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Abstract
The breakthrough 2nm chip technology represents a significant leap in semiconductor innovation, promis-
ing enhanced performance and reduced power consumption acrossmultiple industries. While current chip
technologies have served us well, the 2nm process is set to deliver a remarkable 12% boost in energy ef-
ficiency, fundamentally transforming how we design and build next-generation electronic devices. This
advancement comes at a crucial time, as we witness unprecedented demands in consumer electronics,
automotive systems, healthcare devices, and artificial intelligence applications. Additionally, the recent
launch of Imec’s design pathfinding PDK in February 2024 has opened new possibilities for system re-
search and training. With TSMC’s planned production rollout in 2025, we stand at the threshold of a new
era in semiconductor manufacturing. In this comprehensive guide, we will explore the intricate details of
2nm chip technology, from its revolutionary architecture to its practical applications in 3D ICs. We will
examine how this technology incorporates advanced features like nanosheet devices and backside power
grids, ultimately shaping the future of high-performance computing and mobile devices.
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1. Understanding 2nm Chip Architecture

TSMC’s groundbreaking 2nm process node marks a fundamental shift in semiconductor design,
incorporating advanced nanosheet transistors and innovative power delivery systems. Furthermore,
this technological milestone introduces significant improvements in transistor density and overall
chip efficiency [1, 2, 3].

1.1 Core Components of 2nm Process

The foundation of 2nm technology rests on a sophisticated architecture that achieves a remarkable
1.15-times increase in transistor density. Consequently, this advancement enables manufacturers to
optimize node performance by fitting different logic cells in minimal areas through N2 NanoFlex
technology.

The architecture comprises multiple critical layers, specifically designed for optimal performance as
in Table 1 [4, 5, 6]:

The interconnect system utilizes sophisticated copper wiring schemes, connected through precisely
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Table 1. Gate Length Scaling Challenges at 3nm

Component Function
Transistor Layer Forms the base switching mechanism
Middle-of-Line (MOL) Contains tiny contact structures connecting transistors
Interconnect Layers 10-15 layers of copper wiring schemes

engineered vias. Moreover, the implementation of buried power rails in the transistor structure helps
free up routing resources, thus enhancing overall efficiency [7].

1.2 Gate-All-Around Transistor Design

The 2nm process introduces a revolutionary Gate-All-Around (GAA) transistor architecture that
surpasses traditional FinFET technology. Specifically, the GAA design wraps the gate around all
four sides of the transistor, enabling superior control over current flow as in Table 2 [8, 9]:

Table 2. Gate Length Scaling Challenges at 3nm

GAA Features Benefits
Nanosheet Stack Enhanced current control
Silicon Ribbons Precise parameter tuning
Four-sided Gate Better electrostatic control
Adjustable Width Optimized power consumption

The nanosheet transistor structure consists of thin, alternating layers of silicon and silicon germa-
nium, forming the transistor channel. Subsequently, gate material surrounds this nanosheet channel
on all sides, offering unprecedented control over current flow and reduced leakage.

1.3 Power Efficiency Improvements

The 2nm process node demonstrates remarkable advancements in power efficiency through several
innovative features. First, TSMC’s implementation shows a 15% increase in performance coupled
with up to 30% reduction in power consumption.

The power delivery network incorporates several groundbreaking elements as in Fig. 1 [10, 11].

• Backside Power Delivery: This revolutionary approach transfers power distribution to the wafer’s
underside, reducing resistance to the transistor source. As a result, the metal scheme becomes
simplified, allowing resources to be reallocated for optimal signal routing.

• Voltage Distribution Systems: The implementation of advanced voltage distribution mechanisms
helps achieve a 15-20% improvement in power usage for high-performance designs. Therefore,
this enhancement particularly benefits designs requiring substantial power redistribution across
the die.

