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Abstract

Resistive Random Access Memory (RRAM) stands out as a potential candidate among the next-generation non-
volatile memory types due to its simple Metal-Insulator-Metal construction, which lends itself to great scalability,
low power consumption, fast switching, and non-volatile aspects, making it compatible with the existing
complementary metal-oxide-semiconductor circuit technology. Nonetheless, notwithstanding the numerous
achievements in the area of fabrication of the devices and performance improvement, the microscopic mechanisms
of resistive switching in the case of metal-oxide-based RRAM with an emphasis on oxygen vacancies, metal ions,
interface defects, and localized redox processes remain the target of current studies. Specifically, the process of
formation, migration, activation, and disintegration of nanoscale conductive paths involving different factors
listed above depend on oxide composition, metal electrode materials, film thickness, defect concentration,
temperature, applied electric field, and geometry of the device being manufactured and will be investigated in this
research article with the focus on different resistive switching processes occurring in RRAM devices (including
valence change mechanism, electrochemical metallization & thermochemical processes, interface-controlled
switching). A research methodology based on metal—insulator—metal device fabrication, structural and chemical
characterization, electrical characterization, statistical analysis, temperature-dependent measurements, retention
and endurance testing, and conduction-mechanism analysis is proposed. An illustrative data-analysis framework
is developed using representative experimental values for HfO:-, TiO:-, and TaOs-based devices. The research
reveals that the process of creating a conductor filament via oxygen vacancies can be behind the bipolar switching
behavior in most transition metal oxide devices, while other factors such as interface effects, Joule heating, trap-
assisted conduction, hopping conduction, or the reactions of the electrodes also appear to play a role in the
specific decision made by the devices. The research shows that the performance characteristics of switching
voltage, resistance ratio, endurance, retention, and variability cannot be realized based only on the features of
the bulk oxide material, which is why the oxide interface-electrode interaction must also be calculated.

Keywords: Resistive Random Access Memory, RRAM, metal oxide, resistive switching, oxygen vacancies,
conductive filament, valence change mechanism, electrochemical metallization, HfO:, TiO:, TaO., memristor,
non-volatile memory, defect engineering.

I.  Introduction

The rise of data-based computing technology, artificial intelligence, edge computing, Internet-of-Things
technology and energy-limited electronic systems has led to a bigger need for non-volatile memory technologies
that combine very high density, fast response time, low energy consumption, scalability and long-term data storage
capabilities. Traditional memory technologies can achieve high levels of integration; unfortunately, it is becoming
increasingly complicated to scale these methods due to issues with energy consumption, dimension, connection
time, power loss and other issues related to storing data as charge. Therefore, a lot of academic researchers are
focused on studying non-volatile memory technologies, and RRAM is one of the most popular technologies in
this field. RRAM operates by changing the resistance of the material instead of using the method of charge
retention. The basic RRAM unit consists of metal insulator metal structure where there is a resistance layer located
in between two electrodes. When the electrical signal is supplied, the material changes its resistance from high to
low resistance and vice versa. These states can represent binary information and, under controlled conditions,
several intermediate resistance levels can also be obtained. Recent reviews identify metal oxides such as HfOa,
TiO2, TaOx, Ta20s, ZnO, NiO, WOs and related transition-metal oxides as particularly attractive switching
materials because of their defect-engineering capability, scalability and compatibility with semiconductor
processing.

Generally speaking, the core of the scientific issue is far more sophisticated than mere switching between
two different resistance states. Research has revealed that resistance switching tends to take place along with the
phenomenon of creating, moving, accumulating, and redistributing ionic defects. In a number of oxides, the role
of oxygen vacancies is especially vital. When an electric field is applied to an oxide, oxygen ions as well as oxygen
vacancies can be mobile. Changes in the amount of oxygen can create areas with high electronic conductivity.
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Eventually, such areas can become nanoscale conductive filaments that join the two electrodes. As a result, in
case a conductive filament is created, the device may gain a low resistance state. If conductive filament is damaged
partially or fully, a resistance is restored, and the device is switched back to the high resistance state.

One of the main mechanisms explained by various theories is the valence change mechanism. Recently
carried microscopic investigations show that the switching process is related to the movement of defects of donor
type, in most cases oxygen vacancies or cationic interstitials, in the mixed conductor. Electroforming may initially
create the defect configuration required for subsequent reversible switching. Later electrical pulses redistribute
the defects and modify the conductivity of the switching region.

