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HIGHLIGHTS

e This review introduces promising semiconductor materials for future transistors, including two-dimensional van der Waals materials, Mott

insulators, halide perovskites, and amorphous oxides, with advantages such as clean interfaces, ultra-thin channels, and defect tolerance.

e These materials, when combined with advanced gate dielectrics and next-generation interconnects, offer synergistic solutions to scal-

ing challenges such as carrier scattering, oxide thickness limitations, and interface degradation.
e The review also discusses reliability concerns including thermal instability and leakage current, and explores future applications in

artificial intelligence hardware, in-memory computing, and three-dimensional integration.
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alternative semiconductors tailored for next-generation

transistors. In this review, we highlight key advances
that enhance both scalability and switching perfor-
mance by leveraging emerging semiconductor materials. MottInsuiators 10 Meterials
Among the most promising candidates are 2D van der Waals semiconductors, Mott insulators, and amorphous oxide semiconductors, which offer
not only unique electrical properties but also low-power operation and high carrier mobility. Additionally, we explore the synergistic interactions
between these novel semiconductors and advanced gate dielectrics, including high-K materials, ferroelectrics, and atomically thin hexagonal
boron nitride layers. Beyond introducing these novel material configurations, we address critical challenges such as leakage current and long-term
device reliability, which become increasingly crucial as transistors scale down to atomic dimensions. Through concrete examples showcasing the
potential of these materials in transistors, we provide key insights into overcoming fundamental obstacles—such as device reliability, scaling down

limitations, and extended applications in artificial intelligence—ultimately paving the way for the development of future transistor technologies.
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1 Introduction

The continuous evolution of transistor technology has driven
significant advancements in the semiconductor industry, rev-
olutionizing the field of ranging from the complementary
metal-oxide—semiconductor (CMOS) devices to very-large-
scale-integration (VLSI) applications [1]. Despite the rapid
innovation enabled by advanced transistor technology, the
extreme scaling of transistors below the 10 nm gate length
and the contacted poly pitch (CPP), which includes both
channel length and contact length, has necessitated unprec-
edented efforts, including achieving ultra-low leakage cur-
rent [2], sub-1 nm equivalent oxide thickness (EOT) of gate
dielectrics [3], and sub-3 nm semiconductor body thickness
[4, 5]. Throughout CMOS technology history, research
has focused on reducing the body thickness of layers in
a transistor [6] alongside shallow dopant implantation in
the source—drain regions to prevent active dopant diffusion
toward the short channel [7]. However, these approaches
have not fundamentally resolved the critical issue posed by
short-channel effects (SCEs) in transistors structured with
sub-10 nm gate length, resulting in additional challenges,
including high contact resistance between semiconductor
and source—drain electrodes [8].

To effectively mitigate SCEs in modern transistor technol-
ogy, several structural advancements have been introduced,
including fin field-effect transistors (FinFETs) [9], high-die-
lectric-constant (K) metal gate (HKMG) [10], and silicon-
on-insulator (SOI) technology [11]. These innovations have
enabled scaling of switching power, reducing operating volt-
age (V) to approximately 0.8 V and achieving subthreshold
swing (S.S.) values approaching the thermionic limit (60 mV
dec ™M) [12]. Despite these advancements, significant chal-
lenges in transistor scalability have led to the adoption of
high-end integration strategies such as 3D monolithic inte-
gration [13] or heterogeneous integration [14]. While these
integration strategies enhance performance efficiency within
a constrained device footprint, they need huge efforts due
to the complex circuit designs and processing cost. Rather,
these strategies do not fully resolve the intrinsic issue in chan-
nel carrier scattering at the semiconductor/gate dielectric
interface.

As transistor technology continues to progress, it is cru-
cial to develop fundamental strategies that synergize with
high-end integration technologies and structural tuning.

© The authors

One such strategy is to focus on a microscopic channel
perspective to promote scattering-free carrier transport.
By prioritizing this approach, we can propose a funda-
mentally innovative but simple solution to drive further
advancements in the semiconductor industry. To enhance
the channel carrier motion in semiconductors, we need to
study alternative semiconductors that can be replaceable
for silicon. Figure la shows several new classes of semi-
conductors along with representative high-K dielectrics
and ferroelectric materials.

In this review, we suggest several alternative semicon-
ductors that can be promising candidates for future scal-
able transistors. New classes of semiconductors including
two-dimensional (2D) van der Waals (vdW) semiconduc-
tors, Mott insulators, halide perovskites, and amorphous
oxide semiconductors will be introduced with recently
reported publications (Fig. 1b). All these materials have
shown their unique characteristics including atomically
clean surface, ultra-thin body thickness, femto-scale fast
switching by gating-induced electron correlation, high
carrier mobility, and intrinsic defect tolerance. These
properties have been huge advantages for low-powered
and highly scalable transistors. Along with the introduced
semiconductors, we will address the synergies of new
semiconductors/gate insulators including 2D hexagonal
boron nitrides, high-K dielectrics, and ferroelectric layers
(Fig. 1c). By effectively alleviating the EOT degradation
issue originating from the increased interfacial defect den-
sity (V,,), unfavored nucleation behaviors during the metal
oxide growth, degraded ferroelectricity, we can confirm
the collaborative usage of dielectrics with new classes of
semiconductors. Besides, we will address new metals that
can replace interconnects in the back-end-of-line (BEOL).
By mitigating the electron scattering on the extremely
scaled BEOL region thanks to their unconventional con-
duction mechanism, several topological semimetals will
be introduced (Fig. 1d).

Beyond examining performance innovations in individual
transistors, additional concerns are addressed with solutions
in Perspectives part. In this part, we care about the device
stability issues including thermal instability, leakage current,
and long-term degradation—critical concerns in aggres-
sively scaled devices. Additionally, we suggest outlooks
for practical application of new materials in modern tran-
sistor technologies, in which 3D integration, low-powered
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Fig. 1 Material properties employed in transistors and their corresponding applications. a The materials are allocated to specific components of
the transistor, namely b semiconductors, ¢ dielectrics, and d conductors. Transistors constructed on the basis of these material properties exhibit
superior performance and multi-functionality. Reproduced with permission [15], Copyright 2024, Wiley—VCH GmbH. Reproduced with permis-
sion [16]. CC BY 4.0. Reproduced with permission [17]. CC BY 4.0. Reproduced with permission [18]. Copyright 2022, Wiley—~VCH GmbH.
Reproduced with permission [19]. Copyright 2022, Wiley—~VCH GmbH. Reproduced with permission [20]. Copyright 2023, Springer Nature.
Reproduced with permission [21]. Copyright 2022, The Author(s). Reproduced with permission [22]. Copyright 2024, The Author(s). Repro-
duced with permission [23]. Copyright 2021, Nature Publishing Group

devices, and further commercialization toward Al hardware 2 Evolution of Transistor Technology

have been necessitated. This review aims to provide material

insights relevant to modern transistor technologies, along- The advancement of transistor technology has been the
side deep understanding the key roles of future materials  foundation of the semiconductor industry, driving continu-
in a transistor configuration and proposing importance of  ous innovation and exponential growth over the past decades
combined tuning among materials, structures, and systems.  (Fig. 2). The first breakthrough occurred in 1947 with the
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development of the point-contact transistor was developed
at Bell Labs, followed by the invention of the bipolar junc-
tion transistor (BJT) in 1948, establishing the groundwork
for modern semiconductor technology [24]. In 1959, the
development of the metal-oxide—semiconductor field-effect
transistor (MOSFET) enabled significant scalability and inte-
gration. Subsequently, in 1963, the introduction of CMOS
technology paved the way for large-scale integration (LSI)
[25]. These innovations culminated in the release of the
world’s first commercial microprocessor, Intel 4004, in 1971,
marking a milestone in modern semiconductor technology
[26]. In 1965, Gordon Moore, co-founder of Intel, formu-
lated Moore’s law, predicting that the number of transistors
in an integrated circuit would double every 18-24 months.
This empirical observation was revised in 1975 to a doubling
every two years and became the guiding principle for the
semiconductor industry. Since 1993, major semiconductor
companies have collaboratively developed the International
Technology Roadmap for Semiconductors (ITRS), ensuring
the continued progress of Moore’s law and industry’s tech-
nological advancements [27]. However, as transistor dimen-
sions shrank below 100 nm, SCEs have become increasingly
problematic, posing fundamental limits to traditional pla-
nar MOSFET scaling. In the sub-10 nm regime, quantum
mechanical tunneling effects cause excessive leakage cur-
rents, leading to reduced on-state current (/ ), increased off-
state current (/g), and significant power consumption issues.
To address these limitations, the semiconductor industry
adopted HKMG technology and introduced FinFET archi-
tecture in 2011 [28]. FinFETs, with their three-dimensional
gate structure, enhanced electrostatic control over the chan-
nel, effectively suppressing leakage currents and improving
transistor performance. The gate-all-around (GAA) transistor
further advanced transistor design by providing even more
precise current control, while 3D NAND flash memory intro-
duced high-density storage capabilities. These 3D integrated
structures have minimized interconnect delays and improved
power efficiency, playing a crucial role in Al and high-per-
formance computing (HPC) applications [29].

While these advancements have successfully extended
the limits of transistor scaling, sustaining Moore’s law has
become increasingly challenging due to fundamental physi-
cal and economic constraints. Maintaining Moore’s law now
requires more than just conventional transistor scaling, as
two major obstacles in the form of technological limitations
and economic constraints threaten its sustainability. From

SHANGHAI JIAO TONG UNIVERSITY PRESS

a technological standpoint, extreme miniaturization below
10 nm leads to quantum tunneling effects, where electrons
penetrate the gate oxide, increasing leakage currents and
degrading device performance. Furthermore, contact resist-
ance at the source and drain terminals rises as the chan-
nel thickness approaches atomic scales, reducing 7, and
overall transistor efficiency. Additionally, heat dissipation
in advanced 3D stacked architecture has become a major
bottleneck, necessitating innovative thermal management
solutions. From an economic perspective, the cost-effective-
ness of transistor scaling has significantly declined. Since
the 65 nm node in 2006, the cost—benefit ratio of reduc-
ing transistor size has diminished. The transition to 22 nm
and beyond has required extreme ultraviolet lithography
(EUV), an advanced patterning technology that has sub-
stantially increased fabrication costs. The semiconductor
industry has consolidated around a few dominant players,
including Intel, TSMC, Samsung, and GlobalFoundries,
as the capital-intensive nature of developing cutting-edge
nodes has become a barrier to entry. To address these chal-
lenges, the semiconductor industry is shifting focus from
pure transistor density scaling to system-level performance
optimization through novel materials and 3D integration
techniques. Heterogeneous semiconductors have gained
attention as potential replacements for traditional silicon-
based transistors. 2D materials such as MoS,, WS,, Mott
insulators, HPs, and AOSs exhibit promising properties,
including high carrier mobility, atomically thin channels,
and defect tolerance, making them strong candidates for
next-generation transistors. In parallel, the introduction of
high-K dielectrics and ferroelectric gate insulators, such as
hBN, HfO,, and ferroelectric layers, has aimed to reduce the
EOT while mitigating interface defect density. Moreover,
the transition from planar to 3D monolithic integration is
revolutionizing semiconductor architecture. Through-sili-
con vias (TSV) and compute-in-memory (CIM) technolo-
gies are being explored to enhance energy efficiency and
reduce data transfer latency, which is particularly crucial
for Al-driven workloads and next-generation computing
paradigms. The semiconductor industry is continuously
exploring new materials, device architectures, and integra-
tion methods to overcome the physical limits of Moore’s law.
As the industry moves beyond conventional scaling-based
transistor improvements, the future of semiconductors will
be shaped by heterogeneous integration, 3D stacking, and
energy-efficient computing systems.

@ Springer
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3 Challenges in FET Scaling Technology
3.1 Importance of Low-Power Switching

For nearly two decades since the 1980s, the semiconductor
industry predominantly adopted a standard V4, of 5V for digi-
tal circuit designs. This was primarily due to the widespread
use of bipolar transistor-based digital integrated circuits (ICs)
[30]. Even after CMOS technology became the standard archi-
tecture for ICs, logic threshold levels remained unchanged
to ensure compatibility with existing bipolar logic circuits.
However, significant advancements in transistor geometry
since the 2000s, particularly as channel lengths shrank below
90 nm [31], enabled the reduction of V4 to sub-1 V levels.
This voltage scaling has led to substantial reductions in power
consumption during CMOS operation. Power consumption
(P, scales with the square of the supply voltage (V) as
followed Eq. 1, so reducing V,, by a factor of 5 lowers P, by
25 times—driving advances in transistor scaling.

P, =aC Vg f (1)

where a represents the activation coefficient during switch-
ing, C| is the load capacitance, and f is the clock frequency.
This dramatic improvement in power efficiency has driven
the acceleration of transistor scaling technology. While
device miniaturization efforts since the 2000s have focused
on reducing P, further improvements in switching effi-
ciency require continued voltage scaling. The 2024 IRDS
roadmap, for example, projects that V,,; will be reduced to
below 0.7 V by 2028 [32]. Achieving this target necessitates
the development of transistors with low S.S., approaching
the fundamental thermal limit of 60 mV dec™!, and a small
threshold voltage (Vth).

To better understand these critical parameters, we need to
examine the physical meaning of S.S. and Vth, along with
strategies for minimizing them—particularly in the context
of the most widely used transistor in the semiconductor
industry: MOSFET. The relationship governing S.S. dur-
ing transistor switching is given by: For the future target,
the most foundational transistor should ultimately have low

-1 Cdep
S.S.(mVdec™) =60 mV|( 1+ o 2)

(028

where Cg, and C,, represent the depletion layer capacitance
and gate dielectric capacitance, respectively. To achieve low
S.S., parasitic charges must be minimized and high-qual-
ity semiconductor/dielectric interfaces ensured to prevent

© The authors

charge scattering [33]. However, high switching speeds also
require aggressive channel scaling, especially narrowing the
source—drain gap, beyond just optimizing channel materials.

Another crucial parameter in MOSFET operation is the
Vth, which defines the transition from weak to strong inver-
sion in the channel. In an n type MOSFET (nMOSFET),
applying a positive gate voltage induces band bending at
the semiconductor/dielectric interface, leading to channel
inversion. The key factors influencing Vth are described by:

VA4QumgN, @y

Vth(V) = Vg + C— 3

[0)¢

where Vi is the flat-band voltage, Oy, is the charge density
in the semiconductor, N, is the doping concentration of the
silicon substrate, @y is the semiconductor bulk potential,
and C,, is the gate dielectric capacitance. When increasing
gate voltage, severe downward band bending is caused at
the semiconductor surface. Researchers have explored sev-
eral strategies to lower Vth, including increasing C,, with
high-K gate dielectrics, reducing N,, and tuning the flat-

a’

band voltage (V) through alternative gate metals. Among
these, the combined use of high-K dielectrics and lightly
doped substrates has emerged as a widely adopted solution.
A notable example is TSMC’s demonstration of a standard
nMOSFET with a Vth of 0.847 V [33] using a lightly doped
p-type silicon substrate, illustrating the effectiveness of this
approach in supporting low-voltage, energy-efficient transis-
tor operation.

3.2 Trend of Transistor Scaling

For low S.S. and Vth value, therefore, charge scattering—
which interferes with the velocity of charge carriers in chan-
nel—must be alleviated. However, it is difficult to control
the interfacial defects at gate oxide/semiconductor interface
and within semiconductor grain boundaries or imperfections
without altering the channel geometry. With the revolution
of 3D transistor structure starting from FinFET, GAA FET
[34, 35], to nanosheet FET [36, 37], the 3 nm gate node tech-
nology has been successfully tried and commercialized with
the 3D device structure [38]. Although this trend has accom-
plished a lot of technological advancement in semiconductor
field, several challenges remain the mechanical instability
from the etching process to form suspended channel [39],
channel strain caused by the vertical stress [40, 41], large
parasitic capacitance from the 3D structure [42, 43], and the
difficulty in achieving a minimum fin width constrained to

https://doi.org/10.1007/s40820-025-01898-8
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4 nm [44]. To move beyond the 3-nm gate-scaled FET, we
must conceive next-generation silicon materials that have
enough charge mobility at the sub-1 nm thickness. Along
with this necessity for new high-mobility semiconducting
materials, the high off-current and the resulting low on/off
current ratio originally stemmed from the SCE in a highly
scalable device should be resolved. For that, we need per-
tinent hole concentration along with the rich electron con-
centration, by balancing electron and hole concentration for
the low off-current.

Even though the power—performance—area (PPA),
where it has a trade-off relationship among them, could be
improved by the reduced gate node width, much more PPA
can be further enhanced using silicon alternatives such as
2D transition metal dichalcogenides (TMDs) or 1D carbon
nanotube (CNTs) (Fig. 3a). With these replacements, several
logic-level issues have been handled. For example, parasitic
capacitance can be alleviated by the application of 2D and
1D materials (Fig. 3b). Given that parasitic capacitance is
a key obstacle that impedes the speed and energy efficiency
of the aggressively scaled silicon transistors due to higher
contact area and reduced oxide body thickness, account-
ing for over 70% of the total capacitance [45], these low-
dimensional semiconductors are advantageous to addressing
the power issues. Especially in scaled transistors, trapping
sites at dense interfaces—one of the main causes of parasitic
capacitance—can be alleviated by the van der Waals gap at
2D material surfaces and by the ballistic transport along the
surface of CNTs. Therefore, low-dimensional materials are
promising candidates for minimizing parasitic capacitance.

According to the 2023 IRDS roadmap [32], 3D VLSI con-
figured with vertical CFET is targeted for implementation
by 2034. As this 3D stacking trend continues, the demand
for utilizing 2D materials as channel materials in specialty
transistor adds-on is expected to increase significantly. In
addition, to prevent performance degradation of the lower
FET during device processing, the processing temperature of
the upper FET must be limited to below 400 °C. By employ-
ing thermally robust 2D materials as the channel material
for the lower FET, the thermal budget for the upper FET
process can be effectively extended. Along with the mate-
rial suitability for vertical CFET, it is possible to approach
the fundamental limit of S.S., which is 60 mV dec~! under
room temperature, when applying 2D materials (Fig. 3c).
It is because the charge mobility is dramatically enhanced
compared to the typical silicon. Specifically, the mobility of

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

monolayer TMD 2D and CNT is approximately 10 and 100
times higher than that of silicon, respectively, when com-
pared at the same thickness scale of around 1 nm [48, 50]
(Fig. 3d).

