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2022 WW Semiconductor Market

WW: 574.1B US$

Source: WSTS、ITRI/ISTI (2023/04)



2022 WW Semiconductor Market – Applications

WW: 574.1B US$

Source: WSTS、ITRI/ISTI (2023/04)
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2022 WW Market Share: Memory (e)

Source: Gartner、ITRI/ISTI (2023/04)

WW Market: 143.2B US$; TW: 3.9%
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2022 WW Market Share: Foundry (e)

WW: 142.1B US$; TW: 63.4%

Taiwan manufactured 31% of semiconductor chips (2022)!

Source: TechInsights、ITRI/ISTI (2023/04)
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Foundry Sales as a Percent of Total IC Sales

Source: IC Insights (2021/03)



2022 Taiwan Semiconductor Industry

⚫ Fabless: 41.3B US$ (25.5%)

⚫ Manufacturing: 98.0B US$ (60.4%)

— Foundry: 55.5%

— Memory: 4.9%

⚫ Pkg & Test: 22.9B US$ (14.1%)

— Pkg: 15.6B US$ (9.6%)

— Test:7.3B US$ (4.5%)

Source: ITRI/ISTI (2023/03)



Source: ITRI/ISTI (2023/03)

Taiwan IC Industry Sales Revenue



Moving Forward: Advanced Technologies

⚫ Manufacturing

— Logic: 2nm and beyond

— Specialty: high speed/freq、high/low power、III-V、…

— Heterogeneous integration、3D、chiplet

⚫ Design (incl. EDA、Algorithms、S/W)

— High performance computing: cloud、AI、VR/AR、
autonomous driving、...

— Wireless computing (5G、6G)

— High efficiency power management

— High performance/precision data conversion

— …



Tsmc Technology Portfolio

2 nm ★ ●

3 nm
●

5 nm
SiGe●

7 nm ●N

6RF
●

10 nm ●

16/12 nm ● ● ● ●

20 nm ●

22 nm ● ● ● ● ●

28 nm ● ● ● ● ● ●

40 nm ● ● ● ● ● ● ● ●

65/55 nm ● ● ● ● ● ● ● ●

90/80 nm ● ● ● ● ● ● ● ●

0.13/0.11 μm ● ● ● ● ● ● ●

0.18/0.15 μm ● ● ● ● ● ● ● ●

0.25 μm ● ● ● ● ● ● ● ●

0.35 μm ● ● ● ● ● ● ● ●

>0.5 μm ● ● ● ● ● ● ● ●

MEMS

Image Sensor

Embedded 

NVM

RF Logic Analog High Voltage
Embedded

DRAM BCD-Power IC

●→Available

●→ In 

Development

★→ NTU 

Research

• More  on Backend transistor (IGZO)/ Si photonics/ DRAM

MRAM

FTJ/F

EFET

SWIR

★1.4 nm & beyond    highly stacked nanosheet/ ultrathin 

body/treeFETs/CFET/GeSi/GeSn
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5G + AI chips ( AI PaaS,  DNN),     IOT ,   ADAS  



Future (ABC) 

• A: AI             (logic + memory)

• B:  Big Data   (memory, server)

• C: connectivity (RF, mm wave,  

TeraHz)  5G, 6G





External

Research

(Pre-

competitive

Gov./Academia/

Consortium)

R&D Strategy and Overcoming “the Valley of Death”

Internal  Pathfinding     TD     Manufacturing

Research                                    (Fab)

Source: Design Management Journal, Volume: 14, Issue: 1, Pages: 28-41, First published: 08 December 2019, DOI: 

(10.1111/dmj.12052)

NPD: new product development



3Dx3Dx3D

Channel x   Transistor(IC on IC) x Chiplet stacking

• Channel stacking: stacked nanosheet (NS) can enhance the

Ion at fixed footprint.

• Transistor stacking: stacking devices vertically can further

increase device density. Monolithic vs Sequnential (TFT)

• Chiplet stacking: dies with different technologies and 

applications can stack vertically→ area saving and low 

energy consumption16



「白米滿足人類食物需求；
電晶體滿足人類精神所需」

蔡明介董事長
outline

•Intro: node name/gate length high 

mobility/high K/FinFET(3D FETs)

•Roadmap: IRDS/IMEC/ tsmc/Intel

•Status quo of 2/3 nm

•Beyond 3 nm: nanosheet/CFET

•Si-based vs 2D



Moore’s Law
Density  2x/generation(18 month/2 

yrs/depends)

from n node to n+1 node

• Device/SRAM footprint (next 

generation) =Linear  dimension 

(current generation) x 0.7

• 5nm has ~2x density of 7 nm

• Node name is density marker



n+n+

Metal or

Polysilicon gate

p type substrate
Oxide

W

L

Source
Gate

Drain

Substrate

(body)

Smallest dimension?

Planar MOSFET structure  upto 20/22nm

Historically,     L is the technology node up 250 nm/350 nm



Why advanced nodes?



