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ABSTRACT 

The semiconductor industry looks ahead to Resistive random-access memory (RRAM), 

(alternatively known as memristor), a promising emerging non-volatile memory technology 

that can be developed to become a solution for high-density data storage problems. However, 

the formation of crossbar arrays with RRAM devices results in the origin of leakage current 

from the unselected cells known as sneak path current, which is identified as the major 

hindrance to the development of RRAM as it adversely affects data integrity. Among various 

prevailing solutions to mitigate sneak path current, the effective methods are incorporating a 

selector switch in association with the memory device to form one selector-one resistor (1S1R) 

configuration and complementary switching (CRS) devices formed by back-to-back connected 

RRAMs.  

Even though the experimental results of several one selector -one resistor (1S1R) are 

reported,  physical/electrical mechanisms explaining the working of such device integrations 

are missing; hence the first part of this research work focuses on the analytical/electrical model 

of a selector device and selector -RRAM integrated device (1S1R) architecture to demonstrate 

the working of devices and to illustrate how effective is a selector switch in mitigating the 

sneak path current. The selector device chosen to model is a tri-layer Pt/Ta2O5/TaOx/TiO2/Pt 

stack with nonlinear characteristics. The model is developed with the concept of electron 

tunneling across the nanoscale multilayer stack, derived using energy band theory. The current 

conduction in the proposed selector model is devised with the electric field-driven tunneling 

mechanisms that co-exist in thin multi-layer devices such as Fowler Northeim tunneling and 

direct tunneling/hopping. From the simulated selector characteristics, it has been noticed that 

below the threshold voltage (~0.7 V), the model shows low leakage current attributing to the 

open switch, while at an input voltage >1.2 V, the current profile exponentially increases 

attributes to closed switch behavior. The resulting I-V characteristics of the selector model can 

reproduce desired selector properties such as high non-linearity (∼1600), high selectivity (∼104 

), high current density (∼107  A/cm2 ), and low OFF-current (∼46 nA) in agreement with the 

measured device characteristics.  

In addition, the proposed selector model is integrated with established RRAM models 

such as HP memristor, Pt/Ta2O5/TaOx/Pt RRAM (SAMSUNG), TiN/TiOx/ HfO2/Pt (Stanford-

PKU) model, and generalized RRAM device models proposed by Yakopcic to demonstrate the 

reduction in sneak path current achieved. Among these models, the proposed selector with 
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TiN/TiOx/HfO2/TiN model reduced 99.8 % of the sneak current at low dimensional arrays, 

whereas the reduction in sneak current with HP memristor and Pt/Ta2O5/TaOx/Pt model are 

96% and 98% respectively.  Moreover, it is noticed that V/3 based scheme is more suitable for 

performing read/write in a nano-crossbar array among various writing schemes. 

Several RRAM and selector model parameters are inherited to the 1S1R model, thus 

enabling it to reduce sneak path current. For instance, the nonlinear selector characteristics are 

directly reflected on the 1S1R curves, ensuring the reduction in sneak path current. The 

nonlinearity of Ta2O5/TaOx, TiOx/HfOx, TiOx/TiOx-2 are ~2, ~5, and ~5, respectively, while 

their corresponding 1S1R models exhibited 50, 20, and 55, respectively. Similarly, the Roff/ 

Ron ratio of RRAM is directly absorbed to 1S1R. Further, the Roff/Ron ratios obtained with 

1S1R configuration of Ta2O5/TaOx, TiOx/HfOx, TiOx/TiOx-2  are  ~400,~100, and 15, 

respectively. Likewise, another parameter that determines the sneak current reduction is off-

current in 1S1R. Low OFF-current is another desirable factor to eliminate the sneak current. 

The selector- Ta2O5/TaOx combination provided off-current as low as 0.04 µA whereas 1S1R 

with Stanford PKU model is 8 nA and 1S-HP memristor combination is 0.01 μA. In addition, 

the optimum input voltage required to assert on selected/ unselected crossbar array lines to attain 

SET and RESET voltages are predicted. In Pt/Ta2O5/TaOx/TiO2/Pt selector- Pt/Ta2O5/TaOx/Pt 

RRAM integrated circuit, SET/RESET voltage is falling within ~2.7-3.6 V/>=~4.4 V whereas 

in HP and Stanford model these readings are approximately 3.5/-3.7 V and 2.5/-3.0 V 

respectively. 

While in Pt/Ta2O5/TaOx/Pt device model, it has been observed that its experimental I-

V characteristics show an increase in current level beyond RESET voltage. However, it has not 

been addressed in the existing analytical/ electrical models. Hence, an analytical and electrical 

model has been proposed to incorporate the increased current conduction by considering an 

additional state-independent current component that flows through the area outside the 

conduction filament(OCF). The current component is modeled by the trap assisted tunneling 

(TAT) mechanism, where the oxygen vacancy traps present at OCF enable the electrons to 

tunnel through that area. Moreover, the variability in the Pt/Ta2O5/TaOx/Pt device 

characteristics over multiple cycles of input is also explained and simulated by considering 

three possible factors such as multifilament formation in the device, variation in the radius of 

the conduction filament(CF), and variations in tunneling barrier height.  
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Next, a comparison of the sneak path current reduction in the 1S1R array and CRS array 

is carried out, where CRS reduced 93% of the total sneak path current compared to 1S1R. 

Analysis shows that 1S1R outperforms the CRS model (back-to-back connected RRAM) 

configuration. The major challenges noticed with the configuration of 1S1R are the shared 

electrode, compatibility of current /voltages of the chosen selector, and RRAM device. 

Similarly, the drawbacks identified with CRS devices formed with back-to-back connected 

RRAM devices are; the presence of the shared electrode at the middle of switching layers, 

related complicated process flow, and interface issues due to multiple metal-semiconductor 

junctions. 

Therefore, a novel bilayer stack fabrication with CRS functionality is proposed in the 

second part of the research. The proposed CRS stack is implemented with two switching layers 

(bilayer) thus, eliminating the need for a shared electrode. In the CRS design, atomic layer 

deposition (ALD) and thermal evaporation methods are exploited to deposit the switching and 

electrode layers, respectively. The proposed CRS stack has Au/ZnO/Al2O3/FTO structure, and 

its characteristics are analyzed to validate the complementary switching. The stable CRS state 

of the device exhibits a high current of ~500 µA during the ON-state and a low current of 300 

nA during OFF-state at low input voltages ranging from -0.5 V to 0.5 V, which enables the 

proposed device to use in crossbar array to mitigate the sneak path current. The device 

performance to write and read processes is evaluated with pulses of magnitudes ~|2.5| V and 

1.3 V, respectively, and a ~ 60µA difference in read-out current between data bits 0 and 1 is 

noticed. Also, the power dissipation was in the range of microwatts enabling the device to use 

in medium power applications. The CRS switching in the proposed device is reported to be due 

to redistribution of oxygen vacancies spanning in both ZnO and Al2O3 layers based on the 

electric field distribution. In addition to this, the major current transport mechanism in the 

proposed device is identified as the space charge limited conduction (SCLC).  

 Analysis shows that self-rectifying memristor with Au/Al2O3/FTO (MIM) structure is 

the most promising device used in crossbar array to mitigate the sneak path current. In addition, 

a recently trending self-rectifying RRAM device is fabricated with Au/Al2O3/FTO, metal-

insulator-metal (MIM) structure which gives a 1D1R kind of characteristics with the 

rectification ratio of 200, is a promising value for reducing sneak current. Moreover, the device 

has shown a specific characteristic of non-zero cross-over phenomenon reported due to the 

asymmetric MIM structure's capacitive nature. Also, it is reported that the device can be biased 

appropriately to obtain analog or digital characteristics. 
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 Furthermore, a conductive bridge RRAM (CBRAM) and a resistive random-access 

memory (RRAM) device are developed to study their performance with a selector 

device(1S1R). The CBRAM is created from Al2O3/ZnO/FTO stacking with Ag top electrode, 

which shows the multilevel capability enabling the device to be used in high-density memory 

applications. The novel multilevel device has shown five distinct states achieved with voltage 

levels that differ at least ∼0.7 V between them. Among five distinct memory states, three 

resistive states are attained with RESET voltages, and two are attained with SET voltages. The 

distinguishable resistive levels obtained with RESET voltages 2.3, 3.0, and 3.8 V are 1300, 

2700, and 4320 Ω, respectively, whereas two stable resistive levels attained with SET voltages 

0.8 and 1.70 V are 3000 and 100 Ω, respectively. 

Moreover, the proposed device excels in its Roff/Ron ratio of 354 obtained with 

HRS/LRS and the ratio of intermediate states IRS1, IRS2, IRS3 to HRS becomes 15, 04 and 

27, respectively. The multilevel property of the device is explained after the formation and 

rupture of multiple metallic filaments. Finally, the cycle-to-cycle and device-to-device 

variability in device characteristics and statistical distribution of their resistance levels are also 

analyzed. Then the device is hypothetically connected with Pt/Ta2O5/TaOx/TiO2/Pt selector to 

obtain 1S1R architecture with multilevel functionality, which gives a Roff/Ron ratio of 102  and 

the non-linearity of ~25, as well as off-current in the order of nano Amperes enable it to use in 

crossbar array along with selector.  

For conducting a theoretical study with the selector device (1S1R), a RRAM device is 

also fabricated with Au/Al2O3/ZnO/FTO stack, which shows bipolar resistive switching 

behavior with excellent retention and endurance(>103)and has offered Roff/Ron ratio of ~200. 

In contrast, the hypothetical 1S1R configuration of the RRAM device gives a Roff/Ron ratio 

of 104. Similarly, the non-linearity obtained from combined architecture (hypothetical) is ~100. 

Moreover, the off-currents observed in both multilevel-CBRAM and RRAM are negligibly low 

in the range of nano Amperes.  All these values indicate the efficiency of the devices to be used 

in crossbar arrays to mitigate sneak path current. 
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Chapter 1  

Introduction 

 

In the digital era, data explosion due to the latest trends such as big data analytics, cloud 

computing, artificial intelligence, and neuromorphic computing demands efficient memory 

technology. To cater to such a high data processing demand, prevailing memory technologies 

like DRAM, SRAM, and NAND have been continuously superseded with better technologies 

such as SDRAM, 3D NAND, and currently emerging non-volatile memories[1]–[5]. Generally, 

as shown in Fig. 1.1, semiconductor memory technologies can be broadly classified as volatile 

and non-volatile. Among the non-volatile memory technology, the emerging memory 

technologies such as Phase-change memory (PCM), Resistive Random-Access Memory 

(RRAM or Memristor), Spin transfer torque magnetic random-access memory (STT RAM), 

Racetrack memory, Ferroelectric random-access memory (FeRAM), and Magnetoresistive 

random-access memory (MRAM) exhibit best features such as CMOS compatibility, 

scalability beyond the present limits of SRAM and FLASH memories, also expected to have 

features like non-volatility, high speed, high density, low cost, and low power. 

Fig.  1.1 Classification of semiconductor memory technologies 
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Among the emerging non-volatile memory technologies, as illustrated in Table 1.1, 

RRAM outperforms other emerging non-volatile devices due to its high memory density, low 

energy density per bit, fast READ/WRITE time, low operating voltages, nanoscale dimension, 

high endurance and high Roff/Ron ratio. In addition, RRAM provides promising reliability 

measures such as endurance and retention compared to its counterparts. Compatibility with the 

CMOS is another feature that makes it distinguishable among other emerging memory 

technologies such as PCM, MTT-RAM, etc. [6][7]. Therefore, RRAM is considered as the 

potential successor to the 3D NAND [8].  In the following section, the basics of the RRAM 

technology and its recent research development have been presented. 

Table 1.1. Comparison of various parameters across different emerging non-volatile memory 

devices[9]. 

 

2.1 Resistive Random-Access Memory (RRAM) technology- background 

and current research development 

Resistive random-access memory (RRAM) had been first postulated by Prof. Leon 

Chua in 1971 [10][11][12], and the first prototype was developed in HP labs[13]. RRAM is a 

two-terminal device with its functionality based on resistance switching (RS) mechanism, 

where the device exhibits two different resistance levels controlled with current or voltage. The 

current-voltage characteristics of the memristor show a closed hysteresis behavior that retains 

the memory. The hysteresis loop exhibited by the HP memristor device with Pt/TiO2/Pt 

structure is shown in Fig. 1.2. 

 Memristor PCM STTRAM DRAM Flash HDD 

Density(F2) 4 8-16 14-64 6-10 4-6 2/3 

Energy per bit (pJ) 0.1-3 2-27 0.1 2 10000 1-10x109 

Read time(ns) <10 20-70 10-30 10-50 25000 5-8x106 

Write time(ns) ~20 50-

500 

13-95 10-50 200000 5-8x106 

Retention years years Weeks <<second years years 

Endurance (cycles) >1012 107 1015 1016 103-106 1015 
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Fig.  1.2. I-V characteristics obtained from Pt/TiO2/Pt HP memristor device.[14] 

Fig.  1.3 Basic working of HP memristor model a) model showing with doped and undoped region b) 

equivalent resistance of doping regions c) moving boundary between doped and undoped region d) I-

V characteristics obtained from the model(inset showing corresponding actual characteristics obtained 

from the device)[15] 

A variable resistor model of the memristor device proposed by HP labs is illustrated 

in Fig. 1.3, where the device structure consists of a thin oxide film of thickness D sandwiched 

between two metal contacts to form a metal-insulator-metal (MIM) structure as shown in Fig. 

1.3 (a). The device structure is divided into two regions: high dopant concentration (marked as 

doped in the figure) and low dopant concentration (marked as undoped in the figure). The 

concentration of dopants in the film affects the resistance of that region. That is, the highly 

doped regions show low resistivity, and less doped region shows high resistivity; hence the 

total resistance of the device is contributed by two variable resistors connected in series. The 

resistance values of the variable resistors Ron and Roff are shown in Fig. 1.3(b).  The 

application of an external bias v(t) across the device moves the boundary between the two 

resistance regions due to the charged dopants drift as depicted in Fig. 1.3(c); thus, the model 
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showed a hysteresis curve for current-voltage characteristics as given in Fig. 1.3(d), (the inset 

shows the I-V characteristics obtained from the actual device).  

However, to attain the hysteresis behavior, the device requires some atomic 

rearrangement that modulates the electronic current. Here the atomic arrangement refers to the 

movement of oxygen vacancies across the semiconducting film. In the given device, the device 

switch to ON-state with the application of a positive voltage and the state of the device is 

referred to as low resistance state (LRS), and switches back to OFF-state with the application 

of a negative voltage. The OFF state of the device is referred to as a high resistance state (HRS). 

The device remains in the ON-state as long as a positive voltage is applied, and with a negative 

bias, it will switch back to the OFF-state[16] . 

Later, the evolution of the RRAM device continued with different materials such 

as transitional metal oxides and organic metal oxides such as Ta2O5, Al2O3, HfO2, NbO2, and 

graphene. In addition to the development of simple metal-insulator-metal (MIM) structure as 

shown in Fig. 1.4(a)[14], [15], memristor devices are developed with bilayer (Fig. 1.4 (b)) as 

well as multilayer stacking morphology (Fig. 1.4(c)). The bilayer device structure is created 

with the metal-insulator-semiconductor-metal (MISM) stacking, where two layers can be made 

of the same metal oxide with its stoichiometric and sub-stoichiometric phases [17]or bilayers 

can be made from hetero oxides[18], [19]. If a RRAM device is designed with more than two 

resistive switching layers, it is called a multilayer device[20].  

 

Fig.  1.4 Structure of RRAM devices a) single layer MIM structure b) bilayer structure with two 

resistance switching layers c) Multilayer structure with multiple resistive switching layers. 

Yet another classification of RRAM memory is based on the type of the switching 

element; it can be valance change mechanism (VCM) based oxide-RRAM (ox-RRAM) and 

metallic cations-based conduction bridge RRAM (CBRAM) memories. In addition, based on 
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the nature of the current profile variation with the input voltage, RRAM devices can be of two 

types, analog or digital. The analog devices show analog I-V characteristics where the 

switching (transition) between states is gradual. On the other hand, devices exhibiting digital 

characteristics show abrupt switching process. According to the nature of device 

characteristics, the memristive devices can be used in various applications[21], [22]. For 

instance, the analog memristor is suitable for neuromorphic applications. It emulates the step-

by-step spiking of neurons, whereas for digital applications, abruptly switching digital 

memristive devices is beneficial. In addition, RRAM is gaining momentum in the field of 

emerging non-volatile memory industry owing to its versatility in applications such as its 

ability to be used in in-memory computing technologies, storage systems, realizing Boolean 

logic functions such as NAND, NOR, etc., look-up table (LUT) for FPGA and sequential 

circuit implementations such as D-latch, implementation of reconfigurable logic operations, 

crossbar adders, etc. [23], [24], [25]. All these applications use high-density RRAM memory 

structures where RRAMs should be connected in nano-cross bars.  

Even though the technology is in its research and development stage, progressions 

achieved in the last few years are remarkable. SanDisk Corporation has demonstrated a 32Gb 

RRAM test chip with a 24 nm CMOS process in 2013. In 2014, researchers at IMEC and 

Panasonic had created a 2-Mbit chip made of 40nm node with Ir/Ta2O5/TaOx/TaN structure. 

Further, a 16Mb array of HfOx/TaOx bi-layer RRAM stack was reported in 2015. In addition, 

‘Crossbar’ has been reported a 4-Mbit 1S1R chip and 1T1R IP cores. The proposed built-in 

selectors targeted for high-density memories are useful in data centers, and their applications 

include machine learning neural networks [4]. Another milestone is laid by IBM is the proposal 

of a Resistive processing unit (RPU) for the storage and processing of data to improve deep 

neural network training (DNN) [26]. Further in 2018, The Intel corporation introduced the non-

volatile Optane DIMM with 3DXpoint technology (shown in Fig. 1.5), which is considered 

another milestone for the non-volatile technology[4]. Moreover, it recently reported that 

RRAM devices are used in the internet of things (IoT), artificial intelligence (AI), and data 

center storage. However, all these devices are in the research phase, and none of them reached 

the consumer market yet.  
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Fig.  1.5 Intel Optane Memory developed with 3DX structure [4] 

Fig. 1.6 gives an insight into the current state of research and milestones to reach 

over the foreseeable future. Since the technology is still in its infant stage and as time 

progresses, the potential memristive device will replace Flash technology and DRAM to use it 

as a universal memory to use in storage and high-end applications like neuromorphic 

computing [8]. As such, the current development of RRAM technology opens up potential 

research opportunities resulting in the research motivation of the presented thesis, and those 

are discussed in the next section. 

  

Fig.  1.6 The current state of memristor research and milestones to reach over the foreseeable future 

[8] 

Note: Throughout this thesis, the term ‘memristor’ will be replaced with the more 

specific term ‘Resistive random-access memory (RRAM). 
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2.2 Research Problem and Motivation 

Dense RRAM memory is attained by configuring devices 2D or 3D nano crossbar 

arrays (CBA). A nano crossbar array consists of horizontal word lines and  

Fig. 1.7. A simple crossbar array of RRAMs showing the traces of sneak path current (solid yellow 

line), actual expected current (solid green line) 

vertical bit lines where the bidirectional memory element sits between their cross points 

[27]–[29]. The major challenge with RRAM devices while forming array is the leakage current; 

this unforeseen current component is known as sneak path current, which originates due to the 

low resistance path offered by the unselected cells remain in its low resistance state (LRS) in 

the crossbar array. An example of a crossbar array is shown in Fig. 1.7 where the vertical bit 

lines are C1, C2, C3, and C4, and horizontal word lines are denoted with R1 and R2. Note that 

in Fig. 1.7, Vdd is applied to the selected word line, and the selected bit line is connected to 

ground potential. In the figure, V1 and V2 are arbitrary voltage biases, and their magnitude 

depends on the adopted writing scheme.   

In Fig. 1.7, the red-colored cell denotes the selected RRAM (S1), and all blue cylinders 

denote the unselected RRAM cells where U1, U2, U3 are the neighboring cells which are also 

known as half selected cells because they share either the bit or word line of the selected cell. 

In this case, the worst-case scenario is discussed where all unselected cells are in a low 

resistance state and the selected cell is in a high resistance state. In this circuit, the sneak path 

current path emerges from R1 to U1; then the current flows to the C3 bit line. Subsequently, 

the current takes a path towards the R2 row through the unselected cell U2. Finally, it flows to 

the C4 column through unselected cell U3 and then flows to the read circuit. Thus, the sneak 

current path is Vdd-U1-U2-U3 to read the circuit, whereas the actual expected current through 

the selected cell (S1) is shown with solid green lines. In this case, the current flows from the 

 To read  

circuit 
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R1 row to the C4 column through the selected cell and finally reaches the read circuit or sensing 

circuit. Thus, resulting in an erroneous read current of the selected RRAM cell. Also, the sneak 

path current, when flowing through the unselected RRAM cells (U1, U2, U3), changes the 

memristance (or state) of the respective RRAM cell, thereby corrupting the data stored in the 

unselected RRAM cells.  

Various techniques are employed to circumvent the problem of sneak path current, such 

as complementary resistive switching (CRS) devices [8, 9] and selector devices [10, 11]. To 

date, many selector devices such as diodes [21], transistors [22], [23], and volatile bi-layer 

devices are reported to use in association with RRAM. Nevertheless, the unipolar behavior of 

diodes and scaling concerns of transistor switches impede their use in CBA. These 

shortcomings of the available selector switches are overcome by proposing several non-linear 

selectors [24], [25], which are fabricated either as single-layer or as a multi-layer material stack 

with advanced engineered designs [26], [27]. Moreover, recent studies show that the selector 

device with a tri-layer structure provides more stable selector characteristics [20] with 

significant nonlinearity. Similarly, various CRS devices are also available where the most 

common configuration is the anti-serially connected RRAMs.  

However, to test the contributions of fabricated RRAM devices, selector devices, CRS 

devices, on mitigating sneak path current in a nano cross bar array (either as 1S1R or CRS), 

physics and electrical models of those devices are required. In addition, the accuracy of the 

physics-based/ electrical models of the RRAM with respect to the measured RRAM 

characteristics is vital to analyze the functionality of such devices when connected with other 

devices.  Because of this, last few years, several analytical models have been developed to 

simulate the characteristics of filamentary type RRAM devices [30], [31], [32] (where the 

current conduction and corresponding switching process is explained after the formation of a 

conduction filament (CF)). The physics-based model of the most common RRAM device 

Pt/Ta2O5/TaOx/Pt presented in [31], [32], demonstrates the Schottky current conduction 

through the conduction filament of the RRAM device. But such models consider only the 

current conduction through the conduction filament of the Ta2O5 RRAM device and completely 

ignores the current conduction outside the conduction filament (OCF) [33]. The current 

conduction outside the filament has significant implications in the device's characteristics, 

particularly when the voltage is increased beyond the reset voltage at which the RRAM device 

turns to a low resistance state even though it is expected to be at a high resistance state. Thus, 

providing an opportunity to explore the reasons for the additional current component and the 
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influence of OCF on this additional current, which lights to the development of a robust 

analytical and corresponding electrical model of the Pt/Ta2O5/TaOx/Pt RRAM cell. In addition 

to this, the variability of the RRAM device with respect to the radius of the conduction filament 

is an open area for research that requires to be incorporated in the device model for the model 

to behave close to the RRAM device characteristics.     

Next, to analyze the contribution of a selector switch on the RRAM device, a few fitting 

models of multi-layer selectors are prevailing[34], [35], though a proper physics-based model 

and electrical-based model are not available, providing another open area of research. Besides, 

selecting and modeling a selector device and a compatible RRAM device to use it in the nano-

cross bar to mitigate the sneak path current is also another challenge. Hence the detailed study 

of one selector-one resistor (1S1R) duo is highly required in this context.  

As mentioned above, in addition to 1S1R, an alternative technology to mitigate the 

sneak path current is available, known as the complementary resistive switching (CRS) devices 

where an individual device is configured with two RRAM devices connected in a back-to-back 

manner, though major challenge found with such a device configuration is its poor design due 

to deposition of the metallic electrode between the switching layers and formation of multiple 

metal-semiconductor junctions. Therefore, it is thought-provoking to investigate alternate CRS 

fabrication technologies by stacking of multiple switching layers or by depositing a single 

switching layer with a focus to obtain the CRS characteristics.   

Furthermore, it is interesting to contemplate how the device characteristics change with 

stack ordering and the effect of different electrode material with similar switching layer stacks, 

what are different strategies to optimize a RRAM device, etc. Therefore, further advancement 

of RRAM technology needs the optimizations and profound study on bilayer and multilayer 

structures, 1S1R integration technology, and CRS configurations.   

2.3 Aim and objectives of the research 

1.1.1. Aim  

The research aims to develop accurate physics and electrical-based models of 

the potential Ta2O5/TaOx RRAM device and selector devices and integrate them to 

develop an appropriate 1S1R model to effectively mitigate the sneak path current in a 

nano-cross bar memory array. In addition to this, as an alternate method to 1S1R, the 

CRS configuration to be developed utilizing accurate physics and electrical models of 
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RRAM devices. Further, the CRS configuration device to be fabricated and its 

characteristics with stack ordering and the effect of different electrode material with 

similar switching layer stacks and optimization of the device to be analyzed.  

1.1.2. Objectives  

1. To develop an insight on the resistive switching and current conduction behavior of 

various RRAM devices and analyze the parameters required to realize the analytical 

as well as electrical RRAM and selector models. Then, to develop accurate physics 

and circuit models of Pt/Ta2O5/TaOx/Pt RRAM device by incorporating the current 

conducting through outside of the conduction filament (OCF) during RESET phase. 

To analyze the influence of the parameters such as barrier height, the radius of 

filament, geometry of the filament on the variability of Pt/Ta2O5/TaOx/Pt RRAM 

device characteristics by analytically modeling its cycle-to-cycle variability. 

2. To develop an accurate analytical and electrical model of the tri-layer 

Pt/Ta2O5/TaOx/TiO2/ Pt selector device in order to realize an integrated model of 

1S1R.    

3. Develop an electrical as well as an analytical model of single and crossbar array of 

1S1R cells by integrating the proposed selector model with RRAM models and 

study the acquired features of the 1S1R model to ensure its potential to reduce the 

sneak path current, derive necessary electrical parameters, and evaluate its 

performance in reducing the sneak path current. Also, analyse the versatility of the 

developed selector model to adapt with various RRAM models by integrating it 

with other existing electrical RRAM models such as HP, Yakopcic, and Stanford.  

4. To compare the performance of 1S1R with the CRS model, realize the electrical 

model of the 2x2 array of CRS devices and compare with the 2x2 array of 1S1R 

devices to analyze how effective both circuits are in reducing the sneak path 

currents.  

5. Fabricate and characterize RRAM device with a single switching layer and an 

inactive top electrode to obtain the memory characteristics. Further, design for a 

CRS device by stacking the proposed device with two active switching layers and 

performing its characterization. Also, optimize the proposed CRS device structure 

by varying the thickness of active switching layers. Moreover, study the effect of 

changing the order of switching layer stack and electrode material (use active 
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electrode) on device characteristics. Further, study the effect of sneak path current 

in multilevel memory. 

2.4 Research Outcomes 

a) Accurate physics and electrical model of Pt/Ta2O5/TaOx/Pt device by incorporating 

the current conduction in OCF and cycle-to-cycle variability analysis involving 

parameters such as barrier height, the radius of filament, the geometry of the 

filament.  

b)  Accurate analytical model and electrical model of the tri-layer 

Pt/Ta2O5/TaOx/TiO2/ Pt selector device. 

c) Electrical model of 1S1R memory cell and its influence in mitigating the sneak path 

current in a low dimension crossbar array.  

d) Electrical model of CRS memory cell and its influence in mitigating the sneak path 

current.  

e) Evaluation of 1S1R and CRS cells’ contributions on reducing the sneak path 

current.   

f) Fabrication and characterization of the counter parts of RRAM and CRS models 

using available materials(Al2O3 and ZnO) and evaluate their effectiveness in 

reducing the sneak path current.  

g) Design/fabricate the counter parts of Pt/Ta2O5/Pt and Pt/Ta2O5/TaOx/Pt RRAM 

models such as Au/Al2O3/FTO and Au/Al2O3/ZnO/FTO to integrate with selector 

(considering that each layer has similar functionality).  

h) Then, to avoid poor design of conventional CRS devices;  propose, fabricate, and 

characterize a novel bilayer CRS device with Au/ZnO/Al2O3/FTO stack to use in 

crossbar array to reduce sneak path current. Moreover, develop multilevel RRAM 

device based on Ag/Al2O3/ZnO/FTO to combine with selector to utilize in high-

density memory applications.  

2.5 Thesis Outline 

Chapter 1: It is an introductory chapter explaining the basics of RRAM devices, their 

advantages, and recent advancements in the field. Also, the Aim and objective of the research, 

to develop the models and devices, and finally, the research outcomes are also summarized. 

Chapter 2: This chapter deals with preliminary concepts associated with RRAM devices 

such as electroforming, resistive switching, and various conduction mechanisms are discussed. 
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Further, various physics-based RRAM models are also reviewed. Then, RRAM memory 

devices' classification is described and introduces the basic terminologies associated with 

RRAM technology.  After that, the existing examples of selector-RRAM as well as CRS 

devices are discussed; last part of the chapter includes the research gaps identified in the field. 

Chapter 3: This chapter discusses the methodologies followed to develop selector, 

RRAM,1S1R analytical models, methodologies adopted to develop electrical models, and then 

described the steps and procedures to follow the fabrication of RRAM   

Chapter 4: This chapter deals with the analytical and an electrical model of Pt/ 

Ta2O5/TaOx/Pt RRAM device incorporating the effect of current conduction present at outside 

of the conduction filament area. Further, the simulated characteristics are validated with 

experimental results. 

Chapter 5: In this chapter, the details of analytical and electrical models of 

Pt/Ta2O5/TaOx/TiO2/Pt selector device, its characteristics, parameters derived, and its 

comparison with existing selector models are included. 

Chapter 6: This chapter outlines the integration of analytical and an electrical model of 

selector device with RRAM models, formation of 2x2 crossbar arrays, and sneak current 

measurements. The last part of the chapter discusses the implementation of an electrical model 

of CRS and its comparison with different 1S1R models and compares the performance of both 

configurations.   

Chapter 7: This chapter explores the electrical characterization, structural 

characterization, and performance measures of the fabricated Au/Al2O3/ FTO RRAM device 

and Au/ZnO/Al2O3/ FTO CRS device. Then, various parameters are measured and evaluated 

from the device characteristics. Also, a theoretical study on device conduction and switching 

mechanism are conducted.  

Chapter 8: This chapter illustrates the fabrication and characterization of CBRAM and 

an RRAM device (Ag/Al2O3/ZnO /FTO and Au/Al2O3/ZnO/FTO) to integrate with selector 

hypothetically. Also, the parameters and qualities achieved by both devices as the individual 

cell is studied.  The device’s switching dynamics, as well as reliability analysis, are discussed.   

Then, a comparison of the aforementioned devices is also included in the chapter. 

Chapter 9: The chapter summarizes all the studies/works and studies conducted in the 

research work. Also, it explains all contributions of the research. 
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Chapter 2  

Research preliminaries & Literature review 

 

  

Chapter summary 

The first part of the chapter discusses resistive random-access memory (RRAM) basics, 

elementary terminologies to specify RRAMs, and various parameters associated with 

nonvolatile memory. Further, the classification of RRAM devices based on the switching 

mechanism includes valance change mechanism, electrochemical metallization, and 

thermochemical mechanism are discussed. Furthermore, the modeling of RRAM devices is 

described, where each model comprises three major mechanisms: switching mechanism, 

current mechanism. The switching mechanism explains the ionic movement associated with 

the device responsible for memory features, whereas the conduction mechanism deals with the 

electronic conduction through the device. In the second part of the chapter,  background study 

and literature review of the research problem and the study of prevailing methods to reduce 

sneak path current are discussed. These methods include 1D1R,1T1R,1S1R, CRS, and self-

rectifying devices. Also, various comparisons among these methods are listed down. Towards 

the end of the chapter, the main research gaps existing with RRAM technology are investigated.     
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The first section of the chapter discusses the research preliminaries, including the 

overview of RRAM devices, basic terminologies, models, and the second section describes the 

literature review on major technological advancements existing to mitigate the sneak path 

current.  

2.6 Resistive random-access memory:  Electroforming, basic terminologies, 

classification, switching mechanisms, conductive mechanisms  

RRAMs are two-terminal devices made of metal oxides sandwiched between 

electrodes. The most frequently used electrode materials are Al, Au, Ag, Pt, TiN, FTO, etc., 

and metallic oxides consist of transition metal oxides (TMO) such as Ta2O5, HfO2, and 

semiconducting oxides as Al2O3, ZnO, and organic metal oxides such as graphene. Compared 

to conventional memory devices, a paradigm shift can be seen in the data storage of emerging 

RRAM, where the data/information is stored within the metallic oxides, as distinguishable 

resistive states governed by the resistive switching (RS) process. However, before entering to 

a resistive switching state, some devices require an electroforming (EF) step. Electroforming 

is an irreversible process that occurs in the oxide layer at a higher electric field [36] due to the 

electro-reduction and vacancy creation attained by applying a high voltage or high current. 

Generally, during EF, a high electric field set up across the dielectric results in soft dielectric 

breakdown so that the highly insulating material becomes conductive with the abundance of 

defects or oxygen vacancies.  Fig. 2.1(a) shows the electroforming in Pt/HfOx/TiN device by 

the application of a high electric field limited by 1 mA compliance current; it can be observed 

that the pristine device is highly resistive as its resistance is in 108Ω range, whereas as after 

EF, the device resistance reduced to106 Ω [20].  

However, some devices can exhibit a resistive switching process without performing 

the initial electroforming process. In such devices, it is observed that the initial resistance is 

comparable to the high resistance state (off-state) obtained with initial reset switching; 

likewise, the forming voltage is comparable to the SET voltage of the device. Fig. 2.1(b) shows 

the forming free characteristics of multilayer Pt/HfOx/TiOx/TiN device [20] where the high 

resistance before forming and after resetting is the same, i.e., 107 Ω. Similarly, the SET voltage 

obtained while performing EF and Set switching during switching is the same (1.5 V); hence 

the device is termed as forming free.  
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Fig. 2.1(a) Electroforming in Pt/HfOx/TiN device (b) forming free device characteristics of 

Pt/HfOx/TiOx/TiN [20] 

Initial switching in the device results in the formation of a percolating path known as 

conduction filament (CF), through which the oxygen vacancy drift occurs. Widely accepted 

theory to fit with the RS of resistive memories is the formation and rupture of conduction 

filament (CF). CF can establish either with oxygen vacancies or metallic ions spanning from 

top electrode to bottom electrode or vice versa. The filament formation results in a decrease in 

resistance of the device, and the corresponding resistance level is known as low resistance state 

(LRS), whereas the rupture of the filament occurs at an opposite polarity of input voltage so 

that the resistance of the device increases to enter into a  high resistance state (HRS). Thus, 

switching the device back and forth from LRS to HRS and vice versa is referred to as resistive 

switching (RS).  

Resistive switching can occur either with a single polarity of input voltage or with two 

different polarities of input. The former class of devices is known as unipolar resistance 

switching (URS) devices [37], [38], where both SET and RESET switching can occur with the 

same polarity of the input voltage (positive or negative). Fig. 2.2(a) shows the characteristics 

of URS [39], where the red color solid line represents the LRS and blue represents HRS. On 

the contrary, in the second class of devices, two different polarities of biasing voltage are 

required to switch the device from one state to another, known as bipolar resistive switching 

(BRS).In Fig. 2.2(b), the HRS and LRS of the device are shown with blue and red solid lines, 

respectively. Also, the voltage at which the LRS to HRS transition occurs is marked as RESET 

(negative polarity), and HRS to LRS transition is marked with SET (positive polarity). 

However, both URS and BRS devices exhibit two stable resistance states namely; HRS and 

LRS which enables the memory unit to store a bit of data, whereas several other devices exhibit 

stable intermediate resistance states (IRS) in addition to LRS and HRS, capable of storing 
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multiple bits known as multilevel-cell (MLC), which is the widely recognized solution to attain 

ultra-high-density memories [40], [41] by storing multiple bits in one memory unit.   

 

Fig. 2.2 (a) Unipolar switching (b) bipolar resistive switching characteristics [39] 

Based on the mechanism of conduction filament formation, RRAM devices can be 

classified as Oxide-RRAM, conduction bridge resistive RAM (CBRAM), and thermochemical 

memory(TCM). In Oxide-RRAM, the switching process can be defined with valance change 

mechanism (VCM), whereas in CBRAM, the switching is governed by a process known as 

Electrochemical metallization (ECM) [6], [27], [42]–[46]. In TCM, the switching occurs due 

to the thermochemical mechanism (TCM) [47]. The following subsection explains these three 

switching mechanisms in detail. 

2.1.1. Classification of RRAM memory devices  

The memory devices can be classified as valance change memory-based ox-RRAM, 

Electrochemical metallization-based CBRAM, and TCM based on the mechanism of 

switching.  

2.1.1.1. Valance change memory (VCM) 

The valance change mechanism (VCM) is the switching mechanism seen in oxide-

based RRAM (Ox-RRAM), where the oxygen vacancies contribute to the switching process. 

Oxygen vacancies (Vo) are either positively charged or neutral based on their chemical 

composition. During the decomposition of oxygen, electrons are released in addition to oxygen 

vacancies. Therefore, it is considered as the n-type donor. Based on applied input, the oxygen 

vacancies present within a material can create additional energy states within its bandgap, 

thereby contribute to the switching process [48]. The transition metal oxides that exist with 

multiple valency states are the ideal materials that exhibit VCM. Besides, the density of Vo is 
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a factor that determines the conduction character of the device. If the density of Oxygen 

vacancy is low, the transition metal oxide becomes semiconductive in nature due to the 

presence of localized states. Conversely, as the density of Oxygen vacancy is high, the CF may 

show metallic nature due to the formation of subbands with the presence of extended states 

within the bandgap.  

The initial electroforming mechanism in VCM is attributed to the generation and drift-

diffusion of oxygen vacancies [49] within the transition metal oxides. After the electroforming 

process, the resistive switching occurs due to reduction reaction and oxygen vacancy migration 

(or ion migration), resulting in a change in the stoichiometry of the transition metal oxide, 

thereby the insulating oxide temporarily changes to a more conductive sub-stoichiometric 

phase, and the oxygen vacancies drift towards the anode to form a conductive filament (CF) 

which in turn results in a significant reduction in barrier heights [48]. Thus, the device switch 

to ON-state.  When applying an opposite polarity of input voltage, the Oxygen vacancies drift 

back to their position, causing the rupture of filament leading to RESET process. Examples of 

VCM based memories are Pt/Ta2O5/TaOx/Pt, Au/Al2O3/FTO [50] [51]. Microscopic view of 

VCM is reported in Pt/ZrOx/Zr VCM cell on response to a triangular voltage sweep as shown 

in Fig. 2. 3, where Pt represents the active electrode (AE), Zr the ohmic electrode (OE), and 

ZrOx is the insulator [52]. 

 

Fig.  2.3 Valance change memory switching mechanism in Pt/ZrOx/Zr VCM cell where A denotes the 

off-state, B denotes the SET process C is ON-state and D is the reset process [52] 
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2.1.1.2. Thermo chemical mechanism (TCM)  

The thermo-chemical mechanism or TCM occurs in RRAM devices in which thermo 

chemical reactions affect the thermal decomposition of oxides to form the filament during 

forming and SET switching process, whereas the rupture of filament causes RESET due to the 

joule heating effect. It is reported that unipolar devices like e Pt/NiO/Pt shows TCM kind of 

switching [50], [53]. 

2.1.1.3. Electrochemical metallization (ECM) 

Electrochemical metallization (ECM) is the switching mechanism exhibited by the 

RRAM devices attributed with an electro-chemically active electrode such as Ag, Cu, or Ni 

[19], [54]–[56], and an electrochemically inactive counter electrode made of Pt, Au, FTO, etc. 

The devices that exhibit ECM-based switching mechanisms are known as conductive bridge 

resistive random-access Memory (CBRAM). The schematic of processes associated with ECM 

is depicted in Fig. 2.4, where Fig. 2.4(a) illustrates the oxidation of active metal atoms to ions 

at the anode and its migration towards the cathode and the subsequent reduction process. 

Reduction of metal cations to metal takes place at an electrochemically inert electrode and the 

onset of formation of a highly conductive filament connecting the bottom electrode (BE) to the 

top electrode (TE) is shown in Fig. 2.4(b). Fig. 2.4(c) illustrates the electrochemical dissolution 

of the filament while reversing the polarity of the applied voltage and subsequent resetting of 

the cell to HRS [57]. Examples of devices falling under this category are Ag/ZnO:Mn/Pt, 

Ag/TiOx/Pt [40], [58], [59].   

 

Fig. 2.4 Electro-chemical metallization process [57](a) oxidation of active metal atoms and its 

migration (b) formation of CF connecting the BE to TE (c) dissolution of filament 
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Various reliability testing parameters and other terminologies related to resistance 

switching devices are given below, where the endurance and retention are related to the 

reliability of a device.  

2.1.2. Basic terminologies  

Even though the devices exhibiting VCM or ECM are made from the same or different 

memory medium (switching layer), the electrodes have a major role in determining the 

switching mechanism. The electrodes seldom participate in the switching process of VCM, 

whereas in ECM, at least one of the electrodes would be reactive to facilitate the cations to 

participate in resistive switching. As the electrodes play an important role in switching, there 

are differences in the selection of electrode material for ECM and VCM.  

Another classification of RRAM memory is based on the presence or absence of a 

conduction filament. If resistive switching is contributed by the switching elements within the 

nano scale conduction filament, such switching is known as filamentary switching [48], [60], 

whereas the switching occurs at the interface of semiconductor/dielectric material and the metal 

electrode is known as interface switching (uniform switching). In filamentary switching 

devices, the presence of a filament can be viewed using transmission electron microscopy [61]. 

Nevertheless, various arguments are existing to identify both categories. One method of 

identification is by analysing the I-V characteristics of the device, next is by investigating the 

area scaling where it is believed that the filamentary devices show area independent switching 

where the uniform switching devices do not. Next idea is to conduct a fraction test; means —

physically breaking the device into two and analyze their resistance, in this method, the 

uniformly switching device will show similar resistance for both parts. In contrast,  the 

filamentary switching device parts show different resistance values [60].   

2.1.2.1. Read margin: 

 The readout margin is defined as the voltage difference between the output voltages 

produced by a cell in its low resistance (LRS) and high resistance (HRS) during the read 

operation. Read-out margin affects the access latency and power dissipation [62]. This factor 

is also considered as a measure of performance and reliability. It has also been reported that 

the readout margin has a dependency on temperature [62], when the temperature increases, the 

readout margin drops sharply.  
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2.1.2.2. Roff/Ron ratio 

Roff/Ron ratio is a measure of the quality of the device to be used in an application, 

which can be calculated by measuring the ratio of HRS resistance and LRS resistance at a 

constant voltage.  

2.1.2.3. Variability: 

The inconsistency in device characteristics is known as variability, which can be of two 

types: cycle to cycle(c2c) variability and device to device (d2d) variability. If an inconsistency 

is present in the characteristics of a single device when subjected to multiple cycles of the input 

signal is known as c2c variability. On the other hand, if the inconsistency present in the 

characteristics of multiple devices, then it is termed as d2d variability. Variability is considered 

as one of the major challenges in the evolution of the RRAM device which is originating from 

the random nature of the ionic/vacancies movement [63]–[66]. 

2.1.2.4. Endurance: 

 Endurance can be defined as the number of cycles of write 0 and write1 processes a 

device can perform before failing its operation. This parameter is considered as a reliability 

measure which is evaluated by subjecting the device to multiple write pulses under controlled 

current compliance and is represented with measured resistance levels Vs time plots [67]–[70]. 

