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ABSTRACT

The development of transistor architectures, evolving from 2D planar metal-oxide-semiconductor
field-effect transistors (MOSFETs) to FinFETs and then to gate-all-around nanowire (GAANW)
FETs, plays a crucial role in downscaling technology nodes in the semiconductor industry. This
perspective reviews the concept of MOSFETs and summarizes this historical development, with
particular emphasis on GAANW transistors due to their importance in next-generation technology
for nodes below 3 nm. Specifically, the concept of GAANW transistors and their advantages over
planar and FinFET devices for further scaling are presented, along with a discussion of their
transition from early conceptual ideas to laboratory demonstrations and, ultimately, to industrial
adoption. Furthermore, potential solutions, such as complementary FETs (CFETs) and 2D
semiconductor-based FETs, and their associated challenges for the future generation, known as the
Angstrom FEra, are discussed in a technological roadmap. This perspective may inspire both
industry and academia in future research directions for realizing the Angstrom Era.

Keywords: gate-all-around transistors, nanowire transistors, technology evolution,
transistor scaling, sub-3 nm technology nodes.
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The metal-oxide-semiconductor field-effect transistor (MOSFET), which functions as either a
switch or an amplifier, is the core component of modern integrated circuits used in many electronic
devices for a wide range of applications, including computing and memory.':2 The downscaling of
MOSFETs is crucial for achieving faster switching response and lower resistance, thereby enabling
more energy-efficient electronic devices. Over the past six decades, the general trend in
semiconductor technology has largely followed Moore’s law, which states that the number of
transistors on an integrated circuit doubles every two years. Modern circuits now contain hundreds
of billions of transistors, and this number continues to grow as MOSFET design advances, despite
the challenges of high-cost fabrication.

With the rapid increase in transistor density, the technology node has been used to characterize the
progression of semiconductor fabrication technology. The technology node typically corresponds
to the minimum physical dimension, or gate length, achievable with manufacturing equipment
until the mid-1990s, during which 2D Planar MOSFETs dominated the semiconductor industry. In
the late 2000s, especially after the introduction of FinFETs,? node names largely decoupled from
gate length, as gate length could no longer directly indicate transistor performance.* The so-called
Gate, Metal, Tier (GMT) method, which involves the concepts of gate/metal pitch and the number
of tiers, has been used to characterize the current technology node.*

The 3D FinFET has demonstrated improved electrostatic control because its fin-structured channel
is surrounded on three sides by the gate, thereby overcoming many challenges of conventional
planar MOSFETs, such as severe current leakage caused by short-channel effects, and enabling its
use in the 3-nm node. Although powerful, FInFETs are approaching their practical limit for further
scaling. Gate-all-around nanowire (GAANW) transistors are promising solutions and are now
leading the next era of semiconductor technology, with nodes smaller than 3 nm.’

This perspective will briefly review the concept and historical development of MOSFETSs, with
particular emphasis on GAANW transistors, and discuss the future evolution of technological
nodes below 3 nm and their associated challenges, while highlighting the latest emerging research
needs in semiconductor node scaling. Unlike recently published review articles,® ! this perspective
will provide the latest information on current transistor technologies and offer a more detailed and
precise summary of the historical development of GAANW transistors.

EVOLUTION OF EARLY MOSFET STRUCTURES

Fundamental Theories Driving Transistor Evolution. The evolution of transistor architectures
has been driven mainly by theories including semiconductor physics and scaling theory.>!! From
a semiconductor physics perspective, the gate voltage modulates the energy band structure and,
consequently, the charge carriers in the channel underneath the gate, thereby controlling the current
flow from the source to the drain, which is the fundamental operating principle of MOSFETs.
Therefore, device performance can be improved by enhancing carrier properties. This has led to
the introduction of strain in silicon to modify its band structure, as well as the use of high-
dielectric-constant (k) materials, both of which enhance carrier mobility and ultimately device
performance.® As device dimensions continue to shrink, limitations such as leakage current, short-
channel effects, and electrostatic control issues arise,'>!* which degrade performance and drive
the development of new architectures. From scaling theory,'! improved electrostatic control and
mitigation of short-channel effects can be achieved by providing gate control from multiple
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directions. Consequently, MOSFET architectures have evolved from planar structures to FinFETs
and eventually to GAA devices. This evolution is discussed in detail in the following sections.

