 

Although SET state resistance (RSET) and IRESET of the two samples are not 

significantly different, the SET switching time of the sputtered sample is 

evidently shorter than that of the PEALD sample. This could be ascribed to 

the structural compatibility between the matrix phase (rutile TiO2) and 

Magnéli CF in the sputtered film.  

An accurate understanding of the reason why the same bias polarity can 

induce both SET and RESET switching in unipolar RS is still lacking. 
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Nevertheless, it can be assumed that SET switching is a more electric field-

driven phenomenon being thermally assisted by the Joule heating effect 

because it occurs within a film in HRS over which a significant electric field 

is applied. On the other hand, a RESET process is understood as a more 

thermally-activated diffusion process given that the resistance of the CF is 

generally too low to build a high electric field. Therefore, when the peak 

current (IRESET) flowed during the RESET step, the CF must be heated to a 

temperature possibly high enough to disrupt the ordered structure of the 

Magnéli CFs and even to (partially) melt them. During the subsequent cooling 

process, the Magnéli structure may not be recovered sufficiently due to the 

quenching effect. Recovering the Magnéli structure requires rather extensive 

diffusion of oxygen vacancies to form the vacancy-ordered structure. The 

rapid cooling can result in a highly defective TiO2-x

The defect density at this stage can be as high as that of the Magnéli structure 

or lower than that depending on the detailed nature of the switching process. 

In either case, the disordered structure of this material induces a transition to 

the HRS. During this structural transition, it is highly likely that the phase of 

neighboring matrix has a significant influence; the quenched material must 

tend to be anatase- and rutile-like structures in PEALD and sputtered TiO2 

films, respectively, due to the heterogeneous nucleation effect. Subsequent 

SET switching, therefore, can also be strongly dependent on the structure of 

the matrix phase. When the quenched region returns to the anatase-like 

structure in case of the PEALD sample, there may be a relatively low 
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probability that the same region becomes the CF again during the subsequent 

SET step due to the structural incompatibility between anatase and Magnéli 

structures, resulting in low repeatability. Therefore, once the CF is ruptured in 

the PEALD sample, rejuvenation of the CF may requires the growth at 

arbitrary positions among the residual CF fragments during the subsequent 

SET step. In contrast, the more rutile-like structure of the quenched region in 

the sputtered TiO2 can be converted to Magnéli CF more easily by just 

rearranging the locations of the vacancies inside the material without invoking 

a structural rearrangement of the entire material. This corresponds to the 

situation that the one dimensional nuclei of the CF are already present when 

SET switching begins. These characteristic features of the two types of 

samples were confirmed experimentally from carefully performed pulse-

switching experiments shown below. 
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Figure 3.17 (a) GAXRD spectra of the TiO2 thin films deposited by PEALD 

(black, upper graph) and sputtering (red, lower graph). PEALD TiO2 film has 

an anatase (A) structure, whereas the sputtered TiO2 film has a rutile (R) 

structure. The black circles indicate the Pt substrate. (b) and (c) show the 

typical unipolar resistive switching curves observed in PEALD and sputter-

deposited TiO2 films, respectively. Inset figures in (b) and (c) show the 

distribution of the switching parameters. 
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Figure 3.18 The cross-sectional SEM images for (a) PEALD TiO2 and (b) 

sputting TiO2 films deposited on Pt substrate. The PEALD TiO2 film has a 

rather random grain growth structure, whereas the sputtered TiO2 film shows a 

more columnar structure. 
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Figure 3.19 The cross-section transmission electron microscopy images of (a, 

b) PEALD and (d, e) sputtered TiO2 films. (c) and (f) are fast Fourier 

transformed results from the marked regions in each HRTEM images. 
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Figures 3.20 (a) and (d) show two example plots of ln[-ln{1-ileak(t-τ)/ileak(∞)}] 