The transition from traditional FinFET to dedicated N2 "nanosheet" technology enables manufactur-
ers to fine-tune parameters based on specific process requirements. Particularly, the drive current
in GAA devices can be adjusted to optimal values by varying the width, offering superior power
management compared to FinFET’s fixed fin-based approach [13].

The architecture also incorporates a multi-threshold-voltage device offering, featuring leakage levels
spanning three orders of magnitude. Correspondingly, this advancement allows device manufactur-
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Figure 1. SEM micrographs [12]

ers to select performance levels that align with specific chip architecture requirements. Through
these innovations, the 2nm process achieves approximately 75% power savings while maintaining
consistent performance levels [14, 15].

2. Materials Science Breakthroughs

Materials science innovations stand at the forefront of enabling 2nm chip manufacturing, marking
a decisive shift from traditional semiconductor materials. Indeed, the industry’s relentless pursuit
of smaller, faster chips has necessitated groundbreaking developments in both conductive and insu-
lating materials.

2.1 Advanced Silicon Compounds

The evolution of silicon-based compounds has reached new heights with the introduction of multi-
layer nanosheet structures. These structures incorporate alternating layers of silicon and silicon
germanium, enabling precise control over transistor characteristics. The following table illustrates
the key material advancements as in Table 3 [16]:

Table 3. Gate Length Scaling Challenges at 3nm

Material Innovation Performance Impact
Binary Metal Liner (RuCo) Reduces liner thickness by 33%
Ruthenium-Enhanced Wiring Decreases resistance by 25%
Single-grain Metal Enhances low-resistance via performance
Direct-etched Metal Improves interconnect reliability

The implementation of ruthenium in high-volume production represents a significant milestone in
metallization technology. This advancement primarily addresses the challenges of copper wiring at
the 2nm node, where traditional approaches face physical scaling limitations.

The material engineering process now encompasses sophisticated techniques for creating void-free
copper wires. Through an Integrated Materials Solution (IMS), manufacturers combine six distinct
technologies to achieve precise layering. The following table outlines the criticalmaterial parameters
as in Table 4 [17, 18]:
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Table 4. Gate Length Scaling Challenges at 3nm

Material Parameter Technical Specification
Metal Pitch Range 24nm to 21nm
Gate Length 12nm with three silicon layers
N-P Space Less than 40nm
Sheet-to-Sheet Spacing Sub-1nm thickness

2.2 Novel Insulation Materials

The development of advanced insulation materials has become increasingly crucial for managing
electrical interference and power consumption. The industry has witnessed remarkable progress
in dielectric materials, moving beyond traditional low-k solutions toward more sophisticated com-
pounds. as in Fig. 2 [19, 20].

Figure 2. Thermal-mechanical co-simulation of 3D-IC design [21]

A significant breakthrough emerged with the enhancement of Black Diamond material, which now
offers an even lower k-value for 2nm applications. This advancement addresses two critical chal-
lenges as in Table 5 [22, 23]:

The introduction of air gap technology represents another milestone in insulation innovation. Air,
possessing the lowest k-value (1.00059) among all materials, offers unprecedented potential for re-
ducing dielectric permittivity. The implementation involves [24, 25]:

• Advanced electrospinning technology for air-gap formation
• Integration of polyimide materials
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Table 5. Gate Length Scaling Challenges at 3nm

Insulation Challenge Solution Implementation
Electrical Interference Enhanced low-k dielectric material
Structural Integrity Strengthened chip structure for 3D stacking

• Precise control of gap dimensions

The barriers and liners in modern interconnect structures now occupy significantly reduced trench
volumes. Nevertheless, this reduction presents new challenges in copper deposition, necessitating
innovative approaches to prevent void formation. The industry has responded by developing selec-
tive deposition techniques for via metal filling, eliminating the need for traditional liners [26].

In the realm of gate dielectrics, plasma ion damage during etching has emerged as a critical concern.
This challenge has led to the development of new etch processes that prevent inadvertent thickening
of interfacial layers. The selective layer reduction (SLR) approach, implemented through SLR1 and
SLR2 techniques, effectively addresses the undercutting issues in metal gate boundaries as in Fig. 3
[27, 28].