Node name is NOT gate length 
Evolution in Channel Length

Nanotechnolog

y Era

Nanotechnology is in 

production today

(~20 yr ago)

~0.6X

~0.7X



Strained Si starting from 

90 nm node

• Enabling technologies: high mobility, high-k/metal gate, 3D transistor 

22



Make  your 

FinFET/GAA/Nanosheet



Hfin Hfin

Wfin

substrate

FinFET = Tri-gate

Weff = 2Hfin + Wfin

substrate

Nanosheet/nanoribbon/

Multi bridge channel = GAA

Wch

Hch

Weff = (2Hch + 2Wch) x floor 

number Footprint = Wfin x L

ION Improvement -- Weff



High mobility

FinFET (16nm) : 2HFIN+WFIN

→ Nanosheet (2nm)

1. Strained Si (90nm)

2. High mobility channel (5nm SiGe p-channel)

tox >1nm. Otherwise, Ig is significant

Intel : 22nm

ION Improvement  by technologies



1990 1995 2000 2005 2010 2015 2020 2025 2030 2035
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[2] CPP=45 nm / 2nm
[1] CPP=45 nm / 3nm

[1] CPP=51 nm / 5nm 
[1] CPP=54nm / 7nm

16nm

14nm

22nm
32nm

45nm
65nm

90nm
0.13mm

0.18mm

0.35mm
0.25mm
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      Node

Lg scaling with different nodes

• Lg can be larger than node name due to narrow width in footprint

[1] Semiwiki (for TSMC)

[2] IRDS
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180nm

Lg=130nm

130nm

Lg=70nm

90nm

Lg=50nm

65/55nm

Lg=35nm

45nm [2]

Lg=35nm 
28/22nm

Lg=26nm
N16 [3]

Lg=30nm N6 [4]

Lg=19nm  

[2] K. Mistry et al., IEDM, 2007.

[3] https://zhuanlan.zhihu.com/p/199004138

[4] https://semiwiki.com/semiconductor-

manufacturers/tsmc/299944-highlights-of-the-

tsmc-technology-symposium-2021-silicon-

technology/ (TSMC 2021 symposium)

[5] H.-C. Lin et al., IEEE EDL, 2022.

Lg=18nm [5]

Lg=18nm [5]

Benchmark of fT and fMAX

N. Cahoon et al., IRPS, 

2022.

• Lg↓→ fT↑

• FinFET [3, 4] with low electron mobility → fT can not improve with Lg↓

• NSs and NWs have better fT/fMAX than previous CMOS RF [5]



Example: For NAND only when input=(1,1) output will 

switched

𝜶 =
𝟑

𝟒
∗
𝟏

𝟒
=

𝟑

𝟏𝟔



14 nm

22 nm

34 nm
45 nm

65 nm

90 nm 0.13 μm

0.18 μm

0.25 μm

Traditional Scaling

HKMG
Strained Si

FinFET

10 nm

7 nm

5 nm

Steep Slope FET

VDD Scaling Trend vs Technology Node
Ref:
10 nm: IRDS 2017 EDITION MORE MOORE

7 nm: 

[1] IRDS 2018 UPDATE MORE MOORE

[2] Hung-Li Chiang et al., Design Technology 

Co-Optimization for Cold CMOS Benefits in 

Advanced Technologies, 2021 IEDM

[3] J. Chang et al., ISSCC, 2017(TSMC)

5 nm:

[1] IRDS 2021 UPDATE MORE MOORE

[2] J. Chang et al., ISSCC, 2020(TSMC)

• iMOS

• TFET

• NCFET



Intel technology node
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L
g
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Traditional 

Scaling

⚫ VDD not available for 65nm and 45nm node

VDD and Lg Scaling Trend vs Technology Node



• Intel technology node



SRAM Core VDD of Test Chip (TSMC)

J. Chang et al., ISSCC, 

2020(TSMC)

J. Chang et al., ISSCC

2017(TSMC)

7nm:

5nm

:
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2D Materials

[2]
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-2.2V
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[19]-10.5V

MIT (Nature)

[26]

-11.8V

Target
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NMOS Benchmark
[1] GAA(8 Stacked NW( Ge0.95Si0.05) Y. -C. Liu et al., VLSI, 2023. (submitted)

[2] GAA(8 Stacked NS( Ge0.95Si0.05) Y. -C. Liu et al., VLSI, 2023. (submitted)

[3] GAA(7 Stacked nanowire( Ge0.95Si0.05) Y. -C. Liu et al., VLSI, 2021.

[4] GAA(6 Stacked NW( Ge0.95Si0.05 Y.-C. Liu et al., TED, 68, 12, 2021. 

[5] GAA(2 Stacked NW( Ge0.98Si0.02 Y.-R. Chen et al., EDL, 43, 10, 2022 

[6] GAA (2 Sacked NW)
S. Barraud et al., IEDM, 2018, pp. 500, 

STMicroelectronics

[7] SiGe Forksheet H. Mertens et al., VLSI, 2021, T2

[8] GAA poly-Si F.-K. Hsueh et al., IEDM, 2019, 3.3.

[9] TSMC 7nm FinFET
S. -Y. Wu et al., IEDM, 2016, 2.6.