Planar MOSFET: Above 25 nm Nodes. The MOSFET was first demonstrated at Bell Labs in
1960,'* and its 2D planar structure subsequently dominated the semiconductor industry until 2011.
Specifically, the planar MOSFET is the conventional device structure consisting of a source, a
drain, and a metal gate stacked on top of a thin oxide layer that electrically isolates the gate from
the substrate, as depicted in Fig. la. Such a device is called planar because its channel lies
essentially in the same plane as the substrate surface. The gate controls current flow in the channel
region. When a voltage is applied to the gate, a depletion layer forms at the channel region, which
can be manipulated to regulate the current flow from the source to the drain. The source/drain
structure can thus be switched between conducting (on) and nonconducting (off) states, depending
on whether the applied gate voltages exceed the threshold voltage. Two primary types of transistors,
p-MOSFETs and n-MOSFETs, with different charge carriers (holes or electrons), have been used
together to enable the development of modern integrated circuits, including both digital and analog
circuits.

The dimensions of the planar MOSFET, particularly the gate length Lg, have been reduced
significantly, mainly due to improvements in lithography and shallow junction formation, as well
as the introduction of technologies such as silicide contacts (e.g., Ni-silicide on top of poly Si gate
to reduce contact resistance), channel strain engineering, and high-dielectric-constant (k) metal
gate (HKMG).!%?° These combined efforts enabled the technology node scaling from 90 nm to 65
nm and then to 32 nm (see Fig. 1b), which correspond to transistor gate lengths (Lg) of
approximately 45 nm, 35 nm, and 30 nm, respectively.!® !”- ! For instance, a 32-nm node with
HKMG technology was first manufactured and commercialized by Intel in 2009.!” However, as
the gate length decreases, it introduces numerous challenges, including short-channel effects.!? 13
Such effects can lead to many problems, such as sub-channel leakage, direct-source-to-drain
tunneling, mobility degradation, and loss of threshold control, resulting in performance
degradation and reliability issues. To overcome these challenges, transistors have been advanced
to various designs, such as FinFETs, particularly for technology nodes below 25 nm.
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Fig. 1. (a) Schematic of the classic planar MOSFET and (b) its evolution. Adapted with permission
from Bohr and Young.?°

3D FinFET: 25-3 nm Nodes. The three-dimensional structured FinFET is a novel design and
represents a significant technological advance, offering clear advantages over the planar case. As
depicted in Fig. 2a, the FInFET has a vertical, thin Si fin extending above the substrate, allowing
the gate to wrap around three sides of the fin. Compared with the conventional planar MOSFET,
the FinFET gate controls the channel from multiple directions, thereby reducing current leakage
and suppressing short-channel effects by exerting stronger electrostatic control, which enables
continued transistor scaling.

The FinFET was first demonstrated by Chenming Hu’s group*2! in 1999, and it has been seriously
considered for industrial production since 2004. The first mass production of a 22-nm node using
FinFETs was achieved by Intel in 2011 (see Fig. 2b)*, and other major foundries, such as TSMC
and Samsung, have since adopted the technology. Although the concept of this design was
proposed more than two decades ago, it has proven effective, enabling transistor technology nodes
to scale down to 3 nm. However, as we enter a new era of technology, FinFETs face increasing
challenges in scaling further, particularly at nodes below 3 nm. The drawbacks of FinFETs, such
as width quantization, interference with interconnect layers, and current leakage from the bottom
channel, pose challenges for continued scaling.” As such, a more advanced design that wraps the
gate around all sides, called the gate-all-around (GAA) structure, has become a key solution for
the next technology generation beyond 3-nm nodes because it provides much better electrostatic
control without suffering the limitations of FinFETs.

a b
Gate

Source

gldigate

Fig. 2. Schematic of (a) a double-gate FinFET and (b) the first commercial tri-gate FinFET at the
22-nm node. Adapted with permission from Bohr and Young.?

CONCEPT OF IDEAL MOSFET: BEYOND 3 NM NODES

Structures. The concept of the ideal MOSFET was formulated and proposed by the International
Technology Roadmap for Semiconductors (ITRS) back in 1998, which further noted that
improvements in materials and device architectures are as crucial as geometric shrinking for
continued technological scaling (i.e., “equivalent scaling”).?>?* This has subsequently stimulated
the development of new technologies, such as the aforementioned channel strain engineering and
HKMG, but the invention of the FinFET, a key innovation in device structure, has played the most
important role in sustaining Moore’s Law through the 3-nm node. Furthermore, progress toward
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the ideal MOSFET continues with the introduction of a novel gate-all-around device architecture
for nodes below 3 nm.