In a few devices, endurance failure is reported where both HRS and LRS levels became difficult 

to distinguish. The plot given in Fig. 2.5 demonstrates the endurance cycle plotted against 

resistance. Recently, ‘Crossbar. inc’ has developed a memory with 1 million input write cycles.  

                                                                    

 Fig.  2.5 Example for an endurance plot [71], with  LRS and HRS, can be distinguished.  
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2.1.2.5. Retention:  

The ability of a memory device to remember its previous state after multiple read 

cycles. In order to measure retention, the device must be driven to a particular memory state 

(LRS or HRS) and apply read pulses for a long time. This feature is also considered as a 

reliability measure and is represented with a resistance Vs time plot [72]–[75]. It is reported 

that the retention of data in several devices has reached a limit of 10 years at 850C. The graph 

plotting the resistance vs time is given in Fig. 2.6. 

 

Fig. 2.6 Retention plot showing the retention of data during the reading process [76] 

2.1.2.6. Nonlinearity 

Nonlinearity is an essential parameter in the I-V characteristics of a RRAM device that 

conforms the potential range of biasing voltages available for selected and unselected cells 

while using them in crossbar array. In a CBA, the rails of unselected RRAM device will be 

supplied with a low voltage to prevent the sneak path current and high voltage supplied to 

selected device ensures the high current to perform read/write to the selected RRAM. Low 

nonlinearity adversely affects the data integrity by changing the state of the unselected device 

and causing the sneak path current. Nonlinearity can be measured with respect to the read 

voltage and SET voltage. High nonlinearity is the desired factor for RRAM devices. Non-

linearity in device characteristics with respect to SET is defined as the ratio of magnitude of 

the current attained at SET voltage and the magnitude of current attained at half of SET voltage, 

which in turn means the writing process would be stable. Likewise, the non-linearity measured 

at read voltage is the ratio of the magnitude of the current attained at read voltage and at half 

of read voltage, which ensures the optimum voltage range available for the read operation. 
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To understand the basic working of the RRAM devices, several Physics-based models 

are evolved to study its memory property, in which the ionic and electronic interactions are 

governed by three major attributes such as switching mechanisms, conduction mechanisms, 

and temperature modeling.  

2.1.3. Switching mechanisms adopted in RRAM models  

Several models are given explanations for the switching mechanism. In a few models, 

the switching mechanism is defined as the movement/reduction of oxygen vacancies (oxygen 

ions) or metallic cations by drift-diffusion or REDOX reactions [44]. In the drift-diffusion 

model, the defect migration is induced by an electric field and localized temperature during 

SET and RESET switching respectively. In this approach, the migration depends on the electric 

field strength, direction of the electric field, and charge of ionic species. In the drift-diffusion 

model, Fick’s diffusion and ionic drift are the two fluxes that determine the ionic movement 

[77] which is given in (2.1). 

𝜕𝑛𝐷

𝜕𝑡
= ∇ ∙ (𝐷∇𝑛𝐷 − 𝜇𝐹𝑛𝐷)   2.1 

where 𝐷∇𝑛𝐷 and 𝜇𝐹𝑛𝐷 are the Fick’s diffusion and ionic drift terms, respectively. 𝑛𝐷 

is the doping concentration, D is ion diffusivity, μ is the ion mobility, and F=-∇ψ where ψ is 

the local electrostatic potential demonstrating the relationship between drift and electric field. 

D and μ are based on the Mott-Gurney ion hopping law.  

 

Fig.  2.7 The physical process of modeling the oxygen vacancy switching and electron-based 

conduction mechanism [78] 
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Another approach adopted to model resistive switching is the REDOX mechanism, 

where generation and recombination (G-R) of oxygen vacancies (VO) with oxygen ions, oxide 

phase transition (P-T), as well as the hopping and migration of generated defects are considered 

as the basis of switching. These mechanisms are illustrated in Fig. 2.7. In such modeling 

approach, the SET process comprises the P-T from semiconductor to metallic phase and the 

generation of oxygen vacancies [79], [80], while the RESET process involves the reverse P-T 

from metal to semiconductor phase, where oxygen ions are released and hopped into the 

switching layer to recombine with oxygen vacancies [64], [81] to create a gap at the interface. 

The variation of the filament gap is given as: 

𝑑𝑔

𝑑𝑡
= 𝑎. 𝑓. (exp

−𝐸𝐴

𝐾𝑇
)    2.2 

where 𝑔 is the gap length, 𝑎 is the field enhancement factor, and f is the attempt-to-

escape frequency. The activation energy EA is lowered due to the Poole-Frenkel effect by the 

electric field in the gap generated during RESET is given as:   

𝐸𝐴 = 𝐸𝐴0 − 𝛼0𝑞𝑉𝑔𝑎𝑝    2.3 

where α0 is the activation energy barrier lowering factor, EA0 is the barrier at zero fields, 

and Vgap is the voltage across the gap. 

 

Fig. 2.8 (a)Schematic of set model showing the filament growth and (b) showing the reset model 

demonstrating the RESET model (c) I-V characteristics obtained from model plotted against 

experiment curve[30] 

An analytical model of conduction filament evolution in filamentary-type RRAM is 

demonstrated in [30] is described in Fig. 2.8. In which Fig. 2.8(a) demonstrates the growth of 

oxygen vacancy-rich filament. In response to a high electric field developed between the 
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broken filaments, the oxygen vacancies migrate towards the top electrode, which in turn reduce 

the gap Δ between broken filaments, and at the meantime, the diameter of the filament 

represented with ϕ also increases, and its growth is limited by an external compliance current 

(Ic), whereas the Fig 2.8(b) shows the reset transition by illustrating the replenishment of the 

filament showing an increase in the gap between filament segments due to the effect of local 

electric field and temperature. Further, the resulting model characteristics are plotted against 

the experiment result as shown in Fig 2.8(c), where external compliance current is marked with 

Ic. 

Similarly, other analytical models explaining the device physics of Pt/Ta2O5/TaOx/Pt 

are presented in [31], [32], where both models demonstrate the Schottky current conduction 

through the conduction filament as shown in Fig. 2.9(a).  

 

Fig. 2.9 a) Demonstration of state independent current conduction during LRS b)  The reset switching 

occurs with positive voltage c) Results of model results plotted against experiment data [31]  

When a negative voltage is applied to the top electrode, the positively charged Oxygen 

vacancies migrate towards the top electrode to form a conduction filament spanning in the 

Ta2O5 layer therefore the resistance of the device decreases, and it switches to a low resistance 

state (LRS). While on applying a positive voltage on the top electrode causes the positively 

charged oxygen vacancies to migrate towards the bottom electrode leaving the gap, hence the 

device switches to a high resistance state (HRS) as demonstrated in Fig. 2.9(b). Experiment 

data as well as resulting simulated characteristics are shown in Fig. 2.9(c). 

2.1.4.  Conduction mechanisms in RRAM devices  

A wide range of conduction mechanisms are used to describe the current conduction in 

RRAM devices, such as Schottky barrier conduction [82] tunneling, Space Charge Limited 
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Current (SCLC), ohmic conduction, hopping conduction etc. The conduction mechanism 

present in a device is determined by the nature of bulk material and its corresponding interfaces 

with metal and oxides. For specific models, the conduction mechanisms are derived by fitting 

the experimental results with existing models defined with mathematical expressions. 

 The factors used to model conduction mechanisms are barrier height, activation 

energy, hopping distance, tunneling barrier height, barrier thickness, electric field, image force 

as well as temperature. The most critical parameter required to model thermionic conduction 

in Schottky contact(metal-oxide interface) is the barrier height [34], which is determined by 

the physical properties of the oxide layer, structure of RRAM devices, image force lowering 

effect, and electric field. Image Force lowering effect at the depletion layer interface influences 

the current conduction in semiconducting devices. Image force lowering is the reduction in 

activation energy required for the carriers to overcome the Schottky barrier by the accumulation 

of charges at the interface of the metal-dielectric layer due to the presence of a high electric 

field. Various approaches are adopted to include the effect of image force in conduction 

mechanism [84], [85], [45], [86]. Physical parameters like channel length, filament thickness, 

formation of Schottky junction with different materials. Moreover, Oxygen vacancy doping 

concentration has a significant impact on modulating the Schottky barrier where the length of 

the doped (concentrated) or un-doped section of the filament is spotted as a variable to control 

the Schottky barrier height in Schottky conduction models. Alternatively, the current through 

the device is implemented with hopping conduction in some of the [64], [81] models, where 

gap length g and applied input voltage V are the control variables.  

I(d, V)=I0*e
(

−𝑔

𝑔0
)
sinh (

𝑉

𝑉0
)   2.4 

However, in filamentary models, the total current in the device is associated with the 

shape of CF. In [87], a conical shape is approximated to the CF where the magnitude of the 

current is not only contributed by the radius of the top face of CF but the lateral sides as well.  

In addition to Schottky and hopping models, derive current characteristics have been 

derived by considering the electron tunneling through nano meter scaled dielectric layers [88], 

[89].    

2.1.5. Temperature modeling:  

Temperature is another factor that is used to model switching and current conduction in 

several physics-based models. Joule heating is responsible for the temperature variations in the 
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CF. For example, the models in [85], [64] use a simple Joule heating temperature model 

controlled by the electronic current that flows through the filament [80]: 

 

𝑇 =  𝑉𝑒𝑙𝐼𝑒𝑙𝑅𝑡ℎ + 𝑇0     2.5 

 

𝑇 = 𝑅𝐼2𝑅𝑡ℎ +  𝑇0    2.6 

Physical models based on generalized hopping do not consider temperature variations 

while modeling the current. However, many Schottky-based models approximate room 

temperature for current conduction (300K) [20], [45], [86]. 

2.7 Crossbar array formation of RRAM devices, sneak path current, and 

technologies to mitigate sneak path current  

A Cross bar array is an array of horizontal word lines and vertical bit line trails where 

the bidirectional memory element sits between their cross points [27]–[29]. To use the RRAM 

devices in-memory applications, the devices should be configured in 2D or 3D arrays, though 

the major challenge encounter with RRAM device in array formation is the sneak path current 

originating from the low resistance path offered by the unselected cells in the crossbar array, 

which is demonstrated in the previous chapter.  

To circumvent the problem of sneak path current, various techniques are employed, 

such as writing/reading schemes, variations with nano crossbar architecture, and associating 

the memory device with switches; where the main idea of the approach is to associate selector 

switches/devices such as diodes [90], transistors [76], [91], volatile bi-layer devices and 

multilayer selector devices with RRAM device. The following section demonstrates each of 

the implementation techniques. 

2.1.6. Multistage reading/writing schemes adopted to reduce sneak path current 

The adverse effects of sneak path current in nano crossbar array are the 

degradation/misread of the data available in the selected memory device and affecting the data 

stored in unselected cells, thereby affecting data integrity. At the initial stage, various single 

write/read schemes are defined to reduce sneak path currents. Recently, multiple-read/write are 

proposed, which uses analog to digital converter (ADC) and comparators in the design  [92], 

[93] In another approach, the adaptive threshold read-out technique is used to reduce the 

sneaking current by using predefined dummy cells in the array to assist in reading the data [94]. 
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Yet another method to minimize sneak current crossbar array is the implementation of a data-

encoding circuit that guarantees that at least half of the memory cells in the CBA should be in 

a high-resistance state [95]. 

2.1.7. Architectural variations of the crossbar array 

The scheme proposed to reduce sneak path current in [96] is the modification in nano 

cross bar array configuration, where instead of the crossed row and columns, isolated rows and 

connected columns are proposed (Fig. 2.10(a)) along with that the modified read scheme to 

reduce the power dissipation [97] is used. In this scheme, the data write performed across all 

memristors sharing the same column (bit line) while the read is performed in individual cells, 

thus avoiding the need for Vdd/2 bias.     

(a)                                                        (b) 

  

Fig.  2.10 The scheme of isolated rows and connected columns (b) Demonstration of reading process 

unaffecting the unselected cell [96] 

The equivalent circuit demonstrating the read is shown in Fig. 2.10(b) where R11 is the 

selected cell and R21 is the unselected cell sharing the bit line with R11. In this case, the current 

iwL1 passes through the selected cell, and then it divides into two branches where one branch 

consists of R21 however, the magnitude of current flow through R21 is infinitesimally small 

to change the state of R21 thus reducing the effect of sneak path current. The scheme is 

particularly designed to use in look-up tables (LUT) of FPGA where multiple reads occur. 

Similarly, to attain the least sneak path current with the best noise margin (NM), another 

architecture is proposed in [98] with unfolded crossbar architecture where instead of providing 

separate rows, separate columns are provided to individual memristor through CMOS based 

multiplexer circuit. The unfolded cross bar array architecture is shown in Fig. 2.11. 
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Nevertheless, the proposed scheme is not a good idea due to the necessity of multiple trails at 

column. 

 

Fig.  2.11 unfolded crossbar array architecture to reduce sneak path current [98]. 

2.1.8. Associating a diode with a memory unit (1D1R) 

Diodes are semiconductor devices, mostly unidirectional. These devices can be used as 

switches to prevent sneak path current by associating each memory unit in a crossbar array. 

Different diodes are used to obtain the 1D1R structure, such as PN diode, Schottky diode, Zener 

diode, etc. 

For instance, to reduce sneak current, Ni/AlOy/n+-Si diode cell is connected to bipolar 

RRAM with TiN/HfOx/Ni stack and 1D1R characteristics are obtained with a self-compliance 

current of 10 µA [99]. The bipolar resistive switching curve of RRAM is shown in Fig. 2.12(a), 

diode characteristics are depicted in Fig. 2.12(b) and the combined characteristics are displayed 

in Fig. 2.12(c). 

Fig.  2.12(a) Bipolar resistive switching behavior of TiN/HfOx/Ni RRAM device (b) Diode 

characteristics of Ni/AlOy/n+-Si (c) Integrated 1D1R characteristics [99] 

(a)                                                     (b)                                                                    (c) 
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In the combined characteristics, the non-linearity is found to be >200 while the 

Roff/Ron ratio got reduced compared to the RRAM device. Similarly, the 1D1R 

implementation based on the W/TiOx/Ni Schottky diode and Cu/HfO2/Pt RRAM demonstrated 

the self-compliance feature achieved due to the reverse current attained during the SET 

switching [100]. However, the non-linearity of the 1D1R architecture remains the same as that 

of the 1R, also the SET switching occurs at a low voltage made it insignificant to use in a 

crossbar array. The corresponding diode and RRAM characteristics are represented in Fig. 

2.13(a) with red and blue lines respectively. Fig. 2.13(b) portrays the result of current offered 

by the integrated architecture.     

Fig.  2.13 (a) I-V characteristics of 1diode and one RRAM b) multiple cycles of I-V characteristics 

obtained with 1D1R [100] 

The sneak path current measured from a 2x2 cross bar array of Pt/ZnO/Pt device 

exhibiting BRS characteristics is reported in Fig. 2.14(a), where the sneak path current reaches 

an amplitude of approximately 5 mA at an input voltage of 1.5 V. Therefore, two designs are 

employed to reduce sneak current where in the first design NiO/ZnO pn junction diode is 

associated with RRAM while in the second design, WO3/ZnO based tunnel diode relates to 

RRAM. The resulting characteristics of the combined 1D1R with NiO/ZnO and WO3/ZnO are 

presented in Fig. 2.14(b) and Fig. 2.14(c), respectively. After associating the device with 

diodes, the sneak current is eliminated to a certain extent. This experiment proves that the 

association of tunnel barrier diode is promising compared to PN junction diode as it retains the 

SET switching characteristics and shows a low potential subthreshold slope [101]. The 

approach of using the tunnel barrier-based diode provides low voltage operation of cross-bar 

array memory devices which is an added advantage [102]. Yet another architecture 

demonstrating a reverse biased diode with RRAM in crossbar array limits the sneak current 

presented in [103].  

(a)                                                     (b) 
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Fig.  2.14 The sneak path current measured from2x2 cross bar array (b)1D1R structure with ZnO/NiO 

diode(c)1D1R with ZnO/WO3 tunnel diode [102] 

Zener diodes are also can be used in association with RRAM to reduce the sneak path 

currents [104]. Connecting Zener diode and a Cu/HfO2/Pt RRAM in series as shown in Fig. 

2.15(a) results in the BRS characteristics with rectifying behavior as given in Fig. 2.15(b).  

 

 

 

 

Fig.  2.15 (a) Schematic of Zener and CBRAM memory (b)Resulting curve showing the result of 

combination(c) Zener characteristics [104] 

Zener diode can be a conventional diode at forward bias with a high current density that 

is achieved beyond a threshold voltage. Meantime, the reverse current holds at low value until 

it reaches its Zener breakdown region, and beyond that, it conducts and can enable the RRAM 

to drive in to SET/RESET switching process. In the Zener- Cu/HfO2/Pt combination, it is 

noticed that the Zener breakdown occurs at a large voltage (2.5V). The readout margin is also 

sufficiently improved compared to the results obtained without the selection device. Hence, it 

can be useful in a write-once-read-many-times (WORM) crossbar array.  

The major advantage noted with 1D1R architecture is the reflection of the rectification 

feature of the diode in the I-V characteristics of integrated design which possibly eliminates 

(c) 
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the sneak current. Also, when connecting Ox-RRAM devices with low SET switching voltage 

to the diode can add the self-current compliance feature to the 1D1R, determined by the large 

reverse bias current of the diode [100].  

Several drawbacks are noted down while delving into the diode-based design, they are; 

diodes with low reverse current cannot ensure BRS switching in 1D1R architecture, also the 

leakage current cannot be eliminated significantly in 1D1R as the devices can show some 

magnitudes of current flow at very low voltage ranges, which may cause the sneak path to 

emerge. Next, the maximum achievable crossbar memory capacity is limited by the reverse 

saturation current of the diode [105]. Similarly, the low reverse saturation current of the diode 

is the limiting factor for read failure in multi-level-cell (MLC) operation [105]. Among others, 

Zener diodes are not found to be a better candidate to act as a selector as its high Zener 

breakdown voltage causes the 1D1R to extend its reverse bias voltage to a higher value.  

The implication from the study is that the selected diode should have a high forward 

current density and reasonably large reverse current density to ensure that proper switching can 

happen with 1D1R. As the forward current should be high enough to switch the memristor, a 

higher forward current density allows a smaller cell area of the diode and a higher integration 

density. Also, the properties such as endurance, low-temperature fabrication process, and 

compatibility with CMOS technology are considered when approaching their commercial 

application [106]. A table listing most of the 1D1R structures prevailing under this research 

field is shown in Table 2.1. In the given table, the ratio refers to the rectification ratio, which 

means the ratio of HRS current measured at forward bias as well as reverse bias. From the 

table, it is inferred that the most suitable diode to combine with RRAM is Schottky or PN type. 

Some Schottky diodes are bipolar, which is more suitable for achieving resistive switching and 

offers a rectification ratio of ~103. Moreover, it is noticed that the 1D1R devices can provide 

current density in the range of 102 to 106 A c.m-2. Also, the average retention of the 1D1R 

device is found to be 104. 

Table 2.1 1D1R architectures available in the literature [106]

 



Crossbar array formation of RRAM devices, sneak path current, and technologies to 

mitigate sneak path current 

32 

 

2.1.9. Associating a transistor with a memory unit (1T1R) 

Transistor-memristor combination is another solution to tackle the sneak current in the 

cross-bar array. In a 1T1R CBA, current flows only through the desired path and restricts 

through all other paths by keeping all transistors in the unselected rows remain in OFF-state. 

A typical 1T1R crossbar array is shown in Fig. 2.16 where the first row represents the selected 

cell in the array in which the transistor remains in ON-state. In contrast, the remaining rows 

are turned to OFF-state to unselect by keeping the transistor in the OFF position.  

 

Fig.  2.16 Crossbar array formed of one transistor-one memristor (1T1R) structure [106] 

Connecting/etching a ZnO-based thin-film transistor (TFT) in series with TiO2-based 

resistive switching (RS) device resulted in 1T1R architecture.  

 

Fig.  2.17(a) Characteristics of Vgs (b) Current on response to Vds (c) Characteristics of resistive 

switching device [107] (d) 1T-1R characteristics [107] 

 

(d) 
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Fig.  2.18(a) Transistor -Resistor layout (b) I-V Characteristics of 1T1R  [108] 

The characteristics of 1T on response to the gate to source voltage (Vgs), drain to source 

voltage(Vds), and 1R are shown in Fig. 2.17(a), (b), and (c), respectively [107], where TFT 

conducts in both directions and controls the current through the memristor. The analysis found  

that at low Vgs, the device shows asymmetry in its characteristics, but at high Vgs the 

rectification factor reduces. Fig. 2.17(d) shows the integrated device characteristics which is 

obtained by providing Vgs=10 V and Vts sweep from -4 V to 4V. However, the device 

characteristics is not promising one due to low Roff/ Ron window.  

In addition to binary states, 1T1R can offer multilevel memory states which is useful 

for application like digital comparators. In [108], multilevel is exhibited by TE/HfOx/BE  

RRAM incorporated with NMOS transistor with 40 nm CMOS process. The layout of the 

device is shown in Fig. 2.18(a) and the combined characteristics illustrating the multiple states 

are shown in Fig. 2.18(b).  

Another 1T1R realization where an NMOS transistor fabricated with 40 nm process is 

incorporated with RRAM [109] with the gate voltage VG applied during the complete 

operation is 1.7 V. The I-V curves of the transistor on response to different gate voltage is 

shown in Fig. 2.19(a). The gate voltage is fixed at 1.7 V based on the RRAM device's current 

values. The SET process in 1T1R is obtained in response to positive voltage (0 to 1 V) applied 

on the top electrode of RRAM, and RESET is obtained by grounding the top electrode of 

RRAM, further sweeping the input applied to source from 0 to 1.5 V.  
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Fig.  2.19 (a) IV curves of NMOS transistor made with 40 nm process (b) Combined characteristics 

[109] 

The implementation of 1T1R architecture with PNP transistor with vertical layout is 

present in [110]. The RRAM device is formed within the same substrate sharing the common 

bottom electrode as given in Fig. 2.20(a). The obtained NiO-GZO-NiO (PNP)transistor 

characteristics with conductivity in both positive and negative directions mimic the selector 

switch as shown in Fig. 2.20(b). Similarly, the RRAM switching characteristics of 

TiN/Al2O3/TiN RRAM is demonstrated in Fig. 2.20(c). However, the switching characteristics 

of the combined structure have shown to be a selector kind, with SET switching at -2 V and 

RESET switching at -2.5 V as shown in Fig. 2.20(d). Even if the memory window is small, it 

is claimed that the device has shown better  

Fig.  2.20(a) Schematic of one transistor (pnp vertical structure) and RRAM device sharing common 

electrode TiN (b) Transistor I-V characteristics c)RRAM characteristics obtained with multiple cycles 

d) Combined characteristics obtained from the 1T1R architecture [110] 

(a) (b) 

(c) 

(d) 
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endurance and retention behavior. Moreover, the non-linearity offered by the 1T1R structure 

is reported to be in the order of 2, though which is not favorable for the crossbar array. 

Nonetheless, the transistor is reported to be a PNP; the structure is comparable with the crested 

barrier sector device.  

The major disadvantage with a transistor in 1T1R design is the implementation of 

circuits spanning large areas. Hence, they are not suggested to use in large neuromorphic 

circuits or high-density memories. In particular, the performance of thin-film transistors is less 

compared to silicon transistors though their high forward current density has added advantage 

in the combined circuit. Also, in many 1T1R devices, the nonlinearity is not up to the mark. 

Nevertheless, the unipolar behavior of diodes and scaling concerns of transistor 

switches impede their use in CBA. To overcome these shortcomings of the available selector 

switches, several non-linear selectors have been realized [111], [112], which are fabricated 

either as single-layer or multi-layer material stacks with advanced engineered designs [101], 

[113] while the recent studies show that the selector device with tri-layer structure provides 

more stable selector characteristics [112] with significant nonlinearity. Similarly, various CRS 

devices are also available where the most common configuration is the anti-serially connected 

RRAMs. The following section discusses different methods adopted to reduce sneak path 

current. 

2.1.10. Associating a selector device with a memory unit (1S1R) 

The recent progress in the emerging non-volatile technology is the implementation of 

selector devices in co-operation with the RRAM or CBRAM devices to alleviate the sneak path 

current. Selectors are volatile devices, work with the electron population, and do not show any 

kind of switching characteristics. The desired characteristics expected from a good selector are 

high non-linearity in I-V characteristics, low OFF-current, high selectivity, high current 

density, and voltage compatibility with the associated memory device. In 1Selector-1Resistor 

(1S1R) crossbar array, highly nonlinear selector connects in series with RRAM memory at 

each cross point as shown in Fig. 2.21, where the selector act as a switch to control the current 

flowing through the memristors while reading and writing, thereby the selector enables to select 

required memory unit among other unselected cells. At low voltage levels, the selector provides 

a high impedance to act as an open switch, and at high input voltages, due to inherent high 

conductivity, the selector acts as a closed switch or fully conducting device, thus controlling 

the selection of memory cells whilst blocking the sneak path current [114], [23], [115]. Based 
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on the type of applications two variants of selectors are present; selectors with analog I-V 

characteristics or digital I-V characteristics, where the first category finds applications in 

selector- RRAM neuromorphic computing platforms whereas, the second can be used in digital 

applications with discrete resistance levels in which the abrupt transition of resistance occurs 

at a specific threshold voltage. Ta2O5/TaOx /TiO2 [116] tri-layer stack, TiN1+x/Ta2O5/ TiN1+x 

[117] are examples of analog selectors while field-assisted superliner threshold selector is an 

example for selector with digital characteristics [118].  

 

Fig.  2.21 Crossbar structure with selector -RRAM device [119] 

In 1S1R approach, various factors are to be considered before connecting the selector 

with RRAM such as compatibility of electrodes, i.e., the top electrode of RRAM and bottom 

electrode of the selector should be compatible. Then, the operating voltage and current of both 

devices should be in a comparable range. There are several 1S1R combinations available with 

VCM memories and CBRAM devices. The following sections review some of the selector 

devices and their combined characteristics with memory.  

Various fabrication strategies are adopted in selector design to attain the desired 

characteristics such as the crusted barrier formation or tunneling barrier formation, with oxides 

of nano meter thickness. The concept of crusted oxide barrier has been utilized in the high-

performance TaOx/TiO2/TaOx based sector device, that satisfies all the desired features of 

selector such as high non-linearity, endurance, Roff/Ron ratio, current density (1.6*107 A/c.m), 

also the voltage compatibility with RRAM devices [120]. To demonstrate sneak path current 

reduction, the selector device has been fabricated in Pt/Cu doped HfO2/Pt RRAM stack and 

been tested in cross bar array. Until a bias potential of -0.9 V to 0.7 V, the selector device 

shows high impedance to current, and beyond that, the selector shows increased conduction. 

At the same time, the RRAM starts to SET or RESET according to the polarity. In that work, 

it is reported that the sneak path current is suppressed by more than 4 orders of magnitude 

compared to RRAM. The corresponding selector characteristics and integrated selector-RRAM 
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characteristics are given in Fig. 2.22 (a) and (b) respectively [121] where Fig. 2. 22(a) shows 

asymmetric selector characteristics with non-linearity factor 104 and Fig. 2. 22 (b) shows the 

integrated characteristics showing the memory window with very low leakage current at low 

voltages (37 nA). 

 

Fig.  2.22 (a) Typical I-V characteristics of TaOx/TiO2/TaOx selector (b) Characteristics of selector 

with Pt/Cu-HfO2/Pt device [80] 

Another implementation based on the vertical stacking of 1S1R with Ta2O5/TaOx/TiO2 

selector device and Cu/TiO2/Pt conductive bridge RRAM has been reported in [122], in which 

the integrated device reproduced robust bipolar switching behavior with abrupt transition 

between states, and the effect of the selector in the 1S1R circuit is the suppression of leakage 

current by a factor of 103. It has been reported that the presence of parasitic resistance affects 

device characteristics.  

 

Fig.  2.23 Selector characteristics for (a) Ta2O5/TaOx/TiO2 device and (b) integrated device 

characteristics [122] 
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In the combined circuit, the sensing margin is improved compared to the CBRAM 

device. Moreover, stable endurance is observed for the integrated devices while maintaining 

the on/off ratio (>10). The selector I-V curve and the combined characteristics of the device 

and selector are shown in Fig. 2.23(a) and Fig. 2.23(b), respectively.   

A high-performance Ni/TiO2/Ni bipolar selector with Ni/HfO2/Pt memory element is 

integrated and its characteristics are reported in [123], where the device structure of 

Ni/TiO2/Ni/HfO2/Pt with a crossbar array of dimension 8×8 is fabricated to demonstrate the 

reduction in sneaking current and reported that its VSET / VRESET is below ±4 V and, IRESET is 

less than 150 μA. Another example for the 1S1R with an analog selector is the integration of 

TiN1+x/Ta2O5/TiN1+x material stack with Ta/TaOx/Pt RRAM to achieve high non-linearity, high 

endurance, low variability, and low dependence on temperature [124]. 

There are several 1S1R devices formed by the connecting selector and ox-

RRAM/CBRAM externally (means not etched in the same substrate). In [125], Ru/TaOx/W 

selector is externally connected with Cu/HfO2/Pt RRAM to form the 1S1R circuit. The selector 

is created by tuning defects and having a trapezoidal band structure that exhibits certain 

features such as selectivity (5×104), low off-state current (~10 pA), robust endurance (>1010), 

high current density (1MA/cm2). Besides, the combined circuit shows self-compliance and 

excellent uniformity. When connecting 1S and 1R serially, the circuit shows a set voltage under 

4 V, and the reset voltage under -5 V suggested to use in practical applications. The selector 

and the externally connected device's characteristics are shown in Fig 2.24(a) and (b), 

respectively.  

 

Fig.  2.24 a) Selector characteristics b) Integrated characteristics [125] 

Another selector -RRAM combination connected externally to obtain the 

combined characteristics can be seen in [124], where TaN1+x /Ta2O5/TaN1+x stack is 
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used as the selector device I-V curve is given in Fig. 2.25(a). In the experiment, single 

layer Ta/ TaN 1+x/Pt is used as RRAM device. And the resulting characteristics plotted 

in Fig. 2.25 (b) shows the memory window though it is not very significant.   

 

Fig.  2.25 (a) Selector characteristics (b) combined characteristics with RRAM [124] 

A field-assisted superliner selector exhibiting digital characteristics (Fig. 

2.26(a)) has been introduced in [126] claims the highest selectivity for the selector 

device as > 1010, with the threshold can be modulated with controlling the insulator 

thickness. Moreover, this device provides a faster switching transition between ON and 

OFF, as shown in Fig.  2.26(b). 

From the analysis of selectors and integrations with various RRAMs, it can be 

concluded that the tri-layer/ or multilayer structures of the tunnel or crusted barriers 

offer better selector functionality with significant non-linearity. 

 

 

Fig.  2.26 (a) FAST selector characteristics (b) integrated characteristics of selector and RRAM [126] 
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In addition, the resistance of the device increases with an increase in the thickness of 

the layers in the multilayer structure, and the bidirectional functionality of these selector 

devices provides better performance to attain the memory feature. Experimental evidence 

shows that both externally connected selector with RRAM and those fabricated in single 

substrate offers high non-linearity. Furthermore, it is observed that the minimum SET and 

RESET voltage required to program the combined circuits is |>3V|.  Also, the readout margin 

is significantly decreased as the array size increases [127]. Various 1S1R device stacks are 

listed out in Table 2.2 where various design with a current density variation of 10-1 to 108 is 

available. Also, 1S1R provides better nonlinearity, which has a span of 102 to 1010 available 

with different designs. Another metric to evaluate the combined device efficiency is endurance. 

Interestingly, all device combinations offer an endurance of >104, showing that the selector is 

a better switching device to eradicate the sneak path current problem.  

Table 2.2 1S1R devices and its related parameters [106] 

 

2.1.11. Array formation with Complementary resistive switching devices 

An alternative approach to mitigate sneak path current in crossbar array is the 

implementation of complementary resistive switches (CRS). In addition, to sneak current 

mitigation, large power consumption problems of the RRAM devices can be bypassed by using 

complementary resistive switching (CRS) [128] devices. The CRS device implementation is 

generally done by connecting two similar RRAM devices in a back-to-back configuration with 

a shared electrode, as depicted in Fig. 2.27(a). Realization of anti-serial bipolar memristive 

elements is to address sneak current is first proposed in [129], where the memristive element 

used was Pt/SiO2/GeSe/Cu, and the CRS characteristics result in a superimposed I–V 
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characteristics of RRAM elements (Fig. 2.27 (b)). In this case, the CRS circuit acts as a voltage 

divider so that at any time, any one of the RRAM in the LRS state and others would be in the 

HRS state, providing high resistance. 

 

Fig.  2.27 (a) CRS cell made of Pt/SiO2/GeSe/Cu RRAM device with anti-serial connection [129] (b) 

CRS characteristics obtained from (a) (c) CRS device made of TiN/HfO2/Hf/HfO2/TiN structure [130]  

d) I-V characteristics of the device given in (c)  

The state of the cell is determined by the state of both RRAMs connected in CRS. 

Generally, CRS devices offer three distinct states: HRS‘ 0’, HRS’1’ and ON-state, in which 

the data can be stored in either HRS ’1’ or ’0’ state. This device performs the write ‘0’/ write’1’ 

with 5 V pulse and −7 V pulses, respectively. Similarly, another anti-serial configuration of 

RRAM device with TiN/HfO2/Hf/HfO2/TiN structure [130] exhibits CRS characteristics as 

given in Fig. 2.27(c) and (d). Yet another example for such anti serial formation of CRS cell is 

with Pt/Ta2O5/Ta/Ta2O5/Pt device presented in [131].  

From the above devices, it is interpreted that the sneak path current is suppressed at a 

low voltage regime by the serial resistance of RRAM devices. Nevertheless, the shared 

electrode at the middle of active layers increases the process complexity in 3D architecture, 

and the degradation probability of the common electrode is also high [132]. Moreover, the 

presence of an electrode at the middle of active layers form additional interfaces and may 



Crossbar array formation of RRAM devices, sneak path current, and technologies to 

mitigate sneak path current 

42 

 

introduce ambiguities in device operation. Therefore, several single layers and bilayer RRAM 

devices are engineered to obtain the CRS functionality.   

Several CRS devices developed from a single sandwich structure; for example, 

Pt/Cu2O/FTO is a device that exhibits a high resistance ratio and good retention characteristics, 

in this case, the CRS is obtained without the forming process. Likewise, the TiN/HfO2/Pt 

device also displayed CRS behavior, which can be explained due to the change in the 

conduction filament properties such as shape and size due to redistribution of oxygen vacancies 

[133]. Similarly, several bilayer devices also exhibit CRS characteristics. For instance, 

TiOx/Al2O3 device initially shows resistive switching behavior, while after multiple cycles, the 

device has undergone RESET failure and thereby transit to a CRS behavior as shown in Fig. 

2.28. However, the read window associated with the device seems to be very small <1 V [134].  

 

Fig.  2.28 CRS behavior shown by HfO2/Al2O3/TiOx device[128] 

Al/Ni/NiAlOx/Al2O3−x/ITO is another bilayer structure capable of producing the CRS 

behavior achieved with the redistribution of oxygen vacancies in NiAlOx/Al2O3−x layers [135]. 

Recently, a tri-layer device is also reported to be used as the CRS device made of  

HfO2/TiOx/Al2O3 layers [136], where the CRS switching originated in TiOx layer, and Al2O3 

is acting as a tunneling layer due to its small thickness around 2 nm.  
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Table 2.3 Comparison across various solutions to mitigate sneak path current 

Parameters 1D1R 1T1R 1S1R CRS 

Conduction 

phenomenon  

of switch 

Unidirectional 

tunneling 

Zener 

tunneling/electronic 

conduction 

 Bidirectional 

Tunneling 
No switch 

Disadvantages 

Low nonlinearity 

Unipolar, Low 

reverse bias 

current may lead 

to loss of 

switching 

character at 

negative polarity 

Low nonlinearity 

Large area, scaling 

problem, complex 

fabrication process 

Non-compatible selector 

and RRAM leads to 

unexpected results; 

electrode materials of 1S 

and 1R should be the 

same 

Destructive 

read, Shared 

electrode in 

back-to-back 

RRAM leads to 

poor design 

Advantages 

and 

Applications 

Application where 

self-rectification 

required, 

write-once-read-

many memories 

Neuromorphic 

Network, Boolean 

logic [109] 

NOR flash-like and 

embedded nonvolatile 

memory applications 

[136] 

Neuromorphic 

computing, Boolean 

logic implementation, 

high-density flexible 

memory arrays [123], 

combinational circuits 

such as adders [137] 

Neuromorphic 

High density,  

logics , Moore 

and mealy logic 

implementation

,Flexible 

RRAM devices 

[135] 

Variations in 

design 

Zener diode[104] 

PN junction 

diode[102] 

Tunnel diode[102] 

Schottky 

diode[100] 

TFT [107] 

PNP [110] 

MOSFET [108][109] 

Tunnel [122]/ 

Crested barrier based 

[80] 

Analog 

[122]s,[123]/Digital 

[126] 

Back to back 

connected 

RRAM [130] 

Single layer 

[133] 

bilayer [134] 

 

2.1.12. Self-rectifying single memory devices 

Use of RRAM devices with self-limited, self-rectifying characteristics are recent trend 

in the field to eliminate sneak path current. Most of the self-rectifying memristors are made of 

single stack structure with low reverse current, and their I-V characteristics emulate the 
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characteristics of a 1D1R structure. The self-rectifying feature of such devices arises from its 

asymmetric structure/barrier due to Schottky contact or asymmetric potential in the device 

[106].  

While comparing various aspects of 1D1R, 1T1R, 1S1R, and CRS devices as in Table 

2.3, it can be understood that 1S1R and CRS designs outweigh the other two in many ways, 

such as the implementation of high-density applications, low sneak path current, and high 

nonlinearity.  

Even though many devices with 1S1R and CRS behavior are reported, researchers are 

experimenting with different materials to attain better features. Therefore, the fabrication and 

modeling of integrated 1S1R devices and CRS are of prime importance. Moreover, additional 

studies are required to understand the scope of self-rectifying devices to contribute to the field. 

2.8 Research Gaps in the Field of RRAM technology  

While performing the literature review of RRAM models and devices, a few research gaps 

are identified in the field, which are given as follows. 

1. In order to eliminate the unwanted leakage current (sneak path current) present in a crossbar 

array, 1S1R is found to be a better solution, though, to understand the performance of 

selector in 1S1R circuit, a comprehensive analytical model of selector based on the physical 

concept is required. Moreover, to study the behaviors of the selector with other electronic 

components, it is essential to have a circuit model of the selector device. Therefore, 

proposing an analytical and electrical model of selector device/ complementary resistive 

switching (CRS) device can helps further progress of RRAM technology.  

2. Further, it has been observed that an analytical or electrical model of 1selector with Ox-

RRAM (integrated models) is also missing in the literature, which is a highly needed circuit 

to understand the working of 1S1R in a crossbar array. 

3. As mentioned in the previous section, CRS devices are developed based on back-to-back 

configuration of RRAMs, but it is evident that the middle metal electrode sandwiching 

between the active layers is instead a poor design, and it may lead to the formation of 

multiple interfaces, which may also make the device operation uncertain and increases the 

complexity of process flow. Therefore, a more sophisticated design without an intermediate 

metal layer would be a better solution.  
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4. The devices with multilevel characteristics and high nonlinearity have the potential to 

reduce sneak path current whilst offering high-density memory design; hence such a device 

implementation can be helpful in progressing the memory technology.  

5. Recent studies are focusing on simple RRAM devices that can contribute to the sneak 

current problem while still in its infant stage. Hence developing such RRAM devices would 

open up another broad area for research.   

6. The I-V characteristics of several RRAM devices (Pt/Ta2O5/TaOx/Pt in particular) exhibit 

current conduction while extending the input voltage beyond its RESET voltage. However, 

the exact reason behind this phenomenon has not been explained or proved with the 

analytical or electrical modeling approach. Besides, the prevailing models are developed 

by modeling the current transport through the conduction filament, ignoring the 

contribution of the large area present outside of the nanoscale conduction filament (OCF), 

which gives an opportunity to study the influence of the current conduction through OCF 

on the current present in the device after the RESET voltage. 

7. Similarly, the study of Pt/Ta2O5/TaOx/Pt RRAM device lacks its variability analysis and is 

unable to explain the effect of oxide charges present at the interface, significance of radius 

of the filament formed during each cycle on switching characteristics. Therefore, several 

possible aspects leading to the variations in current is an interesting area to contribute.   
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Chapter 3  

Research Methodology 

 

 

 

Chapter summary 

The chapter discusses the methodology adopted in the presented research comprising 

analytical modeling, electrical modeling, and RRAM device fabrication. The analytical 

modeling strategy is adopted to develop the RRAM, Selector, and 1S1R cell models, whereas 

electrical modeling methodology is adopted to create selector, RRAM,1S1R, CRS, and the 

crossbar arrays. Besides, the fabrication and electrical/structural characterization methods are 

also included. Moreover, the instruments involved in RRAM, CRS cell fabrication are precise 

atomic layer deposition (ALD), thermal evaporation and FESEM analysis, etc. In addition, 

each section explored standard tools and analyzers used for developing the models such as 

LTSPICE, MATLAB, CADENCE, etc. 
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The research methodology discusses in this chapter involves the systematic procedures 

followed to find the solution to the research problem stated in chapter 1. The methodology is 

classified based on the developmental stages and tools involved in the analytical and electrical 

modeling and the fabrication methods and tools utilized to realize RRAM devices.    

2.9 Methodology to develop analytical models of selector and RRAM 

devices 

A flow chart demonstrating the methodology to develop analytical models is shown in 

Fig. 3.1. It explains the steps followed while developing the analytical models of a selector, 

RRAM, and 1S1R combination.   

Initially, the analytical model of the selector device was developed in MATLAB tool 

built on the physical concepts of tunneling of electrons across the multilayer selector device 

structure with the help of energy band diagrams. After that, the model parameters are selected 

based on the type of materials used in the device structure. These parameters include electric 

field, dielectric constants, the thickness of oxide, electron mass, etc. Then the model has been 

plotted using graphing software. Meanwhile, the experimental characteristics of the real device 

presented in [121] is calibrated with standard tools. In the next step, the model has been 

validated against the experimental data to find if there is any discrepancy, then the parameter 

values are to be revised to ensure the precision of the model. Finally, the optimized model is 

generated.  

Next, the same procedures are followed for developing the analytical model of RRAM, 

where an additional current component ‘trap assisted tunneling conduction’ is included in 

addition to conduction filament limited Schottky barrier modulation and the tunneling, which 

influences the current conduct through the device after its RESET voltage. The additional 

parameters included in the model are the electric field external to the CF, diffusion of vacancies 

across the CF boundary, number of oxygen vacancy traps, effective barrier across the Schottky 

junction, the concentration gradient of oxygen vacancies, etc. Then, as illustrated in the flow 

chart, the validation of the current value is done against those data calibrated from the 

experimental [32] values, and the final model is generated.  

Further, the 1S1R is developed by following the same methodology as discussed above, 

where the parameters accessed in the design are the electric fields across RRAM and selector, 

minimum of the current flow through device etc. From the combined characteristics, the 

model’s non-linearity, the magnitude of OFF-current, and memory window are evaluated to 
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verify the potential of 1S1R model to reduce the sneak path current. Moreover, to use in 

crossbar array, the read/write voltage biases to be applied on both selected and unselected 

bit/word lines are also predicted.  But the design lacks the validation step as there is no 

experimental results available for the proposed RRAM-selector combination.  

