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ABSTRACT 

Complementary metal-oxide-semiconductor (CMOS) technology has 
served as the structural backbone of the semiconductor industry for 
more than five decades, evolving from micrometer-scale planar 
transistors to sub-2-nanometer three-dimensional architectures. This 
review synthesizes the trajectory of CMOS scaling across all major 
technology nodes, beginning with the empirical foundations laid by 
Moore's Law and Dennard's constant-field scaling theory, and 
progressing through the strain-engineered, high-k/metal-gate planar 
transistors of the 90-32 nm era, the tri-gate FinFET architectures that 
dominated the 22-7 nm nodes, and the gate-all-around (GAA) 
nanosheet and nanowire transistors now enabling the 5-2 nm regime. 
Particular attention is given to the enabling role of extreme ultraviolet 
(EUV) lithography, the persistent challenge of leakage power 
following the breakdown of Dennard scaling, and emerging post-
CMOS strategies including complementary field-effect transistors 
(CFETs), monolithic 3D integration, and two-dimensional (2D) 
channel materials such as transition metal dichalcogenides. By 
critically examining device physics, process innovations, and the 
economic constraints that shape roadmap decisions, this review 
identifies electrostatic control, contact resistivity, and heterogeneous 
material integration as the dominant bottlenecks for future scaling 
and outlines the architectural pathways most likely to sustain 
transistor density growth beyond the 1 nm node. 
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1. INTRODUCTION 

The relentless miniaturization of the metal-oxide-
semiconductor field-effect transistor (MOSFET) has 
been the single most important driver of the digital 
revolution. Since Gordon Moore first observed that 
the number of components on an integrated circuit 
was doubling on a regular cadence, the semiconductor 
industry has organized itself around sustaining that 
trend, commonly referred to as Moore's Law (Moore, 
1965). What began as an economic observation about 
component density evolved into a self-reinforcing 
industrial roadmap that dictated investment, research 
priorities, and competitive strategy across the entire 
electronics value chain. 

 
CMOS technology, in which paired n-type and p-type 
MOSFETs are combined to realize logic functions 
with near-zero static power dissipation, became the 
dominant implementation technology because of this 
scalability. For approximately three decades, 
transistor scaling followed the constant-field rules 
articulated by Dennard, Gaensslen, Yu, Rideout, 
Bassous, and LeBlanc (1974), under which shrinking 
the physical dimensions of a transistor by a factor S 
while simultaneously reducing voltage by the same 
factor kept power density constant and delivered 
simultaneous gains in speed, density, and energy 
efficiency. This review traces CMOS evolution across 
all major technology nodes, from early micron-scale 
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planar devices through the introduction of strained 
silicon and high-k/metal-gate stacks, the transition to 
three-dimensional FinFET architectures, and the 
current generation of gate-all-around (GAA) 
nanosheet transistors, before examining the material 
and architectural innovations positioned to extend 
scaling beyond the 1 nm node. 

2. Historical Foundations: Moore's Law and 
Dennard Scaling 

Moore's original 1965 paper extrapolated five data 
points to predict that the number of components per 
integrated circuit would double annually, a rate he 
later revised to roughly every two years (Moore, 
1965). The economic logic underpinning this 
prediction was that a shrinking minimum feature size 
reduced the cost per transistor even as it increased the 
number of devices that could be placed on a single 
die, creating a durable incentive for the entire 
industry to invest in lithographic and process 
advances aligned to a shared cadence. 

Dennard et al. (1974) provided the physical scaling 
theory that made Moore's Law technologically 
realizable for CMOS logic. By simultaneously scaling 
gate length, gate oxide thickness, junction depth, and 
supply voltage by a common factor while increasing 
substrate doping, the electric field within the 
transistor channel remained constant across 
generations, allowing switching speed to increase, 
power density to remain flat, and static leakage to 
stay negligible. As documented in retrospective 
analyses of the scaling paradigm, Dennard's own 
paper anticipated a fundamental limitation: 
subthreshold slope does not scale with the same factor 
as other device dimensions, meaning that below a 
certain gate length, further voltage reduction causes 
off-state leakage current to grow exponentially rather 
than remaining negligible (Bohr, 2007). This 
limitation, largely dormant while feature sizes 
remained above roughly 130 nm, became the central 
constraint governing CMOS design from the 90 nm 
node onward and is discussed further in Section 6. 

