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A B S T R A C T

This paper presents a RRAM (Resistive Random Access Memory) device having multiple buffer 
layers of HfOx and TiOx along with switching layer of ZrO2 to improve the overall performance of 
the device. Utilizing Technology Computer Aided Design (TCAD) software, the set and reset 
operations of the RRAM device are simulated, focusing on the formation and separation of 
conductive filaments (oxygen vacancy) in response to applied voltages. The conductive filaments 
are based on the number of defects present in the active switching layer. The proposed multi-layer 
device configuration consisting of ZrO2 as the switching material is analyzed for its resistive 
switching behavior. The electrical characteristics, such as forming voltage, set/reset voltage, 
current switching ratio (Ion/Ioff) and formation of low-resistance state (LRS), and high-resistance 
state (HRS) of the RRAM device are measured to evaluate the overall proposed device perfor
mances. The proposed Ti/TiOx/HfOx/ZrO2 RRAM shows improved performance over the con
ventional TiOx/HfOx/HfO2 RRAM device. With enhanced switching speed, reduced power, and 
high endurance Ti/TiOx/HfOx/ZrO2 device is suitable for next-generation non-volatile memory 
(NVM) applications and neuromorphic computing system design.

1. Introduction

As the future technology of electronic system design include towards data-centric, low-power, and highly efficient nano computing 
systems, a critical need for novel non-volatile memory (NVM) arises to ensure scalability, high switching for fast processing and energy 
efficiency computing. The resistive random-access memory (RRAM) is a promising candidate for the next-generation memory tech
nology due to simple two terminal metal–insulator–metal (MIM) structure, fast switching speed, low forming voltage requirement and 
potential for three-dimensional (3D) integration [1]. Zirconium dioxide (ZrO2) is used as switching layer in RRAM devices due to its 
thermal stability, high dielectric constant, suitability with CMOS back-end-of-line (BEOL) fabrication process and compatibility with 
low-temperature processing [2]. The switching layers of HfO2 in previously reported devices require large forming voltage due to high 
activation energy for generating oxygen vacancies, which results in the power loss and misalignment of conductive filament formation. 
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On the other hand, single-layer of ZrO2 in devices suffer from variability in forming voltage, switching endurance, and retention time 
[3]. These limitations can be addressed by interface engineering and multi-layer designs, which provide better control over filament 
dynamics and defect migration [4,5]. The improved design of memristor utilizing oxide-based bilayer ZrO2/IGZO demonstrates po
tential applications including neuromorphic systems, attributed to their superior synaptic plasticity and capacity to emulate artificial 
nociceptor functions [3–5].

The interface layer engineering reduces forming voltages and improves switching reproducibility, highlighting the importance of 
electrode–oxide interfaces [6]. The atomic layer deposition (ALD) has been utilized for creating monolayer of ZrO2 and HfO2 material 
to improve the overall behavior of device [7]. An NiO barrier between Cu and ZrO2 effectively has been demonstrated to eliminate the 
negative set operation in which typically a device fails to reset properly while improving retention beyond 3 × 104 s and endurance 
over 500 cycles [8]. These studies highlighted the key role of oxygen vacancy generation - recombination and energy barriers at the 
electrode interface in improving RRAM reliability.

The MIM device structures have also been explored in which ZrO2 nanoparticle layers were fabricated by electron-beam evapo
ration [2–5]. These ZrO2-based devices have demonstrated the stable resistive switching behavior with UV–visible light responsiveness 
and low-voltage operation, broadening its potential to be used in next generation like as logic gates as shown in Fig. 1 [9]. The ad
vances in 2D oxide-sulfide based devices, such as the HfOxSy/HfS2 heterostructure, show that forming-free and compliance-free 
operation is possible while maintaining low power (<20 pJ per cycle), fast speeds (60–80 ns), and excellent thermal stability 

Fig. 1. Next generation logic gate circuit using RRAM device [9].