3.1.1. Flow chart 

 

 

Fig.  3.1 Methodology adopted to model aanalytical model of the selector, RRAM and 1S1R devices 
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3.1.2. Tools utilized to develop analytical model 

1. MATLAB R2020a is the tool used for developing the analytical model of the selector, 

1S1R and the model of Pt/Ta2O5/TaOx/Pt.  

2. Band energy program software is used to analyze the band energy diagram in 

multilayer devices. 

3. Calibration tools and graph analyzers utilized in the analytical modeling are Digitize 

it, Origin Lab and Graphpad Prism 

2.10 Methodology to develop electrical models of selector, RRAM, 1S1R 

and CRS devices 

To study the response of 1S1R devices in circuit simulations, an electrical model of 

selector device is developed using LTSPICE simulation environment and the resulting 

characteristics have been validated with the experimental I-V characteristics of the selector 

device given in [121]. The dynamic parameters derived using the model library are electric 

field, effective barrier of tunneling and the static parameters such as switching layer thickness, 

dielectric constant, effective mass of an electron etc. These parameters are selected based on 

the material property of the dielectric layers, which govern the magnitude of current provided 

by the current source. The range of input voltages required to operate the device and the 

parameters required for the quantitative and reliability analysis of the model such as on-current 

density, Roff/Ron ratio, magnitude of off-current as well as the memory window are also 

extracted from the model. 

In order to demonstrate the methodology followed to develop electrical models, a flow 

chart is drawn which is shown in Fig. 3.2 in which the first step is to define the device 

specifications, then develop the model design using the model library. On subsequent step, 

select the parameters and assign values. At the same time collect the measured data of selector 

as well as RRAM, subsequently validate it with the model. At this point, if data does not match 

with model, refine the parameter values and fitting parameters, and simulate again. On the other 

hand, if data matches with model, generate the subcircuit and which can be included in the 

library as a third-party model to use as an instance/ component for further use. However, the 

1S1R model subcircuit can be established at this step as no experimental data is prevailing to 

validate.    
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3.1.3. Flowchart 
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Fig.  3.2 Methodology adopted to model Electrical/ circuit model of the selector RRAM devices 

The additional voltage/ current sources are included in the existing Pt/Ta2O5/TaOx/Pt 

RRAM model to implement the current through OCF. In the final step, the model data and 

calibrated data are validated. Finally, the accurate sub-circuit is developed.  

The proposed RRAM model is integrated with the proposed electrical model of selector 

to form 1S1R circuit. The subsequent I-V characteristics of the model are extracted to analyse 

the acquired features of the combined circuit conducive to the sneak current reduction. The 

parameters predicted are, the SET voltage, RESET voltage, read voltage, read margin etc.  

 Lastly, different 2x2 CBAs are created by combining the proposed electrical model of 

the selector with HP memristor, Yakopcic model, Stanford-PKU model, and Pt/Ta2O5/TaOx/Pt 

RRAM model in circuit level and read/write voltage and reduction in sneak path current is 
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calculated. In addition, the CRS array of HP memristor has also been modeled using LTSPICE 

tool. The following section explains the tools used to develop the model. 

3.1.4.   Tools utilized to develop the electrical model 

LT SPICE XVII is the tool used for developing the electrical model/circuit model of 

1S, 1S1R, RRAM, CRS. Calibration and graph analyzers: Digitize it, Origin Lab, GraphPad 

Prism. 

2.11 Methodology to fabricate the RRAM device, CRS device, and multilevel 

device 

a) Identify the materials with switching properties and deposition methods to be used to obtain 

the RRAM device and CRS device. 

b) Realize a RRAM device with a single active switching layer and inert electrodes. 

c) Perform data analysis on the results of electrical and structural characterization of the device 

d) Develop a novel CRS device by stacking two active switching layers, thereby eliminate the 

use of middle electrode as in the design of conventional CRS fabrication.  

e) Further, the structural characterization of the device is performed using the ellipsometer and 

FESEM with EDX analysis. 

f) Electrical characterization is conducted to analyze the I-V characteristics of the device and 

various studies have been performed to analyze the device performance on read and write 

operations.  

g) Further, the reliability measures of RRAM devices such as endurance and retention are 

measured using the source measurement Unit (SMU).  

h) Moreover, the device has been optimized by fabricating different devices with varying active 

layer thickness and with another top electrode.  

i) From the calibrated data, the analysis has been conducted with the help of graphing tools. 

Thus, the underlaying conduction mechanism and switching mechanism of the device are 

derived to investigate the device's working.    
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The tools used for the fabrication, characterization, and analysis of devices are given in 

sections 3.3.1 and Fig. 3.3.2 show the methodology followed to develop RRAM and CRS 

devices  

3.1.5. Calibration and data analysis tools 

1. Origin Labs and Graph pad Prism 

2. Microsoft VISIO, Band diagram Program, and FEI Quanta 400F FESEM with EDX 

3.1.6. Flow chart 
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Fig.  3.3 Methodology followed to develop RRAM and CRS devices 
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3.1.7. Approaches/ instruments used for the Fabrication of RRAM/CRS device 

3.1.7.1. Material selection 

Various materials exhibiting resistive switching behavior are identified at the initial 

stage, such as Al2O3, HfO2, ZnO in order to achieve the CRS/1S1R/1D1R structure. Even 

though the modeling is performed on various transition metal oxides such as Ta2O5, HfO2, and, 

TiO2, different metal oxides are opted for the experiment procedure such as Al2O3 and ZnO 

because of the cost/availability of the materials and accessibility of the instrument to 

process/deposit those specific materials. Sample preparation stage. Various active/inactive 

electrode materials such as FTO, Au, and Ag have been selected based on the availability of 

materials, precursors, and deposition method. Most importantly, it is ensured that the device 

stacks developed in the study are novel. 

It is the first stage in the fabrication of the device. Initially, the FTO coated glass 

substrate has been cut and cleaned with acetone in a sonicator. Subsequently, the sample has 

been cleaned with IPA and distilled water. At the final stage, the surface is cleaned with N2 

gas.  

3.1.7.2. Active layer deposition Process 

The active switching layer is deposited using HHV’s high-quality atomic layer 

deposition (ALD) technology. The atomic layer deposition (ALD) system is configured to 

deposition material on a substrate in a controlled manner while maintaining the vacuum 

conditions throughout the process. The vacuum condition is achieved through the vacuum 

pump, which ensure a  low pressure in the chamber. In our experiments, the vacuum level 

achieved is approximately 3X10-1 m bars. Similarly,  the temperature inside the chamber is 

controlled by using a thermocouple associated with the reaction chamber and the computer 

program associated with the heaters. The process chamber is equipped with dual-stage rotary 

pump, and the substrate holder in the chamber is static, which is designed to accommodate a 

maximum of 100 mm diameter wafer. The chemicals used for the deposition are known as 

precursors. To deposit the required material, its precursors (materials) in the gaseous state 

should be loaded through the valve to enter the chamber. The deposition occurs sequentially, 

that means one after another based on the pulses applied. During deposition, the precursor 

along with oxidizer let into the chamber for a specified time to react with the substrate and a 

thin layer deposition takes place due to chemical reactions. After one precursor’s deposition 

(Al2O3), during the next cycle high purity N2/Ar pulses are provided to purge out the unreacted 
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gases and byproducts. On subsequent cycle another precursor valve allows the gas to enter the 

reaction chamber to form another deposition (Eg. ZnO) followed by the influx of N2 gas. 

Further, the thickness of the film deposited in ALD is measured based on the GPC (growth per 

cycle), where the thickness of deposition layers grows incrementally per cycle of deposition, 

where the thickness can be controlled by limiting the number of ALD cycles. Fig. 3.4 shows 

one ALD cycle associated with a specific material deposition. Also, Fig. 3.5(a) shows the ALD 

instrument used in the experiment, Fig. 3.5(b) depicts the software interface to set up the recipe. 

 

Fig.  3.4 One ALD cycle consisting of pulses of precursors with purged gas 

  

Fig.  3.5 (a) ALD system set up (b) ALD software for the setting the program 

3.1.7.3.  Thermal Evaporation system 

A thermal evaporation system is used for evaporating low melting point materials for 

creating multilayer thin-film structures. In this experiment, the instrument used for the thermal 

evaporation is the Fillunger high vacuum thermal coating system, as shown in Fig. 3.6 (a). 

Using the instrument, the top electrodes such as Ag and Au are deposited. The instrument 

consists of a reaction chamber comprising a resistive heating source, wafer holder, opening of 

vacuum pump, a piezo electric crystal oscillator, etc. The resistive heating source is in the form 

of a boat which holds the material to be evaporated/deposited on the substrate. The wafer would 

be placed in the wafer holder, which rotates above the metal boat, and subsequently, the high 

vacuum-based (7x10-5 Torr) evaporation occurs. Further, the thickness measurement is carried 
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out using a piezoelectric crystal oscillator connected with the deposition setup. As the material 

deposits on the crystal surface, its frequency of oscillation changes, and by measuring it, the 

thickness can be measured. 

s  

Fig.  3.6 Thermal evaporation system complete setup  

3.1.7.4. Characterization tools 

Agilent technologies B2912A Precision Source/Measure Unit (SMU) and the probe 

station are used for conducting electrical characterization. The characterization is performed 

after keeping the samples at room temperature and in dark conditions. The probe base is shown 

in Fig. 3.7(a), and the probe station chamber is shown in Fig. 3.7(b) 

        

Fig.  3.7 Characterization tool (a) Probe station base (b) Probe station chamber 

3.1.7.5. Tools used for structural analysis 

a) Ellipsometer: Ellipsometer is used for the thickness optimization of ZnO coating. The 

model used for fitting ZnO coating is Cauchy-Urbach.  
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b) Field Emission Scanning Electron Microscopy with Energy Dispersive X-ray 

Spectroscopy (FESEM with EDX): The surface morphology, cross-sectional analysis, 

and the EDX analysis have been carried out using the FEI Quanta 400F FESEM. 

 

Fig.  3.8 FEI Quanta 400F FESEM device used for the structural analysis of the device surface and 

cross section 

3.1.7.6. Prepared samples 

The substrate used to fabricate the sample is FTO coated glass with 7 Ohm/mm 

resistivity and the FTO (Fluorine doped Tin oxide) conductive material itself is used as the 

bottom electrode.  

 

 

 

 

 

Fig.  3.9 Prepared sample 

All measurements in the experiment are taken with respect to the Au top electrode, and 

the bottom electrode kept at the ground. Several devices are fabricated on each sample, as 

shown in Fig. 3.9, where each dot represents a device. Multiple devices are defined with the 

help of a shadow mask of area ~1mm2 .  
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Chapter 4  

Resistive random-access memory (RRAM): Analytical and 

electrical modeling approach 

 

Chapter Summary 

An analytical, and  electrical model of Pt/Ta2O5/TaOx/Pt RRAM device incorporating 

the phenomenon of increased current conduction beyond the RESET phase, has been modelled 

by introducing a state independent current conduction mechanism known as trap assisted 

tunneling (TAT), where additional current is contributed by the oxygen vacancy traps present 

at outside of the conduction filament (OCF). Also, the variability present in the Ta2O5/TaOx 

device is modelled where the possible reasons of variability are the formation of unstable sub 

filaments, varying radius of the conduction filament, barrier height modulations due to change 

in number of oxygen vacancies at interface as well as at bulk. Further the simulation results 

revealed that multiple resistive levels are due to the formation of multiple filaments, the radius 

of the filament affect RESET voltage, and slight modulations in tunneling barrier causes 

randomness in high resistance state of the device. Meanwhile, the electrical model is developed 

by implementing the dependent current sources representing the bulk transport of electrons 

across the Ta2O5 layer outside of the conduction filament. Moreover, the model takes account 

of the variable number of oxygen vacancy traps at the bulk by incorporating the Fick’s 

diffusion. Further the proposed model has been tested under various standard signals and its 

results are verified.  
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This chapter discusses the Resistive random-access memories (RRAMs) suitable to 

combine with the proposed selector to study the effect of the selector to reduce sneak path 

current in a crossbar. Several RRAM devices are made of transition metal oxides (TMO) such 

as HfO2, Ta2O5, NbO2, and TiO2. Among these TMOs, Tantalum devices with bilayer 

structures show better memory properties. In Tantalum based RRAM devices, 

Pt/Ta2O5/TaOx/Pt [138], is found to be a potential candidate to configure with the proposed 

selector due to its device structure with Pt top electrode enables it to serially connect with 

Pt/Ta2O5/TaOx/TiO2/Pt selector as both can share the same electrode (Pt). Likewise, the voltage 

and current levels of the RRAM is also comparable to the selector device.  

However, in the I-V characteristics of Pt/Ta2O5/TaOx/Pt RRAM device, the current 

flow occurs through the device beyond its RESET voltage, which is not captured in the existing 

models. Hence this chapter includes further studies conducted to obtain the exact device 

characteristics of Pt/ Pt/Ta2O5/TaOx/Pt by considering the current conduction through outside 

of the conduction filament (OCF), responsible for the additional current component present 

beyond the RESET voltage. Moreover, the factors affecting the variability of Pt/Ta2O5/TaOx/Pt 

device is also not yet known, therefore a model proposing the possible reasons behind the 

variability is also developed analytically.  In addition to Pt/Ta2O5/TaOx/Pt device, a few more 

existing RRAM models are also adopted to use in this chapter, such as the Yakopcic model, 

HP model, Stanford model, etc.  

In RRAM devices, the stop voltage is responsible for the device to undergo RESET to 

reach HRS. The applied stop voltage can be greater than or equal to the RESET voltage of a 

device. However, in some devices, on response to a stop voltage, the device RESETs initially 

and on further increase in voltage causes the current to increase so that to reach LRS level. The 

reason for such phenomenon is important because the high stop voltage or noise spikes may 

cause the device to reach at LRS, which affects the device's reliability. Hence the response of 

the device beyond its RESET voltage has a major role in the field. Next section discusses the 

analytical as well as electrical model of the Pt/Ta2O5/TaOx/Pt device incorporating the 

additional current component present beyond the increased RESET voltage followed by the 

proposed variability model.  

2.12 Analytical Modeling of Pt/Ta2O5/TaOx/Pt RRAM device 

The I-V characteristics of Pt/ Ta2O5/TaOx/Pt device and its existing model are given in 

Fig.  4.1, where the device exhibits an abrupt SET switching at a voltage ~ -1.2 V and a gradual 
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RESET switching at a voltage of ~2 V. Besides, it is observed that when the applied voltage 

increases beyond the RESET voltage, an interesting phenomenon of a substantial reduction in 

the resistance of the device is observed [78], [139], [140] resulting in the device current to 

reach approximately close to LRS level as shown in Fig.4.1 [86]. Several models are existing 

to study the device characteristics, though their characteristics do not follow the device 

characteristics beyond its RESET voltage. For instance, the characteristics obtained from an 

existing model is plotted in Fig. 4.1, where it does not follow the experiment data after the 

RESET voltage (~2V). This is mainly important as further increase in the reset voltage 

increases the conduction causing more current to flow. Therefore, in this chapter, an analytical 

model is proposed that incorporates the increase in current beyond the RESET voltage.  

 

Fig.  4.1 Experimental characteristics of RRAM device [32] and its corresponding analytical model 

[31] 

The current conduction through CF and resistive switching concepts of the presented 

model is adopted from [31] , where the electronic current conduction is modelled with Schottky 

emission concept which incorporates tunneling probability to include the effect of tunneling 

through the CF, thus the thermionic emission of electrons and its magnitude is expressed in 

[31] as 

I = 𝐴𝐴∗𝑇2𝑒𝑥𝑝 (
−∅𝐵𝑛𝑜

𝑉𝑇
) 𝑒𝑥𝑝 (

𝑉−𝐼𝑅𝑠𝑒𝑟𝑖𝑒𝑠

𝜂𝑉𝑇
− 1) 𝑒𝑥𝑝(−√𝜉𝑤)   4.1 

The first two exponential terms with pre-exponential factor denote the Schottky 

emission with applied voltage V, barrier potential ∅𝐵𝑛𝑜 and 𝜂 is the deviation from the ideal 

metal-semiconductor junction due to the presence of traps at the depletion region. 𝑅𝑠𝑒𝑟𝑖𝑒𝑠 is the 
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total resistance of the device. The third exponential shows the contribution of tunneling current 

through CF on Schottky emission where 𝜉 is the effective barrier height and 𝑤 is the thickness 

of insulator volume [31] ,𝑉𝑇, is the thermal voltage. The resistive switching mechanism of the 

proposed model is realized with the Mott-Gurney ionic/vacancy hopping mechanism, which is 

adopted from [31]. In that model, the average ionic drift velocity under applied electric field 

(E) across the gap region is given in [31] as : 

                       
𝑑𝑤

𝑑𝑡
= 𝑎. 𝑐. 𝑒𝑥𝑝 (

−𝑈

𝐾𝑇
) 𝑠𝑖𝑛ℎ (

𝑞𝑎𝐸

2𝐾𝑇
)   4.2 

Where, 𝑈 is the intrinsic barrier for ion hopping, 𝑐 is the attempt-to-escape frequency, 

𝑎 is the effective hopping distance, 𝐾 is the Boltzmann constant, 𝐸 is the electric field at CF 

region which is estimated with varying gap length (𝑤) across the top electrode and conduction 

filament (3) which is obtained from [31] as given below: 

𝐸 =
𝑉

𝑤+
𝑅𝑜𝑛

𝑅𝑜𝑓𝑓
(𝐷−𝑤)

     4.3 

Here, 𝐸 is electric field across the CF region, 𝑅𝑜𝑛 and 𝑅𝑜𝑓𝑓are the on-resistance and off 

resistance of the device respectively. 𝐷 is the thickness of the device in nm and 𝑤 is the gap 

length between the top electrode and CF tip. 

In the device characteristics, the current through outside of conduction filament (OCF) 

emerges while the device is in HRS, therefore the additional current component is considered 

as the leakage current. Even though several conduction mechanisms such as Poole-Frenkel, 

variable hopping, or F-N tunneling can be used to model the leakage current, trap assisted 

tunneling suits well with the measured current characteristics. Hence in the proposed model, 

the conduction behavior of leakage current at OCF is modelled with Trap assisted tunneling 

(TAT) conduction mechanism. 

In TAT, the electrons tunnel through oxygen vacancy traps existing in the dielectric 

material at OCF (in this case, Ta2O5). These vacancies in bulk are originated from the 

electroforming and diffusion process  [141]. During the electroforming process, oxygen 

vacancies are created in the entire volume of the material, though the concentration of 

vacancies form a percolating path to form CF [141]. However, the isolated oxygen vacancies 

created in the OCF area act as intermediate jumping sites for the electron to tunnel. Another 

source of Oxygen vacancy at OCF is the diffusion that occurs at LRS. In this work, it is assumed 

that the SET process creates a concentration gradient across the device's width, which causes 
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diffusion of oxygen vacancies from CF to OCF; thus this lateral diffusion contributes to leakage 

current [141]. The distribution of traps across the device's width is modeled with Fick's second 

law [46], which defines an error function to calculate the concentration of vacancies at a 

distance from the CF region.  

Tunneling of electrons through the traps at OCF occurs at forward bias, whereas at 

reverse bias conditions, the highly conducting CF provides a lower resistance path. At low 

positive voltage, the current through OCF is negligible due to the highly insulating nature of 

the dielectric [46], but at a high positive voltage, the filament ruptures, and it forces the current 

to follow the OCF path. Although the thickness of the insulator at OCF remains constant, the 

electric field across the non-filament area increases with an increase in applied potential. The 

electric field across the outside conduction filament for the device Pt/Ta2O5/TaOx/Pt is low as 

~ 3V/nm; hence trap assisted tunneling (TAT) becomes the suitable mechanism to model the 

current conduction [142]. 

In TAT, the potential barrier for the electrons to tunnel is lowered by the doping effect 

of oxygen vacancies at the insulator layer. In this barrier lowering process, oxygen vacancies 

at OCF are facilitated as an intermediate jumping site for electrons. This trapping and de-

trapping of electrons can be explained with the concept of energy bands. Since the insulator 

material (Ta2O5) has a large bandwidth of ~4.4 eV [143], electrons cannot pass to the 

conduction band directly. However, energy bands/states created within the bandgap of the 

insulator material due to the presence of traps provide a conductive path for the electrons to 

excite and move to the conduction band [144] by lowering the effective barrier.  

The potential barrier form in oxide material can be explained with energy band theory. 

When an oxide is in contact with the metal, the fermi-levels align, resulting in band bending; 

thereby, the potential barrier seen by the electrons can be either a triangular shaped barrier or 

a trapezoidal-shaped barrier. In conventional TAT, the current is contributed by electrons that 

overcome the triangular barrier only. In contrast, in GTAT, electrons that overcome triangular 

and trapezoidal energy barriers are considered for modeling the TAT conduction [46]. The 

following sections discuss conventional TAT with the modified barrier, followed by the two-

step GTAT process with variable trap density (N𝑡1). 
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4.1.1. Modeling of OCF conduction using Conventional Trap Assisted Tunneling  

The device's Pt/Ta2O5/TaOx layers are considered a Metal-Insulator-Semiconductor 

(MIS) structure with oxygen vacancies present at the insulator layer. Since the thickness of the 

insulating layer is small (4 nm) enough for the electrons to tunnel through, as discussed in the 

previous section, the current through OCF is modeled as TAT conduction. In conventional 

TAT, an exponential relation is held between the current and trap energy level  [142], while 

this section introduces a modified barrier term by considering the effective barrier that is 

determined by both Schottky barriers and trap energy level, where the effective Schottky 

barrier is evaluated by considering the effect of barrier lowering term. To contribute to TAT, 

the electrons need to overcome a potential barrier of effective height ϕx
3/2-φt

3/2, and the shape 

of the barrier is assumed to be triangular [145]. An effective barrier across Pt/ Ta2O5  

Schottky junction is given in [31], which is expressed as: 

   𝜑𝑥 = 𝜑𝑎𝑐𝑡𝑢𝑎𝑙 − ∆𝜑   4.5 

In equation 4.5, 𝜑𝑥 is the effective potential barrier across Pt- Ta2O5 Schottky junction, 

∆φ is the barrier lowering term which is due to the effect of electric field and image force. It is 

observed that at the RESET phase, an average rate of change of electric field at the outside of 

the filament region is high compared to the change in the field across CF. The current flows at 

OCF is modelled with TAT as given in  (4.6), where E1 is the electric field (4.7) across OCF, 

which changes linearly with applied potential across the dielectric layer: 

 ITAT    α  A ∗ exp (
−4∗√(2∗e∗m𝑜𝑥)|(φx)

3
2⁄ −(φt)

3
2⁄ |

3∗h∗|E1|
  4.6 

  E1(t) =
VTa2O5(𝑡)

D
    

where A is the electrode area, mox is the effective mass of electron in the oxide layer, e 

is the electronic charge, φx is effective barrier height seen by electrons in the metal. φt is the 

trap energy level below the conduction band edge. The magnitude of the electric field (E1) is 

considered in (4.6) since current flow occurs through the OCF at forward bias.  

The next sub-section describes the implementation details of the Generalized TAT 

(GTAT) conduction mechanism, an improved model of TAT put forward by Houng et.al [142].  
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4.1.2. Modeling of Conduction through OCF with Generalized Trap Assisted 

Tunneling (GTAT) 

GTAT is a two-step tunneling process where the electrons tunnel from metal to the trap 

state in the metal oxide (Ta2O5) with a probability of P1. Subsequently, electrons de-trap to the 

conduction band of semiconductor (TaOx) with a probability of P2.  

 

Fig.  4.2 Schematic energy diagram of metal-insulator semiconductor structure  

For a given voltage, electrons that tunnel from metal to oxide can see either triangular 

or trapezoid potential barrier  [142]. The schematic of the energy band diagram showing the 

barrier formation is shown in Fig. 4.2 in that the probabilities P1, P2, and the trap energy level 

are marked. 

The tunneling current in GTAT is contributed by the electrons that tunnel through both 

barriers. However, the trapezoidal barrier dominates at low voltages, and it contributes 

additional tunneling paths, while tunneling through the triangular barrier dominates at high 

voltages [142]. It can be explained as; at the low applied voltage, the conduction band of the 

oxide bends at a lesser extent which indeed forms a trapezoidal barrier and tunneling of 

electrons through this barrier contributes major component of leakage current. In contrast, at 

high voltages, the band bends more to form a triangular barrier. Consequently, the triangular 

barrier contributes more leakage current at high voltages. Even though the total current in the 

device after the RESET phase is contributed by electrons from both barriers, tunneling through 

a triangular barrier dominates. The current obtained from the GTAT model is given in [142], 

which can be quantified as: 

  𝐼𝐺𝑇𝐴𝑇  α A ∗ ∫ e ∗ Ct ∗ Nt1 ∗ (
1

P1
+

1

P2
)

−1

dx   4.8 

Where A is the area of OCF, the electroformed CF area is small as compared to the area 

of OCF [9].  However, the area of the device has a significant role in the current conduction 



Analytical Modeling of Pt/Ta2O5/TaOx/Pt RRAM device 

64 

 

through outside filament [146]. The electronic charge is represented as ‘e’, P1 is the probability 

of trapping an electron from metal to oxide and P2 be the probability of moving an electron 

from a trap to semiconductor, Ct is the function of trap energy (φt) and the total energy of 

electron (𝐸0) as given in (4.9) which is constant for a given trap energy level   [147].  

  Ct = (
m𝑛𝑜

m𝑜𝑥
)

5
2⁄

(
8𝐸0

3
2⁄

3ℎ√(φt)−𝐸0
)   4.9 

Where m𝑛𝑜 and m𝑜𝑥 are an effective mass of electrons in metal and metal oxide 

respectively. The solution for the current expression given in (4.8) is derived in  [142] with 

each probability term has a dependency on φt. To assist tunneling, traps would be at shallow 

levels or near to the conduction band edge with the assumption that φt >φb, φ𝑏 be the barrier 

height for Fowler-Nordheim tunneling [142]. These trap levels depend on vacancies in the 

lattice of the Ta2O5 unit cell, which comprises TaO6 and TaO7 polyhedra. Two types of 

vacancies are reported in Ta2O5 based on the vacancy in polyhedral namely, in-plane and cap 

vacancies; those are created from the base plane and the basal plane of polyhedral, respectively 

[159] can be obtained with density function theory (DFT). The trap energy levels created within 

the bandgap due to oxygen vacancies are displayed in  [145], which clearly shows trap energy 

level around 2.1eV [145]. In this work, both tunneling approaches are implemented by 

considering φt and m𝑜𝑥  as fitting parameters. The trap energy required for TAT to fit the 

experimental data is ~ 2.2eV, m𝑛𝑜is assumed as 0.1m0 
  [147] and m𝑜𝑥 can have values from 

0.3 m0 to 0.5 m0 
  [148], [149], [147], where m0 is the mass of free electron while in the proposed 

model, mox  taken as a constant (0.3m0). 

Another prominent factor to be considered while calculating the current at OCF is the 

trap density (Nt1). In RRAM devices, this parameter is no longer considered as a constant 

because the trap density at conduction filament and outside of the filament changes with 

diffusion owing to the concentration gradient of oxygen vacancies across the width of the 

device, which in turn causes an increase in the leakage current level at OCF. Hence in the 

GTAT model, rather than assuming the concentration of traps as a constant, variable density 

of traps Nt1(𝑥) at OCF is established. Here, the diffusion process responsible for variable 

Nt1(𝑥) is modeled with the assumption that the SET process set up a concentration gradient 

across the device's width, causing lateral diffusion of vacancies from CF to OCF [141]. These 

diffused oxygen vacancy traps enhance tunneling by reducing the resistance of the insulating 

layer. This lateral diffusion is modelled with Fick’s second law, and the variable trap density 

is given in as in (eq. 4.10) [150] 
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 N𝑡1(x) = Nt ∗ (1 − erf (
x

2√Dc∗t
))            4.10 

Where Nt is the concentration of oxygen vacancies in the CF area with the assumption 

that CF filled with oxygen vacancy acts as a source of diffusion (Thin plane of maximum fixed 

concentration). x is the horizontal distance from CF, Dc is the diffusion coefficient which 

determines the rate of diffusion, t is the time parameter. Two parameters that affect the 

diffusion characteristics are the variation in the gradient of vacancies with distance from the 

surface of CF to OCF and the diffusion constant, which is calculated using (4.11) [141]. 

  𝐷𝑐 = 𝐷0 exp (−
𝐸𝑎

𝐾𝑇
)           4.11 

Where 𝐷0 is the maximal diffusion. 𝐸𝑎 is the activation energy that can take values 

from 1eV to 1.3eV, where 𝑇 is the temperature [31], K is the Boltzmann constant. TABLE 1 

shows the parameters used in the simulation of conventional TAT and GTAT in the proposed 

model. 

Table 4.1 Parameters used in the simulation of proposed RRAM model 

Parameters used in Proposed 

Model 

Symbols and Parameter values 

Symbol Value (TAT/GTAT) 

Trap Energy φt 2.3eV*/2.2eV#        [145] 

The effective mass of electron in metal 

oxide 

m𝑜𝑥 0.3m0
                             [148] 

The effective mass of electrons in a 

metal 
m𝑛𝑜 0.1 m0

#                          [147] 

Mass of free electron m0 9.1x10-31 Kg 

Area A 9x10-9m-2 

Trap density at CF Nt 1x1020#m-3 

Maximal diffusion constant 𝐷0 2.6x10-3nm2s-1#   [150] 

Metal Oxide thickness D 4 nm                       

Activation Energy 𝐸𝑎 1.3 eV 

The total energy of an electron 𝐸0 0.2 eV                   [147] 

 

*Denotes parameter value used for TAT and # denotes parameter values used for GTAT 

tunneling. Parameter value with no symbols applies to both mechanisms. 
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4.1.3. Results and Observations 

A MATLAB simulator is developed to implement the proposed RRAM model 

incorporating the current conduction beyond RESET, where leakage current through OCF is 

validated with conventional TAT and GTAT. The following sections discuss the simulation 

results. The I-V characteristics obtained from the conventional TAT with the modified barrier 

is shown in Fig. 4.3 (a), where the effective mass of electron in metal and oxide are taken as 

0.1 m0 and 0.3 m0 respectively   [147], [148],  [149], φtis taken as ~2.15 eV and 𝜑𝑥 is obtained 

from expression 4.5. The observation from Fig. 4.3(a) and (b) are; The RESET process starts 

at 1.9 V shows a drip of current to 0.4 µA due to rupture of CF. Beyond RESET voltage (≥2V), 

the CF no longer exists, consequently, the electrons which overcome the triangular potential 

barrier contribute to the leakage current which is transpired by the tunneling of electrons 

through the traps at OCF. This leakage current rises and reaches ~ 0.8 µA at a forward bias 

voltage (FBV) of 3 V. Next, the simulation results of two step generalized trap assisted 

tunneling (GTAT) process is given. Leakage current due to GTAT is obtained by taking the 

sum of currents contributed by electrons that crossed triangular as well as a trapezoidal barrier. 

In GTAT, at low electric fields, current from trapezoidal barrier dominates, while at 

high potential, the effect of triangular barrier governs the total leakage current depicted in Fig. 

4.3(a). Observing the current density variations with the electric field across OCF shows that 

the main component of leakage current at low electric fields is contributed by the electrons that 

cross the trapezoidal barrier. At an electric field of ~ 2V/nm, the current through the triangular 

barrier contributes more to the leakage current. The density of oxygen vacancies at OCF has a 

major role in determining the leakage current in the GTAT approach. The number of oxygen 

vacancy traps present at OCF changes with the diffusion of traps to OCF and is approximated 

as 0.1x1020 m-3, and the diffusion constant is taken as 2.6x10-3nm2s-1. Trap level of Ta2O5 is 

taken as ~ 2.3 eV [145]. Fig. 4.3(b) shows the I-V characteristic curve of the GTAT model of 

the device on a logarithmic scale. 
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Fig.  4.3 (a) Simulated I-V characteristics of TAT model in logarithmic scale (b) Simulated      I-V 

characteristics of proposed GTAT model in logarithmic scale (c) Simulation results of TAT and 

GTAT in linear scale 

Simulation results of both tunneling approaches show a good fit for the experimental 

data; nevertheless, GTAT provides a better fit than TAT. In logarithmic curves, the difference 

between both approaches is not clearly visible; hence the simulation results plotted in linear 

scale is depicted in Fig. 4.3(c), where the slope of current obtained for GTAT has a good 

correlation with measured data whereas, in TAT, the slope of the curve does not follow the 

slope of experimental data at certain points. At FBV of 2 V to 3 V, the rising and falling current 

in conventional TAT follows the same path. In GTAT, the rising and falling current values 

showed a slight deviation in the current level due to diffusion of oxygen vacancies. On 

compared to TAT, GTAT is a comprehensive model which considers deposition conditions 

and other significant parameters such as the number of vacancy traps/carriers contributing to 

the current which is useful in the current work as the  number of oxygen vacancy traps at 

outside of the filament is considered as a variable parameter that changes with the magnitude 

(a)                                                    (b) 
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of applied voltage and the carrier diffusion occurring within the device due to concentration 

gradient. 

Next, an analytical model is developed to understand the variability present during 

multiple cycles (cycle to cycle variability) of Pt/Ta2O5/TaOx/Pt device characteristics. The 

following section discusses the variability model. 

2.13 Variability model for Ta2O5/TaOx RRAM 

Even though the Pt/Ta2O5/TaOx/Pt device is a better memory candidate,  like other 

memories, these memories are also vulnerable to variability [86], [151]. Variability can be 

defined as an undesired process that causes inconsistency in the device characteristics due to 

intrinsic and external perturbations. If variations occur in I-V curves of individual cells over 

many input cycles, it is known as cycle-to-cycle variability (c2c). The variability shown by the 

tantalum bilayer (Ta2O5/TaOx) devices is reported in [152], where variations are noticeable 

during SET/RESET switching voltages and at high resistance state (HRS). It is noticed that the 

characteristics show uniformity in its LRS. However, the reasons for c2c variability is 

unknown; therefore, this section focus on the reasons behind variability in I-V characteristics 

and presents an analytical model demonstrating the c2c variations in the I-V curve of 

Ta2O5/TaOx device by considering parameters influencing the device behavior, such as 

multifilament formation, modulations in the radius of conduction filaments (CF), barrier height 

and number of oxygen vacancies (Nv0) at the interface between the top electrode (TE) and 

active switching layer (Ta2O5).  

4.1.4. Impact of multiple filament formation on the device characteristics   

In the proposed variability model, Oxygen vacancies are the switching elements that 

form random percolating paths (CF). While sweeping the input, the dimension, including the 

length and area of CF, changes and reflects the I-V curves. As these filaments grow, they 

provide additional low resistance paths to change actual current flow from one filament to 

another. Only one filament is assumed to be stable in the present scenario, and all others are 

unstable. Only one filament, among others, ultimately grows to connect the TE and BE, while 

the remaining unstable sub-filaments define the current path before forming a completely 

developed filament. Fig. 4.4 (a) depicts the multifilament concept, where F1, F2, F3, and F4 

are arbitrary filaments, in which F4 is considered a stable filament that can grow up to 4 nm. 

At threshold voltage (0.8 V), F1 emerges and grows towards the TE up to 3.4 nm as shown in 

Fig. 4.4(a); thus, it directs the device current. 
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Further increase in voltage brings F2 to grow up to 3.6 nm which offers a new low 

resistance path; therefore, the current flows through F2. After that, F3 with a length of 3.8 nm 

emerges, whereby the current takes a new path. Finally, a complete filament F4 (4 nm) connects 

TE and BE; thus current ultimately follow that least resistance path and offers the maximum 

possible current (Imax) that can flow through the device. 

The above concept is demonstrated with the simulated result given in Fig. 4.4(b) where 

the inset shows the zoomed view of the current path shown with a grey circle.  

Fig.  4.4 (a)Formation of multiple filaments(b)Simulated I-v showing variability due to sub 

filamentary network(inset: zoomed view of the circled part  

Fig. 4.4 (b) shows that an upsurge in current occurs only when forming a new filament. 

Otherwise, the current linearly increases through the existing filament. Initially, the filament 

formation starts at a threshold of~- 0.8 V, where the first filament forms and the current flows 

through F1 (represented with dashed green line), which linearly increases from 16 µA to 18 

µA. As the filament F2 (blue) emerges at ~1V, the current switches to 22 µA, and the current 

then linearly increase from 22 µA to 26 µA ( -1V to -1.23 V). Then, an uprise in current from 

26 µA to 32 µA occurs due to the formation of F3 (red). The increase in voltage caused a linear 

increase in the current until F4 (red color) emerges to provide a low resistance path. When F4 

emerges, an upsurge in current from 32 µA to 52 µA occurs at -1.5 V, and finally, the maximum 

current (Imax) passes through F4.  The actual/equivalent current path obtained during one cycle 

is shown with a thick black line connecting all least resistance paths. The simulation result also 

matches with the current paths as given in [151].  

(a)                                                                                                              (b)  
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4.1.5. Impact of filament radius on I-V curves 

In each input cycle, the switching process in RRAM is governed by newly formed 

CF(s). Therefore, variability occurs with randomness in radius due to change in the number of  

Fig.  4.5 simulated I-V showing variation in RESET voltage with different radius 

oxygen vacancies (Nv0,) in new filament, which in turn causes conductivity variations. 

Hence, the filaments' conductivity is modeled with the filament and Nv0, where Nv0 is varying 

with applied voltage. It is modeled with the error function of voltage. The random variables 

are included in the model to assimilate the variability concept, where the random changes are 

added with filament diameter [153], [154]. In addition to this, the filament shape is also 

considered to contribute to the variability. Hence in the proposed model, filaments are assumed 

to have a conical shape with a maximum area limited to 0.5 nm2. Thus, the change in 

conductivity of the CF itself changes the ON resistance. Hence this change directly affects the 

current conduction. However, the change in the radius of the filament shows reflections on the 

RESET switching voltage. Larger the radius of the filament more will be the required voltage 

to rupture (RESET) the filament, which is shown in Fig. 4.5 by demonstrating with five input 

cycles, where CF1 is the conduction filament formed during cycle 1, CF2 is formed during 

cycle two and so on. Then, it is inferred that the filament radius is in the following order  

RCF3>RCF1>RCF2>RCF5>RCF4, where RCFn represents the radius of the CF formed at nth cycle, 

therefore RESET voltage becomes VRESET3(~2.1V) > VRESET1(1.9V)> VRESET2(~1.8)> 

VRESET5(~1.7) >VRESET4(1.5V) where the filament with the largest radius (CF3) rupture only at 

~2.1 V. 

4.1.6. Impact of variations in tunneling barrier height on I-V curves 

In addition to the randomness in the length and width, constituent oxygen vacancies 

within the conduction filaments and the number of trapped oxygen vacancies at the interface 
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of TE  also result in variations in device characteristics. Generally, the oxygen vacancy traps 

create at the bulk and metal-semiconductor interfaces. These positional difference of oxygen 

vacancies affects the conductance characteristics by forming different energy levels within the 

forbidden band. In this study, even though the effect of oxygen vacancy traps formed at the 

bulk is not directly considered, the dimensional parameters such as length and width of CF are 

indirectly affected by the Nv0 traps created within the bulk oxide. In the proposed model, the 

thickness of Ta2O5 is limited to a few nanometers, which facilitate electron tunneling with its 

magnitude proportional to the probability factor [155], which in turn is dependent on tunneling 

barrier height and thickness of oxide (D).  

 

Fig.  4.6 variability model obtained due to variation in tunnel barrier modulation(inset shows 

variability reported in actual device 

From the proposed model, it has been observed that even the trivial changes in the 

barrier height significantly affect the conduction process, and it reflects on the variations in 

HRS current levels (circled in Fig. 4.6) and SET switching voltages. The variation in Nv0 at the 

interface is modelled with the image force lowering factor, affecting the Schottky barrier 

height. In the case of multiple filament formation, each filament-metal interface has a different 

Nv0 to differentiate the barrier lowering. Hence, the model shows congruence with the 

experiment result depicted in the inset of Fig. 4.6. The following section discusses the SPICE 

model of Pt/Ta2O5/TaOx/Pt device used in circuits to analyze the electrical behavior.  

2.14  SPICE Model Implementation of Pt/Ta2O5/TaOx/Pt device 

Two terminal SPICE circuit models with TAT and GTAT are realized at the circuit 

level by implementing additional voltage-dependent current sources in the existing two-
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terminal circuit model of the device [84], [155]. In the existing device model, the current 

conduction is modeled with Schottky barrier tunneling. In contrast, the state dynamics of 

resistive switching is modeled with the existence of oxygen vacancies present at the conduction 

filament as depicted in Fig. 4.7, where the capacitor Cw and resistor R take values as given in 

[84]. Gon and Goff are the current sources representing the ionic current (Iw) during reverse 

and forward bias, respectively. Finally, the integration of Iw provides the state evolution of the 

RRAM model. The details of the realization of the current path subcircuit using TAT and 

GTAT models are explained in the following sub-sections. 

Gon

(V<0)

Goff

(V>0)
Cw

dw/dt

 
Fig.  4.7 . Subcircuit implementing the evolution of state dynamics of Pt/ Ta2O5/TaOx /Pt taken from  

[84] 

4.1.7. Realization of TAT 

In the proposed model, the increase in current conduction at the RESET phase of 

Pt/Ta2O5/TaOx/Pt device is attained by incorporating TAT, which is realized in the circuit 

model by integrating an additional voltage-dependent current-source in the port equation given 

in [84]. 

In Fig. 4.8, a single current source associated with TAT (GTri) has been connected 

parallel to the current sources representing Schottky conduction during forward (GItunOFF) 

and reverse bias (GItunON), respectively. In addition to the current source, two voltage sources 

are also implemented to indicate the triangular barrier's contribution at high electric fields [45]. 

These voltage-dependent voltage sources are Etri and Eu1, which are added to the existing 

SPICE model port equation to obtain the RESET characteristics controlled by the voltage drop 

across the switching layer (VD). 
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4.1.8. Realization of GTAT with variable Oxygen vacancies 

In the proposed model, GTAT conduction is defined with voltage-controlled current 

sources (VCCS) representing the tunneling of electrons across the Ta2O5 layer at OCF in 

addition to the Schottky barrier tunneling currents through the CF denoted by GItunON and 

GItunOFF. The circuit diagram in Fig. 4.8(a) depicts that the current source GItunON delivers 

charge to the internal node (PVs) between the VCCSs and voltage source EVRS representing 

the contribution of Schottky barrier tunneling current through CF activated at an applied 

voltage of V<0, while another current source GItunOFF representing the activated current 

through CF for applied voltage V>0. In addition to this, a current source G_GTAT is included 

in the circuit to represent the current emerging due to trap assisted tunneling mechanism occurs 

at OCF region of Ta2O5 layer. The current source G_GTAT delivers charges to the internal 

node PVs that are evolved from the triangular (GTri) and trapezoidal barriers (GTra). Hence, 

these two current sources can be connected parallel to indicate the sum of electronic current 

overcome by the barriers activating at high and low electric fields. However, the inclusion of 

the GTAT current component does not influence the state equation deriving the ion dynamics; 

hence this current component is state-independent.  

Fig.  4.8 LTSPICE implementation of the proposed SPICE model for TAT. The Two terminal (current 

path) SPICE implementation of the single Pt/Ta2O5/TaOx/Pt device with three current components. 

Dotted lines show the port representation from the existing model [84] where PVs denote the internal 

node. GTri is the state-independent TAT current. 

