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Abstract

Embedded memory, which heavily relies on the manufacturing process, has been widely
adopted in various industrial applications. As the field of embedded memory continues to
evolve, innovative strategies are emerging to enhance performance. Among them, resistive
random access memory (RRAM) has gained significant attention due to its numerous
advantages over traditional memory devices, including high speed (<1 ns), high density

(4 F2.n~ 1), high scalability (~nm), and low power consumption (~pJ). This review focuses on
the recent progress of embedded RRAM in industrial manufacturing and its potential
applications. It provides a brief introduction to the concepts and advantages of RRAM,
discusses the key factors that impact its industrial manufacturing, and presents the commercial
progress driven by cutting-edge nanotechnology, which has been pursued by many
semiconductor giants. Additionally, it highlights the adoption of embedded RRAM in emerging
applications within the realm of the Internet of Things and future intelligent computing, with a
particular emphasis on its role in neuromorphic computing. Finally, the review discusses the
current challenges and provides insights into the prospects of embedded RRAM in the era of big
data and artificial intelligence.
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1. Introduction

Embedded systems, epitomized by system-on-chip (SoC)
architectures, have significantly advanced the information
technology industry and substantially impacted all aspects
of daily life. As an essential component of SoC, embedded
memory serves as a data storage unit and its performance
is governed by industrial manufacturing. Typically, the char-
acteristics of embedded memory can be assessed based on
access speed, storage capacity, latency, reliability, power con-
sumption, and cost. Conventional embedded memory types,
such as static random access memory (SRAM) and dynamic
random access memory (DRAM), have effectively improved
chip performance and cost-efficiency while maintaining ease
of integration and debugging processes. However, as com-
plementary metal-oxide semiconductor (CMOS) nodes shrink
to 5 nm and below, the integration of traditional embed-
ded memory becomes increasingly complex and costly. To
address these issues, emerging memory technologies, includ-
ing spin-transfer torque magnetic RAM (STT-MRAM), phase-
change memory (PCM), ferroelectric random access memory
(FeERAM), and resistive random access memory (RRAM),
are introduced. These innovative memory solutions exhibit
rapid speed, low power consumption, and seamless integra-
tion, demonstrating their ability to fulfill the requirements of
the micro-control unit (MCU) market and facilitate the devel-
opment of more sophisticated applications.

Among these technologies, RRAM offers a promising
low-cost, and straightforward embedded non-volatile memory
(NVM) implementation due to its simplistic cell structures and
materials. In contrast to embedded flash (eFlash) that plays an
important role in all kinds of embedded systems and neces-
sitates coordinated front end of line (FEOL) and back end of
line (BEOL) integration solutions with 10 or more additional
masks and high eFlash thermal budgets, RRAM can be integ-
rated into an existing logical BEOL with merely an additional
mask and minimal changes to the FEOL [1]. This substantially
optimizes the process and holds potential for further develop-
ment. Coupled with its high speed and low power/energy con-
sumption, RRAM has been considered one of the most suit-
able candidates to replace eFlash for the MCU and SoC. In
the post-Moore era, the development of embedded RRAM will
provide a new solution for the development of chip fabrication
and design, which has aroused wide interest in both academic
and industrial communities.

Several major semiconductor manufacturers have proposed
RRAM fabrication plans, TSMC developed a 12 nm pro-
cess to offer a cost-effective embedded NVM solution for
the Internet of Things (IoT) market [2]. TSMC’s chip with
a 40 nm node process has achieved mass production, while
its embedded RRAM with 28 nm and 22 nm nodes is already
in production [3, 4]. In 2019, Intel also proposed fabricating
an embedded RRAM array based on 22 nm fin field effect

transistor (FinFET) low-power technology, maintaining long-
term data retention and a good yield on a 7.2 Mb array [5].
The spiking neural networks (SNNs) algorithm was success-
fully tested on an RRAM array in 2020, showcasing the poten-
tial for RRAM in artificial intelligence (AI) applications [6].
Weebit Nano successfully fabricated a 28 nm node 1 Mb
RRAM array using the fully depleted silicon on insulator
(FD-SOI) process on a 300 mm silicon wafer in 2021, sig-
nifying that RRAM is approaching maturity and becoming
more scalable [7]. Furthermore, Dialog acquired Adesto and
mastered the 130 nm RRAM integrated circuit technology
[8], while Panasonic has already mass-produced RRAM chips
with 180 nm node process [9]. With the ongoing compatib-
ility of the RRAM and CMOS processes, device size contin-
ues to shrink, and the three-dimensional (3D) stacking process
advances, indicating that RRAM holds substantial develop-
ment potential at 28 nm, 22 nm, 16 nm, and 12 nm [10]. Given
these developments, it is evident that embedded RRAM holds
substantial promise in the industry. Though some reviews
about RRAM materials, mechanisms, and applications have
been reported, the progress of embedded RRAM in industrial
manufacturing has yet to be summarized [11]. Thus, itis urgent
to conduct a comprehensive review on the advances and poten-
tial of embedded RRAM. A thorough analysis of its advance-
ments, challenges, and potential applications equips research-
ers with a profound comprehension of this revolutionary tech-
nology and offers a heading direction for embedded RRAM,
further promoting the evolution of embedded systems. The
development and application of embedded RRAM are sum-
marized in figure 1.

This review primarily focuses on the recent advancements
of embedded RRAM within the industry. In section 2 we
introduce the mechanism, structure, and performance of both
traditional and emerging memory devices, underscoring the
advantages of RRAM in embedded systems. Furthermore,
we present material candidates, key parameters, and integra-
tion techniques for embedded RRAM in section 3. Notably,
we provide a comprehensive summary of the development of
embedded RRAM in industrial manufacturing and its poten-
tial applications in emerging areas like field-programmable
gate arrays (FPGAs), MCU, computing-in-memory (CIM) and
neuromorphic computing in sections 4 and 5 respectively.
Finally, we discuss the challenges and prospects associated
with embedded RRAM in section 6.

2. Conventional and emerging embedded memory

Embedded memory is a critical component for embedded sys-
tems, as it supplies the storage necessary for the device’s
processor to execute its operations. Embedded memory can
be integrated within the SoC or accommodated as a separ-
ate component. To ensure data retention even after the system
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integration compatibility, industry progress and future application of embedded RRAM are briefly described in this paper. The commercial
application of embedded RRAM has formed a complete development chain of mechanism analysis: device preparation, integrated chip, and

future applications.

restarts, engineers frequently employ NVM in embedded sys-
tems for storing code and other vital data. The development
of embedded memory accelerated between 2000 and 2005,
characterized by advancements that facilitated the integration
of hundreds of millions of gates and cells on a single chip.
For over three decades, floating-gate and oxide/nitride/ox-
ide charge storage-based NVM have been widely utilized as
embedded memory [12]. This traditional NVM has effect-
ively enabled progressive improvements in chip performance,
leakage, memory size, and cost. For various applications, it
is crucial to assess the features of embedded memory, such
as access speed, storage capacity, latency, reliability, power
consumption, and cost. To attain optimal system perform-
ance, it is imperative to balance enhancing the storage dens-
ity and response speed of embedded memory while minimiz-
ing associated costs. Furthermore, the development and imple-
mentation of embedded memory should prioritize the ease
of development and debugging processes. For instance, slow-
write flash memory may result in elevated costs and increased
complexity during testing, while NVM can present signific-
ant challenges in debugging reboot-related issues. Therefore,
thorough consideration of these factors is essential to ensure
not only a timely product launch but also the efficiency and
reliability of the embedded system’s performance. However,
the continuous downscaling of CMOS nodes makes the integ-
ration of conventional embedded memory increasingly com-
plex and costly. As a result, both academia and industry
have shifted towards emerging NVM technologies, such as
STT-MRAM, RRAM, and others for embedded systems
(as depicted in figure 2), aiming to develop a new generation

of embedded memory technologies that harmoniously com-
bine high-performance, low power consumption, and ease of
integration.