Figure 3. Multilayer nanosheet GAA process [29]

The integration of these material innovations has enabled unprecedented achievements in chip per-
formance. For instance, the combination of enhanced low-k dielectrics and ruthenium-based met-
allization has facilitated the creation of chips that maintain structural integrity during advanced 3D
stacking processes. Furthermore, the implementation of volumeless multi-Vt technology, utilizing
materials less than 1nm thick, has successfully addressed the challenges of threshold voltage control
in nanosheet devices [30].

3. Thermal Management in 2nm Technology

Power dissipation emerges as a critical challenge in 2nm chip technology, where heat management
directly impacts device performance and reliability. Since power consumed by semiconductors gen-
erates heat that must be removed efficiently, thermal considerations now influence early design and
packaging decisions in 2.5D and 3D packages [31, 32].

3.1 Heat Distribution Patterns

The thermal landscape in 2nm chips presents unique challenges due to increased power density
and physical constraints. Heat distribution varies significantly based on workload patterns, creating
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dynamic temperature gradients across the chip. The following table illustrates key thermal charac-
teristics as in Table 6 [33, 34]:

Table 6. Gate Length Scaling Challenges at 3nm

Heat Distribution Factor Impact on 2nm Chips
Silicon Conductivity 100-120 W/(m x K)
Copper Conductivity 400 W/(m x K)
Power Density Limit 1 megawatt per meter squared
Temperature Impact Changes device electrical characteristics

Backside power delivery notably alters the thermal landscape, doubling the heat generated on the
silicon’s backside. Previously stable temperatures of 50°C now potentially reach 100°C, necessitating
innovative cooling approaches [35].

3.2 Cooling System Integration

Advanced cooling solutions have evolved beyond traditional methods to address the intense thermal
demands of 2nm technology. The industry has developed a hierarchy of cooling capabilities as in
Table 7 [36, 37]:

Table 7. Gate Length Scaling Challenges at 3nm

Cooling Method Power Handling Capacity
Basic Heatsink 1 kW/m2
Fan-based Systems 10 kW/m2
Advanced Server Equipment 1 MW/m2

Microfluidics represents a promising advancement in cooling technology. Direct-bonded liquid cool-
ers achieve thermal resistance between 0.34K/W to 0.28K/W at less than 2W pump power. However,
practical implementation faces challenges including reliability concerns, maintenance requirements,
and system complexity as in Fig. 4 [38].

In heterogeneous packaging, thermal management becomes increasingly complex due to dissimi-
lar heights of individual chiplets and components. Approximately 95% of the device’s total power
dissipates through the package top into system-level cooling solutions. Nonetheless, this configura-
tion often benefits thermal performance by spreading heat-generating components apart, reducing
thermal crosstalk.

3.3 Temperature Control Mechanisms

Temperature control in 2nm chips incorporates multiple strategies to maintain optimal operating
conditions. When sufficient cooling cannot be achieved, cores must be throttled or deactivated to
prevent overheating. This phenomenon, known as ’dark silicon,’ limits device performance as re-
gions must remain inactive due to thermal constraints.

Heat pipes and vapor chambers utilize phase change heat transfer in closed loops, achieving ther-
mal conductivities substantially higher than traditional materials. Liquid-cooled cold plates offer
superior cooling for high power densities while maintaining a low profile, eliminating the need for
extensive airflow clearance [40].
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Figure 4. BEOL and FEOL [39]

Immersion cooling presents an innovative solution where devices directly contact dielectric coolant.
Two-phase immersion systems maintain constant temperature across devices in the coolant bath, al-
beit withmore complex implementation requirements. For data centers, each 1°C increase in ambient
temperature translates to approximately 2% cooling cost savings.