As depicted in Fig. 3, the most critical feature of the ideal MOSFET is a gate wrapping around all
sides of the channel (i.e., gate-all-around), in contrast to planar and FinFET devices, in which the
channel is only partially enclosed by the gate. Other aspects of the ideal MOSFET include a metal
gate, a high-k gate insulator, and low-resistance source/drain contacts. To achieve this ideal concept,
the most important development was to incorporate semiconductor nanowires (NWs) into devices,
since they enable a fully surrounding-gate structure and can support high-density circuits,>* 23
making them essential building blocks for the next era of transistor technology. Although GAA
nanosheet and nanoribbon transistors were proposed later,?°2° they can be regarded as extensions
of earlier nanowire architectures. Since nanosheets and nanoribbons are essentially a wider,
laterally expanded version of nanowires, we will use the term “GAA nanowire” to represent both
nanowire-, nanosheet-, and nanoribbon-based GAA transistors for brevity. Therefore, the gate-all-
around nanowire (GAANW) transistor is the most realistic CMOS device architecture used today
for technology nodes below 3 nm and represents one of the most significant advances toward
realizing the ideal MOSFET proposed more than two decades ago.

The Ideal MOS Transistor
Metal Gate Insulator
Source ( Drain
Fully Surrounding Fully Enclosed,
T

Metal Electrode Depleted

{ _ : ) Semiconductor
\./

High-K Low Resistance
Gate Insulator Source/Drain

Band Engineered

Semiconductor

Fig. 3. The ideal MOSFET proposed in the 1998 ITRS. Reproduced from ref. 23, Applied Sciences,
© 2021, Gargini et al., licensed under CC BY 4.0.

Key Performance and Advantages. GAANW transistors exhibit superior performance compared
to FinFETs. The key difference between GAANW transistors and FinFETs lies in their device
geometry, which, in turn, results in distinct electrical properties and overall performance. Because
all sides of the channel are enclosed by the gate, the GAANW design provides an unprecedented
level of electrostatic control.*® As such, it can further suppress short-channel effects, reduce current
leakage, and enable a lower threshold voltage. For instance, compared to the FinFET, the GAANW
transistor has shown reduced off-current and an enhanced subthreshold slope, which can ultimately
enable faster switching between the on and off states and lower power consumption in the
devices.’!

From a practical standpoint, the scalability of sub-3 nm nodes is a significant advantage of the
GAA transistor architecture. The number and size of the NWs can be adjusted accordingly to
achieve smaller nodes without the geometric limitations, unlike FinFETs, where the fin width and
height can be restricted.” 26 This is also key to precisely controlling the transistor’s power and
performance, thereby enabling solutions for a range of applications, from low-power mobile
devices to high-performance computing processors, which are not possible with FinFETs. In



addition, the GAA design enables the growth of multiple devices along the vertical direction,
thereby achieving higher transistor density per unit area. For example, previous work has
demonstrated that multiple nanowires can be vertically stacked and provide much larger drive
current within the same footprint, marking a major advance in sub-3 nm scaling.?® All of these
benefits have led the industry to consider using GAANW transistors for nodes below 3 nm. More
importantly, large improvements in the device performance using GAANW structures have already
been reported by the big three semiconductor foundries, namely Samsung, Intel, and TSMC, with
the details explained in a later section on industry adoption.

Fabrication Challenges. To realize GAANW architectures, a key challenge is to grow high-
quality NWs, which are the core components of GAA transistors. NWs are difficult to fabricate
because they typically require highly precise processes and advanced control. In the early 2000s,
traditional top-down methods faced challenges in fabricating NWs because they relied heavily on
Deep Ultraviolet (DUV) light sources, which had a limited resolution of 193 nm, as noted in the
2001 ITRS.?? To address this, researchers initially employed bottom-up approaches to fabricate
GAANW transistors, enabling precise control of the NWs' size and orientation.*> Bottom-up
techniques have often been used first for proof-of-concept devices, as they generally achieve
higher resolution in at least one critical dimension than standard lithography processes,*? thereby
enabling future commercialization via top-down fabrication methods. Therefore, we will focus on
discussing GAANW transistors fabricated through bottom-up techniques in the early 2000s.