Fig. 2. Resistive switching structures used for simulations (a) conventional device TiOx/HfOx/HfO2 (b) the proposed device Ti/TiOx/HfOx/ZrO2.
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(retention over 104 s at 150 ◦C) [10].
In this work, we have proposed Ti/TiOx/HfOx/ZrO2 device structure, the Ti top electrode works as an oxygen vacancy generator; 

the HfOx and TiOx buffer layers control oxygen diffusion and reduce redundant filament growth; and the ZrO2 base layer behaves as a 
stable resistive switch. The idea for the proposed design comes from previously reported work where inserting TiOx or NiO interface 
layers between electrodes and as switching oxides significantly improved the overall performance by lowering forming voltage, 
enhancing uniformity, and preventing premature breakdown [5,6]. The TiOx interface layer between the bottom electrode and HfOx 
layer reduces forming voltages and improves switching reproducibility, highlighting the importance of electrode and oxide interfaces.

2. Device structure and tcad modeling

The proposed Ti/TiOx/HfOx/ZrO2 RRAM device combines the strengths of previously reported multilayer, top contact, and 
interface-controlled structures, offering enhanced endurance, reduced forming voltages, high Ion/Ioff ratio, and improved resistance 
switching uniformity, all while maintaining the CMOS process compatibility. This device can be a strong representative for future 
flexible electronics, neuromorphic hardware, and embedded memory solutions. The schematics of both the conventional and proposed 
device structures are shown in Fig. 2(a) and (b), respectively.

RRAM devices use different types of materials, including gold (Au), platinum (Pt), and titanium nitride (TiN) as electrodes that are 
stable in an electrochemical property. [11,12]. Researcher also often use active metal electrodes like nickel (Ni), titanium (Ti), 
aluminum (Al), tantalum (Ta), and copper (Cu) to make RRAM devices [1–7]. Tantalum oxide (TaOx), copper oxide (CuOx), aluminum 
oxide (AlOx), silicon oxide (SiOx), zirconium oxide (ZrOx), titanium oxide (TiOx), and hafnium oxide (HfOx) are all common materials 
use for the insulating layers [13–15]. Zirconium oxide (ZrO2) is one of these materials that is widely studied and used as a switching 
layer in RRAM because it has good resistive switching characteristics [6–8]. The proposed device in Fig. 2(b) can be fabricated by first 
depositing bottom electrode of TiN using E-beam evaporator followed by multilayer deposition of different dielectric layers. Thin layer 
of ZrO2 can be prepared using either sputtering or sol-gel method followed by spin coating. The next step is to deposit HfOx layer using 
sputtering. The interfacial titanium oxide (TiOx) layer is subsequently formed either by depositing a thin Ti layer using sputtering 
followed by controlled oxidation. Finally, top electrode will be made of Ti using electron-beam evaporation. The developed devices 
will be annealed using rapid thermal annealing (RTA) technique to stabilize the oxide stoichiometry and enhance the switching 
reliability.

In the present work, simulations are carried out using Sentaurus TCAD Tool from Synopsys to evaluate the electrical, structural, and 
thermal properties of zirconium oxide (ZrO2) in RRAM device. The material conductivity (σ) stays low at 1e− 11S/cm, the electrical 
conductivity of individual particles (σdef1) is set to 10 S/cm. Optical and dielectric properties are defined by an optical permittivity of 
5.6 and a static permittivity (ε) of 40.0, which affect the electric field distribution. The activation energy (EA) is set at 3.0 eV, governing 
thermally activated conductions, and the electron affinity (χ0) and band gap energy (EG0) are 2.5 eV and 5.4 eV, respectively. These 
parameters are for precise numerical modeling and evaluation of ZrO2-based RRAM devices under various electrical and thermal 
conditions. Bulk materials are fixed at 0.23 W/cm/K, indicating moderate thermal transport necessary for heat dissipation modeling. 
The volume densities of particles and filaments are both 1.5e22 cm− 3, influencing filament formation dynamics.

