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* Design driven

* Application driven
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2022 WW Semiconductor Market

WW: 574.1B US$

' Sensors
Discrete 218 Memory
340
, 1,298
Optoelectronics 6% 4%
o)

439 \ pv /22”’
8%

Analog
890
15%

Micro—~ - Logic
1,766
31%

791
4%
Source: WSTS ~ ITRI/ISTI (2023/04)



2022 WW Semiconductor Market — Applications

WW: 574.1B US$

Auto Defence

783 91 Communications
14% 2% 1,723

30%

Industrial
831
14%
Consumer Computing
20 1507

14% 26%
0

Source: WSTS ~ ITRI/ISTI (2023/04)



2022 WW Market Share: Memory (e)

WW Market: 143.2B US$; TW: 3.9%

Macronix 13.3: 1% Infineon Technologies;
. 9.7;1%
Winbond ,, ;. 4, \ /
T R \ / __Others; 55.6 ; 4%

Nanya 194;1%  — \ /

Yangtze Memory 4
Technologies; 20.9 ; 7 Samsung
1% Electronics;

526.3 ; 37%

Western Digital; .
75.1; 5%

KIOXIA;99.3;7% /

/
./

Micron Technology;
268.3;19%

— SK hynix; 326.2 ; 23%
Source: Gartner ~ ITRI/ISTI (2023/04)



2022 WW Market Share: Foundry (e)

WW: 142.1B USS; TW: 63.4%

VIS 17_;{% ~ Other Foundry; 98;7%

PowerChip 26, 2% N /

Huahong Group, 40, 37&\\\ <o

SMIC, 73,5%

GlobalFoundries, 81, 6%
TSMC 759,53%

/‘//‘

UMC .94,7% —

Samsung, 234, 16%//

Taiwan manufactured 31% of semiconductor chips (2022)!
Source: Techlnsights ~ ITRI/ISTI (2023/04)



Foundry Sales as a Percent of Total IC Sales

OTotal Reported Foundry Sales % of Total IC Sales
B"Final Market Value" Foundry Sales % of Total IC Sales*

50% A

40% A

30% -

Share of Total

10% -

20% .

46.1% 47-0%
432% 44.7% 44.7% 43.7%

38.9% 39.0%

0 36.6%
2o 33.7%

21.69 21.a48 23-1}8 2°:

19.59 19.5

18.3 16.8

0%

Source: IC Insights

Source: IC |

15 16 17 18 19 20 21F  22F  23F  24F  25F

Year
*2x total reported IC foundry sales

nsights (2021/03)



2022 Taiwan Semiconductor Industry

e Fabless: 41.3B US$ (25.5%)

e Manufacturing: 98.0B US$ (60.4%)
— Foundry: 55.5%
— Memory: 4.9%

o Pkg & Test: 22.9B US$ (14.1%)
—_Pkg: 15.6B US$ (9.6%)
— Test:7.3B US$ (4.5%0)

Source: ITRI/ISTI (2023/03)



Taiwan IC Industry Sales Revenue

Billion USD mm Taiwan IC Industry Revenue —e—Growth Rate (%)
260 60%
240
40%
220
200 20%
180 0%
160
S 140 - -20%
Qv
E, 120 +~ 108.9 -40%
100 + 86.8 86.3
81.0
80 - 634 72.6 71.0 7°8 -60%
55.9 55.2
60 L 53.0 _80%
40 +
-100%
20 +
- -120%
O N O D X O 0 A D O N N N
" % Y % Y 5 5 Y % " v v Vv \&
U M S M

YoY

Source: ITRI/ISTI (2023/03)



Moving Forward: Advanced Technologies

e Manufacturing
— Logic: 2nm and beyond
— Specialty: high speed/freq ~ high/low power ~ I11-V ~ ...
— Heterogeneous integration ~ 3D ~ chiplet

e Design (incl. EDA ~ Algorithms ~ S/W)

— High performance computing: cloud ~ Al ~ VR/AR -~
autonomous driving -~ ...