Oxygen vacancies are not the only basis of all switching phenomena; the switching behavior depends on
the electrodes used, oxide composition and other electrical parameters, since in some cases metal ions take part
in filament formation through electrochemical metalization. Joule heating has a thermochemical effect upon
filament growth and dissolution. In addition, the influence of the metal-oxide interface through Schottky barriers,
oxygen exchange reactions, interfacial redox reactions and local defect accumulation is crucial for the electrical
behavior.

This understanding takes on special significance in the light of the necessity for improving device
reliability. Filament formation is a chance phenomenon leading to considerable device-to-device and cycle-to-
cycle variability. Thus, a device experiences successful switching in one cycling sequence, but may switch under
different voltages and have different resistance or retention properties in other experimental conditions. As a
result, recent studies have been aimed at directing the resistive switching process rather than just illustrating it.
The newest discoveries in terms of HfO2-based resistive RAM (RRAM) indicate that hopping conduction and
multilevel resistive states can be affected by the oxygen vacancy density in the switching area. In particular, the
interaction between vacancy density and activation energy demonstrates that the conductive pathway does not
have to be viewed as an ideal filament. In addition, the study of TaOx structures showed that the resistance values
and operating life can be determined by the material properties, oxygen concentration and electrode material
properties.

Thus, the current research is aimed at thoroughly analyzing the mechanism of resistive switching in
metal-oxide based RRAM devices. Efforts are made toward investigating the dependence of the electrical
properties on the defects. The researchers combine theoretical and practical aspects of the study and apply
quantitative methods in order to reveal how instructive parameters affect the resistive switching.

II.  Review of Related Literature

Wang et al. (2024), in their comprehensive overview of transition-metal-oxide-based RRAM,
emphasized that materials such as HfO., TaOy, TiOz, NiO, ZnO, WOs and related oxides provide considerable
opportunities for controlling switching characteristics through material engineering, device architecture, doping,
electrode selection, and interface modification. Their review demonstrated that improvements in switching ratio,
endurance, retention, switching voltage and variability are closely related to the ability to control the defect
structure and switching pathways within the oxide layer.

Wen and Ye (2023) have further analyzed the progression of the memristor and resistive switching
technologies from the viewpoint of chemical composition, device structure, the characteristics of performance and
practical utilization. Their analysis showed that resistance-switching is not caused by some single physical
principle. It has been found that the electrical properties of the switching process are dependent on the chemical
characteristics of the switching layer, the materials of the electrodes, thickness of the layers, defect concentration,
temperature, electric field and configuration of the device. This finding is of special importance for this research
as study of the switching process requires considering various physical processes and not only interpretation of
the I-V hysteresis loop.

Hao et al. (2024) studied the use of atomic-layer-deposited films for resistive random-access memory
and claimed that atomic layer deposition is a very significant technique used for manufacturing uniform and
conformal oxide films with high control of thickness. The important point with this deposition technique is its
atomic scale control which is particularly required for RRAM since resistive switching is very sensitive to film
thickness, stoichiometry, interface quality and defect concentration.

Kumar and Rath (2020) investigated oxygen-vacancy-mediated stabilization of the cubic phase in Sm-
and Dy-doped HfO: thin films and examined the associated resistive switching behavior. Their study demonstrated
that oxygen vacancies can influence not only electrical conductivity but also the structural phase stability of HfO-.
The incorporation of dopants modifies the defect chemistry of the oxide and can stabilize particular structural
configurations at room temperature. This observation is significant because the electrical behavior of RRAM
cannot be separated completely from its structural characteristics. Defect engineering can simultaneously modify
phase stability, electronic transport and switching behavior.

Loy et al. (2020) provided important insight into the relationship between oxygen-vacancy concentration
and electrical conduction in HfO»-based RRAM. Their study examined multilevel switching behavior and
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associated the observed resistance states with oxygen-vacancy density and a hopping conduction mechanism.
Their findings are particularly significant because they challenge an overly simplified interpretation in which the
low-resistance state is always regarded as a completely metallic filament.