The most well-established method for synthesizing bottom-up nanowires is relatively
straightforward and based on the conventional catalyzed vapor-liquid-solid (VLS) process. After
Wagner and Ellis successfully grew silicon whiskers using VLS with an Au catalyst,** the VLS
mechanism has been adopted and further developed to produce various types of nanowires since
the early 2000s, with early contributions from researchers such as the groups of Lieber,** Yang,*’
and Samuelson.>® While the growth of Si, Ge, and other III-V nanowires, as well as nanowire
heterostructures, using the bottom-up method has been reported since then,>’*° several early
studies have focused on incorporating these nanowires into transistor devices.*!*** These nanowire-
based transistors have either bottom- or top-gate configurations, in which the nanowire is not fully
enclosed by the gate. Nanowire-based transistors with a top-gate geometry are often referred to as
omega-gate transistors, as the gate shape resembles the Greek letter Omega,** and they represent
the closest structures to the GAA case in the early stages of development. The fabrication of
GAANW transistors was thus a significant challenge in the late 1990s and early 2000s. As such,
it’s essential to summarize their historical development, and especially to show how they evolved
from conceptual ideas to laboratory demonstrations, and were eventually adopted by the industry.
Such a transition is described in detail in the following section.

HISTORICAL DEVELOPMENT OF GAANW TRANSISTORS

Early Conceptual Ideas (before 2000). The first attempt to achieve a GAA transistor was made
by a team from Toshiba in 1988,* who fabricated a vertical pillar silicon island surrounded by a
poly-Si gate. The pillar silicon island had a width of 4 um and a length of 0.8 um and was defined
by using the conventional top-down method. Two years later, instead of fabricating a vertical
structure, an IMEC team*® adopted an alternative orientation of the silicon island, yielding a
horizontal GAA transistor. They first defined a silicon active region with a length and width of 3
um by creating a cavity beneath the center of the silicon island using conventional lithography-
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based wet etching. A poly-Si gate material was then grown on all sides of the suspended silicon to
form a surrounding gate. Both Toshiba’s and IMEC’s vertical and horizontal designs have reported
improved performance than their planar counterparts, including smaller threshold slopes by using
GAA structures through better electrostatic control. Still, they are not suitable for industrial
applications due to limitations, including non-metallic gates and, more importantly, relatively large
micro-sized silicon source/strain structures that hinder scalability. Smaller structures, specifically
NWs, are the key to realizing high-density GAA transistors and thus play the most important role
in advancing current semiconductor technology to nodes below 3 nm as aforementioned.

Despite the limitations of prior GAA designs, the ITRS proposed the ideal MOS transistor with
the GAANW architecture and urged its further development in 1998,%> 2* as discussed in the
previous section. Although such a metal GAA structure was predicted to eventually dominate
semiconductor technology, it was uncertain at the time how to realize it or whether it would
function properly. This has thus required substantial work from both university research and
industry to advance the concept and implement it in the next era of technology. These efforts, along
with their timelines, are discussed below.

Laboratory Demonstrations (2006-). Although the microelectronics industry has recognized
since 1998 that the GAANW design concept could enable more energy-efficient transistors with
improved performance at extremely small scales below 3 nm, initial challenges in traditional top-
down lithography, such as limited resolution,® have hindered their fabrication and early
development. As aforementioned, bottom-up approaches can be used to initially validate device
concepts before large-scale integration since they offer molecular-level control of material
composition and structure, as well as providing insights into intrinsic material properties including
quantum effects, metal-semiconductor interface contact resistance at the source and drain, and
ultimate scaling and performance limits, thereby enabling the discovery of novel architectures and
materials, such as 2D semiconductors (e.g., graphene and MoS2), for future transistor
technologies.*® 4% With rapid progress in bottom-up nanowire synthesis beginning in the early
2000s, nanowire-based transistors have been increasingly fabricated to explore their electrical
properties. The nanowire-based transistors reported in early work typically had a horizontal layout
with either a back or a top-gate geometry,*'***3% 5! and thus were not GAA devices.