3. Planar CMOS Scaling and Its Physical Limits 

Through the micron and deep-submicron eras (10 µm 
down to approximately 130 nm), CMOS scaling 
proceeded largely as classical geometric shrinkage of 
the bulk planar MOSFET: shorter gate lengths, 
thinner silicon dioxide gate dielectrics, and shallower 
source/drain junctions. As gate lengths fell below 
roughly 100 nm, short-channel effects (SCEs) — 
including drain-induced barrier lowering (DIBL), 
threshold-voltage roll-off, and degraded subthreshold 
swing — began to erode the electrostatic integrity that 
planar single-gate control could provide (Radamson 
et al., 2024). Gate oxide thickness scaling, essential 

for maintaining channel control, simultaneously drove 
direct quantum-mechanical tunneling current through 
the gate dielectric to unacceptable levels, motivating 
the search for alternative dielectric materials with 
higher permittivity than SiO₂. 

4. High-k/Metal-Gate Integration and Strain 
Engineering (90-32 nm) 

The 45 nm node marked a watershed in CMOS 
process technology with the first high-volume 
introduction of a hafnium-based high-k gate dielectric 
paired with dual metal gates, replacing the 
polysilicon-gate/SiO₂ stack that had been used since 
the invention of the MOSFET (Auth et al., 2008). The 
high-k/metal-gate (HKMG) approach allowed a 
physically thicker dielectric layer to be used while 
maintaining an equivalent oxide thickness compatible 
with continued scaling, reducing gate leakage by 
roughly three orders of magnitude for PMOS and 25-
fold for NMOS relative to a SiO₂ baseline, while dual 
band-edge work-function metals eliminated the 
polysilicon depletion effect that had limited drive 
current in earlier generations (Robertson & Wallace, 
2015). 

In parallel, strain engineering emerged as the 
principal lever for boosting carrier mobility without 
further geometric shrinkage. Techniques such as 
embedded silicon-germanium (eSiGe) source/drain 
stressors for PMOS, tensile contact-etch-stop liners 
for NMOS, and stress-memorization techniques were 
combined to increase channel carrier mobility and 
drive current at a fixed gate length (Auth et al., 2008). 
Tri-gate transistor prototypes incorporating high-k 
dielectrics, metal gates, and strain engineering 
simultaneously demonstrated that three-dimensional 
channel geometries could further improve short-
channel control while preserving the mobility benefits 
of strain (Kavalieros et al., 2006), foreshadowing the 
architectural transition that would follow at the 22 nm 
node. 

5. The FinFET Era (22-7 nm) 

Beginning around the 22 nm node, the industry 
transitioned from planar MOSFETs to the fin field-
effect transistor (FinFET), a tri-gate architecture in 
which the gate wraps around three sides of a thin, 
vertical silicon fin that forms the channel. This 
geometry dramatically improves electrostatic control 
relative to a planar device of comparable footprint, 
suppressing DIBL and subthreshold leakage while 
permitting continued reduction of the contacted gate 
pitch (Wang et al., 2019, as reviewed in comparative 
CMOS scaling literature on FinFET and beyond 
architectures). FinFET technology proved sufficiently 
scalable to serve as the workhorse architecture from 
the 22 nm through the 7 nm nodes, with successive 
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generations refining fin height, fin pitch, and strain 
integration to sustain performance and density gains 
(Radamson et al., 2024). 

Nonetheless, as contacted gate pitch continued to 
shrink, FinFETs began to encounter their own limits: 
fin-width variability, parasitic capacitance from 
tightly packed fins, and, critically, rising contact 
resistivity as the contact area between metal and 
silicon shrank in proportion to the pitch. Analyses of 
contact scaling indicate that sustaining FinFET 
performance below a 30 nm contacted gate pitch 
would require specific contact resistivities on the 
order of 1 × 10⁻¹⁰ Ω·cm², a target that pushed 
materials and interface engineering to its practical 
limits and motivated a transition to device 
architectures in which contact area is decoupled from 
fin or gate pitch (as documented in comparative 
reviews of FinFET scaling challenges). 