Thermally aware component placement offers significant optimization potential. High-power com-
ponents should be distributed across the package area to achieve even power distribution. This ap-
proach, alongside careful material selection and design considerations, helps optimize overall ther-
mal performance while maintaining the structural integrity necessary for reliable operation [41, 42,
43].
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4. Power Delivery Network Innovations

Power delivery networks in 2nm chip manufacturing have undergone a fundamental transforma-
tion, introducing groundbreaking approaches that enhance performance and efficiency. These inno-
vations primarily focus on optimizing power distribution and minimizing voltage drops across the
chip architecture as in Fig. 5) [1, 2].

Figure 5. PEEC mesh [44]

4.1 Backside Power Delivery

The semiconductor industry has witnessed a paradigm shift with the introduction of backside power
delivery network (BSPDN) technology. This innovative approach relocates power rails to the wafer’s
back, effectively removing bottlenecks between power and signal lines. The implementation of
BSPDN offers substantial benefits, as shown in the following comparison as in Table 8 [45, 46]:

Table 8. Gate Length Scaling Challenges at 3nm

Performance Metric Improvement
Power Efficiency 15-20% boost
Voltage Droop 30% reduction
Cell Utilization 90% achievement
Frequency Performance 6% increase

Three distinct methodologies have emerged for implementing backside power delivery as in Table
9 [47, 48]:

The manufacturing process involves intricate steps, beginning with transistor fabrication, followed
by nanoTSV etching and filling with low-resistance metals. Afterward, signal interconnects span-
ning M0 to M14 layers are constructed, utilizing slightly larger metal-0 lines. The wafer undergoes
precise thinning, leaving approximately 500nm of silicon, essential for maintaining structural in-
tegrity.
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Table 9. Gate Length Scaling Challenges at 3nm

Approach Characteristics Implementation Details

Buried Power Rail Simplest implementation Connects via deep power rail
around CMOS FETs

PowerVia Advanced evolution Uses nanoTSVs for backside
network connection

Direct Backside
Contacts

Most sophisticated Enables 25% cell scaling
reduction

4.2 Voltage Distribution Systems

Advanced voltage distribution mechanisms have been integrated into the 2nm process, primarily
focusing on optimizing power delivery efficiency. Intel’s recent PowerVia implementation demon-
strated remarkable improvements in platform voltage stability. The system incorporates sophisti-
cated metal-insulator-metal (MIM) capacitors, specifically designed to enhance power supply stabil-
ity.

The voltage distribution network achieves optimal performance through several key innovations as
in Table 10 [49]:

Table 10. Gate Length Scaling Challenges at 3nm

Innovation Technical Impact
Copper Line Optimization 50% reduction in sheet resistance
Via Resistance 50% decrease in contact resistance
Power Rail Space 20% surface area optimization
Signal Layer Efficiency Metal-0 pitch loosening from 30nm to 36nm

The implementation of these advanced systems presents unique challenges, particularly in main-
taining precise alignment between frontside and backside connections. Engineers must carefully
manage stress buildup, which shows 62% greater tensile stress in the z-direction, concentrating at
the first metal layer above the nanoTSV as in Fig. 6 [50].

Figure 6. A cross-sectional TEM of the suspended MoS2 nanosheet structure [51]
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Looking ahead, the backside power delivery infrastructure will expand beyond power and global
clock distribution. Future implementations might incorporate signals and BEOL devices, including
capacitors. This evolution promises to further enhance chip performance while maintaining the
structural integrity necessary for reliable operation.

5. 3D Integration Techniques

Three-dimensional integration emerges as a cornerstone of 2nm chip manufacturing, enabling un-
precedented levels of functionality within compact footprints. This sophisticated approach to chip
design combines multiple dies into unified systems, fundamentally changing how we construct ad-
vanced semiconductor devices.