Along with this enhanced mobility, the atomically flat and
defect-free surfaces of 2D van der Waals semiconductors—
free of dangling bonds—facilitate the formation of clean and
trap-free interfaces with compatible 2D dielectric materials
such as hBN or layered oxides [46, 47]. While such vdW
interfaces offer significant advantages in suppressing inter-
face scattering and enabling super low depletion capacitance
(Cyep)» it should also be noted that additional interface engi-
neering is essential when integrating conventional 3D high-
K dielectrics like Al,O3 or HfO, due to their intrinsic dan-
gling bonds [48]. Through the use of these highly conductive
yet defect-free materials with sub-nanometer thicknesses,
substantial progress has been made in realizing low-power
transistor switching and aggressive electrostatic scaling.

Although there are a lot of advantages in scaling when
using 2D and 1D materials in the semiconductor channel of
a transistor, it has still many obstacles to apply those in thin-
film transistors (TFTs) display application in terms of dif-
ficulties in large-scale uniform coating [49], and alignment
issue with metal electrodes [50]. Furthermore, considering
the values of intrinsic delay time compared between logic
and thin TFTs for display (Table 1), more prolonged intrinsic
delay time in TFT applications than that in logic applications
alludes that relatively strong gate capacitance and contact
resistance between semiconductor and metal should be more
carefully controlled in the case of low-dimensional semicon-
ductor devices.

3.3 Scaling Limitation and Strategies Based on New
Materials

Although Moore’s law has long served as a guiding princi-
ple for transistor scaling, a growing gap between Moore’s
predictions and actual trends in logic device scaling has
highlighted its limitations in recent decades (Fig. 4a). Since
2010, a critical criterion has emerged, distinguishing between
actual transistor sizes and virtual scaling predictions. This
shift spurred a paradigm change, addressing transistor scaling
through advancements in materials, device functions, fabrica-
tion processes, and system evolution. These four key domains
have recently led to distinct trajectories within the semicon-
ductor technology landscape (Fig. 4b). Developing diverse

@ Springer
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architecture, progressing from 3D integration to materials beyond silicon. b Conceptual schematic representation of advanced transistor scaling
techniques, illustrating the decreasing parasitic capacitance as the years passed. ¢ S.S. trends depending on the gate length in two representative
FET types: FInFET and 2D FET [51]. d Exploration of alternative materials for future transistors, such as CNT and 2D TMDs, highlighting their

theoretical and experimental performance [52-58]

Table 1 Summary of recent studies about intrinsic time delay of low-dimensional TFTs and logics

Device type CNT TFT WS, TFT WSe, TFT MoS, TFT CNT logic WS, logic WSe, logic MoS, logic
Intrinsic time delay 281 ps 30.7 ps 66 ps 0.276 ps 16 ps 0.118 ps 8.96 ns 6.8 ns
References [59] [60] [61] [63] [64] [65] [66]

solutions beyond nanopatterning technologies has become
increasingly important for the future of transistors, particu-
larly due to the limitation of EUV lithography. Despite nota-
ble progress, including successful production of 3 nm chips
using EUV lithography by Samsung, TSMC, and Intel, sev-
eral challenges have emerged in terms of the inefficiency of
multi-patterning processes [67, 68] and environmental impact
of EUV [69]. Consequently, relying solely on next-generation

© The authors

patterning technologies beyond EUV light sources is not the
most effective strategy for continuing device scaling. Instead,
researchers are exploring versatile approaches that leverage
advancements across the four domains.

In addition to research and development (R&D) revo-
lutions of nanopatterning technologies, new system algo-
rithms and computing functionalities are increasingly inte-
grated into transistor-based hardware. Examples include

https://doi.org/10.1007/s40820-025-01898-8
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3D heterogeneous integrated architecture [70, 71], logic-
in-memory circuits [72, 73], and memory plus logic on
logic device systems [74, 75]. These innovations have
enabled the proposal and validation of new computing
paradigms, demonstrating compatibility with other sys-
tems and enhancing overall performances. Additionally, a
new methodology for time-to-market process—technology
co-optimization (DTCO) [76]—has emerged by various
semiconductor industries. By introducing one of methods
to increase PPA, meaningful circulation between process-
ing and marketing has been enabled. While system-level
developments are promising, critical trends in FET tech-
nology between 2015 and 2035 have been highlighted by
the evolution of critical components such as metal con-
tacts, gate dielectrics, and semiconductor layers. This trend
underscores the increasingly complex demands of next-
generation devices, which extend beyond simple tuning
using only semiconducting material.

For the semiconductor layers, transistor devices have
been applied by SiGe or Ge [77, 78], indium—gallium-zinc
oxide (IGZO) [79, 80], Mott insulators [15, 18], 2D vdW
materials [81, 82], HPs [83, 84], and various amorphous
metal oxides [17, 85]. For the gate dielectric layers, key
materials include high-K dielectrics [86], ferroelectrics
[80], 2D dielectrics like hBN [87, 88], and lithium (Li)-ion
intercalated solid electrolytes [89, 90]. Meanwhile, molyb-
denum (Mo) [91], bismuth (Bi) [92, 93], and antimony (Sb)
[94-96] have been adopted as an adhesion layer beneath
Au or Pt source/drain electrodes to achieve ohmic contact
at metal/semiconductor junctions. Additionally, emerging
materials such as one-dimensional (1D) metals [97, 98],
2D metal [99-101], or Weyl semimetals (WSMs) [102,
103] are being investigated as an alternative gate material
to reduce resistivity.

Ultimately, it is critical to understand how to apply these
materials effectively to different transistor configurations. In
the following sections, we will comprehensively categorize
and discuss the suitability of each material for three key
components: semiconductors, gate dielectrics, and metal
contacts. We will also analyze their impact on transistor
performance and their specific functionalities.

© The authors

4 Next-Generation Semiconductors

4.1 2D vdW Semiconductors

The synthesis of 2D vdW semiconductors plays a pivotal
role in optimizing their structural, electronic, and interfa-
cial properties for high-performance transistor applications.
Various synthesis strategies, categorized into bottom-up and
top-down approaches, offer distinct advantages depending
on the specific requirements of material quality, scalability,
and device integration [113].

Bottom-up synthesis methods enable precise control
over the atomic structure and crystallinity of 2D materials,
making them particularly suitable for high-performance
electronic and optoelectronic applications. Chemical vapor
deposition (CVD) [113-115] and metal-organic chemical
vapor deposition (MOCVD) [116-118] are widely employed
techniques for the synthesis of high-quality monolayer and
few-layer 2D films. These methods rely on the precisely con-
trolled reaction of vapor-phase precursors under a defined
temperature and pressure regime, enabling layer-by-layer
growth with exceptional crystallinity and uniformity. The
resulting 2D nanosheets exhibit excellent electronic prop-
erties, including high carrier mobility and minimal defect
density, making them ideal candidates for next-generation
transistors. While these methods have enabled the synthesis
of wafer-scale 2D films with lateral dimensions extending
up to 2—4 inches [119-121], several challenges persist in
achieving industrial scalability. Maintaining uniform thick-
ness and crystallinity across large areas remains a critical
issue due to variations in precursor flux, thermal gradients,
and substrate-induced strain, which can lead to structural
inhomogeneities and defect formation at grain boundaries.
Addressing these limitations is imperative for the success-
ful integration of 2D materials into scalable electronic and
optoelectronic technologies.

Epitaxial growth techniques further refine the bottom-up
synthesis of 2D semiconductors by enabling the deposi-
tion of atomically precise layers with well-defined crys-
tallographic orientations. Molecular beam epitaxy (MBE)
[122-125] utilizes ultra-high-vacuum conditions to direct
atomic or molecular beams onto a substrate, allowing for
the formation of monolayers or few-layer structures with
extreme purity and controlled thickness. This method is
particularly advantageous for fundamental studies and

https://doi.org/10.1007/s40820-025-01898-8
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high-performance electronic applications where defects must
be minimized. van der Waals epitaxy (vdWE) extends the
capabilities of epitaxial growth by leveraging weak van der
Waals interactions to enable the synthesis of 2D materials on
substrates with lattice mismatches. Unlike conventional epi-
taxy, which relies on strict lattice registry, vd WE permits the
growth of heterostructures with minimal interfacial strain,
thereby expanding the range of compatible substrate choices.
Nevertheless, similar to CVD and MBE, epitaxial growth
techniques face limitations in large-area scalability and are
primarily employed for specialized applications where mate-
rial quality takes precedence over throughput.

For applications requiring high-quality bulk 2D materials,
chemical vapor transport (CVT) [126, 127] and flux growth
[128] methods provide an effective means of synthesizing
pristine crystals that can be subsequently exfoliated into thin
layers. In CVT, volatile transport agents, such as halogens,
facilitate the vapor-phase migration of precursor species,
enabling the controlled crystallization of high-purity bulk
materials. This method is widely utilized for the synthesis
of layered 2D semiconductors with well-defined stoichi-
ometry and structural integrity. Flux growth, on the other
hand, involves dissolving precursor materials in a high-
temperature solvent, whereupon controlled cooling induces
crystal precipitation. This technique enables the synthesis
of large, high-quality single crystals with minimal structural
defects, making them particularly valuable for fundamen-
tal studies and device fabrication requiring bulk material
integrity. Although CVT and flux growth yield high-purity
bulk crystals, their direct applicability to wafer-scale integra-
tion remains limited. Mechanical exfoliation (ME), while
effective for obtaining high-quality monolayers and few-
layer flakes, is inherently restricted in scalability. In con-
trast, liquid-phase exfoliation (LPE) [129-132] enables the
production of solution-processable 2D inks, facilitating the
fabrication of large-area thin films through deposition tech-
niques such as spin coating, printing, and solution shearing.
This makes LPE-derived films particularly advantageous
for scalable transistor applications and flexible electronics.
Consequently, CVT- and flux-grown bulk crystals serve
as essential precursors for solution-processing techniques,
bridging the gap between high-quality material synthesis
and large-area device fabrication.

The synthesis of 2D van der Waals semiconductors via
bottom-up approaches provides a versatile pathway for tai-
loring material properties to enhance transistor performance.

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

While methods such as CVD, MOCVD, and epitaxy enable
precise structural control, their scalability remains a chal-
lenge for industrial-scale integration. Bulk crystal growth
techniques, including CVT and flux growth, offer an alterna-
tive route to high-quality layered materials but require addi-
tional processing for thin-film applications. Representative
studies highlighting wafer-scale growth techniques and fab-
rication methods of 2D materials [133], including chemical
vapor deposition [134, 135], metal-organic CVD (MOCVD)
[136], atomic layer deposition (ALD) [137], epitaxial/hypo-
taxial growth [138, 139], and printing methods approaches
[140, 141], serve as valuable resources toward both foun-
dational principles and recent advancements relevant to the
scalable integration of 2D semiconductors. The continued
development of scalable, high-purity synthesis strategies
remains essential for the widespread adoption of 2D mate-
rials in next-generation nanoelectronic devices.

2D vdW semiconductors have emerged as transformative
materials for next-generation transistor technologies, offer-
ing unique advantages over conventional bulk semicon-
ductors in terms of electrostatic control, dimensional scal-
ing, and charge transport efficiency. The layered structure
of vdW materials enables the realization of an atomically
thin film at the monolayer limit (¢,,,.; < 1 nm) without the
formation of surface dangling bonds, thus minimizing sur-
face roughness scattering and suppressing defect-induced
trap states. These intrinsic properties allow 2D materials
to effectively mitigate short-channel effects (SCEs), which
pose a significant challenge in the aggressive downscaling
of conventional FETSs. In traditional semiconductor FETs
(Fig. 5a), as the channel length (L
nanometer scale, the electrostatic control exerted by the

channel) decreases to the
gate becomes increasingly compromised due to the inten-
sified electrostatic coupling between the source and drain
electrodes. This results in pronounced SCEs, including
drain-induced barrier lowering (DIBL), Vth roll-off, and
an increase in S.S.. These effects collectively degrade the
transistor’s switching behavior, leading to excessive off-

state leakage currents, reduced 1 ./I

off Tatios, and unpre-

dictable electrical characteristics, ultimately undermining
device reliability and energy efficiency. In contrast, 2D
vdW semiconductors inherently mitigate these SCEs due to
their atomically thin channel geometry, which significantly
enhances electrostatic gate control. The ultra-thin body of
2D materials ensures that the entire channel remains within
the gate’s electrostatic influence, effectively suppressing

@ Springer
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charge-sharing effects from the drain and minimizing the
depletion region encroachment that typically exacerbates
DIBL (Fig. 5b). This strong electrostatic confinement pre-
serves a well-defined potential barrier between the source
and drain, allowing for precise carrier modulation even at
deeply scaled channel lengths. Furthermore, unlike conven-
tional semiconductors that suffer from surface states and
dangling bonds at the semiconductor—dielectric interface,
2D vdW materials exhibit pristine surfaces with van der
Waals bonded layers, eliminating trap-induced Coulombic
scattering. This absence of interface trap states reduces car-
rier scattering at the semiconductor—dielectric interface,
facilitating ballistic or quasi-ballistic charge transport. As
the gate length (L,) is reduced below 5 nm, the simultane-
ous reduction in channel length and body thickness imposes
severe constraints on the electrostatic integrity and carrier
transport of Si-based transistors. Although bulk silicon pos-
sesses an intrinsic electron mobility of approximately 1000
cm?/Vs, this value deteriorates drastically in ultra-scaled
geometries due to pronounced short-channel effects (SCEs)
such as drain-induced barrier lowering (DIBL) and direct
source-to-drain tunneling, ultimately making it increasingly
difficult for silicon to sustain reliable switching performance
at such dimensions. In contrast, atomically thin 2D materi-
als, when implemented in lateral device architectures [142,
143], enable aggressive channel length scaling down to the
sub-1 nm regime while maintaining strong gate control and
suppressing SCEs. Wu et al. [143], demonstrate sub-1 nm
channel length transistors (“side-wall transistors”) based on
2D lateral heterostructures, exhibiting a subthreshold swing
as low as 117 mV dec™!, and an I /I 4 ratio of ~ 10°, all
on a 2-inch wafer platform. These findings underscore the
unique potential of 2D semiconductors in extending Moore’s
law beyond the physical limits of silicon. Consequently,
2D FETs demonstrate superior electrostatic integrity, low
off-state leakage, and enhanced energy efficiency, making
them promising candidates for further sub-10 nm transistor
technologies.

Among the diverse class of 2D van der Waals semicon-
ductors, indium selenide (InSe) has emerged as a promis-
ing 2D semiconductor for high-performance FETs due to
intrinsically high carrier mobility, tunable bandgap, and
strong gate modulation capabilities. Despite its advanta-
geous electrical properties, InSe suffers from air instability,
which leads to oxidation and defect formation, and contact
resistance ultimately degrading device performance. To

| SHANGHAI JIAO TONG UNIVERSITY PRESS

overcome these limitations, surface charge transfer doping
(SCTD) approach using an indium (In) encapsulation layer
was developed, significantly enhancing both the electrical
performance and long-term operational stability in InSe
FETs [144]. As illustrated in Fig. 5c, mechanically exfo-
liated InSe nanosheets (10—13 layers, ~9.21 nm thickness)
were transferred onto Si/SiO, (300 nm) substrates in a back-
gate FET configuration. The In-encapsulated (w/In) InSe
FET exhibits a dramatic enhancement in drain current (/)
and gate tunability, eliminating the severe current suppres-
sion observed in unencapsulated (w/o In) devices (Fig. 5d).
This confirms SCTD-driven n-type doping, which reduces
the Schottky barrier at the source/drain contacts and facili-
tates seamless carrier injection. Further evidence of con-
tact resistance reduction is seen in Fig. 5e, where the output
characteristics (I3,—Vy,) reveal a near-ohmic behavior at Vy,
=+ 80 V, ensuring efficient charge transport owing to a
lowered Schottky barrier at metal-semiconductor interfaces.
Figure 5f exhibits temperature-dependent field-effect mobil-
ity (1), which peaks at an impressive ~9100 cm? V-'stat
80 K. This increase in mobility at low temperatures is largely
due to the suppression of phonon scattering, which domi-
nates at higher temperatures. For 2D semiconductors, long-
term stability is just as critical as high performance. The
hysteresis-free transfer curves in Fig. 5g demonstrate that In
encapsulation prevents charge trapping, ensuring consistent
Vth and I, over 50 days of operation. Raman spectroscopy
(Inset, Fig. 5g) confirms minimal structural degradation,
underscoring the effectiveness of In encapsulation in sup-
pressing environmental-induced defects.

While most 2D vdW semiconductors inherently exhibit
n-type behavior, certain materials, such as black phosphorus
(BP) and tungsten diselenides (WSe,), have been identified
as promising p-type or ambipolar candidates. Achieving
stable and efficient p-type conduction in 2D transistors is
essential for realizing complementary logic circuits, opto-
electronic devices, and neuromorphic computing architec-
tures. The following studies illustrate how band structure
engineering, doping, and solution-processing strategies
are transforming 2D FETs beyond traditional n type trans-
port. BP [145, 146] has emerged as a promising candidate
for next-generation nanoelectronics due to its intrinsic p
type transport, high hole mobility, and layer-dependent
bandgap tunability, distinguishing it from conventional n
type-dominated 2D TMDs. Unlike TMDs, which require
chemical doping or electrostatic gating to achieve p type

@ Springer
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conduction, BP naturally supports hole transport, making
it an essential material for all-2D complementary logic cir-
cuits. Furthermore, its tunable bandgap, which ranges from
2.0 eV in monolayer BP (black phosphorene) to~0.3 eV in
bulk, enables precise control over charge carrier dynamics,
facilitating its integration into high-performance transistors,
near-infrared optoelectronics, and logic circuits [147]. The
electronic transport properties of BP exhibit a non-mono-
tonic dependence on thickness, dictated by the interplay of
bandgap evolution, electrostatic gate efficiency, and charge
carrier scattering mechanisms. In the monolayer limit, BP
retains a large direct bandgap (~2.0 eV) due to quantum con-
finement effects, which enhances p-type conduction by sta-
bilizing the valence band edge while suppressing thermally
excited electron transport. However, several limitations arise
in this ultra-thin regime: 1) Strong quantum confinement
and surface effects. The quantum confinement-induced
bandgap widening increases the hole effective mass, limit-
ing carrier mobility. Additionally, the strong influence of
surface interactions makes monolayer BP highly sensitive to
environmental conditions and dielectric effects, posing chal-
lenges for device stability and performance. 2) Coulombic
scattering and interface roughness effects. As monolayer BP
lacks sufficient charge screening, it is highly susceptible to
charged impurity scattering, particularly from the underlying
dielectric. This leads to mobility degradation despite strong
electrostatic gate modulation. While monolayer BP provides
excellent gate tunability, its mobility remains constrained by
strong carrier—impurity interactions and surface scattering.
Notably, the monolayer BP is more air-sensitive at the mon-
olayer level than thicker layers. As BP thickness increases,
its bandgap gradually narrows to~0.6-0.7 eV at~ 10 nm,
significantly enhancing charge carrier mobility. This thick-
ness range offers optimal transport characteristics, as demon-
strated by BP FETs fabricated using ~ 10-nm-thick mechani-
cally exfoliated BP [148]. Few-layer BP FETs exhibit one
of the highest hole mobilities (~ 1000 cm? V' s7) at room
temperature among p-type 2D semiconductors, significantly
surpassing most TMD-based transistors. The additional lay-
ers provide better charge screening, reducing Coulombic
impurity scattering and improving transport efficiency. The
reduced bandgap in few-layer BP results in stronger band
dispersion, lowering the hole effective mass and facilitat-
ing efficient charge transport. At~ 10 nm thickness, BP
maintains strong gate control while minimizing interfacial

© The authors

disorder, achieving an optimal balance between mobility,
bandgap tunability, and electrostatic gating efficiency.