6. Gate-All-Around Architectures: Nanosheet 
and Nanowire FETs (5-2 nm) 

At the 5 nm and 3 nm nodes, the gate-all-around 
(GAA) transistor, in which the gate electrode fully 
encloses the channel on all sides, succeeded the 
FinFET as the leading architecture. Implemented 
predominantly as stacked silicon nanosheets or 
nanowires, GAA devices provide near-ideal 
electrostatic control of the channel, enabling further 
reduction of effective gate length while suppressing 
DIBL and improving subthreshold swing relative to 
FinFETs of comparable footprint (Zhang, Zhang, 
Luo, & Yin, 2024). Because nanosheet width can be 
tuned independently of fin height, GAA architectures 
also offer a drive-current-versus-density trade-off that 
is not available in fin-based designs, while remaining 
largely compatible with established FinFET process 
flows, which has eased industrial adoption (Zhang et 
al., 2024). Authors of paper[11,12] discuss on 
FINFET technology for 22nm. 

Beyond the 2-3 nm regime, vertical transistor 
stacking has emerged as the next architectural lever. 
Complementary FETs (CFETs), in which an NMOS 
device is monolithically stacked atop a PMOS device 
to form a single logic cell, have been shown in 
device-level modeling to reduce standard-cell layout 
area by roughly 25 percent and to increase pin density 
correspondingly relative to FinFET-based layouts, 
while offering greater routing flexibility (Zhang et al., 
2024; comparative CFET modeling literature). 
Because Moore's Law-style geometric shrinkage is 
not expected to remain the primary density lever 
beyond the 1 nm node, such vertical integration 
strategies — including 3D-stacked FETs and vertical-
channel transistors — represent the industry's 

principal near-term response to the exhaustion of 
lateral scaling (Zhang et al., 2024). 

7. Lithography as an Enabling Technology: 
Extreme Ultraviolet (EUV) 

Continued reduction of minimum feature size has 
depended as much on lithographic capability as on 
device architecture. Extreme ultraviolet (EUV) 
lithography, operating at a 13.5 nm exposure 
wavelength compared with the 193 nm wavelength of 
deep ultraviolet (DUV) immersion systems, became 
the enabling patterning technology for the 7 nm node 
and below, first deployed in high-volume 
manufacturing by leading foundries in 2018. By 
replacing multiple DUV multi-patterning exposures 
with a single EUV exposure for critical layers, EUV 
reduces process complexity, mask count, and the 
associated overlay error accumulated across multiple 
patterning steps, while imposing new challenges 
related to limited source power, stochastic resist 
effects at the smallest feature sizes, and mask 
defectivity. EUV systems remain capital-intensive, 
with individual scanners costing well over one 
hundred million dollars, concentrating access to 
leading-edge lithography among a small number of 
foundries. [18] this says design of VCO with output 
peak to peak 

8. Power, Leakage, and the End of Dennard 
Scaling 

As transistor dimensions shrank below approximately 
90-65 nm, the assumptions underlying Dennard's 
scaling theory began to break down. Threshold 
voltage could no longer be scaled proportionally with 
supply voltage without causing subthreshold leakage 
current to grow exponentially, since subthreshold 
swing does not improve with geometric scaling in the 
way channel length or oxide thickness does (Bohr, 
2007). [19,20,21]This paper presents FGMSVM with 
one-against-one and maximum voting, using K-means 
clustering for noninvasive cardiovascular disease 
screening. It also explores a deep learning method for 
detecting five arrhythmia types via PPG and surveys 
approaches for noninvasive fetal oxygen saturation 
measurement using PPG Sub-threshold leakage, 
which was negligible relative to dynamic switching 
power in devices with structures larger than roughly 
130 nm, has since become a substantial fraction of 
total chip power, with contemporary analyses 
attributing on the order of 40 percent of total power 
dissipation in deep-submicron circuits to various 
leakage mechanisms (IEEE conference literature on 
low-power and low-leakage CMOS design). 

The practical consequence, often termed the end of 
Dennard scaling, is that power density is no longer 
constant across process generations: shrinking a 
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design at fixed supply voltage now increases power 
density, forcing designers either to reduce clock 
frequency, disable portions of the chip during 
operation (the so-called "dark silicon" phenomenon), 
or adopt heterogeneous and specialized architectures 
to control energy consumption. Multiple circuit-level 
mitigation strategies — including power gating, 
multi-threshold CMOS, body biasing in fully depleted 
silicon-on-insulator (FDSOI) technology, and 
transistor-stacking techniques for leakage suppression 
— have been developed to partially compensate for 
this loss of a free scaling dimension, but none fully 
restores the power-density constancy that 
characterized the classical Dennard regime.[13,14,16] 
papers tell us about speech processing ,cancer 
diseases and how to sanitize the place 