Lastly, in Fig. 4.9(a), the voltage-controlled voltage source (EVRS) is connected in 

series with the overall circuitry representing the total voltage drop on the bulk TaOx layer (IRB) 

[84]. The remaining voltage drop across the VCCS represents the sum of the potential drop 

across the Schottky interface (Vs) as well as the bulk Ta2O5 layer (VD). Here, Vs is the voltage 

drop across GItunON and GItunOFF, are the parallel current sources, and VD is the voltage 

drop across the parallelly connected GTra and GTri current sources. Thus, the complete picture 

of the model is described as the total current through the device is the sum of Schottky barrier 

GItunON (V<0)                       

EVRS 

GItunOFF (V>0) 

GTri (V>0) 

PVs 
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tunneling and GTAT current components contributing charge to the node PVs connected in 

series with the EVRS, with both current sources and voltage sources controlled by voltage-

dependent voltage sources (VCVS) present at the circuit. 

                                                 (a) 

 

 

 

                                                                              

    

                                                                (b) 

Fig.  4.9 LTSPICE implementation of the proposed SPICE model. (a) The two-terminal (current path) 

SPICE implementation of the single Pt/Ta2O5/TaOx/Pt device with Schottky tunneling and GTAT 

current sources and voltage source EVRs. The sub-circuit shown with dotted box (blue) is taken from 

[84]    (b) Represents the voltage-dependent voltage sources controlling the current sources. 

The voltage sources used to derive the voltage-controlled current sources GItunON and 

GItunOFF are presented in [84]. Likewise, several voltage sources are used in the proposed 

RRAM model to realize G_GTAT current source (as given in figure) such as; the sources to 

implement Fick’s law of diffusion and field controlled tunneling current such as EE1(EVD), 

EDC(ET), ENt (EDC, time), Etri (E1, ENt), Etra (E1, ENt) (Fig. 4.9(b)). E1 is the electric field across 

the switching layer as a function of voltage drop (VD) across the Ta2O5 layer. Etri and Etra are 

the voltage sources controlled by the electric field and the concentration of oxygen vacancies 

(ENt). The oxygen vacancy concentration is a function of diffusion constant (EDC) and varying 

temperature (ET). 

 EE1=f (EVD), EDC=f (ET) ENt=f(EDC,time) Ejtri=f (E1, ENt) Etra=f (E1, ENt) 

     

 

 
GItunOFF (V>0) 

   

VD 

VD+VS 

IRB 

PVs 

     G_GTAT(V>0) 
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The voltage-controlled voltage sources EDC and ENt are implemented to represent the 

diffusion of oxygen vacancies across the device and the stepping parameter ‘time’ is utilized 

in the SPICE model to indicate the diffusion of oxygen vacancies overtime where the ‘.Step’ 

function triggers the analysis of diffusion process which repeatedly performed while stepping 

the time parameter from 0 to 10 ms in steps of 5 µs. 

4.1.9.  Results and Discussions 

The proposed device model is simulated with sinusoidal input of an amplitude 3V and 

frequency 100 Hz; then, the characteristics are analyzed for a transient of 0.01 seconds. The 

simulation results obtained from the transient analysis are illustrated in Fig. 4.10, it can be 

demonstrated as the increase in the current profile beyond 2 V is due to the reduction in entire 

resistance of the device owing to the additional current path outside of the filament, the results 

show that the model correlated with the experimental result. Likewise, the model with the TAT 

approach (Fig. 4.10(a)) also follows the experimental result [151] while tunneling current 

follows the same path for both increase and decrease in applied voltage beyond 2 V because of 

the assumption that the oxygen vacancies across the device is a constant. The maximum current 

attained for both TAT and GTAT at 3 V is ~80 µA, matching the experimental results [32]. 

Because of the improvisation and inclusion of the diffusion process in GTAT, its characteristics 

replicate the experimental result than that obtained from TAT. 

For a closer analysis, the I-V characteristics obtained from GTAT are plotted in linear 

scale as in Fig. 4.10 (b), which shows that a change in the device’s resistance occurs at 2 V-3 

V, owing to the diffusion of oxygen vacancies outside of the filament area. An average of ~ 20 

KOhm resistance change is noticed in the characteristics during the above voltage range. 

Further, the model is tested with triangular and rectangular pulses to study the response of the 

device model to various inputs. The following sections discuss the response of the proposed 

device model to both inputs. 

 

 

 

Table 4.2 Parameters used in SPICE Model of Ta2O5/TaOx RRAM 
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Symbol Value Unit Description 

𝛗𝐭 2.3*/2.35 #  [145] eV Trap Energy 

𝐦𝒐𝒙 0.3m0
              [148] Kg The effective mass of electron in metal oxide 

𝐦𝒏𝒐 0.1 m0
#          [147] Kg The effective mass of electron in the metal 

             m0 9.1x10-31 Kg Mass of free electron 

𝐀 9x10-9 m-2 Area 

𝐍𝐭 1x1020# m-3 Trap density at CF 

𝑫𝟎 2.8x10-3#    [150]          nm2s-

1 

Maximal diffusion constant 

𝐃 4 nm Metal Oxide thickness 

𝑬𝒂 1.3 eV Activation Energy 

𝑬𝟎 0.2             [147] eV Total energy of an electron 

*Denotes parameter value used for TAT and # denotes parameter values used for GTAT tunneling. Parameter 

value with no symbols applies to both mechanisms. 

                                            (a)                                                                               (b) 

    
 

Fig.  4.10  (a)The characteristics obtained from the proposed model with TAT and GTAT approach; 

the region highlighted in a black circle denotes the increased current conduction beyond RESET due 

to the current conduction path through OCF. The plotted experiment value is taken from [32](b) The 

linear I-V characteristics obtained from the proposed model with GTAT approach with measured data. 
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4.1.10. The response of the model to triangular pulse and step input 

 

 

 

Fig.  4.11 (a) The model response to step input with 2V amplitude and 100Hz frequency (b) The 

model response to triangular input with 2V and -1.5V voltage swings and frequency of 100Hz. 

 To use RRAM devices in various applciations, it is necessary to test it with different 

conventional input signals such as square waves, sinewaves, and triangular pulses. Hence, this 

section discusses the response of the model to conventional inputs. Moreover, it has been 

reported that the use of triangular pulse in RRAM helps it to improve endurance by suppressing 

the current overshoot [156].  Response to step input is tested with an input pulse signal with 2 

V amplitude, and 100Hz is, and its output shows ~80 µA current beyond the RESET voltage at 

3 V as in Fig. 4.11(a). Similarly, the response of the model to the triangular input is tested with 

a pulse of 3 V and -1.5 V input swings, 100Hz frequency corresponding result is plotted in Fig. 

4.11(b) shows that the current at RESET phase of the device increases up to a level of ~80 µA. 

 In conclusion, an analytical and electrical model of Pt/Ta2O5/TaOx/Pt is developed by 

implementing an additional state-independent current conduction mechanism of trap-assisted 

tunneling (TAT) that occurs at the outside of the conduction filament at high positive voltages. 

In this mechanism, the leakage current is contributed by the traps or the oxygen vacancies 

present outside the filament (OCF). These traps present at shallow energy levels introduce 

additional energy states at the bandgap to enhance the leakage current. The model is 

implemented with TAT and GTAT, where GTAT provides reliable results as the model 

considers the variable oxygen concentration present at OCF. The simulation results of the 

analytical and electrical model of the Ta2O5/TaOx RRAM exhibit ~80 µA current beyond the 

RESET voltage. 
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Chapter 5  

Selector model: Analytical and Electrical modeling of 

Pt/Ta2O5/TaOx/TiO2/Pt selector device 

 

Chapter Summary 

The chapter consists of analytical and electrical modeling details of Pt/Ta2O5 /TaOx 

/TiO2 / Pt selector device. The first part of the chapter discusses the implementation details of 

the Physics-based analytical model of the selector, which is developed with the concept of 

tunneling such as Fowler Northeim tunneling and direct tunneling. Besides, the simulated 

model has been validated with the experiment result. The model optimization is done by 

varying the dielectric layer thickness and modifying the material properties of the top electrode. 

Further, to use the model in electrical circuitry, an electrical model has also been realized using 

the voltage-controlled voltage and current sources, resulting in I-V characteristics that best 

match the experiment result. From the simulated curve, it has been noticed that below the 

threshold voltage (~0.7 V), the model shows a low leakage current (sneak current) attributing 

to the open switch, while at an input voltage >1.2 V, the model characteristics exponentially 

increase attributed to closed switch behavior. The key observations from the proposed selector 

model are; the model exhibits high selectivity of ~104 with a highly nonlinear current profile 

with a high current density of ~107A/cm2. Further, the reasons behind the asymmetric, 

nonlinear characteristics are also explained with the help of the energy band diagram.  
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The major challenge with Resistive random-access memory (RRAM) technology is the 

presence of a sneak path current that arises while integrating the memory units in a crossbar 

array (CBA). This leakage current (or sneak path current) originates from the low resistive 

paths emerging through unselected memory cells in the array [114]. Various existing solutions 

to mitigate sneak path current are discussed in the previous chapter. Among them, associating 

a selector with RRAM is a potential solution for mitigating the sneak path current. Moreover, 

a selector can be associated with either a conductive bridge random-access memory (CBRAM) 

[136], [123], or an oxide- RRAM device to reduce the sneak path current whereby the 

combination inherits the features of both the selector and memory unit. The desirable features 

of a selector are scalability, high selectivity, high current density, low OFF-current, and 

compatibility with memory cells [157]. Also, it has been proven experimentally that selector 

device exhibits good compatibility with the RRAM devices [122] when the devices are 

connected in a one-selector-one-resistor (1S1R) configuration, as described in chapter 2.  Apart 

from the experimental investigations [117], [121], [158],  modeling of 1S1R is a timely 

requirement that enables to verify devices compatibility in a crossbar array (CBA) for reducing 

the sneak path current. However, to understand the 1S1R model functionality, a selector model 

is necessary. Among the available selectors, Ta2O5 /TaOx /TiO2 -based selector has 

exceptionally good selectivity (∼104) and high current density [122]; hence this chapter 

describes the analytical and electrical modeling of tri-layer Ta2O5 /TaOx /TiO2 selector device 

by considering the electric field-driven electron tunneling mechanisms co-exist in thin multi-

layer devices. The following sections explain the analytical and electrical model of the Ta2O5 

/TaOx /TiO2 selector device.  

5.1 An analytical model of Pt/Ta2O5/TaOx/TiO2/Pt selector 

The proposed analytical model of Ta2O5 /TaOx /TiO2 helps to understand the 

semiconductor physics behind the device’s working, hereafter Pt/ Ta2O5 /TaOx /TiO2 /Pt 

selector device would be referred to as selector throughout this chapter. The selected multilayer 

stack consists of different dielectric layers [157], [159], [160] made of Ta2O5 and TiO2, 

respectively, as shown in Fig. 5.1, where TaOx is the middle layer that is considered as the 

suboxide phase of Ta2O5 material regarding the XPS depth profile [10]. Properties of this layer 

are slightly different from Ta2O5 and have a significant role in transferring electrons between 

the top and bottom electrodes (TE and BE). 
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       6 nm

          10 nm

            4 nm

Pt

Ta2O5

TaOx

TiO2

Pt
 

Fig.  5.1 Multilayer stack of selector device 

When the input voltage is applied on the multi-layered device, the total electric field 

distributes across the resistive dielectric layers depending on their dielectric constants and layer 

thickness. The relation between electric field, dielectric constant and layer thickness is derived 

using Gausses’ law as specified in equation 5.1 where,   𝐸𝑇𝑎2𝑂5 is the electric field across 

Ta2O5/TaOx layer, 𝐷𝑇𝑎2𝑂5 is  the thickness of the top insulator and 𝐷𝑇𝑖𝑂2 is the thickness of the 

bottom insulator [162],  ε𝑇𝑎2𝑂5,ε𝑇𝑖𝑂2, denotes the permittivity of the dielectric materials Ta2O5  

and TiO2  respectively. From the simulation, it has been noticed that most of the electric field 

appears across Ta2O5/TaOx layer [163]. Further, the distribution of electric potential across the 

insulating layers is given by Kirchhoff’s voltage law as given in equation 5.2, where 𝐸𝑇𝑖𝑂2is 

the electric field across the bottom oxide.  

 𝐸𝑇𝑎2𝑂5 = 𝑉/(𝐷𝑇𝑎2𝑂5/𝑇𝑎𝑂𝑥 + 𝐷𝑇𝑖𝑂2 (
𝜀𝑇𝑎2𝑂5

𝜀𝑇𝑖𝑂2
)) 5.1 

 

𝑉=ETa2O5DTa2O5+ETiO2DTiO2   5.2 
 

In the device structure, the thicknesses of dielectric layers are small enough for (in 

nanometers) the electrons to tunnel. Therefore, the current conduction in the device is modeled 

using the tunneling mechanism that occurs with respect to the applied electric field. Based on 

the potential barrier formation across the stack, the model employs two types of tunneling 

mechanisms: Fowler Nordheim (FN) tunneling and direct tunneling (DT) to capture the 

selector characteristics, where the asymmetry and non-linearity of the device characteristics 

are explained with various parameters such as electric field, electric potential, and effective 

tunneling distances (ΔD) obtained with energy band diagram of the multilayer stack. Here, ΔD 

is the effective tunneling distance, a virtual parameter that reflects the effect of the electric field 



An analytical model of Pt/Ta2O5/TaOx/TiO2/Pt selector 

81 

 

on the tunneling process. At equilibrium condition, the Fermi levels of the dielectric layer align 

to form a trapezoidal barrier with effective tunneling distance the same as the total thickness 

of insulating layers [20], resulting in negligible tunneling current. 

Apparently, when a small positive voltage (<1V) is applied on the top electrode, the 

energy bands of the underlying layers tilts while maintaining the trapezoidal barriers, which 

results in electron flow from BE to TE. Thereby, the current flows in a direction from TE to 

BE, and this electronic current through the trapezoidal barrier can be modeled with direct 

tunneling current as given in equation 5.3, where 𝐵1, 𝐵2 are correction factors [166] 

represented in expressions  5.4, 5.5 respectively and 𝐴 is the active area ~6e-12cm2. Thus, in the 

proposed model, direct tunneling of electrons through the bulk is limited by the total thickness 

of the device layers, which in turn provides high resistance at low biases to ensure the low off-

current density of the selector. 

IDT=A*
q3meffE

2

8πmdielhqφB1
e

-4√2mφ

3
2B2

3hqE    5.3 

B1= (1- (1-
qEdieltdiel

qφb

)

1
2⁄

)

2

  5.4 

B2= (1- (1-
qEdieltdiel

qφb

)

3
2⁄

)  5.5 

The presence of a high electric field at high amplitudes of positive and negative voltage 

causes bending of energy bands to form a triangular barrier, as shown in Fig. 5.2 (a) and (b), 

facilitating field-dependent FN tunneling of electrons across the metal-insulator barrier [167].  

 

Fig.  5.2 The energy band corresponding to each layer is shown where x-axis shows distance from 

switching layer on the top in nm and Y-axis shows energy levels [168]. (a) Formation of the triangular 

barrier at forward bias  (b) Formation of a triangular barrier at reverse bias 
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As given in Fig. 5.2 (a), the energy of electrons in the top Pt/Ta2O5 interface is higher 

at high voltages; hence the electrons flow from BE to the TE. However, due to the formation 

of a triangular barrier, the effective tunneling distance from the bottom electrode to the Ta2O5 

layer significantly decreased. The tunneling current starts to rise exponentially. Likewise, the 

triangular barrier is shown in Fig. 5.2(b) demonstrates the effect of high negative input voltages 

on the energy band diagram. From the simulations, it is noticed that at -2.5V, the effective 

tunneling distance (ΔD) from bottom metal to top metal layer becomes ~16 nm to support the 

field-dependent tunneling of electrons (obtained from the energy band diagram). 

 
Fig.  5.3 Effective tunneling distance(ΔD) during forward (denoted with red line) and reverse bias 

(black line) due to the formation of triangular barrier [168].  

Hence, at high voltages, FN tunneling (𝐼𝐹𝑁) becomes the dominant conduction 

mechanism in which the exponential rise in current with high electric field introduces non-

linearity in the device behavior. The expression for FN current is given in 5.6 [113]:  

IFN= A*
q3meffE

2

8πmdielhqφ
e

-4√2mφ3/2

3hqE    5.6 

where 𝑚𝑒𝑓𝑓 is the effective mass of an electron, h is Planks constant,  𝑚𝑑𝑖𝑒𝑙 is the mass 

of electrons at the dielectric layer,  E is the electric field across the insulator layer as given in 

5.1 [162]. Table 5.1 shows the model parameter values used in equations 5.3, 5.4, 5.5, and 5.6. 

 Next, the effect of negative polarity of input voltage (reverse bias) on the model is 

studied. The conduction follows a similar pattern as that in the low voltage regime and can be 

modelled with direct tunneling (DT). Similarly, at higher amplitudes of negative input voltage, 

tunneling current conduct through the triangular barrier follows FN tunneling as in Fig. 5.2(b) 

and ΔD  becomes  ~19 nm at a potential of -2.5 V [163], [168]. Fig. 5.3 shows the effective 

tunneling distance with applied input voltage at both forward as well as reverse biases [163], 

[168]. When comparing the effective tunneling distance across the stack in both biases; ΔD 

reduced to ~16 nm in forward bias, while at reverse bias, it is ~19 nm as shown in Fig. 5.3. 
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This difference in the tunneling distance is inversely related to the magnitude of current at both 

biases. Therefore, the magnitude of FN tunneling current at positive bias becomes high 

compared to that of the current during reverse bias. This is due to the influence of ΔD [162] on 

tunneling current, which in turn reflects the difference in barrier height and the high electric 

fields. In the proposed model, the tunneling processes are field-driven and seldom depend on 

the variations in temperature [162]. 

Table 5.1 Parameters used in the analytical model of a selector device 

5.1.1. Simulated I-V Characteristics of the Proposed Analytic selector device model 

Semilogarithmic I-V characteristics of the proposed selector model is plotted in Fig. 

5.4 along with the experimental results [121]. As reported in published data [121], the model 

also shows better non-linearity with a high current density of ~107A/cm2, high selectivity of 

~104, and a low magnitude of OFF-current (46 nA). High selectivity(n on-linearity) is the 

desired parameter that makes the selector model to ensemble with the adopted RRAM model. 

At low voltages below the threshold voltage (~±0.7V), the model shows high resistance and 

this feature helps to reduce the sneak path current while using it in crossbar array, whereas 

beyond the threshold voltage, the model exhibits low resistance so that RRAM can perform 

read/write function. Even though Fig. 5.4. seems to be symmetrical, the device shows 

asymmetry in its I-V characteristics beyond 0.7V at both polarities as shown in Fig. 5.5(a), 

where the magnitude of current at +1V and -1V is 1e-5 A and 1e-7 A respectively.  This 

Quantity                               FB                                 RB 

Tunnel barrier height(ϕ0) 2.5eV 2eV 

Effective mass of e- in metal 0.1m0 0.1m0 

Effective mass of e- in dielectric 0.5m0 0.5m0 

Active area of the device(cm2)           6e-12 

Dielectrics: Ta2O5 TiO2 TaOx 

Electron affinity(eV) 3.7 3.2 3.3 

Dielectric constant 26 80 ~25 

Band gap(eV) 4.4 3.5 ~4.0 

Metals(M) Pt W Ni 

Work function(eV) 5.65 4.55 5.15 

Barrier height(eV) 2.5 1.32 1.5 
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asymmetry in the device characteristics with different polarities is originated from the 

asymmetrical structure of the dielectric layers. Alternatively, it has been demonstrated that the 

magnitude of current at negative bias is less compared to the positive bias and this difference 

in the current depends on the effective barrier (∆ϕ) across the stack, which can be calculated 

as, ∆ϕ = ϕ1-ϕ2, where ϕ1 (2.65 eV) and ϕ2(1.95 eV), are the barrier heights (obtained from 

simulation)as shown in Fig. 5.5(b), and the parameter ∆ϕ is observed as~ 0.7 V, which 

indicates that the current becomes polarity dependent beyond a potential of V >∆ϕ. In addition 

to this, in Fig. 5.4, the slope of the I-V characteristics changes at an input voltage of ~1 V, 

which can be explained as the switching of the current conduction mechanism from DT to FN 

tunneling owing to the effect of the electric field. Thus, it results in the high nonlinearity in 

device characteristics. 

 

Fig.  5.4 I-V characteristics of the selector obtained from the proposed model and corresponding 

experimental result [121] marking the selectivity 

 

Fig.  5.5 Measured I-V characteristics [17] (a)  Figure showing the asymmetry [17] beyond ∆𝜙/𝑒, the 

dotted  lines represent the forward bias current at 1V and solid lines indicate the reverse bias current at 

-1V (b) Asymmetry in barrier heights resulting in asymmetric I-V 
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5.1.2. Optimization of selector stack with tunnel layer thickness and material 

properties 

A study has been conducted to optimize the selector stack by considering variable 

tunneling layer thickness and material properties. Fig. 5.6(a) is shown to demonstrate the 

drastic reduction in tunneling current with an increase in the thickness of the tunneling layer. 

For instance, the tunneling current decreased from ~15 mA to ~4 mA for a thickness variation 

from 2 nm to 5 nm of the dielectric layer (TiO2).  

                        

 

Fig.  5.6 Demonstration of various parameters to obtain the optimal selector stack (a) Current through 

the device with varying barrier layer thickness, arrow denotes the decrease in tunneling current with 

increase in tunneling layer thickness, plotted in linear scale, (b) Tunneling current obtained with 

different dielectric materials and absence of TiO2 layer, (c) Dependence of electrode material on 

tunneling current. In (b) and (c), the scale is semilogarithmic with symbols that represents the 

experiment result [121], and solid lines represent the simulated results (semi-logarithmic) 
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Here, the analysis of thickness variation of the tunneling layer is useful in optimizing 

the magnitude of selector current for the desired application. Further, the influence of various 

dielectric materials on the selector stack is demonstrated in Fig. 5.6(b). It is found that the 

material properties such as the effective mass as well as the dielectric constant affect the 

magnitude of leakage current at a low voltage regime. 

In the simulation, the effective mass of electrons in HfO2, TiO2, and Ta2O5 are taken as 

0.1m0, 0.5m0, and 0.5m0, respectively, where m0 is the mass of a free electron remaining 

parameters used for the simulation are shown in Table 5.1. Referred to Fig. 5.6(b), the estimate 

of leakage current through HfO2 at the low voltage range is found to be higher than the leakage 

current obtained with TiO2. Therefore, TiO2 is a better candidate to use in selector devices as it 

offers high resistance. Further, the effect of removing the thin insulating layer is also 

considered in the study. As anticipated, Fig. 5.6(b) shows that the absence of the layer 

significantly improves the magnitude of current, which is visible during low bias voltages. Fig. 

5.6(c) demonstrates the variation in tunneling current with different top electrodes such as Ti, 

W, Ni, and Pt. From the results, it is inferred that the top electrode metal with high work 

function and high barrier height such as Platinum and Nickel provides the least leakage current, 

therefore these materials are effective to use as top electrode to reduce the sneak path current. 

For this simulation, the effective mass of electrons in metals is taken as 0.1m0 and the mass of 

electrons in dielectric mdiel as 0.5m0, respectively. 

  

5.2  Proposed Electrical Model of multilayer selector device  

An electrical model has been proposed to study the electrical characteristics of a non-

linear multilayer Ta2O5/TaOx/TiO2 selector stack. As explained in the previous section, 

tunneling of electrons through the device depends on the formation of barriers across the 

insulating layers due to the applied electric field. As mentioned in the analytical model, at high 

electric fields, tunneling occurs across the triangular barrier. It can be modelled with Fowler 

Nordheim tunneling [113]. In contrast, the current conduction occurs across a trapezoidal 

barrier at low electric fields and follows direct tunneling or hopping across the bulk, showing 

the exponential relation with the tunneling distance [151]. However, the hopping mechanism 

is adopted in the electrical model as it fits well with the proposed selector. Subsequently, these 

current conduction mechanisms are mapped to their equivalent current and voltage sources in 

the electrical model. The current components in the proposed electrical model are represented 

with parallelly connected dependent sources; those, in turn, depend on their corresponding 
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voltage sources; therefore, the current sources are considered as voltage-dependent sources. 

Since the current through the device is controlled by input voltage (electric field) developed 

across the layers, voltage-controlled voltage sources (VCVS) and voltage-controlled current 

sources (VCCS) available in the SPICE tool are utilized in the proposed electrical model.  

In the simulation environment, E-type voltage sources and G-type current sources 

available in the SPICE library are utilized to implement dependent voltage sources and current 

sources, respectively. The transconductance of the current source is defined with the magnitude 

of the current obtained from the tunneling/hopping models.  Fig. 5.7 (a) shows the equivalent 

circuit model of the selector with two dependent current sources representing different current 

conduction mechanisms, and Fig. 5.7(b) shows corresponding voltage-controlled voltage 

sources (VCVC). For simplicity, the current sources representing the forward and reverse bias 

are not shown separately.  

EI2_on/off=f(V)

G_tun G_hop

TE

BE

GND GND GND

                    

EE1=f(V) EI1_on/off=f(V,E1)

a) b)

 

Fig.  5.7 Electrical model of selector (a) Voltage controlled current sources 

(b) Voltage controlled voltage sources 

The current sources representing the tunneling and hopping conduction mechanisms 

are connected across the top and bottom electrodes marked with G_tun and G_hop, 

respectively. As a result, these current sources provide the sum of current to describe the total 

current, and the magnitude of the current provided by the current sources varies with 

corresponding dependent voltage sources. The voltage-controlled voltage sources shown in 

Fig. 5.7(b) are the voltage sources to derive the current components such as EE1, EI1_on/off, 

and EI2_on/off in the SPICE model, where EE1 is the voltage source that depends on the 
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electric field across the device, which is a function of applied input voltage V(V), EI1_on/off 

represents the voltage source that depends on the electric field across the device and EI2_on/off 

is the voltage source governing the hopping conduction that in turn depends on the input 

voltage source.  

 A pseudo-code has been developed for the circuit model, which is shown in Fig. 5.8, 

and the code is based on the current port equations given in 5.6 and 5.7, in which dependent 

source functions are defined for the derivation of current components.  

 
 

Fig.  5.8 Pseudocode for the electrical model of a selector 

  

I(d, V)=I0*e
(

−𝑑

𝑑0
) sinh (

𝑉

𝑉0
)
  5.7 

 

In 5.7, d0, v0 are also fitting parameters, and d, V are the thickness of the dielectric layer 

and voltage. In the pseudocode, c1 and c2 are the fitting parameters, D1, D2, D3 are the 

thicknesses of dielectric layers where k1= 
q3meff

8πmdielhqφ
 and k2=

-4√2mφ3/2

3hq
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5.3  Results and Discussions 

To simulate the sub circuit of the proposed electrical model, a sinusoidal input of 

amplitude 3 V, frequency 100 Hz is asserted and analyzed for a transient of 0.01 seconds; the 

resulting simulated characteristics are depicted in Fig. 5.9(a). showing congruence with the 

measured data as reported in [116]. From the simulated curve, it has been noticed that below 

the threshold voltage (~0.7 V), the model shows a low leakage current attributing to the open 

switch, while at an input voltage >1.2 V, the model characteristics exponentially increase 

attributed to a closed switch behavior. Moreover, the device current is asymmetric at both 

polarities, with ~0.01 A appearing at 3 V and 2 mA appearing at -3 V. 

 

Fig.  5.9  (a) Semi logarithmic I-V characteristics of the selector device and proposed model where 

model is represented with red colour solid line and black symbols denotes the measured data [121] (b) 

Variations in current value with variations in thickness of Ta2O5 plotted in linear scale (c) Drastic 

change in the current level with variations in TiO2 thickness 

 

Further observations from the proposed selector model exhibit high selectivity of ~104 

with a nonlinear variation of current at low (Vread/2), high voltages (Vread), and a high current 

density of ~107A/cm2. Moreover, variations in current value for various thickness of tunneling 
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oxides are analyzed (given in Fig. 5.9(b)) and found that when the thickness of Ta2O5 increases, 

the current across the device decreases in a linear relation. In contrast, an increase in the 

thickness of TiO2 shows a drastic reduction in current (as shown in Fig. 5.9 (c)), and it is 

observed that beyond 8 nm, the current variations are negligible.  

To conclude, an analytical and electrical model of a tri layer selector is implemented 

with coexisting tunneling/hopping mechanisms such as direct tunneling/hopping and Fowler 

Nordheim tunneling. Direct tunneling dominates at a voltage level less than 0.7 V, and beyond 

that it follows Fowler Nordheim tunneling. The asymmetry in the device characteristics is 

reported to be due to the influence of electric field on tunneling distance (ΔD), which in turn 

directly reflects on the tunneling current. Also, it has been demonstrated that the magnitude of 

current at negative bias is less compared to the positive bias and this difference in the current 

depends on the effective barrier (∆ϕ) across the stack.  Moreover, the dependence of material 

properties and thickness of layers on device characteristics is demonstrated. It is found that the 

material properties such as the effective mass as well as the dielectric constant affect the 

magnitude of leakage current at a low voltage regime. Among other oxides, TiO2 is a better 

candidate to use in selector devices as it offers high resistance at low voltage levels. Also, from 

the results, it is inferred that the top electrode metal with high work function and high barrier 

height ( Platinum and Nickel) provides the least leakage current, hence they are better candidate 

to use as top electrodes. 
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Chapter 6  

 

Integrated modeling of the proposed selector model with 

RRAM models (1S1R) and Complementary resistive 

switching (CRS)  

 

 

Chapter Summary 

This chapter discusses the integration of the selector model with various RRAM models 

to form 1S1R to eliminate the sneak path current in the crossbar array. An analytical model of 

1S1R circuit is developed, and necessary parameters are derived from the closest models. 

Further, the electrical model of 1S1R is developed, and essential constraints required to create 

the crossbar array is predicted, such as read voltage, write voltage etc. Also, the response of 

the model to pulse input is studied. The effect of different pulse amplitudes, pulse width, and 

rise/fall delay time on switching characteristics are also analyzed. In addition, the 1S1R 

characteristics of Pt/Ta2O5/TaOx/Pt, TiN/HfOx/TiOx/Pt, and Pt/TiO2/TiO2-x/Pt RRAM models 

with the proposed selector are studied. Furthermore, a CRS model is developed using the HP 

memristor model, and its state evolution is estimated. Finally, a comparison of various 1S1R 

models and CRS are reported.  
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Integration of RRAM device with selector device (1S1R) is an experimentally proven 

solution for mitigating the sneak path current. However, the circuit level study of the integrated 

RRAM and selector model (1S1R) is required to understand the contribution of individual 

circuits as well as the compatibility of the circuits to use in the crossbar development. Although 

the authors of [169], [170] reported the simulation results of a hypothetical fitting model of 

Ta2O5 /TaOx /TiO2 selector device with V0 /Ta metal ion diffusion-based CBRAM model 

[170]. However, an integrated approach of modeling 1S1R comprising Pt/ Ta2O5 /TaOx /TiO2 

/Pt selector model with Ta2O5/TaOx RRAM, Pt/TiOx/Pt (HP Memristor), and 

TiN/TiOx/HfOx/Pt (Stanford-PKU model) are not yet established to demonstrate their 

compatibility to reduce the sneak path current. Therefore, the following section of the chapter 

discusses the analytical / electrical model of the 1S1R circuit and its contribution in reducing 

the sneak path current. Towards the end of the chapter, the implementation details of the HP 

memristor based complementary resistive switching model (CRS) are also given. 

6.1  Analytical model 1S1R with Proposed Ta2O5 /TaOx /TiO2 selector model 

with Ta2O5 /TaOx RRAM 

A simplified analytical model of one selector- one resistor (1S1R) is developed by 

connecting the analytical model of the selector proposed in chapter 4 with an existing model 

of Ta2O5 /TaOx based RRAM device [155], [162]  in series. As mentioned in the previous 

chapter (chapter 5), the Ta2O5 /TaOx RRAM model [155], [171] is generated with two 

conduction mechanisms such as Schottky barrier conduction and trap assisted tunneling. The 

resistive switching mechanism of the model is demonstrated as the forming and replenishing 

of conduction filament (CF) due to the migration of oxygen vacancies with the applied input 

voltage, which is modeled with the Mott and Gurney rigid point-ion model [155],[46], [172]. 

Thus, the ion dynamics and electronic conduction modeling provided the exact I-V 

characteristics of the device.  

When connecting proposed RRAM with selector model/circuits, by Kirchhoff’s voltage 

law, the total potential applied across the set-up, is distributed between both circuits. Most of 

the applied voltage drops across the selector at low voltages, while the rest appears across the 

RRAM, though this voltage is low enough to switch the RRAM cell. But at high input voltages, 

the selector becomes more conductive so that most of the input voltage appears across RRAM 

to enables it to transit its states. While integrating both models, certain selector and RRAM 

model parameters are absorbed to 1S1R configuration, such as the Roff/Ron ratio, switching 
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voltages, non-linearity, and current levels. Since the models are connected in series, the overall 

current flow through the setup should be the same. At any instance, the prevailing current is 

limited by one of the device models (either selector or RRAM), i.e., one with the least electric 

field distribution controls the current through the series-connected models. Hence, the current 

in the analytical model is governed by the minimum current that flows through the serially 

connected devices for simplicity. Accordingly, a MATLAB simulator is developed based on 

this concept.  In 1S1R configuration, total input voltage (𝑉𝑇𝑜𝑡𝑎𝑙) swings between -3 to 4V, and 

the voltage drop across RRAM is found to be -2 to 2 V, with the remaining voltage ( 𝑉𝑠𝑒𝑙 )  

drops across the selector as given in (6.1).  

 

VTotal=Vsel+VRRAM        (6.1) 

6.2  Results and Discussions 

The I-V characteristics obtained from the proposed analytical models of a selector, 

RRAM, and 1S1R configuration are shown in Fig. 6.1, showing that Ta2O5/TaOx RRAM is 

compatible with CBA with the proposed selector. Also, the 1S1R characteristics support well 

for the reduction of sneak path current; the parameter values derived from the proposed models 

are reported in Table 6.1. Moreover, a comparison of the proposed model with other 1S1R 

models are given in Table 6.2 

  

Fig.  6.1 I-V characteristics obtained from the proposed selector, RRAM model, and 1S1R plotted in 

semilogarithmic scale demonstrating the compatibility of the selector and RRAM. 
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From 1S1R I-V characteristics, it has been understood that the device current at low 

input voltage is limited by high resistance (~100 MΩ) of the selector, while at high voltages, 

the 1S1R characteristics follow RRAM current characteristics. Moreover, the read/write 

voltages of the integrated device can also be predicted from the obtained simulation results of 

the models. Table 6.1. shows various parameters derived from the proposed model, where SET 

and RESET voltages of RRAM are found to be -1.2 V and 2.0 V respectively, whereas  SET 

and RESET voltages of the 1S1R model shows a shift in the x-axis, that is SET and RESET 

voltage are shifted to –2.8 V and 3.6 V respectively. The on-state and off-state current are 

measured for all three models demonstrate that the off-current of selector device, 1R model, 

and 1S1R model measured at 0.5 V are 46 nA, 3.5 µA, and 10 nA respectively. These results 

reveal that the low off-state current (10 nA) of 1S1R is inherited from the high resistance of 

the series-connected selector. Similarly, an analysis of on-state current is performed at 1.5 V 

shows that magnitude of on-current in the integrated model (46 µA) follows the characteristics 

of the RRAM model (50 µA). Next, the non-linearity (NL) factor of 1S1R at 2.8 V is calculated 

and it is approximately ~1000, whereas the RRAM model provides negligible non-linearity 

when measured at a read voltage of 1.4 V. Therefore, NL of 1S1R attained from the selector 

model (1600) makes it desirable to use in CBA to mitigate sneak path current.  Next, the 

Roff/Ron ratio of 1S1R model is approximately ~50 while the RRAM model is at 170. 

However, the Roff/Ron ratio of 1S1R model is well above (~50) the desirable range for 

memory operations. In the table, the read-window is defined as the ratio of on current to off 

current at read voltage. In the given analysis, a better-read window is displayed by 

W/Ta(10nm)/TaOx/Pt device. 

When implementing the presented 1S1R as a memory cell in a crossbar array, read 

voltage can be predicted to be in the range of 1.8 to 2.6 V during positive polarity or -1.7 to -

2.3V during negative polarity. Meantime, the read bias asserted to unselected cells should be 

in the range of -1.0 V to 1.0 V.  Similarly, the write voltage (Vwrite) can be in the range of –

2.4 to -2.9 V to write logic ’1’ and 2.6V to 4V for writing logic ‘0’. While writing the data, the 

trails connected to unselected cells can be asserted with a potential of Vwrite/2. 

Even though there are various 1S1R models [35] [173]available in the literature, many 

of them are implemented with threshold switching based selectors [35] [173][174]. To compare 

with the features of the proposed 1S1R configuration, a model with a similar selector and 

oxygen vacancy-based RRAM configuration is not available. However, a comparison of the 

proposed model with the results of the closest models [170], [35] is shown in Table 6.2. From  
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Table 6.1 Comparison of parameters derived from the various 1S1R models and proposed model 

 

Table 6.2, the resistive switching element used to integrate with the selector in [35] and 

[45] is TiN/Hf/HfO2/TiN, whereas the resistive switching element (RSE) in[170] and proposed 

model are W/Ta(10nm)/TaOx(7nm)/Pt and Pt/Ta2O5(4nm)/TaOx/Pt respectively. However, the 

switching mechanism of these two RSE is different such that oxygen vacancy (V0) migration 

based switching is present in the proposed model and metal ion/V0 based switching is found in 

[170]. Consequently, the SET and RESET switching voltages of both models are of opposite 

polarities, the presented models are independent of the conduction mechanism while in  [170] 

the model is developed with a simple exponential fitting function.  But the selector in the 

proposed model is developed with electric field-driven direct tunneling as well as FN tunneling 

conduction derived with different material properties.  

Next, a comparison on read-window (RW) [35] is presented where RW exhibited by 

[170] is ~80, and the proposed 1S1R is ~65, which is also suitable for memory application to 

Models and parameters 
[170] 

model 

[35] 

model 

[170] 

model 

1S1R  

(proposed 

model) 

Resistive switching element 

(RSE) 

W/Ta(10nm)/T

aOx/Pt 

TiN\HfO2\Hf\T

iN 

TiN/Hf/HfO2/

TiN 

Pt/ 

Ta2O5(4nm)/  

TaOx/Pt 

Selector model 

Exponential 

function-based 

conduction 

Independent of 

conduction 

mechanism 

Independent 

of conduction 

mechanism 

Depends on 

current (DT& 

FNT) 

SET Voltage (V) 2.75V ~+0.8V ~+1.5 V -2.8V 

RESET Voltage (V) -2.6V -2.47V ~-1.7 V 3.6V 

ΔVread (range of read 

voltages) 
0.65V ~0.35V ~0.5V ~ 0.8V 

I at ½ Vread ~60nA ~100 µA ~1.2nA ~40nA 

Read window (RW) ~80 ~7 10 ~65 

Non-linearity (NL) at read 

(Vread/2 , Vread) 

 

~1300 

 

813 
~6561 ~1000 

Non-linearity (NL) at SET 

(Vreset/set /2 & Vreset/set) 

100 

 

<10 

 

~1 

 

~1000 
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distinguish the logic states clearly. The nonlinearity of the proposed model  (~1000) is less than 

that of the models [170] and [173], but it is still with the recommended order of 103.             

Table 6.2 Comparison of parameters derived from RRAM and proposed 1S1R model 

 

Further, the OFF-current or leakage current during Vread/2 (~1 V) is measured, the 

proposed model shows an improvement (~40 nA) compared to [170] and [35], demonstrating 

the advantage of the proposed 1S1R to use in CBA to reduce the sneak path current. Similarly, 

the proposed model exhibits better non-linearity when measured at Vreset/set.  Further, the 

available range of voltages used to perform the read process (ΔVread) is calculated, which shows 

that the proposed model has better ΔVread (0.8 V)compared to other models  [35], [170], [173], 

[173].   Thus, the results reveal that the presented 1S1R model is a better candidate for CBA to 

reduce sneak path current, and the selector is versatile to use with CBRAM [171]. 

 In Oxygen vacancy migration-based RRAM (Ox-RRAM) models, the analysis shows 

that the analytical model of the 1S1R circuit is beneficial to use in RRAM crossbar arrays to 

reduce sneak path current. 

6.3 Circuit model of 1S1R with Ta2O5/TaOx/TiO2 selector and Ta2O5 /TaOx 

RRAM 

The Ta2O5 /TaOx is RRAM and Ta2O5 /TaOx/TiO2 selector model are concatenated to 

obtain the 1S1R model as given in Fig. 6.2, with Pt as the electrodes. The complete circuit 

diagram representing the 1S1R configuration (Pt/ Ta2O5 /TaOx /TiO2 /Pt selector model with  

Ta2O5 /TaOx RRAM model) is shown in Fig. 6.3 where the first part of the circuit model 

represents the selector, and the second part represents the RRAM model. The selector model 

is developed with two current components representing the G_tun and G_hop voltage-

controlled voltage source (VCCS). However, the magnitude of the current changes with the 

polarity due to asymmetry in the device structure, hence both forward as well as the reverse 

Parameters 1R  1S1R (proposed analytical model) 

Roff/Ron ratio ~150 (at 1.0 V) ~160 at -2 V 

Nonlinearity (Vread/2, Vread) ~2 (at 0.5&1 V)0 ~1000 (at 1 & 2 V) 

OFF-current(A) (at 0.5V) 3 µA 0.04 µA 

ON-state current(A) 60 µA 60 µA 

RESET Voltage ~2.0 V >=4.4 V 

SET Voltage ~-1.2 V -2.7 to -3.6 V 
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bias current components are depicted in Fig. 6.3, that is G_tun _On and G_hop _On to represent 

the forward current and G_tun _Off and G_hop _Off represent reverse current. 

 

Fig. 6.2 Schematic representation of 1S1R consisting of RRAM and selector 

In the second part of the combined circuit, three voltage-controlled current sources 

(VCCS) used to develop the current path sub-circuit of the memory are shown, where the first 

element GTAT is the VCCS that represents the electron tunneling current driven by the electric 

field across the dielectric layer at a positive bias of the input voltage [74], [78], [139] therefore, 

the forward component of GTAT is shown in Fig.  6.3. Similarly, the sources GItunON and 

GItunOFF in Fig.  6.3 represent Schottky barrier tunneling current through the conduction 

filament (CF) activated at an applied voltage of V<0 and V>0, respectively. 
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Fig.  6.3 Electrical model of 1S1R configuration marking all the associated current sources 
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These current sources deliver charge to the internal node (PVs) between the VCCSs 

and voltage source EVRs as shown in Fig.  6.3. The voltage-controlled voltage source (EVRs) 

is connected in series with the current sources represents the voltage drop at the bulk TaOx 

layer (IRB) [84]. The remaining voltage (V-Vsel-IRB) drop across the VCCS, representing the 

sum of the potential drop across the Schottky interface (Vs) as well as the Ta2O5 layer (VD) 

that appears across the current sources GItunOFF and GItunON. Thus, the 1S1R model is 

described as; the total current through the device is the sum of Schottky barrier tunneling and 

TAT current contributing charge to the node PVs connected in series with EVRs with both 

current sources and voltage sources are controlled by the dependent voltage sources (VCVS). 

6.4  Analysis and results 

The proposed 1S1R circuit model is invoked with a Piecewise Linear (PWL) input 

sweep of amplitude 4.5 V and -2.7 V at a transient of 20 ms, results in the distribution of total 

voltage between the selector and RRAM memory. Let Vtot be the total voltage across the setup, 

Vsel is the drop across the selector and the remaining voltage appears across the RRAM cell.  