2.1. Embedded memory

In 1969, Intel invented the 64-bit bipolar SRAM, a volatile
memory that retains data as long as power is supplied. Despite
data loss upon power disconnection, SRAM offers advant-
ages such as high processing speed and low power consump-
tion at stable clock frequencies. SRAM is widely employed
in various devices, including computers (personal computers,
routers, workstations, central processing unit (CPU), high-
speed cache, FPGAs, register stacks, etc) and embedded
memory systems (automotive electronics, digital cameras,
smartphones, etc). Introduced by Intel in 1972, DRAM has
become modern computers’ most prevalent semiconductor
memory chip [13]. Over the past several decades, the num-
ber of DRAM bits per chip has increased, while the cost per
bit has declined. Ongoing research on DRAM technology is
essential to meet the rising demand for high-performance and
energy-efficient memory in contemporary computing systems
[14]. However, as the requirements for higher storage density
and faster computing grow, volatile memory alone proves to
be insufficient. Consequently, the development of NVM has
accelerated in the era of big data. NVM technology offers
promising solutions to address these challenges. With the
growing emphasis on energy efficiency, real-time data pro-
cessing, and high storage density, NVM technologies have
garnered increasing attention. Although DRAM and SRAM
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Figure 2. Classification of common memory. According to the type of memory used, it can be divided into volatile memory and
non-volatile memory. The former can read and write at any time, and it is very fast. It is usually used as a temporary data storage medium
for the operating system or other running programs. The data stored in the latter is stable and the data stored after power failure will not
change. Volatile memory is mainly divided into DRAM and SRAM. For non-volatile memory, in addition to flash and read-only memory
(ROM), which are widely used in non-volatile memory, memory devices based on different physical mechanisms have emerged in recent
years, which have great potential in further increasing memory density and storage performance.

possess unique advantages that contribute to their popular-
ity in various applications, the limitations of volatile memory,
such as DRAM’s relatively low processing speed and SRAM’s
lower integration and higher power consumption, necessitate
alternative solutions. NVM technologies are being explored to
satisfy the ever-evolving requirements of modern computing
and storage systems.

Compared with volatile memory, NVM retains the inform-
ation last written ‘permanently’, even after the power supply
is removed. NVM can be divided into electrically addressed
systems which are read-only memory (ROM) and mechan-
ically addressed systems including hard disk, optical disk,
magnetic tape, holographic memory, etc. Generally, electric-
ally addressed systems are expensive and have limited capa-
city but offer faster access, while mechanically addressed sys-
tems have a lower cost per bit but are slower. For the cur-
rent memory hierarchy of computing systems, the register at
the CPU is at the top, followed by SRAM, DRAM, storage
memory, and hard disk drive at the bottom of the architecture
[15]. The main milestones of NVM are shown in figure 3(a).
ROM, which is primary flash memory, and various emerging
NVM types are depicted below to demonstrate the main devel-
opment trajectory of NVM. The corresponding structure of
different emerging NVMs in the current computer system is
shown in figure 3(b).

ROM is a NVM characterized by its read-only nature, typic-
ally storing the basic input/ output system in computer mother-
boards. Its primary role is to perform power-up self-tests, ini-
tialize system modules, provide basic input/output drivers, and
boot the operating system. There are five types of ROMs, dif-
fering in their manufacturing processes and functions, namely,
mask-programmed ROM [16], programmable ROM, erasable
programmable memory (EPROM) [17], electrically EPROM
[18], and fast erasable read—write memory (flash memory).
Generally, ROMs’ read speed is faster than write speed and

writing requires a higher voltage than reading (read 5 V, write
12 V). Masuoka et al from Toshiba first introduced the concept
of ‘flash memory’ in 1984, and Intel quickly achieved mass
production and low pricing of NOR flash memory in 1988.
Toshiba industrialized NAND flash memory in 1994, which
significantly advanced the digital era of the 2000s with smart-
phones, USB drives, and solid-state drives (SSDs). In 2015,
the two dimension (2D) NAND era transitioned to the three
dimension (3D) NAND era [19].

The growth of flash memory, beginning with NOR and
later NAND, has driven the prosperity of the NVM mar-
ket, particularly in wearable electronics devices. Conventional
floating-gate NAND flash encounters intercell interference
issues due to capacitive coupling. Figure 4 illustrates the evol-
ution and structure of flash memory units, addressing inter-
cell interference through charge-trap layer technology. As pro-
gress continues, it is projected that by 2026, 3D vertical-
NAND (V-NAND) flash memory will achieve 400 stackable
layers [20].

Flash memory is the most mature NVM technology, which
is composed of a metal-oxide-semiconductor sandwich struc-
ture with a floating gate. The floating gate MOS transistor
programmed by channel hot electrons and erased by Fowler—
Nordheim tunneling served as the foundation for the major-
ity of the flash memory’s quick evolution, including NOR and
NAND [21], due to its high density and low cost. Nonetheless,
flash memories face severe technology problems and several
disadvantages, such as low operation speed (write/erase time:
1 ms/0.1 ms), poor endurance (10° write/erase cycles), high
write voltage (>10 V), and miniaturization limitations [22].
Today, 3D-NAND-Flash technology is used for high density,
low cost data intensive storage applications such as SSDs. But
the technology is increasingly making inroads into other mar-
ket segments, particularly low latency storage. Here, it can
potentially serve a range of storage applications that require
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Figure 4. The physical configuration and band structure of conventional two-dimensional flash memory for (a) polysilicon GF-based flash
memory and (b) charge-trap layer based flash memory. Schematic diagram of cell array configuration of (c) NOR flash and (d) NAND flash.
(e) Trends of the number of stacking layers and the stack pitches for the 3D V-NAND flash memory [20]. John Wiley & Sons. © 2023

Wiley-VCH GmbH.

faster read access times than traditional NAND flash, such as
applications like database lookup tables. NOR flash was once
marginalized by large manufacturers due to its small capacity
and high cost, but with the rapid development of emerging
markets such as 5G, AMOLED and self-driving cars, NOR
flash has reawakened the market’s attention [23]. In addition,
current memory access steps demand higher costs than com-
puting steps, and increasing data volume contributes to higher
energy consumption, highlighting the need for novel non-von
Neumann systems. To surmount these technology bottlenecks,

a series of emerging non-volatile memories, such as ferroelec-
tric memory [24], magnetic memory [25], and phase change
memory [26], have been proposed.

MRAM is a fast NVM technology with high write endur-
ance, based on magnetic tunnel junctions (MTJs) as memory
elements. MRAM, which combines the high-speed read—write
capability of SRAM and the high integration of DRAM, is
suitable for low-cost solutions in data retention and fast on/off
applications. The advantage of MRAM over other NVMs is its
fast-switching speed (with 1-10 ns read and write erase times)


https://creativecommons.org/licenses/by/4.0/

Int. J. Extrem. Manuf. 6 (2024) 032006

Topical Review

(a) (b)

(e) 5[5 ‘ EERETIS
3 =
812 /.—{_,‘/K. -
1]
¢ | o 10 20 .5K
? Timels " T e
o P 10K
c ’ A
S 1t -~ ]
BT e K,
A " 50K
0 L= 100 K
0 2000 4000 6 000
HIOe

d
(d) R>R,
t=t, t>t,
f r - ~
“
(]
T .
5 !
- @
§ ‘e
1" \\ -
-""- 2-B-8 8 p o 4
0 50 100 150
TIK

Figure 5. The working mechanism and characteristics of MRAM. (a) The device exhibits a low-resistance state (LRS) when spinning
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magnetization of devices with thin nickel layers at different temperatures. (f) Vertical magnetization of zero field cooling (empty square)
and field cooling (red circle) of the device measured at 500 Oe. Reproduced from [28]. CC BY 3.0.

and excellent endurance of up to 10" cycles [27]. Performance
is comparable to SRAM and is expected to replace SRAM.
The mechanism of MRAM involves a self-assembled mono-
layer (SAM) of a-helix L-polyalanine adsorbed on gold and
spin-selective charge transfer through the SAM of polyalan-
ine, magnetizing a thin Ni layer. Zero field cooling and field
cooling techniques are used to measure magnetization in the
nickel film [28]. The resistance mechanism of MRAM lies in
the magnetization of magnetic materials. Initially, the device
exhibits a low resistivity state when spinning (green arrow)
parallel to the electron, velocity is transferred through the
chiral layer to the unmagnetized Ni (figures 5(a) and (b)).
Further injection of spin-polarized electrons increases the
magnetization of Ni, and thereafter the magnetization of Ni
is parallel to the direction of spin-polarized electron injec-
tion (figure 5(c)). After magnetization, the density of most
spin states and a few spin states in Ni splits around the Fermi
level, and the resistivity increases with the continuation of
most spin injections (figure 5(d)). Figures 5(e) and (f) show
the resistance change and magnetization of the sample at a
constant voltage. MRAM can be regarded as an alternative to
SRAM and flash, and provides fast, low-power, non-volatile
storage [29]. However, in perpendicular MTJ, one of the issues
is a strong magnetostatic interaction between magnetic lay-
ers. This coupling causes the lack of stability of each func-
tional layer and unbalanced retention at the two data states.
This becomes a much more challenging issue as MTJ scales
down [30]. A typical MRAM cell (~40 F?) is roughly six times