5.1 Vertical Stacking Methods

Vertical integration techniques have evolved to accommodate diverse manufacturing requirements.
The implementation of multi-die approaches offers superior modularity alongside enhanced cost
efficiency through strategic die splitting. The following table illustrates key vertical stacking con-
figurations as in Table 11:

Table 11. Gate Length Scaling Challenges at 3nm

Stacking Method Technical Characteristics Application Benefits
Die-to-Die Pre-testing capability Enhanced yield control
Wafer-to-Wafer Full wafer processing Higher throughput
Chip-to-Wafer Mixed technology integration Flexible manufacturing

The stacking process incorporates sophisticated alignment techniques, requiring precise coordina-
tion between dies. In fact, recent implementations demonstrate successful integration of up to 16
stacked ICs, marking a substantial advancement in vertical integration capabilities.

5.2 Through-Silicon Via Technology

Through-silicon vias (TSVs) serve as vertical electrical connections passing through silicon wafers,
enabling direct communication between stacked components. These high-performance intercon-
nects achieve superior density compared to traditional package-on-package solutions.

Modern TSV implementations showcase remarkable versatility across different applications as in
Table 12:

Table 12. Gate Length Scaling Challenges at 3nm

TSV Application Dimensions Performance Metrics
Image Sensors Tens to hundreds of µm High signal integrity
Silicon Interposers Tens of µm Enhanced bandwidth
Backside Power Sub-5nm Improved power delivery

The fabrication process encompasses five distinct steps, utilizing the Bosch method for reactive ion
etching. This approach alternates between etching using SF6 gas and passivation with C4F8 in mul-
tiple cycles, ensuring precise via formation.
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5.3 Die-to-Die Connections

Die-to-die interfaces represent a fundamental shift from traditional chip-to-chip connections, of-
fering exceptional power efficiency alongside bandwidth improvements. These interfaces typically
comprise PHY and controller blocks, facilitating seamless connectivity between internal intercon-
nect fabrics.

Recent advancements in die-to-die technology demonstrate remarkable capabilities as in Fig. 7 [1,
2].

Figure 7. Packaging configuration [52]

1. Power Efficiency: Multi-die implementations achieve power consumption levels comparable to
monolithic solutions.

2. Bandwidth Efficiency: Advanced server applications support data transfers up to 112 Gbps per
lane.

3. Latency Management: Simplified protocols connect directly to chip interconnect fabric, mini-
mizing delays.

The interface between dies addresses critical requirements through innovative solutions. Short-
reach, low-loss channels eliminate significant discontinuities, alongside implementing sophisticated
error detection mechanisms. These interfaces incorporate forward error correction (FEC) and retry
protocols, ensuring robust communication between dies.

Recent developments showcase successful implementation of Face-to-Face 3D SoIC technology, in-
tegrating 9 dies and 6 HBM stacks within a single package. This achievement underscores the matu-
rity of 3D integration techniques in contemporary semiconductor manufacturing. Accordingly, the
industry continues advancing standardization efforts, primarily focusing on inter-chiplet protocols
and physical descriptions [53].

6. Manufacturing Process Advancements

Extreme ultraviolet (EUV) lithography stands as the cornerstone of advanced semiconductor man-
ufacturing, enabling precise fabrication of 2nm chips through sophisticated process control. The
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integration of cutting-edge manufacturing techniques alongside rigorous quality assurance proto-
cols marks a new chapter in semiconductor production.

6.1 EUV Lithography Implementation

The semiconductor industry has embraced EUV lithography as the primary enabler for 2nm chip
production. ASML’s Twinscan NXE:3800E scanner demonstrates remarkable capabilities, processing
up to 220 wafers per hour at a 30mj/cm2 dose. This advanced system facilitates unprecedented
precision in pattern transfer, essential for achieving the intricate features of 2nm technology as in
Table 13:

Table 13. Gate Length Scaling Challenges at 3nm

EUV System Specifications Performance Metrics
Wafer Processing Speed 220 wafers/hour
Exposure Dose 30mj/cm2
Monthly Wafer Capacity 17,000-20,000
EUV Layer Count 20 layers

The implementation of EUV technology requires substantial infrastructure investment. Rapidus, for
instance, plans to deploy 10 EUV lithography machines across its production sites. This strategic
deployment aims to achieve optimal production capacity, considering the complex requirements of
2nm chip fabrication.