Zhang et al. (2020) investigated interface behavior and microscopic switching mechanisms in flexible
HfO: RRAM. Their study demonstrated that the interface between the electrode and HfO: can significantly affect
resistive switching. The electrode—oxide interface can influence oxygen-vacancy distribution, charge injection,
potential barriers and local chemical reactions. Depending on the electrode material, oxygen can be transferred
between the electrode and oxide, thereby changing the local oxygen stoichiometry. Such interfacial processes can
influence the formation and rupture of conductive filaments.

Objectives of the Study

e The primary objective of the present research is to investigate the physical mechanisms responsible for
resistive switching in metal-oxide-based RRAM devices.

e The second objective is to examine the role of oxygen vacancies and conductive filament formation in
SET and RESET transitions.

e The third objective is to investigate the influence of metal electrodes and electrode—oxide interfaces on
switching characteristics.

e The fourth objective is to distinguish between filamentary and interface-controlled switching through
electrical and physical characterization.

III. Research Methodology

The proposed research adopts an experimental and analytical research design. The experimental
component involves fabrication and electrical characterization of metal-oxide RRAM devices, while the analytical
component involves mathematical modeling of current—voltage characteristics and statistical evaluation of
switching parameters. The research can be implemented using HfO:, TiO: and TaOx as representative metal-oxide
switching materials. These materials are selected because they provide different but complementary platforms for
investigating oxygen-vacancy-mediated switching.

Atomic layer deposition may be used for HfO. because it provides excellent thickness control and
conformal deposition. TiO2 and TaO, may be deposited using sputtering or atomic layer deposition. Film thickness
should be varied systematically, for example between approximately 5 and 30 nm, so that thickness-dependent
switching behavior can be investigated.

One way to characterize the oxide films is by using X-ray diffraction to understand their phase
composition. As for the surface morphology, scanning electron microscopy can be used, as it provides information
on both film morphology and the device’s structure. While performing X-ray photoelectron spectroscopy, it is
vital to investigate the oxidation state along with the level of oxygen deficientness of the material. In addition,
particular consideration should be given to the O 1s and metal core-levels. Finally, it is possible to determine the
different concentration levels of oxygen deficient components. When carrying out current—voltage tests on the
device, it is important to initially measure it in an unspoiled state. If electro-forming is necessary, there is a need
for applying a voltage sweep under current compliance conditions. The following SET and RESET cycles
recorded will help determine voltage distributions concerning the switching processes.

Iv. Data Analysis and Interpretation

Table 1. Illustrative Electrical Characteristics of Metal-Oxide RRAM Devices
Device Oxide Forming Voltage (V) | SET Voltage (V) RESET Voltage (V) | HRS () LRS (22)

D1 HfO: 3.8 1.45 -1.10 1.2x10¢ 2.4x10%
D2 TiO: 42 1.70 -1.35 8.5x10° 3.8x10%
D3 TaOx 3.1 1.25 -0.95 1.8x10° 1.9x10%

In summary, the data suggests that TaOx possesses the lowest forming and switching voltages among the
comparators. The lower voltage may be associated with the high defect concentration and simple migration of
oxygen vacancies. HfO: is characterized by a relatively high ratio of resistance, in contrast to TaOy, which has a
very low LRS.
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The analysis explains how the resistance ratio acts as an important parameter of memory window quality. The
wider memory window allows to diminish the likelihood of read noise mixing up different stored states. The two
signals opposite sign for SET and RESET in illustrative devices is indicative of the bipolar switching process.

Table 2. llustrative Effect of Oxygen-Vacancy Concentration
Relative Vacancy Concentration Forming Voltage (V) SET Voltage (V) HRS (2) LRS (©2)
Low 42 1.85 2.0x10° 6.0x10?
Medium 3.4 1.45 1.4x10° 2.8x10°
High 2.6 1.05 7.0x10° 1.2x10°

The trend in the illustration shows that a higher number of oxygen vacancies leads to lower forming and
SET voltages because such defects act as preferred channels for both ionic and electronic movement in the system.
However, an excessive number of vacancies could also lead to an increase in the leakage current and a decrease
in the difference between LRS and HRS values. Therefore, there is a necessity for an optimization task, where the
goal must not simply become providing the maximum amount of oxygen vacancies, but rather obtaining a
controlled set of defects that serves to achieve efficient switching and ensuring an adequate insulating state in
parallel. Let’s say a plot of current over the voltage is created and it is discovered to have a slope almost equal to
1 at the low values of the voltage, then the mentioned behavior in the current could be considered Ohmic. On the
contrary, if the slope becomes closer to 2 or even higher, it may indicate a new phenomenon of SCLC.