— Wireless computing (5G ~ 6G)
— High efficiency power management

— High performance/precision data conversion



Tsmc Technology Portfolio

e = Available

e21n
% 1.4 nm & beyond highly stacked nanosheet/ ultrathin  Development
body/treeFETs/CFET/GeSi/GeSn x> NTU
Research
2nm * [
o
3nm
>nm SiGes
7nm ‘ N
MRAM
pa=NJI:: 6RF
10 nm /\ ERET
16/12 nm W o o o
22 nm [
28 nm [} [} [ ] [ ] [ J ([ ]
40 nm [ ] (] [ J [ J [ ] { ] [ J [ J
65/55 nm \ ° / ° ° ° ° ° ° °
90/80 nm ® \./ P ° °® ° ° °
0.13/0.11 pm ) ° () [ ) (] (] L]
0.18/0.15 pm ) ) () ) [ () [ ] [
0.25 pm [ ) ® ® [ ] [ ] (] (] [ ]
0.35 um ° ° ° ° ° ° ° °
>0.5 um ° ° ° ° ° ° ° °
MEMS Embedded RF Logic Analog High Voltage Embedded

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



Gartner hype cycle for emerging technologies, 2018
A

Plateau will be reached in:
@ Less than 2 years

Brain-Computer Interface —
Autonomous Mobile Robots — loT Platforrp © 205 years
— Virtual Assistants
© 5to 10 years

Smart Robots
A More than 10 years

Deep Neural Network ASICs
Quantum Computing
5G @ Cconnected Home Obsolete before plateau

Volumetric Displays .
Self-Healing System Technology — Autonomous Driving Level 4
Conversational ALI Platform —( )
Autonomous Driving Level 5 Q Mixed Reality
Edge AI
Exoskeleton
Blockchain for Data Security

Neuromorphic
Knowledge Graphs Hardware

4D Printing
Artificial General Intelligence

Expectations

() Smart Fabrics
Smart Dust

Flying Autonomous Vehicles Augmented Reality

Biotech—Cultured or Artificial Tissue

As of August 2018

Innovation Peak of Inflated Trough of ~ Slope of Plateau of
Trigger Expectations Disillusionment Enlightenment Productivity

Time

© 2018 Gartner, Inc.

Join the # DeloittePredicts conversation

5G + Al chips (Al PaaS, DNN), 10T, ADAS




Future (ABC)

« A: Al (logic + memory)
 B: Big Data (memory, server)

» C: connectivity (RF, mm wave,
TeraHz) 5G, 6G



S

Cellphones

) Standard PCs $89.7
v
8 20%
v
E 15% Automotive
N §28.0
s ”
v 10% Tablets Set-Top  Digital TVs S;ln;e ;s
g ,, S116 Game Boxes 9138 ’ - Internet
" OConsoIes §5.8 Gov/MiIutary Wearables 559 of Things"*
5105 $26 \ 3500 $209
-3% 0% 3% 6% 9% 12% 15%
2016-2021 CAGR

*Covers only the Internet connection portion of systems.



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

Valley of Death Existing
Space between opportunity commercialization
discovery and product resources

Existing
research
resources
(technical
and market)

development

Kesources

Discovery  pre-NPD Development  Commercialization

External Internal Pathfinding TD  Manufacturing
Research Research (Fab)
(Pre-

competitive

Gov./Academia/

. Consortium?jl : :
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



Channel

Nanosheet

NMOS

/
PMOS ’

3Dx3Dx3D

Back-end

Upper level:
> Front-end + middle-end

} Inter-level metal

Lower level:
> Front-end + middle-end

J

X Transistor(IC on IC) x Chiplet stacking

Memory

pP Core
1/0 Chip

O O O O C

 Channel stacking: stacked nanosheet (NS) can enhance the

|, 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

ieenergy consumption
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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



Planar MOSFET structure upto 20/22nm

Smallest dimension?

Metal or

Gate Polysilicon gate

Source Drain

Substrate
(body)

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



Why advanced nodes?
Table 9: Calculation of foundry sale price per chip in 2020 by node

Lin

Made [nm]

Q0

&5

40

28

20

16/12

10

7

5

Mass production year and
quarter'®®

2004
Q4

2006
G4

2009

Ql

2001
G4

2014
Ql

2015
Q3

2017
Q2

2018
3

2020
Q1

Capital investment per wafar

processed per year

34,649

32,436

36,404

38,144

+10,356

$11,220

313,149

314,267

116,746

MNet capital depreciation at

startof 2020 (25.29% /
year)

b3%

63%

63%

63%

63%

23.1%

35.4%

0.0%

Undepreciuled cupﬁn[ per

waler processed per year
|remaining value at start of

2020}

$1.627

$1.910

§2,241

$2.850

$3,625

$3,927

$5,907

$9.213

$16,746

Capital consumed par waler

processed in 2020

3411

3483

9367

721

$917

$993

$1,494

$2,330

34,235

Orher costs and markup per
walar

Fuundr:.r sale price per walar

Foundry sale price per chip

$1,793

$2,433

$1,454

$1,428

$1707

§713

$2.171

§453

$2.760

§399

$2,.990

$331

$4,498

$274

§7014

$233

$12,753

$16,988

$238




Node name is NOT gate length
Evolution in Channel Length

Micron

1.00

010 = — = = — ="

