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Abstract

This systematic literature review looks at recent progress in memristor research. It focuses on materials, making
methods, uses, and problems that slow down large-scale use. Memristors, a key part of circuits, have a special ability
to switch resistance without losing data. This makes them useful in many areas, like energy-saving computing, memory
that can keep data without power (ReRAM), and brain-like systems. Even with big advances in creating and improving
memristors, issues such as material strength, making them in large numbers, mixing them with standard tech, and
lasting a long time still block their full market use. This review covers over 75 studies published from 2010 to 2023,
organizing the research into three main areas: (1) ways to make them and new materials, (2) their uses in new tech like
brain-like computing and memory that does not lose data, and (3) the challenges that stay, which include making them
on a large scale, being dependable, and fitting with usual systems. The main conclusions show that although metal
oxides, especially titanium dioxide (TiO:) and hafnium oxide (HfO:), are the focus of most current research because of
their advantageous switching properties and ease of fabrication, new materials like organic semiconductors and 2D
materials (like graphene oxide, MoS:) present promising substitutes for memristive devices that are quicker, more
scalable, and use less energy. The review ends by pointing out important gaps in the literature, especially with regard
to hybrid device integration and long-term stability, and offering specific suggestions for further study to overcome
these obstacles.
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1. INTRODUCTION

A basic type of two-terminal electronic components, memristors were first conceived by Leon Chua in 1971 and
have a special link between charge and magnetic flux (Mazumder et al., 2012; Corinto et al., 2021). Because of
their unique characteristics, they are now regarded as the fourth essential passive circuit component, joining the
well-known resistors, capacitors, and inductors (Radwan & Fouda, 2015; Trefzer, 2017). Memristors have a
resistance that varies according to the voltage and current history given to them, in contrast to traditional resistive
devices that have a fixed resistance (Chua, L. 2019; Jeong et al., 2012). Even when power is cut off, memristors
can retain knowledge about previous electrical states thanks to this memory-dependent property (Domaradzki et
al., 2020; Barraj et al., 2024). This generated much interest in a number of potential applications including non-
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volatile memory systems, logic circuits, and neuromorphic computing platforms in which this property to
"remember" previous states is exploited for more efficient and adaptive processing (Upadhyay et al., 2019).
Recent advances include key progress in the past decade on understanding basic physical principles of memristors
and new approaches to material fabrication that make it possible to practically implement such devices (Sun et
al., 2021). Of late, therefore, such recent advances have led to an increased interest in exploiting their capabilities
across a vast array of applications from high-density memory storage applications to applications in the intelligent
computing systems (Zhu et al., 2023; Mzukwa, A. 2024). Despite these promising advances, there are challenges
to the optimization of memristive devices for large-scale applications (Song et al., 2023; Zidan et al., 2018). The
major hurdles in this regard comprise the problem of scaling, material stability, and interference issues between
memristors and the already established semiconductor technology toward the creation of large-scale,
commercially viable memristive systems (Jacob et al., 2017; Kim et al., 2024). This review will focus on providing
an integral and well-structured overview of the current state of art concerning research in memristor areas, and
they are divided into three major streams: first, general development concerning fabrication techniques of
memristors and new materials that could enhance the performance of the devices; second, applications of
memristors in new and emerging fields of technologies such as the spectrum put forward by Mazumder et al.,
2012; third, the current active challenges and potential future directions for the advancement toward practical and
scalable forms of memristive systems by Xu et al., 2024. Through this analysis, we hope to gain a deep perspective
on the opportunities and hurdles in the continued evolution of memristor technology (Yang et al., 2022; Kumar et
al., 2022).