The first prototype of GAANW transistor was realized by Goldberger et al. from the Yang group
at UC Berkeley in 2006, published in Nano Lett.?* In this work, they fabricated vertical silicon
nanowire GAA transistors (see Fig. 4) primarily using the bottom-up VLS epitaxial growth
mechanism in a chemical vapor deposition (CVD) reactor. Specifically, vertical silicon nanowires
were first grown by CVD using an Au catalyst, and subsequent thermal oxidation produced high-
aspect-ratio structures with channel lengths of 1.0-1.5 pm and diameters as small as sub-5 nm,
which are challenging to achieve via conventional top-down lithography. Then, the silicon
nanowires were coated with an ultrathin Cr metal gate and embedded in silicon dioxide. Finally,
70 um? Ni drain contact pads were defined, each covering 8-269 nanowires, demonstrating the
feasibility of high-density circuits built on nanowires. While these vertical GAANW devices were
first-generation and not yet optimized, they already showed promising performance comparable
to that of standard transistors at the time. Although ZnO and CuSCN vertical nanowire transistors
were also demonstrated at a similar timeframe,” >* Goldberger et al.’s work is particularly



important because Si is more relevant to industrial applications. Therefore, this work has shed light
on transistor development by validating the GAANW concept at the laboratory scale for the first
time. In addition, an IBM team>* and Bryllert et al.> from the Samuelson group both reported a
conceptually similar nanowire device (see Fig. 5) around the same time as Goldberger et al.
Specifically, the IBM team fabricated vertical wrap-gated transistors consisting of 10%-10° silicon
nanowires with 400-nm lengths and 40-nm diameters, while the Samuelson group characterized
gate-all-around devices comprising 120 indium arsenide nanowires with 4-pm lengths and 80-nm
diameters. Both devices demonstrated promising performance, further supporting the GAANW
concept. Subsequently, numerous studies on bottom-up GAANW transistors have followed, ¢
culminating in industry adoption.

Gate
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Fig. 4. First GAANW transistor prototype, developed by the Yang group at UC Berkeley in 2006.
The scale bars are 2 pm, 1 um, and 500 nm for b, ¢, and d, respectively. Reproduced with
permission from Goldberger et al.?*
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Fig. 5. (a, b) 40-nm silicon and (c, d) 80-nm InAs nanowire GAA transistors proposed by the IBM
team>* and the Samuelson™ group, respectively. Reproduced with permission from Schmidt et al.>*
and Bryllert et al.>

Industry Adoption (2025-). Commercial GAANW transistors are now being produced by the
semiconductor industry using top-down methods, building on earlier laboratory demonstrations of
bottom-up concepts. Top-down fabrication is used by the industry because bottom-up techniques
are not yet compatible with current CMOS processes for large-scale, commercial production due
to their limitations in nanowire density, transfer, alignment, and uniformity.®* 3

Samsung announced the industry’s first production using a GAANW structure in mid-2022.° The
company’s 3-nm MBCFET (Multi Bridge Channel FET) technology (see Fig. 6), based on the
GAANW architecture, enabled unprecedented device performance. For instance, Samsung’s 3 nm
node based on GAANW transistors can reduce power consumption by 34%, improve performance
by 22%, and reduce area by 21%, compared with its previous 4 nm process with FinFET
technology.

Intel has its own design of GAANW transistors. They initially called it 20A in 2021 and later
renamed it 18A, which they previously expected to enter risk production in 2025, with
improvements ongoing.®’ The 18A node showed up to 25% higher iso-power performance and 30%
greater transistor density scaling compared to their previous FinFETs.® It’s also worth noting that
Intel incorporated a technology called PowerVia in its 18 A node, making it the industry’s first to
implement a backside power delivery method to optimize performance.¢’

While TSMC pushed FinFET technology to its limits for use in their current 3 nm node, they
recognized the early proof-of-concept silicon nanowire devices from the Yang group in 2014* and
are now implementing GAANW transistors in their next N2 technology at the 2 nm node. For
instance, TSMC announced its plans to mass-produce the 2 nm node based on GAANW transistors
in 2026.% Similarly, their N2 technology demonstrated up to 15% higher performance and 30%
lower power consumption than their previous N3 technology, which was based on FinFETs.%® It’s
also worth noting that TSMC theoretically realized a 1 nm GAA tin nanowire transistor with well-
behaved electrical characteristics due to a metal-to-semiconductor transition in 2014,*
demonstrating the promising scalability of GAA-based structures, as shown in Fig. 7.