larger than a DRAM cell (~6 F?), which limits the fur-
ther reduction of the size of the MRAM memory unit [31].
Compared to the read operation, the write operation of MRAM
requires more power consumption. The current pulse required
to write to the MRAM unit is three to eight times more power-
ful than the power consumed during the read operation [32].
This can make MRAM less suitable for some power-sensitive
applications. Currently, CPUs can have an end-of-life cache
capacity of 256 MB, and the limited last-level cache capacity
will result in a large amount of off-chip cache in the graph-
ics processing unit (GPU). However, accessing DRAM over-
head is huge, and larger on-chip caches are urgently needed in
GPUs to reduce off-chip overhead. The larger STT-MRAM L2
cache can significantly reduce the off-chip cache, and its high
write latency does not significantly affect the overall perform-
ance of the GPU, and the overall energy efficiency is better
than SRAM. In automotive applications, MRAM has to meet
the requirements of automotive regulations on quality as well
as the requirements on the number of data writes, data reten-
tion time, and so on. In the long run, MRAM has the poten-
tial to cope with the higher requirements of automotive elec-
tronic systems on memory chips and is one of the development
directions of new embedded storage. Since 2019, all leading
foundries have been producing embedded MRAM, demon-
strating the confidence of major chipmakers in MRAM. Of
course, MRAM still faces a lot of challenges, such as the com-
plexity of the real device material system, low switching ratio,
and CMOS process to match exactly [33, 34].
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FeRAM is based on ferroelectric materials like lead zir-
conate titanate (PZT), characterized by polarization vectors
that can be oriented in two opposite directions (+ and —)
by applying an external electric field [35, 36]. In a FeRAM
unit containing a thin PZT film, Zr/Ti atoms change polarity
in an electric field, resulting in a binary switch. The device
template for mechanism analysis is shown in figure 6(a) [37].
FeRAM is often integrated at the drain end of the transistor in
a one-transistor one-capacitor (1T1C) structure (figure 6(b))
[38]. The TEM cross-section of the device and the test chip
for integration into advanced technology nodes are shown in
figures 6(c) and (d) [39]. Due to this unique structure, FeRAM
retains data memory when power is turned off or interrupted
and shows benefits such as high endurance, ultralow power
consumption, single cycle write speed, and gamma radiation
tolerance, making it ideal for low-power applications. Besides,
its high nonvolatility promises to realize neuromorphic cir-
cuits. However, the significant disadvantage of FERAM is that
the storage density is much lower than that of flash memory
devices, and the capacity of individual chips is smaller [40].
This requires the use of more storage elements in the FeRAM
block. Like DRAM, FeERAM’s read process is also destructive
and requires a read—write architecture. In the field of ferroelec-
tric memory, in addition to FeRAM, FeFET is another import-
ant component module. The basic structure of the FeFET
cell is a metal-ferroelectric-semiconductor (MFS) structure
in which the gate insulating layer consists of a ferroelectric
material, and the semiconductor surface state is altered by

changing the polarization direction of the ferroelectric mater-
ial, which is shown in figure 6(e) [41]. The ferroelectric polar-
ization in the opposite direction modulates the carrier concen-
tration in the channel to an accumulation or depletion state,
causing the drain current in the FeFET to change with the
shift of the polarimetric threshold voltage, thereby changing
the switching state of the channel layer and distinguishing
between the two states of 0 and 1, thus realizing the function of
storing information [35, 42]. When the ferroelectric polariza-
tion is pointing downwards, electrons invert the channel region
permanently, bringing the FeFET into the ‘ON’-state. If the
polarization is pointing upwards, permanent accumulation is
created and the FeFET is in the ‘OFF’-state. Accordingly, bin-
ary states are encoded in the threshold voltage of the transistor
(figure 6(f)) [43]. However, in FeFET, the limitations of inter-
facial charge capture, channel charge compensation, and gate
leakage current contribute to device threshold voltage drift
and memory state destruction [44, 45]. To address these chal-
lenges, a novel transistor structure called ferroelectric semi-
conductor field-effect transistors (FeS-FETs) is proposed. In
this structure, the FeS serves as the channel material with
polarized charges accumulating on both upper and lower sur-
faces (as shown in figure 6(g)), which can be used in ultra-
fast memory and neural computing [46, 47]. It is worth not-
ing that the thickness of the effective oxide in the FeS-FET
directly affects the electric field distribution inside the semi-
conductor, and the aggregation of the affected charges leads
to the polarization state in the FeS-FET, so that the direction
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of the hysteresis curve is divided into clockwise and coun-
terclockwise due to partial polarization switching and full
polarization switching, respectively (figure 6(h)). Nowadays,
3D-FeFETs are expected to outperform 3D-NAND-Flash in
terms of speed, making them ideal for low-latency storage.
FeRAM combines the features of ROM and RAM and is
compatible with all functions. It has broad application pro-
spects in the fields of computers, aerospace, and military
industry. Currently, Fujitsu and Cypress have begun offering
FeRAM products with serial and side-by-side interface solu-
tions, which have been mass-produced in capacities ranging
from 4 kb to 4 Mb. In 2023, Fujitsu announced the launch of
the 512 kb FeRAM ‘MB85RC512LY’, which is the highest
density of Fujitsu’s automotive FeRAM product [48]. This
product guarantees low operating current and 10 trillion read
and write cycles at 125 °C. Fujitsu also mentions that its
FeRAM products are the best choice for automotive applic-
ations such as industrial robots and advanced driver assistance
systems. The main challenge for commercialization at present
is the lack of low-cost technology for integration with silicon-
based CMOS processes.

PCM is based on the Ovshinsky effect, which allows mater-
ials to change between amorphous and crystalline states by
altering their reflective and resistive properties [49], as illus-
trated in figures 7(a) and (b). In the process of changing from
an amorphous state to a crystalline state or vice versa, its
amorphous and crystalline states exhibit different reflective

and resistive properties, so that the amorphous and crystalline
states can be used to store data by representing ‘0’ and ‘1°,
respectively (figures 7(c) and (d)) [50, 51]. The technology
has followed the Gartner Hype Cycle, evolving from initial
R&D in the 1960s finally to the latest 3D-Xpoint generation.
PCM is a powerful candidate for automotive-grade embed-
ded applications [52] and storage class memory because of
its excellent endurance, reliability, and fast processing speed
(figures 7(e) and (f)). However, the phase transition process
of PCM is very sensitive to temperature. Temperature changes
may affect the status of storage units, reducing data reliability
and stability. Under extreme temperature conditions, the per-
formance of PCM may be limited. At the same time, PCM has
the problem of phase transition temperature uncertainty, which
may lead to performance fluctuations or instability in practical
applications [53]. In addition, due to the physical properties
of phase change materials, the resistance value of the PCM
memory cell may drift over time, which can lead to incor-
rect reading of the data, especially after the memory cell has
undergone multiple write and erase operations. Currently, Intel
and Micron’s joint research and development of 3D X-point is
based on phase-change storage technology and speed between
SSD and memory, and it can be used in parallel with DRAM,
suitable for scale application scenarios [54]. In core and edge
networks, PCM can be used as the main memory to increase
total memory capacity while reducing memory access latency
and cost. PCM-based storage products, such as Intel’s Optane®
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DCPM, are also gaining traction with data center operators, as
DCPM products have demonstrated the benefits of improving
storage performance while reducing costs. Although PCM has
a bright future and good progress has been made, for high-
precision analog computation, further reduction of cost and
power consumption, improvement of write-resistant capabil-
ity and storage density, and reduction of resistive drift can still
not be ignored [37].

2.2. Embedded RRAM

Another emerging technology for embedded systems is
RRAM, which exhibits great commercial potential, primar-
ily due to its versatile characteristics such as low power con-
sumption, rapid read/write speeds, non-volatility, high endur-
ance, scalability, CMOS compatibility, and high-density stor-
age. These properties also render it a potential candidate
as embedded memory to integrate with diverse electronic
systems, including microcontrollers, IoT devices, and SoC
designs. Embedded RRAM outperforms standalone RRAM in
various applications, typically being more suited to memory-
centric applications where its distinct advantages can be fully
leveraged. RRAM’s energy efficiency during read and write
operations makes it a compelling choice for power-hungry

applications, particularly in IoT devices and battery-powered
electronics.

Generally, RRAMs can be classified into two typical
classes: oxide RAM (OxRAM) [55, 56] and conductive
bridging RAM (CBRAM) [57, 58]. The general structure of
RRAM is shown in figure 8(a). Common electrode materials
of RRAMs can be divided into five categories based on their
composition or contribution to the resistive switching (RS)
behavior, including elementary substance electrodes [59-61],
alloy electrodes [62], silicon-based electrodes [63], nitride-
based electrodes [64], and oxide-based electrodes [65]. On
the other hand, storage media can be classified into organic
storage media [66, 67] and inorganic storage media [68]. The
underlying physical mechanism of RS in RRAM is a complex
phenomenon that has been extensively studied. The prevailing
theory of RS in RRAM involves the formation of conductive
filaments or filaments between electrodes by the generation
of oxygen vacancies or migration of metal ions [69]. This pro-
cess involves chemical and physical changes such as the redox
reaction [70], and the physical and electrochemical processes
are areas of research that have attracted much attention.

