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The NEED: small and energy-efficient

Next-gen Electronics 
- enabled by AI and IoT…

Energy efficiency also enables true invisibility…
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I will use 2D materials:
Graphene & beyond

How do we design energy-efficient 
electronics? 
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2D van der Waals materials - atomically-thin, transparent, flexible, biocompatible…
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Energy-efficient transistors with 2D materials

➢ How to scale channel length below 5 nm?
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↑
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𝝀 = 𝒂 𝒕𝒄𝒉 ∙ 𝒕𝒐𝒙 ∙
ε𝒄𝒉

ε𝒐𝒙

Natural length:

For good electrostatics:

𝑳𝒄𝒉 ≥ (𝟑 − 𝟓)𝝀

Need to reduce 𝝀

High-K MG FinFET/Tri-gate
NW/NS

Gate-All-Around

Enhance 
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FDSOI

Why 2D ? – 2D semiconductors (MoS2, WSe2, etc) offer atomically-thin channel, 
and other favorable properties, hence, extreme scalability (smallest 𝝀)

2D FETPDSOI

𝒕𝒄𝒉

IEEE Trans. Electron Devices, 62(11), Nov 2015.

steepness of the potential variation from S/D to Channel
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Physics of Contacts to 
2D Semiconductors

Edge, Top, and Hybrid (edge+top) contacts…



Kaustav Banerjee, UC Santa Barbara U.S.-Korea Forum on Nanotechnology, Sept. 14, 2026

Contacts/Interfaces for 2D-Device Design
Phys. Rev. X, 4(3), 031005, 2014.

Nat. Mater., 14(12), 2015.

Established paths to high-performance 2D transistors…demonstrated by Intel, TSMC, etc.

➢ Ab-initio framework for metal–TMD contacts

➢ Identified the true origin of contact resistance:

➢ van der Waals gap (tunnel barrier)

➢ strong Fermi-level pinning

➢ high sheet resistance of 2DS

—not work function alone

➢ Revealed importance of hybridization and 

metallization

➢ Laid scientific foundation for near-quantum-limit 

contact resistance
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First 1L-WSe2 FET (n-type)

Nano Lett. 13(5), pp. 1983-1990, 2013.

Comprehensive Predictive Technology Scaling Projections using VLSI Relevant Metrics 
WSe2 and WS2 good for both LP and HP FETs

Foundational Theory and Experiments - 2D-FETs for post-Si era

2D-FETs now on all major industrial transistor roadmaps!

Se
W

Se
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Ultimate CMOS Scaling – 3D FETs with 2D

Scalable Energy-efficient 

LCH=7nm

2L – WS2

Nature Electronics, 7, 1147–1157, Dec 2024.
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The Nanoplate-FET – A new 3D MOSFET uniquely enabled by 2D

Nature Electronics, 7, p. 1147–1157, Dec 2024.

➢ Exploits lateral stacking of 2D layers, resembling a “stack of plates” 

➢ Enhanced integration density by up to 10-fold with iso-performance metrics

➢ Major process advantages over the Nanosheet-FETs 

➢   Varying channel widths w/o increasing lateral footprint

News – Next-gen 3D transistors transform energy-efficient electronics

https://news.ucsb.edu/2025/021805/next-gen-3d-transistors-transform-energy-efficient-electronics
https://news.ucsb.edu/2025/021805/next-gen-3d-transistors-transform-energy-efficient-electronics
https://news.ucsb.edu/2025/021805/next-gen-3d-transistors-transform-energy-efficient-electronics
https://news.ucsb.edu/2025/021805/next-gen-3d-transistors-transform-energy-efficient-electronics
https://news.ucsb.edu/2025/021805/next-gen-3d-transistors-transform-energy-efficient-electronics
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News - Intel Charts Course to Trillion-Transistor Chips: 2D Transistor Materials, 3D Packaging Research

Collaboration with Intel on 3D Gate-All-Around FETs with 2DS A. Pal et al., IEDM 2022.
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Energy-Efficient Transistors with 2D – Beyond CMOS

➢ How to achieve simultaneous power scaling?
𝑷𝒐𝒘𝒆𝒓 = 𝑪𝑽𝑫𝑫

𝟐 𝒇 + 𝑰𝒍𝒆𝒂𝒌𝑽𝑫𝑫
dynamic static

Supply voltage (VDD) scaling is a powerful knob to 
reduce power! 

𝑺𝑺 =
𝝏𝑽𝑮

𝝏 𝐥𝐨𝐠 𝑰𝑫
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𝜕 𝑙𝑜𝑔 𝐼𝐷

≥ 1 𝟔𝟎𝒎𝑽/𝒅𝒆𝒄

current modulation efficiency
(transport mechanism dependent)

=
𝜕𝑉𝐺

𝜕𝜓

𝑘𝑇

𝑞
𝑙𝑛10

electrostatics

(All MOSFETs – 1D, 2D, or 3D channel materials)×

𝜓: channel potential

2D Enabled TFET? 
➢ 2D semiconductors can offer near-ideal electrostatics, smaller band-tails
➢  can be judiciously combined with other 2D or 3D semiconductors to form 

heterojunction-Tunnel-FETs offering sub-60 mV/dec 

First 2D-channel TFET offering SS = ˜30 mV/dec over 4 
decades of drain current and ultra-low OFF current

Nature, 526, 91-95, 2015.