A. Qiu et el., ISTFA, 2019.

[10]Carbon nanotube (CNT) TG C. G. Qiu et al., Science, vol. 355, pp. 271

[11]MoTe2 M. Luisier et al., IEDM, 2016, 5.4.

[12]WS2 M. Luisier et al., IEDM, 2016, 5.4.

[13]WSe2 M. Luisier et al., IEDM, 2016, 5.4.

[14]Bi-1L MoS2 (BG) Shen, PC. et al., Nature 593, 211

[15]MoS2 back gate (BG) A.-S. Chou et al., VLSI, 2020.

[16]MoS2 Back Gate Y. Liu, et al., Nano Letters, 2016, UC Berkey

[17]MoS2 Back Gate C. J. Mcclellan et al., ACS Nano, 2021, Stanford

[18]GAA MoS2 Y. Y. Chung et al. IEDM 2022, TSMC

[19]Bi-1L MoS2 (BG) P.C. Chen et al., Nature, 2021, MIT

[20]IWO double gate (DG) H. Ye et al., IEDM, 2020, 28.3.

[21]IWO BG W. Chakraborty et al., VLSI, 2020.

[22]DG IGZO W. Lu et al IEDM 2022, CAS

[23]BG In2O3 Liao et al VLSI 2022, 

[24]BG ZnO Chand et al VLSI 2022, NUS

[25]DG ITO Wahid et al IEDM 2022, Stanford

[26]GAA In2O3 Z. Zheng et al IEDM 2022, Purdue, 4

▪ Negative Vt for NMOS is not acceptable for IC design





• TSMC to maintain the density lead through 2025.



• Intel may take the performance lead both on a year basis and a node basis.
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Intel technology node
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Honest Benchmark (ID vs VOV)

• For logic, low VDD and n/p FETs are needed → oxide semiconductor (OS) 

and 2D material is not applicable now

• For RF, higher VDD and only nFET for large output power, OS and 2D 

material have more chance 



NTU 邱雅萍教
授
2D (MoS2)

SS=79mV/dec

TSMC 5nm

nFET

SS=68mV/dec

pFET

SS=69mV/dec

Our ultrathin body 

pFET 

SS=64mV/dec

Geoffrey Yeap et al.,

IEDM, 2019, 36.7.

Huang, JK., Wan, Y., Shi, J. et 

al. 

Nature 605, 262–267 (2022).
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Fang, H. et al., Nano Letters,

2012, 12(7), 3788–3792.

UC Berkeley

2D (WSe2)

SS=60mV/de

c

Chung-En Tsai et al., VLSI,

2022.



3Dx3Dx3D

Channel

stacking

Transistor

stacking
Monolithic 

/Sequential (w/ 

BEOL) 

Dielets/Chiplets

Stacking 

• SOIC (tsmc)

•X-Cube (Samsung)

•FOVEROS (Unique and 

special in Greek) /EMIB 

(Intel)

3D 3D

3D 

(Far backend/

Heterogeneous 

integration)



IRDS,2020 Edition  More Moore

Nanosheet      Nanowire





• Channel stacking starts at 2 nm ndoe

• Transistor stacking starts at 1 nm node. 

Roadmap : IRDS,2021 Edition 

More Moore



PERFORMANCE BOOSTERS 

• IIIＶ is gone 

• FeFET means NCFET for SS < 60mV/dec.

• 2D/FeFET starts at1.5 nm node??? 

IRDS,2021 Edition More Moore



IMEC 2022

• CFET ( transistor stacking, nFET on pFET or p on n) starts 

at A5 (0.5nm node)

• Atomic (2D) in A2 node (0.2 nm node)



⚫ Gate All Around (GAA)/Nanosheet devices debut in 2024 with the 2nm 

node, replacing FinFETs



• Intel 20A & 18A(Angstrom Era) → 1st RibbonFET(4 stacked channels) + 

Power Via

• TSMC GAA 2nm/Samsung GAA  3nm

48



Device Architecture

Outlook

Beyond Si

PPA

Time
* TMD: transition metal dichalcogenides

WS2, MoS2, WSe2, etc.

2D TMD*

CNT

Carbon Nanotube

Drain  

Gate

Sourc

e

Source

Source

Gate

Drain

Source

Drain  

Gate

Sourc

e

Source

FinFET

Device Architecture

Nanosheet

CFET

• CFET after nanosheets

• 2D  after CFETs

2022 Symposium on VLSI Technology and Circuits Plenary Session #2  tsmc



Roadmap of  TW Government 



SRAM Fully Functional at 0.46V

Cell Voltage

B
L

/W
L

V
o
lt
a
g

e

Nanosheet

Transistor

• Tight space sheet reduces para C.

• N/P are different

• Smaller SS and better short channel control to achieve low Vdd 

and low power.

