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Abstract

Modern non-volatile memory technology relies heavily on quantum tunneling, which allows
electrons to pass through insulating barriers that are otherwise impenetrable. This paper
investigates the use of tunneling methods in flash memory designs to provide high-density and
scalable storage. Reviewing tunneling physics in floating-gate and charge-trap memory, assessing
barrier-engineering techniques, and investigating scalability options are the goals. Fourteen chosen
publications published between 2010 to 2025 were the subject of a systematic literature review
(SLR) with an emphasis on high-k dielectric materials, nanoscale device design, and tunneling-
barrier engineering. The findings demonstrate that leakage can be decreased while programming
efficiency is maintained by improving barrier thickness and dielectric characteristics. Furthermore,
the advancement of 3D NAND technology depends heavily on sophisticated materials and device
structures. This study indicates that quantum tunneling is still the key mechanism enabling next-
generation scalable non-volatile memory, notwithstanding the reliability issues it introduces.
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INTRODUCTION

Because it is non-volatile, energy-
efficient, and easily integrated into modern
electronic devices, flash memory has become a
highly important digital storage technology.
However, conventional charge-conduction
models can no longer adequately explain the
physical phenomena that arise when memory
cell dimensions are scaled down to the
nanometer regime. At this scale, quantum
tunneling—where electrons penetrate an energy
barrier that cannot be crossed according to
classical physics—emerges as the dominant
mechanism governing data programming and
erasing processes. Therefore, a deeper
understanding of the underlying physical
mechanisms is essential for improving flash
memory performance [1,2].

Recent studies indicate that tunneling
mechanisms such as direct tunneling and
Fowler—Nordheim (FN) tunneling play a
critical role in regulating electron flow through
ultrathin insulating layers. These mechanisms
determine the charge injection efficiency in
both floating-gate and charge-trap flash (CTF)
structures.  Material  properties—including
tunneling oxide thickness, dielectric constant,
and energy-barrier height—strongly influence
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device stability and performance.
Consequently, material engineering becomes

essential for maintaining  memory-cell
reliability [3,4].
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Fig. 1. Comparison of performance indexes of
emerging mainstream memory
technologies [5].

The use of high-k dielectric materials,
such as HfO2, Al20s, and Taz20s, has enabled
improved charge conduction and reduced
leakage currents in modern memory
technologies. The development of 3D NAND
architectures has also increased storage density
without compromising energy efficiency.
However, continued device miniaturization still
encounters several challenges, particularly
those related to tunneling-induced degradation
and long-term device endurance. These issues
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highlight the ongoing need for advances in both
materials and structural design [6,7].

However, previous studies tend to focus
either on material engineering or device
performance optimization, particularly in high-
k dielectric development and 3D NAND
architectures[4,7-9]. While these studies
provide significant insights into device
fabrication and electrical characteristics, they
often lack integration with the underlying
quantum physical mechanisms governing
tunneling behavior. As a result, the relationship
between  tunneling  physics, material
optimization, and device scalability remains
insufficiently explored in a unified framework
[4,9]. This limitation hinders a comprehensive
understanding of how quantum tunneling can be
effectively controlled to improve both
performance and reliability in advanced flash
memory technologies.

This study uses a Systematic Literature
Review (SLR) approach to examine research
advancements on quantum tunneling in flash
memory between 2010 and 2025 in order to
close this gap. The specific objectives of this
research are to: (1) investigate the basic
mechanics of quantum tunneling in flash
memory; (2) assess advances in barrier
engineering and materials; and (3) pinpoint
tactics that facilitate scalable and dependable
non-volatile memory design. By using this
method, the research aims to offer a
comprehensive viewpoint that connects the
concepts of quantum physics with technological

developments in next-generation memory
systems.
RESEARCH METHOD

The PRISMA 2020 standards are

followed in this study’s Systematic Literature
Review (SLR) methodology [8]. Using terms
like “quantum tunneling,” “flash memory,” and
“Fowler—Nordheim tunneling” in conjunction
with Boolean operators, a literature search was
carried out using the Scopus, ScienceDirect,
and Google Scholar databases.

Peer-reviewed journal articles, English-
language publications, and studies on tunneling
mechanisms and flash memory technologies
published between 2010 and 2025 met the
inclusion requirements. Conference abstracts,
non-English publications, and studies that were
not directly related to the research issue were
among the exclusion criteria.

59

Qll_lrl}al

Fisika Sains dan Aplikasinya

Fourteen articles were chosen after the
identification, screening, eligibility, and
inclusion phases of the selection process. Based
on the findings’ validity, relevance, and
methodological clarity, a quality assessment
was carried out.
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Fig. 2. PRISMA Flowchart [8].