Process stability demands constant vigilance alongside sophisticated fine-tuning mechanisms. The
manufacturing process incorporates intensive research efforts targeting multiple aspects as in Table
14:

Table 14. Gate Length Scaling Challenges at 3nm

Research Focus Areas Technical Objectives
Novel Resist Materials Enhanced pattern resolution
Light Source Stability Improved throughput
Mask Writing Precision Reduced defect rates
AI-driven Process Control Optimized yield management

6.2 Quality Control Systems

Quality assurance in 2nm chip production encompasses comprehensive metrology systems along-
side sophisticated particle detection mechanisms. The semiconductor industry demands extreme
precision, where even seemingly negligible imperfections can lead to significant consequences.

Advanced particle detection systems now enable measurements down to 2nm, ensuring unprece-
dented control over process gas purity. These systems operate based on three key specifications as
in Table 15:

Metrology plays a vital role in identifying plus correcting defects that might reduce yield. Through
accurate measurements of wafer plus device characteristics at various production stages, metrology
tools enable engineers to detect issues early, before they manifest in fully formed devices.

The quality control framework incorporates sophisticated feedback loops essential for continuous
process optimization. Higher sampling flow rates prove valuable in process gas monitoring, pri-
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Table 15. Gate Length Scaling Challenges at 3nm

Quality Control Parameter Implementation Details
Particle Size Detection Down to 2nm resolution
False Count Rate Minimized for accuracy
Flow Rate Optimization Enhanced sampling efficiency

marily because of the extreme cleanliness requirements. Given the scarcity of particles available for
testing, statistical considerations become crucial as in Fig. 8.

Figure 8. Co-packaging technologies [54]

Data accuracy emerges as foundational to decision-making processes. A low zero-count rate in
measurement instruments signifies high data accuracy, ultimately minimizing false alarms plus en-
hancing manufacturing efficiency. This precision-driven approach ensures that each step in the pro-
duction process aligns with exacting standards, maintaining consistently high yields even as designs
become increasingly complex.

The integration of AI-driven metrology tools analyzes process variability in real-time, enabling dy-
namic adjustments to scanner parameters. These systems monitor over 1,000 equipment plus pro-
cess parameters, ensuring quality outcomes through sophisticated characterization plus monitoring
protocols. Alongside traditional inspection methods, advanced imaging techniques facilitate com-
prehensive defect analysis, ensuring that each chip meets stringent quality requirements.

7. Performance Benchmarks

Benchmark data from TSMC’s 2nm process reveals substantial improvements across multiple perfor-
mancemetrics, setting new standards for semiconductormanufacturing. Initial testing demonstrates
remarkable advancements in processing capabilities, power consumption, plus transistor density.

7.1 Processing Speed Metrics

The 2nm process technology showcases exceptional speed improvements through its innovative
nanosheet transistor design. Performance testing indicates a 15% increase in processing speed at
identical power levels compared to the previous 3nm node. This enhancement stems primarily from
superior gate control plus reduced parasitic capacitance as in Table 16:

The ARM Cortex-A715 core, manufactured using 2nm technology with high-performance standard
library, demonstrates exceptional capabilities. Testing reveals a 16.4% speed increase at constant
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Table 16. Gate Length Scaling Challenges at 3nm

Performance Parameter Improvement vs 3nm
Processing Speed 15% faster
Gate Control Enhanced nanosheet design
ARM Cortex-A715 Speed 16.4% faster at same power

power levels versus the same core produced on 3nmprocess. These results underscore the substantial
performance gains achievable through 2nm fabrication.