To elucidate the mechanism of OXRAM comprehensively,
it is proposed that soft dielectric breakdown occurs under a
high electric field, and oxygen ions drift to the anode interface
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when the anode materials are noble metals or can react with
oxidizable anode materials to form an interfacial oxide layer
[72]. This behavior resembles an ‘oxygen reservoir’ between
the interfaces. With the continuous migration of oxygen ions,
conductive filaments are gradually formed between the elec-
trodes, resulting in a resistance state switch from the high-
resistance state (HRS) to LRS. During the reset process, oxy-
gen ions migrate back to the bulk, recombine with oxygen
vacancies, or precipitate metal oxides, returning the memory
cell to the HRS, as shown in figure 8(b). The diffusion of oxy-
gen ions is typically driven by Joule heating, which requires
a higher current as oxygen ions diffuse from the interface or
region around the conductive filaments due to the concentra-
tion gradient when the device is unipolar [73]. For devices
switching in bipolar mode, the interfacial oxide layer may
present a significant diffusion barrier, and purely thermal dif-
fusion is not sufficient. Therefore, a reverse electric field is
required to promote the migration of oxygen ions.

Another mode of RS is based on conductive filaments com-
posed of metal atoms, also referred to as CBRAM. This mech-
anism depends on the migration of rapidly diffusing Ag or Cu
ions into oxides or chalcogenides to form conductive bridges.
The alteration of the conductive filament directly leads to a
change in the device’s resistance value. Applying a voltage
to RRAM results in a change in resistance value, causing the
device to switch from the HRS to LRS. To integrate embedded
RRAM array, horizontal and vertical 3D RRAM are proposed,
while in horizontal RRAM arrays, several layers of crossbar
arrays are stacked, and vertical 3D RRAM is achieved by per-
pendicular crossing between vertical electrodes and horizontal
metallic planes (figures 8(c) and (d)) [71]. The switching mode
of resistance change is usually classified into two types: uni-
polar and bipolar. In the unipolar mode, the switching mode
relies on the magnitude of the applied voltage rather than the
polarity of the applied voltage. The set and reset processes
occur at the same polarity, as illustrated in figures 8(e) and
(f). In contrast, in the bipolar mode, the switching direction
depends on the polarity of the applied voltage. Thus, the set
and reset processes occur at reverse polarity [55].

The materials of the electrodes and oxide play a crucial role
in the switching mode of RRAM [74]. It should be noted that
the switching mode is not an intrinsic property of the oxide or
electrodes themselves but rather a property of the oxide mater-
ial and the electrode/oxide interface. For instance, when an
inert metal such as Pt is utilized as the electrode material, the
switching mode is unipolar. Conversely, if the electrode mater-
ial is replaced with an oxide material like TiN, a bipolar mode
can be obtained. Generally, the unipolar switch necessitates a
higher reset current than the bipolar switch, which also exhib-
its increased variability. Consequently, more attention is direc-
ted toward bipolar switching, which is also more prevalent in
embedded RRAM applications. Understanding the influence
of electrode and oxide materials on the switching mode is vital
for optimizing RRAM performance and developing applica-
tions in various fields.

RRAM is mainly used for data storage, but it also has
other applications, such as logical circuits [75, 76] and neur-
omorphic computing [77, 78]. Currently, RRAM has been

widely industrialized in the field of embedded applications
instead of stand-alone applications. It is widely accepted that
traditional embedded technologies face challenges in redu-
cing chip cost beyond 5 nm nodes due to limited scalability
and rising complexity for integration in sub-28 nm CMOS
nodes. Fortunately, RRAM is a promising candidate for future
scaling nodes due to its simple cell structure [15]. Both Intel
and TSMC have shown 22 nm RRAM-based macros in a 1-
transistor I-RRAM (1T1R) architecture for embedded applic-
ations with equivalent characteristics [5, 79]. The fundamental
concerns with RRAM are the variability and resistance dis-
tribution dispersion for high and low resistivity states. Once
the variability problem is addressed, larger capacity and new
fields may be targeted. RRAM is a tried-and-true technology
with low costs and easy integration in the backend, making it
ideal for embedded (smart card and IoT) and neuromorphic
applications. Based on RRAM’s high operation speed, low
energy consumption, and great endurance, solving the variab-
ility problem would allow the application areas to expand into
new domains, such as storage class memory.

Embedded RRAM has shown strong advantages in many
performance aspects, and has excellent progress in process
node scaling, high stability, high response speed, and so on.
Embedded RRAM can be as low as 2 nm nodes at the process
nodes, and the process density is comparable to the inform-
ation density using 3D stacking in the most advanced 64-
layer and multilevel 3D-NAND flash memory, demonstrating
the potential of embedded RRAM high-density cross-arrays
(figure 9(a)) [80]. At the same time, embedded RRAM also has
the potential of multi-layer stacking. By combining the advant-
ages of 3D-Xpoint and 3D-NAND architecture, Luo ef al real-
ize eight-layer high density 3D embedded RRAM cross array
(figure 9(b)) [81], and the stack design of 16-layer RRAM is
realized in mechanism [82], which further promotes the high
density integration of embedded RRAM. Low power switch-
ing is also one of the significant characteristics of embedded
RRAM, and the current RRAM can achieve the minimum
power consumption per bit less than 1 pJ, while the resist-
ance switching speed can also reach a sub-nanosecond level
[83]. Embedded RRAM also has an extremely fast response
speed. RRAM devices based on TiN/Ti/HfO,/TiN demon-
strate high running speed under 10 ns pulse mode, as shown
in figure 9(c) [84]. In extreme cases, the pulses with a width
of 1 ns can be used for writing operations in the RRAM
array, which also demonstrates that embedded RRAM can
achieve the high response speed required by different elec-
tronic devices [85]. The advantages of RRAM are also reflec-
ted in the fact that it can achieve extremely low set/reset
voltages, making it possible to implement coding with very
low power consumption. RRAM has been able to achieve an
opening voltage of about 0.1 V (as shown in figure 9(d)) [86],
while RRAM can achieve extremely low power consumption
down to 0.1 pJ [83]. The RRAM device also has satisfact-
ory cycle durability and can achieve a stable cycle of 10'? (as
shown in figure 9(e)). Interuniversity Microelectronics Centre
(IMEC)’s work demonstrates 25 test devices with stable cycle
switching cycles [87]. RRAM’s superior durability demon-
strates its potential for read interference and data retention in
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Reprinted, with permission, from [84]. (d) ITO electrode and N: /-V curve of HfO,-RRAM under ITO electrode, set/reset voltage is around
0.1 V. Reproduced from [86] with permission from the Royal Society of Chemistry. (e) 10'2 switching cycles obtained from a randomly
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CMOS-process-compatible RRAM systems. In addition, the
RRAM device also has excellent radiation tolerance, achiev-
ing a maximum radiation tolerance of 880 Mrad (figure 9(f))
[88], which is far greater than the radiation resistance test for
most processes (Aeroflex’s radiation hardening process uses
the 0.18 um TSMC CMOS process, which has a total radi-
ation dose tolerance of 100 krad (Si) to 1 Mrad (Si) [89].
Honeywell’s SOI-MRAM process with SOI CMOS circuit
reinforcement has a total dose radiation tolerance of more than
1 Mrad(Si) [90-93]). In addition, RRAM has also made some
progress in compute-in-memory chips [94, 95].

2.3. Performance comparison of embedded RRAM

In a comparative analysis of emerging NVM technologies,
RRAM demonstrates significant advantages over MRAM,
FeRAM, and PCM. In comparison to FeERAM and MRAM,
which are facing miniaturization issues, RRAM has excel-
lent miniaturization potential down to <10 nm. Moreover,

RRAM can offer sub-nanosecond operation speed [96, 97],
sub-picojoule energy consumption with low latency time [98],
and high durability (>10'? switching cycles) [99]. One of
the major drawbacks of MRAM is the interference between
memory cells. When programming the target bit, non-target
bits may be inadvertently mis-programmed, particularly in
high-density configurations where magnetic field overlap
between adjacent cells becomes more severe. In contrast,
RRAM can successfully and stably achieve self-rectifying
character through a variety of material systems, and such
devices can reach more than four orders of magnitude of pos-
itive and negative voltage selection ratio to block the leakage
current, thus avoiding mis-programmed. And another emer-
ging memory has made less progress in self-rectifying char-
acteristics. In general, the self-rectifying characteristics rely
on the energy level barrier in contact with the oxide and the
electrode, but this is difficult to control for MRAM FeRAM
because its resistive physical mechanism strictly requires its
contact interface. Moreover, PCM suffers from poor thermal
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Table 1. Comparison of performance and technology maturity of various representative memories.