2022 Symposium on VLSI Technology and Circuits Plenary Session #2  tsmc



CFET Density Scaling

Inverter

CFET

Source

Gate

Drain

Source

Drain

Gate  

Source

Gate  

Source Drain

Top  

NMOS

Bottom  

PMOS

Source

Drain NMOS

PMOSDrain

Gate  

Source

Nanosheet

Source

Drain  

GateSource

Density scaling

~1.5-2.0x

2022 Symposium on VLSI Technology and Circuits Plenary Session #2  tsmc



CFET Process Challenges

High aspect ratio etch

Low resistance metal  

gap-fill

High AR & Low-R metal  

gap-fill

Multi-Vt for both n/pMOS

Gate isolation

Plenary Session #2 172022 Symposium on VLSI Technology and Circuits

Top nFET

Bottom pFET

• Creating isolation between 

NMOS/PMOS gate

p

n

• Fin height including n channels, 

p channels, and SLs

• Vertically stacked dual metal 

gate process is needed. 

(recess and deposition)

(independent gate control)

(Same as nanosheet)

p/nFET drain 

connection

VDD

(dielectric isolation)

VSS

2022 Symposium on VLSI Technology and Circuits Plenary Session #2  

tsmc
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Record High 2DEG Mobility (2.4 M cm2/V s)

⚫ 2.4 × 106 cm2/V s by the reduction of

background charges from 2.3 x 1014 cm-3 to 1.2

x 1014 cm-3.
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20% enhancement

Background charges:  1.2 x 1014 cm-3

Background charges:  2.3 x 1014 cm-3

M. Yu. Melnikov et al., APL, 106, 092102 (2015).

Collaborate with Prof. S. V. Kravchenko, Northeastern Univ.
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2DEG in s-Si QW

RP-CVD

s-Ge QW

LEPE-CVD

SS-MBE

SS-MBE s-Si1-xGex QW

[1]

[1] T. M. Lu, D. C. Tsui, C.-H. Lee,2and C. W. Liu

[2] S.-H. Huang, T.-M. Lu, S.-C. Lu, C.-H. Lee, C. W. Liu, and D. C. Tsui, APPLIED PHYSICS LETTERS 101, 042111 (2012)

[3] Maksym Myronov, Jan Kycia, Philip Waldron, Weihong Jiang, Pedro Barrios, Alex Bogan, Peter Coleridge, and Sergei Studenikin, 

Small Sci. 2023, 2200094
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Ge electron mobility GeSn hole mobility

Y.-S. Huang et al., TED, 2017.Y.-J. Yang et al., 2007 APL

• Ge has higher electron mobility than Si.

• GeSn/Ge has higher hole mobility than Si.



• Ge has high electron and hole mobility but large misfit. 

• y > 0.41 ➔ Ge1-ySny becomes topological semimetal/ zero bandgap 
semiconductor (Eg=0) 

• Hexagonal Si/Ge is possible with new properties
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H. -S. Lan et al., PRB 95, 

201201(R), 2017

Something new about group IV

Band calculation of LD Ge:

P. -S. Chen et al., J. Phys. D: 

Appl. Phys. 50, 015107, 2017.
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“New Materials for Post-Si Computing”, 

MRS Bulletin, Vol. 39, No. 8, pp. 658-662, 

August, 2014

0.54 0.56 0.58 0.60 0.62 0.64 0.66

0.0

0.4

0.8

1.2

1.6

2.0

LD-Si*

c=0.66nm

a=0.4nm

(DFT)

_____

_  _  _

161280 4 20

 

Sn

-  1.0

Strained SiGe

Ge

3.9K

1.9K

Si

1.4K

0.45K

InSb

77K

0.85K

GaSb

3K

1K

InAs

40K

0.5K

GaAs

8.5K

0.4K

GaP

0.25K

0.15K

AlAs

AlSb

B
a

n
d

 G
a
p

 (
e
V

)

Lattice Constant (nm)

W
a
v
e

le
n

g
th

 (
m
m

)

-  10.0

-  4.0

-  1.2

-  2.0

-  0.8

-  0.6

InP

5.4K

0.2K

Direct gap

Indirect gap

LD-Ge*

*The misfit of lonsdaleite(LD) structure is based on Si(111)

T=0K

Lan et al., PRB 95, 201201(R), 2017

•Sn is zero bandgap semiconductor due to band inversion.

•y>0.41 → Ge1-ySny becomes zero bandgap semiconductor (Eg=0)



2007 APL

C.-Y. Peng, F. Yuan, C.-Y. Yu, P.-S. Kuo, M. H. Lee, S. Maikap, C.-H. Hsu, and C. W. 

Liu, Appl. Phys. Lett. 90, 012114 (2007) .(Cited No./Self Cited No.= 30/ 7)

2021 TSMC ISSCC

Mark Liu, Plenary Session 1.1, ISSCC 2021.

13 years

1nm
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• Si0.2Ge0.8 channel with 1nm Si cap, having higher mobility(3X) than Si.

• It takes 13 years to commercialize HMC.

(2007-2020)

MOST advanced FinFET on the market



Silicon Crystal Structure (Ge, SiGe, GeSn)

• Unit cell of silicon 

crystal is cubic.

• Each Si atom has 

4 nearest 

neighbors. 

• Si  sp3

• Conduction band 

is ?