as a function of ln(t-τ) of the PEALD and sputtered TiO2 films, respectively. τ 

was introduced to account for the CF incubation time (~ 150 ns for the case of 

Fig. 3.20 (b)). The fitting results according to JMA theory show that the JMA 

model represents the CF formation kinetics well, and interesting variations in 

the n value with time are found; n values recur between 1, 2, and 3. There is 

one notable discrepancy in the variation of n for the two types of samples; for 

the PEALD TiO2 case, most of the first n values (10 out of 15 fittings) were 

1.04±0.07, whereas that they were mostly 2.03±0.06 for the sputtered TiO2 

case. Figures 3.20 (b) and (e) show a histogram of the first exponent for the 

PEALD and sputtered samples, respectively. This can be understood as 

follows: for the first n value of 1 (PEALD sample), the second phase (Magnéli 

CF) is believed to develop initially in one-dimensional mode with the site 

saturated nucleation. This means that during the previous RESET step, the 

part of the Magnéli CF in the region near the anode interface ruptures almost 

completely, and returns to a more anatase-like structure. In the subsequent 

SET step, the one-dimensional nucleation of a certain CF occurs from the tip 

of any of the residual CF until it touches the anode (in this case top electrode), 

whereas nucleation of the other CF is retarded. This must be reasonable 

because once a certain CF nucleus begins to develop, the field concentration 

effect further accelerates its growth until it touches the anode, whereas 

secondary nucleation is retarded during this period. The large variations in the 

switching parameters shown in Fig. 3.17 (b), however, suggest that the site for 
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this nucleation is random. The subsequent emergence of n value of 3 in Fig. 

3.20 (a) might correspond to the three-dimensional growth of a given CF, but 

this is not probable considering the electric field driven nature of CF 

formation during the SET step. n = 3 would be better understood as the two-

dimensional thickening of the previously formed one-dimensional nuclei with 

the simultaneous formation of one-dimensional nuclei growth. The recurrence 

of n = 1 in the third step might correspond to a situation that the growth of all 

previously formed CF nuclei was complete, and new one-dimensional nuclei 

growth proceeds.  

The absence of n = 1 at the first stage in sputtered TiO2 films coincides with 

the absence of the electroforming step shown in Fig. 3.17 (c) and the related 

discussions above. When RESET was performed previously, a part of the CF 

near the anode interface must be ruptured, as in the case of a PEALD sample. 

Nevertheless, it is highly probable that the structure of the resulting insulating 

phase is rutile-like caused by the influence of the nearby matrix region. Of 

course, this region must be quite defective. In the subsequent SET step, this 

defective (previously CF) region may act as the one-dimensional nuclei of CF 

formation. SET switching begins with a thickening of these already present 

one-dimensional nuclei without the addition nucleation of one-dimensional 

nuclei, which corresponds to n = 2 of the first stage, as shown in Figs. 3.20(c) 

and (d). Once these preexisting one-dimensional nuclei grow into the large 

enough CFs, secondary one-dimensional nucleation must occur, which 

corresponds to the appearance of n = 1 in the second stage in Fig. 3.20(c). The 
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subsequent emergence of n = 3 can be understood similarly as the case of 

PEALD discussed above. The list of n values for the first and second stages of 

SET switching for the two samples is included in the on-line SI. From these 

results, it can be understood that SET switching in this MIM RS system was 

accomplished by the repeated one-dimensional nucleation and two-

dimensional growth of Magnéli CFs until the end of SET operation. 

Meanwhile, it has to be reminded that Rmem for the case of one-dimensional 

nucleation is not dominated by the resistance of the CF but by that of the 

region that will be transformed into the CF. However, within the frame work 

of the one-dimensional nucleation, this does not bring any difference in the 

analysis results as that region also has a one-dimensional geometry and the 

same time dependency of the volume change (with opposite sign) of the CF.  

In addition, this JMA kinetics model can also be used on the other transition 

metal oxide systems, for example NiO and HfO2. Figure 3.21(a) and (b) show 

the typical RS behaviors of Pt/40nm-thick NiO/Pt and Pt/10nm-thick HfO2/Pt 

RS cells. In these RS samples, only URS characteristic can be observed. After 

RESET switching, the leakage current levels in both NiO and HfO2 based RS 

samples are commonly uniform, whereas the leakage currents in HRS of 

PEALD-TiO2 cell is severely distributed as shown in Fig 3.17(b). For a pulse 

switching case, the SET switching begins just after capacitive charging and 

tSET of NiO RS cell is ~110ns, which is relatively shorter than that of TiO2 

sample, although the SET voltage pulse was same as 1V. (see inset of Fig. 