SRAM DRAM FeRAM MRAM PCM Flash NAND RRAM embedded
Power pJ-bit™! plbit™' 10 fJ-bit™! plbit™' 2 pJbit~! 10 fI-bit ™! 0.1 pJ-bit™!
Endurance 10" 10" 10'°~10% 10" 10" 10° 102
Capacity 1-16 MB >1Gb Small >1Gb 1 Gb 1-16 Gb 32 Gb
Scalability Medium Medium  Medium/Poor Medium  Good Medium Good
Retention 12ys@85°C  >1yr 10 yr @85 °C  10ys 10ys @room 10 yr @85 °C 10ys >150 °C
@110 °C temperature
Integration Yes No Yes No Yes Yes Yes
Architecture 6T SRAM Xbar ITIR/3 Xbar Xbar/ITIR Multiple-level-cell ~ 1T1R/Crossbar
array terminals (MLC)
Latency 1-10 ns 10 ns 1 ns 10 ns 15 ns 250-2200 ps 1-10 ns
Variability NA NA Small size NA Drift NA Variability,
noise
Commercialization Micron, Everspin, Fujitsu, Avalanche, Intel, Samsung, Kioxis, Intel,
Cypress, Intel, Avalanche Cypress, TSMC, STMicroelectronics SK Hynix, WDC, Panasonic,
Sony Texas Everspin Dialog, TSMC
Instruments
Mask cost NA 2 2-5 3 10 1

stability; when the phase change material in a device unit
melts at high temperatures, thermal diffusion may induce
phase changes in adjacent device units, leading to errors in
information storage. RRAM’s ability to overcome these issues
makes it a more attractive option for future memory tech-
nology advancements. The comparison of performance and
technology maturity among some representative memories is
presented in table 1.

3. Materials candidates, key parameters, and
integration for embedded RRAM

Embedded RRAM is a rapidly progressing technology that
provides high-density and low-power memory solutions for
an extensive range of applications. The performance and com-
mercialization potential of embedded RRAM devices primar-
ily hinges on the integration, techniques selection of mater-
ials, and key parameters which need significant emphasis.
Consequently, there is heightened interest in examining these
aspects more meticulously to enhance device performance and
address the challenges associated with embedded RRAM tech-
nology. In this context, key features of embedded RRAM are
being rigorously investigated.

3.1. Materials candidates for embedded RRAM

To ensure the mass production of embedded RRAM, the
materials involved should be compatible with current CMOS
technology. Among the oxide materials employed in the
foundry including TaO,, ZnO, TiO,, HfO,, etc, significant
advancements have been made in RRAM devices. In the fol-
lowing section, we provide an overview of recent progress
achieved in RRAM devices using these oxide materials. The

comparison if time of discovery and features of embedded
RRAM material is shown in table 2.

In 2010, Williams et al built a very simple Pt/TaO,/Ta
device based on tantalum oxide RRAM, which maintained a
switch ratio of about 10 after the number of cycles reached
1010, and the device still maintained its resistance state
after three months at room temperature. Without obvious
degradation, durability, and life tests can still be carried
out (figures 10(a) and (b)) [100]. In 2011, to reveal the
mechanism of high-performance memristor, Miao et al fur-
ther demonstrated the characteristics of nanoscale conduction
channels by using tantalum-based RRAM devices, they ana-
lyzed the changes of oxygen content in the resistive layer
of tantalum oxide, and demonstrated the conductive channels
(figures 10(c)—(f)) [101]. This was followed by the preparation
of Pt (BE)/TaO,/Ta (TE) stacked crossbar array structures in
2012, which enables a single device to achieve nonlinear /-V
curves on the top of each other, thus enabling passive cross-
bar arrays of up to 1000 rows and 1000 columns, resulting in
very high storage density (figures 10(g)—(i)) [102]. Therefore,
memristor with high nonlinearity is needed for large cross-
arrays and the research of Jana et al demonstrates the great
potential of TaO,-based RRAM devices for 3D integration.
In 2014, a novel W/TaO,/TiN structure RRAM device with
adaptive properties was proposed. This 0.6 um device with a
thin layer of 3 nm TiON, has good switching uniformity and
an operating current of 80 pA [103]. It is worth noting that
all materials in this structure are CMOS compatible. The phe-
nomenon of adaptive resistance switching at a low operating
voltage of £2.5 V is also demonstrated. This adaptive feature
endows the memory device to control current overshoot in a
simple 1R configuration, which is a good alternative toa 1T1R
configuration. In 2017, a self-rectifying RRAM based on
TaO,/HfO, and TaO,/AlO, was proposed. TaO,/AlO, devices
exhibit higher switching voltage and more robust LRS thermal
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Table 2. Comparison of time of discovery and features of embedded RRAM material candidates.

Material Time of discovery

Features

AlO, [116] 1962

e Large bandgap

e High LRS resistance
e Small reset voltage for the device with AlOx

TiO, [114] 2008

TiN/HfO,/TiN [108] 2008

Cu/HfO,:Cu/Pt [109] 2009

Pt/TaO,/Ta [100]
PUTaO,/Ta [102]
W/TaO,/TiN [103]

2010
2012
2014

Improving stability

Scalability of films for applications
Low working current

High switching resistance ratio
Fast switching speed

Satisfactory switching life

Reliable data retention

Different resistance states
Stable resistance states

Switch ratio of about 10 after the number of cycles reached 10
High storage density

e Great adaptive properties

e Good uniformity
e Low operating current

TaO,/HfO, and TaO,/AlO, [104] 2017

e High switching voltage

e Robust LRS thermal stability

2017
2018

HfO,-based by nitriding [110]
Ti/TaO,/HfO,/Pt [105]

HfO,-based doped by Al [111] 2020, 2021

TaO,:N-based [106] 2022

Superior endurance and retention

Controlling oxygen vacancy number of conductive filaments
Excellent synaptic behavior.

Excellent thermal characterization

Good data preservation performance
Great RS uniformity

High on/off ratio

Good cycle durability of up to 10° cycles

Enhance RS characteristics in terms of resistance variability
Lower inter-device variability in both LRS and HRS

stability than TaO,/HfO, devices. In TaO,/AlO, devices, data
retention is up to 10®s at 150 °C and up to 2 x 108s at
room temperature (about five years), further improving the
stability of RRAM devices (figure 10(j)) [104]. To eliminate
the leakage path and the variability between devices caused
by the random formation of conductive filaments, an RRAM
device based on Ti/TaO,/HfO,/Pt dual-layer oxidation switch-
ing layer was proposed in 2018 [105]. The dual oxidation
layer structure can control the oxygen vacancy number of
conductive filaments through different oxygen ion concentra-
tions of the two layers, thus improving the synaptic beha-
vior. At the same time, there has been notable progress in the
development of RS mechanisms that exhibit progressive res-
istance switch, linear and symmetrical conductivity changes,
and robust durability and device repeatability. Additionally,
the utilization of a double-layer oxide structure shows prom-
ise in facilitating the fabrication of self-rectification devices
and RRAM crossbar arrays. Related 3D vertical RRAM (V-
RRAM) array structures are also developed, and an effect-
ive performance prediction scheme for the initial design
of 3D V-RRAM arrays is provided. In 2022, nitrogen-
doped tantalum oxide (TaO,:N) based RRAM was pro-
duced. Compared with TaO,-based devices, the TaO,:N-based

devices significantly enhanced RS characteristics in terms of
resistance variability, achieving lower inter-device variability
in both LRS and HR, which is beneficial for the construc-
tion of synaptic devices in artificial neural networks (ANNs)
(figures 10(k)—(m)) [106].

In 2008, an HfO, resistive memory based on TiN elec-
trode was proposed for the first time, which is fully integrated
with 0.18 um CMOS technology. The memory device has a
low working current (as low as 25 pA), high switching res-
istance ratio (over 1000), fast switching speed (5 ns), and sat-
isfactory switching life (10° cycles), and reliable data reten-
tion (extrapolated for 10 years at 200 °C). The 1TIR memory
cell is shown in figures 11(a) and (b) [108]. At the same
time, the 1T1R structure is successfully integrated by 0.18 um
CMOS technology. Due to its powerful memory performance
and process compatibility with silicon-based integrated cir-
cuit technology, the device is promising to be applied to the
next generation of NVM. Due to the temperature instabil-
ity of HfO,-based RS memory, a lot of work related to the
temperature stability of HfO,-based RRAM devices has been
carried out. In 2009, Wang et al carried out RS characterist-
ics of Cu/HfO,:Cu/Pt sandwich structure in multilayer NVM
(figures 11(c) and (d)) [109]. Combined with RS mechanism
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Society. (e) Dark-field imaging of the switching region showed a crystalline grain adjacent to the channel. High resolution transmission
electron microscope (HRTEM) revealed a lattice pattern. (f) Bright-field TEM of the channel region [101]. John Wiley & Sons. Copyright ©
2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (g) Atomic force microscopy image of a crossbar array with 50 nm half-pitch
fabricated by nanoimprint lithography. (h) Switching loop from a Pt/TaO,/Ta 50 nm x 50 nm crosspoint device. (i) Switching loop from a
Pt/TaO,/TiO,_,/Pt 50 nm Xx 50 nm cross-point device. (j) Resistance variation ratio versus baking time for different temperatures in
TaO/AlO, devices. Reproduced from [104]. CC BY 4.0. HRS and LRS distributions of eight randomly selected memory cells of (k)
Ta/TaO,/Pt device and (1) Ta/TaO,:N/Pt device. (m) Device-to-device variation for two devices. Reproduced from [106]. CC BY 4.0.