2. METHODOLOGY

To perform a complete and unbiased review of literature regarding memristor technologies, a systematic search
was done for articles across the most prominent academic databases, namely Google Scholar, IEEE Xplore,
Scopus, and Web of Science, (Dawarka et al., 2022; Vassanelli et al., 2016). Articles published between 2010 and
2023 were considered, as that period has been very rich in terms of advancements with respect to research on
memristors (Morales et al., 2024). The search terms used included "memristor,"” "memristive devices," "memristor
applications,” "non-volatile memory," "neuromorphic computing,” and "memristor fabrication" (Yu et al., 2024).
These were the terms used as they would enable the gathering of broad studies related to memristor technologies,
from fundamental research to practical applications, by Thakkar et al., (2024) and Yang et al., 2022. Articles that
were to be selected were based on specific inclusion and exclusion criteria as Saha et al., (2021) suggests. These
inclusion criteria emphasized peer-reviewed journal articles, conference papers, and patents specifically related
to memristor technologies: material innovations, characteristics of devices, and applications (Gutiérrez-Martinez
et al., 2020). It also covered studies offering experimental, simulation, or theoretical insights related to memristor
behavior and performance (Chaurasiya et al., 2024). On the contrary, sources like patents or articles in popular
science would not be of use as they lacked academic rigor, similar to Wenaas L (2022). Articles that did not have
appropriate technical content for this review or were not specific to memristor-based devices were also excluded.
Collectively, 75 articles were selected for this paper in ensuring a representative outline, though broad, of the
current state of affairs. For conducting systematic data extraction, the primary research themes on memristor
fabrication techniques, material progresses, device performance, and emerging applications until 2024 were
derived. Such synthesis entailed completion and updating requirements as of now and thus reveals both the
progress achieved and yet the challenge in store in memristor technologies.

3. RESULTS

3.1 Memristor Fabrication and Materials

The material used in constructing memristors determines the switch speed, endurance, and scalability of the
device, and thus, it is directly proportional to its performance (Wang et al., 2020; Song et al., 2023; Zhang, 2023).
So far, many materials have been studied, but only metal oxides are most largely used due to well-characterized
properties as well as ease of fabrication. Nonetheless, recent attention has been shifted to research and
development of such alternatives, based on organic compounds and 2D materials that include graphene and
TMDs, which have demonstrated the possibility of faster switching times, smaller power consumption, and
scalability (Choudhary, 2018).
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3.1.1 Metal Oxides

Metal oxides, particularly Titanium Dioxide (TiO2), are the most extensively studied materials for memristor
fabrication (Ranjan, S. 2020). TiO»-based memristors are known for their high endurance and non-volatile
memory characteristics, which make them suitable for memory applications (Inglese, P. 2023). The main reason
behind the resistance switching behavior in TiO> memristors is the migration of oxygen vacancies, which can be
adjusted by using voltage pulses (Bousoulas et al., 2014; Nagata et al., 2019). Besides TiO-, other oxides of
Hafnium Oxide (HfO:) and Zirconium Oxide (ZrO:) have also been examined as they show faster switching
speeds and better thermal stability than other memristive materials (Liu et al., 2019; Miao et al., 2017).

* Titanium Dioxide (TiO:): TiO: is well recognized for excellent switching performance non-volatility, and ease
of depositions, and has the widest use in memristor fabrication because of its particular properties (Miao et al.,
2017). However, devices based on TiO: suffer from variability at switch and long-term stability issues that develop
after cycles.

* Hafnium Oxide (HfO:): Memristors based on HfO: have shown promise, including high switching speeds and
scalability toward high density memory applications (Zhang et al., 2016). However, in general, these devices are
fabricated with more complex processes than for TiO--based memristors.

3.1.2 Organic Materials

Organic materials, especially conducting polymers such as Polyaniline (PANI) and Poly(3,4-
ethylenedioxythiophene) (PEDOT), have attracted interest for memristor applications with low cost and flexibility
(Ouyang, J. 2021; Allendorf et al., 2020). Organic memristors can be ideal for use in flexible electronics, wearable
devices, and soft robotics. Organic memristors tend to have lower endurance, slower switching speeds, and other
problems related to reproducibility compared to their inorganic counterparts (Wang et al., 2019).

* Polyaniline (PANI): Memristors based on PANI are emerging as promising flexible memory devices, but the
instability and lack of reproducibility in device stability are openly raised issues of concern (Wang et al., 2019;
Gogoi et al., 2021; Franco et al., 2024).

3.1.3 2D Materials

Two-dimensional (2D) materials, such as graphene and transition metal dichalcogenides (TMDs), have gained
significant impetus in memristor research due to their outstanding electronic characteristics (Batool et al., 2022;
Ganeriwala et al., 2024). They are claimed to be highly capable of attaining ultrahigh speed and low power
consumption potential with the prospect of strong integration density (Beausoleil, R. G. 2011; Hepel, M. 2023).