3.21(c)) Figure 3.21(d) shows the JMA plots of the SET switching pulse for 
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the NiO RS cell. In this system, the fitting exponent was typically 2 or 3, 

which means the growth of conducting region occurs in a higher dimension 

rather than vertical growth. Interestingly, it is well known that there is no 

oxygen deficient sub-oxide phase, such a thermodynamically stable Magnéli 

phase, in NiO and HfO2 systems. [37, 38] In many previous studies, it has 

been suggested that the conducting network, where the grain boundary was 

connected to each other, was generated after forming or SET switching in NiO 

and HfO2 systems. [14, 17] These physical characteristics are closely related 

to the RS behaviors already mentioned above. Likewise with sputtering TiO2 

case, the resistance state of NiO and HfO2 films was totally recovered after 

RESET switching, since the oxygen deficient state was unstable and a very 

tiny filament was formed in the vicinity of grain boundary. However, it should 

be noted that the leakage level for HRS is much higher than that of pristine 

state in both NiO and HfO2 films due to a wreckage of network induced at the 

initial forming process. During the SET switching time, the remains of 

network were re-connected and this seemed to be laterally expanded the 

conducting region. 
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Figure 3.20 Comparison of the JMA kinetics fitting results between PEALD 

and sputtered TiO2; (a) and (d) shows the evolution of the reduced leakage 

current with time for the PEALD and sputtered samples, respectively. (b) and 

(e) shows the distribution of the Avrami exponent of first and second stages of 

the PEALD and sputtered samples. Schematics of the CF evolution 

corresponding to the first and second stages in each TiO2 case are described in 

(c) and (f). 
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Figure 3.21 Typical I-V switching curves for (a) Pt/40nm-thick NiO/Pt and (b) 

Pt/10nm-thick HfO2/Pt RS cells. (c) The URS SET pulse pattern for NiO-

based RS sample. Inset shows the changes in tSET of TiO2 (circle), WO3 

(square), and NiO (triangle) RS cells. (d) The JMA fitting results of NiO RS 

cell. 
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3.4.3. Identification of the filament configuration in switching 

materials by application of JMA kinetics model 

 

There have been several studies that the CF of TiO2 film was annihilated and 

recovered in the vicinity of anode interface due to the diffusion of some kind 

of defects, such as oxygen vacancies, along the electrical field. [39, 40] 

During the SET switching process, the asymmetric concentration gradient of 

oxygen vacancy in TiO2 film was achieved by the electrochemical reaction 

and concentration of electric field. It can be already understood from JMA 

kinetics model for URS switching that the nucleation of CF was triggered 

from these highly concentrated positions of defects and CFs was developed in 

direction of electric field as discussed in previous chapter. This model is 

useful for anticipate the configuration of CF, which can describe reliable 

operation parameters, as well as the cycling properties of URS memory cell. 

Kim et al. had been reported that the switching parameters of TiO2 film, for 

example VRESET, depend on the shape of filament, which is controlled by the 

current compliance level in DC sweep mode.[41] In this works, it is 

demonstrated that the I-V characteristics in RESET switching is closely 

related to the joule heat generation in accordance with the shape of CF and the 

configuration of CF was transformed from the conical type to cylindrical form 

as increasing the current compliance level. These empirical results can 

provide an intuition for the other switching parameters. Figure 3.22 shows the 

cycling test results with respect to the different compliance values for URS 
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switching in 40nm-thick TiO2 film. Clearly, the endurance of repeating RS 

cycle deteriorates more quickly when the cycling of RS cell was operated with 

a higher compliance level. Thus, it can be supposed that the generation of a 

cylindrical filament, consuming a considerable amount of oxygen ion, can 

seriously degrade the endurance property of RS sample. Similarly, Kim et al., 

had been suggested that a modified biasing scheme including the alternating 

polarity of switching voltage could contribute to improving the endurance of 

TiO2 based RS cell.[42]  