In this design, TiN is selected as the electrode material for its excellent conductivity with the ZrO2 switching layer [6,10]. Titanium 
Nitride (TiN) is a ceramic material, which is commonly used in resistive switching devices because it enables efficient current in
jections during the switching process and allows for easy formation of conductive filaments. The oxygen vacancy generator metal 
considered for this device is Titanium (Ti), due to its excellent stability, high work function, and inertness in reactive environments. 
The selection of the top and bottom electrodes also considers the need for uniformity in contact resistance, which is modeled as an 
idealized contact of no thickness. The electrodes must be designed to ensure that the switching layer is uniformly contacted, preventing 
localized effects that could result in ideal switching characteristics [10].

The interface layer is very important for making multi-layer RRAM devices that use ZrO2 as the switching material more reliable, 
faster to switch, and longer-lasting. We chose Titanium oxide (TiOx) and Hafnium oxide (HfOx) as the middle layer because they have a 
high dielectric constant and resistive switching material like ZrO2. The perfect arrangement of these layers to improve the device 
electrical properties. Both TiOx and HfOx interface layers are used for reduce the potential barrier between ZrO2 active switching layer 
and metal electrodes. The presence of ZrO2 active layer used in proposed device to ensures smoother electrical conduction and changes 
the electric field distribution. Thus, enhancing the uniformity of the resistive switching process. And the interface layers help to change 
the impact of defects and impurities in the ZrO2 layer, preventing any performance degradation over time. The overall stability and 
performance of the RRAM device are enhanced, resulting in high performance for non-volatile memory applications.

The proposed multi-layer structure in Fig. 2 (b) with interface layers exhibits better electrical characteristics over the conventional 
Tri-layer RRAM device. It improves switching uniformity by ensuring a more consistent electric field distribution across the switching 
material, which leads to stable and reliable switching behavior. The multi-layer device enhances the endurance by reducing the risk of 
limited defects and particles, which are often seen in single-layer devices, thus extending the device’s lifetime [6–8]. The interface 
layers in the proposed device also helps to reduce the forming voltage for stable resistive switching, reduce power consumption. The 
multi-layer device structure enhances scalability and enables easy integration with other semiconductor memory devices. It is a key 
feature for next-generation memory technologies. The material selection and multi-layer technique of RRAM devices enhance the high 
performance, low set-reset voltage, and scalability for non-volatile memory applications, including those in neuromorphic computing 
and artificial intelligence [16].

The switching performance of oxide-based RRAM devices is fundamentally governed by the morphology of conductive pathways, 
which are developed through oxygen vacancy formation and annihilation in the dielectric matrix [17–20]. In set operations, oxygen 
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ions separate from the crystalline structure and drift to the active electrode, producing vacancy clusters. These clusters progressively 
create a low-resistance conduction path through the dielectric [18,20]. During the reset operations, reverse polarity voltages induce 
oxygen ion migration from interfacial regions back into the dielectric bulk. Subsequently vacancy-ion recombination dismantles the 
conduction paths, reinstating high resistance states. Precise simulation of these switching mechanisms demands integrated evaluation 
of charge carrier transport, ionic diffusion processes, and their statistical variability. The simulation approach is implemented in TCAD 
using a Kinetic Monte Carlo (KMC) methodology integrating the set–reset operation, showcased in Fig. 3.

Within this framework, oxygen ions are modeled as Particle1, to characterize their role non-conductive species involved in 
diffusion, generation, and recombination events. These interactions can result in the formation of Frenkel defects. Vacancies, defined 
as Particle2, are mobile within the insulating layer and may recombine with oxygen ions to annihilate defects. The dynamic processes 
of filament growth and dissolution are governed by the spatial and temporal evolution of these vacancies. When a critical concen
tration of vacancies is reached, a percolation path forms, enabling filamentary conduction processes. During a recession, the filament 
becomes vacant again.

3. Results and discussion

The multi-layer RRAM device described in this study uses a titanium (Ti) layer between the titanium nitride (TiN) top and bottom 

Fig. 3. Kinetic Monte Carlo (KMC) simulation mechanisms of conductive filaments in TCAD.