Technology
Node

0.13um
~90nm ~0.7X

LI

-y Era

L8
e

1995 2000 2005

Year

Nanotechnology Is In

production today
(~20 yr ago)

5nm

2010



Strained Si starting from
90 nm node

Transistor Innovations Enable Technology Cadence

2003 2005 2007 2009 2011
90 nm . 65nm . 45mm ~ 32mm . 22nm

R4

Invented 2m Gen. Invented First to
SiGe SiGe Gate-Last Gate-Last Implement
Strained Silicon Strained Silicon High-k Metal Gate =~ High-k Metal Gate Tri-Gate &

Strained Silicon
High k Metal gate
Tri-Gate

« Enabling technologies: high mobility, high-k/metal gate, 3D transistor
22



Make your
FINFET/GAA/Nanosheet



oy IMprovement -- W
FINFET = Tri-gate  Nanosheet/nanoribbon/

A‘hh Multi bridge channel = GAA
Wch
<< >
H

I_|fin I_lfin Cht

\ 4 \ 4

substrate substrate

Wegr = 2Hg, + W, W = (2H,, + 2W,,,) X floor

Footprint = W, x L number



/

|,y IMmprovement by technologies \

— V)% x stacking number (floor numbe
\ - Nanosheet (2nm)

FINFET (16nm) : 2H,\+Wg

t_ — HK (45nm node) Intel : 22nm
ox

€ox €HK . €ox

t. tyx EOT &7k

t,, >1nm. Otherwise, |, is significant

/




L, scaling with different nodes

Technology
Node

16nm23nm
1nm

A,lgnmfrnnl 12nm 12n

A --A--A
12nm  12nm

19nm

10nm
Gate Length 11 grecsinm i e

—A— ntel [1] CPP=45 nm / 3nm
-./A\--TSMC [2] CPP=45 nm /2nm

- -A- - IRDS

Nanometer

1.5nm

1990 1995 2000 2005 2010 2015 2020 2025 2030 2035

[1] Semiwiki (for TSMC)

Year [2] IRDS
* L, can be larger than node name due to narrow width in footprint



Benchmark of f; and f,,,

A siGeBicMOSf,, M SiGeBICMOSRD g * NWf _ floor#=6

AX

@® CMmOoS fMAX 4 NWfMAX

N16 f NW f_  floor#=6
2 u * NI, N. Cahoon et al., IRPS,

® N6, Lg=18nm [55 2022.
O

A‘4 2
|_523r,gr[,m, Ngs [3] .28/22nm ®
- L,=30nm Lg=26n

A

65/55nm

90nm Ly=35nmusof D> NSt _floor#=4 D

= 430
130nm L,=50nm 420 » NSt floor#=4 [2] K. Mistry et al., IEDM, 2007.

— B L.=18nm [3] https://zhuanlan.zhihu.com/p/199004138
L,=70nm O NSt g=18nm [5]

g 410 [4] https://semiwiki.com/semiconductor-
180nm 200 k h manufacturers/tsmc/299944-highlights-of-the
L.=130nm q tsmc-technology-symposium-2021-silicon-
g 300k < NW fT technology/ (TSMC 2021 symposium)
o 65 [5] H.-C. Lin et al., IEEE EDL, 2022.
0.00 0.01 0.02 0.03 . 0.04 0.05 0.06
1/ Lg (nm")
°
Lyl fr1

* FInFET [3, 4] with low electron mobility - fr can not improve with L]
* NSs and NWs have better f;/f,;,yx than previous CMOS RF [5]



Back to the Basics : Power Consumption

“ Keys are reduction of Voltage, Parasitic Capacitance, and Leakage current ”

@ ® @ O
— | A ol e ° \7' - .l® 2 ° -

o : Average Percentage of Switching Capacitance (~ activity factor)
ZC; : Sum of Gate and Interconnection Capacitances
Vdd : Supply Voltage, F: Clock Frequency

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

3 1 3
= — % —_— = — 8
=127 16



Voo V)

Vpp Scaling Trend vs Technology Node

30r
0.25 pnt
25k Traditional Scaling I'
20 I
{ 0.18 pm
1.5} LI’
90 nm
FINFET ., 45ame= / 20HT
1.0} 34 =65 nm
al@le—e 5~ Strained Si
o5k 4 5nm 10 nm HKMG
W < - o T
OO H L M M PR .1I0 L M M M PR .1-60

Technology Node (nm)

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)

5nm:
[1] IRDS 2021 UPDATE MORE MOORE
[2] J. Chang et al., ISSCC, 2020(TSMC)