In another study, they demonstrated the fabrication of
wafer-scale arrays of molybdenum disulfide (MoS,)-based
transistors through a commercial slot-die printing process.
Utilizing tailored inks of MoS, nanosheets and sodium-
embedded alumina (SEA), we achieve precise deposition of
the semiconductor and gate dielectric layers, respectively.
The resulting transistors achieve remarkable charge carrier
mobilities of 80.0 cm? V-! 5! in FET measurements and
132.9 cm? V! 57! in Hall measurements at room tempera-
ture, with uniformity across the wafer. The high mobility
observed in the MoS,-on-SEA devices is primarily attributed
to the SEA dielectric layer, which promotes band-like charge
carrier transport through the well-percolated MoS, thin-film
networks. The SEA layer’s high dielectric constant enables
efficient electron mobility by fostering van der Waals sheet-
to-sheet contacts with energetically flat electronic properties,
enhancing uniformity across the five-inch wafers. Notably,
the high-K dielectric properties of SEA are advantageous for
solution-processed MoS, thin films, comparable to those of
hafnium oxide (HfO,) or aluminum oxide (Al,O3), which
are typically used to enhance field-effect mobility. Addition-
ally, they successfully integrate these transistors into logic
circuits such as NOT, NAND, NOR, and SRAM, demon-
strating a viable pathway for large-area, solution-processed
2D electronics. This approach provides a promising route to
high-performance, flexible electronics based on 2D materi-
als at commercial scales [141].

To enhance the electrical performance and stability of 2D
materials, chemical doping and functionalization are widely
utilized, as their effects are particularly impactful in 2D sys-
tems. In MoS, transistors, for instance, TFSI (trifluorometh-
anesulfonimide) chemical treatment has demonstrated sub-
stantial improvements, with electron mobility increasing
from 4.7 to 18.9 cm? V! 57! and a fivefold enhancement
in subthreshold swing. Previous studies suggest that TFSI
molecules passivate sulfur vacancies on the basal plane of
MoS, nanosheets, which function as carrier trapping sites,
thereby reducing the density of charge traps. Furthermore,
TFSI acts as a Lewis acid, effectively lowering the charge
density of MoS, by withdrawing electrons. This reduction
in charge density significantly lowers the off-current, thus
maximizing the I, -/  ratio and enhancing device perfor-
mance [132, 141]. Building on this, T. Zou et al. present an

https://doi.org/10.1007/s40820-025-01898-8
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effective doping strategy using bromine (Br,) to enhance
the hole mobility and operational stability in p-type transis-
tors based on 2D WSe,. While TFSI treatment has shown
significant performance gains for n-type MoS, by passivat-
ing sulfur vacancies and lowering charge density, Br, dop-
ing offers a similarly transformative effect for p-type WSe,
transistors. Specifically, Br, doping increases the field-effect
hole mobility from~0.004 cm? V' s7! (undoped) to 27
cm? V-! s and achieves an I /I i current ratio exceeding
107, with excellent stability under repeated cycling, bias
stress, and switching conditions. Density functional theory
(DFT) calculations reveal that Br, molecules adsorb onto
the WSe, surface, covering up to 25% and creating shal-
low acceptor states near the valence band maximum. The
doping reduces contact resistance and enhances charge
transport by lowering the Schottky barrier at metal contacts
to~80 meV, compared to the 1 eV barrier typically seen in
undoped WSe,. This allows efficient hole injections, as dem-
onstrated by temperature-dependent measurements, where
Br, doping achieves low activation energy (E,) values (32—
85 meV) across the channel. This improved charge injection
and transport are attributed to reduced channel resistance
and minimized inter-flake hopping. The enhanced charge
injection and transport in Br,-doped WSe, transistors are
primarily due to a substantial reduction in channel resist-
ance and minimized inter-flake hopping. Br, has proven to
be the most effective p-type dopant of WSe,, significantly
increasing hole concentration and lowering channel resist-
ance compared to other doping treatments like ultraviolet
(UV)-0;, HBr, TFSI, and PEDOT treatments. Br,’s small
molecular size allows it to penetrate inter-flake boundaries
and contact regions, facilitating uniform and comprehensive
doping across nanoflake films, which overcomes the limita-
tions of conventional molecular dopants typically restricted
to surface adsorption [149].

The two-dimensional van der Waals materials, including
InSe, BP, molybdenum telluride (MoTe,), tin sulfide (SnS,),
and others, are highly sensitive to air or moisture, necessi-
tating careful handling under inert environments or the use
of passivation layers to prevent degradation and maintain
their properties for applications. Among these materials,
BP stands out due to its high charge carrier mobility, tun-
able bandgap, and strong anisotropic properties. However,
it rapidly degrades in ambient conditions due to its reactiv-
ity with oxygen and water, resulting in a substantial loss of
electronic performance. To address this instability, covalent
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functionalization with aryl diazonium salts has proven to
be an effective method for stabilizing BP. This approach
forms robust phosphorus—carbon (P—C) bonds that effec-
tively passivate BP, preserving its morphology and prevent-
ing degradation for over three weeks in ambient exposure.
The chemical functionalizaiton was achieved by immersing
few-layer BP (~ 10 nm thick, prepared by ME) in a solu-
tion of 4-nitrobenzene diazonium (4-NBD) tetrafluorobo-
rate salts. The functionalized BP exhibits robust morphology
and stable atomic force microscopy (AFM) profiles even
after extended air exposure, confirming effective passiva-
tion. Note that air-sensitive materials, when exposed to
ambient conditions, rapidly form an oxide layer, leading to
an increase in thickness and surface roughness. This func-
tionalization also improves the electronic properties of BP-
based FETs. Specifically, the p-type doping introduced by
aryl diazonium chemistry enhances both the / /I  and hole
carrier mobility of BP FETs. Higher doping levels achieved
through increased aryl diazonium concentration reduce cur-
rent modulation as BP becomes degenerately doped, while
lower concentrations (~ 1 uM) allow for controlled doping
with minimal /4 increase. The functionalization rate is
influenced by the reduction potential of the aryl diazonium
substituent, allowing precise control over BP’s electronic
characteristics. Consequently, aryl diazonium chemistry pro-
vides a promising approach for enhancing both the stability
and performance of BP-based devices [150].

Figure 5h illustrates the correlation between carrier mobil-
ity and channel thickness in 2D van der Waals semicon-
ductors synthesized via various techniques, including ME,
LPE, CVD, and MOCVD. The data show that mechanically
exfoliated few-layer graphene and InSe achieve the highest
mobility, exceeding 10* cm? V! s! at cryogenic tempera-
tures (T=4 K, 20 K), surpassing theoretical expectations.
Ultimately, when precisely engineered, 2D semiconductors
have the potential to bridge the gap between high-perfor-
mance transistor technologies and scalable device manu-
facturing, facilitating their integration into next-generation
electronic and optoelectronic systems.

4.2 Halide Perovskites
Recent advances in HP semiconductors, primarily in optoe-

lectronic applications, have renewed attention in their use for
transistors. HPs are emerging as promising semiconductor
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candidates to replace silicon in advanced transistor technol-
ogies. Their unique material characteristics, such as low-
temperature processability, defect tolerance, and ambipolar
transport, offer fundamental advantages over conventional
silicon, which suffers from short-channel effects, high con-
tact resistance, and S.S. limitations in the sub-5 nm regime
[161, 162]. Notably, the intrinsic ionic motion in perovskites
enables mixed ionic—electronic conduction, allowing for tun-
able switching behavior and neuromorphic functionalities
not achievable in rigid covalent semiconductors like silicon
[163]. These attributes, combined with the ability to engi-
neer electronic properties via compositional tuning, posi-
tion HPs as a compelling platform for next-generation low-
power, high-density, and multi-functional transistors [164].
MHPs are a class of compounds with an ABX; crystal struc-
ture, where A represents a monovalent organic or inorganic
cation, B is a divalent metal cation such as Pb>* or Sn*,
and X corresponds to a halide anion, including CI7, Br™, or
I". As illustrated in Fig. 6a, the [BX6]4’ octahedra form a
corner-sharing network within a cubic or tetragonal lattice,
while A-site cations occupy the interstitial spaces, stabiliz-
ing the structure [165]. These materials exhibit long charge
carrier diffusion lengths, high charge mobility, and defect
tolerance, making them attractive candidates for transistor
applications. Unlike conventional semiconductors, perovs-
kites can be processed at low temperatures, offering a cost-
effective and scalable alternative to traditional silicon-based
thin-film transistors. The electronic properties of HPs are
highly sensitive to their synthesis conditions, necessitating
controlled processing strategies to ensure device stability,
scalability, and performance [166]. The ability to process
MHPs at low temperatures offers a significant advantage
over conventional polycrystalline silicon thin-film transis-
tors, which require thermal processing above 400 °C. Two
primary deposition strategies exist for MHP thin films: one-
step deposition and two-step deposition [167].

In one-step deposition, all precursor components such as
MALI and Pbl, are co-deposited onto a substrate via solution-
processing or vapor-phase methods. This approach is attrac-
tive due to its simplicity and rapid film formation, making it
suitable for commercial production. However, rapid crystal-
lization often leads to poor film morphology and high defect
densities. To address these issues, anti-solvent engineering
is employed, where a non-coordinating solvent is introduced
during spin coating to promote uniform nucleation and sup-
press defect formation [168]. Additionally, dual-source or
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single-source evaporation techniques enable vapor-phase
deposition of perovskite precursors under vacuum, form-
ing high-purity thin films with excellent crystallinity, albeit
at the cost of increased fabrication complexity and lower
deposition rates [169].

In two-step deposition, precursor materials are sequen-
tially deposited. Typically, a metal halide such as Pbl, is
first deposited as a thin film, followed by exposure to an
organic halide vapor or solution to induce perovskite conver-
sion. This method allows for better control over crystallinity,
thickness, and uniformity, albeit at the expense of increased
processing steps and longer fabrication times. Furthermore,
precise interface engineering is crucial to minimize inter-
layer defects that could degrade transistor performance.
Solution-based processing techniques, such as spin coating,
blade coating, and inkjet printing, enable large-area deposi-
tion with cost-effective manufacturing. However, residual
solvents can lead to performance degradation, requiring
post-deposition annealing and additive engineering to opti-
mize film morphology and electronic properties. While vac-
uum-based techniques offer superior stability, they require
further optimization for scalable manufacturing [158].

The charge transport characteristics of MHPs are strongly
influenced by their chemical composition, phase stability,
and structural connectivity [166]. The B-site cation plays
a crucial role in determining the semiconductor type,
with Pb-based perovskites typically exhibiting ambipolar
transport behavior, whereas Sn-based perovskites strongly
favor p-type conduction due to the presence of Sn vacan-
cies (Fig. 6b) [170]. Sn-based perovskites offer higher hole
mobility but suffer from excessive carrier concentrations,
making field-effect modulation challenging. In contrast, Pb-
based perovskites benefit from stronger spin—orbit coupling,
resulting in enhanced band dispersion and tunable transport
properties [162, 171]. In addition to composition, octahedral
connectivity significantly impacts charge mobility. Corner-
sharing octahedral networks minimize carrier effective mass,
leading to superior charge transport compared to edge- or
face-sharing configurations (Fig. 6¢) [172]. This structural
advantage makes corner-sharing perovskites highly desirable
for high-mobility FETSs, where isotropic charge transport is
required [161].

Despite their promising properties, MHPs face stability
challenges related to ion migration. Halide ion diffusion
leads to hysteresis in electrical characteristics and V, shifts
in FETs. Additive engineering offers a practical approach

https://doi.org/10.1007/s40820-025-01898-8
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to suppressing defect formation. For instance, SnF, addi-
tives mitigate Sn vacancy formation, improving p-type
transport stability, while RbCsFAMA cation engineering
has been shown to minimize hysteresis in Pb-based perovs-
kites [132, 173]. Additionally, halide substitution including
Br~ or CI” for I” promotes enhanced crystallization and pas-
sivates iodine vacancies, further reducing defect densities.
Interfacial engineering is equally critical in optimizing MHP
transistor performance. The semiconductor/dielectric and
semiconductor/electrode interfaces strongly influence charge
injection, mobility, and hysteresis behavior. Using MoO,
hole injection layers has been demonstrated to enhance
hole mobility in 2D (PEA),Snl, transistors, while employ-
ing high-K dielectrics like HfO, has enabled the realization
of hysteresis-free perovskite transistors [174]. Addressing
interfacial stability remains a key challenge for the practical
deployment of MHP-based electronics.

HP-based transistors were first demonstrated in 1999 by
IBM using (PEA),Snl, as a p-type TFT channel material
[175]. However, material instability hindered further devel-
opment until 2014, when renewed interest emerged with the
demonstration of MAPbI;-based transistors and self-doped
ambipolar transport characteristics [176, 177]. Recently,
high-performance CsSnl;-based TFTs have achieved
exceeding 50 cm® V! st and I /I of 10%, surpassing con-
ventional amorphous silicon (a-Si) and oxide semiconduc-
tors in charge transport efficiency [166]. Furthermore, Zhu
et al. demonstrated a high-performance transistor based on
A-site engineering (Fig. 6d). The device shows an exception-
ally high hole mobility of 70 cm* V-' s~ and an I,/I ¢ of 10
(Fig. 6¢e) [16]. The optimization of the Cs molar ratio was
key to fabricating high-quality perovskite films, enabling
the successful integration of NAND and NOR logic gates
(Fig. 6f) [16]. These advancements highlight the potential
of MHP transistors not only for logic applications but also
for low-power electronics. Beyond their conventional use
in FET applications, MHPs have demonstrated significant
potential for neuromorphic computing due to their unique
mixed ion—electron conduction properties [163]. Ion migra-
tion in perovskites mimics synaptic plasticity, where halide
ions and metal vacancies act as dynamic charge trapping
sites, enabling multi-level resistive states for hardware-based
Al learning. Unlike conventional resistive random-access
memory (RRAM) devices, 3-terminal neuromorphic tran-
sistors based on perovskites allow for decoupled signal pro-
cessing and weight updating, enhancing learning stability
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and energy efficiency. Jeong et al. demonstrated a CsPbBr;
transistor with a ferroelectric gate that successfully emu-
lated synaptic behavior, offering a promising path toward
hardware-integrated artificial intelligence systems [178].

Given their tunable band structures and ionic transport
characteristics, perovskites also present opportunities for
hybrid integration with existing semiconductor technologies.
Combining MHPs with 2D materials such as MoS, and WS,
enables high-performance, energy-efficient neuromorphic
computing architectures, while plug-and-probe integration
techniques facilitate CMOS-compatible device fabrication
(Fig. 6g, h) [179]. This approach involves the simultane-
ous vdW integration of high-K dielectrics and contacts in a
single step. They fabricated top-gated CsPbBr; transistors
showing low operating voltage (Fig. 6i) and the transistor
array using the vdW plug-and-probe method offering a reli-
able path toward scalable fabrications (Fig. 6j). Moreover,
heterostructures integrating perovskites with TMDs have
demonstrated bio-inspired optical adaptation, paving the
way for intelligent image sensors and Al-driven vision sys-
tems [180].

HPs exhibit unique advantages for next-generation semi-
conductor applications, bridging the gap between high-
performance electronic materials and scalable, low-cost
processing techniques. Advances in synthesis control,
interfacial engineering, and hybrid integration have signifi-
cantly improved material stability and device performance,
making them viable candidates for low-power computing,
neuromorphic devices, and flexible electronics. While long-
term stability and CMOS compatibility remain critical chal-
lenges, ongoing innovations in material design and device
fabrication hold great promise for realizing perovskite-based
electronics in future semiconductor technologies.

4.3 Mott Insulators

For ultra-fast switching and low-power operation in transis-
tors, Mott insulators have emerged as promising semicon-
ductor candidates. Despite being termed “insulators,” these
materials exhibit unique electronic properties in transis-
tors due to electron correlation effects induced by external
stimuli such as gate voltage, light exposure, temperature, or
pressure [15]. This correlation-driven phenomenon enables
metal—insulator transition (MIT) behavior in Mott insula-
tors, leading to high resistivity contrast and significant
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variations in charge density. The dramatic modulation of
charge density via bandgap formation/collapse has been
actively explored in semiconductor channels, giving rise to
a new class of devices known as Mott transistors. In con-
trast to silicon, where scaling below 5 nm is hindered by
short-channel effects and fundamental thermal limits on sub-
threshold swing, Mott systems offer steep-slope switching
(sub-10 mV dec™') and retain robust electrostatic integrity
even at atomic dimensions [182]. Their high intrinsic carrier
density, coupled with negligible Thomas—Fermi screening,
facilitates gate coupling at nanometric thicknesses without
compromising /I, /I  ratios or mobility [183]. These features
collectively position Mott insulators as compelling candi-
dates for beyond-CMOS logic, where ultra-low-power oper-
ation, aggressive dimensional scaling, and neuromorphic
functionality converge. Various Mott insulators, including
NiO [184], NbO, [185], ternary chalcogenide compounds
[182], and VO,, exhibit MIT behavior. However, this review
will focus specifically on VO,-based Mott transistors. As
a representative Mott insulator, VO, undergoes an MIT in
which the insulating monoclinic (M,) phase transforms into
the metallic rutile (R) phase when subjected to temperatures
above 68 °C [186] or high surface charge densities exceeding
10" ¢cm2 under a strong electrostatic field [187].