7.2 Energy Efficiency Data

Power consumptionmetrics highlight remarkable improvements in energy efficiency. Testing shows
a 30% reduction in power usage while maintaining equivalent performance levels. This advancement
proves especially crucial for mobile devices plus high-performance computing applications as in
Table 17:

Table 17. Gate Length Scaling Challenges at 3nm

Power Efficiency Metric Result
Power Reduction 30% at iso-performance
ARM Core Power Savings 37.2% at same speed
Voltage Requirements 0.8V for optimal operation

The ARM Cortex-A715 core exhibits exceptional power characteristics, achieving 37.2% power sav-
ings at identical operating speeds. Operating at 0.8V, the core simultaneously delivers 10% higher
speed alongside 20% reduced power consumption. These improvements stem from enhanced elec-
trostatic control offered by gate-all-around transistor design.

7.3 Density Improvements

Transistor density advancements mark a significant milestone in semiconductor evolution. The 2nm
process achieves a 1.15 times increase in transistor density compared to its predecessor. This en-
hancement enables manufacturers to pack more computational power into smaller chip areas as in
Fig. 9.

SRAM scaling demonstrates unprecedented progress, with HD SRAM bit cell size shrinking to ap-
proximately 0.0175 µm2. This reduction enables SRAM density of 38 Mb/mm2, marking substantial
improvement from previous nodes. Gate-all-around nanosheet transistors facilitate this advance-
ment through superior electrostatic control plus precise threshold voltage tuning.

Recent testing reveals encouraging yield rates, essential for commercial viability. SRAM yield rates
have shown steady improvement as in Table 18:

Table 18. Gate Length Scaling Challenges at 3nm

Time Period 256 Mb SRAM Yield
April 2023 35%
March 2024 70%
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Figure 9. Schematic of 3D integration of 2D electronics [55]

Device performance continues improving steadily, achieving higher frequencies without increas-
ing power consumption. The implementation of N2 NanoFlex technology enables manufacturers
to compress more logic cells into smaller areas, optimizing surface utilization. These density im-
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provements, alongside enhanced yield rates, establish 2nm technology as a viable solution for next-
generation semiconductor manufacturing.

8. Real-world Applications

The practical applications of 2nm chip technology span across multiple domains, fundamentally al-
tering how we process data plus execute complex computations. These advancements unlock possi-
bilities in artificial intelligence, scientific research, plus mobile computing, setting fresh benchmarks
for device performance.

8.1 AI/ML Processing Units

The integration of 2nm technology into AI processing units marks a substantial leap forward in com-
putational capabilities. Recent testing demonstrates that 2nm chips achieve 45% higher performance
compared to 7nm chips while maintaining identical power consumption levels. This enhancement
primarily benefits AI workloads requiring immense computational resources as in Table 19:

Table 19. Gate Length Scaling Challenges at 3nm

AI Application Performance Enhancement
Model Training 45% faster processing
Real-time Inference 75% power reduction
On-device Processing 4x battery efficiency

The implementation of 2nm technology enables sophisticated on-device AI operations, from en-
hanced photo editing to real-time language translation. Through advanced voltage distribution sys-
tems, these chips maintain optimal performance levels across varying workloads.

8.2 High-Performance Computing

High-performance computing applications showcase the full potential of 2nm technology through
enhanced processing capabilities plus improved energymanagement. The architecture demonstrates
remarkable versatility across diverse computing scenarios as in Table 20:

Table 20. Gate Length Scaling Challenges at 3nm

Computing Metric Performance Impact
Processing Speed 25% increase
Power Efficiency 20-30% reduction
Transistor Density 20% improvement

TSMC’s N2 process technology, scheduled for production in 2025, introduces significant improve-
ments in computing performance. The process offers 10-15% higher performance at equivalent
power consumption levels, alternatively delivering 20-30% lower power usage while maintaining
consistent performance as in Fig. 10.