* IMOS
 TFEIT
* NCFET




Vpp and L, Scaling Trend vs Technology Node
3.5'_ ® VDD(V)O . O.5pm,0.5pm§'
: pm,0.35gm. )
® L _(nm) 3.3V
3.0f g .
FinEET O.25pm,%2pm
/>\ 2.5¢ 0.18pm,0.33pm g.SV -
N
A 2.0} 0.13um,70nm ?100 g
0O sonm.sonm o @ gy ] =
> 1.5} 2 i ® L6V =
nm @ 1.4V -l
0 ,14nr%§nm. 35nm®
1.0fgnm2onm'® 5 @ec 2V o
0.5 7307V0-75V0?€\;n Trad_ltlonal.
Sprvon oy . scaling |
10 100

Technology Node (nm)

® V, not available for 65nm and 45nm node

Intel technology node



Tox 8nm | Gate Dielectric Si0g
T . 06T = Vdd 3v SRAM 44 ym* Toxe 1nm | Gate Dielectric High-x
- Lg 500 nm o P1268 (CPU) - 0 Westmera, Vdd 075V SRAM 0.148 pm*
cpp NMP P1269 (SoC, 10} | * " Sandy Bridge L T
Tox 6nm | Gate Dielectric 8i0g cPP 112.5nm MMP 112.5nm
T o E . Vdd 25V SRAM 20.5 pm? Toxe 0.9nm | Gate Dielectric High-¥
.35 um
iy 350 nm Vdd 075V SRAM 0.092 pme
nm
Tox 4080m | Gate Dielectric | Si03 P1271 (SoC, 110} Haswell CPP 90 nm MMP ‘ 80nm |
Vdd 18V SRAM 10.26 um? Pfin 60 nm
1997 Pase 0.25um Ps
Ly 200 nm Wiin gam Hfin 34mm
CPP 500 nm MMP 540 nm T Gate Dielectric | High-k
T 4.08nm | Gate Dielectric |  Si0g R Vdd 070V SRAM  0.0499pum*
1998 8565|025 Ps Vaa 1y SRAM S2UM |y | PIZ2CPV |, 12 i 's 20mm
* 2agm nm
Ly 200 nm P1273 (SoC, 1/0) Kaby Lake, cPP 70nm MMP ‘ 520m |
cpp 4750m MMP 608 nm Exi=alesE Pfin 420m
Tox 2.0nm | Gate Dielectric 8i0g W fin 8 nm Hiin 42-46 nm
Vad 16V SRAM 5.50 ym2 T Gate Dielectric | Figh-k
1999 P858 0.18 pym MetBurst
iy 130 nm e Vd 070V SRAM  0.031Z2pm*
CPP 130 0m MMP sonm || pmery | 1213 lcelake, iy 180m
nm - -
T 1.4nm | Gate Dielectric | Si0g P1275 (SoC, 1/0) Tigerlake, PP 54nm MMP ‘ 36 nm |
Vdd 14V SRAM 2.45 ym? LRI A Pfin 34nm
2001 PB&0 0.13 pm Pentium M
Ly 700m Wiin 7mm Hiin ‘ 44-55nm |
P1275 (CPU
CPP SO MMP I 2021 ( ) 7 nm Granite Rapids
Tox 12nm | Gate Dielectric |  Si0g P1277 (SoC, 1/0)
e P1262 (CPU) 7 pa—— Vdd 12v SRAM 1.00pm* || 2024 IPEED (e 5nm
£1263 (S0, 1/0) nm entium » T P1279 (SoC, I/0)
PP 260 nm MMP 220nm
Tox 12nm | GateDielectric |  Si0;
P1264 (CPU Core, I v, SRAM 0.570 pm?
2005 (cPu) 65nm o A 4
P1265 (SoC, 1/0) Modified Pentium M Lg 35nm
CPP 220 1m MMP 2100m ° I t I t h I d
] e ntel technology node
P1266 (CPU) Penryn, i Vdd SRAM 0.346 pm*
2007 15mm
P1267 (S0C, 1/0) Nehalem L 250m
CPP 160 nm MMP | 180nm |




SRAM Core VDD of Test Chip (TSMC)

/nm:

5nm

‘Technology
Metal scheme
Supply voltage
Bit cell size

SRAM macro
configuration

SRAM capacity

Test Features

7nm HK-MG FinFET
1P7M

0.027pm?

4096x32 MUX=16
258 bits/BL,

272 bits/WL
256Mb

Row/Column Redundancy
Programmable E-fuse

Chip size 5903um x 7223um = 42mm?2
Technology 5nm HK=MG FinFET
Supply voltage fgfr%y
Bit cell size 0.021um?