• Valence band is ? 60
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0.136nm

0.543nm

Ref: C.-N. Hsiao et al., Nanoscale Research Letters, 2014.

• The distance between the Si 

atoms is 0.136 nm.

• Dumbells

Ref: Mark Liu, Plenary Session 1.1, ISSCC 2021.

(110)



▪ HVP N3 planned to be start at march 2022 ➔ delayed to sept 2022 ➔ iPhone 

14 is not having N3.

▪ N3 node has a narrow process window ➔ expected to have lower yield.

▪ N3E ➔ have higher process window ➔ higher yield.

N5 vs N3  

Sept 

2022



FinFlex: N3 Node(2) 
3-2 Fin 

Block
2-2 Fin 

Block
2-1 Fin 

Block

▪ 3-2 FIN – Fastest clock frequencies and highest performance for the most 

demanding compute needs

▪ 2-2 FIN – Efficient Performance, a good balance between performance, power 

efficiency and density

▪ 2-1 FIN – Ultra Power Efficiency, lowest power consumption, lowest leakage and 

highest density

▪ Finflex offers high-performance and power-efficient cores on the same die.

▪ All N3 nodes (N3, N3E, N3P and, N3X) will have the FinFlex capability.

Ultra high-

performance CPU 

cores

Efficient Core

Ultra power-

efficient + ultra 

dense



FinFlex: N3 Node(1) 



▪ HVP N3 planned to be start at march 2022 ➔ delayed to sept 2022 ➔ iPhone 

14 is not having N3.

▪ N3 node has a narrow process window ➔ expected to have lower yield.

▪ N3E ➔ lower transistor density to have higher process window ➔ higher 

yield.

N5 vs N3  

Sept 

2022
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Status Quo of Industry for 3/2nm

2021 ISSCC TSMC 2nm (3)

TSMC 2nm technology node,
3 stacked nanosheets.

Mark Liu, Plenary Session 1.1, ISSCC 2021.

2021 IBM 2nm (3)

IBM 2nm technology node,
3 stacked nanosheets.

2025 Intel 18A (4)

4 stacked nanoribbons

(In early development) 

2024 Intel 20A (4)

RibbonFET, 4 stacked nanoribbons 
Ref: Intel Accelerated, July 26, 2021.

2018 IEDM Samsung 3nm (?)

MBC: Multi-Bridge-Channel.
MBCFET



Samsung GAA MBCFET

Ref: IEDM 2022 SC1 Samsung

Ref: N. Loubet et al., VLSI 2017, IBM, Samsung, GF



Samsung says :

• 2GAP will include pitch scaling for improved transistor density. 

• 2GAP will add another nanosheet for a total of four stacked nanosheets in 

order to improve drive current.

2-nanometer node is called 2GAP and is planned to enter mass production in 

2025





2奈米之後的技術創新與方向

-在新型電晶體結構、新材料、持續微縮和新導體材料方面出現的創新，標準半導
體架構的演變從平面式電晶體轉至鰭式場效電晶體(FinFET)．並將再次進展到奈
米片電晶體。
同時也期待在2D材料、1D奈米碳管方面的突破，在不斷微縮的同時，克服晶片行
動性方面的挑戰。
- 在2D材料中，我們的鉍(Bi)接觸二硫化鉬(MoS2)装置實現了創紀錄的低接觸電
阻，比過去2D材料提報的數據技術好上5倍，並產生了高通態電流。展望末來
，台積電將繼續探索電晶體架構，並利用2D材料和碳奈米管等新材料。

Source :tsmc
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Post the 2021 Nature Electronics Research 
Highlight (July, 2021)/ VLSI 2021 highlight paper

7 stacked GeSi nanowires

• 10 stacked Ge0.95Si0.05 nanowires without parasitic channels

• ION = 6500 μA/μm at VOV = VDS = 0.5V

• SS = 76 mV/dec and ION/IOFF～1E5

Nature Electronics, Vol. 4, July 

2021, 452.

(Unpublished)

Beyond 3 nm
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12 stacked 

GeSi

(SpineFET) 

NTU 12 

stacked 

nanowires 

16 stacked 

GeSi

(SpineFET) 

NTU 16 

stacked 

nanowires

NTU 8 

stacked 

nanosheets
Yi-Chun Liu et al. and C. 

W. Liu, Symposium on 

VLSI Technology

(VLSI-Technology), 

2021.

NTU 2021 VLSI

8 stacked GeSi

NTU 2020 IEDM

4 stacked GeSn

NTU 4 stacked 

nanosheets
Yu-Shiang Huang et al. 

and C. W. Liu, 

International Electron 

Devices Meeting (IEDM), 

2020.

NTU 2021 

7 stacked 

GeSi

(SpineFET) 

NTU 7 

stacked 

nanowire

s
Yi-Chun Liu et al. 

and C. W. Liu, 

Symposium on 

VLSI Technology

(VLSI-

Technology), 

2021.
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NTU 2021

3 stacked GeSi 

{110} TreeFET (王)

NTU 3 stacked 

TreeFET
Chien-Te Tu et al. and C. W. 