Beyond the conventional MIT in VO,, its ability to
achieve ultra-fast switching within just a few picoseconds
[188] and operate with extremely low writing energies below
100 fJ [168] makes VO,-based transistors highly promising
for low-power logic applications. Additionally, VO, offers
a pathway to overcoming the scaling limits of conventional
semiconductors due to its negligible Thomas—Fermi screen-
ing effect [15]. Notably, even at dimensions below 10 nm,
electron delocalization in VO, preserves high conductivity
comparable to a bulk film [187], making it an excellent can-
didate for ultra-scaled semiconductor devices. As depicted
in Fig. 7a, the typical switching behavior of Mott transis-
tor is introduced. This performance is distinctly different
from that of conventional FET. By inducing much lower S.S.
value that overcomes the typical thermionic limit (60 mV
dec!), the abrupt switching becomes possible. Shukla et al.
reported a super steep-slope transistor in which VO, is con-
nected to the drain electrode of an InGaAs quantum well
FinFET [189]. All these examples of fast switching in the
case of VO, transistors are attributed to the abrupt electron
delocalization in the channel, allowing MIT behavior to be
observed during switching. Figure 7b, ¢ provides further
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insight into this switching mechanism using density of states
(DOS) diagram. Unlike conventional FETs, where channel
formation occurs through thermal excitation of carriers by
an external gate field, Mott FETs undergo band structure
modifications that facilitate electron delocalization. Since
the electronic state, in other words band structure, transitions
along with the structural phase change (Fig. 7d), this process
is inherently rapid and allows for a lower Vth.

Leveraging the unique and intriguing electronic phenom-
ena in VO,, various types of transistors have been developed.
Yajima et al. reported an unconventional transistor configu-
ration in which a depletion region between Nb-doped TiO,
and VO, served as a virtual gate dielectric (Fig. 7e) [190].
The VO, layer was epitaxially grown on an Nb-doped TiO,
substrate with a precisely controlled thickness of 6 nm. As
shown in Fig. 7f, the interface between VO, channel and
the substrate formed a depletion region extending several
tens of nanometers. This depletion layer acted as an insulat-
ing barrier between the gate and the channel. When a posi-
tive gate voltage was applied to the substrate, the depletion
layer expanded, attracting a high concentration of electrons.
This substantial electron accumulation induced a metallic
state in VO,, enabling low-power isothermal switching at an
extremely low V (0.004 V) while achieving an I /I ratio
of 10° (Fig. 7g). VO, has also been integrated into 2D FET
as drain electrode. Yamamoto et al. demonstrated a device
utilizing a TMD 2D material, WSe,, with an hBN gate die-
lectric, where a VO, nanowire was employed as the drain
electrode (Fig. 7h). Notably, charge carriers in 2D channel
were ambipolarly modulated and exhibited abrupt magnifi-
cation, resulting in an I /I ; current ratio of 10> and S.S. of
60 mV dec™! (Fig. 7i). This current amplification was attrib-
uted to the MIT behavior in VO,, induced by gate-mediated
self-heating. As illustrated in these studies, VO,, whether
utilized as a semiconductor or a drain electrode, facilitates
ultra-fast switching enabled by gate-induced MIT behavior.
This gate tunability in VO,-based transistors highlights their
potential as promising candidates for low-power transistor
applications.

4.4 Amorphous Oxide Materials
AOS materials offer distinct advantages over conventional

silicon as transistor channel materials, particularly in the
era of device scaling and heterogeneous integration. AOS

@ Springer



69

(2026) 18

Nano-Micro Lett.

Page 20 of 59

69

£19100§ [ROTWAY) ULITIAWY ‘610C WSUAdoD) ‘[16T] uorssturzad yrm peonporday *(F) juermod aSexes]
9183 o) M Suore Y GH¢ 18 paImseaw y / "SI UI 901ASP 9y} JO SAIND IQJSURI], T "OLNOJAIP 916 se N pPue UIeIp 9y SB 9pOId[d JOBIUOD COA € IIm JOISISURT) SoSA JOARINMA { “dnoin
Surystiqng axmeN ‘cz0z WSukdo) (0611 uorsstwrad yim paonporday " §'7TE 18 PAINSEIW ‘A [0 03 Z000'0 Woiy SurSuel ‘sa3e)[0A UIRIP SNOLIEA JB SONSLISORIRYD JOJsuel], § ‘uoned
-ridde aSejjoA 91eS 1opun 97 S UT UMOYS 30TASP ) Jo uonerado ayy Surnp 10vIU0d COIT-QN/SOA Y} Jo weiSerp pueq J "oponddfe 2es ¢OIT-qN & Sursn I0)s1sues} QA [eUTULIN)-93IY],
V 3 "p[ey d1no9[e pue ySI| ‘urens 201 ‘ernjerodwe) Surpnjour ‘suoneqiniiad snorrea xepun aseyd orffeow Y 9y 03 aseyd Junensur ' oy woay sysuen 31 se QA JO 2Inonns pueq Yy}
ur safuey) p "HQWO HOA—AIM ‘207 WSukdo) [¢1] uorssiurad yarm paonporday *9jes uo d pue Jjeis JJo q 9y) ur pajordap St J0Je[NSUI IO Y} JO SINJONIIS OIUOIII[ YL dN[eA
*S'S [rews & Yy Jotaeyeq Suryoyms idniqe Sunensuowop ‘amyonns (DIOF) 10vIu0d-do) ajeS-wooq B Yim Jojsisuen} NOJA [ed1d£) e Jo uonensn[[r onewayos € Ioisisuen) NON £ “Siy

0 v0 00

Olg~
(n) obeyjon ajen W sl i
09 Oy 0z 0 0z Or 09 0.0 rw g £ _\.m
04—t A " ; ! | £ 5
gy , :@waeé ‘ 169~ (Buey) - (ae0)
- abeyea) ajen = oL OA OIL:AN
£ AN o0} S y g
€ uopisue 5 r 0
© g4 | JorInsu-ele FgOL e ) o
3 = 3 A (LoLYOLLaN
O gq | AL Lo1 S 1 o% i (AS'1-0=22)
S AOL=A = AT0000 = s 3 pojeideq || WU PHSZ
GO Lol A000 = | o1 y - Yo
uf® AZ00 - | ¥ 4 1
N: NOL oL AVO {00 »; .
i M ezze R Y A wu 0091 A s
1 Yy wuooe=muwuorz=1 ¢ B adha
() obeyjon ayen
soa §0_¥0 €0 TO0 10 00
ZON- ZoA-paseyd ¥ aunjonns pueq W —
‘OA-paseyd ¥ ‘OA-paseyd '\ i oo A o m
+ 4 — + AW 09: =
i -0 pazIfed0] H pespf9-0b 2
pz++4 2 pozio0pa i asn 1 Do o
0l 3
l[dz]l o @
z » o )
" ++ ’ _m_ 1340 uolbay el \.H
P20 = M> ploysaipans  jg0L =
Y a1eys uo i 9 134SOWN IS [eap|

‘aimesadwal Ag

++ 0y _ ...............

—_— 7T T b2
L [w] 7 bz, |eJowW o} Joje|nsu| @\v\x\
P \ P ==ttt
= (] e
elPEl A elPEI A

https://doi.org/10.1007/s40820-025-01898-8

© The authors



Nano-Micro Lett. (2026) 18:69

Page 21 of 59 69

materials exhibit intrinsically low leakage due to their wide
bandgap, high carrier mobility even in amorphous phases,
and superior compatibility with low-temperature, large-area
fabrication techniques, unlike silicon, which suffers from
increasing short-channel effects, high-leakage currents, and
process-induced variability at nanometer dimensions [192].
Furthermore, their grain boundary-free structure ensures
electrical uniformity, and dielectric interfaces enable reli-
able switching characteristics [193]. AOS materials have
been extensively studied as a replacement for hydrogenated
amorphous silicon (a-Si:H) in flat-panel display backplanes
since Nomura et al. first demonstrated a flexible TFT using
amorphous IGZO (a-IGZO) in 2004 [194]. The key perfor-
mance metrics of AOS TFTs, including g, Vth, and S.S., are
influenced by device structure, fabrication process, material
composition, gate dielectrics, and contact metal properties.
Given their role in fast switching applications, high ppg, a
Vth near zero, and a low S.S. are critical for optimal per-
formance [195] As shown in Fig. 8a, a-Si:H TFTs have a
low electron mobility (i) of approximately 1 cm? V- 571,
whereas n-type AOS materials exhibit significantly higher
mobility, offering superior electrical performance. In par-
ticular, a-IGZO’s high mobility makes it a key candidate
for display backplanes. The growing demand for 4 K and
8 K resolution displays necessitates AOS-based switching
matrix TFTs with enhanced mobility [196]. Figure 8a indi-
cates that a minimum mobility of 16 cm? V! 7! is gener-
ally required for 4 K displays, highlighting AOS materials
suitable for industrial adoption. Beyond high mobility, AOS
supports low-temperature, large-area processing, making it
well suited for flexible displays and wearable electronics,
key applications for next-generation device technologies
[192, 193, 195, 197-200].

AOS TFTs used in active matrix organic light emitting
diode (AMOLED) and active matrix liquid crystal display
(AMLCD) applications can suffer from instability due to
gate bias stress, illumination, and environmental factors
(Fig. 8b) [201, 202]. These reliability issues can be catego-
rized into five key factors affecting long-term performance.
The first factor is bias stress, which occurs due to charge
trapping under prolonged gate voltage. Positive bias stress
(PBS) causes electron trapping in the gate dielectric or at
the channel/dielectric interface, shifting Vth positively.
Conversely, negative bias stress (NBS) leads to hole trap-
ping or defect state formation, decreasing Vth, making volt-
age stability a major challenge for display-driving devices.
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The second factor is illumination-induced instability, aris-
ing when AOS channels are exposed to high-energy light
sources. While AOS materials have wide bandgaps and are
stable under visible light, UV exposure generates photoin-
duced carriers, activating oxygen vacancies and interface
traps, which degrade mobility and shift Vth. Given their
continuous operation in displays, minimizing photoinduced
instabilities is critical. The third factor is ambient effects,
caused by interactions with environmental gases like oxy-
gen (O,) and moisture (H,0). Oxygen adsorption traps free
electrons, reducing conductivity, while moisture alters hole
concentration, leading to device instability. These effects
are more pronounced in TFTs without passivation layers,
making surface encapsulation essential for stability. The
fourth factor is interface defects and charge trapping, which
significantly affect AOS TFT stability at the gate dielec-
tric interface. A high density of interface defects results in
electron trapping, causing Vth shifts (AVth) and increased
S.S. over time. Gate dielectrics like SiO, or Al,O; play a
crucial role in interface properties and long-term reliabil-
ity, making dielectric optimization a key research area. The
fifth factor is mechanical stress, especially relevant for flex-
ible displays and wearable electronics [202]. AOS materi-
als, being amorphous and grain boundary-free, offer uni-
form electrical properties compared to poly-Si. However,
bending stress and mechanical deformation can increase
interface defects, potentially affecting long-term durability.
Research is focused on oxygen vacancy suppression through
post-annealing, impurity doping, and surface passivation to
enhance device stability.

Recent research has extended the use of AOS beyond dis-
plays to CMOS logic devices, where both p type and n type
AOS are integrated to achieve low-power, high-performance
transistors. While AOS has been widely used in displays
due to its intrinsic n type characteristics and high ., real-
izing energy-efficient, high-speed logic circuits require both
p type and n type transistors, similar to silicon-based CMOS
technology. The key challenge is developing high-mobility
p type AOS to balance circuit performance. Currently, p
type AOS exhibits significantly lower hole mobility ()
than p, in n type AOS, leading to higher power consumption
and slower switching speeds. Figure 8c illustrates the band
structure and hole effective mass of various AOS materi-
als, classifying them as p type, n type, or insulating. Most
AOS materials naturally exhibit n type behavior, as elec-
trons are less localized and move freely [203]. In contrast, p
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type AOS suffers from high hole effective mass and stronger
hole localization, significantly limiting mobility. A key rea-
son for low yy, in p-type AOS is its metal-oxygen bonding,
which traps holes around oxygen ions, restricting transport.
Unlike conduction band electrons, valence band holes have a
much higher effective mass, further reducing mobility. Addi-
tionally, oxygen vacancies in AOS act as electron donors,
reinforcing n type conductivity. While suppressing oxygen
vacancies is necessary for p type stabilization, it introduces
fabrication challenges. Furthermore, most metal oxide semi-
conductors favor electron transport, making stable, efficient
hole conduction rare. To overcome these limitations, several
approaches have been explored. Alternative p-type oxides,
such as Cu,0, NiO, and SnO, are under investigation, with
SnO emerging as a promising candidate due to its higher p,,.
Another approach is heterojunction structures, where p-type
and n-type AOS are integrated into CMOS-compatible archi-
tectures. Transition metal doping (e.g., Cu, Cr, Fe) has also
been explored to enhance y, by inducing p-type doping
effects. Additionally, layered AOS structures, particularly
HPs, are being studied for improved hole transport. If signifi-
cant mobility improvements are achieved, AOS-based logic
devices could become low-power alternatives to silicon-
based semiconductors in select applications [203].

Beyond yy,, contact resistance is a critical challenge in
AOS transistors, arising from Fermi-level pinning, low
carrier concentration, interface defects, oxygen vacancies,
metal reactivity, and structural inhomogeneity. To miti-
gate these issues, various techniques have been explored,
including vdW metal contacts, oxygen vacancy control,
and high-K dielectric integration. Figure 8d compares the
energy band diagrams of evaporated metal contacts and vdW
metal contacts on an IGZO channel. vdW contacts alleviate
Fermi-level pinning, improving charge transport and reduc-
ing contact resistance. Figure 8d also illustrates that, in the
on state, charge carriers (blue arrows) experience reduced
scattering, enhancing electron transport efficiency [17]. In
the off state, tunneling currents (red arrows) are reduced,
minimizing leakage current. These findings confirm that
vdW metal electrodes in vertical field-effect transistors
(VFETs) exhibit lower contact resistance and superior on/
off performance compared to conventional evaporated metal
contacts, making them well suited for ultra-short-channel
devices. Another promising strategy to reduce contact
resistance is alloy doping, which modifies AOS conduc-
tion properties, enhancing charge transport and improving

| SHANGHAI JIAO TONG UNIVERSITY PRESS

metal-semiconductor interface characteristics. Figure 8e
presents the transfer characteristics of p type AOS based

on Se-alloyed Te-TeO,, showing higher /_,, lower Vth, and

-
improved stability compared to pristine AOS. Additionally,
optimizing channel thickness and applying low-temperature
annealing (~225 °C) have been shown to effectively lower
contact resistance while maintaining device reliability.
To assess the feasibility of AOS-based logic applications,

Fig. 8f compares the u, and I,/

off Tatio across different

semiconductor systems, confirming that AOS transistors
outperform conventional metal oxides, organic semicon-
ductors, and a-Si:H. Furthermore, Fig. 8g, h demonstrate
the output characteristics of NAND and NOR gates, vali-
dating the feasibility of AOS-based logic circuits. Unlike
traditional silicon-based CMOS processes, AOS transistors
can be fabricated at lower processing temperatures, making
them highly suitable for flexible electronics and large-area
circuits [17]. Their compatibility with glass and plastic sub-
strates enables the development of lightweight, low-power
electronic systems, distinguishing them from conventional
silicon-based ICs. The key semiconductor properties and
transistor performance indicators of the emerging semicon-
ductors are summarized in Table 2.

5 Advanced Dielectrics

5.1 High-KDielectrics and 2D Material/High-K
Integration

As semiconductor technology continues to advance, the
steady reduction in transistor sizes, the nanoscale chan-
nel lengths, and the continuous thinning of gate dielec-
trics have introduced fundamental physical limitations in
conventional CMOS transistors. These limitations include
SCEs and direct tunneling leakage currents, which degrade
device performance and increase power consumption. To
address these challenges, two key strategies have been
explored: reducing channel thickness to mitigate SCEs and
suppressing tunneling leakage by replacing conventional
Si0O, with high-K dielectrics [20, 86, 159]. The former
approach utilizes 2D semiconductor materials, particu-
larly vdW TMDs such as MoS,, WSe,, and BP [143, 206,
207]. These materials enable extreme thickness reduction
down to the atomic level while maintaining improved
gate control in MOSFET architectures. Additionally, their

@ Springer



69 Page 24 of 59

Nano-Micro Lett. (2026) 18:69

dangling bond-free surfaces help preserve high charge car-
rier mobility even at atomically thin dimensions. Beyond
channel thickness scaling, replacing SiO, with high-K
dielectrics effectively suppresses tunneling leakage cur-
rents while maintaining sufficient physical thickness. The
EOT is a critical parameter that represents the thickness of
a high-K dielectric, enabling the same electrostatic effect
as an equivalent SiO, layer. Minimizing EOT is essential
to transistor scaling. To reduce direct tunneling leakage
and enhance energy efficiency, FinFET manufacturing has
explored high-K dielectrics such as Al,O3, HfO,, SizNy,
Zr0,, TiO,, Y,05, Ta,05, and LaZrO, [208]. Intel’s 14 nm
FinFET technology, for example, integrates a 2.6 nm
HfO, gate dielectric, achieving an EOT of 0.9 nm. In low-
standby-power CMOS applications, it maintains a gate
leakage current (1y) of 1.5x 102 A cm™? and an interface
state density of approximately 10'° cm=2 eV, setting a
significant performance benchmark for emerging transistor
technologies [159, 209]. These advancements underscore
the necessity of continuous innovation in high-K dielec-
tric integration to enable next-generation semiconductor
devices.

Recent advancements in high-K dielectrics emphasize
not only achieving a high-K but also meeting essential
criteria such as low interfacial state density, minimal die-
lectric loss (tan § <0.01), a wide bandgap for effective
suppression of leakage currents, and compatibility with
existing semiconductor fabrication processes [210-212].
These requirements are particularly crucial for the suc-
cessful integration of high-quality dielectrics with 2D
semiconductors, which possess vdW surfaces that pose
challenges for uniform dielectric deposition. Accord-
ing to the international roadmap for devices and systems
(IRDS), state-of-the-art MOSFETs at the 5 nm technology
node require an EOT below 1 nm and a V, of less than
0.8 V. However, the inert, dangling bond-free surface of
2D materials presents significant challenges for uniform
and scalable deposition of ultra-thin dielectrics (Fig. 9a)
[20]. To address these challenges, the dielectric deposition
process must be nondestructive and ideally form a vdW
interface with the 2D semiconductor to preserve its intrin-
sic properties while minimizing interfacial state density.
Various approaches have been explored, including direct
deposition, oxidation of deposited metals, surface pretreat-
ment, and organic seeding layers. Despite these efforts, a
universally applicable method for integrating high-quality

© The authors

dielectric layers with EOTs below 1 nm on 2D materials
has yet to be established. Consequently, although 2D FETSs
are expected to exhibit superior gate electrostatics com-
pared to conventional semiconductors, they still require
higher operating voltages than the latest Si-based MOS-
FETs, posing a fundamental limitation to their widespread
adoption.