1024x144 MUX4
z:f}:“ el T
9 288 bits/WL
SRAM capacity  135Mb

Test Features

Chip size

Column Redundancy
Programmable E-fuse

10mm x 7.98mm = 79.8mm?

E-fuse Blocks

1128kb SRAM macro

135Mb HD SRAM

J. Chang et al., ISSCC
2017(TSMC)

J. Chang et al., ISSCC,
2020(TSMC)



I per footprint (nA/um)

Target

NMOS Benchmark

GeSi(Ours)

Si (Others)

2D (Experiment
2D (Simulation)
OR)

44 4P *

MIT (Nature)

2D Materials

5

6 7

ll, ] ] ] ]
8 38 40 42 44

Vov (V)

= Negative Vt for NMOS is not acceptable for IC desigipc ITo

[1] GAA(8 Stacked NW( Geo,g5Sio,o5)
[2] GAA(8 Stacked NS( Geo_95Sio_o5)

[3] GAA(7 Stacked nanowire( Geo.g5Sio.05)

[4] GAA(6 Stacked NW( Gep.95Sip.05
[5] GAA(2 Stacked NW( Gep.9sSio.o2

[6] GAA (2 Sacked NW)
[7] SiGe Forksheet

[8] GAA poly-Si

[9] TSMC 7nm FinFET

[10]Carbon nanotube (CNT) TG
[11]1MoTe;

[12]WS,

[13]WSe;

[14]Bi-1L MoS; (BG)
[15]Mo0S; back gate (BG)
[16]M0S2 Back Gate
[171M0S2 Back Gate
[181GAA Mo0S2

[19]Bi-1L MoS, (BG)
[20]IWO double gate (DG)
[21]IWO BG

[22]DG IGZO

[23]1BG In203

[24]BG ZnO

[26]GAA In203
33



Density Jumps |C Knoweeoes wic

* 2014 to 2019, Samsung and TSMC each do four nodes while Intel does
two.

* 2020 to 2025, Samsung and TSMC each do two nodes while Intel does
four?

* Intel flips the script on the foundries.

Process Density Improvements
Intel

w
o
o

~
O
o

2 nodes

Siising in 2024

g
o
<]

TSMC

{52
o
o

Relative Density Improvements
_(D =
w w
o o

o
o
S]

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

4/6/2022 Copyright IC Knowledge LLC, all rights reserved 13



Transistor Density Trends

450

I C KNOWLEDGE e

E_ ¥ Intel o
k: 400
g W Samsung - H Intel
< % 400
X 350 | TSMC E  Saiisiing
2 300 > 350
= = mTSMC
£ 2 300
a 250 = HIBM
X =
2 200 g 250
2 8 200
§ 150 =
e
g 100 é 150
50 g 100
0 A 50
< wn o ~N o ()] o - o~ 2] < [72)
o od 94 o4 9 o4 8 o4 o o o o 0 L 1
R RRRALIRRKRKRKREKRR E E€E E € E E
§ &§ £ & § &
Year o & Q 4] 3 g
’ : 2 s 2 @
To calculate a standard metric for transistor density for each process =
we consider a weighting of 60% NAND cells and 40% Scanned Flip Nage
Flop cells. We use the M2P, Tracks, CPP and DDB/SDB to calculate cell
sizes
4/6/2022 Copyright IC Knowledge LLC, all rights reserved

* TSMC to maintain the density lead through 2025.

i20A/f2nm

il8nm

14



Relative Performance Trends

I C KNOWLEDGE e

— Relative Performance
) = Intel Relative Performance
. 300 r mIBM
L B Samsun,
9 2.50 TSMC'-' 3 = Intel IBM 75% better
B
£ ; 250 b @ Siiing than best 7nm
€ 200 ]
S - ETSMC  AMD TSMC 7nm
E £ 2.00 r vs Intel 10SF
a 150 s Tom's Samsung
1 ‘g and TSMC
.g o 150
T (-9
< 100 [ l
[ 2
® 100 |
050 | &
050 |
0.00 | N S Al ’
< wn X ~ 0 (<] (=] - o~ o < wn
- " Hd H = o=+ N N N N NN 0.00
© © © © © © © © © © o o S w - - .
N N N NN NN N NN NN IS K % r g = g = g
Year §3 8§ 2 &8 o g £ & -
- 0 - = e £ s ~
EE E E £ T " %
TSMC/Samsung - 16/14nm per Tom’s hardware, then scaled & = 5 = E
. . -
based on company announcements. Intel based on 10SF similarto Nodé
TSMC 7nm and then scaled based on company announcements.
IBM based on their 2nm announcement.
4/6/2022 Copyright IC Knowledge LLC, all rights reserved 15

* Intel may take the performance lead both on a year basis and a node basis.