Liu, EDL2022

NTU 2021 (2D)

8 stacked GeSn 

Ultrathin bodies

NTU 8 stacked 
ultrathin bodies

Chung-En Tsai et al. and C. 
W. Liu,  International 

Electron Devices Meeting 
(IEDM), 2021.

NTU 2021

8 stacked GeSn 

Nanosheets

NTU 8 stacked 
nanosheets

Chung-En Tsai et al. and C. 
W. Liu,  International 

Electron Devices Meeting 
(IEDM), 2021.



74

2021 IEDM Roger A. Haken Best Student Paper Award

“Highly Stacked GeSn Nanosheets by CVD Epitaxy and Highly Selective Isotropic Dry 

Etching,”  IEEE Transactions on Electron Devices, 2022.

• The 8 stacked GeSn ultrathin bodies (~3nm) have record ION/IOFF of 1.4x107 at 

VDS= -0.05V among GeSn/Ge 3D pFETs.
• Tbody ↓ ➔Quantum confinement energy ↑ ➔ IOFF ↓
• Mechanical bending with external compressive strain ➔ ION ↑

C.-E. Tsai et al. and C. W. 

Liu, IEDM, 2021.

B.-W. Huang et al. and C. W. Liu, accepted by TED, 2022.



Benchmark of ρC
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[13] P.-C. Shen et al., Nature, 

2021.

[15] H. Yu et al., TED, 2016.

[16] E. Rosseel et al., ECS Trans, 

2020.

[17] C.-N. Ni et al., VLSI, 2016.

[18] J. Maassen et al., APL, 2013.

[19] Z. Zhang et al., EDL, 2010.

[20] N. Stavitski et al., EDL, 2008.

[21] C.-E. Tsai et al., TED, 2020.

[22] H. Miyoshi et al., VLSI, 2014

• 2D materials have higher ρC than group-IV materials.



Innovative Semimetal Contact

- Bismuth (Bi) and Antimony (Sb) for 2D 

Transistors

• Bi: record low contact resistance and  

record high on-state current

• Sb: low contact resistance and enhanced  

thermal stability

35 nm

1L-MoS2

Dielectric (SiOX)

Gate (p++-Si sub.)

Bi Bi

20 nm

(Source) (Drain)

Bi-contacted MoS2 FET

Nature, 2021 (MIT/TSMC); IEDM 2021 (TSMC)
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TSMC/MIT)Quantum Limit
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10-0
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Si

Cr

Ni

Ni
Ti

In

nFET:

1L-MoS₂
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1L-WSe₂

(IMEC) Ni

Ag/Au

102

• Top contact vs Edge contact

Semimetal (Bi) has 

zero Schottky barrier 

height due to near 0 

DOS at EF.

2022 Symposium on VLSI Technology and Circuits Plenary

Session #2  tsmc

• 2D Rc is still worse than Si
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ION of Bi-1L MoS2 FET
(Fig. 4d) (Fig. 4f)

• 2D FETs have lower ION than Si-based FETs 

(should be compared at same VGS).

• VGS =30 V for beyond 1nm node???

Ref. P.-C. Shen et al., 

Nature, 593, 211-217, 

2021. 



Low Ion /high Vdd of 2D channels

Benchmark of ION

[1] Y.-C. Liu et al., VLSI, 2021, T15-2.
[2] P.-C. Shen et al., Nature, 593, 211-217, 
2021.
[3] C.-E. Tsai et al., IEDM, 2021, pp. 569-572.
[4] K. P. O’Brien et al., IEDM, 2021, pp. 146-
149.

nFET pFET

Reference
VLSI 2021 

(NTU) [1]

Nature 2021 

(MIT) [2]

IEDM 2021 

(NTU) [3]

IEDM 2021 

(NTU) [3]

IEDM 2021 

(Intel) [4]

Channel

7 stacked 

Ge0.95Si0.05

nanowires

MoS2

8 stacked 

Ge0.9Sn0.1

ultrathin bodies

8 stacked 

Ge0.9Sn0.1 thick 

nanosheets

WSe2

ION at VDS= 

±1V

11000μA/μm 

at VOV=VDS= 

1V

42μA/μm at 

VOV=VDS= 1V

910μA/μm at 

VOV=VDS= -1V

4400μA/μm at 

VOV=VDS= -1V

50μA/μm at 

VG= -4V, VDS= -

1V
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What’s Biggest Hurdle to Commercialization?

• Getting industry to “buy in”

— Industry is conservative & focused on next quarter’s 

profits

— Academics are working with few students, few $$, and 

labs held together    by duct tape

• How is this going to happen?

— Come up with novel, clever, manufacturable ideas

— Use honest benchmarks vs. incumbent technology

— Need deep & sustained funding (our funding system 

seems broken)

— Talk to industry friends, don’t get shut out

VLSI/TSA 2022  2D invited talk by Eric Pop  Stanford University



IC/Semiconductor
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• EDA 2% of Semi. 45,938 people 10B 2019

• Tsmc : 50,000  40 B (E) 2020



• Stacked Transistors/

IC on IC

• Most difficult part: Battle field

Please Refer VLSI short course 2022 by Marko 

Radosavljevic,   Intel  (many sidles from his 

short course)

BEOL



TFT on CMOS

• CMOS is hard to realize transistor stacking due to epitaxy 

difficulties.