research and device fabrication, the device achieved different
resistance states by using different compliance currents dur-
ing programming. These resistance states can be easily distin-
guished over a wide range of temperatures and can be held for
more than 10 years by extrapolating the retention data at room
temperature. A high-performance and reliable unit was pro-
duced by nitriding in 2017 [110]. It shows superior endurance
and adaptive results, with durability up to 10° cycles at 85 °C
and a retention time of over 10* s (figures 11(e) and (f)). From
2020 to 2021, Al doping and post-deposition annealing (PDA)
contribute greatly to the realization of highly reliable HfO,-
based RRAM devices, which have excellent thermal character-
ization and good data preservation performance [111]. Good
retention and programming/erasing performance at room and
high temperature at a pulse width of 50 ns have been obtained.
Besides, great RS uniformity, high on/off ratio of up to 1900,
and good cycle durability of up to 10° cycles are also achieved.

The results show relatively more distinct multi-levels of the
analog set (19 states) and reset (24 states) (figures 11(g) and
(h)) [112].

TiO, is one of the first dielectric materials used in RRAM
[113]. In 2008, as the mechanism of TiO, RS has been con-
tinuously studied and widely understood, the phenomenon
of nanoscale conductive filaments in TiO, memory has been
observed by HRTEM [114]. Through the observation of the
formation and disruption of Ti,O,,—; (or so-called Magne li
phase) filaments, the composition, structure, and dimensions
are better comprehended, which could provide a great pos-
sibility to improve stability and scalability of such films for
applications. In 2010, Borghetti et al [115] demonstrated
that nonlinear dynamic memory devices can also be used
for logic operations. Incorporating memristive switches in an
appropriate circuit enable the execution of ‘stateful’ logic
operations, for which the same devices can act as both a gate
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Figure 11. The development and performance characteristics of HfO, resistive switching memory. (a) Cross-sectional TEM image of 1T1R
memory cell integrated with 0.18 um CMOS technology, (b) corresponding schematic view of (a). © [2008] IEEE. Reprinted, with
permission, from [108]. (c) Optical image of the fabricated 64-bit (8 x 8) array with a device area of 3 um x 3 pum. (d) The atomic
concentration of four elements (O, Cu, Hf, Pt) in the sequential layers of HfO,/Cu/HfO; in the XPS depth profile. Reproduced from [109].
© IOP Publishing Ltd. All rights reserved. Comparison of endurance times in HfO,-based RRAM (e) initial and (f) after nitridation
treatment. Reliability performance of 16.5% Al-HfO, sample with PDA at 450 °C. Typical 3 h DC data retention read at 0.2 V at (g) room
temperature having an on/off ratio of 1600 and (h) 100 °C having an on/off ratio of 1250. Reproduced from [110]. CC BY 4.0.

(logic) and a lock (storage) using resistance rather than voltage
or charge as the physical state variable.

Back in 1962, the negative resistance phenomenon of anode
AlO, was observed for the first time [116], which attracted
much attention due to its large bandgap. Due to this phys-
ical characteristic, the device with AlO, as the dielectric layer
has an extremely small reset voltage (down to 1 pA) [117],
and this value can be further reduced below 100 nA by dop-
ing with nitrogen [118]. In addition, high LRS resistance sig-
nificantly reduces the potential leakage current which can
also enable scalable memory arrays without selector devices
[119].

Besides, by preparing AlO, films with different oxygen
contents, a device structure such as W/AIO, (RF)/AlO,/Pt is
realized, which tends to form localized oxygen vacancy con-
ductive cells compared with single layer memristors, thereby
improving the performance parameters of the device [120].
AlO, can also be stacked with other materials to realize
a better uniformity of device characteristics. Yu et al used
the atomic layer deposition method to fabricate HfO,/AlO,
bilayer RRAM devices and compared with the single-layer
HfO, devices, the bilayer devices showed less variation in the
switching voltages and resistances [121].

3.2. Key parameter optimization of embedded RRAM

Embedded RRAM devices are subject to specific requirements
from the industry, such as high cycle durability over 10'°
cycles, stable operation at 40 °C-125 °C, more than 10 years
of service, design life over 15 years, and stability under

varying humidity, electromagnetic environments, and mech-
anical vibrations. To access the reliability of these devices, it is
essential to refer to Joint Electron Device Engineering Council
standards or Automotive Electronics Committee (AEC) series
standards, in strict accordance with the test requirements for
product certification. A considerable number of results have
been achieved against the relevant performance standards. In
the case of high cycle durability devices, the Ta/TaO,/TiO,/Ti
device structure has demonstrated superior MLC endurance
with 50 ns pulses over 10'2 cycles (figures 12(a) and (b))
[122]. This achievement is comparable to the best-reported
RRAM performance and aligns closely with the working
memory requirements of mobile devices. The RS in these
devices can be attributed to oxygen migration in the Ta reser-
voir within TaO,. The injection of electrons from the pos-
itively biased Ti electrode is mainly limited by the discon-
tinuity of the conduction band at the TaO,/TiO, interface.
Conversely, electron injection at the Ta electrode during neg-
ative bias is controlled by the Schottky barrier at the Ta/TaO,
interface, which is significantly regulated by the concentra-
tion of oxygen vacancy (V21). This mechanism greatly con-
tributes to improving the cyclic durability of the device. In
addition, various material systems and device structures have
been investigated to enhance device stability, and to meet
industrial standards for thermal stability, cycle durability, life-
time, and stability under different external environments. For
instance, the device structure of Al (10 nm)/Ge (20 nm)/TaO,
(20 nm)/Pt has achieved excellent thermal stability at 150 °C
and a storage life of over 10 years. The addition of the Ge
layer in this structure has led to a 53% reduction in standard
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Figure 12. Key parameter benefits of embedded RRAM. (a) Negligible degradation of the BRS between the ‘11° and ‘00’ states after 10"
pulse cycles. (b) Three BRS /-V curves were used in the numerical array analysis. Schematics of the all-line pull-up read scheme and the
V/3 write scheme are also shown. Reproduced from [122].© The Japan Society of Applied Physics. Reproduced with permission. All rights
reserved. Retention behaviors of the LRS and HRS of the 20 T, and IOG20T devices at (¢) ISO DC, and (d) 240 °C. © [2014] IEEE.
Reprinted, with permission, from [123]. Variation in the SET (open circles) and RESET (open diamonds) voltages of the (¢) Cu/TayOs/Pt
and (f) Cu/SiO,/Pt cells with a reduction in the ambient pressure [125]. John Wiley & Sons. Copyright © 2012 WILEY-VCH Verlag GmbH

& Co. KGaA, Weinheim.

deviation, accompanied by a 76% decrease in set voltage and
a 28% decrease in reset voltage (figures 12(c) and (d)) [123].
Additionally, the resistance state of the device remains largely
unchanged for 10 years at 150 °C. However, at 240 °C, the
HRS experiences a sudden drop by orders of magnitude at
10* s. The critical temperatures for a 10 year retention time
are 118 °C and 100 °C for Al/TaO,/Pt and Al/Ge/TaO,,Pt
devices, respectively. Under different environmental humid-
ity conditions, sputtered oxide films such as Ta,Os, ZnO, and
other materials, typically exhibit nonporous structures. These
oxide films can absorb water from the surrounding environ-
ment. Therefore, understanding the role of water in the oper-
ation of an oxide atomic switch becomes crucial in improv-
ing RRAM stability under different ambient humidity levels.
Previous research has indicated that the greater the difference
in electronegativity of metal-oxide bonds is, the higher the
hygroscopic affinity of the oxide layer (figures 12(e) and (f))
[124], resulting in a reduced influence of water molecules on
the oxide layer migration. Consequently, the switching char-
acteristics of devices under different voltages are less affected
by environmental moisture, thereby enhancing the humidity
stability of RRAM. RRAM devices with significant electron
negativity differences experience the movement and desorp-
tion of water molecules, affecting the formation of conductive
filaments during voltage switches [124]. While RRAM

devices with Ta;Os and Al,O3 as oxidation layers remain
unaffected by environmental moisture, devices with SiO;
and TiO; as dielectrics exhibit considerable instability under
varying environmental humidity levels. Substantial progress
has been made in developing highly stable devices in this
regard. The remarkable advancements in the reliability of
embedded RRAM have propelled its commercial evolu-
tion, showcasing its promising potential in various industrial
applications.