               2D-2D Lateral HTJ TFETs can potentially offer superior 
performance

IEDM 2015, pp. 12.3.1-12.3.4.

2D-TFET: Excellent candidate for low-
power computing (neuromorphic, etc) 

and ultra-sensitive biosensing
(P. Ajayan, P. Kim, K. Banerjee, Physics Today, vol. 69, 

no. 9, pp. 38-44, 2016)
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Brain inspired 
neuromorphic 
computing with 
2D-TMD TFETs

Nature Communications 15, 3392, 2024.

Collaborative work with Intel…

2D-TFETs with much 
lower off-state 
current — can 
greatly improve 
power efficiency of 
neuromorphic chips 
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Exciting future of 
beyond-CMOS energy-
efficient transistors

• A comprehensive overview 
of the history, present status, 
and future of transistors

• co-authored with industry 
leaders and pioneers
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Interconnect Scaling Challenges
K. Banerjee and A. Mehrotra, IEEE Circuits and Devices Magazine, pp. 16-32, Sept. 2001.
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Intercalated Graphene – Ultra-Energy-Efficient Interconnect Technology

TW2-5
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Intercalated Multilayer-Graphene (I-MLG) Interconnects
Nano Letters vol. 17, no. 3, 2017. 

>80%  more energy-efficient 
w.r.t Cu!!!
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Keun Wook Shin et al., (Samsung) IEDM 2024

I-MLG Interconnects Independently Validated by 
TSMC (IEDM 2023) and by Samsung (IEDM 2024)
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From Concept (IEDM 2008) to World’s Largest Foundry Roadmap in ~16 years!!!

I-MLG Interconnects Included in                          
TSMC’s Interconnect Technology Roadmap in 2025
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CMOS-Compatible Intercalated-Graphene Interconnects
J. Jiang, et al., IEDM 2018, pp. 34.5.1-34.5.4.
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K. Agashiwala ,et al., IEDM 2020, pp. 31.1.1-31.1.4. / IEEE T-ED, Vol. 68, No. 4, pp. 2083-2091, April 2021. 
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Inductors (invented in 1831)

Slide 23TW2-5

▪ One of 3 passive circuit elements:  resistor, inductor, capacitor

▪ Provide “Inductance” (L) 
current -> magnetic field -> electromotive force (emf)

▪ Energy storage, oscillation, filtering, tuning, etc

Magnetic field

Induced emf: u(t) = -LM di(t)/dt  
up to 50% chip 

area occupied 

by inductors

Qualcomm RFIC

Michael Faraday
(1791 – 1867)

Poor Scalability
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Exploiting Kinetic Inductance

Kinetic Inductance of Graphene
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Nature Electronics 1, 46-51, 2018.
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On-Chip Graphene Kinetic Inductors

1.5X inductance densitySufficient Q-factor up to 12

Nature Electronics 1, 46-51, 2018.

Intercalated MLG

Inductor design not limited by laws of electromagnetic induction anymore!!!

• Highest inductance-density materials ever made by intercalation of MLG

• Intercalation leads to higher kinetic inductance and low resistance

• Both higher Q-factor and higher inductance density compared to Cu
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The Last Barrier To Ultra-Miniaturized Electronics Is 

Broken, Thanks To A New Type Of Inductor …..Forbes, 

March 8, 2018

On-chip graphene inductors overcome a 200-yr old limit 
- exploits kinetic inductance at room temperature

potentially unlocking major advances in wireless, AI, and quantum technologies

Intercalation Chemistry combined with a concept in Condensed Matter Physics to 

overcome a long-standing Microelectronics Miniaturization challenge!!
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3D Integration for the AI-Era

Moore’s Scaling Law

Scaling Challenges:

• Photolithography

• Process 

• Reliability 

• Variability

Cost of R&D!!!

3D Integration

More Functionality without

Scaling + Energy-efficient

• Higher Integration Density

• Smaller Interconnect Delay/ 

Energy consumption

• Heterogeneous Integration

K. Banerjee, et al., Proc. of IEEE, 2001.

“Established the blueprint for modern 
chiplets and advanced packaging”
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Heterogenous Monolithic-3D Integration with 2D vdW Materials  
           – the holy grail

Heterogenous 3D-integration

of 2D-materials for ultra-energy-efficient 

electronics

“What could we do with 

layered structures with just 

the right layers?” 

Richard Feynman, “There’s plenty of room at the bottom” (1959)

J. Jiang et al., IEEE J-EDS, vol. 7, 2019.

➢ Low-T deposition of 2D
➢ Thinner body - lower 

thermal resistance
➢ Improved lateral heat 

dissipation
➢ Higher integration density
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Integrating 2D in mainstream electronics...from lab to fab

Semiconductor industry’s very first,

Transfer-free, Low temperature,

Graphene interconnect technology 

& 300 mm scale equipment

TW2-5

https://destination2d.com/

IEEE Spectrum - “Graphene Interconnects Aim to Give Moore's Law New Life”

https://spectrum.ieee.org/graphene-semiconductor-2670398194
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Uniquely Enabled Electronics – Transistors, 
Sensors, Memories, Interconnects, Inductors, 

Monolithic-3D ICs…

2D vdW Materials

2

Toward a smarter 
& sustainable life…

The future of sustainable electronics is 2D!!!
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