GO-based research on memristors presents encouraging outcomes, especially for the development of high-speed
and low-power switching devices. Its applications look promising (Yu et al., 2018; Romero et al., 2020; Bertolazzi
et al., 2019).

* Graphene Oxide (GO): GO-based memristor has immense potential in terms of fast switching speed and low
power consumption, promising their eventual applications in high-density memory devices (Yu et al., 2018;
Khurana et al., 2018).

3.2 Applications of Memristors

Memristors have been applied differently, particularly in the areas of memory storage, logic circuits, and
neuromorphic computing. Information that is both stored and computed in one single device has generated a wide
interest in using these devices both for traditional and emerging technologies (Mazumder et al., 2012; Domaradzki
et al., 2020).
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3.2.1 Neuromorphic Computing

One of the most fascinating uses of memristors is in neuromorphic computing, whereby they are used as models
of synaptic behavior of biological neurons. The energy and parallel processing efficiency of memristor-based
neuromorphic systems provides a perfect stride for artificial intelligence (Al) and machine learning (ML)
application areas. K Kumar et al., presented in 2022 and Sokolov et al., presented in 2021.

» Synaptic Integration

Researchers have shown that memristors can represent synaptic weight updates very well. Such a representation
of the effectiveness endows them to develop energy-efficient neural networks (Borghetti et al., 2010). Using the
basis of a memristor, one can make neural networks that outperform the conventional transistor-based network,
especially in terms of energy for applications such as image recognition and speech processing, etc. (Indiveri et
al., 2013; Miranda et al., 2020).

3.2.2 Non-Volatile Memory (NVM)

The memristors were considered to be good candidates for the resistive random access memory due to their faster
switching speed, better endurance, and lower power consumption compared to the previous conventional memory
technologies like Flash and DRAM. The recent trends of ReRAM technology indicated that the storage density
of devices with memristors may be huge with low characteristics of power consumption (Kuzum et al., 2011,
Zhang et al., 2015, May).

* ReRAM: One of those is ReRAM - Resis-tive RAM. ReRAM uses memristors as its memory storage element,
which store data by charging/ discharging a material, changing the resistance with two states usually representing
'l'and '0' (Waser et al., 2016). ReRAM has shown better write speed and endurance than the classical NAND
Flash memory, making it a good candidate for future high-performance memory systems. (Banerjee, W. 2020;
Choudhary et al., 2019).

3.2.3 Logic Circuits

Besides this, memristors are used in logic circuits being operated as being able to perform the most fundamental
logical operations such as AND, OR, and NOT. Exploiting properties of memristors, scientists demonstrated the
possibility to get a circuit with smaller size and consumed power since memory and logic functions may be
combined in one device (Jo et al., 2010; Vourkas et al., 2016; Kvatinsky et al., 2013).

3.3 Challenges and Limitations

Despite the high potential associated with memristors, there are some limitations that prevent them from wide
adoption. The most significant limitations are found to be linked to material dependency, device scalability, and
integration scaling with the traditional CMOS system (Li et al., 2024; Amirsoleimani et al., 2020).

3.3.1 Scalability

Scaling up memristors into large arrays also challenges uniformity and stability. When size continues to reduce,
switching characteristic variability and long-term reliability are likely to increase. Control over material deposition
and the prevention of defects in the fabrication process are crucial but add complexity to the device manufacturing
process (Liu et al., 2019).

3.3.2 Integration with CMOS

Even though memristors have the promise of disruptive computing architecture, coupling them with conventional
CMOS technology is difficult. It is because the fabrication processes, materials, and voltage levels are different
for most memristors from those used for traditional semiconductor devices, which makes their integration in
established CMOS circuits complicated in nature (Liu et al., 2018).

3.3.3 Material stability and durability

The material degradation and performance variability of the device are considerable issues even when applied to
such a material as TiO-, which is metal oxide-based. Due to material property degradation over time, the switching
stability and endurance of these materials can degrade too. This might usually manifest in problems with

reliability, especially related to memory and logic devices (Waser et al., 2016). Long-term stability and high
endurance are key considerations toward practical implementation in commercial systems.
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DISCUSSION