To overcome this limitation, Xu et al. proposed a novel
approach for integrating an ultra-thin high-K dielectric layer
(EOT < 1 nm) onto 2D materials. In their work, antimony
trioxide (Sb,0;) was employed as a buffer layer interfacing
with 2D semiconductors through van der Waals interactions,
enabling the realization of an oxide—semiconductor interface
with minimal interfacial trap density. Additionally, Sb,0;
provides a hydrophilic surface, enabling uniform deposition
of ultra-thin high-K dielectric layers (HfO,, Al,05, ZrO,) via
standard atomic layer deposition (ALD) even on hydropho-
bic 2D materials [20]. Using this method, a hybrid inorganic
dielectric layer with an EOT of 0.67 nm was successfully
formed, marking the thinnest EOT reported for 2D materi-
als to date (Fig. 9b) [20]. Figure 9c illustrates a monolayer
MoS, FET with the Sb,0,/HfO, hybrid dielectric, compar-
ing devices with 3 nm and 5 nm dielectric thicknesses (EOT
0.67 and 1.01 nm). The thinner dielectric enhances electro-
static control, leading to a sharp /4 transition around 0.4 V,
indicating high gate efficiency. Figure 9d shows that the
devices achieve S.S. values near 60 mV dec™', demonstrat-
ing low leakage current and effective gate control. Statistical
analysis confirms consistent S.S. values (60-75 mV dec™),
reinforcing the hybrid dielectric’s reliability in minimizing
power consumption and enhancing transistor performance.
Additionally, a thinner EOT reduces the Vth, enabling opera-
tion at a lower V;, which helps decrease power consump-
tion. In contrast, a thicker EOT (1 nm) results in weaker
gate control, leading to an increased S.S. value and slower
switching speed [20]. Similarly, Li et al. demonstrated an
alternative approach using perylene-tetracarboxylic dian-
hydride (PTCDA) molecular crystals as a seeding layer
for ALD of high-K dielectrics [159]. The thickness of the
molecular crystal could be precisely controlled to a mon-
olayer (~0.3 nm) via self-limited epitaxy, allowing for
high-K dielectric integration on graphene and MoS,. The
PTCDA/HfO, gate dielectric exhibited a low leakage cur-
rent (<102 A cm™?) and a high-breakdown electric field
(Ex=16.5 MV cm '), meeting the ITRS standards for low-
power applications. Furthermore, MoS, and WSe, CMOS

https://doi.org/10.1007/s40820-025-01898-8
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transistors demonstrated a V4 comparable to state-of-the-art
Si CMOS while maintaining high I /I i ratios and achieving
S.S. values near the thermionic limit of 60 mV dec!. Both
the Sb,0; buffer layer and the perylene-3,4,9,10-tetracarbox-
ylic dianhydride (PTCDA) molecular seeding layer effec-
tively address the challenges of depositing dielectric layers
on the inert, dangling bond-free surface of 2D semiconduc-
tors. By reducing EOT below 1 nm, they enable low S.S.
(~60 mV dec!) and high I /I ; current ratios, making them
promising strategies in the development of next-generation
low-power transistors [159].

5.2 Ferroelectric Materials

The ferroelectric dielectric layer is a key component of the
ferroelectric field-effect transistor (FeFET), enabling sponta-
neous polarization retention under an external electric field,
unlike conventional insulating layers. This characteristic
allows FeFETs to function as nonvolatile memory devices,
operating at lower power consumption while achieving fast
read/write speeds compared to traditional DRAM or flash
memory [213]. Additionally, the continuous polarization
variation in the ferroelectric dielectric layer enables multi-
level data storage rather than binary storage, enhancing its
potential for high-density memory applications [19].
Ferroelectric dielectric layers can be integrated with vari-
ous semiconductor materials. The most common ferroelec-
tric insulators include hafnium oxide-based ferroelectrics
and conventional perovskite ferroelectrics such as Pb(Zr,Ti)
O; (PZT) [213]. While PZT exhibits excellent ferroelectric
properties, its high processing temperature and environ-
mental concerns, due to lead content, limit its compatibility
with CMOS technology. Conversely, Hf, sZr, 0, (HZO) is
a promising alternative as it retains ferroelectricity even at
relatively low fabrication temperatures and is compatible
with existing semiconductor manufacturing processes [80,
214]. However, HZO also requires stringent thermal and
chemical conditions to stabilize its orthorhombic phase, and
its relatively lower K and charge trapping issues present sig-
nificant challenges. To overcome these limitations, 2D fer-
roelectric materials have gained increasing attention. Unlike
conventional ferroelectrics, 2D ferroelectrics maintain their
polarization at atomic thicknesses, offering advantages such
as high scalability, nonvolatile memory functionality, and
applicability in neuromorphic computing. Representative 2D

© The authors

ferroelectric materials include o-In,Ses, SnS, and CulnP,S¢
(CIPS), which exhibit directional ferroelectricity while dem-
onstrating enhanced stability and lower power consumption
compared to conventional ferroelectrics [213]. Particularly,
a-In,Se; is a promising candidate for nonvolatile memory
and neuromorphic applications due to its robust polarization
retention at ultra-thin thicknesses. Ferroelectric dielectric
layers can also be integrated with various semiconductor
materials to impart multi-functionality to FeFETSs. A notable
example is the VO,-based ferroelectric transistor, which lev-
erages a heterostructure combining BiFeO; (BFO) with VO,
[18]. Figure 9e illustrates the transfer characteristics of this
device, showing the conductance ratio (S/S,) as a function
of V, across multiple temperatures (25, 45, 60, and 85 °C).
VO,, known as a prototypical phase transition compound,
exhibits a metal-insulator transition (MIT) at around 68 °C.
The device exhibits a distinct hysteresis loop, indicating that
the MIT in VO, can be non-volatilely modulated through
ferroelectric gating. As the gate voltage increases (i — ii),
a sharp rise in conductance occurs, reflecting an electric
field-induced MIT from the insulating to the metallic state.
Conversely, as the gate voltage decreases (iii —1iv), VO,
transitions back to its insulating state, forming a hystere-
sis loop. The hysteresis width and Vth of the transition are
temperature-dependent, attributed to the interplay between
polarization at the VO,/ferroelectric interface and charge
injection effects. Notably, the decrease in the MIT Vth at
higher temperatures suggests a reduction in the transition
energy barrier, facilitating enhanced charge transport. These
findings confirm that ferroelectric gating enables nonvolatile
control of MIT in VO,, demonstrating its potential for low-
power memory and neuromorphic computing applications.

Despite their promise, conventional FeFETs face limi-
tations such as short retention time, depolarization fields,
and Ig, which hinder their commercialization. These issues
arise from potential drops at the ferroelectric/semiconduc-
tor interface and charge trapping effects, leading to Vth
drift and instability in memory states. To address these
challenges, ferroelectric semiconductor field-effect tran-
sistors (FeS-FETs) have been proposed. Unlike traditional
FeFETs, FeS-FETs utilize a ferroelectric semiconductor
as the channel material rather than a ferroelectric insula-
tor. This structural difference enables FeS-FETs to form
two nonvolatile polarization states within the semiconduc-
tor itself, effectively mitigating depolarization field effects
and significantly improving retention time and endurance

https://doi.org/10.1007/s40820-025-01898-8
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compared to FeFETs. Furthermore, to overcome the inherent
limitations of both FeFETs and FeS-FETs, a new Fe,-FET
architecture has been introduced. Fe,-FETs integrate both
ferroelectric insulators and ferroelectric semiconductors,
effectively neutralizing the counterclockwise hysteresis of
FeFETs and the clockwise hysteresis of FeS-FETs to achieve
hysteresis-free switching characteristics. By precisely engi-
neering the polarization charge at the ferroelectric insulator/
ferroelectric semiconductor interface, net polarization can
be minimized, thereby eliminating hysteresis and improving
switching efficiency [215]. Recent research has explored van
der Waals heterostructures, incorporating layered ferroelec-
trics such as CIPS and a-In,Se; into FeFETSs to overcome the
limitations of ferroelectric oxides, achieving wider memory
windows and enhanced polarization retention (Fig. 9f) [19].
Unlike conventional FeFETs, where the ferroelectric insu-
lator indirectly modulates the electron density in the chan-
nel, FeS-FETs directly leverage the intrinsic ferroelectric
properties of the semiconductor channel, enabling superior
channel control. These advances contribute to enhancing the
durability and reliability of ferroelectric dielectric layers,
further extending their applicability in neuromorphic com-
puting and high-performance memory devices. The develop-
ment of Fe,-FETs and next-generation hybrid ferroelectric
devices has the potential to maximize the performance of
ferroelectric transistors, integrating them seamlessly with
existing semiconductor technologies to accelerate the com-
mercialization of ultra-low-power, high-performance elec-
tronic devices.

5.3 2D Dielectrics

Dielectric materials play a crucial role in enabling next-
generation nanoelectronics, providing electrostatic control,
charge insulation, and interface stability for high-perfor-
mance FETs, quantum devices, and neuromorphic systems.
Unlike conventional bulk dielectrics, 2D dielectrics offer
atomically smooth surfaces, minimal charge trapping, and
strong compatibility with van der Waals heterostructures,
making them highly attractive for miniaturized and high-
efficiency electronics. The dangling bond-free structure of
2D dielectrics enables the formation of pristine interfaces
in 2D/2D vdW heterostructures, significantly reducing Cou-
lomb impurity scattering and interface-induced charge trap-
ping [113, 217-219]. This clean interface not only enhances

| SHANGHAI JIAO TONG UNIVERSITY PRESS

carrier mobility but also improves device stability by mini-
mizing defects at the dielectric/channel interface, which is
critical for achieving high-performance FETs, ultra-low-
power electronics, and quantum-coherent systems. These
materials can be broadly classified into low-K and high-K
dielectrics based on their dielectric constant, where low-K
materials mitigate parasitic capacitance and charge scat-
tering, while high-K materials enhance gate control and
suppress leakage currents. In particular, the integration of
high-K 2D dielectrics into vdW heterostructures provides an
effective means of enhancing electrostatic gating while pre-
serving the intrinsic properties of atomically thin semicon-
ductors, thereby enabling high-speed and energy-efficient
nanoelectronics.

hBN [220-224] is the most widely utilized low-K 2D
dielectric due to its wide bandgap, excellent chemical
and thermal stability, and strong insulating properties. Its
atomic structure, consisting of alternating boron (B) and
nitrogen (N) atoms covalently bonded within layers and
interacting weakly via van der Waals forces (Fig. 10a),
facilitates seamless integration into van der Waals hetero-
structures. The anisotropic dielectric properties of hBN
are presented in Fig. 10b, ¢, showing a higher out-of-plane
dielectric constant (e, ~ 5-7) compared to the lower in-
plane dielectric constant (ell &% 3—4) [220]. This dielectric
anisotropy makes hBN ideal for minimizing charge impu-
rity scattering while maintaining sufficient electrostatic
control. The hBN is primarily synthesized via CVD and
mechanical exfoliation, providing high-crystallinity films
suitable for FET applications. For device integration,
hBN is transferred onto silicon, glass, or flexible polymer
substrates using polymer-assisted techniques, preserving
its atomic smoothness and minimizing contamination.
A functional derivative, hexagonal boron nitride oxide
(h-BNO), is obtained through controlled oxidation, which
introduces oxygen functionalities into the boron nitride
lattice via selective nitrogen replacement or covalent B-O
bond formation. This chemical modification enhances
h-BNO’s dielectric strength and thermal resistance while
preserving its crystalline integrity, making it a promis-
ing candidate for high-frequency electronics and flexible
devices.

While hBN serves as a reliable low-K dielectric, high-K
dielectrics are essential for improving gate efficiency, reduc-
ing subthreshold leakage, and enabling ultra-scaled transis-
tors. High-K 2D oxides such as Bi,0,Se and its oxidized
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derivatives Bi,SeOs [225-229] exhibit superior dielectric
performance. As shown in Fig. 10d, controlled oxidation of
Bi,0,Se leads to the formation of Bi,SeOs, which possesses
an increased dielectric constant and a wider bandgap. Elec-
tronic structure analysis (Fig. 10e) indicates that Bi,SeOs
has a bandgap of 3.9 eV, significantly larger than that of
Bi,0,Se (1.7 eV), improving its suitability as a high-K gate
dielectric. The breakdown field versus dielectric constant
relationship (Fig. 10f) further highlights Bi,SeO5’s enhanced
dielectric properties, positioning it as a strong candidate for
next-generation gate oxides. These characteristics enable
improved gate efficiency, reduced subthreshold leakage,
and enhanced electrostatic control in ultra-scaled transistors.

The integration of low-K and high-K 2D dielectrics is cru-
cial for advancing nanoelectronic devices. hBN remains the
most reliable low-K dielectric for passivation, encapsulation,
and interfacial engineering due to its ultra-smooth surface
and chemical stability. Meanwhile, high-K materials such as
Bi,SeO; provide enhanced gate control and reduced leak-
age currents, addressing key limitations in transistor scaling.
Functionalized dielectrics like h-BNO further expand the
potential applications of 2D dielectrics in extreme operating
conditions and flexible electronics. Future research should
prioritize scalable synthesis methods, interfacial defect
minimization, and optimized integration strategies to fully
exploit the advantages of 2D dielectrics in next-generation
electronic and optoelectronic applications.

6 Future Interconnects
6.1 Scaling Interconnections in BEOL

Since the introduction of dual-damascene processing in
the back-end-of-line (BEOL) structure, copper (Cu) has
been the dominant interconnect material, first proposed by
IBM [231]. However, the inherent challenges of Cu, such
as electromigration and diffusion, necessitate the integra-
tion of barriers and liner materials, including TaN and Co
layers, to mitigate these issues. As the size of transistors
decreases, interconnect dimensions have also scaled down
to nanometer widths, connecting billions of transistors in
an integrated circuit. However, the physical limitations
of Cu interconnects are becoming increasingly evident as
device scaling approaches its fundamental limits. In dual-
damascene process for the BEOL fabrication, the fraction of

SHANGHAI JIAO TONG UNIVERSITY PRESS

Cu occupies only 25% among the total interconnection part,
as TaN and Co layers are required to prevent electromigra-
tion and diffusion (Fig. 11a). This dimensional scaling issue
exacerbates RC (resistance—capacitance) delay, leading to
excessive power consumption in advanced semiconductor
nodes [232]. As Cu interconnect dimensions approach the
nanoscale, resistivity increases significantly due to enhanced
surface scattering and grain boundary effects. This rise fol-
lows the Fuchs—Sondheimer (FS) and Mayadas—Shatzkes
(MS) models, where electron mean free path is limited by
surface roughness and grain boundary reflections [233].
As a result, the effective conductivity of Cu interconnects
degrades, leading to severe RC delay and power dissipa-
tion in advanced technology nodes. Figure 11b illustrates
the exponential resistivity increase at the sub-10 nm regime,
leading to severe interconnection delay issues.

To mitigate the increase of resistivity in Cu interconnects,
recent industry efforts have explored alternative liner and
barrier materials such as Ru and Co [234]. These materi-
als have shown improved electromigration resistance and
reduced grain boundary scattering, leading to lower resis-
tivity compared to conventional Cu-based interconnects
[235, 236]. Despite these advancements, Ru and Co still
exhibit higher bulk resistivity (~ 10 pQ cm) than Cu (~ 1.7
p€ cm), and their integration into BEOL remains challeng-
ing due to deposition complexity and cost [236]. Conse-
quently, Cu interconnects face a technical bottleneck in
scaling (Fig. 11c), necessitating the development of alter-
native interconnect materials. Given the increasing limita-
tions of Cu interconnects, topological semimetals (TSMs)
have emerged as promising alternatives due to their unique
scattering-free surface conduction properties Topological
semimetals such as TaAs, NbAs, and MoP, unlike Cu pos-
sess protected surface states that facilitate electron trans-
port without backscattering, dramatically reducing resistiv-
ity. These materials exhibit extremely low resistivity at the
sub-10 nm scale (Fig. 11d), addressing the interconnection
delay issue. A notable example is TaAs nanobelt structures
(~200 nm width), achieving ultra-low resistivity (~35 pQ
cm), significantly outperforming Cu in nanoscale dimen-
sions. Charge carriers in TSMs are less affected by grain
boundaries and surface scattering, due to the distinguished
energy band structures in topological semimetals, where the
crossing points between valence band and conduction band
are formed with Weyl semimetal. The feasibility of Weyl
semimetal interconnects in standard CMOS-compatible
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Table 2 Comparative summary of the bandgap, carrier mobility, thickness, and I /I g ratio of emerging channel materials for next-generation

on'

transistors. All data are extracted from values described in the respective sections [16, 141, 143, 144, 147-149, 190, 205]

Channel materials Bandgap (eV) Mobility (cm?/Vs) Thickness (nm) 1,,/1,4 ratio
2D vdW ~0.3 eV (BP bulk) MosS,: 80 (FET), 133 (Hall) mono: < 1 MoS,: ~10°
~2.0 eV (BP monolayer) InSe: ~9100 (Hall) InSe: ~9 WSe,: > 107 (FET)
WSe,: 27 (FET)
Halide Perovskite - CsFAPEA: 70 (FET) - CsFAPEA: 108 (FET)
Mott Insulator (VO,) Insulating (M1) to metallic - ~6 (Nb-TiO,/VO,) ~10% (MIT switch)
(R) phase transition
Amorphous Oxide ~3.0 ~10-50 (FET) - ~10° (FET)

BEOL processing is an active research area. Process chal-
lenges such as patterning, deposition techniques, and mate-
rial compatibility must be addressed before widespread
adoption.

1D metallic nanowires and 2D layered metals could com-
plement or replace conventional Cu-based interconnects
[237, 238]. Recent advances highlight mirror twin bounda-
ries in TMDs, as promising interconnect materials. These
dislocation-free structures enable quasi-ballistic transport,
reducing electron scattering and enhancing current-carry-
ing capacity compared to Cu [98]. The low resistivity at
nanoscale dimensions positions them as promising candi-
dates for overcoming interconnect scaling challenges. These
novel materials offer higher carrier mobility and reduced
electron scattering, making them potential candidates for
sub-3 nm technology nodes and beyond.