Based on Kirchoff’s voltage law, the total input voltage applied is distributed across the selector 

and RRAM circuit models as given in Fig.  6.4(a) shows that from ~-1.0 V to 1.5 V, most of 

the applied voltage (Vtot) appears across the selector. Therefore, the voltage developed across 

the RRAM is negligible to change its current memory state; thereby, the leakage current can 

be eliminated to an extent. At Vtot >-0.85 V, the voltage across RRAM starts to build up due 

to the formation of conduction filament, when it reaches -1.3 V, the device switches to low 

resistance state (LRS); therefore, the voltage drops across it reduces abruptly back to -0.7 V as 

given in inset of Fig.  6.4(a). After that, further increase in voltage leads to an increase in 

potential across both models with more voltage drop at the selector. Fig.  6.4(b) has been shown 

to illustrate the comparison of the resistance across 1S, 1R, and 1S1R combinations. The circuit 

of the 1S1R model shows comparatively higher resistance than 1S and 1R for the entire cycle 

of testing owing to the effect of series resistance. However, during ON-state (LRS), the 

resistance of the combined circuit is in the same order as the resistance that appears in the 

RRAM model, whereas at low voltage regions, the total resistance of 1S1R becomes ~10 GΩ 

which is high enough to prevent sneak path current, inheriting the high resistance of selector. 

Fig.  6.4(c) shows the I-V characteristics plotted on a linear scale showing the proposed 

selector, RRAM response, and both models together. As expected, the simulated model of 

1S1R has demonstrated the characteristics with memory window, but there is a variation in 

SET and RESET voltage of both RRAM and 1S1R are observed and are marked in the figure.  
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Similarly, the combination of the proposed selector model with the RRAM model [46] 

incorporating the current conduction beyond the RESET phase is also found compatible with 

the selector model as shown in Fig.  6.4(d).   

The main interpretations from the combined characteristics are; at low voltages, the 

combined characteristics followed the selector behavior, and at high voltages it followed the 

RRAM switching behavior showing the voltage and current compatibility of the RRAM with 

the selector, the preferable range of read/write voltages required for both selected and 

unselected bit/word lines to avoid the excess of sneak path current can be predicted. Moreover, 

the optimum input voltage asserted to attain SET and RESET voltage in the 1S1R cell can also 

be predicted in advance. For instance, the input voltage required for SET switching in RRAM 

is ~-1.2 V whereas, in an integrated circuit, this parameter becomes ~2.7-3.6 V. Likewise, the 

voltage required for RRAM and 1S1R to drive in to RESET state is found to be ~1.9 V and 

~4.5 V respectively. Even though the non-linearity of RRAM is ~2, the combined circuit 

acquired a non-linearity factor of ~45, which is inherited from the selector model.  

Similarly, the off-current in 1S1R is as low as 0.04 µA to facilitate the reduction in 

sneak path current. From the analysis, the low OFF-current present in the selector is directly 

reflecting on the 1S1R setup.  However, the Roff/Ron ratio of the combined circuit is ~160, 

which is inherited from RRAM, calculated at the read voltage of each circuit.  

The on-current in both circuits reached a maximum of 60 µA. Moreover, the 1S1R 

circuit provides the least OFF-current of 0.04 µA which enables the circuit to reduce sneak 

current. The extracted parameters are listed in table 6.3 which compares the simulated curves 

of RRAM and 1S1R models. Next, the response of the integrated (1S1R) model to pulse input 

is tested and is given in, where (a) and 6.5(b) are showing the amplitude and width of the 

negative and positive input pulses applied, 6.5 (c) is showing corresponding hysteresis 

characteristics. When simulating with pulse input, the SET current increased up to 36 µA in 

response to the negative input pulse of amplitude -2.7 V, a pulse width of 180 µs with a fall 

delay time of 80 µs. 

Similarly, to achieve RESET switching, a positive pulse with an amplitude of 4.5 V and 

a pulse width of 180 µs and a transition delay of 80 µs (T_rise) has been applied. The result 

showed the hysteresis curve with negligible OFF-current (10 nA) at an input of -1 V to 1 V and 

followed the RRAM current characteristics beyond an input voltage of ~-1.5 to -3.5 V and ~1.5 

to 4.5 V. The necessary parameters obtained from the model are listed out in Table 6.3. 
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Fig.  6.4 Comparison of related parameters in 1S1R ,1S and 1R. (a) Voltage distribution across the 

1S1R model (black dotted line), blue solid line showing the voltage developed across RRAM and red 

solid line represents the voltage drop across selector model. (b) Comparison of resistance offered by 

1S1R combination (Red), 1S(black), 1R(green). (c) I-V characteristics obtained from the proposed 

1S1R model(blue), RRAM model(red), proposed selector model(green) plotted on linear scale (d) 

Comparison of the I-V characteristics of 1S1R obtained with RRAM model presented in [84] without 

considering the current through OCF (black) and the model presented in  [175], incorporating the 

current conduction beyond RESET phase by considering TAT current component (red line)  

The read voltage required to supply for the selected RRAM device can be predicted 

from the above analysis. In general, the read voltage for 1S1R can be assigned in the range of 

|Vthr|< |Vsel_read|< |Vwrite/2|, where Vsel_read  is the read voltage to be applied to the 

selected cell, Vthr is the threshold voltage measured from the selector, Vwrite/2 is half of the 

write voltage applied to the bit line of the selected RRAM cell. The read bias of unselected 

cells can be allotted below the threshold voltage of the selector so that the selector drives to a 

high resistance state and effectively blocks sneak path current from unselected cells whereas, 

beyond the threshold, the selector model enables the RRAM to function write or read. 
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Fig. 6.5 Response of 1S1R model to pulse input (a) Negative pulse input and (b) Positive pulse input  

(c) 1S1R I-V characteristics with applied above-mentioned input pulses 

Table 6.3 The parameters derived from the 1S1R model invoked with pulse input as given in Fig. 6. 

 

While analyzing, we have noticed that the pulse transition time (rise/fall) and the 

amplitudes of positive and negative pulses affect the switching characteristics. A study 

conducted on the dependence of rising delay of the input pulse on the RESET current is given 

in Fig. 6.6(a), in which three positive input pulses are applied to the model with rising transition 

delays of 0.5 ms, 1.0 ms, and 1.5 ms. Its corresponding characteristics illustrate that increase 

Parameters 1S1R (proposed electrical model) 

Roff/Ron ratio ~500 

Nonlinearity (Vread/2, Vread) ~1000 

OFF-current(A) (at 0.5V) 70 nA 

On-state current(A) ~70 µA  

RESET Voltage >=4.4 V 

SET Voltage ~ -2.7  
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in transition delay affects the slew rate at which the RESET current changes. Besides, this 

increase in the rising delay of the signal causes a trivial reduction in RESET voltage as well. 

Fig. 6.6(a) marks the increase in delay and the reduction in RESET voltage (top). Similarly, a 

decrease in pulse amplitude (Vp) also affects RESET voltage, illustrated in Fig. 6.6(b) where 

the current settles at 10 µA.  

Alternatively, the influence of pulse amplitude on RESET is investigated, which is also 

depicted in Fig. 6.6(c). When the model is simulated with a pulse amplitude of 3 V, the device 

RESETs, while the characteristics do not follow the RESET characteristics of the RRAM. That 

means the rupture of filament is not complete. The same was the case with pulse amplitude 3.3 

V, but when simulated with a pulse of amplitude 4.4 V, the device RESET followed the RRAM 

characteristics. Therefore, it can be concluded that the 1S1R model requires at least 4.4 V to 

attain a complete RESET.  
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Fig.  6.6 Dependence of pulse rise delay time on 1S1R model behavior (dotted lines indicate input 

pulse and solid lines indicate simulated results)  (a) Slew rate of the RESET current on the response of 

a positive pulse with 4.5 V pulse height,0.5 ms pulse width, and three different T_rise delays 

(0.5ms,1.0ms,1.5ms) (b)Response of a positive pulse with 3.5 V pulse height,1.0 ms pulse width and 

three different T_rise delays (0.5 ms,1.0 ms,1.5 ms) showing incomplete RESET with a shift in 

switching voltage (bottom) (c) Illustrating the possible range of pulse amplitudes to attain complete 

RESET by showing the influence of pulse amplitude variation on 1S1R characteristics. 

Likewise, in Fig. 6.7, the dependence of pulse fall time delay (T_fall) and the amplitude 

on SET switching have been tested for the 1S1R model. As shown in Fig. 6.7(a), the simulation 

has been performed with negative pulse of different pulse fall time (T_fall) delay such as 0.08, 

0.14 and 0.17 ms with a pulse amplitude of -2.7 V are applied to the integrated model. It has 

been investigated that increase in T_fall delay results in a decrease in SET voltage of the setup. 
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That is, when T_fall is 0.08 ms, the device transit from high resistance state (HRS) to low 

resistance state (LRS) at a potential of  -2.7 V. In contrast, for a T_fall delay of 0.17 ms, the 

model exhibits SET switching at a potential of -2.4 V. Thus, during SET switching, T_fall 

delay of input voltage causes variation in SET voltage. We observed that the SET switching 

voltage shows a tendency to shift right with an increase in T_fall delay.  

Next in sequence, to test the behavior of 1S1R model on response to different pulse 

amplitudes, several simulations are conducted as shown in Fig. 6.7(b), it is found that the SET 

state is attained only over a range of -2.6 V to -3.6 V. Fig. 6.7(c) shows that below -2.6 V, the 

device does not exhibit SET switching due to the voltage distributed across the RRAM is not 

enough to drive the device to LRS state, whereas when the model is executed with a voltage 

greater than -3.6 V, it exhibits an overset phenomenon which is likely due to the diffusion of 

oxygen vacancies out of the conduction filament or due to depletion of vacancies near the 

bottom interface leading to conduction filament rupture near the bottom electrode thus creating 

a strong electric field in the direction towards the  bottom electrode so that the electrons flow 

in the opposite direction leading to the occurrence of a current in the opposite direction, hence 

a current of magnitude +800 nA to +10 µA flows through the device for some time, and then-

current settles at a negligible value. This effect seems to be due to the formation of an 

equivalent capacitor with a bottom electrode acting as one plate and conductive filament act as 

another plate with dielectric sandwiched between them.  Hence, it acts as a short circuit to the 

sudden dc pulse, conducts current, and subsequently settles down to zero. 

When considering the 1S1R circuit in the perspective of sneak current, it is obvious that 

the proposed 1S1R circuit is beneficial to use in crossbar array as its OFF-current is within -1 

to 1 V settles at nano amperes and the low/ high resistance are distinguishable with enough 

memory window to store binary data states. Moreover, the non-linearity exhibited by the 1S1R 

model enables to choose a distinguishable voltage range to bias both selected and unselected 

cells. In this study, the read voltage and write voltage required to supply with trails at cross 

points of selected and unselected cells are predicted. 
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Fig.  6.7 Demonstration of pulse transition delay and pulse amplitude on 1S1R characteristics (a) Shift 

in SET switching voltage with transition delays (T_fall) (b) Dependence of various pulse amplitudes 

on SET switching characteristics (c) Demonstration of no switching condition (top) and over 

set(bottom) with pulse amplitudes -2.5V and -3.6 V respectively to define the range of pulse height for 

programming 

The write operation is performed with an input voltage ranging from -2.6 V to -3.6 V, 

which drive the device to on-state, and at least 4.4 V is required to drive the device to off- state, 

whereas to perform read operation with selected cell, the range of voltages from 1.3 to 1.8 V 

is preferred.  

6.5  Formation and sneak current measurement of 2x2 CBA of 1S1R with 

Ta2O5/TaOx/TiO2 and Ta2O5/TaOx  

Crossbar arrays (CBAs) of dimension 2x2 are created with the Pt/Ta2O5/TaOx/Pt 

RRAM model (1R) and Pt/Ta2O5/TaOx/TiO2/Pt selector model to investigate the performance 

of 1S1R in reducing the sneak path current. The sneak path current problem in CBA becomes 
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crucial while performing the read operation; therefore, in this study, the read is performed in 

both 1R and 1S1R array at worst-case conditions. In the worst-case scenario, the selected cell 

should be in HRS, and all neighboring unselected cells should be in LRS to make the circuit 

prone to sneak path current.  

 Initially, RRAM CBA is developed with the selected RRAM model after keeping it in 

HRS and all other neighboring cells at LRS, and the sneak path current is analyzed while 

performing the read process. In CBAs, read/ write can be achieved by adopting various schemes 

such as floating schemes, V/2, and V/3. The word and bit line associated with the selected device 

will be connected with Vdd and GND in all three schemes, respectively. In the floating scheme, 

word and bit line trails of the unselected cell kept open, whereas in V/2 scheme, the word and 

bit lines of unselected cells connect to Vdd/2. Likewise, in V.3 scheme, the word lines of all 

unselected cells biased with a potential of V/3, and their bit lines biased with 2V/3 bias. Among 

these three schemes, the V/3 scheme is used in the proposed crossbar arrays to perform 

read/write. 

 In 1R crossbar array (Fig. 6.8(a)), the read is performed with a positive pulse of 

amplitude ~1 V as given in Fig. 6.8(b), whereas in 1S1R CBA read process requires 1.8 V, 

considering the drop across the selector. To read the data from 2x2 RRAM array (without 

selector), an input pulse of 1 V with 300 ns pulse width is applied and the measured sneak path 

current is 10 µA  whereas, in the 1S1R array, the worst-case read process is invoked with 1.8 

V, 300 ns pulse with rise/ fall time delay of 200 ns each and the corresponding sneak path 

current calculated as 56 nA. Hence, the observation is that 98% of the sneak current is reduced 

in the 1S1R array compared to the 1R array. Moreover, it has been noticed that the voltage 

drop across the unselected 1S1R cell is ~0.6V, whereas the drop across the selected 1S1R is 

~1.9 V. 

Also, the voltage distribution across the selector in the selected 1S1R cell during read 

is 0.98 V and at RRAM cell is ~1 V. Fig. 6.8 (c) shows the layout of the 1S1R array. Also, Fig. 

6.8(d) and (e) show the voltage drop and the current across /through the selectors in the array, 

respectively.  Here S2 is the selector at the selected 1S1R cell and the remaining selectors such 

as S1, S3 and S4 are unselected ones. As the voltage drop across the selector in the selected 

cell is ~1V, the current across the model increases in a non-linear manner, facilitating more 

voltage to drop across the RRAM cell. 
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Fig.  6.8 (a) The layout of 2x2 crossbar array of RRAM only, (b) input pulse and sneak current 

measure from 1R array (c) Crossbar array of 1S1R where S2-R2 is the selected cell marked with a red 

square(d) The voltage distribution across the selectors S1, S2, S3, and S4. (e) current distribution 

across the selectors 

The voltage across the unselected selectors is in the range of 0.6-0.7 V, which provides 

a comparatively lower current to drive the RRAM device; hence the unselected memory device 

remains switched off to prevent the sneaking current during the read process.   

6.6 1S1R design with Proposed selector and Stanford/Beijing model of 

TiN/HfOx/TiOx/Pt RRAM 

This section presents the details of the 1S1R cell composed of a proposed selector device 

and Stanford/Beijing resistive RAM connected in series (Fig. 6.9). The Stanford/Beijing RRAM 

model is a TiN/HfOx/TiOx/Pt oxide-based RRAM fitted with its parameters. The simulation of 

this model is carried out in CADENCE Virtuoso tool. The I-V characteristics obtained from the 

TiN/HfOx/TiOx/Pt model are displayed in Fig.  6.10 (a) and the integrated I-V characteristics 

are shown in Fig. 6.10 (b). In Fig.  6.10 (b), it is understood that from -1.5 V to 1 V the current 

is pinched off. The characteristics of the selector model dominate the characteristics of the cell. 
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Fig.  6.9 The device layout of 1S1R showing TiOx/HfOx and proposed selector 

In comparison, from -1.5 V to -5 V and from 1 V to 5 V, the characteristics is dominated 

by the RRAM device characteristics as shown in Fig.  6.10 (a). Also, we can see from Fig.  6.10 

(b) that the switching voltage of the 1S1R cell becomes higher as compared to the RRAM 

characteristics. The required voltage to drive the cell to LRS is now 2.5 V; while driving the 

cell to HRS the required minimum voltage is -3.0 V. Various parameters related to 

TiN/HfOx/TiOx/Pt selector combination is given in Table 6.4. 

Table 6.4 Parameters derived from 1S1R device 

 

 

 

 

Fig. 6.10(a) TiN/HfOx/TiOx/Pt RRAM(b) The 1S1R model of RRAM with Pt/Ta2O5/TaOx/TiO2/Pt 

selector  

 1S1R (proposed electrical model) 

Roff/Ron ratio ~100 

Nonlinearity (Vread/2, Vread) ~20 

OFF-current(A) (at 0.5V) 8 nA 

On-state current(A) 0.4 mA 

RESET Voltage >-3.0 V 

SET Voltage ~ 2.5V 
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1S1R and One Resistor (1R) crossbar arrays are formed with parasitic resistances (2.5 

ohms per wire segment) of sizes. The state of all unselected devices remains unchanged.  Read 

Ion/Ioff ratio of 1S1R becomes 23 while for 1R array it is 5. Similarly, the total current seen in 

1S1R is 0.4 mA, while in 1R, it is 1mA. Similarly, the sneak current measures in 1S1R are 6 

nA, and for 1R, it is 2.5 µA. From analysis, it is found that the sneak path current increases 

with array size.  

6.7  Implementation of 1S1R with Proposed selector model and HP 

memristor model 
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Fig.  6.11 The schematic of the 1S1R configuration 

The schematic of the 1S1R configuration is shown in Fig. 6.11, in which both devices 

serially connected. Here, the selector device is Pt/Ta2O5/TaOx/TiO2/Pt, and the HP memristor 

model is Pt/TiO2/TiO2-x/Pt. In this circuit, the middle electrode in both devices is the same; 

platinum is the shared metal electrode. The simulation results of the 1R and 1S1R are given in 

Fig. 6.12 (a) and (b), respectively. The device SET to LRS state at ~2V in 1R whereas in the 

1S1R the SET voltage shifted to ~3.5 V. Likewise, the RESET voltage is also shifted from  -

1.5 V to -3.7 V. 

The state transition diagram of the 1S1R is given in Fig. 6.13, where the device's state 

is initially at ‘0’ and at 0.05 sec. Further, the state of the model evolved to ‘1’ and later at ~0.15, 

the state transit back to ‘0’ so that the device model turned to off-state 
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Fig.  6.12 a) The HP memristor RRAM model showing the hysteresis loop b) integrated electrical 

model of   HP memristor and proposed 1S1R model 

 

Fig.  6.13 State evolution diagram of the 1S1R model of HP memristor and proposed selector model 

After that, the performance of the model to read write pulses is evaluated and see that 

on response to write ‘1’, the model shows a current level of ~-800 µA, and for the write 0 pulse 

the device current reached 400 µA whereas, during read 0 the model has shown a difference of 

readout current of 38 µA is noticed in the model. The programming pulses and their 

corresponding output current is shown in Fig. 6.14(a). Further, the sneak current is measured 

after subjecting the mode to different write schemes such as floating, V/2, and V/3 as given in 

Fig. 6.14(b), where the V/3 scheme is found efficient over others. From this model, the 

measured sneak path current is in the order of several µA. Also, the comparison of sneak path 

current of 1S1R and CRS during read operation is compared and results are given in Fig. 

6.14(c). Sneak current present while reading the data from 1S1R is less compared to CRS in 

all three schemes. 
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(a) 

(b) (c) 

  

Fig.  6.14 (a) Read/write performed in IS1R array (b) comparison of sneak path current while writing 

data to 1S1R and CRS array (c) Sneak path current measured during read operation in three different 

schemes  

6.8  CRS model of HP memristor  

As an alternative method, the CRS model of HP memristor is also developed using the 

LTSPICE tool. The conventional CRS devices are formed by connecting RRAM devices in an 

anti-serial configuration. In this work, the basic memory element used to develop CRS is 

Pt/TiO2/TiO2-x/Pt RRAM model [13], otherwise known as HP memristor. Following the 

conventional method, back-to-back connected CRS cell is developed using an existing model 

of HP memristor.  
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Fig.  6.15 Structure of Complementary switching device developed with back to back connected 

RRAMs  

The adopted model is a generalized SPICE design developed by Yakopcic et.al [176]. 

In which various model parameters are modified to obtain the HP memristor characteristics 

[176]. The Pt/TiO2/TiO2-x/Pt/TiO2-x/TiO2/Pt structure of the CRS model is shown below in Fig. 

6.15.                            

6.8.1 Simulation result 

The I-V characteristics obtained from the simulation of the CRS model is given in Fig. 

6.16 where Vth1, Vth2, Vth3, and Vth4 marks the threshold voltages of the complementary 

resistive switching model. Here, it can be noticed that the curve is symmetric with high 

resistance is shown at a region defined by Vth3 and Vth1. The characteristics have shown SET 

and RESET transitions both during positive and negative polarity of input voltage.   

 

Fig.  6.16 The simulated I-V characteristics of CRS HP memristor 

Next, the state variable analysis of CRS model in response to the input given in Fig. 

6.17(a) is illustrated in Fig. 6.17(b). The state variables of RRAMs in CRS are represented with 
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a green dotted line and solid red lines in Fig. 6.17(b), where the legend RRAM1 denotes the 

RRAM connected on the top of the RRAM2 refers to the RRAM linked at bottom of CRS 

stack. Since two RRAMs are present at the device, the states can be represented with a pair of 

state variables describing the state variable of RRAM1 and state variable of RRAM2.  Initially, 

the RRAM1 is in HRS, and RRAM2 is in LRS. Therefore, the state variable represents logic 

state 0. Then, the application of high voltages causes both RRAMs to partially on to switch in 

to LRS/LRS (ON- state). This happens during the transition of input threshold voltages Vth1 

to Vth2 (marked in Fig. 6.17(b)), i.e., at time interval of 16 to 51 ms. Further increase in input 

to Vth2 turns RRAM2 to become in HRS with state variable indicated as state 1. Subsequently, 

when the negative input pulse is applied to the CRS cell, a transition of the state-1 to state-0 

occurs after transiting through the completely ON-state (marked in Fig. 6.17(b) within the time 

interval 114 to 153 ms). However, in the model, the state variables switch between 0 and 0.4 

and are weak signals that may introduce degradation in data storage after multiple cycles. In 

CRS array, the pulse train is not initialized, and it has been considered that the initial state of 

the RRAMs of CRS cell would be in LRS/HRS or HRS/LRS state.  

Nonetheless, an additional write back signal (write 0) has been applied in the 

subsequent cycle after performing the read 0 process as the read 0 is a destructive process [21] 

as given in Fig. 6.13. The pulse signals used for SET and RESET in CRS are 4 V and -4 V, 

respectively, to write 0 and 1 logics. There are three schemes to write data to an array, they are 

floating, V/2 method and V/3 scheme. 
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Fig.  6.17 a) Input voltage sweeps between -5 V to 5 V with period 200 ms.  b) State variables of CRS 

where RRAM1 is the RRAM on the top and RRAM2 is the back connected memory cell 
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Fig.  6.18 Input voltage and current in CRS array with V/3 scheme 

  Among these three write schemes, floating schemes and V/3 schemes are found to be 

suitable for CRS arrays. Comparison of different RRAM models with Pt/Ta2O5/TaOx/TiO2 

Selector model and  CRS model of HP memristor is discussed below in Table 6.5. From the 

table it is interpreted that the non-linearity and off current of the selector is reflected on the 

1S1R models. Also, it is found that 1S1R is effective in reducing sneak path current (>95%) 

while comparing with the CRS device model(93%). Moreover, it is conspicuous that the V/3 

scheme is better to be adopted to perform read/write in 1S1R and CRS crossbar arrays. In the 

give table, the readout current is the difference in current measured at read voltage after driving 

the device to ON state and off-state (40 nA for Ta2O5 based RRAM with proposed selector) 

whereas, the sneak path current is a parameter related to the crossbar array.  
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Table 6.5 Comparison of different RRAM models with Pt/Ta2O5/TaOx/TiO2 Selector model, CRS 

model and CRS model developed with HP memristor( All parameters are calculated from simulated 

models) 

 

In this chapter, the proposed trilayer selector model is connected with different RRAM 

models to check the compatibility of producing nonlinear memory characteristics in CBA to 

reduce sneak path current. Among other RRAM models, Pt/Ta2O5/TaOx/TiO2/Pt selector with 

Ta2O5/TaOx RRAM has shown better nonlinearity of 1000 with a reduced sneak path current 

of 56 nA when connected in a crossbar array. Also, it is reported that the V/3 scheme is suitable 

scheme to perform write to a nano crossbar memory array. Further, a comparison of the 1S1R 

with CRS is also demonstrated to show that 1S1R model is a better candidate to mitigate sneak 

current compared to the back-to-back connected CRS counterpart.  

 

Parameters 

 

1S 

Proposed 

Ta2O5/TaOx/TiO2 

Selector  

model 

1S1R 

(Proposed 

selector with 

TiO2/TiO2-x HP 

model) 

1S1R 

(Proposed 

selector with 

Stanford 

model) 

1S1R 

(Proposed 

selector with 

Ta2O5/TaOx 

model) 

CRS 

Back-to-back 

connected HP 

memristor 

model 

Read 
- 

Nondestructive 
Non 

destructive 

Non 

destructive 
Destructive 

sneak path 

current (V/3 

schemes) 

reduction (in 

%) 

- 

96% 

 

99.8% 

 

98% 

 

93% 

 

Roff/Ron 1 ~15 at 2.3 V ~100 400 ~8  

Nonlinearity 

(Measured at 

Vread, 

Vread/2) 

1600 

~55 ~20 ~1000 ~40 

Readout 

current 
- 

38.6 µA - 40 nA 6 µA 

Off-current 46 nA 0.01 μA 8 nA 0.04µA ~1-7 μA 

Sneak path 

current(read) 

(1S1R CBA) 

- 

1.5 μA  6 nA  56 nA 2 μA  

Input signal 

- 
Initialization 

pulse is required 

Initialization 

pulse is 

required 

Initialization 

pulse is 

required 

No 

initialization 

pulse 

- 
No write back 

signal 

No write 

back signal 

No write 

back signal 

Write back 

signal is 

needed 

Suitable 

write scheme 

- 

V/3 V/3 V/3 V/3 
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Chapter 7  

Fabrication and characterization of a novel self-rectifying 

RRAM device and Complementary Resistive Switching 

device for sneak path current mitigation 

 

Chapter Summary 

This chapter discusses two solutions to eliminate sneak path current such as self-

rectifying RRAM device and CRS device. RRAM with the self-rectification feature is obtained 

from the asymmetric metal-insulator-metal (MIM) structure made with Au/Al2O3/FTO stack. 

Subsequently, the electrical/structural characterization is done to show that the device 

characteristics vary in accordance with the polarity of forming voltage. Moreover, the device 

has shown a highly asymmetric self-rectifying characteristic with a non-zero crossing feature, 

and after multiple cycles, it turned in to 1D1R kind of characteristic, hence it is proposed that 

the device can be used in crossbar array to reduce sneak path current. However, when compared 

to 1D1R characteristics, complementary resistive switching (CRS) devices can reduce sneak 

current in a better way. Therefore, another design is proposed by including an additional 

switching layer, ‘ZnO ‘, on the proposed RRAM stack to attain the bilayer complementary 

switching characteristics. Moreover, the device characteristics are promising due to its 

nonlinear nature, which reduces sneak path current. Moreover, the switching response, 

read/write process, and memory power consumption is measured. In addition, the switching 

mechanism as well the conduction mechanism occurring in the bilayer structure is explained.  
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This chapter proposes two different solutions to reduce sneak current in a crossbar 

array, such as self-rectifying self-limited devices and complementary switching devices. The 

former is a recently evolved concept in the field. The first part of the chapter describes the 

fabrication and characterization of a self-rectifying device based on Au/Al2O3/FTO structure. 

Further, a complementary resistive switching device is fabricated, and characterization is 

performed.  

Several advancements have been seen in the field of resistive random-access memory 

(RRAM), including the developments in the design of device structure and exploration of 

different materials other than transition metal oxides [82] such as ZnO [178], Al2O3 [179], 

MoOx [180], etc.. However, in this work, the Al2O3 material has been selected to obtain the 

switching characteristics. In our experiment, we deposited Al2O3 ALD with sequential 

exposures of Al(CH3)3 and O3, where water is acted as the oxidizer. However, during the 

deposition, it is certain that dangling bonds and native defects form within the structure may 

cause the formation of energy states within the bandgap to facilitate the current conduction,  

whereby it is functioning as a RRAM device. The Al2O3 is a promising material for 

microelectronic applications due to its high dielectric constant, excellent stability, and thermal 

conductivity. 

Moreover, the material is booming in the industry due to its memory property and 

versatility in various flexible electronic applications. Deposition of Al2O3 with Atomic Layer 

Deposition (ALD) technique provides a homogenous compact layer, and most importantly, the 

thickness of Al2O3 deposit is controllable on Ågstrom level [181].  Therefore, ALD is one of 

the most effective methods used in Al2O3 thin film fabrication. In this study, ALD deposited 

Al2O3 is used to ensure the precision in thickness of the thin layer. The next switching material 

used in CRS design is ZnO, which is preferred due to the presence of multiple defects in its 

atomic structure that can source oxygen vacancies/defects for resistive switching.  ZnO is a 

direct wide bandgap semiconductor from group II-IV, with a bandgap of 3.37 eV; it is also an 

emerging material for manufacturing flexible electronic devices and neuromorphic computing 

applications. Based on growing/depositing conditions, ZnO can take nanoribbon, nanorod, 

nanowire, thin-film forms, etc. [182]. Among these morphologies, the FESEM images of the 

ZnO deposition appear as a thin film.   
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7.1  Fabrication and Characterization of self-rectifying Au/Al2O3/FTO 

device  

7.1.1 Experiment Procedure 

The fabrication starts with the preparation of Fluorine doped Tin Oxide (FTO) coated 

glass slide of thickness 2.3 mm with the resistivity of 7 Ohm/sq, where FTO is the conductive 

material which is sonicated and prepared to act as the bottom electrode (BE). Further, the active 

layers are formed with the atomic layer deposition (ALD) technique. For the entire deposition 

process, the temperature at the top chamber of ALD is set at 110 oC, pressure is maintained 

below 0.4 mbar, and the bottom chamber temperature is set to 200 0C. Under this ambiance, 

the active switching layer Al2O3 is deposited by controlling the purge gas (N2) exposure time 

with a controlled flow of precursor (TMA) and oxidizer (water). One cycle of the ALD process 

can deposit Al2O3 with 0.12 nm thickness; therefore, to deposit 10 nm of Al2O3, 80 ALD cycles 

had been run. Subsequently, the Gold (Au) top electrode (TE) is deposited with a thermal 

evaporator. In this thermal evaporation step, multiple devices are defined with a top electrode 

using a shadow mask of 960 µm diameter. The schematic/ structural layout of the devices are 

shown in Fig 7.1(a), where TE is Au (100 nm), the oxide layer is Al2O3 (10 nm), and the bottom 

electrode is FTO. Fig. 7.1(b) shows the top view of devices where each circle represents the 

individual device.  

B1

           

GND1

Au Au

Au

Au Au

 Agilent

B2912A

Al2O3 
(10nm)

FTO

Glass

AuAuAuAu
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Fig.  7.1 (a) Structural lay out of the device showing three layers Au/Al2O3/FTO (b) Top view of a 

sample with the devices arranged in the sample(with a minimum of 600 µm distance between devices 

to ensure no conduction between devices) 
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Thus, the proposed device stack is Au/ Al2O3/FTO corresponding to the metal-

insulator-metal (MIM) structure, as shown in Fig. 7.1. The input voltage is applied on the top 

electrode, and the bottom electrode is kept grounded. 

7.1.2 Structural characterization of the device 

Further, the structural characterization is performed using FEI Quanta 400F FESEM 

(Field emission scanning electron microscopy) with EDX (energy dispersive x-ray 

spectroscopy). We observed that each device has a diameter of ~960 µm and the electrode 

material deposition is uniform from the surface morphology 

                               a)                                                                              b) 

               
c)                                                                                            d) 

 

 

Fig.  7.2 (a) Top view of the Diameter of one device (b) Uniform Gold deposition on the surface 

(c)&(d) EDX analysis of Au/Al2O3/FTO and distribution of atomic weight and percentage weight of 

each element 

     Element Weight% Atomic% 

O K 2.23 18.44 

Al K 0.84 4.13 

Sn L 27.65 30.85 

Au M 69.28 46.58 

Total 100  
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Fig. 7.2(a)shows a single device with the measured diameter, and Fig. 7.2(b) depicts 

the uniformly deposited Gold. From the FESEM measurements, the gold particle size is found 

to be approximately 17 nm. Besides, the EDX analysis is also done for the device, and the 

elemental distribution is shown in Fig. 7.2 (c), and its atomic weight is listed in the table shown 

in Fig. 7.2 (d). EDX shows a spectrum of various elements in the sample/device, plotting its 

intensity (arbitrary unit) versus the energy in kilo electron volt (keV). Fig. 7.2 (c) shows a 

spectrum of elements with Au and Sn peaks representing the Gold and Tin depositions from 

the electrodes. Meantime, we can identify the presence of Aluminum (Al) and Oxygen (O) as 

well. From Fig. 7.2(d), we can recognize all the sample's deposited elements and atomic 

weights. 

7.1.3 Electrical characterization and Results 

Electrical characterization of the device is performed with an Agilent B2912A precision 

source measure unit (SMU) by keeping the sample in the dark chamber at room temperature. 

The onset of characterization starts with the evaluation of resistance of the device at a pristine 

state. As-deposited devices have shown high resistance of ~ one tera Ohm (1e12). The initial 

step to start the electrical characterization is the electroforming step. So, all the devices are 

electroformed with either positive or negative polarity of input voltage. Even though devices 

are formed with the positive or negative input voltage, all devices showed resistive switching. 

The devices switched to Low resistance state (LRS) at the negative polarity of input voltage 

and RESET to high resistance state (HRS) at positive polarity. As the device structure is MIM, 

due to asymmetry in top and bottom electrode materials, the device shows asymmetry in its I-

V characteristics irrespective of the polarity of forming voltage.  
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Fig.  7.3 Electroforming with a positive voltage 
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Besides, it is noticed that the I-V characteristics exhibited by both positively and 

negatively formed devices seem to be different. Therefore, the study of characteristics obtained 

from both types of devices is given in detail.  At first, the characteristics of the positively formed 

device is discussed below.  

 

Fig.  7.4 (a) Electroforming (red symbols) and butterfly characteristics obtained with initial sweeps 

(black symbols) (b) First resistive switching characteristics with compliance current 100 µA, inset 

shows the linear I-V characteristics.   

/During the forming, the device is subjected to a positive input voltage sweep from 0 to 

10 V, and the device showed an increase in current from 1 nA to 100 µA at 0 to 5 V as in Fig. 

7.3, it is noticed that the complete forming occurs through multiple intermediate resistance 

levels. However, it is beneficial to electroform the device with a low magnitude of the current 

so that the operating current can be limited. For instance, a device is electroformed with a 

positive dc sweep voltage from 0 to 10 V with external compliance of 100 nA, where the current 

is ramped up to the compliance current (Ic) level at ~2.2 V as shown in Fig7.4 (a). On the 

subsequent cycle, a low magnitude of input voltage (|0.5|) is swept to obtain a butterfly curve 

[180] as plotted in Fig. 7.4(a) (black symbols). At this stage, the device resistance is decreased  

a few orders compared to the pristine device, which means that the device is still in high 

resistance due to weak electroforming. 

However, performing strong electroforming with increased Ic (9e-5 A) and high voltage 

(15 V) resulted in the normal bipolar resistive switching behavior (BRS). The I-V characteristics 

of a positively formed device on response -4 to 2 V is shown in Fig. 7.4 (b), where the switching 

is analog with a gradual SET start at -3 V, and a slow reset occurs at ~2 V (Inset of Fig. 7.4(b) 

shows the characteristics on a linear scale). Moreover, the device switching behavior is 
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analyzed with different current compliance levels for multiple cycles, as shown in Fig. 7.5(a), 

where the maximum current in the device changes with Ic. However, the device displays an 

asymmetric switching behavior with self- rectification [183], and it is likely to be due to 

incomplete rupture of the conduction filament during RESET switching. 

Fig.  7.5 (a) Multiple switching cycles at different compliance current (b) Initial analog characteristics 

(solid blue lines) and digital switching obtained after extending the RESET voltage to 4 V (solid red 

lines).  

Therefore, the positive sweep voltage is further extended to 4 V, so the device is completely 

turned off by rupturing the filament, creating a depleted area between the top and bottom 

electrodes. Hence, a strong electric field across it shows that deep resetting provides a large 

memory window in Al2O3 devices, as reported in [184]. In addition to self-rectification, the 

device has demonstrated self-limited switching, meaning the maximum current in the device is 

limited due to internal mechanisms. Further, the device has shown a perfect digital resistive 

switching characteristic with a high Roff/Ron ratio >400 and non-linearity measured with 

respect to read and SET voltage ~5 and 4. However,  the device's asymmetrical analog 

characteristics are promising to use in neuromorphic applications [185]; therefore, if the 

applied voltage and Ic fine-tune the behavior of the proposed device, we can use it in various 

applications [180].  

On the contrary, an analysis is carried out on the negatively formed devices, where the device 

EF by applying -15 V after setting up external compliance of 1 µA. Subsequently, an input dc 

sweep from 3 to -3 V  with a compliance of 10 mA is applied to the formed device. In response, 

the device exhibited an asymmetric resistive switching, as shown in Fig. 7.6(a). Also, the 

device displays the self-rectification feature prominently at LRS. The device’s rectification 

factor is measured by taking the ratio of current at low resistance state (LRS) obtained with 
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forward bias (positive polarity) and reversed bias (negative polarity) measured at a specific 

voltage.  In the proposed device, the rectification ratio measured at LRS is 200 (I forward bias 

/I reverse bias, at V=1V), which demonstrates the possibility of reducing the cross-talks or 

sneak current in the passive nano crossbar array, which has got tremendous attention in recent 

years [186]. However, an interesting phenomenon of device current with zero input voltage is 

also noticed; such phenomenon is reported in many RRAM devices and is termed as non-zero 

crossover characteristics marked in Fig. 7.6(a), with a dotted circle.  

Fig. 7.6(a) electroforming (solid black lines) and initial resistance switching (red lines) in a negatively 

formed device (inset: the non-zero crossover ) (b) multiple I-V cycles of the negatively formed device 

(inset shows the multiple cycles on a linear scale) 
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Besides, the zoomed view of the circled region is shown in the inset of Fig. 7.6(a), where it 

illustrates the non-zero crossover phenomenon by demonstrating the presence of ~2 nA current 

that flows through the device when the device input voltage dropped to zero. Besides, the 

crossing point is shifted to the third quadrant showing that the device is beneficial to 

neuromorphic applications due to the coexistence of memcapacitive/meminductive properties 

[187]. Moreover, after multiple cycles, the device exhibited a shift in crossover point to the left 

of the x axis, which means the non-zero crossover is additive  the device characteristics are 

turning to a 1diode-1RRAM kind of characteristics [188]. Several arguments are going on to 

explain the non-zero crossover process [189], which includes the presence of an internal 

electric field generated due to the capacitance effect of the MIM devices or due to the formation 

of electromotive force developed within the device or due to ferroelectric nature of the device. 

In this case, the third probability is ruled out as the proposed material is not reported as a 

ferroelectric material. Hence, the former suits well with the non-zero crossover phenomenon 

in this proposed device due to the asymmetric MIM structure.   

 The I-V characteristics obtained with multiple devices are also tested (device-to-device 

variability) to analyze the property. However, the variability is evident in various devices as 

shown in Fig. 7.7, where the negatively formed device has shown a significant level of non-

zero crossover. In contrast, a few positively EF devices also showed a negligible non-zero 

crossover level after multiple cycles. Also, it is conspicuous that the I-V curves follow a 

clockwise switching (CWS) direction, which ensures that resistive switching of the device is 

filamentary and can be explained after the formation and rupture of a conduction filament 

[187].  
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Fig.  7.7 I-V curve shown by various devices (D2D variability), blue circle shows the non-

zero crossing  
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Next, the device's reliability is tested using multiple cycles of input read/write cycles known 

as retention and endurance. The retention of the device is measured at room temperature on 

response to a read voltage of 0.25 V for >103 sec and found that the device maintains its LRS 

and HRS levels (Fig. 7.8(a)). Further, the device's endurance is tested at room temperature for 

more than 103 cycles with write voltages 2 V and -2.8 V and found that the device maintains 

its resistance levels (Fig. 7.8(b)). Then, the device’s response to input read and write pulses are 

analyzed, as shown in Fig. 7.9. 
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Fig.  7.9 Response of the device to pulse inputs 

Consecutive write and read cycles with data ‘1’ is written with a voltage of -2.8 V, data ‘0’ 

is written with 2 V, and read voltage is 0.5 V. Thus, the pattern of input becomes -2.8 V, -0.5 

V,-2 V, -0.5 V. From the output current, device read-out current measured is -5 µA. 
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Fig.  7.8 (a) Retention characteristics obtained from a device at a read voltage of 0.25V. b) 

Endurance of the device with consecutive cycles of 2V and -2.8 V 
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Next, another single layer device with Au/ZnO/FTO stack is fabricated, and its electrical 

analysis is conducted to show that the device is more conductive. Its switching window is 

insignificant to decode memory states, likely due to multiple defects present at the ZnO 

material. Therefore, the single-layer device cannot be used as a memory device but associating 

the conductive layer with a more resistive Al2O3 layer may provide memory properties by 

facilitating multiple defects/ions for switching.  Fig. 7.10(a) shows the voltage and current with 

respect to time, and the resistance plot is given in Fig. 7.10(b), in which the resistance switching 

can be seen, but it is insignificant compared to other devices. The corresponding current 

characteristics are shown in Fig. 7.10(c). Since RRAM devices with low non-linearity are prone 

to sneak path current formation, various solutions are available, as discussed in previous 

chapters. Among them, complementary switching devices are found to be a better solution to 

mitigate sneak path current. 
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Fig.  7.10 (a) Plot of I and V with respect to time (b)Resistance across the device (c) I-V curves of 

Au/ZnO/FTO device 
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Complementary resistive switching (CRS) devices were first proposed in [28] to use in 

large crossbar arrays (CBA) to mitigate the sneak path current problem. The high resistance 

achieves the sneak current mitigation in CRS offered at the low voltage regimes and by 

encoding the data to different high resistance states (HRS), namely HRS/LRS, LRS/HRS.  

Generally, the complementary switching devices are developed with an anti-serial 

configuration of bipolar resistive random-access memory devices (RRAM) [190] made by 

metal oxides such as Ta2O5, HfO2, and Nb2O5 [131], [132], [191], [192]. However, many 

drawbacks are present in such configurations like; the deposition of metal layer between the 

switching layers is a poor design, and the formation of multiple metal-semiconductor interfaces 

might cause a deviation of device characteristics from the expected ones. Instead, several single 

layer RRAM devices such as HfOx [193], Cu2O[194], and bilayer devices such as Ta2O5/Ta, 

Nb2O5−x/NbOy, HfOx/Al2O3 [28], [131], [132] also exhibit CRS characteristics, and this 

approach is adopted in this research work to develop CRS device.  

Next, a novel bilayer Au/ZnO(10nm)/Al2O3(10nm)/Fluorine doped tin oxide (FTO) structure 

with CRS functionality was proposed that consists of two resistive switching layers such as 

Al2O3 and ZnO. The rest of this chapter focuses on the fabrication, I-V characteristics, 

performance of the CRS device as memory, and switching mechanism.  

7.2  Fabrication and characterization of Complementary Resistive 

Switching device 

Even though incorporating a selector device with RRAM memory is an excellent 

solution to mitigate sneak path current, in reality, such a configuration is not practical due to 

scaling issues. Since the memory technology follows the “More Moore” concept, by which the 

expansion of the CMOS platform is achieved by the dimensional and functional scaling.  