1 " 1 " 1 " 1 " 1 " 1 "
2.6 ®  High Bandwidth Memory||-
| YoDR ® Mobile Memory L
2.4 4 A Graphic Memory L
| v Computing Memory
2.2 1
| [ ©
2.0 )
S =
5=~ DDR2 (0]
8 1.8 GDDR3 T
> 1 r
1.6 - <
J | @©
(@)
1.4 4 GDDR5  GDDR5X L
DDR3L w A A A GDDR6
1 Lpobrs PPR4 vz HBM2E i
1.2 e o o vHBMl. el SN HEMA
| LPDDR LPDDR2 ® DDR5 m a
1.0 4 LPDDR4X i B
: LPDDR5 LPDDR5X
I T I T I T I T I T I T
2000 2005 2010 2015 2020 2025 2030

Release Date

16000

14000

12000

10000

8000

[e2)
o
o
o

4000 -+

2000 L#

LPDDR2
LPDDR

DDH

A GDDR6 / 4-16Gb
|
{
A

v
A GDDR5X /8Gb

@
LPDDR5X / 8-24Gb 4 GDDRS5/ 1-4Gb

®
“|LPDDRS5 / 8-24Gb

{
LPDDR4X / 4-24 Gb
B HBM2E/ 16Gb

B HBM2_Gen2/8Gb
DDR3/1-8 Gbl HBM2_Gen1/8Gb

/ 250Mb-4Gh @ HBM1/2Gb
120Mb-2Gb @ DDR3L / 512Mb-4Gb

vV V v
5/16-24Gb ppR4 /4-16Gb

High Bandwidth Memory / Die Density
Mobile Memory / Die Density

Graphic Memory / Die Density
Computing Memory / Die Density

DDR / 64Mb-1GH

vDDRZ/ 128Mb-2Gb v

T T T T T T T T

1.0 12 14 1.6

I T I T I T I T I

18 2.0 2.2 2.4 2.6

VDD(V)



Vpp and L, Scaling Trend vs Technology Node
[ |
3.5'_ ® VDD(V)O . O.5um,0.5pm§
: pm,0.35gm. )
® L _(nm) 3.3V;
3.0} g .
FinFET e
/>\ 2 5¢ 0.18pm,0.33pm g.SV -
N’

A 2.0} 0.13um,70nm ?100 g
0O sonm.sonm o @ gy ] =
> 1.5} 2 i ® 16V P
nm @ 1.4V

0 ’14m%§3nm. 35nm®
1.0 822120%' 25r#n65nmml'zv .
Traditi [,
05pvenosy | seaing |
10 100

Technology Node (nm)

® \/,, not available for 65nm and 45nm

node

Intel technology node



Honest Benchmark (I, vs V)

[49]@
(-3)

0000

I, per footprint (LA/um)
)
=]

100

Y 8 NWs +Extremely high-x HZO
¢ 8 NSs +Extremely high-x HZO
* 8 NSs + reference ZrO,/Al,O,
V¥ 2D Materials (experiment)
V 2D Materials (simulation)
® Oxide Semiconductor

4.1
" ye (V7

-10.5)[42]V w37
¥ [40] (-1 JI .8)

Vov (V)
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

[36] [2D simulation M. Luisier et al., IEDM, 2016
2D [37] [Bi-1L MoS: (BG) [Shen, PC. et al., Nature 593, 211-217, 2021.
[38] MoS: back gate (BG) |A.-S. Chou et al., VLSI, 2020.
[39] MoS2 Back Gate IC. J. Mcclellan et al., ACS Nano, 2021, Stanford
[40] |GAA MoS2 . Y. Chung et al. IEDM 2022, TSMC
[41] Bi-1L MoS: (BG) P.C. Chen et al., Nature, 2021, MIT
v [42] [42] MoS; IS. Ghosh et al., VLSI, 2023
[43] IWO double gate (DG) H. Ye et al., IEDM, 2020, 28.3.
oS [44] lWO BG W. Chakraborty et al., VLSI, 2020.
44 [45] DG IGZO W. Lu et al IEDM 2022, CAS
[ ] [46] BG In203 Liao et al VLS| 2022, Purdue
[47] BG ZnO IChand et al VLS| 2022, NUS
] ] ] ] ] | ] ] ] ] ] ] ] [48] DG ITO Wahid et al IEDM 2022, Stanford
[49] |GAA In203 . Zheng et al IEDM 2022, Purdue, 4-3
0 1 2 3 4 5 6 7 8 38 40 42 44 [50] In203 D. Zheng et al., VLS|, 2023
[51] ITO [Y. Kang et al., VLSI, 2023,
[52] ITO-IGZO S. Hooda et al., VLSI , 2023
[53] IGZO . Zhang et al., VLSI, 2023