In the pulse switching mode, however, the series resistor (Rseries) connected to 

RS cell plays a role as a voltage divider to prevent a complete breakdown of 

TiO2 film. This behavior corresponds to inhibiting a sudden drop of applied 

voltage across Rmem at SET switching moment in DC current sweep. Figure 

3.23(a) and (b-f) show the monitored SET pulses and subsequent RESET 

switching curves with varying the Rseries, respectively. Here, the Rseries is 

consisted with ROSC and Rload, which is connecting in parallel (Rseries = 

ROSC//Rload) or series (Rseries = ROSC+Rload). Note that only time transient 

voltage (or current) loading in OSC can be obtained in each cases. For 

convenience, the detected voltage applied across OSC was converted to the 

loaded voltage in Rseries. And the constant pulses of 1.5V and 2V were used for 

the SET switching. For each condition, the RS was repeating by 10 times and 

the average RS parameters were statistically calculated. In Fig. 3.24(a), it can 

be observed that RSET becomes higher as Rseries increased from 0 Ω (GND) to 

80 Ω. This can be explained that the resistance change was limited by dividing 
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the SET voltage into Rmem and Rseries. Thus, the Rseries would help, so long as it 

is built to prevent a rapid drop in input voltage caused by over-SET transition. 

But being more divided the applied voltage does not always ensure that a 

weak filament is formed after pulse SET switching, because the resistance 

state of CF is also influenced by the discharging current from the intrinsic 

capacitance as discussed in chapter 2. And it is already explained that the 

amount of discharging current via Rmem depends on the ratio between Rmem 

and RPG+ROSC. Similarly, if the Rseries is much greater than RSET, most of stored 

charge in Cmem would pass through the Rmem rather than the other route. Using 

the PSPICE modeling, the total current passing through Rmem during the SET 

pulse application was simulated with a variable of Rseries as described in Fig. 

3.24(b). Based on the experimental results, it is assumed that Rmem was 

exponentially decayed from 500 Ω to 20 Ω during 20ns of time constant and 

Cmem is fixed as 200pF. As a simulation result, the saturated leakage current 

after SET switching decreased as increasing Rseries, but the portion of 

discharging current flowing in Rmem becomes dominant when Rseries is higher 

than 80 Ω. This can account for the facts that the SET state of RS cell 

connected with a 100 Ω of Rseries decreased again and the deviation related 

with the uncontrolled change by discharging current becomes large.  

Therefore, it can be expected that not only the growth of CF during SET 

transition, but the shape of CF could be limited by a proper Rseries, likewise the 

current compliance in DC sweep mode. Figure 3.25 (a) and (b) show the 

cycling characteristics and retention property of SET state with different Rseries 
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(0 Ω, 50 Ω, 80 Ω, and 100 Ω), respectively. For each test, the SET switching 

was performed by a constant pulse with 1.5V and 300ns duration and the 

RESET operation was carried out by I-V sweep without Rseries in 3 different 

RS cells. Both LRS and HRS states of RS cell was defined by a current level 

at 0.2 V. And a retention test was performed at 150 
o
C during 4 hours, since 

the resistance state of filamentary switching type RS cell is well known to be 

stable even in high temperature. At first, in Fig. 3.25 (a), it can be observed 

that the cycling number gradually tend to increase with increasing Rseries, 

whereas the resistance ratio between SET and RESET states becomes smaller, 

and the RS cell connecting to 75 Ω of Rseries shows the most stable endurance 

property. But, if Rseries was 100 Ω, the failure of URS-SET switching often 

occurs and the RSET is not regular as represented by green inverted triangle in 

Fig. 3.25(a). In addition, the RSET of a RS cell, where a strong switching 

occurs due to a low Rseries, was maintained steadily during the retention test 

sequence, while the SET state determined by a higher Rseries ( > 75 Ω) begin to 

degrade substantially after 3 hours as represented in Fig. 3.25(b). These 

results are in good agreement with the fact that the strength (or shape) of CF 

is governed by Rseries in pulse switching mode as suggested above.  