RESULT AND DISCUSSION
Overview of the Selected Studies

The initial search conducted through
Google Scholar and ScienceDirect yielded a
total of fifty articles. After removing duplicates,
screening titles and abstracts, and performing
full-text reviews, fourteen articles met the
inclusion criteria and were incorporated into
this SLR analysis. Alongside the rapid
development of 3D NAND and Charge-Trap
Flash (CTF) technologies, the number of
publications has increased consistently
throughout the 2010-2025 period. This trend
indicates that quantum tunneling mechanisms
are becoming increasingly important for
improving the scalability and efficiency of flash
memory [3.,4].

Figure 3 illustrates the overall
publication trend on quantum tunneling in flash
memory from 2010 to 2025, based on a broader
search across the selected databases. It is
important to note that this trend represents
general research activity in the field and is not
limited to the 14 articles included in the final
SLR analysis. A total of fourteen articles were
selected for in-depth analysis, while a broader
dataset was used to observe general publication
trends in the field.

Three main themes emerged from the
research analysis. The first theme involves
tunneling modeling and mechanisms that
describe electron transport through thin oxide
layers. The second theme focuses on energy-
barrier engineering and material innovations,
particularly the use of high-k dielectrics and
multilayer  structures. The third theme
encompasses issues of resolution and scalability
in next-generation flash devices. Together,
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these themes provide a comprehensive
overview of advancements in quantum-
tunneling-based flash memory technologies
[5,6].
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Fig. 3. Annual publication trend on quantum
tunneling in flash memory (2010—
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Quantum Tunneling Mechanisms in Flash
Memory

In flash memory, Fowler—Nordheim
(FN) tunneling and direct tunneling are the
primary  mechanisms  governing  data
programming and erasing [1]. The effectiveness
of these mechanisms is strongly influenced by
oxide thickness, electric field intensity, and the
dielectric constant of the insulating material.
Oxide layers thinner than 8 nm often lead to
increased charge leakage, as noted by [2].
Conversely, excessively high electric fields can
accelerate degradation of the barrier layer [1].
These results indicate that material parameters
must be carefully controlled.

2025)
Table 1. Summary of quantum tunneling parameters in flash memory devices
Type of Barrier Dominant Electric Field Key Findings
Tunneling Thickness (nm) Materials (MV/cm)
Fowler— -9 SiO2/ HfO2 812 High injection
Nordheim efficiency with low
leakage
Direct Tunneling <5 Al203 /SiION 5-8 Leakage increases at
thicknesses below 6
nm
Trap- Assisted 5-10 SisN4 /ONO 6-10 Improved endurance in
stack ChargeTrap Flash
Hybrid (FN +TA) 7-8 HfO:2 + gj,N, 9-11 best balance between

retention and speed

Table 1 highlights the key characteristics
of various tunneling mechanisms found in flash
memory devices. Fowler—Nordheim tunneling
exhibits high injection efficiency at oxide
thicknesses of 7-9 nm. In contrast, when the
oxide layer is thinner than 5 nm, direct
tunneling becomes dominant. Trap-Assisted
Tunneling (TAT) provides better endurance in
Charge-Trap Flash structures due to its
localized trapping behavior. Meanwhile, hybrid
mechanisms that combine FN and TAT offer
the best balance between injection speed,
charge retention, and long-term reliability.
Direct tunneling becomes increasingly
significant as the barrier thickness drops below
5 nm.

Conversely, Fowler—Nordheim tunneling
tends to dominate in oxide layers thicker than
6 nm under high electric fields. In this
condition, the probability of electron
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transmission increases exponentially, leading
to current leakage that may degrade data
retention. As decreasing oxide thickness can no
longer maintain the balance between
programming speed and degradation, the shift
from FN-dominated tunneling to direct
tunneling marks a physical limit in planar
memory scaling. Due to these challenges, the
industry has transitioned toward 3D NAND and
Charge-Trap Flash architectures. These
architectures offer more stable tunneling
pathways as a result of more complex cell
geometries and advanced material engineering.

Barrier Engineering and Material
Innovations

Barrier engineering is a key method for
improving the performance of tunneling-based
devices [6]. It has been demonstrated that
replacing SiO. with high-k materials such as
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HfO2, Al:Os, and Ta:Os can reduce leakage
currents without compromising charge-
injection rates. These innovations not only
enhance data density but also help maintain
oxide integrity. Such materials have become
increasingly important in the fabrication of
nanometer-scale devices [4,7]. According to
findings by [10], the incorporation of Al.Os and
TiO: interlayers enables the enhancement of
negative-capacitance (NC) effects while
reducing parasitic charge injection in modern
flash memory.

In the development of 3D NAND, material
engineering and precise control of the etching
process are essential for producing clean
vertical channels and reliable source contacts.
Based on research [11], Physical modeling
based on level-set methods and Monte Carlo ray
tracing is used to simulate channel-hole etching
in Si02/SisN4 stacks, including silicon substrate
damage caused by ion-enhanced etching. Such
damage can trigger the formation of voids
during the subsequent selective epitaxial
growth (SEG) of silicon. Through post-etch
treatment using loe-energy ions, the damage can
be removed, allowing the following SEG
process to produce fully formed, defect-free
contacts. This model provides essential
insights into etching behavior and forms the
basis for process optimization in 3D NAND
fabrication [12,13].