Fig. 4. Comparison of I–V switching characteristics for conventional and proposed RRAM devices with compliance current (CC) fixed at 1 μA for (a) 
a single cycle and (b) 5 cycles.
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electrodes, with TiOx and HfOx as interface layers. As shown in Fig. 2 (b), the structure consists of a 1 nm-thick HfOx layer and 1 nm 
thick TiOx layer inserted between a 8 nm thick ZrO2 layer and a 5 nm thick Ti layer. Although the combination of HfOx and TiOx creates 
an unstable interface; however, combining these with an active electrode—rather than using a single HfO2 layer—enhances interfacial 
properties. This design combination contributes in making the device more stable in switching characteristics for RRAM.

Both conventional and proposed RRAM devices are analyzed with compliance current fixed at 1 μA. Fig. 4 illustrates the current- 
voltage characteristics under this condition. Reduced compliance current leads to earlier reset voltage initiation due to insufficient 
conductive filament formation. In this study, we have observed that higher compliance current (CC) may prevent the complete fila
ment rupture, hindering the proper set/reset state of switching. The bias voltage starts from 0 to +3, +3 to 0, 0 to − 3, and − 3 to 0 and 
repeats these cycles 5 times. The resulting current-voltage characteristics are shown in Fig. 4. The first cycle forming voltage occurs at 
2.25 V. After several voltage sweep cycles, the set voltage stabilizes in the range of 1.8–2.2 V, while the reset voltage is − 0.1 V. In the 
proposed device, HfO2 replaced with ZrO2 which demonstrates improved switching behavior, indicating enhanced performance.

Fig. 5 (a) shows the retention time characteristics of the proposed device throughout a 500 s measurement interval. Both resistance 
states demonstrate exceptional stability over the complete period, with the high-resistance state (HRS) sustaining roughly 1013 Ω and 
the low-resistance state (LRS) keeping steady at around 106 Ω. The resistance window size (HRS/LRS ratio) maintains a value of 
around 107, indicating a superior memory margin for dependable data storage and retrieval operations. The lack of resistance 
degradation or drift during this time frame validates the nonvolatile characteristics of the memory states and indicates strong long- 
term data retention potential The endurance performance, assessing the device’s capacity to endure repeated switching operations 
is shown in Fig. 5 (b). The ten successive DC switching cycles and the device reliably oscillates between the two discrete resistance 
states without any direct deterioration in switching performance. The high-resistance state (HRS) values constantly approximate 1013 

Ω, but the low-resistance state (LRS) values uniformly measure about 106 Ω over all cycles. The resistance values for endurance and 

Fig. 5. Electrical characteristics of the proposed RRAM with compliance current (CC) fixed at 1 μA to estimate (a) retention and (b) endurance by 
measuring resistance as a function of time and DC switching cycles, respectively.

Fig. 6. Number of particles per cycle as a function of applied voltage for proposed RRAM device.
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retention time characteristics are obtained at read voltage of +0.98V. The uniform switching behavior signifies that the proposed 
device can consistently execute several set/reset operations, essential for non-volatile memory applications.

Fig. 6 shows the variation in number of conductive particles as a function of applied bias voltage across the proposed RRAM device. 
The results suggest that the generation and recombination of the number of particles in the form of conductive filaments, which 
typically create defects, are responsible for switching behavior. In the positive voltage sweep (0 to +3 V and +3 to 0 V), high particle 

Fig. 7. I–V characteristics with different temperature ranges of the proposed RRAM device.

Fig. 8. Current behavior of the conventional and proposed RRAM device as a function of time for (a) set-reset state. The set state operation of 
proposed device in (b) during 30 μs–40 μs lasts for smaller duration than the reset state operation in (c) during 40 μs–50 μs, and is also smaller than 
that of the conventional device.
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count is observed, however, there is an abrupt reduction in the particle count in the negative voltage sweep (0 to − 3 V and − 3 to 0 V). It 
confirms the non-volatile switching behavior characteristics of the proposed RRAM device.

To observe the temperature-dependent behavior of resistive switching characteristics of proposed device, DC voltage (+3 to − 3) 
sweeps were performed both below the room temperature (150K) and above the room temperature (450K), and the results are as 
shown in Fig. 7.