6.2 Advancing Beyond Ti/Au Contacts

The continued miniaturization of semiconductor devices
necessitates advancements in interconnect materials to
address scalability, reliability, and electrical performance
challenges. While Cu/TiN-based electrodes have been
widely utilized due to their low resistivity and process com-
patibility not to induce Cu interdiffusion, a high contact
resistance induced by Schottky barrier has not been com-
pletely resolved to actively integrate in sub-10 nm technol-
ogy node device [241]. Many approaches have been explored
to reduce contact resistance at metal—silicon interfaces,
particularly through the insertion of metal—silicon alloys—
commonly known as silicides such as NiSi, CoSi,, or TiSi,
[242, 243]. However, these methods primarily address con-
tact resistance in conventional silicon-based devices. In the
case of low-dimensional semiconductors, where the intrinsic

SHANGHAI JIAO TONG UNIVERSITY PRESS

tunneling barrier at the metal/semiconductor interface
dominates the contact resistance, alternative metals such as
bismuth (Bi) or molybdenum (Mo) [244, 245] should be
considered to mitigate this fundamental limitation. Mo has
demonstrated strong adhesion to semiconductor surfaces and
forms a lower Schottky barrier compared to conventional Ti/
Au contacts [246]. Experimental studies have shown that
Mo/TiN-based contacts can achieve an order-of-magnitude
reduction in contact resistance, making them a promising
candidate for next-generation semiconductor applications
[247]. For MoS, transistor, Mo electrodes could be a prom-
ising alternative for optimizing device performance. Yoo
et al. demonstrated that Mo-MoS, edge contacts effectively
mitigate performance degradation associated with increasing
channel thickness, offering a viable strategy for enhancing
device scalability [248]. Moreover, Mo is inherently com-
patible with CMOS fabrication processes, offering seam-
less integration into industrial-scale manufacturing [247].
Similarly, Bi has attracted attention as an interfacial mate-
rial due to its low work function, which effectively reduces
the Schottky barrier height, facilitating improved charge
injection. Shen et al., demonstrated that Bi deposition on
monolayer MoS,-based FETs significantly reduced con-
tact resistance, achieving an ultra-low RC of 123 Qum at
a carrier density of 1.5x 10'3 cm™2 [160]. These findings
highlight the potential of Mo and Bi as viable solutions for
overcoming the limitations of traditional Ti/Au contacts
while ensuring compatibility with existing semiconductor
processing technologies.

Beyond Mo and Bi-based adhesion layers, Weyl semimet-
als have gained interest as a disruptive alternative due to
their unique topological electronic properties. Unlike con-
ventional metals, WSMs exhibit topologically protected sur-
face states that allow nearly ballistic charge transport, effec-
tively eliminating scattering-related resistive losses [249].
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This intrinsic characteristic makes WSMs highly advan-
tageous for scaled transistor technologies where reducing
contact resistance and maintaining high carrier mobility are
crucial. Furthermore, WSMs lack a conventional bandgap,
enabling them to form Ohmic contacts with semiconduc-
tors without the need for additional interface engineering.
At this point, WSMs exhibit a distinct band structure, where
conduction and valence bands touch at discrete Weyl nodes,
unlike conventional semiconductors with bandgaps or met-
als with overlapping bands (Fig. 11e). Studies on NbAs-
based electrodes have revealed that surface conduction states
can contribute up to 70% of the total conductivity, further
enhancing charge transport efficiency in scaled devices
[102]. The combination of high carrier mobility and sup-
pressed electron backscattering positions WSMs as a strong
contender for the next generation of interconnect materials
[250]. To highlight the resistivity advantage of WSMs at
sub-10 nm interconnect dimensions, they maintain low resis-
tivity at reduced thickness unlike Cu (Fig. 11f). Recently,
Rocchino fabricated the transistor based on NbP with strong
manetoresistive coupling [251]. The resistance of NbP was
modulated using a locally induced magnetic field generated
by a superconducting gate.

Despite their promising electrical properties, the prac-
tical integration of WSMs into CMOS-compatible BEOL
processes remains an ongoing research challenge. Key bar-
riers include the scalable synthesis of high-quality WSM
thin films, precise patterning, and deposition techniques that
align with standard semiconductor processing methods. Cur-
rent research efforts are exploring ALD and CVD techniques
to facilitate the growth of WSMs with controlled thickness
and uniformity for interconnect applications. Addition-
ally, advancements in etching methodologies and material
compatibility assessments are required to ensure seam-
less integration into current semiconductor manufacturing

workflows. While these challenges must be addressed, the
potential of WSMs to eliminate contact resistance con-
straints makes them an attractive candidate for next-genera-
tion interconnect technology. Graphene-capped Cu intercon-
nects have been explored as another promising alternative,
offering low resistivity, high thermal stability, and improved
electromigration resistance (Fig. 11g). Graphene-capped
Cu interconnects have superior conduction reliability with
extended failure times of 3 and 10 MA cm2 (Fig. 11h, i)
[23]. As reliability is a key requirement for industrial appli-
cation, materials that exhibit both enhanced endurance and
intrinsic CMOS process compatibility are particularly prom-
ising. CMOS process compatibility is a fundamental require-
ment for the commercialization of new interconnect material
(Table 3). Mo is already utilized in semiconductor process-
ing and has demonstrated its feasibility for industrial-scale
applications, while Bi, though less commonly integrated,
has shown promising results in experimental settings and
could be further optimized for widespread adoption. On the
other hand, Weyl semimetals, though disruptive in nature,
require further advancements in process scalability, inter-
face engineering, and industrial integration before they can
replace conventional interconnect materials. As semiconduc-
tor scaling approaches its fundamental limits, Ti/Au-based
contacts face increasing challenges due to their high contact
resistance, Schottky barrier formation, and limited thermal
stability. To address these issues, Mo and Bi-based adhesion
layers provide a CMOS-compatible, low-resistance solution,
while Weyl semimetals offer a novel, barrier-free alternative
for ultra-scaled transistors. Future research should focus on
refining scalable deposition techniques, optimizing interfa-
cial properties, and developing integration strategies that
will enable these advanced interconnect materials to bridge
the gap between current BEOL limitations and the demands
of next-generation semiconductor devices.

Table 3 Next-generation interconnection materials and their conduction type, advantageous microstructure, and potential for interconnection
scaling. The data for these table were referred from recent studies [23, 252]

Dimensional metallic materials ~ Conduction Microstructure Dimensional anisotropy  Potential

3D metals—elements Co, Mo, Ru Isotropic Polycrystalline State of art

3D metals—compounds NiAl, Al;Sc Improved scaling

2D metals Cr,AlC, PtCoO, 2D anisotropic Textured Less surface scattering

2D materials Graphene 2D anisotropic Textured Less surface scattering

1D metals CoSn, CoSi 1D anisotropic Epitaxial Suppression of surface scattering
Weyl semimetals NbAs, MoP, Pt,Si  Surface state, anisotropic ~ Epitaxial Perimeter scaling

© The authors
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7 Reliability and Device Lifetime

As the scaling of MOSFETSs approaches its physical and
quantum mechanical limits, ensuring long-term device reli-
ability has become a critical concern for sustaining per-
formance and operational stability in modern electronics.
In advanced semiconductor nodes, even minor reliability
issues can severely impact circuit functionality, leading to
increased power consumption, performance degradation, and
early device failure. This is particularly crucial for applica-
tions requiring ultra-low power operation, high-speed pro-
cessing, and long-term durability, such as Al, edge comput-
ing, and emerging quantum computing technologies.
Various degradation mechanisms (Fig. 12), including
hot-carrier degradation (HCD) [253, 254], time-dependent
dielectric breakdown (TDDB) [255], negative bias tem-
perature instability (NBTI) [256-258], and time-dependent
device-to-device variation (TDDV) [259], impose significant
constraints on device performance, reliability, and lifetime.
These reliability challenges are exacerbated as transistor
dimensions shrink to the sub-3 nm regime, where increased
electric fields, enhanced quantum effects, and interfacial
defects contribute to accelerated degradation. A comprehen-
sive understanding of these reliability challenges and devel-
oping strategies to mitigate their impact will be fundamental
in enabling the next wave of semiconductor technologies.

7.1 Hot-Carrier Degradation and Drain Avalanche
Hot-Carrier Effects

Hot-carrier degradation (HCD) occurs due to the injection
of high-energy carriers into the gate oxide, which results
in interface state generation and oxide trap formation. This
phenomenon is particularly pronounced when a high gate-
to-drain voltage (ng) accelerates carriers within the channel,
leading to impact ionization near the drain region [254].
Under conditions where V, & V, energetic carriers acquire
sufficiency energy to surmount the potential barrier and
become trapped within the oxide, leading to progressive
degradation of the channel and gate dielectric. Conversely,
in scenarios where Vg < V4, impact ionization results in addi-
tional charge carriers (holes in an n-channel MOSFET), fur-
ther exacerbating /, and accelerating oxide wear-out.

The long-term impact of hot-carrier degradation mani-
fests as a gradual shift in key electrical parameters, including

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

Vth, S.S., and u [254]. These changes degrade device per-
formance and reliability, ultimately leading to failure in
high-speed and high-power applications. To mitigate these
effects, advanced gate stack engineering approaches, such
as optimizing the doping profile of the channel and incor-
porating strain engineering techniques, have been explored
[253]. These strategies effectively reduce the probability of
high-energy carrier generation and enhance device robust-
ness against hot-carrier degradation.

7.2 Time-Dependent Dielectric Breakdown

Time-dependent dielectric breakdown (TDDB) is a critical
reliability concern in MOSFETs, arising from the progres-
sive degradation of the gate oxide due to prolonged expo-
sure to high electric fields. As stress-induced defects accu-
mulate within the dielectric, the formation of conductive
percolation paths becomes increasingly probable, ultimately
leading to catastrophic breakdown [255]. The rate at which
TDDB occurs is strongly dependent on the magnitude of
the applied electric field, with empirical studies suggesting
a field-dependent lifetime model that follows an exponential
decay relationship. Experimental data and empirical models
suggest that dielectric lifetime (7) scales inversely with field
strength following an E-model or a VE-model dependence
[260].

High-K dielectric materials, such as hafnium oxide
(HfO,), zirconium oxide (ZrO,), and aluminum oxide
(AL,03), have been widely adopted to maintain high gate
capacitance while increasing the physical thickness of
the dielectric, thereby reducing direct tunneling leakage.
However, TDDB remains a significant challenge in aggres-
sively scaled devices, necessitating further advancements
to extend the operational lifespan of ultra-scaled transis-
tors. One approach to mitigating TDDB degradation is oxy-
gen vacancy suppression, as high-K materials inherently
contain a high density of oxygen vacancies, which act as
electron trap centers and accelerate breakdown [255]. To
address this, nitridation (N-incorporation) has been intro-
duced, where nitrogen is incorporated into HfO, to suppress
oxygen vacancies and reduce defect density, leading to the
development of nitrided high-K materials like HfSiON [261,
262]. Another strategy is interface engineering, as the inter-
face between high-K dielectrics and the Si substrate plays
a crucial role in TDDB reliability. A rough or defect-rich
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interface leads to increased trap states and accelerates break-
down, necessitating interfacial layer (IL) optimization. By
incorporating an ultra-thin SiO, layer between the high-K
dielectric and Si substrate, defect density can be reduced,
improving TDDB reliability while maintaining gate control
[263]. However, careful optimization is required, as exces-
sive IL thickness may degrade gate capacitance. In addi-
tion, plasma treatment using O, or N, can effectively pas-
sivate interface defects by reducing dangling bonds at the Si/
high-K interface, further enhancing dielectric reliability and
extending transistor lifespan.

7.3 Negative Bias Temperature Instability

Negative bias temperature instability (NBTI) primarily
affects p-channel MOSFETs (pMOSFET) under prolonged
negative gate bias conditions. The degradation mechanism
involves the generation of interface states at the Si/SiO,
interface and the trapping of holes within preexisting oxide
defects. Over time, these phenomena result in a shift in
the Vth, leading to performance degradation and increased
power consumption in CMOS circuits. The severity of
NBTI-induced degradation is highly dependent on stress
duration and operating temperature, following a power-law
relationship with stress duration. Recovery effects, observed
upon stress removal, indicate a partial reversal of the degra-
dation, suggesting a dynamic equilibrium between trap gen-
eration and passivation. Advanced gate stack engineering,
including the incorporation of nitrogen-passivated high-K
dielectrics and optimization of hydrogen termination at the
Si/Si0, interface, has been proposed as an effective means
of mitigating NBTI effects. These approaches enhance the
robustness of the gate dielectric and reduce the rate of charge
trapping, thereby improving the long-term reliability of
pMOSEFET devices.

7.4 Time-Dependent Device-to-Device Variation

As MOSFET dimensions continue to shrink, stochastic vari-
ations in the fabrication process introduce significant vari-
ability in device performance. Time-dependent device-to-
device variation (TDDV) arises from the random nature of
oxide trap generation and removal, leading to unpredictable
shifts in electrical characteristics across a device popula-
tion. This variability is particularly pronounced in advanced

| SHANGHAI JIAO TONG UNIVERSITY PRESS

semiconductor nodes, where statistical fluctuations in the
number and spatial distribution of oxide traps introduce
challenges in ensuring uniform circuit behavior.

To address this issue, Wani et al. [264] used alkali metal
fluirudes as dielectric capping layers, including lithium fluo-
ride (LiF), sodium fluoride (NaF), and potassium fluoride
(KF) dielectric capping layers, to mitigate the environmental
impact of oxygen and water exposure. Among them, the LiF
dielectric capping layer significantly improved the transistor
performance, specifically in terms of enhanced field-effect
mobility from 74 to 137 cm? V- 57! increased current den-
sity from 17 to 32.13 pA pm ! at a drain voltage of Vof 1 V.
Additionally, experimental studies have demonstrated that
oxide trap dynamics contribute to random telegraph noise
(RTN)-like fluctuations, resulting in increased Vth varia-
tions and degraded drive current uniformity. As illustrated
in Fig. 12, measurements of device performance under nega-
tive gate bias conditions reveal a broad statistical dispersion,
indicating the impact of trap-assisted processes on overall
device stability. Addressing TDDV requires improvements
in process uniformity, enhanced defect management strate-
gies, and the development of predictive models that account
for stochastic variations in oxide trap formation.

7.5 Future Perspectives on Reliability Enhancement

To ensure the continued scalability and performance
of MOSFETs, a comprehensive approach to reliability
enhancement must be pursued. Several key strategies have
been identified as essential for mitigating degradation mech-
anisms and extending device lifetime. First, advancements
in material engineering and process optimization are critical
to improving the reliability of gate dielectrics. The devel-
opment of novel high-K materials with enhanced dielectric
robustness, coupled with advanced defect passivation tech-
niques, can significantly reduce the impact of TDDB and
NBTI. Additionally, optimizing channel doping profiles
and strain engineering techniques can mitigate the effects
of hot-carrier degradation, thereby enhancing device per-
formance under high-field operation. Second, the integration
of predictive reliability models is essential for accurately
assessing degradation trends and optimizing device design.
Physics-based models that capture the complex interac-
tions between charge trapping, interface state generation,
and dielectric breakdown can provide valuable insights into
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failure mechanisms, enabling the development of more resil-
ient transistor architectures. Furthermore, machine learning-
assisted predictive techniques have the potential to enhance
reliability forecasting, facilitating early failure detection and
proactive reliability management. Lastly, circuit-level design
innovations must be explored to compensate for device-
to-device variations and ensure robust system operation.
Adaptive biasing schemes, error correction techniques, and
dynamic compensation circuits can mitigate the impact of
stochastic variability, enabling the implementation of reli-
able and energy-efficient semiconductor technologies.

To address how classical reliability concerns manifest in
emerging materials, it is important to examine how these
degradation and variability mechanisms influence novel
semiconductors such as 2D materials, perovskites, and Mott
insulators. Due to their atomic-scale thickness and high sur-
face-to-volume ratio, 2D materials are highly susceptible to
environmental interactions, charge trapping at the dielec-
tric interface, and contact instability [265]. For example,
threshold voltage drift and hysteresis under prolonged gate
bias have been widely reported and are primarily attributed
to interface trap generation and ambient-induced doping
effects. Additionally, contact degradation due to Fermi level
pinning and metal diffusion remains a key challenge. Several
studies have proposed strategies to mitigate these instabili-
ties. For instance, Ghosh et al. demonstrated through simu-
lation that interface and border traps in monolayer MoS,
FETs induce charge trapping effects, leading to hysteresis
and threshold voltage shifts that are strongly dependent on
the gate sweep rate [266]. To address these effects, they
emphasized the need for careful interface engineering and
dielectric selection. Knobloch et al. systematically inves-
tigated the electrical stability of 2D material-based FETs
and revealed that threshold voltage drift and hysteresis are
primarily driven by border trap dynamics at the dielectric
interface. Through experimental studies on graphene FETs
with amorphous gate dielectrics, they demonstrated that
careful tuning of the Fermi level can effectively suppress
trap-related instabilities. Their findings underscore the
importance of optimizing the gate dielectric environment
and engineering a high-quality semiconductor—insulator
interface to ensure long-term operational reliability in 2D
transistors [267].

Analogous reliability concerns including TDDB- and
NBTI-like instabilities have also emerged in perovskite-
based electronic and optoelectronic devices through distinct
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physical origins. In particular, metal halide perovskites
exhibit field- and light-induced ion migration (e.g., iodide,
methylammonium), which leads to dynamic trap formation,
phase segregation, and hysteresis—phenomena that mimic
or exacerbate TDDB- and NBTI-like instabilities [268, 269].
Furthermore, the soft ionic lattice of perovskites makes them
more susceptible to electric field-induced degradation and
time-dependent variability under operational stress [270].
To mitigate these effects, recent studies have proposed mate-
rial- and interface-level solutions such as: 1) ion trap pas-
sivation via incorporation of fullerene derivatives or small
molecules, 2) compositional engineering using mixed-cation
or mixed-halide strategies to suppress mobile ions, and 3)
interfacial barrier layers (e.g., Al,03, NiO,) that block ion
migration and improve dielectric integrity [269, 271]. These
efforts highlight that while the failure mechanisms differ in
origin from those in traditional semiconductors, the need for
robust reliability modeling and targeted mitigation remains
equally critical in perovskite systems.

Mott materials, known for their strongly correlated elec-
tron systems, exhibit unique degradation behaviors distinct
from conventional semiconductors. One major reliability
issue is field-induced dielectric breakdown, where an abrupt
Mott gap collapse leads to a sudden insulator-to-metal tran-
sition (IMT), causing unpredictable conductivity changes
[272]. Additionally, in resistive switching devices, filament
formation and overgrowth during repeated cycling result
in threshold voltage variability and potential short circuits
[182]. Unlike traditional failure modes like TDDB or HCD,
Mott systems present challenges such as nonlinear switching
dynamics, device-to-device variability, and irreversible dam-
age from localized transitions. To address these, research-
ers have explored: Interface engineering (e.g., buffer layers,
gating dielectrics) to moderate electric fields and suppress
abrupt transitions [272, 273], device design tuning (e.g.,
series resistors, geometry control) to stabilize switching
behavior [182], and pulse profile optimization and defect
control to limit filament growth and improve repeatability
[182]. These strategies are essential to enable reliable and
scalable Mott-based memory and logic devices.