The analysis has, in fact shown possible applicability of memristors in neuromorphic computing, memory
storage, and logic circuits; however, there are still many challenges that have to be solved before they are
produced commercially. Among the being researched materials, Titanium Dioxide (TiO:) and Hafnium Oxide
(HfO2), metal oxides, continue to dominate, as their established fabrication process and robust switching
characteristics render them favorable for use (Darwish, M. 2024). Those materials hold much promise: high
endurance and non-volatility, and are therefore quite promising for memory applications. Their main drawbacks
consist in low device performance and long-term instability, although this is particularly a threat of the metal
oxide-based memiristor if the switching cycle exceeds hundreds of times. Materials in the category of organic and
2D, such as graphene and MoS., promise much in this regard. While organic materials are flexible and very
amenable to fabrication, several challenges remain because their endurance is relatively inferior and switching
time also relatively slower than inorganic counterparts. Similarly, 2D materials are now increasingly recognized
for their superior electronic properties, with exceptionally fast switching speeds and low power consumption,
making them highly promising candidates for high-density, low-power memristor applications. By thus
integrating these materials into memristive devices, the flexible and cost-effective electronic field opens up
exciting avenues to explore. In comparison with applications in neuromorphic computing and Al, memristors can
be considered particularly transformative. Their ability to mimic the synaptic behavior of biological neurons
positions them as a key enabler for developing energy-efficient parallel processing systems capable of
performing complex Al and machine learning tasks. Perhaps, the memristor-based neural networks will
significantly advance the energy efficiency and speed of computations compared with the conventional
transistor-based systems. Memristors are hard to be included in large-scale neuromorphic systems due to their
inherent variability and also to the need for device operation precision. They are also difficult to include in
existing CMOS architectures. Indeed, the problem is the integration of memristors with conventional CMOS
technology. The fabrication processes, the voltage requirements, and material differences between memristors
and CMOS transistors complicated the development of hybrid systems capable of exploiting the unique
properties of memristors. Further research in that direction-often streamlining the integration of memristors in
conventional semiconductor systems-is still highly necessary, especially as these are already deeply entrenched
in modern computing technologies. More problematic, though, is the long-term stability and robustness of
memristor devices, especially for memory applications. Long-term reliability of memristors, especially those that
involve metal oxides such as TiO2 and HfO2 that are known to have good switching properties would be of
major concern with regard to the widespread usage in memory storage. Variation in the switching over time can
lead to errors related to data retention and device performance, making them critical challenges for their
application in high-density, high-endurance memory systems (Cagli et al., 2022). Conclusion Memristors have
transformative potential that could be the basis of the next generation of computing technologies. However, it
would be important for one to get past what is left of these technical challenges-for starters, material stability;
secondly, the scalability of devices; and lastly, the compatibility with existing semiconductor technologies-to
cement their broad adoption. Going forward, the memristive device's future path will largely depend on further
investigations into alternative materials, novel fabrication methods, and hybrid systems in which memristors
combine with CMOS technology to fulfill the promise of these devices in many applications.

CONCLUSION

Memristor technology is bound to revolutionize the computing architectures, especially in terms of energy-
efficient neuromorphic computing and memory-high density systems. The synaptic functions that memristors
emulate support non-volatile memory and, for this reason, offer favorable candidates for next-generation
computing technologies. However, a variety of critical challenges has to be addressed before memristor
technology can gain wider acceptance within the commercial market. These include questions related to intrinsic
material properties, device scalability, and the integration of memristors with fully established systems based on
CMOS technology. All these materials, including metal oxides, organic compounds, and 2D materials, despite
their promising characteristics, present unique challenges—such as material stability, fabrication complexity, and
long-term reliability—that have to be overcome in order to make memristors at a larger scale. To overcome these
challenges, further research will be needed into alternative materials and hybrid systems. Hybrid systems which
combine memristors with more conventional semiconductor technologies are a pathway to integrate the benefits
of each technology, though seamless integration continues to prove a significant challenge. Other advancements
in fabrication techniques that are uniform, scalable, and consistent in performance must break forth in unlocking
the full potential of memristors for practical applications. Given the explosion of new development in memristor
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research, it could be well expected to see significant advancements within the next decade in the performance and
practical applications of memristor-based systems. Further advancement in materials science, device engineering,
and system-level integration will make memristors key players in the evolution of energy-efficient high-
performance computing platforms. The research and innovation on this subject continue, hence suggesting
memristors will continue being the focal point of interest for researchers as they possibly reshape the computing
technology scene soon.
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