Besides the big three foundries, other research organizations, such as IBM and IMEC, further
developed the GAA concept by employing a vertically stacked nanowire architecture,?® ® enabling
faster industry adoption of the technology. For instance, Rapidus mentioned their partnership with
IBM to develop their own 2 nm node, with mass production targeted for 2027.7° Their 2 nm process
was built on their early work on stacked nanosheet GAA devices.*®

Typically, industrial GAANW transistors consist of multiple nanosheets with widths of ~8-24 nm
and gate lengths of ~14 nm.”' In these industrial devices, the gate length is smaller, while the
channel width is comparable to the diameter of previously bottom-up synthesized nanowires (e.g.,
channel diameter ~5 nm, as reported by Goldberger et al.).?* 3% 3> While industry is now
implementing GAANW transistors through traditional top-down lithography, the Yang group and
the IBM team fabricated the first prototype bottom-up silicon nanowire device** 3 by creating
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these complex structures using chemical synthesis. It confirmed the concept nearly 20 years ago.’?
Despite using different names, the semiconductor industry is entering a new era with GAANW
transistors for technology nodes below 3 nm, beginning in 2025.

Gate Drain

Source \ /

b

nanosheet e——m1

MBCFET

Fig. 6. Schematic of MBCFET technology, as discussed, for example, in Jeong et al.®

Tin nanowire source/drain

Fig. 7. A 1 nm tin GAANW transistor proposed by TSMC in 2014. Adapted with permission from
Colinge et al.*

FUTURE EVOLUTION AND PERSPECTIVE: THE ANGSTROM ERA

Technology Roadmaps from the Big Three Foundries. Currently, the big three foundries are
shifting from FinFETs to GAANW transistors to accelerate technology node scaling, although their
timelines differ slightly. GAANW devices are now in mass production at 2 nm nodes and are
expected to begin delivering in 2025/2026, after which they will be fully adopted. In addition,
according to their roadmaps,’>”’> the big three foundries are now all heading in the same direction
and aim to use GA A architectures to advance nodes down to 1.4 nm by 2028. While GAA transistor
technology is powerful and shows improved device performance, there are still many
improvements that need to be made for the next phase of Moore’s Law — the Angstrom FEra.

Future Technology Node and Challenges. The current technology node does not refer to any
critical dimensions of the device; rather, it is used by industry to describe its technology generation.
The GMT method, which accounts for contacted gate pitch, metal pitch, and number of tiers, is
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typically used to characterize current technology nodes. The contacted gate pitch and metal pitch,
respectively, represent the minimum distances between two transistors’ gates and between two
horizontal interconnects, while the number of tiers denotes the number of vertically stacked layers
of transistors in an integrated circuit.* For instance, the 3 nm node equates to a 16-18 nm gate
length, a 48 nm gate pitch, and a 24-32 nm metal pitch. It typically has a single layer of transistors,
according to the IEEE International Roadmap for Devices and Systems (IRDS),’ the successor to
the ITRS. As we are about to enter the 2-nm era, it was further expected that the technology node
would be scaled down to ~1 nm by 2028 (see Fig. 8).* Afterwards, we will be moving to an
unprecedented generation era, the Angstrom Era, which will be full of uncertainties and challenges.
Fabricating sub-1 nm nodes is not trivial, as we will reach lithography-limited dimensions at that
point.*

As shown in Fig. 8, some potential solutions for further scaling are presented, as highlighted in
IMEC’s roadmap.’® Current silicon CMOS technology employs a single transistor layer, with
transistors connected to circuits via more than a dozen metal interconnect layers, resulting in
limited transistor density.* Therefore, researchers have developed multiple layers of n- and p-type
GAA transistors stacked on an integrated circuit. Such multilayer structures are generally referred
to as complementary FETs (CFETs) and can enable larger transistor densities (e.g., several billion
transistors per square millimeter can be realized with CFETs’). Although CFETs are expected to
take over in the next phase of development, they are projected to operate for only another 10 years,
as specified in the roadmap.