As temperature rises, the forming voltage reduces, and also the reduction in the size of memory window. This behavior is attributed 
to the rupture of the conductive filament near the layer of dielectric/electrode interface, which enables leakage current to pass through 
the disrupted path. Based on crystal defect theory, the probability p that the oxygen ions overcome the potential barrier and generate 
oxygen vacancies is given by equation (1) as given below, 

p ≈ v exp(− E /KBT) (1) 

where E is the probability of defect formation rises correspondingly to 0.87 ev [21]. This leads to an increased density of oxygen 
vacancies related traps at elevated temperatures, which enhances trap-assisted tunneling (TAT) and results in higher 
temperature-dependent leakage current.

Fig. 8 (a) shows cycling behavior across three consecutive operational cycles having a bias variation from 0 to +3 V, and +3 to 0 V 
for both the conventional and proposed RRAM device shown in Fig. 2(a) and (b). The switching in current confirms successful 
transitions between HRS and LRS with excellent repeatability, a key metric for device endurance and reliability. The magnified view in 
Fig. 8 (b) focuses on the set operation during the second cycle, occurring between 30 μs and 40 μs. The proposed device transitions from 
HRS to LRS with a remarkably fast set time of 0.75 μs, indicating rapid conductive filament formation. This enables set-reset operations 
essential for practical memory applications. Fig. 8 (c) shows the reset process of the same cycle from 40 μs to 50 μs. The LRS-to-HRS 
transition of proposed device has a longer reset time of 2.15 μs, reflecting the physical mechanisms underlying filament rupture, which 
typically requires more energy and time compared to filament formation. This asymmetric switching behavior, in which reset oper
ations consistently last longer than set operations, is consistent with theoretical predictions of resistive switching mechanisms. The 
lower values of switching time of proposed device in both set and reset state highlights its superior speed and efficiency over the 
conventional device. The results provide valuable insights into the device’s operational characteristics suggesting both the temporal 
evolution and resistance state transitions required for nonvolatile memory operation.

Fig. 9(a) shows the 3rd cycle initial set state of positive cycle conductive filaments (CF) formed. The input voltage (0 to +3) crosses 
the threshold voltage value CF and connects the upper and lower electrodes in a stable state. In Fig. 9(b), after the initial set state 
demonstrates the reset state of the positive cycle, here, the input voltage (+3 to 0) falls below the threshold value, and the small 
number of CF collapses. Fig. 9(c) shows the state of the negative cycle after the first reset of the positive cycle CF formed. The input 
voltage (0 to − 3) crosses the threshold voltage, and CF is formed. Fig. 9(d) shows the reset state of the negative cycle conductive 
filament which is not formed because when the input voltage (− 3 to 0) falls below the threshold voltage, the substantial number of 

Fig. 9. Generation and recombination of 3rd cycle conductive filament and oxygen vacancies: (a) initial set state positive cycle (0 to +3), (b) Reset 
state positive cycle (+3 to 0), (c) Set state negative cycle (0 to − 3), and (d) Reset state negative cycle (− 3 to 0).
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conductive filaments collapses. Table 1 represents the comparison of different multi-layer structures with the proposed (with ZrO2 
layers) RRAM device. In this study, the proposed device delivers better performance, including low reset voltage, high Ion/Ioff ratio, and 
stable set-reset voltage.

4. Conclusion

This work discusses the design and analysis of a multi-layer ZrO2-based RRAM device for high-performance non-volatile memory. 
The proposed structure enhanced the resistive switching behavior and improved high-resistance state (HRS) up to 1013 Ω with high Ion/ 

off current ratio up to 107, indicating its strong potential for next-generation memory technologies. RRAM device has an extra feature i. 
e, it is easily integrated with Back-End-Of-Line (BEOL) manufacturing technology. The simulation results of the proposed multi-layer 
RRAM have shown the improved device performance. Continued research will explore further optimization for improved set-reset 
time, retention and endurance. Future efforts will also be focused on the integration of this device with neuromorphic computing 
systems to support emerging applications in artificial intelligence and cognitive computing.
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