• TFTs is easier to stack compared to CMOS 

due to low processing temperature.
• a-IGZO TFT is promising due to high mobility compared to a-Si 

.
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CMOS

TFT

TFT

TFT

• a-IGZO

• No grain boundary 

• Mobility ~ 20 cm2/V-s

(Higher mobility is better)

• Poly-Si

• High mobility (~100 cm2/V-s)

• Grain boundary

• Laser annealing 

• 2D material

• Ultra high mobility

• Size too small (cm x cm)
CMOS



Transistors Stacking(monolithic-epi) – CFET

(N+1 node)

• CFET architecture is the combination of NMOS and PMOS with devices vertically

stacking and controlled with a common gate.

• CFET removes the lateral PN separation bottleneck and allows PMOS/NMOS

folding.

• Transistor innovation of CFET architecture enables 50% area scaling by reducing

cell height.

S.Subramanian et al., VLSI, 2020 

C. -Y. Haung et al., IEDM, 2020

2D CMOS Inverter
(NR)

3D Stacked 

CMOS Inverter
PN

separation

84



CFET NAND

VDD VDD

VSS

A Bout

out

A

B

85

VDD

3D structure circuit

N

P



Cross-section

VDD VDD

VSS

A Bout VDD VDD

VSS

A Bout VDD VDD

VSS

A Bout

S S DD

DD S S

Metal pitch=40nm
20nm 20nm 20nm 20nm

20nm

30nm

30nm

60nm

30nm20nm40nm

40nm

86
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Transistor architectures beyond stacked NS ➔ footprint ↓

CFET (Complementary FET)

Monolithic CFET

C.-Y. Huang et al., IEDM, 

2020, pp. 425

Intel

Sequential CFET W. Rachmady et al., 

IEDM, 2019, pp. 697

Intel



Self-Aligned 3D Stacked
CMOS

8

8
M.

Radosavljevic,

Components

Research/Intel

VLSI 2022 Technology Short

Course: Monolithic and

Heterogeneous Integration



S. Subramanianetal,VLSI2020

8

9
M.

Radosavljevic,

Components

Research/Intel

VLSI 2022 Technology Short

Course: Monolithic and

Heterogeneous Integration

Self-Aligned 3D Stacked CMOS Example
[1]



S. Subramanianetal,VLSI2020

9

0
M.

Radosavljevic,

Components

Research/Intel

VLSI 2022 Technology Short

Course: Monolithic and

Heterogeneous Integration

Self-Aligned 3D Stacked CMOS Example
[2]



Self-Aligned 3D Stacked CMOS Process
Flow

9

1
M.

Radosavljevic,

Components

Research/Intel

VLSI 2022 Technology Short

Course: Monolithic and

Heterogeneous Integration



Self-Aligned 3D Stacked CMOS –Dual S/D
Epi

9

2
M.

Radosavljevic,

Components

Research/Intel

VLSI 2022 Technology Short

Course: Monolithic and

Heterogeneous Integration



Self-Aligned 3D Stacked CMOS –
Dual Metal Gate

9

3
M.

Radosavljevic,

Components

Research/Intel

VLSI 2022 Technology Short

Course: Monolithic and

Heterogeneous Integration



Self-Aligned 3D Stacked

CMOS Inverter

C.Y.Huangetal,IEDM2020

▪ Vertical interconnects enable demonstration of simple logic gates

9

4
M.

Radosavljevic,

Components

Research/Intel

VLSI 2022 Technology Short

Course: Monolithic and

Heterogeneous Integration



Scaled Self-Aligned 3D

Stacked CMOS

M. Radosavljevic et al, IEDM 2021

▪Stacked dual epi demonstrated in scaled self-aligned devices

9

5
M.

Radosavljevic,

Components

Research/Intel

VLSI 2022 Technology Short

Course: Monolithic and

Heterogeneous Integration



Scaled Self-Aligned 3D

Stacked CMOS

9

6
M.

Radosavljevic,

Components

Research/Intel

VLSI 2022 Technology Short

Course: Monolithic and

Heterogeneous Integration

M. Radosavljevic et al, IEDM 2021

▪Without split gate and split contact devices behave as both NMOS  
and PMOS based on biasing



IEDM 2019 Sequential (bonding) IEDM 2020 Monolithic (epi)



3D Sequential Integration (bonding)

• Also named 3D monolithic, 3D VLSI … etc.