Beyond that, more advanced technologies employing sophisticated fabrication processes and
innovative materials will be necessary to sustain Moore’s Law. The fabrication processes for future
transistors are complicated, as they involve many steps, including multiple thin-layer depositions,
lithography, etching, doping, and planarization.”” Each of these steps is crucial to realizing scaled-
down devices. As device dimensions shrink, it becomes increasingly difficult to control their
critical feature sizes and minimize variability.”” In addition, integrating novel materials such as
high-k dielectrics, metal gates, and emerging channel materials faces issues with thermal stability,
interface quality, material defects, and process compatibility.”®° Consequently, manufacturing
high-yield devices at production scale involves substantial technical difficulties.?! > Nevertheless,
these challenges are expected to be addressed through various strategies. For instance, according
to the IRDS,® current Extreme Ultraviolet (EUV) systems will transition to high-numerical-
aperture (High-NA) and hyper-numerical-aperture (Hyper-NA) EUV in the future to achieve better
lithography resolution and support continued transistor scaling. Furthermore, novel materials, such
as 2D semiconductors,*® 4% 8439 could drive future evolution, although large-scale, high-quality
synthesis remains challenging.’®°! Other emerging materials, such as III-V compounds (e.g., InAs
and InGaAs),>> 3% %929 1D Van der Waals crystals,”* °> carbon nanotubes,’® °” and quantum
dots,”®1% may also be used to fabricate ultrasmall transistors; however, they remain at the
laboratory scale and require further development. Thus, it will require researchers and scientists
from industry and academia to lead future breakthroughs in semiconductor technology to realize
the Angstrom Era.
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Fig. 8. The evolution of future technology nodes and a potential technological roadmap. Device
structures evolve from planar to FInFET and GAA transistors, with corresponding evolution of
channel materials from Si/SiGe to 2D materials and fabrication technology from DUV to High-
NA/Hyper-NA EUV lithography.* 7683

The technology nodes were scaled down from nearly a hundred nanometers to a few nanometers
over the past two decades. These accomplishments were primarily due to rapid advances in device
architectures, transitioning from 2D planar to fin- and, eventually, GAA-based structures. The first
radical shift occurred in 2011 when the FinFET, developed by Chenming Hu’s group,® 2! was
commercialized at the 22-nm node by Intel.?® The FinFET has clearly demonstrated better
electrostatic control and lower power consumption than conventional planar transistors, thereby
enabling its use down to 3 nm nodes.

Although powerful, FinFETs have reached the limit of further scaling. With the channel being
entirely surrounded by the gate, GAA transistors can further suppress short-channel effects through
superior electrostatic control, ultimately allowing nodes below 3 nm with enhanced performance.
While the industry planned to mass-produce 2-nm nodes using GAANW transistors via traditional
top-down lithography in 2025, marking another major shift, the Yang group demonstrated the
potential of this concept by employing an unconventional bottom-up approach to fabricate these
complex structures nearly 20 years ago.”* 7?

Looking ahead, the implementation of GAANW transistors will eventually lead us to the next
generation, the Angstrom Era. CFETs are improved GAA structures comprising multiple layers of
n- and p-type GAA transistors stacked on top of one another. They were expected to play an
important role in this era and support semiconductor technology for at least ten years. The
microelectronics industry also recognized that innovative materials, such as 2D semiconductors,
may be essential for the future evolution of technological nodes. However, these emerging
materials still face challenges in high-quality synthesis and large-scale production, which must be
addressed to enable further development. Despite these challenges, we anticipate that
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semiconductor technology will continue to evolve toward even denser, more energy-efficient
transistor architectures through future contributions from both industry and academic research
investigating new materials. For example, the 2D material MoS: has already been explored and
demonstrated as a promising candidate for future ultra-small technology nodes by the
semiconductor industry, such as Samsung, Intel, TSMC, and IMEC.34%" Similar studies have also
been conducted in academic research.*®4%-3%:89 Dye to these combined efforts, this field is expected
to continue expanding and evolving for transistor downscaling. Other emerging materials, such as
I1I-V compounds (e.g., InAs and InGaAs),’ 3% 5% 9293 1D Van der Waals crystals,”* *> carbon
nanotubes,’® °” and quantum dots,’®!% might play an important role in the fabrication of next-
generation ultra-small transistors as well. Therefore, further improvements in the synthesis and
large-scale integration of such materials are also likely to enable continued transistor scaling.
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