Table 3. Illustrative Conduction Analysis

Device State Low-Voltage Slope High-Voltage Slope Suggested Mechanism
HRS 1.05 2.10 Ohmic/SCLC

LRS 1.02 1.08 Ohmic filamentary
HRS after RESET 1.10 2.35 Trap-assisted/SCLC
LRS after SET 1.00 1.03 Ohmic conductive path

The results suggest that the LRS is approximately Ohmic, which is consistent with conduction through a highly
conductive filament. In contrast, the HRS exhibits stronger voltage dependence, indicating that traps and localized
barriers play a greater role after RESET.

Statistical Analysis of Switching Variability
A major challenge in RRAM development is variability. The SET voltage should therefore be measured over a

large number of switching cycles.

Table 4. Illustrative Statistical Distribution of SET Voltage

Parameter Mean (V) Standard Deviation (V) Coefficient of Variation (%)
HfO: 1.45 0.18 12.41

TiO: 1.70 0.25 14.71

TaOx 1.25 0.12 9.60

The illustrative device TaOy has a low coefficient of variation, which reflects the ability to switch
uniformly. Nevertheless, variability should not be assessed only in terms of the device. There are significant
differences between cycle-to-cycle variation and device-to-device variation, both of which need to be evaluated
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separately because they arise from different physical aspects. Cycle-to-cycle variation occurs mainly due to
random evolution of the conductive filament during switching process. Device-to-device variation may occur due
to other factors, such as difference in thickness, surface roughness, grain structure, morphology of electrodes and
defect concentration.

Endurance Analysis
Endurance represents the ability of the device to withstand repeated switching cycles without significant
degradation.

Table 5. Illustrative Endurance Characteristics

Cycle Number HRS () LRS () Resistance Ratio
1 1.20x10° 2.4x10° 500
100 1.15%x10¢ 2.5x10° 460
1,000 1.10x10¢ 2.6x10° 423
10,000 1.05%10¢ 2.8x10° 375
100,000 9.8x10° 3.0x10% 327

The illustrative data indicate gradual degradation of the resistance window with increasing cycle number.
Such degradation may result from irreversible changes in the oxide, electrode interface modification,
accumulation of defects or progressive stabilization of a conductive pathway. Recent research on TaOy has
demonstrated that material microstructure and oxygen reservoirs can substantially influence endurance, with
optimized thermal treatment producing significant endurance improvement.

Retention Analysis
Retention refers to the ability of a device to maintain its resistance state without electrical stimulation. A suitable
retention experiment involves programming the device into HRS or LRS and measuring resistance periodically
over time.

Table 6. Illustrative Retention Results

Retention Time HRS (R2) LRS (2) Resistance Ratio
10°s 1.20x10° 2.4x10° 500
10*s 1.18x10° 2.5x10% 472
10°s 1.15%10° 2.6x10° 442
10°s 1.12x10° 2.7x10° 415

Retention degradation can occur because oxygen vacancies and other defects may gradually redistribute
after programming. The stability of the filament therefore depends upon the energetic barrier for defect migration
and the chemical stability of the electrode—oxide interface.

Mechanistic Interpretation

The analysis indicates that resistive switching in metal-oxide RRAM should be examined based on
multiscale processes. At the atomic level, the presence of oxygen vacancies and other defects affects the local
electronic structure. At nanoscale, these defects are able to create conductive regions. At the device level, these
regions determine the measured resistance. During the SET process, the application of electric field causes
redistribution of defects. It is possible for oxygen vacancies to move towards the electrode interface, thus
increasing local conductivity. Once the conductive path is installed, current grows very fast and the device is
switched on to LRS.
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During the RESET process, the previously established conductive path may be lost. The loss can be
caused by several different processes: back diffusion of oxygen ions, local oxidation, thermodissolution, or
vacancy movement away from the narrowest part of the filament. The RESET process, therefore, is very
important. It is not always needed to completely break the filament, since in most cases only a smaller part of the
filament becomes highly resistive while the other filament part maintains its low resistivity. Recent HfO. research
has demonstrated that changing RESET conditions can modify oxygen-vacancy density and activation energy,
supporting the concept of partial filament modification rather than complete removal of all conductive defects.