Embedded RRAM devices hold great potential for the
memory process nodes’ scalability, and their exploration in
extreme manufacturing has seen rapid development in recent
years. Figure 13 shows the development of RRAM preparation
process nodes in recent years, with lower and lower process
node sizes reflecting the good scalability of embedded RRAM
processes.

In 2010, Ho et al implemented a 9 nm half-segment trans-
ition metal oxide-based RRAM unit with the lowest repor-
ted programming current of 1 ;A using nano injection litho-
graphy techniques. This work provided an in-depth study of
the low programming current exhibited by the device, offer-
ing insights for expanding low-power NVM to smaller process
nodes [126]. In 2015, Li et al accomplished the fabrication of
sub-5 nm TiO,; selective devices (1 nm x 5 nm) and HfO,-
based RRAM devices (I nm x 3 nm). The tunneling-based





https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Int. J. Extrem. Manuf. 6 (2024) 032006

Topical Review

integrated memory arrays within each tile consist of RRAM
crossbars, ADCs, input/output registers, and shift-adders. The
deeply pipelined flow in the RRAM-CIM structure optimizes
neural network processing [201]. The RRAM-based CIM chip
architecture enables matrix-vector multiplication in memory,
offering high energy efficiency, flexibility to support mul-
tiple Al model architectures, and comparable inference accur-
acy to software implementations. The current neural network
mapping methods for RRAM-based CIM chips are designed
to maximize performance (figure 19(b)) [95]. The RRAM-
based CIM chip architecture, known as NeuRRAM, allows
for the reconfiguration of the CIM core to support different
model architectures. To apply RRAM in neuromorphic com-
puting systems within CIM, linear conduction modulation is
crucial [202, 203], as illustrated in figure 19(c). This modu-
lation enables enhanced learning accuracy and optimal incre-
mental switching, allowing precise adjustment of conductance
in each memristor. Such adjustment facilitates a close approx-
imation of the scalar product between vector components and
matrix elements. RRAM-based CIM has already implemen-
ted some important applications in the IoT and edge com-
puting, including signal processing, image compression, and
convolutional filtering. The highly parallel analog compu-
tation in the RRAM-CIM architecture offers excellent effi-
ciency, but it presents challenges in achieving the same level
of functional flexibility and computational accuracy as digital
circuits. Balancing efficiency, flexibility, and accuracy is an
ongoing area of research for optimizing the RRAM-based
CIM chip architecture.

In the early years, the demands for memory capacity and
computational resources led to the simplification of DNNs
into binary neural networks, where weights and neuron pre-
cision were binarized to 1 bit. This optimization allowed for
the successful implementation of DNNs on-chip. By using the
optimization model, Sun et al presented an XNOR-RRAM
with 2T2R synapse cells in 2018, and the NeuroSim model
was then adopted for simulating at a 65 nm technology node
[205]. Compared with conventional row-by-row sequential
RRAM, it presented an approximately 30-fold improvement
in energy efficiency. In addition, a 10-fold decrease in area
and a 5.7-fold increase in energy efficiency occurred based
on the comparison to the XNOR-SRAM CIM architecture.
To realize a practical CIM accelerator for training and infer-
ence in DNNs, a mixed-precision RRAM-based CIM archi-
tecture was proposed in 2020 [197]. This architecture utilized
binary RRAM in a 1T1R pseudo crossbar structure, allowing
for the separation of multibit weights based on their signific-
ance. Evaluation of an 8-bit VGG-8 network on the CIFAR-10
dataset demonstrated 1.35 x energy savings compared to con-
ventional RRAM-based CIM architecture, with the chip size
reduced to only 31.9% of the baseline at the 32 nm technology
node. However, several challenges still need to be addressed in
RRAM-based CIM architecture. Firstly, area and energy effi-
ciency constraints are influenced by ADC used for digitizing
MAC computation values, as it contributes to power dissipa-
tion, latency, and area [206]. To overcome this, an ADC-free
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RRAM-based CIM macro architecture was proposed by Jiang
et al, incorporating two RRAM CIM arrays to independently
handle computation and device programming [197]. Instead of
an ADC module, they employed the encoded pulse-width cur-
rent method, resulting in a simulation of a 128 kb CIM macro
at the 40 nm technology node. The simulation showed a 0.5 x
reduction in area, along with improvements of 11.6x in energy
savings and 4.3 x in computational efficiency compared to the
conventional CIM structure (figure 19(d)). In addition, Lv et al
introduced a monolithic 3D (M3D) integration design in 2021
to address scaling restrictions [1] (figures 19(e)—(h)). By using
different technology nodes on the top and bottom tiers and pla-
cing logic peripheries on the bottom at 7 nm for more ADCs,
they achieved a reduction in area and an energy efficiency
improvement of over 80TOPS/W, offering a promising solu-
tion for area and energy efficiency challenges. Secondly, reli-
ability concerns extend from the single-cell level to the cross-
bar level, requiring realistic evaluations. Wang et al conducted
the first megabit-level long-term crossbar-level retention eval-
uation in 2021 [207]. The results demonstrated higher accur-
acy compared to previous short-term device-level test results,
indicating the potential for utilizing CIM in diverse applica-
tions. The accuracy loss over time was found to be primar-
ily influenced by the error rate of the weighted-sum currents
[208]. The voltage-based referencing-in-array scheme intro-
duced in 2022 with a 2T2R complementary structure and
NOR operations as substitutes for NAND operations could
successfully perform accurate and reliable operations with
up to 56 operands and has made huge strides in reliability
issues. Thirdly, non-idealities of RRAM and parasitic effects
hinder the high accuracy and reliability of Boolean binary
logic required for RRAM-based CIM in Al fields. To address
this, Li et al presented a secure-RRAM-based CIM macro in
2021 [209], which adopted an additional XOR cipher into
the macro to implement lightweight encryption. Customers
could only access the encrypted weights and compute them
with keys to obtain results that were logically equivalent to
standard decryption results. This approach ensured the macro
maintained its performance in terms of throughput, accuracy,
and energy efficiency while simultaneously addressing secur-
ity issues.

5.4. RRAM-based neuromorphic computing

The human brain exhibits remarkable capabilities in terms of
parallelism and energy efficiency. It outperforms many con-
temporary microprocessors in various tasks, including pattern
recognition and input classification. As a result of the brain’s
exceptional attributes, extensive research is being conducted to
achieve functional emulation of its processes. Neuromorphic
computing is a computational model inspired by the biolo-
gical nervous system, which performs computation by simu-
lating and utilizing the interconnection and information trans-
fer mode between biological neurons. In neuromorphic com-
puting, computing units (like neurons) and the connections
between them (like synapses) are represented as electronic
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and dot product computing units, but they are also subject
to non-ideal characteristics such as read and write variability
and read noise. Due to the high costs associated with phys-
ical verification, it is reasonable to design a simulator archi-
tecture to simulate neuromorphic computing chips. Such sim-
ulations involve an integrated model of a synaptic core and
network-on-chip, which includes an array of RRAM cross-
bar switches for storing synaptic weights. This model enables
analysis of the effects of non-ideal characteristics such as
stuck-at-faults, write variability, and random telegraph noise
in RRAM devices on neural networks [226]. Additionally,
a novel RRAM-based SNN training method called ‘greedy
training’ has been developed. This method allows SNNs to
adapt to the inevitable conductance changes in RRAM devices
by diluting peak events in the time dimension and con-
trolling input coding phase switching as needed. Unsupervised
SNNs trained using this method can better cooperate with
real RRAM devices exhibiting non-ideal behaviors, opening
up possibilities for online training of neuromorphic systems
based on RRAM arrays [217].