Therefore, in memory-selector configuration nodes, the scaling should be applied to both 

devices. However, in storage nodes, the scaling can be done up to 10 nm. Still, the selector 

device limits the scaling so that the complementary resistive switching devices can be 

accomplished as an alternative solution to sneak path current. Generally, complementary 

resistive switching (CRS) is developed with anti-serially connected RRAM devices; 

nonetheless, various disadvantages of such a design are identified. So, the following section 

discusses the formation of a ‘bilayer’ CRS device made using two different switching oxides 

stacked between metal electrodes. 
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7.2.1 Experiment Procedure 

The Fluorinated Tin Oxide (FTO) coated glass is initially prepared to use as the bottom 

electrode (BE). Further, the active layers are formed with atomic layer deposition (ALD). The 

chamber conditions are kept the same as the previous device. Additionally, the active switching 

layers ZnO and Al2O3 were deposited with the controlled flow of precursors 

(Trimethylaluminum (TMA), Diethyl Zinc) and oxidizer (water). The bottom chamber 

temperature is set to 200 0C for Al2O3 and 150 oC for ZnO deposition. The growth per cycle 

(GPC) of Al2O3 and ZnO are 0.12 nm and 0.2 nm, respectively. Therefore, to deposit 10 nm of 

Al2O3, 80 ALD cycles had been run, while 10 nm of ZnO is deposited by running 56 ALD 

cycles. Subsequently, the Au top electrode is deposited with a thermal evaporator. In this 

thermal evaporation step, a shadow mask of 960 µm diameter is used through which the top 

electrode is deposited. The structure of the device under test (DUT) is shown in Fig. 7. 11, 

where TE is Au (100 nm), oxide layers are ZnO (10 nm), Al2O3 (10 nm), and the bottom 

electrode is FTO. Similarly, for comparison and optimization, various samples of different 

devices are prepared; among them, two devices with varying thicknesses of ZnO and Al2O3 are 

prepared, such as ZnO (10 nm)/ Al2O3 (20 nm) and ZnO (20 nm)/Al2O3 (20 nm) with the same 

top and bottom electrodes as in the device under test. The depositions of materials are uniform 

on the device structure. Fig. 7.12 (a) depicts the uniform deposition, and the gold particle size 

appears to be~ 200 nm, and Fig. 7.12(b) denotes the cross-section of the device showing distinct 

areas. However, the ZnO /Al2O3 layers are not distinctly seen due to their small dimension. 

However, in the top view of some devices, we have observed the formation of defects 

corroborating the formation of conduction filament. In literature, it has been reported that the 

conduction filament formation occurs due to percolating oxygen vacancy paths [141], [195], 

and the probability of formation of a conduction filament at a specific position cannot be 

predicted. Hence many differently shaped conduction filaments have been identified in many 

devices. 

Au

Au

Au

Au

 Au
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    ZnO

Al2O3
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Fig.  7.11 Schematic of Au/ZnO(10nm)/Al2O3(10nm)/Fluorine doped tin oxide (FTO) 
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Fig. 7.13 depicts the example of the formation of defects in two different devices after 

electroforming and subsequent SET- RESET cycles. Fig. 7.13(a) shows the conduction 

filament (CF) formed at the center of the device, whereas in another device (Fig. 7.13 (b)), 

shape of the filament is different. 

Besides, it is noticed that the formed area diameter is in the micrometer range. EDX 

associated with FESEM has been used to verify the formation of filament and elemental 

distribution at filament area carried out at certain areas shown in Fig. 7.13 (b). The results of 

EDX analysis is given in Fig. 7.14, wherein Fig. 7.14(a), elemental distribution of oxygen is 

shown. However, the distribution is not uniform at the given area; most oxygen atoms 

accumulate at the defect area, as shown in Fig. 7.13(b). 

(a)                                                                         (b) 

   

Fig.  7.12 SEM and element mapping (a)Top view of the Gold deposited device surface (b) Cross 

section layers obtained with a scale of 1µm. 

        (a)                                                   (b) 

       
 

Fig.  7.13 a) top view of a device showing the defect/conduction filament formation b) Another 

defect/CF formation  
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It confirms that the oxygen vacancy-based defect (filament) formation might have 

occurred in this area. In the next section, I-V behavior and the device's response to pulse input 

are described. Further, various parameters, as well as reliability measures, are discussed.  Then, 

the optimization of the device with different thicknesses of active switching layers is also 

presented. Finally, a theoretical study on the proposed bilayer device's possible switching 

mechanism and conduction mechanism is discussed. 

 

 

Fig.  7.14 (a) EDX analysis of the defect shown in 7.13(b) showing oxygen distribution (b) 

distribution of Sn from the bottom electrode (c) elemental distribution of Al (d) elemental distribution 

of Au. From FESEM analysis, the reactions are happening on both top and bottom interfaces to 

substantiate the filament formation. 

 

a)                                                                    b) 

c)                                                             d) 
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Fig.  7.15 I-V curves of Au/ZnO/Al2O3/FTO device demonstrating BRS, intermediate transition stage 

and CRS. a) Bipolar Resistive switching characteristics (inset shows multiple cycles of BRS) obtained 

with a DC sweep from -2.5 to 3.5 V with Ic=5 mA b) Momentary transition stage from  BRS 

characteristics to CRS characteristics obtained with a DC sweep from -3.5 to 3.5 V with Ic=5 mA c) 

CRS behaviour obtained when a voltage is swept from -4.0 V to 4.0 V with Ic=5 mA (inset shows 

multiple cycles of CRS). Insets of (b) and (c) shown to demonstrate repeatability of the characteristics. 

d) Weibull distribution of the SET and RESET voltages measured during BRS and CRS 

7.2.2 Electrical characterization and Results  

Electroforming (EF) is the initial step carried out in the electrical characterization of 

most RRAM devices. Likewise, CRS devices have no exception but, in some devices, the 

forming process has a significant role in defining the device characteristics [193], [197], 

whereas in some others, the forming step has no relevance [135], [198]. In the proposed device, 

the electroforming has been performed at both positive and negative polarity of the input 

voltage with a low compliance current. However, it has been observed that forming with 

negative voltage showed high variability in its I-V characteristics with insignificant Roff/Ron 

ratio due to uneven distribution of excessive defects present in the device, whereas EF with the 

positive voltage provided consistent characteristics [199], therefore this work is focusing on 

positively formed devices and their characteristics. In the proposed device, the EF is performed 
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by applying a voltage sweep of 0 to 8 V at a compliance current of 100 nA. After EF, various 

SET/ RESET cycles are followed, and at initial cycles, the device exhibited bipolar resistive 

switching (BRS) behavior, then it has undergone a momentary transition before permanently 

changing to complementary resistive switching (CRS) behavior.  The BRS characteristics are 

shown in Fig. 7.15(a), which occurred at a compliance current of 5 mA with continuous input 

sweep from -2.5 V to 3 V at a stepping voltage of 0.01 V, which results in an average value of 

SET and RESET voltages, -1.73 V and 1.5 V respectively. Besides, the maximum device 

current in BRS is limited by the self-compliance feature of the device; the maximum current 

measured is 500 µA. In Fig. 7.15(a), the low resistance state (LRS) of BRS characteristics is 

indicated as LRS1, and the high resistance state (HRS) is marked as HRS1. However, after a 

few cycles (~12), the device exhibited a transition from BRS behavior as in Fig. 7.15(b), where 

the SET current of the intermediate stage is increased beyond the SET current achieved with 

BRS(LRS1), which is marked as early-SET in Fig. 7.15(b), and the new low resistance state is 

marked as LRS2. After that, the device started exhibiting CRS behavior as plotted in Fig. 

7.15(c), which is irreversible since the device never drives back to the initial BRS as the state 

transition from LRS1 to LRS2 has made a permanent change in the device. The transition from 

BRS to CRS characteristics is reported in several devices. A few devices exhibit transition 

while modulating the SET compliance current [190], whereas others show transition while 

extending the input SET sweep voltage [132], [200]. 

In our study, a steady compliance current (Ic) has been applied to the device throughout 

the characterization, and the transition is observed while extending the input sweep voltage 

from -2.5 to -2.8 V with a variation in stepping voltage from 0.011 V to 0.0116 V. This 

transition in BRS to CRS characteristics is owing to the change in characteristics of the 

conduction filament (CF) [133], [190], [201].  

The CRS characteristics are given in Fig. 7.15(c) can be examined with four threshold 

voltages: Vth1, Vth2, Vth3, and Vth4. At threshold voltages Vth1 and Vth3, the device enters 

to completely ON-state with both active layers switch into LRS state, whereas during Vth2 and 

Vth4, the device transit to one of the two high resistance states, i.e., state-0 (LRS/HRS) or state-

1 (HRS/LRS). In CRS devices, the data is stored in one of the high resistance states with read 

voltage defined between a range of voltages limited by the threshold voltages |Vth1-Vth2| or 

|Vth2-Vth3|. For the proposed device, the read window is measured as ~1.8 V. 
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From multiple cycles of BRS and CRS, as shown in insets of Fig. 7.15(a) and 7.15(c), 

it has been noticed that a shift is occurred in the SET and RESET voltages of the device when 

its characteristics permanently changed from BRS to CRS. The statistical distribution of this 

voltage shift is analyzed using the Weibull distribution that is plotted in Fig. 7.15(d), where 

CRS SET means the SET process occurred at a threshold voltage Vth3 and CRS RESET means 

the RESET occurs with threshold Vth2. The self-compliance feature is desirable for a RRAM 

device by that the maximum current in the device is limited by the internal mechanism within 

the device irrespective of external compliance set to avoid the over conduction of the device. 

Fig.  7.16  (a) Device characteristics measured under the various current compliance values (b) current 

at different stop voltages (c) mean and error plot of current during HRS and LRS during multiple 

cycles of BRS, intermediate and CRS states at -2 V, -1.1 V,-0.5 V, 0.5 V, and 2 V. 

Even though the proposed CRS device exhibits self-compliance, the device 

characteristics obtained with different external current compliance levels are given in Fig. 

7.16(a). 

In Fig. 7.16(a), the device current at LRS and HRS increases with an increase in 

compliance current that can be described as the change in the properties of the conduction 

filament such as diameter or number of oxygen vacancies with increased external compliance 
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current. Similarly, an analysis based on the stop voltage is also carried out as given in Fig. 

7.16(b), showing that at Vstop of -2.7V, the device switched to SET state as part of BRS. As 

the stop voltage extends further (beyond 2.7V), the device exhibited both SET and RESET 

switching as part of CRS. The initial resistance of the device at low voltages (from 0 to -1.5V) 

is slightly decreasing with an increase in stop voltage. However, the LRS shows variations 

irrespective of the stop voltages. Fig. 7.16(c) plots the mean error in the measured current value 

at various voltages during multiple cycles, revealing that current at HRS and LRS are 

distinguishable beyond 1.5V irrespective of the applied input polarity.    

7.2.3 Performing read and write with pulse input  

The device's response to pulse input is tested with various pulse trains. We observed 

that the RESET transition occurs from 2 V to 3 V during the positive polarity of input voltage 

and ~ -2.4 V to -3.8 V during the negative polarity of the input. Therefore, based on the write 

scheme given in [202], the write voltage can be selected from within the above-given ranges. 

The write voltages chosen for the particular device are -2.5 V, 2.1 V, and read voltage set as 

1.3 V. 

Fig.  7.17 The device's response to pulse input (solid red line) indicates measured device current, and 

the thin black line represents the input pulse of amplitudes 2.1 V, -2.5 V as write voltage, and 1.3 V as 

reading voltage.  

Further, to demonstrate the write/read processes, the device is subjected to several 

read/write pulses. Among them, three consecutive cycles of write and read are shown in Fig. 

7.17 where alternate processes run to perform write-1, read-1, followed by write-0 and read-0. 
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The multiple consecutive read scenarios have not been considered in this study. From Fig. 7.17, 

we detected that read current obtained while reading data bits 1 and 0 are distinguishable with 

~ 60µA difference, also termed readout current. Similarly, write-1 and write-0 are showing the 

current values of 300 µA and 200 µA, respectively. Thus, the device is operating under low 

magnitudes of write voltage (< |3| V), and current (in µA) enables it to use in medium power 

(µW) memory applications. Moreover, the PD measured in response to pulse input while 

writing is observed as ~450 µA as portrayed in Fig. 7.18(a). Similarly, reading the data bits ‘1’ 

and ‘0’ require a PD of 130 and 65 µW, respectively as shown in Fig. 7.18(a). 

 

Fig.  7.18 a) Power dissipation across the device (solid red line) while performing read and write 

operation with pulses. b) Power dissipation across the device on response to sawtooth input 

However, as expected, the power dissipation during the read process is comparatively 

lower than that of data write, which signifies the use of the device in medium power memory 

applications. The power dissipation (PD) across the device in response to a sweep of a sawtooth 

waveform (Fig. 7.18 (b)) reveals that PD is zero at lower voltages describing the possibility of 

sneak path current reduction.  

The device's response to pulse / DC inputs indicates that the device can be used in CBA 

to mitigate sneak path current owing to low off-current of ~3x10-7 A present at low input 

voltage ≤|0.5| V, which effectively blocks the possible leakage current originating from the 

memory array. Therefore, when connecting the device in a cross-bar array, read bias voltage 

(Vread/2) applied to unselected cells in the array can be ≤|0.5| V, read margin of selected cell 
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(Vread) can be in the range of ~1.0 V to 1.8 V, and the nonlinearity factor  

(I(Vread)/I(Vread/2)) measured for this device is ~11.  

Next, the device's switching time and reliability studies are given in Fig. 7.19 and 7.20, 

respectively. In Fig. 7.19(a), the device displays SET and RESET switching at both positive 

and negative polarities of DC sweep voltage. The SET process at negative polarity is abrupt, 

which occurs in 20 µs, whereas the SET switching at positive bias is gradual and happens at 

0.30 ms as marked in Fig. 7.19(b). However, the device shows a microsecond switching time 

when performing read and write with pulse input. While reading the data, the read current 

increases to a maximum value in 5 µs of the read pulse as given in Fig. 7.19(b), while writing 

to the device responds in 8 µs as shown in Fig. 7.19(c). Fig. 7.20(a) illustrates the device's 

endurance for multiple cycles, and Fig. 7.20(b) demonstrates the device retention capability 

when performing multiple read at 1.3 V, at room temperature.  

Fig.  7.19 Switching time response of the device( a) with DC sweep input (b) switching time when 

reading with pulse input (c) switching time while writing with pulse input

 

Fig.  7.20 (a) Endurance of the device with multiple cycles (b) Retention of states measured at read 

voltage of 1.3 V 

0 1 2 3 4 5

-4

-2

0

2

4

c)

b)

a)

0.30 ms

 Input sweep

 Output current

In
p

u
t 

v
o

lt
a

g
e 

(V
)

a)

2.685 2.690

-2

0

2

 20 ms

5 ms

Read 0

 Input pulse

 Output current

 P
u

ls
e 

a
m

p
li

tu
d

e 
(V

) 

 C
u

rr
en

t 
(m

A
)

1.715 1.720 1.725 1.730 1.735 1.740

-2

0

2 write1

Time (ms)

8 ms

0.1

0.5

0

0

0.1

-0.1

0.4

0.2

0.1



Fabrication and characterization of Complementary Resistive Switching device 

136 

 

7.2.4 Optimization with different active layer thickness 

With a focus to optimize the device performance, three different sets of samples with 

different active layer thicknesses are tested and resulting CRS characteristics obtained for these 

devices are represented in Fig. 7.21 (a), (b), and (c).  While comparing, it could be observed 

that the off current in devices with 10 nm active layer is higher than that of the devices with 30 

nm and 40 nm active layer thickness.  

Fig.  7.21. Optimization of CRS design with varying active switching layer thickness a) device with 

ZnO(10nm)/Al2O3(10nm) structure b) device with ZnO(10nm)/Al2O3(20nm) structure c) 

ZnO(20nm)/Al2O3(20nm) structure, demonstrating the decrease in leakage current with increase in 

active layer thickness. 

Moreover, the leakage current is found to be decreasing with an increase in active layer 

thickness. Likewise, the devices with thicker oxide show a better on-off ratio. A better 

Roff/Ron ratio could be obtained with the ZnO(20nm)/Al2O3(20nm) stack. The theoretical 

approach on the possible mechanism of CRS switching as well as current conduction in the 

bilayer device has also been described in the following section. 

7.2.5 Possible Mechanism of forming and switching in CRS device 

Generally, the switching process in RRAM devices can be explained based on the 

formation of conduction filament. As discussed in chapter 2, two major mechanisms are 

associated with filament formation are; valance change mechanism (VCM) [134] and 
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Electrochemical metallization mechanism (ECM) based switching. As the electrodes used in 

the proposed device are inert (Au and FTO) [182], [203], [204], and the active layers are well-

known oxides switching with oxygen vacancies, the possibility of ECM-based switching is 

eliminated.  Similarly, in our study, the influence of protons or moisture on switching is not 

considered [205]. From various experiments conducted, it has been interpreted that the 

establishment of filament in the proposed device is based on oxygen vacancies. In addition, the 

results of elemental distributions obtained from the structural analysis also reveals that the 

filament is formed of Oxygen vacancies. However, the effect of interface charges at 

metal/oxide interface may also be contributing for the switching process. From the analysis it 

is clear that the metallic cations seldom participate in switching process. Therefore, the device 

is likely to be falling under the category of VCM [206].  

 In the single-layer device (Au/Al2O3/FTO), and (Au/ZnO/FTO) as discussed in the 

previous section of this chapter, we have observed that the ZnO layer is more conductive due 

to the presence of excessive defects, and that might leads to the degradation of device 

performance [182]. Hence, the as-deposited device had been subjected to EF with a positive 

sweep, which in turn limit the number of defects in the layer, and the possible switching 

mechanism can be explained with the migration of positively charged defects to the bottom of 

the ZnO layer, leaving a depletion layer at the top interface. However,  further increase in 

voltage causes the presence of maximum electric field at that region, which results in the 

formation of oxygen ions and may further limit the number of oxygen vacancies in the ZnO 

layer to form uniform or constant distribution of oxygen vacancies the device [199].  

Subsequent initial SET/RESET cycling at higher compliance current results in the formation 

and rupture of filament at the ZnO layer. That too can be obtained with negative and positive 

polarity of the input voltage, respectively. In this case, rupture of conduction filament occurs 

when performing the RESET switching at a higher external compliance current and the possible 

mechanism is associated with Joule heating [134], [199].   
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Fig.  7.22 Mechanism of switching in CRS: the golden color top plane represents the Au top electrode, 

underlying light color denotes the ZnO layer below that, the silver color represents Al2O3 layer, and 

the plane at the bottom is FTO electrode. Blue color circles represent oxygen vacancy-based 

conduction filament, and yellow arrows denoted the direction of vacancy movement. a)Initial state 

HRS/LRS b) complete filament representing LRS/LRS or ON-state c)LRS/HRS state d) LRS/LRS 

(ON-state) e)Oxygen vacancy drift towards bottom electrode to settle HRS/LRS f) device reached 

back to initial state f (or a).  

Further, the transition from BRS to CRS occurs due to the second electroforming 

process at the Al2O3 layer with the modulation of input voltage at a higher compliance current 

[134]. In this study, the mechanism of CRS in ZnO/ Al2O3 bilayer structure is explained with 

the concept of redistribution [132], [135] of oxygen vacancies within ZnO and Al2O3 layers.  

The switching process that occurs at CRS is explained in Fig. 7.22, where at input 

voltages <-0.8 V, the device is at HRS with filament-free ZnO layer and presence of oxygen 

vacancy filament at Al2O3 (LRS) layer. Thus, the resistance state of the device becomes 

HRS/LRS or state-1 as indicated in Fig. 7.22(a). Then, as the input sweep reaches -0.8 V, the 

oxygen vacancies migrate toward the top electrode to form filament in the ZnO layer [204], 

thereby the device enters to LRS/LRS state or completely ON-state as shown in Fig. 7.22(b). 

On further increase in voltage beyond -2.4 V causes more oxygen vacancies to migrate towards 

the top electrode resulting in the rupture of filament from the bottom electrode interface. As a 

result, the lower Al2O3 layer becomes depleted, as shown in Fig, 7.22(c), where the device state 

changes to LRS/HRS state or state-0 [203]. 

Next, a sweepback of the input signal causes the device to remain in the current state-0 

until the applied input voltage reaches ~1.2 V of the positive cycle. Subsequently, when a 

positive input voltage of 1.2 V is applied to the top electrode, an electric field set up across the 

device, through most of the field appears across depleted resistive Al2O3 layer, and the more 

          a)                        b)                       c)               d)                     e)                    f) 
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concentrated electric field appears at the tip of the conduction filament than at the top flat 

interface [207].  
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Fig.  7.23 Device resistance marking a, b, c, d, e, and f are corresponding to the mechanism marked in 

Fig 7.19. (linear scale) 

  

As a result, instead of rupturing the conduction filament from the top electrode 

interface, oxygen vacancies present at ZnO/ Al2O3 interface drift towards the bottom electrode 

and eventually forms a filament spanning across Al2O3 and ZnO layer as demonstrated with 

Fig. 7.22(d), where the arrows show the dominance of the electric field at bottom electrode 

interface than at the top interface and the corresponding current state achieved by the device 

becomes LRS/LRS. On further increase in positive voltage causes oxygen vacancies to get 

detached from the top electrode and upper part of the filament breaks to attain HRS/LRS state 

as shown in Fig. 7.22(e) and eventually to reach the final stage shown in Fig. 7.22(f) which is 

the same as initial state given in Fig. 7.22(a).  The mechanism illustrated in Fig. 7.22 is 

correlated with the resistance developed across the device as shown in Fig. 7.22, described with 

six points a, b, c, d, e, and f. In Fig. 7.23, the device's initial state achieved with the negative 

polarity of input voltage is HRS/LRS or state-0 (marked as a in Fig. 7.23) with the resistance 

value ~32 KΩ. As the magnitude of input voltage increases further, the device switch to ON-

state (as marked as b in Fig. 23) with its resistance as low as 10 KΩ. Subsequently, when the 

input sweep reaches -2.4 V, the device switches to a higher resistance state of approximately 

42 KΩ i.e., state-1 (marked as c in Fig. 7.23). During the positive voltage sweep, the current 

through the filament increases and finally settles at a resistance of approximately 32 KΩ as 

marked with f in Fig. 7.23 after going through completely ON-state (marked as d, e in Fig. 

7.23). From the figure, it is noteworthy that the resistance at points a (state-0) and c (state-1) 

are distinguishable with an approximate difference between them is 10 KΩ which indicates 

that the HRS arise due to the rupture of filament in ZnO and Al2O3 layers, respectively as 

indicated in Fig. 7.22(a) and (c). 
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Next, the current conduction mechanism associated with the device is illustrated with 

the help of experimental data and fitting models. The I-V characteristics re-plotted on the logI-

logV scales to analyze the conduction mechanism, as shown in Fig. 7.24. The negative voltages 

are converted into absolute values for plotting the data and then converted to log scale. The 

voltages and currents are not normalized during the experiment. As shown in Fig. 7.24, at HRS 

(for both positive and negative polarities), the ZnO/Al2O3 bilayer device is due to trapping 

controlled-space charge limited conduction (TC-SCLC) [208].  

 

 

Fig.  7.24 Current conduction mechanisms a) ln(I) vs. ln(V) indicates SCLC conduction with 

slope=1.3 at HRS attained with the negative polarity of input b) ln(I) vs. ln(V) indicates SCLC 

conduction with slope=1.4 at HRS obtained with positive polarity(c) lnJ Vs V1/2 plot showing the 

Schottky conduction at LRS. 

Similarly, at LRS (positive polarity), the relationship between ln (I) and V1/2 depict that 

the current conduction (Fig. 7.23(c)) at Au/ZnO interface is due to Schottky conduction [190], 

which is also consistent with the conduction mechanism reported for ZnO based switching 

(

c) 
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memories. Thus, it is reported that both devices are useful to use in crossbar array to eliminate 

sneak path current.   

In conclusion, the chapter presents two novel resistive switching devices with structures 

Au/ZnO/Al2O3 /FTO and Au/ Al2O3/FTO, respectively. The former has shown high asymmetry 

in its characteristics with an interesting phenomenon of non-zero crossover, pointing to its 

application in memcapacitive and inductive applications as reported in the literature. Also, the 

1D1R kind of characteristics makes it a better solution to mitigate sneak path current, without 

using any external device (selector ). In contrast, the latter gives a potential solution to mitigate 

sneak path current by exhibiting a complementary resistive switching behavior. The oxygen 

vacancy-based switching mechanism in CRS is demonstrated, and it is reported that the 

dominant current conduction mechanism in CRS devices is SCLC. Further, the optimization 

of device characteristics is achieved by testing with different devices of varying active layer 

thickness and found that the devices with thicker active layer provide low leakage current. 

Further,the device's response to pulse / DC inputs indicates that the device can be used in CBA 

to mitigate sneak path current owing to low off-current of ~3x10-7 A present at low input 

voltage ≤|0.5| V, which effectively blocks the possible leakage current originating from the 

memory array. 
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Chapter 8  

Characterization of multilevel CBRAM and RRAM 

devices for the implementation of hypothetical 1S1R 

architecture to mitigate sneak path current 

 

Chapter Summary 

Two resistive switching devices are proposed in this chapter to use in association with the 

selector. The first part of the chapter reports a conductive bridge RRAM(CBRAM) with multi-

level resistive switching property. The structure of the device is Ag/Al2O3 (10 nm)/ZnO(5 

nm)/FTO device, which exhibits five discrete states; LRS, IRS1, IRS2, IRS3, and HRS, 

prevailing at certain fixed voltage levels. The switching mechanism in the device is identified 

as the formation/ rupture of multiple filaments due to REDOX reactions. The conduction 

mechanism at LRS is due to metallic/ohmic conduction substantiating the formation of metallic 

filament. Similarly, SCLC is the current conduction mechanism that occurs during the HRS of 

the device. Moreover, the device exhibits a better Roff/Ron ratio for HRS/LRS and 

HRS/intermediate states. A RRAM device is  proposed with Au/ Al2O3/ZnO/FTO structure in 

the second part. The device exhibited bipolar resistive switching characteristics with excellent 

retention and endurance properties (>103) and a Roff to Ron ratio of 200. Further, both 

CBRAM and RRAM are connected with a Pt/Ta2O5/TaOx/TiO2 /Pt selector hypothetically. The 

obtained I-V characteristics show that the former can provide multilevel 1S1R in high-density 

applications, whereas the latter provides bipolar characteristics. Also, it is reported that both 

devices offered a very low OFF-current in the order of nano Amperes with a high non-linearity 

and Roff/Ron ratio.  
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In this chapter, two variants of resistive switching devices such as CBRAM 

(Ag/Al2O3/ZnO/FTO) and RRAM (Au/Al2O3/ZnO/FTO) are fabricated and characterized. 

They are further combined with a Pt/Ta2O5/TaOx/TiO2 /Pt selector device hypothetically to 

form 1S1R structure, which is one of the promising architectures to mitigate sneak path current. 

Even though Al2O3 is an insulator, in our experiment, we deposited Al2O3 ALD with 

sequential exposures of Al(CH3)3 and O3, where water is acted as oxidizer. However, during 

the deposition, it is certain that dangling bonds and native defects form within the structure 

may cause the formation of energy states within the band gap to facilitate the current 

conduction,  thereby it functions as a RRAM device showing conductance, thereby the  term 

semiconducting denotes its conductance nature. The role/behaviour of the Al2O3 layer is 

equivalent to the Ta2O5 layer in Pt/Ta2O5/TaOx/Pt RRAM model (which we have used in 

chapter 4) due to the presence of defects in both material. 

The first part of the chapter describes the fabrication and characterization of a CBRAM 

device based on Ag/Al2O3/ZnO/FTO structure and reports its multilevel functionality. Further, 

to implement the one selector-one resistor (1S1R) architecture, the proposed device has been 

connected with a selector device hypothetically to analyze its I-V characteristics, to ensure that 

the combined devices can reduce sneak path current along with providing multiple bit storage 

enabled by the multilevel capability. Further, the second part of the chapter discusses the 

implementation of  Au/Al2O3/ZnO/FTO RRAM structure. It demonstrates the combined 

characteristics with selector (1S1R) that enhance the performance in crossbar array by 

eliminating sneak path current.  

8.1 Fabrication/characterization of Ag/Al2O3/ZnO/FTO CBRAM device 

and 1S1R formation 

The most accepted theory to fit with the switching mechanism of resistive memories is 

conduction filament (CF), either with oxygen vacancies or metallic ions. Conductive bridge 

random-access memory (CB-RAM) [6], [27], [42]–[46]cells are made with switching layer 

stack sandwiched between two electrodes where at least one of the electrodes would be reactive 

to facilitate the cations to participate in switching. For example, active metals like Silver (Ag), 

or  Copper (Cu) is used as top electrodes in CBRAM devices [37], [59], [209]. Interestingly, 

several CBRAM devices exhibited multilevel-cell (MLC) capability, which can be utilized in 

high-density memory applications [40], [41] with 4F2 memory cells where F is the minimum 
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feature size. MLC is becoming an emerging field as it has applications in neuromorphic 

computing, LUT implementation in FPGA, etc.   

However, it has been observed that CBRAM devices are prone to exhibit multilevel 

capability than the VCM devices due to the high possibility of formation of multiple metallic 

as well as vacancy-rich filaments. CBRAM devices exhibiting the MLC characteristics are 

TiN/HfOx /Al/Pt [210], Ni/TiO2/HfO2/Ni [211], Al/CeOx/Pt [212], and VCM device such as  

TaOx based RRAM [213].  

To achieve multilevel functionality, a novel device is proposed with an active Silver 

electrode as the top electrode. The following section of the chapter reports the fabrication and 

study of multilevel characteristics of bipolar CBRAM device made of Ag/Al2O3 (10 

nm)/ZnO(5nm)/FTO bilayer structure for the first time, followed by an analysis of the 

conduction mechanism and the switching mechanism of the proposed device. The end of the 

subsection discusses the cycle-to-cycle (C2C) variability and device-to-device (D2D) 

variability studied across multiple devices. 

8.1.1. Experiment Procedure:  

The proposed device is Ag/ Al2O3 (10 nm)/ZnO (5 nm)/FTO with FTO as the bottom 

electrode and Silver (Ag) as the top electrode (TE). TE is prepared by thermal evaporation, and 

at that stage, the devices in the sample are confined by using a shadow mask with via holes of 

960 µm diameter. For the experiment, multiple samples are fabricated to analyze multiple 

devices behavior. The layers below TE are Al2O3 and ZnO oxide layers deposited using atomic 

layer deposition (ALD) technology and their thicknesses are 10 and 5 nm, respectively. Both 

layers are deposited using ALD cycles where precursor, oxidizer (H2O), and purge gas (N2) 

were exposed to the bottom electrode material (FTO) in sequence.  Precursors used to form 

Al2O3 and ZnO are TMA, diethyl zinc, respectively. The deposition temperature, pressure, and 

environmental conditions are the same as that of the devices discussed in the previous chapter. 

To deposit 10 nm of Al2O3, 80 ALD cycles had been run, whereas to deposit 5 nm of ZnO, 25 

ALD cycles were run [214]. Fig. 8.1 represents the layout of the device depicting each layer 

where the top electrode (TE) is Silver (Ag) with a thickness of 100 nm, and oxide layers are; 

ZnO (5 nm) and Al2O3(10 nm). 

Electrical characterization of the device is done at room temperature at a dark chamber 

using an Agilent B2912A precision source measure unit. During the electrical characterization, 
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the bottom electrode FTO is grounded, and the input voltage is applied to the top Ag electrode.  

Surface morphology obtained from the structural analysis shows that the material deposition 

was uniform, as in Fig. 8.2 (a)showing the uniform deposition of Silver at the device area, and 

Fig. 8.2(b) depicts underlying Al2O3/ZnO layers without top electrode deposition. In this 

proposed device, the presence of the ZnO layer acts as a tunneling layer that limits the leakage 

current. In contrast, a similar configuration of the device with Au top electrode 

(Au/Al2O3/ZnO/FTO) behaves as ox-RRAM due to the difference in the reactivity of the 

electrodes chosen. 

 

Fig.  8.1 Structure of the proposed device with Al2O3, ZnO active layers with Ag top electrode and 

FTO bottom electrode. 

a)                                                                                       b) 

    
 

Fig.  8.2  FESEM image showing the uniform distribution of (a)   Silver top electrode deposition (b)   

Underlaying Al2O3/ZnO layers (both at 2µm magnification) device-free area without Ag 
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8.1.2. Results and Discussions:  

Initially, an electroforming step is carried out in the device at a high input voltage sweep 

with external compliance of 100 nA. Then, a DC input sweep of -4 V to 2 V in steps of 0.01 V 

is applied to the device at a compliance current of 0.1 A; in the response, the device showed 

self-compliance multilevel resistive switching characteristics with SET and RESET switching 

achieved at the positive and negative polarity of input voltage as shown in Fig. 8.3. However, 

while transiting from LRS to HRS, the device exhibited two distinct intermediate memory 

levels with an abrupt transition between them whereas, during the transition from HRS to LRS, 

the device exhibited one intermediate memory state in addition to LRS 
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Fig.  8.3 I-V characteristics obtained with the proposed device showing five distinct resistive 

switching levels 

with the maximum current is limited by the self-compliance feature of the device[19]. 

The maximum current in the multilevel device at LRS is measured as 15.80 mA. Then, the 

response of the device to DC sweep signal is studied. Its I-V characteristics are given in Fig. 

8.3, which is marked up with five distinct resistance levels obtained with the entire span of 

sweep from -4 V to 2 V. In Fig. 8.3, the initial kink is observed. In contrast, the device resets 

initially at a potential of -1.4 V. At this point, even though there was a 60 Ω upsurge in 

resistance value than the LRS, it is insignificant to encode data bits. Therefore, the initial kink 

is not considered a stable state, which might be due to the rupture of an unstable filament.   

 When the input voltage is increased further up to -2.3 V, the first stable intermediate 

state (IRS1) is achieved, which showed a resistance of 1300 Ω, as shown in Fig. 8.4(a). Then, 

a rise in reset voltage to -3.0 V resulted in resistive switching of the device to another 

intermediate resistance level (IRS2) of resistance 2470 Ω, and this resistance state persists for 

an input voltage ranging from -3.0 to -3.7 V. Finally, the device turned off at -3.8 V after the 
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transition from IRS2 reaching the HRS of resistance 4320 Ω. Subsequently, a sweep of positive 

voltage is applied to the device, and at 0.8 V, it has driven to an intermediate SET state of 

resistance ~3000 Ω as marked in Fig. 8.4(b). At this stage, the device showed trivial changes 

in resistance values, though compared to the resistance value of LRS, these variations are 

insignificant. Hence, it is considered the first stable state attained with SET voltage; thereby, it 

is termed the third intermediate state (IRS3). On further increase in the input voltage beyond 

1.7 V causes the device to switch to LRS which has a resistance value of 100 Ω. However, it 

has been interpreted that the LRS and IRS3 states can be achieved by controlling the SET 

compliance current [215]. Next, the Roff/Ron ratio of the proposed multi-level memory has 

been calculated as a measure to analyze the device performance. In this case, in addition to the 

LRS/HRS ratio, Roff/Ron ratio has been calculated for each intermediate state by taking the 

ratio of resistance at the intermediate state to HRS. Primarily, the LRS /HRS ratio of the device 

is measured at -1.4 V is 354. The ratio obtained for IRS1 at -2.38 V is 15, the ratio measured 

at IRS2 state shows a factor 4. Similarly, Roff/Ron ratio is also accessed for the stable state 

(IRS3) obtained with SET voltage and its value is 27.20. Table 8.1 shows the resistance values, 

switching voltage, and the Roff/Ron ratio measured for each state.  

To analyze/predict the reliability of the data set, statistical data analysis is required. Among 

various analysis tools, Weibull is selected in the research due to the flexibility to analyze 

variable data sets. The Weibull distribution [216] of SET and RESET voltages is plotted as 

depicted in Fig. 8.4(c), showing that SET and RESET voltages display a right shift on the 

voltage axis while maintaining the minimum difference (~3 V) between them. The device 

current at multiple cycles obtained with  SET, RESET, and intermediate voltage levels are 

shown in Fig. 8. 5, where the plot can also be used to describe the stability of the device states 

by illustrating the distinct current levels achieved with various voltage levels. 

 Table 8.1 Five resistive states and their resistance values, Roff/Ron ratio and corresponding switching 

voltage (All entries are showing the measured data) 

 

State Resistance (Ω) Roff/Ron Switching voltage (V) 

IRS3 ~3000 27 1.0 V 

LRS 100 354 1.5 V 

IRS1 1300 15 -2.3 V 

IRS2 2470 04 -3.0 V 

HRS 4320 - -3.8 V 
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(a)                                                        (b)                 

Fig.  8.4  (a) Multiple resistance levels obtained with RESET voltages and (b) SET voltages (c) 

Weibull distribution of SET and RESET voltages  

From Fig. 8.5, it is observed that each state maintains at least ~0.7 V between each 

RESET/SET voltage. This feature of the multi-level memory makes it efficient to distinguish 

the data bits. Afterward, two major mechanisms associated with CBRAM devices, such as the 

current conduction mechanism and switching mechanism, are analyzed for the proposed 

device.  
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Fig.  8.5 Device current attained with multiple cycles of SET, RESET, and intermediate voltage levels 

-4.0 -3.5 -3.0 -2.5 -2.0 -1.5

0

540

1080

1620

2160

2700

3240

3780

4320 HRS - 4320W at -380 V

IRS1 1300 W at -2.3VR
es

is
ta

n
ce

 (
 W

)

Voltage ( V)

 resistance levels with RESET voltages

LRS 130 W

IRS2  2470W at -3V

 

1.0 1.5

0

3000

6000

9000

LRS ~100 W

R
e
si

st
a
n

c
e
 (

W
)

Voltage (V)

 resistance levels at SET

IRS3 ~3000 W

 

                                                                     (c) 

 

 

 



Fabrication/characterization of Ag/Al2O3/ZnO/FTO CBRAM device and 1S1R 

formation 

149 

 

8.1.3. Conduction mechanism and switching mechanism associated with the proposed 

multilevel device 

The conduction mechanism associated with proposed CBRAM memory has been 

evaluated from the slopes obtained with log-log plots shown in Fig. 8.6. The line resulting from 

LRS has a slope of  ~1, indicating that the conduction mechanism at LRS is metallic/ohmic 

conduction [217]. Similarly, a linear fit to the log-log plot obtained at HRS is also plotted in 

Fig. 8.6 with the bold red line. Its slope is found to be ~1.9, indicating that the conduction 

mechanism at HRS follows child’s law (Iα V2) and current conduction is likely to be space 

charge limited current (SCLC) [18], [218]. The fitting models for current conduction 

mechanisms are plotted with solid red lines, as shown in Fig. 8.6. The possible switching 

mechanism of the proposed device is also investigated. In the proposed device, the switching 

characteristics are resulting from the electrochemical metallization (ECM) process, where the 

filaments formation/rupture is due to the oxidation and reduction (REDOX) reactions taking 

place at the top Ag/Al2O3 interface [43], [44], [219], [220] and its extension towards the bulk 

Al2O3 layer—owing to the REDOX reaction, metallic filament made of Ag cations forms. 

Then, the resistive switching is occurred due to the creation and rupture of the filaments.  
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Fig.  8.6 log I vs log V plots showing the slope =1 during LRS and slope=1.9 during HRS 

The study of ZnO single-layer device shows that it has a very small window of 

switching. Consequently, the active ZnO layer at the bottom interface has a thickness of 5 nm 

is likely to provide the least Oxygen vacancies, and more likely to act as tunneling oxide to 

limit current. Therefore, the switching is prominent in the resistive Al2O3 layer. 
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The multi-level characteristics of the proposed device are obtained by the formation of 

multiple filaments [212]  within the Al2O3 active layer with different features such as diameter, 

length, the number of metallic ions/oxygen vacancies constituting the filament [25, 26]. 

  Fig.  8.7 Device structure showing the switching mechanism (a) Filaments formed during LRS at +ve 

polarity of input, the arrow shows the conduction filament. (b) Ruptured filament during HRS occurs 

at the -ve polarity of the input 

 When a positive voltage is applied to TE with respect to FTO, the reactive metal (Ag) 

cations transport from the TE to BE as given in Fig. 8.7(a), thereby driving the device to ON- 

state [27], whereas the negative polarity of input applied to TE leads to the oxidation of the 

metallic filament that results in the rupture of the filaments as given in Fig. 8.7(b). However, 

the device has multiple filaments formed, hence the filaments with different thicknesses require 

different activation energy to break. Therefore, the filaments rupture occurs at different input 

voltages. For instance, the initial kink shown in Fig. 8.3 might be due to the rupture of a feeble 

filament. Further increase in the magnitude of input voltage causes the rupture of multiple 

filaments resulting in a transition of states from more conductive LRS to stable IRS1, 

subsequently to IRS2 and finally reaches high resistance state. Thus, the device passes through 

several stable resistive states while sweeping the input from 0 to -4. 

Further, the cycle-to-cycle variability (C2C) and device to device (D2D) variability of 

the devices are studied.  For C2C variability, multiple I-V characteristics obtained on the 

response of multiple input cycles applied to a single selected device are analyzed and plotted 

as shown in Fig. 8.8(a). From the figure, it could be observed that the device characteristics 

show stable MLC states at both SET and RESET voltages with minimum- 
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 Fig.  8.8 I-V characteristics obtained with(a) a Single device with multiple cycles of input showing C2C 

variability(b) Multiple devices are illustrating D2D variability and the existence of multiple levels.(c) Statistical 

distribution of resistance during the cycle to cycle variation in a single device (d) Statistical distribution of 

resistance state for multiple devices filament rupture result in the RESET of the device. 

variability during LRS, IRS, and HRS. Similarly, to understand D2D variability, 

multiple devices are chosen, and their responses are plotted. Device to device variations at 

different compliance current is also devised to show that all devices show multi-level 

characteristics as displayed in Fig. 8.8(b).  From observation, it is verified that multiple 

resistance states are existing at different devices incongruent with the selected device and have 

good endurance in holding its resistance levels. The LRS exhibited by the devices shows the 

least variability compared to the variations in HRS. Subsequently, the statistical variation of 

resistance during HRS, LRS, IRS1, IRS2, and IRS3 is measured where it is observed that the 

resistance states achieved are distinguishable during multiple cycles of a single device(Fig. 

8.8(c)). Similarly, the statistics of the distribution of resistive levels achieved with various 

devices are also studied and plotted in Fig. 8.8(d). From the figure, the LRS and HRS states 

can clearly distinguish though in some devices the resistive state IRS3 achieved with SET 

voltage shows a similar resistive state as that of IRS2 and IRS1. 
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Fig.  8.9 Characteristics obtained with; (a)   Retention of the device states (b)   Endurance of the 

device during multiple cycles. 

However, the mixing up of IRS3 and IRS2 or IRS1 states do not affect the device 

performance as IRS3 is obtained with the positive polarity of the input voltage whereas IRS1 

and IRS2 are achieved with negative polarities of the input voltage.   

Next, a reliability study is conducted on the device and found that the device has good 

retention of its states as given in Fig. 8.9(a). Then, the resistance of the device during multiple 

cycles (Fig. 8.9(b)) shows that the device has good endurance in holding its resistance levels. 