In conclusion, addressing reliability challenges in MOS-
FET devices requires a multifaceted approach that inte-
grates material advancements, process optimizations, and
predictive modeling strategies. As transistor technology
progresses toward sub-3 nm nodes and beyond, ensuring
device reliability will remain a fundamental challenge,
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necessitating continuous innovation in semiconductor reli-
ability engineering.

8 Perspectives and Outlook
8.1 Key Perspectives on Addressing Device Limitations

The continuous downscaling of semiconductor devices has
introduced significant challenges related to bias thermal
instability (BTI), leakage currents, and switching perfor-
mance beyond conventional silicon-based MOSFETs. To
overcome these limitations, novel materials, device architec-
tures, and optimization strategies must be explored. This sec-
tion discusses key approaches for mitigating BTI, tackling
leakage issues, and realizing high-performance switching
characteristics, highlighting recent advancements in oxide
semiconductor transistors, hybrid dielectric engineering, and
floating gate transistor architectures. Figure 13 provides an
overview of various strategies addressing these challenges.

8.1.1 Mitigating Bias Thermal Instability

BTI presents a significant reliability challenge in TFTs,
where prolonged bias stress leads to a shift in Vth, impact-
ing long-term device performance. This degradation is
commonly observed in amorphous oxide semiconductors
such as a-1IGZO, where charge trapping at defect sites con-
tributes to Vth instability. Figure 13a—d shows the transfer
characteristics of undoped and nitrogen (N)-doped a-IGZO
transistors under different bias stress conditions at room tem-
perature (298 K) and elevated temperature (333 K) [276].
The data reveal a significant improvement in Vth stability
in the N-doped samples, as indicated by the reduced AVth.
Specifically, at higher temperatures, undoped a-IGZO expe-
riences pronounced Vth shifts and "humping" effects due to
increased charge trapping. In contrast, N doping effectively
suppresses these phenomena by modulating defect states and
mitigating carrier trapping at the semiconductor—dielectric
interface. To further enhance BTI resilience, passivation
techniques and interface engineering strategies must be
employed. The introduction of high-mobility oxide semi-
conductors, coupled with optimized doping strategies, pre-
sents a promising pathway for stable and high-performance
thin-film transistor technologies.
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8.1.2 Tackling Leakage Issues

One of the persistent challenges in aggressively scaled tran-
sistors is leakage current through the gate dielectric. As
transistors shrink, the need for an ultra-thin gate oxide layer
increases, leading to higher electric fields and enhanced
quantum mechanical tunneling, which significantly raises /,.
Traditional high-K materials such as Al,O; offer improved
capacitance but often suffer from higher leakage currents
due to interface roughness and charge scattering at defect
sites. To address these limitations, hybrid dielectric stacks
incorporating polymer-based insulators, such as PMMA
(polymethyl methacrylate), were used as a promising alter-
native for leakage suppression [157]. When combined with
Al, O3, the hybrid dielectric system offers a more controlled
interfacial electric field, which helps to suppress defect-
assisted conduction and improve the overall stability of
the transistor. Experimental findings have demonstrated
the advantages of this approach in two key aspects. First,
the integration of a PMMA layer results in a significant
improvement in field-effect mobility, indicating enhanced
carrier transport properties. This is attributed to the suppres-
sion of charge trapping at the dielectric interface, which is
a common issue in conventional Al,O;-based gate stacks.
Second, subthreshold slope measurements across different
applied biases confirm that the PMMA/AI,O; dielectric
system effectively reduces /,. The hybrid structure provides
better electrostatic control, leading to improved transistor
operation and greater energy efficiency.

Recent study by Cheema et al. [277] introduces a prom-
ising alternative by leveraging HfO,—ZrO, (HZH) super-
lattice heterostructures as a gate dielectric (Fig. 13e).
Unlike conventional HfO, stacks, which rely on aggres-
sive interfacial engineering to reduce equivalent oxide
thickness (EOT), HZH achieves ultra-thin dielectric scal-
ing (approximately 20 A in physical thickness, with an
EOT as low as 6.5 10\) without requiring SiO, scavenging.
This structural advantage helps maintain a clean interface,
thereby minimizing defect-related conduction and preserv-
ing transistor performance. One of the key benefits of HZH
superlattices is their ability to significantly suppress ,. As
shown in Fig. 13f, conventional HfO,-based dielectrics
suffer from increased leakage due to interfacial SiO, scav-
enging, which introduces defects and roughness. In con-
trast, HZH achieves comparable EOT without scavenging,
leading to substantially lower leakage current, improved
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Fig. 13 Strategies for BTI mitigation, leakage suppression, and high-performance switching. a—d Transfer curves of a-IGZO transistors under
various bias stress conditions, demonstrating A Vth reduction through N doping. Reproduced with permission from [276]. Copyright 2013, AIP
Publishing. e-g Device performance benefits of ultra-thin mixed-ferroic HfO,—ZrO, (HZH) gate stacks for leakage current suppression. e Sche-
matic of a transistor device integrating a 2-nm HZH gate stack (HZH fluorite—structure multilayer). f Leakage current versus EOT for HZH mul-
tilayer gate stacks (blue), benchmarked against reported high-K metal gate (HKMG) literature [280], including interlayer-scavenged 2-nm HfO,
(red), high-K doped HfO, (gray), and SiO,/poly-Si (black). HZH achieves the lowest reported leakage for a 6.5 -A EOT MOS capacitor [280],
comparable to higher-EOT 2-nm HfO, due to the preservation of the interfacial SiO, layer. Reproduced with permission from [277]. Copyright
2022, Springer Nature. g Carrier mobility versus EOT for long-channel transistors integrating 2-nm HZH (blue) compared to industry-reported
transistors with 2-nm HfO, (red) [281]. HZH exhibits higher mobility by achieving ultra-thin EOT without requiring interfacial scavenging.
Implementation of a floating gate transistor system for enhanced switching stability and high-performance characteristics: h Schematic illustra-
tion of the floating gate architecture using MoS, as the channel material, tunneling hBN as the insulator, and a control gate for precise charge
modulation. i Transfer characteristics across varying control gate biases. j Long-term stability measurements demonstrating excellent charge
retention after programming/erasing cycles, indicating the potential for reliable, high-performance operation in advanced electronic devices.
Reproduced with permission [279]. Copyright 2024, Wiley

reliability, and better power efficiency. In addition to leak-  defect-free interface, thereby enhancing carrier transport
age suppression, HZH structures also maintain high car-  efficiency.
rier mobility, which is crucial for high-speed transistor These findings highlight the potential of multi-dielec-

operation (Fig. 13g). While conventional HfO, gate stacks  tric stacks in reducing leakage current while maintain-
exhibit mobility degradation at lower EOT due to charge  ing high performance. By combining different dielectric
scattering and defect trapping, HZH preserves a smooth,  materials, these engineered stacks provide a scalable and
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energy-efficient solution for next-generation semicon-
ductor devices. As device scaling progresses, continued
advancements in defect engineering and interfacial passi-
vation will be essential in further optimizing these hybrid
dielectric structures.

8.1.3 Realizing High-Performance Switching beyond Si
MOSFETs

To transcend the intrinsic limitations of Si MOSFETs
and realize next-generation high-performance switching,
future research must focus on the strategic integration of
emerging semiconductors—including 2D materials, hal-
ide perovskites, oxide semiconductors, etc.—with well-
established but continuously evolving dielectric materials.
While high-K dielectrics, ferroelectrics, and vdW dielec-
trics have been extensively studied, their role in enabling
ultra-scaled, low-power electronics must be re-evaluated in
the context of novel semiconductor systems. In particular,
the interplay between 2D semiconductors and dielectrics
can lead to unique electronic and interfacial phenomena
that go beyond conventional silicon-based systems.

A compelling demonstration of this principle is the float-
ing gate transistor architectures for achieving high-perfor-
mance and reliable switching characteristics [222, 278, 279].
Figure 13h—j illustrates the implementation of a floating gate
transistor system utilizing MoS, as the channel material,
with a multilayer hBN tunnel barrier and a control gate
for precise charge modulation [279]. The schematic repre-
sentation in Fig. 13h highlights the role of tunneling and
blocking hBN layers in charge trapping and retention. This
configuration enables effective charge storage and modula-
tion, making it highly suitable for nonvolatile memory and
logic applications. The transfer characteristics presented
in Fig. 131 demonstrate robust switching behavior across
varying control gate voltages, with distinct hysteresis effects
indicative of strong charge storage capabilities. Addition-
ally, long-term stability measurements in Fig. 13j confirm
excellent charge retention even after extensive programming/
erasing cycles, reinforcing the reliability of this architecture
for high-endurance applications.

Moving forward, the realization of commercially viable
next-generation electronics will hinge on the ability to
engineer semiconductor—dielectric interfaces with atomic
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precision, optimize dielectric—semiconductor band align-
ments for enhanced charge modulation, and develop scalable
fabrication techniques for integrating these materials into
large-area, high-density device architectures. By strategi-
cally leveraging the synergy between advanced semicon-
ductors and carefully designed dielectric environments, the
limitations of conventional Si-based electronics can be sys-
tematically overcome, paving the way for energy-efficient,
high-speed, and ultra-scaled electronic systems.

8.2 Outlook for Transistor Manufacturing

The continued miniaturization of transistors has driven
semiconductor technology toward fundamental scaling
limits, necessitating new approaches beyond conventional
planar CMOS scaling. As power consumption, intercon-
nect resistance, and thermal constraints become increas-
ingly dominant challenges, alternative solutions such as
3D stacking, energy-efficient transistor architectures, and
Al-driven computing paradigms are emerging as the foun-
dation for next-generation semiconductor devices. The 3D
stacking architecture enables the industry to move beyond
transistor density scaling by integrating heterogeneous com-
puting units, reducing interconnect delays, and improving
system-level efficiency. In parallel, energy-efficient transistor
designs, including steep-slope transistors and ultra-low-Vth
devices, aim to overcome the thermionic S.S. limit, reduc-
ing operating voltages and minimizing power dissipation
in high-performance applications. Thermal management
remains a critical challenge as chip densities increase and Al
accelerators demand sustained computational loads. Novel
passive and active cooling techniques, high-thermal-con-
ductivity materials, and Al-driven dynamic thermal regula-
tion are being explored to ensure long-term reliability and
performance stability in 3D stacked and high-power semi-
conductor devices. The integration of neuromorphic com-
puting, memory-in-logic architectures, and Al-optimized
semiconductor platforms is transforming the role of hard-
ware in intelligent computing beyond power and thermal
considerations. Al-driven semiconductor architectures are
also introduced how data are processed, accelerating infer-
ence efficiency while reducing energy overhead. The conver-
gence of Al, 3D integration, and ultra-low-power transistor
architectures marks a fundamental shift in semiconductor
innovation. By addressing interconnect resistance, process
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compatibility, and computational efficiency, the semicon-
ductor industry is set to transition toward highly adaptive,
scalable, and intelligent computing architectures that extend
beyond conventional logic scaling (Fig. 14).

8.2.1 Three-Dimensional (3D) Stacking Architectures:
Heterogeneous Integration

The increasing demand for higher computational perfor-
mance, energy efficiency, and reduced form factors has
driven the transition from planar CMOS scaling toward 3D
stacking architectures. While planar transistor scaling has
historically enabled continuous improvements in density,
interconnect delays, power dissipation, and heat manage-
ment constraints have become major limiting factors. To
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Fig. 14 Perspectives and outlook for future transistor technologies with materials innovation. Addressing key challenges in the semiconductor
industry, including bias thermal instability, leakage issues, and high-performance switching. Advancing thermal management solutions and 3D
stacking architectures to enhance device performance and integration density. Exploring emerging computing paradigms and integration with
Al to meet evolving technological demands. Sustainable manufacturing and energy-efficient processing to ensure long-term industry viability.

Reproduced with permission from [282]. CC.BY.4.0
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overcome these challenges, 3D integration has emerged as
a transformative approach, enabling enhanced interconnect
efficiency, functional diversification, and heterogeneous sys-
tem integration. The semiconductor industry has actively
invested in 3D IC packaging and stacking methodologies
to maintain performance scaling beyond conventional tran-
sistor density limits [283, 284]. Advanced technologies,
including Intel’s Foveros, TSMC’s 3D Fabric, and system-
on-integrated-chip (SolIC) architectures utilize chiplet stack-
ing, hybrid bonding, and high-density interconnect solu-
tions to enhance efficiency [284-287]. These approaches
facilitate higher bandwidth, reduced latency, and improved
power—performance trade-offs, positioning 3D stacking as
a crucial enabler of next-generation computing architec-
tures. In addition, GAA-FETs are expected to dominate the
sub-2 nm technology node, whereas by the 1.5 nm node-
targeted around 2028-transistor architecture incorporating
vertically stacked nMOS and pMOS channels are anticipated
to emerge. These architectures aim to minimize footprint via
vertical integration and employ shared gate configurations
to enable tighter control. Such innovations are projected to
overcome fundamental scaling bottlenecks, paving the way
for novel three-dimensional device concepts that may define
the next paradigm in semiconductor technology. Despite
these advancements, material and process challenges remain,
particularly in interconnect resistance, thermal dissipation,
and CMOS compatibility. Future research must focus on
novel interconnect materials, optimized stacking method-
ologies, and monolithic 3D integration to fully exploit the
potential of 3D semiconductor architectures.

The evolution of 3D integration has progressed from 2D
ICs to 2.5D and ultimately 3D ICs, introducing higher tran-
sistor densities and improved interconnect performance.
TSV technology has been the most widely adopted approach
for enabling vertical interconnects between stacked layers.
However, TSV pitch scaling below 10 pm remains challeng-
ing due to fabrication complexity and parasitic capacitance
[288]. Hybrid bonding has emerged as an alternative, offer-
ing finer interconnect pitches, reduced resistive losses, and
improved power efficiency, though further optimization is
required to improve interface reliability and manufactur-
ing yield [289]. Monolithic 3D integration, which involves
sequential device fabrication on a single wafer, eliminates
TSV-related constraints and allows ultra-dense stacking,
but requires low-temperature processing strategies to pre-
serve device integrity. As parallelized 3D architectures
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gain traction, the International Roadmap for Devices and
Systems (IRDS) anticipates a shift toward monolithic 3D
integration, where individual transistor layers are vertically
stacked within the same wafer [290]. This approach enables
high interconnect density, reduced parasitic capacitance, and
improved energy efficiency, overcoming the limitations of
traditional 3D IC packaging [291-293].

While 3D stacking architecture offers a scalable alterna-
tive to planar transistor scaling, their widespread adoption
depends on resolving key material challenges, particularly
in interconnect resistivity, thermal management, and pro-
cess integration. The limitations of Cu-based intercon-
nects, including electron scattering, electromigration, and
parasitic resistance from diffusion barriers, are becoming
increasingly critical as transistor density scales beyond sub-
10 nm nodes. Alternative conductors such as 1D metallic
nanowires, 2D layered metals, Weyl semimetals, and ultra-
thin Ru/Co interconnects are under investigation to address
these constraints. These materials offer lower resistivity at
the nanoscale, enhanced carrier mobility, and improved elec-
tromigration resistance, making them viable candidates for
next-generation BEOL integration. The transition to verti-
cally stacked architecture inherently introduces self-heating
effects and increased thermal resistance due to the reduced
surface area available for heat dissipation. Advanced thermal
interface materials (TIMs), dielectric heat spreaders, and
engineered heat dissipation pathways are being explored to
improve thermal reliability in HPC environments. Addition-
ally, as monolithic 3D stacking gains interest, maintaining
process compatibility between sequentially fabricated layers
remains a fundamental challenge. Innovations in low-tem-
perature processing, atomic-scale interface engineering, and
defect-free material deposition are required to enable high-
performance, vertically integrated logic-memory systems.

The benefits of 3D stacking extend beyond interconnect
scaling, offering opportunities for heterogeneous integra-
tion with emerging transistor architectures that surpass the
limitations of FinFET and GAAFET technologies. Two-
dimensional material-based FETs, such as those using
MoS, or WSe,, allow ultra-thin channel structures that
mitigate short-channel effects in vertically stacked logic
layers. FeFETs provide nonvolatile memory functionalities
within logic devices, reducing static power consumption and
enabling in-memory computing paradigms [294]. Negative
capacitance FETs (NC-FETs) leverage ferroelectric layers
to improve switching efficiency and achieve sub-60 mV/
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decade operation, enhancing overall energy efficiency. As
monolithic 3D integration continues to advance, the ability
to incorporate these novel transistor technologies will fur-
ther extend the functional and performance benefits of 3D
stacked semiconductor architectures.

Despite its transformative potential, 3D stacking archi-
tecture must overcome key challenges in CMOS process
compatibility, thermal dissipation, and heterogeneous inte-
gration. The deposition, patterning, and etching of emerging
conductors and dielectrics must be refined to ensure seam-
less compatibility with existing BEOL workflows. Self-
heating effects in vertically stacked structures necessitate
the development of advanced thermal management solu-
tions, while interlayer thermal coupling must be precisely
engineered to maintain performance consistency in stacked
logic-memory systems. The integration of 3D monolithic
memory-in-logic architectures could accelerate Al infer-
ence tasks while significantly reducing power consump-
tion. Furthermore, non-von Neumann computing paradigms
remain an area of active research within 3D architecture,
particularly for neuromorphic and edge Al applications. By
addressing these challenges, 3D stacking architectures will
play a pivotal role in defining the next era of semiconduc-
tor innovation, particularly in the heterogeneous integration
of Al-driven computing, high-performance logic-memory
convergence, and ultra-dense chiplet architectures.