9. Beyond Silicon: 2D Materials and 
Heterogeneous Integration 

As silicon channel thickness in nanosheet devices 
approaches a few nanometers, carrier mobility 
degradation from surface roughness scattering and 
short-channel tunneling currents becomes 
increasingly difficult to manage, motivating research 
into channel materials with intrinsically superior 
electrostatic scalability. Two-dimensional transition 
metal dichalcogenides (TMDs) such as molybdenum 
disulfide (MoS₂) and tungsten diselenide (WSe₂) have 
attracted particular attention because their atomically 
thin, dangling-bond-free structure suppresses short-
channel effects even at extreme gate-length scaling, 
while offering a sizeable bandgap and favorable 
on/off current ratios not available in graphene (Zheng, 
Meng, & Li, 2025). 

Recent demonstrations have integrated large-area n-
type MoS₂ and p-type WSe₂ field-effect transistors 
into complementary logic circuits, achieving tailored 
threshold voltages and reduced subthreshold leakage 
through high-κ gate dielectric integration and 
optimized channel-length scaling, illustrating a 
credible pathway toward 2D-channel CMOS logic (as 
reported in recent 2D CMOS integration studies). 
Nonetheless, TMD-based CMOS still faces 
substantial integration barriers, including wafer-scale 
single-crystal growth, low-resistance contact 
formation, gate-oxide interface quality, and device-to-
device variability, all of which must be resolved 
before 2D-channel transistors can be considered a 
manufacturable alternative to silicon nanosheets 
(Zheng et al., 2025). [17] speaks how subthreshold 
leakage happens in MOSFETs. 

10. Challenges and Future Outlook 

Several interlocking constraints will shape CMOS 
development beyond the 2 nm node. First, contact and 
interconnect resistance are increasingly dominant 

contributors to overall delay as cross-sectional 
dimensions shrink, requiring new low-resistivity 
metals, liner-free contacts, or backside power delivery 
schemes to prevent parasitic resistance from negating 
the benefits of smaller transistors. Second, the 
economic cost of each successive node — driven by 
EUV capital expenditure, multi-patterning 
complexity, and design-for-manufacturability 
overhead — has grown substantially, concentrating 
leading-edge fabrication among very few foundries 
and raising questions about the long-term 
sustainability of Moore's Law as a purely economic 
proposition. Third, architectural innovation, rather 
than pure geometric shrinkage, is increasingly the 
primary source of density and performance gains, as 
reflected in the industry's transition toward CFETs, 
monolithic 3D stacking, and backside power delivery 
networks (Zhang et al., 2024). [15] speaks of LC 
oscillator using machine learning. 

Looking forward, near-term roadmaps (through the 
1.4 nm and 1 nm nodes) are expected to rely on 
further refinement of GAA nanosheet transistors, the 
introduction of CFET stacking, and backside power 
rails, while longer-term research continues to explore 
2D channel materials, negative-capacitance and 
ferroelectric gate stacks for sub-thermionic switching, 
and tunneling FETs as potential successors once 
conventional MOSFET electrostatics reach their 
physical limits (Radamson et al., 2024; Zhang et al., 
2024). 

11. Conclusion 

CMOS technology has sustained more than five 
decades of exponential transistor scaling through a 
sequence of distinct innovation phases: classical 
geometric shrinkage of the planar MOSFET, the 
introduction of high-k/metal-gate stacks and strain 
engineering, the transition to three-dimensional 
FinFET architectures, and, most recently, gate-all-
around nanosheet transistors. Each transition was 
driven by the exhaustion of the electrostatic or 
material margins of the preceding architecture, and 
each was enabled by parallel advances in lithography, 
materials science, and process integration. With 
lateral geometric scaling approaching fundamental 
limits, the industry's continued progress increasingly 
depends on vertical integration strategies such as 
CFETs and monolithic 3D stacking, alongside longer-
horizon material innovations including 2D channel 
semiconductors. Sustaining the pace of improvement 
that has defined the CMOS era will require 
coordinated advances across device physics, 
lithography, materials engineering, and circuit design, 
reinforcing that the future of Moore's Law is now an 
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architectural and materials challenge as much as a 
purely dimensional one. 
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