The implementation of backside power delivery networks alongside advanced voltage distribution
systems enables stable operation under intensive computational loads. This innovation reduces plat-
form voltage droop by 30% plus increases frequency performance by 6%.
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Figure 10. Moore’s law [56]

8.3 Mobile Device Integration

Mobile devices represent a primary beneficiary of 2nm chip technology, experiencing substantial
improvements in battery life plus processing capabilities. Initial testing indicates that smartphones
equipped with 2nm processors could quadruple battery life compared to devices using 7nm technol-
ogy as in Table 21:

Table 21. Gate Length Scaling Challenges at 3nm

Mobile Feature Enhancement
Battery Life 4x improvement
App Launch Speed 15% faster
Graphics Processing Enhanced rendering
Network Connectivity 6G ready

The practical implications prove remarkable - mobile devices utilizing 2nm chips require charging
only once every four days under average usage conditions. These improvements stem from sophis-
ticated power management systems plus enhanced transistor efficiency as in Table 22:

Beyond basic performance metrics, 2nm technology enables advanced features in mobile devices.
The reduced chip size creates opportunities for slimmer device profiles plus enhanced cooling sys-
tems. Additionally, the technology supports future connectivity standards, ensuring devices remain
capable of handling upcoming 6G networks plus advanced communication protocols.

Medical applications benefit similarly from these advancements, with 2nm technology enabling so-
phisticated wearable health monitors capable of real-time data analysis while consuming minimal
power. The automotive sector likewise sees substantial gains, as 2nm chips prove instrumental in
advancing self-driving technologies plus improving safety systems as in Fig. 11.
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Table 22. Gate Length Scaling Challenges at 3nm

Mobile Feature Enhancement
Battery Life 4x improvement
App Launch Speed 15% faster
Graphics Processing Enhanced rendering
Network Connectivity 6G ready

Figure 11. TSMC 1nm prediction [57]

The implementation of these chips across various sectors demonstrates their versatility. Data cen-
ters, for instance, could significantly reduce their carbon footprint by transitioning to 2nm-based
processors. Similarly, laptop computers experience notable improvements in processing speed, lan-
guage translation capabilities, plus internet access performance.

The remarkable journey through 2nm chip technology demonstrates unprecedented advancements
across semiconductor manufacturing. Performancemetrics showcase substantial improvements that
reshape computing capabilities as in Table 23:

Table 23. Gate Length Scaling Challenges at 3nm

Performance Metric Improvement
Processing Speed 15% faster than 3nm
Power Efficiency 30% reduction
Transistor Density 1.15x increase
SRAM Density 38 Mb/mm2

The industry roadmap points toward rapid adoption across various sectors as in Table 24:

9. Conclusion

These achievements stem from multiple breakthrough innovations, particularly the implementation
of gate-all-around transistors and backside power delivery networks. The sophisticated thermal
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Table 24. Gate Length Scaling Challenges at 3nm

Timeline Implementation Milestone
2024 Design pathfinding PDK release
2025 TSMC mass production start
2026 Mobile device integration
2027 Data center deployment

management systems, coupled with advanced materials science developments, enable reliable oper-
ation under demanding conditions. The successful integration of 3D stacking techniques alongside
EUV lithography advancements establishes a solid foundation for future semiconductor evolution.
Power delivery innovations, particularly the backside power delivery network, address critical chal-
lenges in voltage distribution and heat management. The practical applications span diverse fields,
from artificial intelligence acceleration to mobile computing. Medical devices, automotive systems,
and data centers stand ready to benefit from enhanced processing capabilities and reduced power
consumption. These improvements promise transformative changes in howwe approach computing
challenges across industries. The semiconductor industry stands at a pivotal moment where theo-
retical limits meet practical innovation. The 2nm process node represents more than technological
advancement - it symbolizes our ability to push boundaries while maintaining reliability and effi-
ciency. Through continued research and development, we expect to witness even more remarkable
achievements in semiconductor manufacturing.
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