Layered structures such as nanolaminates
and engineered onxynitrides also play a critical
role. These structures can suppress oxide
degradation while enhancing electric-field

endurance. This approach is particulary
important for multi-bit and 3D NAND
architectures, as the stability of field
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distribution across each vertical layer directly
affects device performance. Multilayer designs
and high-quality materials represent a key
pathway toward next-generation flash memory
technologies [1].
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Fig. 4. Schematic representation of electron
tunneling pathways in floating-gate and
charge-trap flash devices

Reliability and Endurance Analysis

In precision tunneling-based memory
technologies, reliability remains one of the
primary concerns. Repeated tunneling cycles
can lead to oxide degradation, charge trapping,
and threshold-voltage shifts [2]. Kim and
Hwang identified three major factors
contributing to device degradation: charge
accumulation in the tunneling oxide, increased
Stress-Induced Leakage Current (SILC) due to
repeated electrical stress, and a reduction in
barrier height caused by prolonged high electric
fields. If not properly controlled, these
mechanisms can significantly reduce device
lifetime [4,7].

Table 2. Summary of research findings on the reliability and endurance of tunneling-based flash

memory
Parameter Floating-Gate Charge-Trap flash Observation
Flash

Resilience Cycle 104 —-10° 105 —108 CTF exhibits better endurance due
to its localized trapping mechanism

Data Retention 85-95% 90 -98 % Improved with the use of high-k

(10 years) layers

SILC 0.5-15pA/m?> 0.2 -1.0 pA/em? Decreasing with nitrogen doping

Stream

Failure Mode Oxide damage Leakage due to It can be controlled by optimizing

charge traps

the manufactur ing process
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Because charge traps are localized and do
not spread, charge-trap flash exhibits higher
cycling endurance than floating-gate flash, as
shown in Table 2. The use of high-k layers
within the oxide structure also improves data
retention. The reduction of SILC through
nitrogen doping demonstrates that optimized
fabrication processes can extend device
lifetime. Overall, material selection and precise
layer-structure engineering play a critical role in
determining device reliability.

Trends and Thematic Findings

The SLR results identified four main trends
in recent research. First and foremost,
integrating the tunneling model into 3D NAND
simulations allows for more accurate charge
transport. On the other hand, hybrid dielectric
structures that combine high-k and SiO2 offer a
good balance between retention and operating
speed. Third, more accurate predictions of
oxide degradation patterns and leakage current
began with the use of machine learning. Fourth,
a low-voltage tunneling mechanism has been
developed to improve the energy efficiency of
the device [1,2].

To improve the quality of vertical channels
in 3D NAND, material engineering and etching
process optimization become extremely
important. Based on research [14], physical
etching modeling on SiO»/SisNa stacks can
predict ion damage to the silicon substrate,
which subsequently leads to void formation
during selective epitaxial growth (SEG).
Through post-etch treatment using low-energy
ions, the damaged layer can be removed,
resulting in cleaner and void-free source
contacts from SEG. These findings indicate that
surface damage control and etching process
engineering are key to improving the reliability
of 3D NAND cells [15,16].

Demonstrating  a significant
methodological shift, the research focus has
moved from pure experimentation to a data-
driven approach. A more comprehensive
understanding of tunneling behavior is obtained
through a combination of positional physics
models, materials engineering, and artificial
intelligence. This method, which combines
various disciplines, continues to evolve and has
a significant impact on the future of storage
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technology, particularly in terms of scalability
and device thickness [17]. One important
development is the utilization of hybrid
structures that combine magnetic tunneling and
electric field-based control to produce low-
power non-volatile switching. Findings like
these indicate that the phenomenon of quantum
tunneling is not only relevant to flash memory,
but is also a major trend in the development of
next-generation memory.
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Fig. 5. Hybrid structure of Magnetic Tunnel
Junction (MTJ) on ferroelectric PMN-
PT substrate [18,19].

Figure 5 shows the hybrid structure of a
Magnetic Tunnel Junction (MTJ) paired with a
ferroelectric PMN-PT substrate, where an
electric field is applied to indirectly control the
magnetization state. This mechanism allows for
non-volatile changes in resistance state through
magneto-elastic effects without requiring large
currents, making it more energy-efficient than
conventional switching methods. This approach
underscores the potential of tunneling-based
technology as the foundation for more scalable
and efficient non-volatile memory [18,20].

In the development of charge-trap-based
non-volatile memory, improving material
quality and optimizing the deposition process
are crucial factors for achieving high efficiency,
stability, and cycle endurance. The latest trends
indicate that modifying the Atomic Layer
Deposition (ALD) process can significantly
impact the performance of charge trapping
layers and semiconductor channels, particularly
in nanometer-scale memory structures. This
finding is highly relevant for the development
of new generation storage technologies that
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utilize tunneling mechanisms and quantum
phenomena [9].
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