In order to understand the shape effect of CF more rigorously, the SET 

transient pulse with different Rseries was examined by applying the equivalent 

circuit model and the JMA kinetics as well. Figure 3.26 describes the fitting 

results applying the JMA kinetics model when the 1.5V of SET pulse was 

applied to RS cell, connected to 25 Ω and 75 Ω of Rseries, respectively. The 
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major feature of the fitting results is that the evolution of leakage current is 

completed by a single step and the Avrami exponent was ascribed to 1, if 75 Ω 

of Rseries was connected to RS cell. On the other hand, the initial slope of 

fitting curve was obtained as ~ 2 in most of cases, where Rseries was 25 Ω.   

As a result, this can be expected by using JMA model that the lateral growth 

of CF was restricted if Rseries is large enough to share the applied field across 

Rmem effectively. 
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Figure 3.22 The endurance test result for URS in Pt/TiO2/Pt cell with different 

compliance current levels. 
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Figure 3.23 (a) The time transient curves of converted voltage applied to Rseries 

when the SET switching occurs. (b-f) Subsequent RESET curves with varying 

Rseries from 0 Ω to 100 Ω. 

 

 

 



 

 115 

 

 

 

 

Figure 3.24 (a) The changes in RSET and IRESET of 40nm-thick TiO2 films with 

regard to Rseries. (b) The estimated current pass through the Rmem with varying 

Rseries. 
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Figure 3.25 (a) The RS cycling test results with different Rseries. (b) Retention 

properties in reading scheme (0.2V, 150
o
C) with respect to Rseries.  
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Figure 3.26 The JMA plots of SET transition pulses when (a) 80 Ω and (b) 25 

Ω of Rseries were connected to RS cell, respectively. 
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3.5. Summary 

 

In conclusion, a general methodology that can be used to deduce the shape 

and evolution kinetics of CFs in filamentary RS systems is developed by 

studying transient current response during a SET switching. This method was 

applied to understand the different switching behaviors of two types of TiO2 

RS cells with the same electrodes but different crystallographic and 

microstructural properties. The difference was induced by different deposition 

method (PEALD and sputter deposition). The electrical and physical state of 

the RESET region in each TiO2 film was affected largely by the surrounding 

matrix phase. The rutile structure of the sputtered films appears to help the 

RESET region retain the same (or a very similar) structure, which facilitates 

the rejuvenation of the CF during the subsequent SET step at the same 

location. This is reflected in the better uniformity and repeatability of 

switching parameters in the sputtered sample compared to the PEALD film. In 

the PEALD sample, the RESET region may resemble an anatase-like structure, 

which inevitably induces more random nucleation of the CF during the 

subsequent SET step. The evolution of the volume fraction of CF with time in 

the frame of the Johnson-Mehl-Avrami type kinetic model showed that the 

RESET state of the sputtered sample retains the tiny one-dimensional nuclei 

of the CF whereas the PEALD sample does not. As a result, the sputtered 

sample shows SET switching without involving the initial nucleation step, 

which facilitates fluent and reproducible switching. The PEALD sample 
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requires growth of the one-dimensional CF from the random nucleation sites, 

which is not necessarily related to previous CF. This kinetic growth model can 

be applied to other material systems that show filamentary RS characteristics 

(involving distinct conducting phase CFs), and used as an effective method to 

determine the geometry of the filaments within these materials. This method 

also proposes a physical model of the filament growth based on the effect of 

charge flux through the memory device. 
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4. Conclusions 

 

In this study, the controlling factors, affecting on the RS characteristics and 

the growth of conducting filament, were carefully investigated and a novel 

methodology conjecturing the configuration of filament was drawn via real-

time analysis of change in current during the SET switching operation. In 

general, the distributed RS parameter is one major problem in the URS type 

RS cell. This implies there is a further factor to the applied voltage or current. 

In a DC voltage sweep system, the current allowed to flow through the RS 

cell was restricted by a compliance function when the resistance state rapidly 

dropped to the low level. At the SET switching moment, therefore, it could be 

directly monitored that the charge stored in the parasitic capacitor of a source-

meter begins discharging during the RS delay time due to the lowering the 

applied voltage. Since this discharging current is much higher than the current 

compliance level, this overshooting current involved in the peripheral 

capacitance component leads to the additionally change in the resistance state 

of CF and the deterioration of the uniformity, even if the RS was carried out 

with same current compliance function.  