8.2.2 Pushing Energy Efficiency: Super Low-Vth &
Sub-60 mV dec1 S.S.

As HPC continues to expand, improving the energy effi-
ciency of semiconductor devices has become a critical chal-
lenge. However, conventional CMOS technology is funda-
mentally constrained by the S.S. limit of 60 mV dec™! at
room temperature, restricting further reductions in operating
voltage and impeding ultra-low-power design. Without over-
coming this limitation, power consumption in HPC systems,
such as Al accelerators and data centers, will continue to
rise, exacerbating energy efficiency concerns. To address
this challenge, researchers are exploring new transistor
architectures featuring super low-Vth transistors and sub-
60 mV dec! S.S. devices. Super low-Vth transistors operate
at lower voltages, significantly reducing power consump-
tion [295]. However, lowering the Vth also increases leak-
age current, leading to higher static power dissipation and
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potential thermal issues. Moreover, process-induced varia-
tions in Vth introduce unpredictability in transistor perfor-
mance, particularly in memory applications such as SRAM,
where stability is critical. To mitigate these challenges, vari-
ous techniques, including high-K gate dielectrics, multi-Vth
design strategies, and adaptive biasing techniques, are being
developed to balance low operating voltage and leakage con-
trol [296]. Beyond lowering the Vth, a more fundamental
approach involves overcoming the S.S. limit of conventional
MOSFETs to enable ultra-low-power switching. This has
led to intense research into alternative transistor designs
such as tunnel field-effect transistors (TFETs), NC-FETs,
and Dirac-source field-effect transistors (DSFETs). TFETs
utilize band-to-band tunneling to enable sub-thermal S.S.,
while NC-FETs leverage negative capacitance effects from
ferroelectric materials to amplify the internal gate voltage,
reducing S.S. beyond the 60 mV dec™! limit. However, both
technologies present practical challenges: TFETs suffer
from low on-current, and NC-FETs require precise capaci-
tance matching for stable operation. Recently, DSFETs
have emerged as a promising alternative, utilizing Dirac
electrons’ linear dispersion properties to address the limita-
tions of TFETs, offering high I and efficient low-voltage
operation. A key enabler for these next-generation transis-
tors is the integration of 2D materials. 2D materials, such as
TMDs, exhibit atomic-scale thinness, high carrier mobility,
and defect-free van der Waals surfaces, making them highly
suitable for steep-slope transistors [297]. Additionally, van
der Waals heterojunctions allow for ultra-clean interfaces,
enhancing tunneling efficiency in TFETs and stabilizing
negative capacitance effects in NC-FETs. Recent studies
suggest that 2D material-based DSFETs could significantly
lower power consumption, making them a strong candidate
for future ultra-low-power electronics [298].

These innovations have broad application potential
across multiple domains. Al accelerators and neuromor-
phic computing require energy-efficient semiconductor
devices to enhance computational speed while minimizing
power dissipation. Likewise, low-power IoT and wearable
devices demand efficient transistors to extend battery life
and enable sustainable operation. Edge computing and
battery-powered systems can benefit from ultra-low-power
transistors, improving performance while reducing energy
consumption. The realization of sub-60 mV dec™! transistor
technologies necessitates seamless integration with exist-
ing CMOS fabrication processes while simultaneously
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enhancing device performance. Advances in TFETs, NC-
FETs, and DSFETs continue to drive progress in energy-
efficient semiconductor design, with ongoing research into
novel device architectures and material systems expanding
the frontiers of ultra-low-power electronics. These develop-
ments are expected to play a critical role in shaping the next
generation of high-performance, energy-efficient computing
technologies.

8.2.3 Enhancing Thermal Tolerance in Integrated Chips

As Al accelerators, HPC and data centers continue to scale,
the demand for greater computational power has led to a
substantial increase in power consumption. This, in turn,
has introduced significant thermal management challenges,
particularly in 3D stacked chip architectures, where the
vertical integration of multiple layers restricts heat dissipa-
tion. Unlike traditional planar chips, which can efficiently
dissipate heat through the surface, 3D stacked chips suf-
fer from heat accumulation within the structure, leading
to the formation of thermal hot spots. As the number of
stacked layers increases, heat becomes trapped, degrading
performance, increasing power leakage, and reducing overall
device reliability. This issue is particularly severe in high-
power computing applications such as Al accelerators and
neuromorphic chips, where excessive heat can cause thermal
throttling, limiting computational efficiency [299]. Given
these challenges, effective thermal management strategies
are critical to ensuring the stability and longevity of 3D inte-
grated circuits (3D ICs).

To mitigate heat accumulation in 3D stacked chips,
researchers have explored both passive material-based
solutions and active cooling techniques. Passive cooling
approaches focus on integrating high-thermal-conductivity
materials to enhance heat dissipation within the stack. Gra-
phene and CNTs [300] have emerged as promising heat-
spreading materials, with thermal conductivities exceeding
3000 W m! K !, enabling efficient channeling of heat away
from hot spots. Diamond-based thermal interface materials
(TIMs) [301], known for their exceptional thermal conduc-
tivity, have been incorporated into TSVs to facilitate vertical
heat dissipation. Additionally, silicon carbide (SiC) interpos-
ers have been explored as a superior alternative to conven-
tional silicon-based interposers, offering improved thermal
spreading between stacked dies. Studies indicate that these
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material innovations can reduce hot spot temperatures by
up to 30%, significantly improving thermal performance in
multilayer semiconductor structures. However, while these
materials enhance passive heat dissipation, they may not be
sufficient for high-power applications, where more active
cooling methods are required.

To address this limitation, researchers have turned to
active cooling techniques that can dynamically regulate heat
dissipation in real time. One such approach is microfluidic
cooling, which integrates coolant channels directly within
the chip stack to enable localized liquid cooling at critical
regions. Studies have shown that microfluidic cooling can
reduce peak chip temperatures by more than 40% compared
to conventional air-cooling methods, making it particularly
suitable for data centers and HPC environments, where
large-scale heat dissipation is required. Another promising
technique is thermoelectric cooling (TEC), which leverages
the Peltier effect to transfer heat from a hot region to a cooler
one using an electric current. TEC is particularly effective
for chip-scale applications, where precise, localized cooling
is needed. Hybrid cooling solutions, which integrate both
microfluidic cooling and TEC, have demonstrated significant
improvements in heat dissipation efficiency, making them
viable for next-generation Al processors and high-power
semiconductor devices.

Beyond hardware-based solutions, thermal-aware
design strategies play a crucial role in managing heat in
3D stacked chips. Dynamic thermal management (DTM)
techniques adjust clock frequencies and operating volt-
ages based on real-time temperature monitoring, prevent-
ing localized overheating. Additionally, thermal-aware
task scheduling optimally distributes workloads across
multiple chip layers, balancing heat generation to avoid
excessive thermal buildup. Machine learning-based ther-
mal prediction models further enhance these strategies by
enabling real-time hot spot forecasting, allowing preemp-
tive adjustments to cooling mechanisms. Support vector
regression (SVR) models, for instance, have been demon-
strated to predict hot spot temperatures with an accuracy
of 0.6 K, facilitating more precise and adaptive thermal
regulation in 3D ICs with up to 28 layers. These Al-driven
approaches complement passive and active cooling solu-
tions by ensuring that thermal management is not just
reactive but also proactively optimized in response to
workload demands [299]. The implementation of these
advanced thermal management strategies is expected
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to transform key application areas. Al accelerators and
neuromorphic computing chips, which require sustained
high-performance operation, will benefit from enhanced
thermal regulation, reducing the risk of thermal-induced
performance degradation. Data centers and HPC environ-
ments, where power efficiency and large-scale heat dis-
sipation are primary concerns, can integrate these cooling
technologies to lower infrastructure costs while improv-
ing computational efficiency. Moreover, Al-driven real-
time thermal optimization offers a compelling pathway
for autonomous thermal management, reducing energy
overhead associated with cooling systems.

Looking ahead, the continued advancement of 3D semi-
conductor packaging will depend heavily on overcoming
thermal bottlenecks through multifaceted solutions. The
integration of high-thermal-conductivity materials, active
cooling methods, and Al-driven thermal management tech-
niques presents a viable strategy for sustaining Moore’s law
while ensuring efficient energy management in next-genera-
tion computing architectures. Future research into low-tem-
perature bonding techniques, advanced interconnect designs,
and embedded cooling solutions will be instrumental in fully
unlocking the potential of 3D stacked chips, paving the way
for more thermally efficient and scalable semiconductor
technologies.

8.2.4 Meeting the Demand for New Functionalities

As Al systems become increasingly complex, the demand for
more efficient computing architecture extends beyond con-
ventional transistor scaling. Traditional von Neumann com-
puting architecture suffers from energy inefficiency, memory
bandwidth limitations, and processing delays, which have
become particularly problematic for real-time Al applica-
tions such as autonomous systems, robotics, and bio-inspired
computing [302]. To address these challenges, neuromorphic
computing has emerged as a promising alternative, leverag-
ing brain-inspired architectures that integrate memory and
processing to achieve highly efficient, low-power comput-
ing. However, intelligence in biological systems is not solely
about computation; it also involves real-time sensory percep-
tion and adaptive learning. To bridge this gap, neuromorphic
computing must be complemented by neuromorphic sensory
devices, which mimic biological sensory systems to process
data more efficiently at the hardware level.
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Neuromorphic hardware is fundamentally different from
traditional digital processors, as it relies on event-driven,
massively parallel, and in-memory computing principles
to reduce energy consumption and improve processing
efficiency. Instead of sequential, clock-driven operations,
neuromorphic systems process information dynamically,
responding to stimuli in a manner emulating biological
synapses and neurons. This functionality is largely enabled
by emerging materials such as halide perovskites, ferroelec-
tric oxides, and Mott insulators, which exhibit nonvolatile
memory states, tunable resistance switching, and adaptive
electrical responses—all of which are critical for replicat-
ing synaptic plasticity [303]. These material properties have
facilitated the development of memristors, ferroelectric syn-
apses, and ionic-based resistive switching devices, which
provide multi-level resistance states essential for hardware-
based learning and inference.

In parallel, neuromorphic sensory devices are revolutioniz-
ing the way machines perceive and interact with their environ-
ment [304]. Traditional CMOS-based sensors capture and pro-
cess data continuously, leading to enormous data redundancy
and excessive power consumption. In contrast, neuromorphic
sensors operate on event-driven principles, mimicking biolog-
ical sensory systems such as vision, touch, and olfaction. For
instance, neuromorphic vision sensors, inspired by the human
retina, detect changes in light intensity rather than capturing
full-frame images at fixed time intervals, significantly reduc-
ing data transfer loads [305]. Similarly, neuromorphic tactile
sensors emulate human skin by responding to pressure and
texture changes with real-time electrical impulses, enabling
energy-efficient haptic feedback in robotics. Bio-inspired
chemical sensors, such as those mimicking the olfactory sys-
tem, detect and classify complex chemical compositions with
high specificity, offering potential applications in environmen-
tal monitoring and medical diagnostics. The convergence of
neuromorphic computing and neuromorphic sensory devices
creates a powerful synergy, allowing real-time perception,
adaptation, and decision-making at the hardware level. Unlike
conventional Al architectures, which rely on high-power com-
puting clusters for inference and training, neuromorphic sys-
tems can perform these functions locally, within edge devices,
using minimal energy. This is particularly relevant for applica-
tions such as autonomous robotics, brain—machine interfaces,
and Al-driven prosthetics, where real-time response and low
power consumption are crucial.
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To fully leverage the potential of neuromorphic systems,
several key challenges must be addressed. First, the scalabil-
ity and manufacturability of neuromorphic materials must be
improved to enable large-scale integration into semiconduc-
tor fabrication processes. While materials like halide perovs-
kites and Mott insulators exhibit remarkable neuromorphic
properties, their stability and compatibility with CMOS pro-
cessing require further optimization. Second, neuromorphic
computing architecture must be co-designed with Al algo-
rithms to ensure that the hardware is fully utilized for prac-
tical applications. Unlike traditional deep learning models,
which are optimized for digital hardware, neuromorphic Al
requires dedicated software frameworks and learning para-
digms that align with event-driven processing.

Looking ahead, neuromorphic computing and sensory
devices represent a fundamental shift in how Al is realized
at the hardware level. Future semiconductor architecture
will increasingly move away from conventional digital logic
toward bio-inspired, adaptive, and energy-efficient systems.
The integration of neuromorphic transistors, 3D stacked
memory, and event-driven sensory devices will enable Al
systems that are not only computationally powerful but
also capable of real-time perception and learning. As Al
applications continue to expand into autonomous systems,
bio-integrated electronics, and real-time edge computing,
neuromorphic hardware will play a pivotal role in shaping
the next generation of intelligent machines. Future research
must focus on material optimization, system integration, and
neuromorphic-native Al frameworks, ensuring that these
emerging technologies can be seamlessly deployed in real-
world applications.

8.2.5 Sustainable Manufacturing and Energy-Efficient
Processing

The semiconductor industry is at the forefront of techno-
logical advancements but is also a sector with high energy
consumption and environmental impact. Sustainable man-
ufacturing and energy-efficient processing are among the
most pressing challenges, requiring strategies that minimize
carbon emissions, conserve resources, and reduce environ-
mental footprints.

Recent studies have proposed various strategies to
enhance the sustainability of semiconductor manufactur-
ing processes. One critical approach is the development
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of energy-efficient transistor technologies. Conventional
CMOS-based transistors have reached their physical limits,
making further reductions in power consumption increas-
ingly difficult. As an alternative, TFETs have gained atten-
tion. TFETs leverage quantum tunneling to operate at
one-tenth the power of conventional CMOS devices while
maintaining high performance, making them a key compo-
nent in low-power applications. Additionally, innovations
such as high-K/metal gate and FinFET architectures are
being explored to further reduce power consumption and
enhance performance [306].

Beyond transistor design, the adoption of eco-friendly
materials in semiconductor fabrication is another signifi-
cant aspect of sustainable manufacturing. Alternatives to
silicon-based transistors, such as gallium nitride (GaN)
and gallium oxide (Ga,03), offer higher breakdown volt-
ages and lower thermal resistance, making them well suited
for energy-efficient power electronics [306]. At the same
time, manufacturing processes are being refined to reduce
the use of hazardous chemicals. For instance, EUV lithog-
raphy is being utilized to decrease photoresist consumption
and minimize waste production. The integration of smart
manufacturing and automation is another essential strategy
to reduce energy consumption in semiconductor process-
ing. Al-driven optimization systems and IoT sensors enable
real-time monitoring of manufacturing processes, preventing
unnecessary resource waste. By implementing these smart
factory technologies, major semiconductor companies like
Samsung and Intel are optimizing their production lines
to lower carbon emissions and enhance overall efficiency
[306]. Furthermore, renewable energy adoption and waste
recycling systems are emerging as fundamental components
of sustainable semiconductor production. Companies are
increasingly transitioning to solar and wind energy sources
to power their fabs, thereby reducing their dependence on
fossil fuels. Additionally, wastewater recycling systems are
being implemented to mitigate the environmental impact
of semiconductor fabrication. Notably, Intel has reported
achieving over 90% water recycling rates in some of its facil-
ities, demonstrating the feasibility of large-scale sustainable
manufacturing initiatives.

To ensure long-term sustainability, the semiconductor
industry must adopt a multifaceted approach that incor-
porates high-efficiency transistors, eco-friendly materi-
als, process optimization, smart manufacturing technolo-
gies, and renewable energy utilization. Moving forward,
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semiconductor manufacturers must continue to innovate
and invest in sustainable production techniques, balancing
environmental responsibility with economic viability.

8.2.6 Integration with AI

The integration of Al with semiconductor technology rep-
resents a paradigm shift in computing, where hardware is
no longer a passive executor of algorithms but an active
enabler of intelligence. As Al workloads continue to grow in
complexity, conventional computing architectures, particu-
larly those based on the von Neumann model, are reaching
their fundamental efficiency limits. The increasing energy
consumption, memory bandwidth constraints, and latency
associated with large-scale AI models necessitate a rethink-
ing of how Al is embedded at the hardware level. Future
semiconductor technologies must not only optimize tradi-
tional digital processing but also incorporate new computa-
tional paradigms that align with the principles of Al-driven
computation, enabling higher efficiency, lower power con-
sumption, and improved adaptability for emerging intelligent
systems.

One of the most immediate and impactful areas of Al
integration is processing-in-memory (PIM) and memory-
centric computing, where data storage and computation
occur within the same physical space to reduce energy-
intensive data movement. Emerging memory technologies
such as FeFETs, resistive RAM (RRAM), and phase-change
memory (PCM) are leading this transition by enabling in-
memory matrix operations that significantly accelerate Al
inference. These materials, when integrated monolithically
within semiconductor architectures, could enable near-zero
latency computation, drastically reducing the power foot-
print of AI accelerators in both edge and cloud environ-
ments. Beyond performance improvements, the adoption of
Al-centric memory architectures could redefine system-level
computing paradigms, allowing hardware to be inherently
optimized for deep learning workloads rather than retrofitted
to accommodate them.

Alongside memory innovations, Al-optimized transistor
architectures are emerging as a crucial driver of future effi-
ciency gains. Ferroelectric materials and negative capaci-
tance FETs (NC-FETs) offer the potential for sub-thermionic
switching, reducing power consumption to levels previously
unattainable with traditional CMOS. The integration of 2D
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semiconductors such as MoS, and WSe, into Al-specific
transistor designs introduces new possibilities for dynamic
threshold tuning, adaptive logic, and ultra-low-power pro-
cessing, enabling energy-efficient Al computation even in
resource-constrained environments [307, 308]. As Al appli-
cations become more pervasive in edge devices, from auton-
omous systems to wearables, these transistor-level optimiza-
tions will be essential in pushing Al beyond the confines of
power-hungry data centers.

Beyond hardware optimizations, Al itself is becoming an
integral tool for semiconductor design, process control, and
device optimization. The application of Al-driven method-
ologies, such as neural architecture search for circuit opti-
mization and machine learning-based process control, is
transforming the way semiconductor devices are fabricated
and tuned for performance. Al-enhanced design flows can
accelerate the discovery of new transistor geometries, inter-
connect materials, and chip layouts, reducing the time and
cost associated with traditional semiconductor research and
manufacturing. As the semiconductor industry moves toward
more heterogeneous and specialized architectures, Al-driven
design automation will play a central role in optimizing chip
performance, reliability, and scalability.

The long-term trajectory of Al-driven semiconductor
innovation points toward increasing convergence between
logic, memory, and intelligence at the hardware level [253,
274]. The rise of 3D stacking and monolithic integration
will further enhance Al efficiency by minimizing com-
munication bottlenecks between computing and memory
layers, enabling architecture where Al processing is dis-
tributed across tightly integrated, high-bandwidth com-
puting units. As Al models evolve toward self-learning
and continuously adaptive systems, future semiconduc-
tor platforms will need to support real-time, low-power
adaptation at both the material and circuit levels. The inte-
gration of Al and semiconductor technology is expected
to revolutionize computational efficiency. The seamless
integration of Al-optimized memory, adaptive transistors,
and Al-driven chip design methodologies will create self-
optimizing, intelligent computing systems that can dynam-
ically adjust their operation based on workload demands.
As Al applications expand beyond traditional domains
into areas such as neuromorphic intelligence, bio-inspired
computing, and autonomous reasoning, semiconductor
architectures must evolve to become not just enablers of
Al but active participants in intelligent computation. The
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next decade will likely see Al-native semiconductor plat-
forms, where materials, devices, and system architectures
are co-designed to maximize Al performance, paving the
way for ultra-efficient, autonomous, and scalable comput-
ing systems.
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