UC Berkeley NTU BRF#SERL TSMC 5nm Our ultrathin body

2D (WSe,) = nFET pFET
SS=60mV/de 2D (MoS,) SS=68mV/dec SS=64mV/dec
C SS=79mV/dec pFET 8 Stacked Gesn
i Ultrathin Bodies
— T We/Loy =1 um/35 um Vd=0.75V = 10 o Anm
1E-5 E. \60 mV/dec 1 10°F vy =05V
1E-7 | s\ NO ‘ ,,
! ‘\ S/Dzdoping ] 102t é‘f ;
TE5 ] A 1 8 f 8 OFET nFET
ad i 1 $ 103} ]; = DIBL 45mV DIBL 35mV
E- -! -0 = Swing 69mV/dec Swing 68mV/dec - mV/dec
E — Vps=-1V 3 104F ! s5~79 mVdec ,
TE-11F —vpe=-0.05V TR on'lorr
: L~91.4pm 1 l‘: : 107°
45 -10 -05 00 05 L
Vi (V) -05 0 05 10 15 1 05 0 0.5 1 — -15-1.0-050.0 05
V, W) Vg (V) Vs (V)
Fang, H. et al., Nano Letters, Huang, JK., Wan, Y., Shi, J. et Geoffrey Yeap et al., Chung-En Tsai et al., VLSI,
2012, 12(7), 3788-3792. al. IEDM, 2019, 36.7. 2022.

Nature 605, 262-267 (2022).



3Dx3Dx3D

3D

(Far backend/
3D 3D Heterogeneous

-ll:.l[_'l'l'. } . integration)
]' Upper level: Memory

;:. i > Front-end + middle-end _HF—COre

— - }Inter-level metal whlp
| 1t ]. Lower level: O O O O O
| l > Front-end + middle-end PCB

Dielets/Chiplets

Channel Trans_lstor §ta(;|ng t
- stacking (tsmc)
StaCklng S X-Cube (Samsung)
Monolithic FOVEROS (Unique and

/Sequential (w/  special in Greek) /EMIB
BEOL) (Intel)



IRDS,2020 Edition More Moore

F|nFET

2011 2022

' Increasmg drive by
taller fin

+ Better channel -
_contral for hetl:er
perf-power

}2020:: 2.5D/3D fihe-pitch assémbly + staécking

Lateral GAA | 3D VLSI

20222034 ; """"'@"""""20302034
Nanosheet - Nanowire

. Incréasing drivegby stacked f . 'Sequential integration/F ine-pitch stacking

devices ; - (e.q. logic, memory, NVM analog, IO RF,
* Better channel control far better SEHSDFS) '






Roadmap : IRDS,2021 Edition
Mdre@W@BP@ stacking starts at 2 nm ndoe

 Transistor stacking starts at 1 nm node.

YEAR OF FRODUCTION 2021 2022 2025 2028 2031 2034
G51M30 G48M24 G45M20 G42M16 G40M16/T2 GIBM16/T4
Logic industry "Node Range” Labeling {nm) 5" '3 24" "q.5" "1.0 eq" "0.7 eq"
IDM-Foundry node labeling i7-f5 i5-f3 i3-f2.1 i2.1-11.5 i1.5e-11.0e i1.0e-f0.7e
Logic device structure options FinFET tI(ISI‘:A.E: LGAA LGAA LGAA-3D LGAA-3D

Platform device for logic finFET finFET LGAA LGAA LGAA-3D

Mx pitch (nm)
M1 pitch (nm)
M0 pitch (nm)
Gate pitch (nm)

Lg: Gate Length - HP (nm)

Lg: Gate Length - HD (nm)

Channe! overlap ratio - two-sided
Spacer width (nm)

Contact CD (nm) - finFET, LGAA
Contact CD (nm) - VGAA

Device architecture key ground rules

SEMEE RN

FinFET pitch (nm)

FinFET Fin width (nm)

FinFET Fin height (nm)

Footprint drive efficiency - finFET

Lateral GAA lateral pitch (nm)

Lateral GAA vertical pitch (nm)

Lateral GAA (nanosheet) thickness (nm)
Number of vertically stacked nanosheets
LGAA width (nm) - HP