Embedded RRAM devices are usually used to simulate
neurons and synapses to build SNN architecture, and the
related research directions have made great progress in recent
years. Pickett et al proposed a neural-like component construc-
ted by nanoscale Mott memristor. It demonstrates important
neural functions of all-or-nothing spiking with signal gain and
diverse periodic spiking (figure 22(a)) [227]. In this design,
Mott-RRAM acts as an ion channel in biological neurons,
which can be used to implement the Hodgkin-Huxley model
of generating action potentials in biological axons, and these
neuromorphic devices are material compatible with exist-
ing integrated circuit CMOS processes, giving directions in
the realization of transistorless circuits and computational
schemes. In 2017, Zhang et al demonstrated a highly com-
pact and energy-efficient neuronal model on a single RRAM,
thereby demonstrating the ability to uniformly simulate mul-
tiple neural features, including leaky integration, automatic
threshold driven ignition, and self-recovery, without the need
for auxiliary circuits for sensing and resetting. It is noteworthy
here that, due to near-zero current integration, automatic igni-
tion, and self-recovery, neurons simulated by this RRAM are
expected to consume 1 pW over a full neuronal firing cycle,
which is comparable to the power consumption of biological
neurons (=2 pW) [228]. In 2020, an artificial neuron based on
NbO,-based RRAM is presented to integrate artificial synaptic
devices and artificial neurons in the same array and build a
hardware-built full memristor neural network (figure 22(b)). It
not only realizes all-or-nothing, threshold-driven spiking and
spatiotemporal integration but also can realize dynamic logic
including XOR function. To further improve the computing
power of neurons, this neuronal architecture is linearly separ-
able and is a multiplicative gain modulation between the dif-
ferent dendrite inputs, thus transcending the neuronal function
described by a simple point-neuron model [229]. To further
improve the performance of SNN, a dual exponential adapt-
ive threshold (DEXAT) neuron model is proposed to achieve
faster convergence (figure 22(c)), higher accuracy, and flex-
ible long- and short-term memory. Related work demonstrates
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the ability of non-fibrous OXRAM devices to achieve double
exponents using data extracted from multiple OxRAM mater-
ial stacks at the same time, this work closely integrates the cir-
cuit with the device properties, and we also show experimental
demonstrations of DEXAT neurons. The neuron takes advant-
age of the unique and tightly coupled circuit-device charac-
teristics of non-fibrous OXRAM devices to provide power-
ful capabilities in the classification of Sequential Modified
National Institute of Standards and Technology handwritten
digits and voice commands [230]. At the same time, embed-
ded RRAM also has excellent potential in simulating neural
synapses. To improve the learning ability of neural networks
and adapt to various input environments, neuromorphic sys-
tems need to have certain plasticity synapses in order to
acquire basic ‘cognitive’ abilities such as learning. A prom-
ising and scalable approach to implementing neuromorphic
synapses at the hardware level is to use nanoscale memris-
tors as synaptic elements. Mostafa et al proposed a hybrid
CMOS-memristor system (figure 22(d)) that connects TiO;-
RRAM interconnected neurons with a spiro-based learning
circuit that regulates the conductance of memristor synaptic
elements according to the spiro-based perceptron plasticity
rules [231]. This architecture builds a combined framework of
CMOS-memristors, enabling finer plasticity rules beyond the
standard short- and long-term plasticity (STDP) for the first
time. Notably, rate-limiting fluctuations, contrary to the con-
ventional use of solid-state memory, are key features of cap-
turing short-term synaptic dynamics, and it has been demon-
strated that a single solid-state TiO, memristor (structure is
shown in figure 22(e)) can exhibit the non-associative plasti-
city observed in biological synapses, supported by its meta-
stable memory state transition properties. This also demon-
strates the potential of RRAM for building biophysically real-
istic neural processing systems [232]. At the same time, there
is also work using diffusion based memristors to simulate vari-
ous synaptic functions of STDP. In addition to providing a syn-
aptic simulator, the diffused memristor in this work can also
serve as a selector with large transient nonlinearity, which is
critical for the operation of large cross arrays as neural net-
works and represents an advance in the hardware realization of
neuromorphic functions [233]. In 2018, Zhang et al fabricated
artificial synapses using RRAM devices based on Ag/MgO/Pt
structure (figure 22(f)). This work realized artificial synapses
with rich plasticity in a single nanodevice, controlling input
voltage pulse intensity, such as pulse amplitude, spacing, and
number of pulses. Several key features of paired pulse pro-
motion, enhancement, post-tetanus enhancement, early LTP,
and late LTP are simulated, which provides a pathway for
the development of large-scale ANNSs for brain-inspired com-
puting systems [234]. There has been work summarizing the
key indicators of RRAM-based neural network performance,
namely compute density, energy efficiency, computational
accuracy, and on-chip learning, while SNN hardware imple-
mentations are designed to pursue ultra-low power consump-
tion and operate at lower frequencies to simulate real bio-
logical behavior. For RRAM-based SNN computing archi-
tecture, the number of simulated states determines the preci-
sion of weight adjustment. It has been reported that training a
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exceed the reading currently, resulting in mis-read and write
problems. In order to prepare the 1-diode 1-RRAM (1D1R)
array structure, it is necessary to produce high quality diodes
at low temperatures. However, due to material limitations, this
requirement often results in a limitation of the forward cur-
rent density of the diode [239]. In addition, neural network
training often requires many iterations, each iteration includes
inference, back propagation, and weight update [240]. Many
weight updates and read and write operations mean high stabil-
ity and energy of the device. Therefore, potential applications
such as neural network computing based on embedded RRAM
architecture require high throughput and high precision. The
operation of RRAM cells is subject to random changes in
resistance, which can lead to differences and uncertainties
between storage cells. This uncertainty can introduce noise
and negatively affect the accuracy and reliability of the neural
network. Therefore, the nonlinear characteristics of RRAM
may lead to calculation errors during weight adjustment and
neuron activation. Solving these problems is very important in
expanding the application range of embedded RRAM, which
will improve the application of embedded RRAM in neural
network architecture memory computing.

6. Conclusion and perspectives

Embedded memory offers numerous advantages, such as
enhanced performance, reduced power consumption, super-
ior granularity and organization, greater potential bandwidth
compared to external devices, general form factor compat-
ibility, space-saving on the board, and decreased packaging
and overall costs. Despite these advantages, the development
of embedded memory introduces several challenges. These
include increased complexity in development, the requirement
for innovative methodologies for area and yield optimization,
and the financial implications of additional layers of masks and
tests. Additionally, potential compromises in terms of reduced
flexibility, extendibility, and yield limitations must be taken
into account.

In light of the recent surge in research focused on emerging
memory technologies, RRAM stands out as a highly prom-
ising contender for advancing the development of embedded
memory. The viability of RRAM as an embedded memory
technology is underscored by its advantageous characteristics,
including its structural simplicity, compatibility with estab-
lished CMOS technologies, fast switching speed, and ability to
scale down to the smallest dimensions. These collective attrib-
utes distinguish RRAM as a promising and feasible option
for integration into embedded memory systems. Despite these
considerable advantages, several challenges remain that must
be addressed to ensure the successful integration of embedded
RRAM:

(1) Thereliability and endurance of RRAM are critical aspects
that must be thoroughly studied.

(2) A mechanism needs to be developed to detect operational
failures, and designing circuits, such as test element group
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designs for robust signal sensing, is a key challenge for
RRAM devices.

(3) The technology of self-rectifying RRAM is currently in
its nascent stage, and the challenge of leakage current is
mainly mitigated through 1DIR structure or other RRAM
structures equipped with selectors. To advance towards
the fabrication of high-density RRAM chips, it is crucial
to conduct further research on self-rectifying RRAM or
explore other structures that can facilitate the preparation
of crossbar arrays.

(4) Thermal effects need to be considered to achieve a high-
density 1D1R RRAM array, both inside and outside the
storage elements.

(5) To improve durability characteristics, it is necessary to
control the oxygen movement between the electrode and
the interfacial oxide layer, such as by inserting a second
layer of metal at the easily oxidized interface to store oxy-
gen.

(6) Proper understanding of the device switching mechan-
ism is a critical challenge hindering the development of
RRAM, and more rigorous analyses are needed in the
future to better understand the switching mechanisms of
RRAM devices.

In recent years, significant progress has been made in
addressing the challenges associated with RRAM technology.
Notably, certain RRAM devices have exhibited exceptional
durability over 10'> operational cycles. Moreover, specific
device structures have demonstrated remarkable stability over
a decade at elevated temperatures of up to 150 °C, while
others have exhibited commendable data retention capabil-
ities even in varying environmental conditions like humid-
ity. Nevertheless, the achievement of high integration dens-
ity continues to pose a significant challenge for RRAM tech-
nology. One of the primary concerns hindering high integ-
ration density in RRAM technology arises from the utiliza-
tion of passive crossbar arrays, which can result in undesired
sneak path currents. To address this issue, researchers have dir-
ected their efforts toward developing self-rectifying RRAM
devices and those with characteristics of both low-voltage
and high-voltage nonlinear resistance. These innovations have
proven effective in mitigating the problem of sneak path cur-
rents. However, it is important to note that no existing device
currently possesses all the desired characteristics simultan-
eously. Further research is imperative to explore material
systems and device structures that offer high stability while
remaining compatible with CMOS technology. The investiga-
tion of the band structure in self-rectifying devices during the
formation of conductive filaments requires additional scrutiny.
Furthermore, the development of a specific scheme for realiz-
ing nonlinear devices is essential to further advance the real-
ization of self-rectifying RRAM devices that are compatible
with the CMOS process material system. By providing fun-
damental devices for RRAM device arrays, researchers can
effectively address the challenge of achieving high integration
density.

In summary, continuous research and development in these
areas are necessary to establish RRAM memory as a viable
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option for embedded systems. Overcoming the challenges
related to long-term stability and high integration density is
crucial for positioning RRAM technology as an attractive
choice for the next generation of embedded memory.
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