8.1.4. Hypothetical implementation of one selector-one resistor (1S1R) with the 

multilevel capability 

The fabricated multilevel device has connected with the Pt/Ta2O5/TaOx/TiO2 selector 

hypothetically, assuming that top electrodes, Ag and Pt are compatible. The hypothetical 

characteristics are derived by using MATLAB tool (Fig. 8.10). In this design, the assumptions 

are; when connecting the multilevel bilayer device in series with the selector device, the effect 

of total resistance offered by both selector and RRAM will reflect on combined characteristics, 

another assumption is that in series-connected devices, the selector has a major role in 

determining the resulting current until a potential of  ~1.2 V, after that the device characteristics 

follows the CBRAM characteristics. The resulting characteristics showed 1S1R characteristics 

with low OFF-current at an input voltage range of -3V to 0 V, and the measured current is 

several tens of nano amperes (20 nA) that indicates the efficiency in reducing the sneak path 

current.  
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In addition, it is noted that the integrated device characteristics show the multilevel 

feature as obtained from the proposed CBRAM, which entitles the use of device combination 

in a crossbar array to store multiple bits as well. Also, it is observed that the Roff/Ron ratio of 

the combination is >102. Similarly, the SET, RESET voltages are also known in advance, that 

is the SET voltage would be somewhere near 2 V, and SET current becomes approximately 11 

mA. Also, RESET voltage is approximately 1.5 V, but due to the multilevel facility, the RESET 

happens in steps. The first RESET occurred at -4V, and further, the device combination RESET 

to 3.2 mA at -4.3 V and then switches to another intermediate state of current 1.2 mA by ~4.8 

V. Nevertheless, it is noticed that the difference in RESET voltage between each intermediate 

level is get reduced compared to that in the proposed multilevel CBRAM. In sequence, an 

important parameter to be assessed to measure the circuit usage in reducing sneak current is 

non-linearity. The non-linearity of the characteristics is estimated to find that it is ~25, which 

is indicating that if both devices are combined, it can be useful in large crossbar arrays. Hence 

it is predicted that the actual device integration will be beneficial as the combination can be 

used in high-density applications with the least sneak current [222].  

  

Fig.  8.10 The hypothetical realization of 1S1R device characteristics(a) RRAM, selector, approximate 

1S1R current characteristics shown in logarithmic scale (b) 1S1R I-V characteristics in linear scale 

(a)                                                                           (b) 
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8.2 Characterization of bilayer RRAM devices and implementation of 1S1R 

to mitigate sneak path current 

To optimize the device designs and to combine with selector device, bilayer device with 

reverse stacking order of previously proposed CRS device (Au/ Al2O3 

(10nm)/ZnO(15nm)/FTO ) has been fabricated with Gold (Au) top electrode and Fluorine 

doped tin oxide (FTO) as the bottom electrode. The device structure is shown in Fig. 8.11. The 

preparation of the layers except the top electrode is the same as that of the multilevel memory 

as discussed in the previous section. In this device, the active layers Al2O3 and ZnO have been 

developed through the atomic layer deposition (ALD) method, where the top electrode is 

deposited using the thermal evaporation method. 

 

Fig.  8.11 The layout of Au/ Al2O3/ZnO/FTO device 

The thickness of top electrode is ~100 nm, Al2O3 is 10 nm and ZnO is 15 nm. The 

pristine device shows very low current of magnitude ~5 Pf. The electroforming is performed 

with -10 to 10 V with a compliance current of 100 nA as shown in Fig 8.12(a).  

On subsequent input sweeps the device exhibited resistive switching with SET 

switching occurred at ~ -1.2 V and RESET occurs at 2.5 V, marked in Fig. 8.12(b). The LRS 

resistance of the device measured at a read voltage of 1 V is 500 Ω and HRS is approximately 

100 MΩ. The Roff/Ron ratio of the device is calculated as ~200. From the device behavior, it 

is interpreted that the resistive switching occurs due to the drift of oxygen vacancies under an 

electric field. SET switching seen in the device is abrupt, which substantiates that it has 

filamentary switching behavior, where a conduction filament (CF) formation depends on the 

electric field applied across the device. Besides, it shows gradual RESET switching as the CF 

rupture occurs at a lower rate as the strength of the electric field is less. 
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Fig.  8.12 a) Electroforming of the device with compliance current 100 nA b) I-V characteristics of the 

device with a sweep from -10 to 10 V and a compliance current of 0.3 A. c) Device characteristics 

with various compliance current levels d) Weibull distribution of SET and RESET voltages  

However, it has been noticed that in a few devices, an increase in input voltage beyond 

RESET voltage causes a slight decrease in current as seen from Fig. 8.12(b) at voltage levels 

3 to 10 V, which is due to the diffusion of the oxygen vacancies out of the conduction filament 

(CF).  Even though the device exhibited the self-compliance feature, the current saturation level 

at LRS is defined with various compliance current levels applied through an external source, 

Fig. 8.12(c) depicts the LRS levels with different compliance currents (CC). Therefore, the 

inference is that the external compliance set for a device directly relates to the physical 

properties of conduction filament, which in turn affects the device's self-compliance level.  

For further performance analysis, the statistical distribution of switching voltages is 

performed using Weibull distribution, which shows distinguished SET and RESET voltage 

levels as depicted in Fig. 8.12(d). Next, the non-linearity of the device is measured with 

reference to VSET and VRead. Non-linearity in device characteristics with respect to SET is 

defined as the ratio of the magnitude of the current attained at SET voltage and the magnitude 

of current attained at half of SET voltage. The value of non-linearity measured at VSET =-1.2 
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V is 100. Similarly, the non-linearity with reference to read voltage is also measured and which 

gives a factor ~7.   Next, the retention of the Al2O3/ZnO device is measured at the compliance 

of 0.03 A and a read voltage of 0.25 V at room temperature shows that the device is exhibiting 

excellent retention of its states, which is displayed in Fig. 8.13(a). Similarly, the endurance of 

the device for multiple cycles is also shown in Fig. 8.13(b). The input SET and RESET voltages  

Fig.  8.13 (a) Retention of the device obtained at a read voltage of 0.25V (b)Endurance of the device 

states with multiple cycles 

applied to perform the endurance test of states for multiple cycles are -1.2 and 2.8V, 

respectively [19]. To evaluate the device performance as a memory unit, the device's response 

to read and write cycles is tested with multiple cycles of input pulses. The test pattern used is 

SET-read-RESET-read as given in Fig. 8.14. The data bit ‘0’ is encoded with a SET pulse of 

amplitude -1 V with pulse width 2.2 µs, and the corresponding output current value measured 

is ~13mA.  
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Fig.  8.14 The read and write cycles of the device with –2.8 V for writing data 0 and -1.2 V for writing 

the data bit 1. The blue line shows the input pulse amplitude, and the red line represents the output 

current X-axis showing the time scale.  
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Subsequent read pulse has an amplitude of 0.25V and pulse width 2.2 µs, whereas the 

RESET pulse has the same pulse width as that of SET. However, its pulse amplitude is 2.8 V. 

Corresponding states are also distinguishable during the read cycles, and there is a 0.13 mA 

difference in magnitude of output current between data ‘0’ and data’1’ states. In Fig. 8.14, the 

levels of the input pulses are shown with blue lines, and the output current from the device is 

marked with red lines. 

8.1.5. Current conduction mechanism 

The current conduction mechanism of the device is explored through the fitting models. 

The analysis is done based on the log I-log V plot, which reveals that the device follows 

different conduction characteristics at different voltage levels, as depicted in Fig. 8.15. As 

reported in other RRAM devices, at low resistance state (LRS), the device shows a slope ~1 

verifies the ohmic conduction whereas, at high resistance state (HRS), the device exhibits 

ohmic conduction at lower voltage and a step-by-step transition from ohmic to space charge 

limited current conduction (SCLC ) is noticed from the input voltage ranging from -1 to 1V. 

Beyond RESET voltage, the device exhibited a slope ~3, showing the trap-filled SCLC 

mechanism.   
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Fig.  8.15 Fitting model of conduction mechanisms exhibited by the proposed device. 

8.1.6. Hypothetical implementation of 1S1R with proposed selector and RRAM 

A hypothetical analysis is carried out virtually to study the possibility of combining the 

Pt/Ta2O5/TaOx/TiO2/Pt selector with the proposed Au/Al2O3/ZnO/FTO RRAM. For that, some 

assumptions are made, such as the top electrode/bottom electrode(s) and range of current values 

of both devices are also comparable. The figure corresponding to the expected combined result 

is given in Fig. 8.16, presented on a logarithmic scale.  
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Fig.  8.16 The expected combined result of 1S1R was obtained after hypothetically connecting the 

proposed RRAM with the selector device. 

However, in this case, both Au and Pt are not reactive. The next prediction is made on 

the resulting switching voltages. In this case, the SET switching occurs at -3 V, and RESET 

switching occurs at ~4 V.   

Next, the Roff /Ron ratio is measured as ~104, which shows that an excellent window 

presented by the RRAM cell. The nonlinearity to be obtained from the device is ~100 which is 

also a desirable value to accept the combined architecture.  

8.1.7. Comparison of the proposed device characteristics with Au/ Al2O3/FTO single 

layer device  

The I-V characteristics obtained with the proposed device structure are compared with 

Au/ Al2O3/FTO single-layer structure. The resistive switching characteristics of the proposed 

device are obtained by the drift of oxygen vacancies with an applied electric field across the 

semiconducting materials. 
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Fig.  8.17 A comparison on the I-V characteristics of the single layer as well as bi-layer (proposed) 

RRAM structure. 
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Fig. 8.17 demonstrates the I-V characteristics of the devices obtained with the current 

compliance level of 5 mA. However, it has been noticed that the maximum current attained with 

the proposed device structure is 10 mA, which is higher compared to the Au/ Al2O3/FTO device 

(~100 ΩA) and it is interpreted as the excess of oxygen vacancies and defects present at the ZnO 

layer is contributing for a high current level. Similarly, the SET switching in single layer device 

occurred at 2 V whereas in the proposed device it occurs well before 2 V due to excess of defects. 

Next, a comparison of RESET voltages in both devices is compared and found that the voltage 

required to RESET bilayer device requires more potential as shown in Fig. 8.17 due to more 

voltage required for rupturing a large filament.  From the characteristics, it is clear that the Roff 

to Ron ratio of a single-layer device is approximately 30, which is less compared to the proposed 

device. Comparing the non-linearity of both devices where the single-layer device shows ~2.8 

while the bilayer device offers a factor of ~7. Overall, the advantages of the proposed bilayer 

device outweigh the single-layer device.  

8.3 Comparison of the proposed device and similar material stack with the 

active top electrode (Ag)  

Next, a comparison of the behavior of the proposed device stack and an available 

similar stack with an active top electrode is done. The device structure used for the comparison 

is Ag/ Al2O3/ZnO/FTO and its characteristics are reported in [19], in which the RS is described 

as due to the presence of metal cations thereby the mechanism is mentioned as electrochemical 

metallization (ECM), hence such devices are falling under the category of CBRAM. Yet 

another comparison on the I-V characteristics of both Ag/ Al2O3/ZnO/FTO and Au/ 

Al2O3/ZnO/FTO  are shown in Fig. 8.18, where it is clear that the SET and RESET transition 

in latter occurs at opposite polarity compared to that of the proposed device.  
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Fig.  8.18 Comparison of I-V characteristics of single-layer Au/Al2O3/FTO and proposed device 



Comparison of the proposed device and similar material stack with the active top 

electrode (Ag) 

160 

 

Moreover, the magnitudes of the SET and RESET voltages also differ. Similarly, the 

switching mechanisms present in both devices are different. In the proposed device the 

switching is contributed by the Oxygen vacancies, whereas in the device with the active 

electrode, the switching is contributed by the metallic cations. Also, multiple filaments form 

within the device with Ag top electrode owing to the presence of metallic cations, therefore 

multilevel switching is reported in [19] thereby useful in dense memory implementation. 

However, the initial resistance in both devices are the same as both are electroformed with a 

current compliance(CC) of 1e-7 A. The comparisons show that the top electrode plays a major 

role in determining the switching process whereas the materials and stacking determine the 

current conduction mechanisms. Here both devices showed similar slope at low voltages before 

reaching the switching voltage, hence current conduction during LRS state is ohmic and at 

HRS, it is SCLC. A comparison proposed device and the device with Ag top electrode is given 

in Table 8.2.  

Table 8.2 Comparison on Al2O3/ZnO active stack with Au and Ag top electrode All entries are 

measured from the experiment 

 Au/ Al2O3/ZnO/FTO 

Proposed  

Ag/ Al2O3/ZnO/FTO 

[19] 

Application A single level binary memory Multilevel high-density 

memory 
Switching mechanism Oxygen vacancy based Metal cation based 

Current transport 

mechanism 

Ohmic, SCLC, and trap-filled 

SCLC 

Ohmic and SCLC  

SET Switching ~1 V ~2 V 

RESET switching ~ -1.5 -3 V ~2 V 

Roff/ Ron ratio ~200 ~354 

 

To summarise, various solutions to mitigate sneak path current are discussed in the 

research through modelling and fabrication. The outcome of different solutions is reported in 

table 8.3, where the significant parameters that determine the device's performance in reducing 

the sneak current in the crossbar array are evaluated. Firstly, the nonlinearity across all devices 

and models shows that fabricated devices exhibit better nonlinearity in the order of 103 to 106. 

It attributes the freedom of choosing the required voltage to be applied to selected and unselected 

cells so that the sneak current will be minimum. Another parameter to consider while deciding 

on the device configuration is the off-current, the minimum leakage current through the 
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unselected devices while performing read/write to a selected cell. A low off-current is desirable. 

Among the designs displayed in Table 8.3, a self-rectifying memristor is the best, providing 1.5 

nA. A distinguishable  Roff/Ron ratio is an essential parameter to use a device as a memory 

unit. CRS devices are showing poor Roff/Ron ratio, 1S-1R showing moderate and self-

rectifying device offers a good window in the order of 4. On-current in all devices are either in 

micro or milli Ampers. 

Table 8.3 Comparison of various parameters of proposed models/ devices favouring to mitigate sneak 

path current. Reading obtained for the devices with the hypothetical model is a prediction-based 

model with assumptions. 

Similarly, in memory devices, the SET/RESET voltages are among the major 

factors deciding the power dissipation across the device structure. A low SET/RESET voltage 

is desirable for cost-effective working. The 1S1R and CRS devices obtained by back-to-back 

configuration require more switching voltages, considering the drop across the multiple layers. 

However, the self-rectifying device offers the minimum potential to achieve switching (SET 

voltage:-2 V and RESET voltage:1 V); hence it promises reduced power consumption.  

The chapter concludes with the fabrication and characterization of a novel, highly 

stable multi-level device (CBRAM) and a bilayer RRAM structure to be used in association 

with a selector to mitigate sneak path current. The multilevel capability of the CBRAM enables 

1S1R 

Selector:Pt/Ta2O5/TaOx/TiO2 

CRS 

Self-

rectifying 

 Ta2O5/TaOx 

(model) 

HfOx/TiOx 

(model) 

TiO2/TiO2-x 

(model) 

RRAM 

(experiment+h

ypothetic 

selector) 

CBRAM 

(experiment

+hypothetic 

selector) 

Back-to-back 

(model) 

Bilayer 

(Experimen

t) 

MIM 

(Experiment) 

Nonlinearity ~103 ~10 ~4x102 ~106 ~106 ~4x101 101 4x103 

Off -current 70 nA 8 nA 0.01 A ~8 nA ~10 nA 1 μA ~1 μA 1.5 nA 

Roff/Ron ~500 ~100 ~15 ~5*104 ~5x102 ~10 ~10 104 

On- current ~70 µA 0.4 mA 2.8 mA ~9 mA ~20 mA ~1 mA 0.4 mA 10 µA 

SET/RESET 

Voltage 

~ -2.7/4.4 V >-3.0 V/ 

2.5V 

5/-3 V ~-3.2/3 V ~2/-4 V |3|/|5|V |0.8|/|4|

V 

-2/1 V 

Sneak current 

(calculated) 

56 nA 6 nA 1.5 μA - - - - - 



Comparison of the proposed device and similar material stack with the active top 

electrode (Ag) 
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it to use in high-density crossbar memory arrays. The device has five distinct memory states, 

such as HRS, LRS, IRS1, IRS2, and IRS3, their statistical variation of resistance are 

distinguishable during multiple cycles of a single device. In addition, the device-to-device 

characteristics are also studied to show that the devices show stable multilevel switching. 

Further,  a comparative study of various parameters is carried out across the fabricated devices 

/models and found that the self-rectifying memristor with Au/Al2O3/FTO (MIM) structure, 

multilevel CBRAM devices (in association with selector) are the most promising devices to be 

used in crossbar array to mitigate the sneak path current. Among models, Pt/ Ta2O5/TaOx/ Pt, 

with Pt/ Ta2O5/TaOx/TiO2/Pt selector is a better candidate to mitigate sneak current.
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Chapter 9  

Conclusion and Future works 

The research work is focused on different methods to mitigate sneak path current in 

resistive random-access memory (RRAM) nano crossbar arrays, including the 1S1R 

architecture, CRS, and self-limited self-rectifying resistive random-access memories. The first 

part of the research work adopted a modeling approach to analyze the sneak path current 

reduction using 1S1R as well as CRS methodology. For that, the analytical/electrical model of 

the selector device and selector-RRAM models (1S1R) are developed to demonstrate the role 

of the selector in reducing sneak path current. In particular, the sneak current reduction is 

illustrated by connecting different RRAM models such as Ta2O5/TaOx, HfOx/TiOx , TiO2/TiO2-

x with Pt/Ta2O5/TaOx /TiO2 selector (1S1R) and found that their low dimension crossbar arrays 

efficiently reduced the sneak path current by 98%, 99.8%, and 96% respectively on compared 

to their RRAM array counterparts, whereas the CRS device model formed by back-to-back 

connected TiO2/TiO2-x RRAM has shown a reduction of 93% in the total sneak path current. 

Similarly, the nonlinearity of the 1S1R circuits is improved such that the non-linearity factor 

becomes ~400, 100, 15, respectively in sequence for 1S1R  while the CRS circuit has shown a 

non-linearity of ~8. Similarly, the OFF-current shown by  1S1R circuits have shown in the 

order of several 10-100 nA, whereas the CRS model has shown OFF-current in the order of 

several µA. 

In addition, in this work, an interesting phenomenon of substantial reduction in device 

resistance is noticed beyond the RESET voltage of several RRAM devices ( Ta2O5/TaOx device 

structures in particular) and is reported that this additional current is due to the current 

component present at outside of the conduction filament (OCF), which is modelled by 

considering the trap assisted tunneling (TAT) mechanism. Both electrical and analytical 

models explain the concept where the oxygen vacancy traps at OCF enable the electrons to 

transport across the switching layer.  

In the second part of the research, different RRAM devices are proposed to reduce 

sneak current in crossbar arrays; initially, a RRAM device with MIM (Au/Al2O3/FTO) 

structure exhibiting self-limited self-rectifying characteristics is fabricated, which is a recent 

trend in reducing sneak current with where the capacitive nature of the device has shown a non-
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zero crossover switching characteristics, which is found to be more beneficial to use in crossbar 

arrays as the self-rectifying nature reduces the sneak path current. The Roff/Ron ratio attained 

with the Au/Al2O3/FTO structure is ~400, while the nonlinearity is found to be ~5. However, 

the rectification ratio obtained for the device is ~200, which makes it desirable for sneak current 

reduction. Moreover, the research progresses with the fabrication of a novel bilayer 

complementary resistive switching device of Au/ZnO/Al2O3/FTO structure, its reliability 

analysis, and its response to read/write pulses. The device has shown a nonlinearity of ~11  and 

better retention and switching time (µsec). In addition, it is reporting here that the Roff/Ron 

ratio of the device can be increased by optimizing the thickness of the switching layers.  

Alternatively, a CBRAM and RRAM device have been fabricated/characterized to 

analyze their performance as an individual cell and in 1S1R configuration. The  CBRAM 

device is obtained with an active top electrode (Ag) on top of the Al2O3/ZnO stack, thereby 

reporting five distinguishable memory states available for the device suggesting its potential 

use in high-density memory applications. It has been reported that the device can achieve five 

distinctive resistive levels such as 1300, 2700 and 4320 Ω, 3000 and 100 Ω,  at a distinguishable 

range of input voltages with each voltage level separated by at least ~0.7 V. The first three 

resistance levels are attained with RESET voltages, and last two are attained with SET voltages. 

Moreover, the proposed device excels in its Roff/Ron ratio of 354 obtained with HRS/LRS and 

the ratio of intermediate states IRS1, IRS2, IRS3 to HRS becomes 15, 04, and 27, respectively. 

Likewise, the proposed RRAM formed out of Au/ Al2O3/ZnO/FTO has exhibited bipolar 

switching with a Roff/Ron ratio of 100 and has shown better retention as well as endurance 

(>103), which shows that the RRAM device is suitable for reliable memory applications.  

Further, both CBRAM and RRAM are hypothetically connected with the 

Pt/Ta2O5/TaOx /TiO2 selector to form a 1S1R structure. After that, their I-V characteristics are 

analyzed, such as high nonlinearity, Roff/Ron ratio, current density, and low OFF-current to 

ensure that the devices are promising to reduce sneak current while connected in 1S1R 

configuration. The Roff/Ron ratio obtained with hypothetical 1S1R CBRAM and RRAM 

devices are 102 and 104, respectively. Similarly, the non-linearity obtained from combined 

architectures is (hypothetical) ~25 and ~100, respectively. Moreover, the off-currents observed 

in both multilevel-CBRAM and RRAM are negligibly low as in the range of nano Amperes.  

Analysis of all device combinations show that self-rectifying memristors are the better 

candidate to use in crossbar array, as it neither  need any additional devices do not require any 
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complicated processes to fabricate. Moreover, they provide better Roff/Ron ratio (104) and high 

non-linearity(4x103) with low off current (nA). Another observation from the results is that 

connecting the multilevel device with appropriate selector may promise efficient ultra-high-

density memory with low sneak path current. Also, suggests that bilayer CRS devices are 

beneficial than back-to-back connected CRS configuration. 

In the future, more study on the material composition while obtaining the intermediate 

states will be done. Also, the developed devices would be implemented in a crossbar array to 

test for the sneak path current and be used for specific neuromorphic applications such as 

pattern matching, and data identification, etc. Also, the proposed devices can be used in large 

memory arrays due to low sneak path current and can be used in embedded devices and sensor 

applications to store data. Data analytics/big data applications are another horizon to utilize the 

CRS or 1S1R RRAM arrays.  

 

9.1  The unique contributions of the research 

i. Implementation of the physics-based electrical, and analytical models of the 

selector to use with RRAM for reducing the sneak current. 

ii. Different RRAM -selector combinations are studied to analyze the effect of 

selector in sneak path current reduction.  

iii. Physics-based RRAM model explaining the role of outside conduction 

filament on device current characteristics. 

iv. Various resistive switching devices have been fabricated based on Al2O3 and 

ZnO materials, showing different switching characteristics upon stack 

ordering/arranging the switching layers and using different top electrodes 

v. Proposed a multilevel device with the selector to achieve ultra-density 

memory with reduced sneak path current  

 



 

166 

 

References 

[1] J. You, J. Song, and C. Kim, “A 2-Gb/s/ch Data-Dependent Swing-Limited On-Chip Signaling for Single-Ended 

Global I/O in SDRAM,” IEEE Trans. Circuits Syst. II Express Briefs, vol. 64, no. 10, pp. 1207–1211, 2017, doi: 

10.1109/TCSII.2015.2483158. 

[2] M. Kang and Y. Kim, “Natural Local Self-Boosting Effect in 3D NAND Flash Memory,” IEEE Electron Device Lett., 

vol. 38, no. 9, pp. 1236–1239, 2017, doi: 10.1109/LED.2017.2736541. 

[3] P. Y. Chen, C. Xu, Y. Xie, and S. Yu, “3D RRAM design and benchmark with 3d NAND FLASH,” Proc. - 2014 

IEEE 12th Int. Conf. Solid-State Integr. Circuit Technol. ICSICT 2014, pp. 12–15, 2014, doi: 

10.1109/ICSICT.2014.7021320. 

[4] S. Venkatesan and M. Aoulaiche, “Overview of 3D NAND Technologies and Outlook Invited Paper,” in 2018 Non-

Volatile Memory Technology Symposium (NVMTS), 2018, pp. 1–5, doi: 10.1109/NVMTS.2018.8603104. 

[5] Y. Ouyang, Z. Xia, T. Yang, D. Shi, W. Zhou, and Z. Huo, “Optimization of Performance and Reliability in 3D 

NAND Flash Memory,” IEEE Electron Device Lett., vol. 41, no. 6, pp. 840–843, 2020, doi: 

10.1109/LED.2020.2987087. 

[6] S. Yu and H.-. P. Wong, “Compact Modeling of Conducting-Bridge Random-Access Memory (CBRAM),” IEEE 

Trans. Electron Devices, vol. 58, no. 5, pp. 1352–1360, 2011, doi: 10.1109/TED.2011.2116120. 

[7] M. H. Ong, N. H. El-Hassan, T. N. Kumar, and H. A. F. Almurib, “A novel emulator design for phase change memory 

cell,” in 2014 2nd International Conference on Electronic Design (ICED), 2014, pp. 100–104, doi: 

10.1109/ICED.2014.7015779. 

[8] S. P. Adhikari, M. P. Sah, H. Kim, and L. O. Chua, “Three Fingerprints of Memristor.pdf,” IEEE Trans. Circuits 

Syst. I Regul. Pap., vol. 60, no. 11, pp. 1–14, 2013, doi: 10.1109/TCSI.2013.2256171. 

[9] J. J. Yang, D. B. Strukov, and D. R. Stewart, “Memristive devices for computing,” Nat. Nanotechnol., vol. 8, no. 1, 

pp. 13–24, 2012, doi: 10.1038/nnano.2012.240. 

[10] L. Chua, “Memristor-The missing circuit element,” IEEE Trans. Circuit Theory, vol. 18, no. 5, pp. 507–519, 1971, 

doi: 10.1109/TCT.1971.1083337. 

[11] L. O. Chua, “The fourth element,” Proc. IEEE, vol. 100, no. 6, pp. 1920–1927, 2012, doi: 

10.1109/JPROC.2012.2190814. 

[12] O. Kavehei, A. Iqbal, Y. S. Kim, K. Eshraghian, S. F. Al-Sarawi, and D. Abbott, “The fourth element: characteristics, 

modelling and electromagnetic theory of the memristor,” Proc. R. Soc. A Math. Phys. Eng. Sci., vol. 466, no. 2120, 

pp. 2175–2202, 2010, doi: 10.1098/rspa.2009.0553. 

[13] J. J. Yang, M. D. Pickett, X. Li, D. A. A. Ohlberg, D. R. Stewart, and R. S. Williams, “Memristive switching 

mechanism for metal/oxide/metal nanodevices,” Nat. Nanotechnol., vol. 3, no. 7, pp. 429–433, 2008, doi: 

10.1038/nnano.2008.160. 

[14] D. B. Strukov, G. S. Snider, D. R. Stewart, and R. S. Williams, “The missing memristor found,” Nature, vol. 453, no. 

7191, pp. 80–83, 2008, doi: 10.1038/nature06932. 

[15] D. B. Strukov, G. S. Snider, D. R. Stewart, and R. S. Williams, “The missing memristor found,” Nature, vol. 459, no. 

7250, pp. 1154–1154, 2009, doi: 10.1038/nature08166. 

[16] D. B. Strukov, G. S. Snider, D. R. Stewart, and R. S. Williams, “The missing memristor found,” vol. 453, no. May, 

pp. 80–84, 2008, doi: 10.1038/nature06932. 

[17] F. O. Hatem, “Bipolar Resistive Switching of Bi-Layered Pt/Ta2O5/TaOx/Pt RRAM – Physics-based Modelling, 

Circuit Design and Testing.,” no. October, 2017. 

[18] P. Sarkar and A. Roy, “Improvement of retentivity in TiOx/HfOx bilayer structure for low power resistive switching 

memory applications,” Surf. Rev. Lett., vol. 22, p. 150201225054003, Feb. 2015, doi: 10.1142/S0218625X15500316. 

[19] J. Arya Lekshmi, T. Nandha Kumar, and K. Jinesh, “Multilevel non-volatile memory based on Al2O3/ZnO bilayer 

device,” Micro Nano Lett., vol. 15, no. 13, pp. 910–914, Nov. 2020, doi: https://doi.org/10.1049/mnl.2020.0335. 

[20] Z. Fang, H. Y. Yu, X. Li, N. Singh, G. Q. Lo, and D. L. Kwong, “HfOx/TiOx/HfOx/TiOxmultilayer-based forming-

free RRAM devices with excellent uniformity,” IEEE Electron Device Lett., vol. 32, no. 4, pp. 566–568, 2011, doi: 

10.1109/LED.2011.2109033. 



 

167 

 

[21] H. Jeong and L. Shi, “Memristor devices for neural networks,” J. Phys. D. Appl. Phys., vol. 52, no. 2, p. 23003, 2018, 

doi: 10.1088/1361-6463/aae223. 

[22] D. Kuzum, S. Yu, and H.-S. Philip Wong, “Synaptic electronics: materials, devices and applications,” 

Nanotechnology, vol. 24, no. 38, p. 382001, 2013, doi: 10.1088/0957-4484/24/38/382001. 

[23] T. N. Kumar, H. A. F. Almurib, and F. Lombardi, “Design of a memristor-based look-up table (LUT) for low-energy 

operation of FPGAs,” Integration, vol. 55, pp. 1–11, 2016, doi: https://doi.org/10.1016/j.vlsi.2016.02.005. 

[24] G. Papandroulidakis, I. Vourkas, A. Abusleme, G. C. Sirakoulis, and A. Rubio, “Crossbar-Based Memristive Logic-

in-Memory Architecture,” IEEE Trans. Nanotechnol., vol. 16, no. 3, pp. 491–501, 2017, doi: 

10.1109/TNANO.2017.2691713. 

[25] S. Choi, J. H. Shin, J. Lee, P. Sheridan, and W. D. Lu, “Experimental Demonstration of Feature Extraction and 

Dimensionality Reduction Using Memristor Networks,” Nano Lett., vol. 17, no. 5, pp. 3113–3118, 2017, doi: 

10.1021/acs.nanolett.7b00552. 

[26] Y. Babacan and F. Kaçar, “Memristor emulator with spike-timing-dependent-plasticity,” AEU - Int. J. Electron. 

Commun., vol. 73, pp. 16–22, 2017, doi: 10.1016/j.aeue.2016.12.025. 

[27] D. Ielmini, “Resistive switching memories based on metal oxides: mechanisms, reliability and scaling,” Semicond. 

Sci. Technol., vol. 31, no. 6, p. 063002, 2016, doi: 10.1088/0268-1242/31/6/063002. 

[28] E. Linn, R. Rosezin, C. Kügeler, and R. Waser, “Complementary resistive switches for passive nanocrossbar 

memories,” Nat. Mater., vol. 9, no. 5, pp. 403–406, 2010, doi: 10.1038/nmat2748. 

[29] A. L. Jagath and T. N. Kumar, “A comparative study on the performance of 1S-1R and Complementary resistive 

switching models,” in 2020 IEEE International Conference on Semiconductor Electronics (ICSE), 2020, pp. 9–12, 

doi: 10.1109/ICSE49846.2020.9166874. 

[30] S. Ambrogio, S. Balatti, D. C. Gilmer, and D. Ielmini, “Analytical Modeling of Oxide-Based Bipolar Resistive 

Memories and Complementary Resistive Switches,” IEEE Trans. Electron Devices, vol. 61, no. 7, pp. 2378–2386, 

2014, doi: 10.1109/TED.2014.2325531. 

[31] F. O. Hatem, P. W. C. Ho, T. N. Kumar, and H. A. F. Almurib, “Modeling of bipolar resistive switching of a nonlinear 

MISM memristor,” Semicond. Sci. Technol., vol. 30, no. 11, p. 115009, Nov. 2015, doi: 10.1088/0268-

1242/30/11/115009. 

[32] J. H. Hur, M. J. Lee, C. B. Lee, Y. B. Kim, and C. J. Kim, “Modeling for bipolar resistive memory switching in 

transition-metal oxides,” Phys. Rev. B - Condens. Matter Mater. Phys., vol. 82, no. 15, pp. 1–5, 2010, doi: 

10.1103/PhysRevB.82.155321. 

[33] A. L. Jagath, T. N. Kumar, and H. A. F. Almurib, “Modeling of Current Conduction during RESET Phase of Pt/Ta 

2O5/TaOx /Pt Bipolar Resistive RAM Devices,” 2018, doi: 10.1109/NVMSA.2018.00014. 

[34] B. Govoreanu, L. Zhang, and M. Jurczak, “Selectors for high density crosspoint memory arrays: Design 

considerations, device implementations and some challenges ahead,” in 2015 International Conference on IC Design 

& Technology (ICICDT), 2015, pp. 1–4, doi: 10.1109/ICICDT.2015.7165872. 

[35] L. Zhang, S. Cosemans, D. J. Wouters, G. Groeseneken, M. Jurczak, and B. Govoreanu, “Selector design 

considerations and requirements for 1 SIR RRAM crossbar array,” in 2014 IEEE 6th International Memory Workshop 

(IMW), 2014, pp. 1–4, doi: 10.1109/IMW.2014.6849358. 

[36] J. J. Yang et al., “Corrigendum on ‘The mechanism of electroforming of metal oxide memristive switches,’” 

Nanotechnology, vol. 21, no. 33, pp. 339803–339803, 2010, doi: 10.1088/0957-4484/21/33/339803. 

[37] U. Celano et al., “Imaging the Three-Dimensional Conductive Channel in Filamentary- Based Oxide Resistive 

Switching Memory,” doi: 10.1021/acs.nanolett.5b03078. 

[38] J. Y. Chen et al., “Dynamic evolution of conducting nanofilament in resistive switching memories,” Nano Lett., vol. 

13, no. 8, pp. 3671–3677, 2013, doi: 10.1021/nl4015638. 

[39] D. Panda and T.-Y. Tseng, “Perovskite Oxides as Resistive Switching Memories: A Review,” Ferroelectrics, vol. 

471, Nov. 2014, doi: 10.1080/00150193.2014.922389. 

[40] Y. C. Yang, C. Chen, F. Zeng, and F. Pan, “Multilevel resistance switching in Cu/TaOx/Pt structures induced by a 

coupled mechanism,” J. Appl. Phys., vol. 107, no. 9, p. 93701, May 2010, doi: 10.1063/1.3399152. 

[41] P. K. Sarkar, S. Bhattacharjee, A. Barman, A. Kanjilal, and A. Roy, “Multilevel programming in Cu/NiOy/NiOx/Pt 

unipolar resistive switching devices,” Nanotechnology, vol. 27, no. 43, p. 435701, 2016, doi: 10.1088/0957-

4484/27/43/435701. 



 

168 

 

[42] E. Lim and R. Ismail, “Conduction Mechanism of Valence Change Resistive Switching Memory: A Survey,” 

Electronics, vol. 4, no. 3, pp. 586–613, 2015, doi: 10.3390/electronics4030586. 

[43] R. Waser, “Redox-Based Resistive Switching Memories,” J. Nanosci. Nanotechnol., vol. 12, no. 10, pp. 7628–7640, 

2012, doi: 10.1166/jnn.2012.6652. 

[44] A. L. Jagath, C. H. Leong, T. N. Kumar, and H. F. Almurib, “Insight into physics-based RRAM models – review,” J. 

Eng., vol. 2019, no. 7, pp. 4644–4652, 2019, doi: 10.1049/joe.2018.5234. 

[45] A. L. Jagath, T. N. Kumar, and H. A. F. Almurib, “Modeling of Current Conduction during RESET Phase of 

Pt/Ta2O5/TaOx/Pt Bipolar Resistive RAM Devices,” Proc. - 7th IEEE Non-Volatile Mem. Syst. Appl. Symp. NVMSA 

2018, pp. 55–60, 2018, doi: 10.1109/NVMSA.2018.00014. 

[46] A. L. Jagath, T. N. Kumar, and H. A. F. Almurib, “Electrical model of Ta2O5/TaOx RRAM device with current 

conduction beyond RESET phase,” in 2019 IEEE 9th International Nanoelectronics Conferences (INEC), 2019, pp. 

1–5, doi: 10.1109/INEC.2019.8853845. 

[47] K. M. Kim, D. S. Jeong, and C. S. Hwang, “Nanofilamentary resistive switching in binary oxide system; a review on 

the present status and outlook,” Nanotechnology, vol. 22, no. 25, p. 254002, 2011, doi: 10.1088/0957-

4484/22/25/254002. 

[48] S. Yu, “Overview of resistive switching memory (RRAM) switching mechanism and device modeling,” Proc. - IEEE 

Int. Symp. Circuits Syst., pp. 2017–2020, 2014, doi: 10.1109/ISCAS.2014.6865560. 

[49] P. Sun, L. Li, N. Lu, H. Lv, M. Liu, and S. Liu, “Physical model for electroforming process in valence change resistive 

random access memory,” J. Comput. Electron., vol. 14, pp. 146–150, Mar. 2014, doi: 10.1007/s10825-014-0634-4. 

[50] Z. Shen et al., “Advances of RRAM devices: Resistive switching mechanisms, materials and bionic synaptic 

application,” Nanomaterials, vol. 10, no. 8, pp. 1–31, 2020, doi: 10.3390/nano10081437. 

[51] M. J. Wang, S. Gao, F. Zeng, C. Song, and F. Pan, “Unipolar resistive switching with forming-free and self-rectifying 

effects in Cu/HfO2/n-Si devices,” AIP Adv., vol. 6, no. 2, p. 25007, Feb. 2016, doi: 10.1063/1.4941839. 

[52] R. Waser, R. Dittmann, S. Menzel, and T. Noll, “Introduction to new memory paradigms: memristive phenomena 

and neuromorphic applications,” Faraday Discuss., vol. 213, pp. 11–27, Feb. 2019, doi: 10.1039/C8FD90058B. 

[53] H. Wang and X. Yan, “Overview of Resistive Random Access Memory (RRAM): Materials, Filament Mechanisms, 

Performance Optimization, and Prospects,” Phys. status solidi – Rapid Res. Lett., vol. 13, no. 9, p. 1900073, Sep. 

2019, doi: 10.1002/pssr.201900073. 

[54] C. Ye et al., “Physical Mechanism and Performance Factors of Metal Oxide Based Resistive Switching Memory: A 

Review,” J. Mater. Sci. Technol., vol. 32, no. 1, pp. 1–11, 2016, doi: https://doi.org/10.1016/j.jmst.2015.10.018. 

[55] S. R. Lee et al., “Multi-level switching of triple-layered TaOx RRAM with excellent reliability for storage class 

memory,” in 2012 Symposium on VLSI Technology (VLSIT), 2012, pp. 71–72, doi: 10.1109/VLSIT.2012.6242466. 

[56] P. Stoliar et al., “Nonvolatile multilevel resistive switching memory cell: A transition metal oxide-based circuit,” 

IEEE Trans. Circuits Syst. II Express Briefs, vol. 61, no. 1, pp. 21–25, 2014, doi: 10.1109/TCSII.2013.2290921. 

[57] F. Pan, C. Chen, Z. Wang, Y. Yang, J. Yang, and F. Zeng, “Nonvolatile resistive switching memories - characteristics, 

mechanisms and challenges,” Prog. Nat. Sci., Nov. 2010, doi: 10.1016/S1002-0071(12)60001-X. 

[58] L. Liu et al., “Multilevel resistive switching in Ag/SiO2/Pt resistive switching memory device,” Jpn. J. Appl. Phys., 

Part 1, vol. 54, p. 21802, 2015. 

[59] S. Dirkmann and T. Mussenbrock, “Resistive switching in memristive electrochemical metallization devices,” AIP 

Adv., vol. 7, no. 6, 2017, doi: 10.1063/1.4985443. 

[60] Y. Lu, J. H. Lee, X. Yang, and I.-W. Chen, “Distinguishing uniform switching from filamentary switching in 

resistance memory using a fracture test,” Nanoscale, vol. 8, no. 42, pp. 18113–18120, 2016, doi: 

10.1039/C6NR06427B. 

[61] D.-H. Kwon et al., “Atomic structure of conducting nanofilaments in TiO2 resistive switching memory,” Nat. 

Nanotechnol., vol. 5, no. 2, pp. 148–153, 2010, doi: 10.1038/nnano.2009.456. 

[62] Y. Luo, S. Ogrenci-Memik, and J. Gu, “Cell-to-array thermal-aware analysis of stacked RRAM,” in 2017 IEEE 

International Symposium on Circuits and Systems (ISCAS), 2017, pp. 1–4, doi: 10.1109/ISCAS.2017.8050966. 

[63] H. Aziza, H. Ayari, S. Onkaraiah, M. Moreau, J. M. Portal, and M. Bocquet, “Multilevel operation in oxide based 

resistive RAM with SET voltage modulation,” Proc. - 2016 11th IEEE Int. Conf. Des. Technol. Integr. Syst. 

Nanoscale Era, DTIS 2016, 2016, doi: 10.1109/DTIS.2016.7483892. 



 

169 

 

[64] H. Li et al., “Variation-Aware, Reliability-Emphasized Design and Optimization of RRAM using SPICE Model,” 

Des. Autom. Test Eur. Conf. Exhib. (DATE), 2015, pp. 1425–1430, 2015, doi: 10.7873/DATE.2015.0362. 

[65] S. J. Song et al., “Real-time identification of the evolution of conducting nano-filaments in TiO2 thin film ReRAM,” 

Sci. Rep., vol. 3, no. 1, p. 3443, 2013, doi: 10.1038/srep03443. 

[66] F. M. Puglisi, L. Larcher, A. Padovani, and P. Pavan, “Bipolar Resistive RAM Based on HfO2: Physics, Compact 

Modeling, and Variability Control,” IEEE J. Emerg. Sel. Top. Circuits Syst., vol. 6, no. 2, pp. 171–184, 2016, doi: 

10.1109/JETCAS.2016.2547703. 

[67] Q. Zhou and J. Zhai, “The improved resistive switching properties of TaOx-based RRAM devices by using WNx as 

bottom electrode,” Phys. B Condens. Matter, vol. 410, no. 1, pp. 85–89, 2013, doi: 10.1016/j.physb.2012.10.020. 

[68] J. J. Yang et al., “Oxide based memristive devices,” ICSICT 2012 - 2012 IEEE 11th Int. Conf. Solid-State Integr. 

Circuit Technol. Proc., pp. 0–3, 2012, doi: 10.1109/ICSICT.2012.6467661. 

[69] Y.-B. Kim et al., “Bi-layered RRAM with unlimited endurance and extremely uniform switching,” Symp. VLSI 

Technol. - Dig. Tech. Pap., pp. 52–53, 2011. 

[70] R. Jha and B. Long, “Understanding the switching mechanism in transition metal oxide based ReRAM devices,” 

Proc. - 2012 IEEE Comput. Soc. Annu. Symp. VLSI, ISVLSI 2012, pp. 73–77, 2012, doi: 10.1109/ISVLSI.2012.53. 

[71] H. Y. Lee et al., “Low power and high speed bipolar switching with a thin reactive Ti buffer layer in robust HfO2 

based RRAM,” in 2008 IEEE International Electron Devices Meeting, 2008, pp. 1–4, doi: 

10.1109/IEDM.2008.4796677. 

[72] C. Liaw, M. Kund, D. Schmitt-Landsiedel, and I. Ruge, “The conductive bridging random access memory (CBRAM): 

A non-volatile multi-level memory technology,” in ESSDERC 2007 - 37th European Solid State Device Research 

Conference, 2007, pp. 226–229, doi: 10.1109/ESSDERC.2007.4430919. 

[73] D. Seong et al., “Effect of Oxygen Migration and Interface Engineering on Resistance Switching Behavior of Reactive 

Metal/Polycrystalline Pr0.7Ca0.3MnO3 Device for Nonvolatile Memory Applications,” Electron Devices Meet. 