• Sequential process ➔ Thermal budget constraints for 

top devices processing.98

C. Fenouillet-Beranger et al., IEDM sc, 2020



Sequential vs.Self-Aligned 3D stacked CMOS

9
9

M. Radosavljevic, Components
Research/Intel

VLSI 2022 Technology Short Course: Monolithic and
Heterogeneous Integration

Sequential 3D stacked CMOS

Self-Aligned 3D stacked CMOS



Sequential 3D Stacked CMOS Examples

1
0
0

M. Radosavljevic, Components
Research/Intel

VLSI 2022 Technology Short Course: Monolithic and
Heterogeneous Integration



Sequential 3D Stacked CMOS Process Flow

1
0
1

M. Radosavljevic, Components
Research/Intel

VLSI 2022 Technology Short Course: Monolithic and
Heterogeneous Integration



Sequential 3D Stacked CMOS – Key Modules [1]

1
0
2

M. Radosavljevic, Components
Research/Intel

VLSI 2022 Technology Short Course: Monolithic and
Heterogeneous Integration



Sequential 3D Stacked CMOS – Key Modules [2]

1
0
3

M. Radosavljevic, Components
Research/Intel

VLSI 2022 Technology Short Course: Monolithic and
Heterogeneous Integration



Sequential 3D Stacked CMOS –Device Response

1
0
4

M. Radosavljevic, Components
Research/Intel

VLSI 2022 Technology Short Course: Monolithic and
Heterogeneous Integration



Sequential 3D Stacked CMOS Inverter

1
0
5

M. Radosavljevic, Components
Research/Intel

VLSI 2022 Technology Short Course: Monolithic and
Heterogeneous Integration

▪ Vertical interconnects enable demonstration of simple logic gates
W. Rachmady et. al., IEDM 2019



1
0
6

M. Radosavljevic, Components
Research/Intel

VLSI 2022 Technology Short Course: Monolithic and
Heterogeneous Integration



Sequential Heterogeneous 3D Stacked CMOS Inverter

▪ Similar techniques can be applied to different materials and
applications – e.g. in power delivery H.W.Thenetal,IEDM2020

1
0
7

M. Radosavljevic, Components
Research/Intel

VLSI 2022 Technology Short Course: Monolithic and
Heterogeneous Integration
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3D IC (package)

⚫ Scaling faces physical and cost limits.

⚫ Size reduction 

⚫ High interconnect density

◼ Faster

◼ Less power consumption

⚫ Hetero-integration

◼ Memory, logic, optical, MEMS, RF chip

TSMC course





Chiplet Stacking/ Stacked Dielets

• SOIC (tsmc)

• X-Cube (Samsung)

• FOVEROS (Unique and special in

Greek) /EMIB (Intel)



Bonding methods Die-to-Die Wafer-to-Wafer Die-to-Wafer

Stacking procedure Pick & Place Wafer bonding Pick & Place

High production 

throughput

No Yes Middle

High production yield Yes No Middle

High flexibility in chip size Yes No Yes

Application DRAM(HBM) CIS Chiplets-on-Si interposer 

CIS(InGaAs-on-Si)

SRAM-on-Logic

Known good 

die

(KGD)

Defective 

die
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3DIC Technology 

• Smaller possible sizes for thinner wafer. 

Reference: Paul Franzon, 3D-IC,2021
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• Plasma active bonding

• 1.6 – 10 μm pitch in products today, used in many cell phone cameras 

(6 μm pitch) 

Hybrid Bonding 

Reference: Paul Franzon, 3D-IC,2021

Reference:

Reference: Chipwork 
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Solder bonding Vs. Hybrid Bonding   

• The larger area consumed by the IO connections results in

core power integrity

• Interconnect pitch value ↑,channel length ↑.

• Interconnect pitch value ↑,the channel energy efficiency ↓.

Referance: Adel Elsherbini, et al., ECTC2021 (intel)
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Multi-stacked

BSI

→Backside 

illumination will 

enable ~ 100% fill-

factor!
Upper
Wafer

Silicon bulk

Bonding

Interface

Middle

Wafer

Bonding

Interface

Lower

Silicon 

bulk Wafer

Sony 3-layer multi-stacked CIS Structure

pixels

DRAM

ISP

• 3-layer stacked CIS of Sony include BSI, DRAM and logic using TSV.
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2-Layer Transistor Pixel Stacked CIS

K.Zaitsu et. al., VLSI 2022, Sony
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Interposers 

• Xilinx (TSMC) uesd 0.4 μm W/S interposer.

• High density silicon interposers are expensive.

0.4 μm

Reference: Paul Franzon, 3D-IC,2021

Xilinx



High Bandwidth Memory

HBM1 (256GB/sec for HBM2)

Source: SK Hynix

• Stacked DRAM dies, 

connected by TSVs

• Size reduction, but 

high density



DRAM on Application Processor

Source: TSMC

• Vertical interconnects in 

molding compound (TIV)

• Stacked DRAM dies on 

application processor (AP)

• No additional substrate 

→ Low cost



SONY 3-layer stacked CIS

Ref: SONY, ISSCC 4.6, 2017.

• Sony use TSV to connect CIS (TSV), DRAM (TSV), and ISP

3-layer stacked CIS

https://www.systemplus.fr/wpcontent/uploads/2017/07/SP17343_Sony_IMX400_Tri-

layer_Stacked_CIS_Flyer_System_Plus_Consulti.pdf