For a high frequency pulse switching mode, it can be found the input pulse 

pattern was distorted severely if the internal impedance was not well matched 

to the exterior circuit. When the SET switching occurs, the internal 

capacitance and inductance induced the time delay until the voltage across the 
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RS cell approached the threshold level, as well as the excessive current flow. 

Although the parasitic impedance in the PG was effectively optimized, the 

intrinsic capacitance of RS cell is responsible for the switching speed because 

the ramping speed of applied voltage was limited by the RC delay time. 

Furthermore, the charge dissipation from the intrinsic capacitance really 

controlled the RS parameters after pulse application. As a result, this suggests 

that the both parasitic and intrinsic capacitance components play a crucial role 

in the RS behavior. Therefore, the configuration of RS cell, i. e. the thickness 

of RS layer and the shape of interconnection line, should be carefully 

considered to the circuit design for ReRAM. 

In addition, the growth process of CF was examined in real-time scale via 

the equivalent circuit simulation that can be well demonstrated the overall 

features of the time-transient SET switching current. In TiO2 and WO3 

associated with the Magnéli type phase transition, the Johnson-Mehl-Avrami 

kinetics can be utilized to understand the growth of CF as long as the pulse 

SET switching meets the isothermal condition. From this kinetics model, the 

growth dimension of second phase can be obtained by converting the change 

of resistance to the volume fraction of Magnéli in RS materials with respect to 

time. Consequently, the fitting results according to JMA theory clearly exhibit 

that the evolution process undergoes in multi-sequential steps, which is 

consistent with the changes in growth dimension of CF from vertical to lateral, 

in URS mode, whereas the vertical growth occurs without additional 

nucleation process in a single step in BRS mode. Moreover, it can be found 
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the crystallographic and microstructural properties of RS material had an 

effect on the growth characteristics of CF. This kinetic growth model is very 

useful to control the lateral growth of CF, which causes a fast degradation of 

RS property. 
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ABSTRACT (IN KOREAN) 

 

기존의 전하 저장 방식의 반도체 메모리를 대체할 차세대 메모리 

중 하나인 ReRAM은 TiO2, NiO와 같은 이성분계의 전이금속 

산화물과 Ta2O5, HfO2 와 같은 high-k 유전체 및 유기 화합물까지 그 

현상이 다양한 물질로부터 보고되고 있어 그 적용 범위가 넓으며, 

빠른 읽기/쓰기 동작과 낮은 구동 전력을 통한 mass storage 

memory에 적용하기 적합하여 활발한 연구가 진행되고 있다. 

일반적으로 전이금속 산화물 기반의 저항변화 소자들은 외부에서 

인가된 전압, 또는 전류 신호에 의해 전기화학 반응이 유도되며, 

이를 통해 산화막 내부에 형성된 산소 공공 (vacancy)들이 

filament라는 국부적인 전도 채널을 형성, 또는 소멸시킴으로써 

저항상태의 높고 낮음이 전환되는 것으로 알려져 있다. 그러나 

일정한 전기적 신호를 이용하여 구동시키더라도 저항변화 소자의 

동작 변수들의 산포가 크다는 문제가 있다. 이러한 동작 변수들은 

filament의 형상과 크기를 대변한다는 점에서, 결국 외부에서 인가한 

일정한 전압 혹은 전류 신호로써 filament의 형상을 제어할 수 없게 

만드는 원인이 존재함을 알 수 있다. 따라서 본 학위 논문에서는 

filament의 형성 과정에 영향을 미치는 회로적 요인들에 대해 심도 

있는 분석을 진행하고, 이를 통해 실시간으로 변화하는 전류 

신호로부터 filament 형상을 유추할 수 있는 모델을 제안하고자 

하였다.  
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 DC 전압 스윕 방식으로 단위 저항변화 메모리 소자를 구동시키는 

경우, 순간적으로 낮은 저항 상태로 소자가 전환될 때 흐르는 

전류의 상한(compliance current)을 제한할 수 있도록 인가 전압이 

수십 ms 동안 급격히 감소하여 filament 의 강도를 결정하게 된다. 