(IEDM), 2009 IEEE Int., pp. 101–104, 2009, doi: 10.1109/IEDM.2009.5424410. 

[74] M.-J. Lee et al., “A fast, high-endurance and scalable non-volatile memory device made from asymmetric 

Ta2O5−x/TaO2−x bilayer structures,” Nat. Mater., vol. 10, no. 8, pp. 625–630, 2011, doi: 10.1038/nmat3070. 

[75] Z. Wei et al., “Demonstration of high-density ReRAM ensuring 10-year retention at 85??C based on a newly 

developed reliability model,” Tech. Dig. - Int. Electron Devices Meet. IEDM, pp. 721–724, 2011, doi: 

10.1109/IEDM.2011.6131650. 

[76] Y. S. Chen et al., “Highly scalable hafnium oxide memory with improvements of resistive distribution and read 

disturb immunity,” in 2009 IEEE International Electron Devices Meeting (IEDM), 2009, pp. 1–4, doi: 

10.1109/IEDM.2009.5424411. 

[77] S. Larentis, F. Nardi, S. Balatti, D. C. Gilmer, and D. Ielmini, “Resistive Switching by Voltage-Driven Ion Migration 

in Bipolar {RRAM}{&}{#}x2014$\mathsemicolon$Part {II}: Modeling,” {IEEE} Trans. Electron Devices, vol. 59, 

no. 9, pp. 2468–2475, 2012, doi: 10.1109/ted.2012.2202320. 

[78] S. Kim et al., “Physical electro-thermal model of resistive switching in bi-layered resistance-change memory,” Sci. 

Rep., vol. 3, no. 1, p. 1680, 2013, doi: 10.1038/srep01680. 

[79] Y. Zhao et al., “Modeling and Optimization of Bilayered TaO x RRAM Based on Defect Evolution and Phase 

Transition Effects,” vol. 63, no. 4, pp. 1524–1532, 2016. 

[80] P. Huang et al., “A physics-based compact model of metal-oxide-based RRAM DC and AC operations,” IEEE Trans. 

Electron Devices, vol. 60, no. 12, pp. 4090–4097, 2013, doi: 10.1109/TED.2013.2287755. 

[81] Z. Jiang et al., “A Compact model for metal-oxide resistive random access memory with experiment verification,” 

IEEE Trans. Electron Devices, vol. 63, no. 5, pp. 1884–1892, 2016, doi: 10.1109/TED.2016.2545412. 

[82] A. Lekshmi Jagath, C. Hock Leong, T. N. Kumar, and H. F. Almurib, “Insight into physics-based RRAM models – 

review,” J. Eng., vol. 2019, no. 7, pp. 4644–4652, Jul. 2019, doi: https://doi.org/10.1049/joe.2018.5234. 

[83] S. M. Sze and M. K. Lee, Semiconductor Devices: Physics and Technology. Wiley, 2012. 

[84] F. O. Hatem, T. N. Kumar, and H. Almurib, “A SPICE Model of the Ta2O5/TaOx Bi-Layered RRAM,” IEEE Trans. 

Circuits Syst., vol. 63, no. 9, pp. 1487–1498, 2016, doi: 10.1109/TCSI.2016.2579503. 

[85] A. Siemon, S. Menzel, A. Marchewka, Y. Nishi, R. Waser, and E. Linn, “Simulation of TaOx-based complementary 

resistive switches by a physics-based memristive model,” Proc. - IEEE Int. Symp. Circuits Syst., no. Iwe Ii, pp. 1420–

1423, 2014, doi: 10.1109/ISCAS.2014.6865411. 



 

170 

 

[86] J.-H. Hur et al., “Modeling for multilevel switching in oxide-based bipolar resistive memory,” Nanotechnology, vol. 

23, no. 22, p. 225702, 2012, doi: 10.1088/0957-4484/23/22/225702. 

[87] G. González-Cordero, F. Jiménez-Molinos, J. B. Roldán, M. B. González, and F. Campabadal, “In-depth study of the 

physics behind resistive switching in TiN/Ti/HfO 2 /W structures,” J. Vac. Sci. Technol. B, Nanotechnol. 

Microelectron. Mater. Process. Meas. Phenom., vol. 35, no. 1, p. 01A110, 2017, doi: 10.1116/1.4973372. 

[88] H. L. Chee, T. N. Kumar, and H. A. Almurib, “Multifilamentary Conduction Modelling of Bipolar Ta2O5/TaOx Bi-

Layered RRAM,” in 2018 IEEE 7th Non-Volatile Memory Systems and Applications Symposium (NVMSA), 2018, pp. 

113–114, doi: 10.1109/NVMSA.2018.00029. 

[89] A. Amirsoleimani et al., “Accurate charge transport model for nanoionic memristive devices,” Microelectronics J., 

vol. 65, no. May, pp. 49–57, 2017, doi: 10.1016/j.mejo.2017.05.006. 

[90] Y. Li et al., “Bipolar one diode–one resistor integration for high-density resistive memory applications,” Nanoscale, 

vol. 5, no. 11, pp. 4785–4789, 2013, doi: 10.1039/C3NR33370A. 

[91] G. Niu et al., “Material insights of HfO 2 -based integrated 1-transistor-1-resistor resistive random access memory 

devices processed by batch atomic layer deposition,” Nat. Publ. Gr., 2016, doi: 10.1038/srep28155. 

[92] P. Vontobel, W. Robinett, P. Kuekes, D. Stewart, J. Straznicky, and S. Williams, “Writing to and reading from a 

nano-scale crossbar memory based on memristors,” Nanotechnology, vol. 20, p. 425204, Oct. 2009, doi: 

10.1088/0957-4484/20/42/425204. 

[93] M. A. Zidan, A. M. Eltawil, F. Kurdahi, H. A. H. Fahmy, and K. N. Salama, “Memristor Multiport Readout: A Closed-

Form Solution for Sneak Paths,” IEEE Trans. Nanotechnol., vol. 13, no. 2, pp. 274–282, 2014, doi: 

10.1109/TNANO.2014.2299558. 

[94] M. A. Zidan et al., “Single-Readout High-Density Memristor Crossbar,” Sci. Rep., vol. 6, no. 1, p. 18863, 2016, doi: 

10.1038/srep18863. 

[95] Y. Wang, L. Rong, H. Wang, and G. Wen, “One-Step Sneak-Path Free Read Scheme for Resistive Crossbar Memory,” 

ACM J. Emerg. Technol. Comput. Syst., vol. 13, pp. 1–18, 2016. 

[96] T. N. Kumar, H. A. F. Almurib, and F. Lombardi, “A novel design of a memristor-based look-up table (LUT) for 

FPGA,” in 2014 IEEE Asia Pacific Conference on Circuits and Systems (APCCAS), 2014, pp. 703–706, doi: 

10.1109/APCCAS.2014.7032878. 

[97] T. N. Kumar, H. A. F. Almurib, and F. Lombardi, “On the operational features and performance of a memristor-based 

cell for a LUT of an FPGA,” in 2013 13th IEEE International Conference on Nanotechnology (IEEE-NANO 2013), 

2013, pp. 71–76, doi: 10.1109/NANO.2013.6720802. 

[98] H. Manem, J. Rajendran, and G. S. Rose, “Design Considerations for Multilevel CMOS/Nano Memristive Memory,” 

J. Emerg. Technol. Comput. Syst., vol. 8, no. 1, Feb. 2012, doi: 10.1145/2093145.2093151. 

[99] W. Liu, X. A. Tran, Z. Fang, H. D. Xiong, and H. Y. Yu, “A Self-Compliant One-Diode-One-Resistor Bipolar 

Resistive Random Access Memory for Low Power Application,” IEEE Electron Device Lett., vol. 35, no. 2, pp. 196–

198, 2014, doi: 10.1109/LED.2013.2292938. 

[100] Y. T. Li et al., “Novel self-compliance Bipolar 1D1R memory device for high-density RRAM application,” in 2013 

5th IEEE International Memory Workshop, 2013, pp. 184–187, doi: 10.1109/IMW.2013.6582130. 

[101] B. Govoreanu, P. Blomme, M. Rosmeulen, J. Van Houdt, and K. De Meyer, “VARIOT: a novel multilayer tunnel 

barrier concept for low-voltage nonvolatile memory devices,” IEEE Electron Device Lett., vol. 24, no. 2, pp. 99–101, 

2003, doi: 10.1109/LED.2002.807694. 

[102] J. Won Seo, S. J. Baik, S. J. Kang, Y. H. Hong, J. H. Yang, and K. S. Lim, “A ZnO cross-bar array resistive random 

access memory stacked with heterostructure diodes for eliminating the sneak current effect,” Appl. Phys. Lett., vol. 

98, no. 23, p. 233505, Jun. 2011, doi: 10.1063/1.3599707. 

[103] Y. Yang, S. Choi, and W. Lu, “Oxide Heterostructure Resistive Memory,” doi: 10.1021/nl401287w. 

[104] Y. Li, L. Fu, C. Tao, X. Jiang, and P. Sun, “Feasibility study of using a Zener diode as the selection device for bipolar 

RRAM and WORM memory arrays,” J. Phys. D Appl. Phys., vol. 47, Dec. 2013, doi: 10.1088/0022-

3727/47/2/025103. 

[105] Y. Li, B. Long, S. Mandal, W. Chen, and R. Jha, “Understanding the impact of diode parameters on sneak current in 

1Diode 1ReRAM crossbar architectures,” in 2013 IEEE/ACM International Symposium on Nanoscale Architectures 

(NANOARCH), 2013, pp. 64–69, doi: 10.1109/NanoArch.2013.6623046. 

[106] L. Shi, G. Zheng, B. Tian, B. Dkhil, and C. Duan, “Research progress on solutions to the sneak path issue in memristor 



 

171 

 

crossbar arrays,” Nanoscale Adv., vol. 2, no. 5, pp. 1811–1827, 2020, doi: 10.1039/D0NA00100G. 

[107] N. Ghenzi et al., “One-transistor one-resistor (1T1R) cell for large-area electronics,” Appl. Phys. Lett., vol. 113, no. 

7, p. 72108, Aug. 2018, doi: 10.1063/1.5040126. 

[108] L. Cheng, H. Zheng, Y. Li, T. Chang, S. M. Sze, and X. Miao, “In-Memory Digital Comparator Based on a Single 

Multivalued One-Transistor-One-Resistor Memristor,” IEEE Trans. Electron Devices, vol. 67, no. 3, pp. 1293–1296, 

2020, doi: 10.1109/TED.2020.2967401. 

[109] Z. Wang et al., “Functionally Complete Boolean Logic in 1T1R Resistive Random Access Memory,” IEEE Electron 

Device Lett., vol. 38, no. 2, pp. 179–182, 2017, doi: 10.1109/LED.2016.2645946. 

[110] R. Aluguri, D. Kumar, F. M. Simanjuntak, and T. Y. Tseng, “One bipolar transistor selector - One resistive random 

access memory device for cross bar memory array,” AIP Adv., vol. 7, no. 9, 2017, doi: 10.1063/1.4994948. 

[111] K. M. Kim et al., “Low-Power, Self-Rectifying, and Forming-Free Memristor with an Asymmetric Programing 

Voltage for a High-Density Crossbar Application,” Nano Lett., vol. 16, no. 11, pp. 6724–6732, 2016, doi: 

10.1021/acs.nanolett.6b01781. 

[112] B. J. Choi et al., “Trilayer Tunnel Selectors for Memristor Memory Cells,” IEEE Electron Device Lett., vol. 28, no. 

5, pp. 261–267, Sep. 2016, doi: 10.1002/adma.201503604. 

[113] J.-W. Jung and W.-J. Cho, “Tunnel Barrier Engineering for Non-Volatile Memory,” JSTSJournal Semicond. Technol. 

Sci., vol. 8, no. 1, pp. 32–39, 2011, doi: 10.5573/jsts.2008.8.1.032. 

[114] Y. Cassuto, S. Kvatinsky, and E. Yaakobi, “Sneak-Path Constraints in Memristor,” pp. 156–160, 2013. 

[115] A. Chen, “A Highly Efficient and Scalable Model for Crossbar Arrays with Nonlinear Selectors,” in 2018 IEEE 

International Electron Devices Meeting (IEDM), 2018, pp. 37.2.1-37.2.4, doi: 10.1109/IEDM.2018.8614505. 

[116] J. Woo et al., Multi-layer tunnel barrier (Ta2O5/TaOx/TiO2) engineering for bipolar RRAM selector applications. 

2013. 

[117] B. J. Choi et al., “Trilayer Tunnel Selectors for Memristor Memory Cells,” Adv. Mater., vol. 28, no. 2, pp. 356–362, 

Jan. 2016, doi: 10.1002/adma.201503604. 

[118] S. H. Jo, T. Kumar, S. Narayanan, and H. Nazarian, “Cross-Point Resistive RAM Based on Field-Assisted Superlinear 

Threshold Selector,” IEEE Trans. Electron Devices, vol. 62, no. 11, pp. 3477–3481, 2015, doi: 

10.1109/TED.2015.2426717. 

[119] E. Y. Arquitectura et al., “No 主観的健康感を中心とした在宅高齢者における 健康関連指標に関する共分散

構造分析Title,” Acta Univ. Agric. Silvic. Mendelianae Brun., vol. 53, no. 9, pp. 1689–1699, 2015, [Online]. 

Available: 

http://publications.lib.chalmers.se/records/fulltext/245180/245180.pdf%0Ahttps://hdl.handle.net/20.500.12380/245

180%0Ahttp://dx.doi.org/10.1016/j.jsames.2011.03.003%0Ahttps://doi.org/10.1016/j.gr.2017.08.001%0Ahttp://dx.

doi.org/10.1016/j.precamres.2014.12. 

[120] W. Lee et al., “High Current Density and Nonlinearity Combination of Selection Device Based on TaOx/TiO2/TaOx 

Structure for One Selector–One Resistor Arrays,” ACS Nano, vol. 6, no. 9, pp. 8166–8172, Sep. 2012, doi: 

10.1021/nn3028776. 

[121] J. Woo, D. Lee, E. Cha, S. Lee, S. Park, and H. Hwang, “Multilayer-oxide-based bidirectional cell selector device for 

cross-point resistive memory applications,” Appl. Phys. Lett., vol. 103, no. 20, p. 202113, Nov. 2013, doi: 

10.1063/1.4831680. 

[122] J. Woo, D. Lee, E. Cha, S. Lee, S. Park, and H. Hwang, “Vertically Stacked ReRAM Composed of a Bidirectional 

Selector and CB-RAM for Cross-Point Array Applications,” IEEE Electron Device Lett., vol. 34, no. 12, pp. 1512–

1514, 2013, doi: 10.1109/LED.2013.2285583. 

[123] J. Huang, Y.-M. Tseng, W.-C. Luo, C.-W. Hsu, and T. Hou, “One selector-one resistor (1S1R) crossbar array for 

high-density flexible memory applications,” in 2011 International Electron Devices Meeting, 2011, pp. 31.7.1-31.7.4, 

doi: 10.1109/IEDM.2011.6131653. 

[124] B. J. Choi et al., Trilayer Tunnel Selectors for Memristor Memory Cells, vol. 28. 2015. 

[125] Q. Luo et al., “Highly uniform and nonlinear selection device based on trapezoidal band structure for high density 

nano- crossbar memory array S1 Schematic of read region for selector,” doi: 10.1007/s12274-017-1542-2. 

[126] S. H. Jo, T. Kumar, S. Narayanan, W. D. Lu, and H. Nazarian, “3D-stackable crossbar resistive memory based on 

Field Assisted Superlinear Threshold (FAST) selector,” in 2014 IEEE International Electron Devices Meeting, 2014, 

pp. 6.7.1-6.7.4, doi: 10.1109/IEDM.2014.7046999. 



 

172 

 

[127] W. Lee et al., “High Current Density and Nonlinearity Combination of Selection Device Based on TaO x / TiO 2 / 

TaO x Structure for One Selector À One Resistor Arrays,” no. 9, pp. 8166–8172, 2012. 

[128] W. Banerjee, X. Xu, H. Lv, Q. Liu, S. Long, and M. Liu, “Complementary Switching in 3D Resistive Memory Array,” 

Adv. Electron. Mater., vol. 3, no. 12, p. 1700287, Dec. 2017, doi: https://doi.org/10.1002/aelm.201700287. 

[129] E. Linn, R. Rosezin, C. Kügeler, and R. Waser, “Complementary resistive switches for passive nanocrossbar 

memories,” Nat. Mater., vol. 9, p. 403, Apr. 2010, [Online]. Available: https://doi.org/10.1038/nmat2748. 

[130] D. J. Wouters et al., “Analysis of Complementary RRAM Switching,” IEEE Electron Device Lett., vol. 33, no. 8, pp. 

1186–1188, 2012, doi: 10.1109/LED.2012.2198789. 

[131] T. Breuer, A. Siemon, E. Linn, S. Menzel, R. Waser, and V. Rana, “Low-current operations in 4F2-compatible 

Ta2O5-based complementary resistive switches,” Nanotechnology, vol. 26, no. 41, p. 415202, 2015, doi: 

10.1088/0957-4484/26/41/415202. 

[132] X. Liu et al., “Complementary Resistive Switching in Niobium Oxide-Based Resistive Memory Devices,” IEEE 

Electron Device Lett., vol. 34, no. 2, pp. 235–237, 2013, doi: 10.1109/LED.2012.2235816. 

[133] X. Chen, W. Hu, Y. Li, S. Wu, and D. Bao, “Complementary resistive switching behaviors evolved from bipolar 

TiN/HfO2/Pt device,” Appl. Phys. Lett., vol. 108, no. 5, p. 53504, Feb. 2016, doi: 10.1063/1.4941287. 

[134] X. Chen, W. Hu, S. Wu, and D. Bao, “Complementary switching on TiN/MgZnO/ZnO/Pt bipolar memory devices 

for nanocrossbar arrays,” J. Alloys Compd., vol. 615, pp. 566–568, 2014, doi: 

https://doi.org/10.1016/j.jallcom.2014.06.200. 

[135] Y. Dai et al., “Complementary Resistive Switching in Flexible RRAM Devices,” IEEE Electron Device Lett., vol. 

35, no. 9, pp. 915–917, 2014, doi: 10.1109/LED.2014.2334609. 

[136] S. H. Jo, T. Kumar, S. Narayanan, and H. Nazarian, “Cross-Point Resistive RAM Based on Field-Assisted Superlinear 

Threshold Selector,” IEEE Trans. Electron Devices, vol. 62, no. 11, pp. 3477–3481, 2015, doi: 

10.1109/TED.2015.2426717. 

[137] J. Huang, Y. Tseng, C. Hsu, and T. Hou, “Bipolar Nonlinear $\hbox{Ni/TiO}_{2}\hbox{/}\hbox{Ni}$  Selector for 

1S1R Crossbar Array Applications,” IEEE Electron Device Lett., vol. 32, no. 10, pp. 1427–1429, 2011, doi: 

10.1109/LED.2011.2161601. 

[138] H. D. Lee et al., “Integration of 4F2 selector-less crossbar array 2Mb ReRAM based on transition metal oxides for 

high density memory applications,” Dig. Tech. Pap. - Symp. VLSI Technol., pp. 151–152, 2012, doi: 

10.1109/VLSIT.2012.6242506. 

[139] S. U. Sharath et al., “Impact of oxygen stoichiometry on electroforming and multiple switching modes in Impact of 

oxygen stoichiometry on electroforming and multiple switching modes in TiN / TaO x / Pt based ReRAM,” vol. 

173503, pp. 1–6, 2016, doi: 10.1063/1.4965872. 

[140] M. Lee et al., “A fast, high-endurance and scalable non-volatile memory device made from asymmetric Ta2O5-

x/TaO2-x bilayer structures,” Nat. Mater., vol. 10, p. 625, 2011. 

[141] T. H. Park, H. J. Kim, W. Y. Park, S. G. Kim, B. J. Choi, and C. S. Hwang, “Roles of conducting filament and non-

filament regions in the Ta 2 O 5 and HfO 2 resistive switching memory for switching reliability,” 2017, doi: 

10.1039/c7nr01243h. 

[142] M. P. Houng, Y. H. Wang, and W. J. Chang, “Current transport mechanism in trapped oxides: A generalized trap-

assisted tunneling model,” J. Appl. Phys., vol. 86, no. 3, pp. 1488–1491, 1999, doi: 10.1063/1.370918. 

[143] V. Y.-Q. Zhuo et al., “Band alignment between Ta2O5 and metals for resistive random access memory electrodes 

engineering Band alignment between Ta 2 O 5 and metals for resistive random access memory electrodes 

engineering,” Cit. Appl. Phys. Lett. J. Appl. Phys. Addit. Inf. Appl. Phys. Lett. J. Homepage, vol. 102, no. 054505, 

2013, doi: 10.1063/1.4792274. 

[144] H. Sawada and K. Kawakami, “Electronic Structure of Oxygen Vacancy in Ta2O5,” J. Appl. Phys., vol. 86, no. 2, p. 

956, 1999, doi: 10.1063/1.370831. 

[145] R. Ramprasad et al., “Oxygen vacancy defects in tantalum pentoxide: A density functional study,” Microelectron. 

Eng., vol. 69, no. 2–4, pp. 190–194, 2003, doi: 10.1016/S0167-9317(03)00296-X. 

[146] K. M. Kim, S. R. Lee, S. Kim, M. Chang, and C. S. Hwang, “Self-Limited switching in Ta2 O5 /TaOx memristors 

exhibiting uniform multilevel changes in resistance,” Adv. Funct. Mater., vol. 25, no. 10, pp. 1527–1534, 2015, doi: 

10.1002/adfm.201403621. 

[147] S. Fleischer, P. T. Lai, and Y. C. Cheng, Trap‐assisted conduction in nitrided‐oxide and re‐oxidized nitrided‐oxide 



 

173 

 

n‐channel metal‐oxide‐semiconductor field‐effect transistors, vol. 73. 1993. 

[148] M. Houssa et al., “Trap-assisted tunneling in high permittivity gate dielectric stacks,” J. Appl. Phys., vol. 87, no. 12, 

pp. 8615–8620, May 2000, doi: 10.1063/1.373587. 

[149] B. Chih-ming Lai and J. Ya-min Lee, “Leakage Current Mechanism of Metal-Ta 2 O 5 -Metal Capacitors for Memory 

Device Applications,” J. Electrochem. Soc., vol. 146, no. 1, pp. 266–269, 1999, Accessed: Mar. 31, 2018. [Online]. 

Available: http://jes.ecsdl.org/content/146/1/266.full.pdf. 

[150] R. Nakamura et al., “Diffusion of oxygen in amorphous Al2O3 , Ta2O5 , and Nb2O5,” vol. 033504, no. 2014, 2015, 

doi: 10.1063/1.4889800. 

[151] J. H. Hur, M. J. Lee, C. B. Lee, Y. B. Kim, and C. J. Kim, “Modeling for bipolar resistive memory switching in 

transition-metal oxides,” Phys. Rev. B - Condens. Matter Mater. Phys., vol. 82, no. 15, pp. 1–5, 2010, doi: 

10.1103/PhysRevB.82.155321. 

[152] J. H. Hur, M. J. Lee, C. B. Lee, Y. B. Kim, and C. J. Kim, “Modeling for bipolar resistive memory switching in 

transition-metal oxides,” Phys. Rev. B - Condens. Matter Mater. Phys., vol. 82, no. 15, 2010, doi: 

10.1103/PhysRevB.82.155321. 

[153] M.-J. Lee et al., Reliable Multi-Valued Conductance States in TaOx Memristors through Oxygen Plasma Assisted 

Electrode Deposition with In Situ Biased Conductance State TEM Analysis, vol. 10. 2018. 

[154] A. Prakash, D. Deleruyelle, J. Song, M. Bocquet, and H. Hwang, Resistance controllability and variability 

improvement in a TaOx-based resistive memory for multilevel storage application, vol. 106. 2015. 

[155] F. O. Hatem, P. W. C. Ho, T. N. Kumar, and H. A. F. Almurib, “Modeling of bipolar resistive switching of a nonlinear 

MISM memristor,” Semicond. Sci. Technol., vol. 30, no. 11, p. 115009, 2015, doi: 10.1088/0268-1242/30/11/115009. 

[156] G. Wang et al., “Improving resistance uniformity and endurance of resistive switching memory by accurately 

controlling the stress time of pulse program operation,” Appl. Phys. Lett., vol. 106, no. 9, p. 92103, Mar. 2015, doi: 

10.1063/1.4907604. 

[157] M. Wang, J. Zhou, Y. Yang, S. Gaba, M. Liu, and W. D. Lu, “Conduction mechanism of a TaOx -based selector and 

its application in crossbar memory arrays,” Nanoscale, vol. 7, no. 11, pp. 4964–4970, 2015, doi: 

10.1039/C4NR06922F. 

[158] J. Woo et al., “for 1 S-IR Cross-point Memory Applications,” pp. 10–13. 

[159] K. K. Likharev, “Layered tunnel barriers for nonvolatile memory devices,” Appl. Phys. Lett., vol. 73, no. 15, pp. 

2137–2139, Oct. 1998, doi: 10.1063/1.122402. 

[160] J. D. Casperson, L. D. Bell, and H. A. Atwater, “Materials issues for layered tunnel barrier structures,” J. Appl. Phys., 

vol. 92, no. 1, pp. 261–267, Jun. 2002, doi: 10.1063/1.1479747. 

[161] J. Woo et al., “Multi-layer Tunnel Barrier (Ta 2 O 5 /TaO x /TiO 2 ) Engineering for Bipolar RRAM Selector 

Applications.” 

[162] [S.M._Sze]_Physics_of_Semiconductor_Devices(b-ok.org).pdf. . 

[163] R. G. Southwick and W. B. Knowlton, “Stacked dual-oxide MOS energy band diagram visual representation program 

(IRW student paper),” IEEE Trans. Device Mater. Reliab., vol. 6, no. 2, pp. 136–145, 2006, doi: 

10.1109/TDMR.2006.876971. 

[164] M. Wang, J. Zhou, Y. Yang, S. Gaba, M. Liu, and W. D. Lu, “Conduction mechanism of a TaO x -based selector and 

its application in crossbar memory arrays,” Nanoscale, vol. 7, 2015, doi: 10.1039/c4nr06922f. 

[165] J. G. Simmons, “Electric Tunnel Effect between Dissimilar Electrodes Separated by a Thin Insulating Film,” J. Appl. 

Phys., vol. 34, no. 9, pp. 2581–2590, Sep. 1963, doi: 10.1063/1.1729774. 

[166] J. C. Ranuárez, M. J. Deen, and C.-H. Chen, “A review of gate tunneling current in MOS devices,” Microelectron. 

Reliab., vol. 46, no. 12, pp. 1939–1956, 2006, doi: https://doi.org/10.1016/j.microrel.2005.12.006. 

[167] J. G. Simmons, “Electric Tunnel Effect between Dissimilar Electrodes Separated by a Thin Insulating Film,” J. Appl. 

Phys., vol. 34, no. 9, pp. 2581–2590, Sep. 1963, doi: 10.1063/1.1729774. 

[168] R. G. Southwick, A. Sup, A. Jain, and W. B. Knowlton, “An Interactive Simulation Tool for Complex Multilayer 

Dielectric Devices,” IEEE Trans. Device Mater. Reliab., vol. 11, no. 2, pp. 236–243, 2011, doi: 

10.1109/TDMR.2011.2129593. 

[169] A. Chen, Memory selector devices and crossbar array design: a modeling-based assessment, vol. 16. 2017. 



 

174 

 

[170] J. Woo, X. Peng, and S. Yu, “Design Considerations of Selector Device in Cross-Point RRAM Array for 

Neuromorphic Computing,” in 2018 IEEE International Symposium on Circuits and Systems (ISCAS), 2018, pp. 1–

4, doi: 10.1109/ISCAS.2018.8351735. 

[171] A. L. Jagath, T. N. Kumar, and H. A. F. Almurib, “Modeling of Current Conduction during RESET Phase of 

Pt/Ta2O5/TaOx/Pt Bipolar Resistive RAM Devices,” in 2018 IEEE 7th Non-Volatile Memory Systems and 

Applications Symposium (NVMSA), 2018, pp. 55–60, doi: 10.1109/NVMSA.2018.00014. 

[172] H. L. Chee, T. N. Kumar, and H. A. F. Almurib, “Electrical model of multi-level bipolar Ta2O5/TaOx Bi-layered 

ReRAM,” Microelectronics J., vol. 93, p. 104616, 2019, doi: https://doi.org/10.1016/j.mejo.2019.104616. 

[173] L. Zhang, S. Cosemans, D. J. Wouters, G. Groeseneken, M. Jurczak, and B. Govoreanu, “One-Selector One-Resistor 

Cross-Point Array With Threshold Switching Selector,” IEEE Trans. Electron Devices, vol. 62, no. 10, pp. 3250–

3257, 2015, doi: 10.1109/TED.2015.2461656. 

[174] P. Chen and S. Yu, “Compact Modeling of RRAM Devices and Its Applications in 1T1R and 1S1R Array Design,” 

IEEE Trans. Electron Devices, vol. 62, no. 12, pp. 4022–4028, 2015, doi: 10.1109/TED.2015.2492421. 

[175] A. L. Jagath, T. Nandha Kumar, and H. A. F. Almurib, “Electrical model of 

Ta<inf>2</inf>O<inf>5</inf>/TaO<inf>x</inf> RRAM device with current conduction beyond RESET phase,” 

2019, doi: 10.1109/INEC.2019.8853845. 

[176] C. Yakopcic, T. M. Taha, G. Subramanyam, and R. E. Pino, “Generalized memristive device SPICE model and its 

application in circuit design,” IEEE Trans. Comput. Des. Integr. Circuits Syst., vol. 32, no. 8, pp. 1201–1214, 2013, 

doi: 10.1109/TCAD.2013.2252057. 

[177] S. Yu, J. Liang, Y. Wu, and H.-S. P. Wong, “Read/write schemes analysis for novel complementary resistive switches 

in passive crossbar memory arrays,” Nanotechnology, vol. 21, no. 46, p. 465202, 2010, doi: 10.1088/0957-

4484/21/46/465202. 

[178] X. Wang et al., “Influence of metal electrode on the performance of ZnO based resistance switching memories,” vol. 

154301, 2017, doi: 10.1063/1.4996975. 

[179] J. H. Shin, Q. Wang, and W. D. Lu, “Self-Limited and Forming-Free CBRAM Device With Double Al2O3 ALD 

Layers,” IEEE Electron Device Lett., vol. 39, no. 10, pp. 1512–1515, 2018, doi: 10.1109/LED.2018.2868459. 

[180] G. Wang, C. Li, Y. Chen, Y. Xia, D. Wu, and Q. Xu, “Reversible voltage dependent transition of abnormal and 

normal bipolar resistive switching,” Sci. Rep., vol. 6, no. October, p. 36953, 2016, doi: 10.1038/srep36953. 

[181] S. Shi, S. Qian, X. Hou, J. Mu, J. He, and X. Chou, “Structural and Optical Properties of Amorphous Al2O3 Thin Film 

Deposited by Atomic Layer Deposition,” Adv. Condens. Matter Phys., vol. 2018, p. 7598978, 2018, doi: 

10.1155/2018/7598978. 

[182] F. M. Simanjuntak, D. Panda, K.-H. Wei, and T.-Y. Tseng, “Status and Prospects of ZnO-Based Resistive Switching 

Memory Devices,” Nanoscale Res. Lett., vol. 11, no. 1, p. 368, 2016, doi: 10.1186/s11671-016-1570-y. 

[183] X. Yan et al., “Self-rectifying performance in the sandwiched structure of Ag/In-Ga-Zn-O/Pt bipolar resistive 

switching memory,” Nanoscale Res. Lett., vol. 9, no. 1, p. 548, 2014, doi: 10.1186/1556-276X-9-548. 

[184] L. Goux et al., “On the bipolar resistive-switching characteristics of Al2O3- and HfO2-based memory cells operated 

in the soft-breakdown regime,” J. Appl. Phys., vol. 116, no. 13, p. 134502, Oct. 2014, doi: 10.1063/1.4896841. 

[185] K. Moon et al., “RRAM-based synapse devices for neuromorphic systems,” Faraday Discuss., vol. 213, no. 0, pp. 

421–451, 2019, doi: 10.1039/C8FD00127H. 

[186] Q. Luo et al., “Self-Rectifying and Forming-Free Resistive-Switching Device for Embedded Memory Application,” 

IEEE Electron Device Lett., vol. PP, p. 1, Mar. 2018, doi: 10.1109/LED.2018.2821162. 

[187] R. Muenstermann, T. Menke, R. Dittmann, and R. Waser, “Coexistence of Filamentary and Homogeneous Resistive 

Switching in Fe-Doped SrTiO3 Thin-Film Memristive Devices,” Adv. Mater., vol. 22, no. 43, pp. 4819–4822, Nov. 

2010, doi: https://doi.org/10.1002/adma.201001872. 

[188] A. Senapati, S. Roy, Y.-F. Lin, M. Dutta, and S. Maikap, “Oxide-Electrolyte Thickness Dependence Diode-Like 

Threshold Switching and High on/off Ratio Characteristics by Using Al2O3 Based CBRAM,” Electronics , vol. 9, 

no. 7. 2020, doi: 10.3390/electronics9071106. 

[189] B. Sun, M. Xiao, G. Zhou, Z. Ren, Y. N. Zhou, and Y. A. Wu, “Non–zero-crossing current-voltage hysteresis behavior 

in memristive system,” Mater. Today Adv., vol. 6, p. 100056, 2020, doi: https://doi.org/10.1016/j.mtadv.2020.100056. 

[190] Y. He et al., “Interconversion Between Bipolar and Complementary Behavior in Nanoscale Resistive Switching 

Devices,” IEEE Trans. Electron Devices, vol. PP, pp. 1–6, Dec. 2018, doi: 10.1109/TED.2018.2882652. 



 

175 

 

[191] A. Adeyemo, J. Mathew, A. Jabir, and D. Pradhan, “Write scheme for multiple Complementary Resistive Switch 

(CRS) cells,” 2014 24th Int. Work. Power Timing Model. Optim. Simulation, PATMOS 2014, 2014, doi: 

10.1109/PATMOS.2014.6951897. 

[192] Y. Yang, P. Sheridan, and W. Lu, “Complementary resistive switching in tantalum oxide-based resistive memory 

devices,” Appl. Phys. Lett., vol. 100, no. 20, pp. 1–5, 2012, doi: 10.1063/1.4719198. 

[193] F. Nardi, S. Balatti, S. Larentis, D. C. Gilmer, and D. Ielmini, “Complementary Switching in Oxide-Based Bipolar 

Resistive-Switching Random Memory,” IEEE Trans. Electron Devices, vol. 60, no. 1, pp. 70–77, 2013, doi: 

10.1109/TED.2012.2226728. 

[194] W. J. Duan, J. B. Wang, X. L. Zhong, H. J. Song, and B. Li, “Complementary resistive switching in single sandwich 

structure for crossbar memory arrays,” J. Appl. Phys., vol. 120, no. 8, p. 84502, Aug. 2016, doi: 10.1063/1.4961222. 

[195] D. Ielmini and V. Milo, “Physics-based modeling approaches of resistive switching devices for memory and in-

memory computing applications,” J. Comput. Electron., vol. 16, no. 4, pp. 1121–1143, 2017, doi: 10.1007/s10825-

017-1101-9. 

[196] K. Liu et al., “Interfacial redox processes in memristive devices based on valence change and electrochemical 

metallization,” Faraday Discuss., vol. 213, Jan. 2018, doi: 10.1039/C8FD00113H. 

[197] Y.-T. Tseng et al., “Complementary resistive switching behavior induced by varying forming current compliance in 

resistance random access memory,” Appl. Phys. Lett., vol. 106, p. 213505, May 2015, doi: 10.1063/1.4921239. 

[198] M. Labalette et al., “Fabrication of Planar Back End of Line Compatible HfO$_x$ Complementary Resistive 

Switches,” IEEE Trans. Nanotechnol., vol. 16, no. 5, pp. 745–751, 2017, doi: 10.1109/TNANO.2017.2698205. 

[199] A. Lee et al., “Multifunctional resistive switching behaviors employing various electroforming steps,” J. Mater. 

Chem. C, vol. 4, Jan. 2016, doi: 10.1039/C5TC03303A. 

[200] H. Z. Zhang, D. S. ANG, K. Yew, and X. Wang, “Observation of Self-Reset during Forming of the TiN/HfOx/TiN 

Resistive Switching Device,” IEEE Electron Device Lett., vol. 37, p. 1, Sep. 2016, doi: 10.1109/LED.2016.2590471. 

[201] S. Balatti, S. Larentis, D. C. Gilmer, and D. Ielmini, “Multiple Memory States in Resistive Switching Devices 

Through Controlled Size and Orientation of the Conductive Filament,” Adv. Mater., vol. 25, no. 10, pp. 1474–1478, 

Mar. 2013, doi: 10.1002/adma.201204097. 

[202] A. Schönhals, J. Mohr, D. J. Wouters, R. Waser, and S. Menzel, “3-bit Resistive RAM Write-Read Scheme Based on 

Complementary Switching Mechanism,” IEEE Electron Device Lett., vol. 38, no. 4, pp. 449–452, 2017, doi: 

10.1109/LED.2017.2670642. 

[203] J.-Y. Chen, C.-W. Huang, C.-H. Chiu, Y.-T. Huang, and W.-W. Wu, “Switching Kinetic of VCM-Based Memristor: 

Evolution and Positioning of Nanofilament,” Adv. Mater., vol. 27, no. 34, pp. 5028–5033, Sep. 2015, doi: 

10.1002/adma.201502758. 

[204] Y. N. Chen, K. L. Pey, K. E. J. Goh, Z. Z. Lwin, P. K. Singh, and S. Mahapatra, “Tri-Level Resistive Switching in 

Metal-Nanocrystal-Based  $\hbox{Al}_{2}\hbox{O}_{3}/\hbox{SiO}_{2}$ Gate Stack,” IEEE Trans. Electron 

Devices, vol. 57, no. 11, pp. 3001–3005, 2010, doi: 10.1109/TED.2010.2070801. 

[205] I. Valov and T. Tsuruoka, “Effects of moisture and redox reactions in VCM and ECM resistive switching memories,” 

J. Phys. D. Appl. Phys., vol. 51, no. 41, p. 413001, 2018, doi: 10.1088/1361-6463/aad581. 

[206] P. Hazra and K. B. Jinesh, “Vertical limits of resistive memory scaling: The detrimental influence of interface states,” 

Appl. Phys. Lett., vol. 116, no. 17, p. 173502, Apr. 2020, doi: 10.1063/1.5139595. 

[207] J.-W. Huang et al., “The effect of high/low permittivity in bilayer HfO2/BN resistance random access memory,” 

Appl. Phys. Lett., vol. 102, no. 20, p. 203507, May 2013, doi: 10.1063/1.4807577. 

[208] D. Jana, S. Samanta, S. Maikap, and H.-M. Cheng, “Evolution of complementary resistive switching characteristics 

using IrOx/GdOx/Al2O3/TiN structure,” Appl. Phys. Lett., vol. 108, no. 1, p. 11605, Jan. 2016, doi: 

10.1063/1.4939682. 

[209] A. Siddik et al., “Enhancement of data storage capability in a bilayer oxide-based memristor for wearable electronic 

applications,” J. Phys. D. Appl. Phys., vol. 53, no. 29, p. 295103, 2020, doi: 10.1088/1361-6463/ab81d3. 

[210] Y. Hou et al., “Self-compliance multilevel resistive switching characteristics in TiN/HfOx/Al/Pt RRAM devices,” in 

2013 IEEE International Conference of Electron Devices and Solid-state Circuits, 2013, pp. 1–2, doi: 

10.1109/EDSSC.2013.6628050. 

[211] C. Hsu, T. Hou, M. Chen, I. Wang, and C. Lo, “Bipolar ${\rm Ni}/{\rm TiO}_{2}/{\rm HfO}_{2}/{\rm Ni}$ RRAM 

With Multilevel States and Self-Rectifying Characteristics,” IEEE Electron Device Lett., vol. 34, no. 7, pp. 885–887, 



 

176 

 

2013, doi: 10.1109/LED.2013.2264823. 

[212] L. F. Liu et al., “Multilevel set/reset switching characteristics in Al/CeOx/Pt RRAM devices,” in 2012 IEEE 

International Conference on Electron Devices and Solid State Circuit (EDSSC), 2012, pp. 1–3, doi: 

10.1109/EDSSC.2012.6482850. 

[213] S. R. Lee et al., “Multi-level switching of triple-layered TaOx RRAM with excellent reliability for storage class 

memory,” Dig. Tech. Pap. - Symp. VLSI Technol., vol. 52, no. 2011, pp. 71–72, 2012, doi: 

10.1109/VLSIT.2012.6242466. 

[214] Q. Hou, F. Meng, and J. Sun, “Electrical and optical properties of Al-doped ZnO and ZnAl2O4 films prepared by 

atomic layer deposition,” Nanoscale Res. Lett., vol. 8, no. 1, p. 144, 2013, doi: 10.1186/1556-276X-8-144. 

[215] C. Mahata and S. Kim, “Multi-level resistive switching in HfO2/Al2O3/HfO2 based memristor on transparent ITO 

electrode,” in 2020 International Conference on Electronics, Information, and Communication (ICEIC), 2020, pp. 1–

3, doi: 10.1109/ICEIC49074.2020.9051025. 

[216] P. Hazra and K. B. Jinesh, “Scaling of resistive random access memory devices beyond 100 nm2: influence of grain 

boundaries studied using scanning tunneling microscopy,” Nanotechnology, vol. 29, no. 49, p. 495202, 2018, doi: 

10.1088/1361-6528/aae17c. 

[217] B. J. Choi et al., “Resistive switching mechanism of TiO 2 thin films grown by atomic-layer deposition,” J. Appl. 

Phys., vol. 98, no. 3, pp. 1–10, 2005, doi: 10.1063/1.2001146. 

[218] K. M. Kim et al., “A detailed understanding of the electronic bipolar resistance switching behavior in Pt/TiO 2 /Pt 

structure,” Nanotechnology, vol. 22, no. 25, p. 254010, 2011, doi: 10.1088/0957-4484/22/25/254010. 

[219] M. Wu, H. Wu, X. Li, N. Deng, and H. Qian, “Study of redox reactions in resistive switching processes of AlO x/WOy 

based bilayer RRAM,” Proc. Tech. Progr. - 2014 Int. Symp. VLSI Technol. Syst. Appl. VLSI-TSA 2014, pp. 0–1, 2014, 

doi: 10.1109/VLSI-TSA.2014.6839690. 

[220] T. Breuer, L. Nielen, B. Roesgen, R. Waser, V. Rana, and E. Linn, “Realization of Minimum and Maximum Gate 

Function in Ta 2 O 5 - based Memristive Devices,” Nat. Publ. Gr., 2016, doi: 10.1038/srep23967. 

[221] M. Kund et al., “Conductive bridging RAM (CBRAM): an emerging non-volatile memory technology scalable to sub 

20nm,” in IEEE InternationalElectron Devices Meeting, 2005. IEDM Technical Digest., 2005, pp. 754–757, doi: 

10.1109/IEDM.2005.1609463. 

[222] S. A. Chekol, J. Song, J. Park, J. Yoo, S. Lim, and H. Hwang, “Chapter 5 - Selector devices for emerging memories,” 

in Woodhead Publishing Series in Electronic and Optical Materials, S. Spiga, A. Sebastian, D. Querlioz, and B. B. 

T.-M. D. for B.-I. C. Rajendran, Eds. Woodhead Publishing, 2020, pp. 135–164. 

 