Comparative Analysis of Major Switching Mechanisms
Table 7. Comparison of Principal RRAM Switching Mechanisms

Mechanism

Main Mobile Species

Typical Feature

Major Advantage

Major Limitation

Valence Change

Oxygen vacancies/oxygen
ions

Bipolar switching

CMOS-compatible
oxides

Filament variability

Electrochemical
Metallization

Metal ions

Metallic filament

Low switching voltage

Filament instability

Thermochemical

Defects + heat

Joule-heating-assisted
switching

Fast switching possible

Thermal degradation

Interface-controlled Charges/defects at | Barrier modulation Potentially ~ uniform | Strong electrode
interface switching dependence
Trap-controlled Electrons/holes Trap filling and | Multilevel behavior Retention variability
detrapping

The comparison demonstrates that the mechanisms are not necessarily mutually exclusive. A practical RRAM
device may simultaneously involve oxygen-vacancy migration, interfacial redox chemistry, Joule heating and
trap-assisted electronic transport.

V.  Findings of the Study

The study reveals that the switching mechanism in metal-oxide RRAM relies on defect dynamics and
local conductivity changes in the switching layer. The oxygen vacancy type of defect is particularly crucial for
the operation of HfO:, TiO2 and TaO« materials.

It has been found that the creation of a conductive filament is a good physical model for the switching
from HRS to LRS in many oxide devices. Meanwhile, one should not always consider the filament as a perfectly
metallic cylinder. The conductivity of the filament can depend on the oxygen vacancies concentration and
distribution, the presence of reduced oxide states and localized states in oxides. The study further indicates that
bipolar switching is closely linked to the migration of ionic defects. Reversing the polarity of the voltage leads to
the migration of the oxygen vacancies and oxygen ions in different directions that enhances SET and RESET
processes in the device.

The study also shows that the materials used for electrodes significantly affect the switching process.
The interface between electrodes and oxides acts either as oxygen supply and oxygen absorption areas or areas
which undergo chemical reactions. Therefore, the same oxide devices may have completely different resistance
ratios and switching. Another important finding is that oxygen-vacancy concentration must be optimized rather
than maximized. An increased defect concentration may reduce forming and SET voltage, but excessive defects
may increase leakage and reduce HRS stability.

The finding of conduction analysis shows that LRS process resembles Ohmic conduction often which
means there is a highly conductive channel. HRS behavior may have more pronounced nonlinear conduction
which can be caused by traps, obstacles, hopping phenomena or space charge effects. The research also highlights
that one of the main reasons preventing the introduction of RRAM technology is variability. The random nature
of filament creation, growth and breaking creates fluctuations between each cycle and from one device to other.

In the process of literature review, various techniques, such as defect engineering, electrode engineering,
annealing, doping and film thickness control, are suggested to minimize variability. In addition, according to this
analysis, it was concluded that endurance and retention are closely related to filament stability. A filament that
can easily appear might be unstable but a filament that is very stable might require too much energy to fail. Lastly,
it can be concluded from the study that the most acceptable interpretation of RRAM switching needs utilizing
proof from electrical, structural, chemical and thermal point of view and not relying only on [-V curves.
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V1.  Conclusion

The current article discussed the basic processes of resistive switching in RRAM devices, focusing on
the roles of oxygen vacancies, conduction filaments, electrode interfaces and electronic transport phenomena. The
study shows that the process of modifying ionic voltage cannot be considered merely as a switching of resistance.
On the contrary, the switching process occurs as a result of complex interaction of various processes including
ionic migration, defect formation, electronic conduction, interfacial chemistry and thermal effects. The valence
change mechanism is one of the key contributors to bipolar switching of transition metal oxides. The movement
of oxygen vacancies or oxygen ions, under an electric voltage, brings about changes in local conductivity. The
formation of a conducting pathway enriched with oxygen vacancies leads to low-resistance state while the
disruption of this pathway results in high-resistance states.

To summarize, metal-oxide RRAM is a very interesting and promising technology for memory
applications. However, for this technology to become successful, it is necessary to work on increasing switching
speed and changing resistance levels, as well as controlling defect behavior and creating stable memory devices.
Mechanism-oriented investigation therefore represents a critical pathway toward the development of scalable,
reliable and energy-efficient RRAM technologies.
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