이 때, DC 전압 소스의 내부회로에 존재하는 기생 캐패시터에 

저장되어 있던 전하가 낮아진 인가 전압만큼 방전되어, 실제로 

제한전류보다 약 3배 가량 높은 전류가 수 μs 동안 저항변화 소자를 

통해 빠져나가면서 filament의 저항상태를 임의로 전환시켜 

산포특성을 악화시킴을 확인하였다. 한편 고주파 AC 펄스 구동 

방식에서는 전압 소스 내부의 임피던스가 매칭되지 않은 

조건에서는 기생 캐패시턴스와 인덕턴스에 의해 인가 전압 펄스의 

형상이 왜곡되어 동작 전압이 인가되는데 시간지연이 발생하게 

된다. 임피던스 매칭이 최적화되더라도 저항변화 소자 고유의 

캐패시터에 전하 저장이 완료될 때까지 충분한 전압인가가 되지 

않아 동작 속도가 RC 시간상수에 의해 지배받게 되고, 저항변화 

소자의 저항상태가 수십 ns 동안 급격히 낮아질 때 고유 

캐패시터로부터 방전되는 전류가 저항상태를 추가적으로 

변화시키는 문제를 야기함을 알 수 있었다. 위와 같은 결과로부터 

소자간 연결을 위한 금속 배선의 물질 선택 및 형상 설계뿐만 

아니라 저항변화 물질 자체의 유전특성 등을 메모리 소자를 

디자인할 때 고려해야 함을 알 수 있었다. 

 더불어 본 연구에서는 임피던스 매칭이 이루어진 펄스 스위칭 

시스템에서 인가 펄스의 시간에 따른 변화를 추적함으로써 
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filament의 성장 과정을 분석할 수 있는 방법을 제안하였다. 최근 

TiO2 기반의 저항변화 소자의 경우, 박막의 국부적인 부분이 전기 

전도도가 높은 meta-stable phase 중 하나인 Magnéli로 상전이가 

일어남으로써 유발 된다는 것이 보고된 바 있다. 그러나 여전히 

직접적으로 filament를 관찰하기가 어렵고, filament의 형상이 

저항변화 소자의 동작 특성을 결정짓는 주요한 변수이므로 이를 

확인하는 것은 메모리 소자 개발에 있어 매우 중요한 부분이다. 

특히 TiO2, WO3, VO2 에서 나타나는 Magnéli 타입의 상전이 현상은 

대표적인 first order phase transformation의 한 종류로 등온조건을 

만족하는 한 Johnson-Mehl-Avrami 속도론 모델을 적용하여 이차 

상의 성장 방향을 유추할 수 있다. 이를 위해 저항변화 소자가 저 

저항상태로 전환되고 있는 시간 동안 고유 캐패시턴스 효과를 

소거한 실제 전류를 수치계산 모델을 통하여 얻고, 이로부터 

전기전도도가 높은 Magnéli 상의 부피비율을 환산하여 Avrami 

exponent (n) 의 변화에 따른 filament의 성장 방향을 모델링 하였다. 

비대칭적인 구조로 인하여 저항변화 현상이 반드시 반대 방향의 

전계를 인가했을 때 유도되는 BRS (Bipolar resistive switching) 의 

경우, n이 항상 1로 나타나 높은 전도도를 가지는 영역이 전계를 

따라 수직 성장하는 과정을 잘 모사하고 있음을 알 수 있었다. 반면 

전계방향에 상관없이 구동되는 URS (Unipolar resistive switching)의 

경우는 저항변화 과정에서 filament의 성장 방향이 수직에서 

측면방향 성장으로 전환되고 있음을 유추할 수 있었다. 특히 URS 

에서는 박막재료의 결정구조 및 미세구조가 filament의 성장과정에 
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영향을 미치며, 소자의 빠른 열화를 유발하는 filament의 측면성장을 

제어함으로써 동작 변수들을 조절할 수 있음을 확인하였다.  
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