LGAA width (nm) - HD

LGAA width (nm) - SRAM

LGAA total height (nm)

Footprint drive efficiency - lateral GAA - HP

Device effective width {nm) - HP 106.0 133.0 222.0 186.0 200.0 160.0
Device effective width (nm) - HD 106.0 133.0 132.0 102.0 88.0 88.0
Device lateral pitch (nm) 28 24 22 20 20 20
Device height (nm) 50.0 64.0 53.0 48.0 57.0 57.0
Pawuima wndih fnamil LD -3 cE LT aE - 4E




PERFORMANCE BOOSTERS

IRDS,2021 Edition More Md

ore

YEAR OF PRODUCTION 204 2022 2025 2028 2031 2034
G5IM30 G48M24 G45M20 G42N16 GAOMI6T2 | G3IBMM6T4
Logic industry "Node Range" Labeling (nm) "5" "3 21" "5 ".0eq" "0.7eq"
IDM-Foundry node labeling i i ' i 1,58 1,08
Logic device structure options FinFET ['gﬂ LGAA LGAA LGAA-ID LGAA-ID
Platform device for logic finFET finFET LGAA LGAA LGAA-ID LGAA-ID
Freguancy scaling » node-fo-node - 0.02 0.16 0.09 .08 0.01
CPU irequency at constant power density (GHz) 343 283 3.53 250 148 0.86
Power at iso fraguency = node-to-node - .16 027 .05 .06 -0.08
Power density - relative 1.00 142 1.04 1.59 2.51 427
Patteming technology inflecton for M infercomect | 193i,EUV.OP | 193, EOV P | 193i, EUV 0P 193"&5"'""‘ 193";3%"'”‘“ 193 E”l'lg"‘“
. 20 Device, | 20Device, | 20 Device,
Beyond-CMOS as complimentary fo platform CMOS FeFET FeFET FefET
Channel material technology inflection SiGe2b% 5iGeb0% SiGe50%
Conformal Lateral/Atomic
Process technology inflection Doping, | Channel, RMG Non-Cu Mx VLSl JOVLSI
Etch
Contact
JD-stacking, | 3D-stacking, .
W-stacking: | 30-stacking: | Fine-pitch |  3DVLSE 3%’;:::';‘“‘
Stacking generation infiection 0 WIW,D2W | W2W,D2W | stacking, P- |Mem-on-Logic O
) . . Logic-on-
Mem-on-Logic|Mem-on-Logic| over-N, Mem- with .
. Logic
on-Logic | Interconnect
Il isgone

 FeFET means NCFET for SS < 60mV/dec.

o 2D/FeFET starts atl.5 nm node???



IMEC 2022

Potential roadmap extension
) N2 ) AW ) A0 ) A7

Continued dimensional scaling

16-14 16-12 16-12 16-12

Device and material innovations
5

racks 7 6 6 5 5
- -_

-_ -_— -

I " I = = =

FinFET FinFET FinFET GAA GAA GAA GAA CFET

Nanosheet Nanosheet Forksheet Forksheet Atomic

Context-aware interconnect
il
.

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)




Nanosheet-based FETs in imec’s logic device roadmap

2024 2025 2026 2027 2028 2029 2030 2031 2032

2nm

-.u..-‘.;.

ii .

Nanosheet FETs Forksheet FETs

‘unec

® Gate All Around (GAA)/Nanosheet devices debut in 2024 with the 2nm
node, replacing FinFETs



Intel Process Technology

Angstrom era
Intel
4 Intel NEXT
2 18A
=) Intel
M - I

Performance Per Watt

Intel

l

10nm

Intel
”D v — =
Intel 14nm
22nm

Intel
Intel 32nm
45nm
65nm
Intel
e M

Every major transistor innovation in the past 20 years delivered by Intel
and we are driving the next with RibbonFet & PowerVia

*Graphic is for illustrative purposes only and is not to scale

* Intel 20A & 18A(Angstrom Era) = 15t RibbonFET(4 stacked channels) +
Power Via

« TSMC GAA 2nm/Samsung GAA 3nm

48



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

Device Architecture

‘o:. 2D TMD* Carbon Nagiiibe

g ¥y ¥ v ¥ v oo
Nanosheet WS, MoS,, WSe,, etc.

FINFET

‘ Device Architecture
: k- » Time

* TMD: transition metal dichalcogenides

e CFET after nanosheets
e 2D after CFETs



Roadmap of TW Government

New Taipei City
Kengkou

Airport Terminal 1
Airport Terminal 2

Airport Terminal 3 .
PRl e Linkou

New Taipei Industrial Park
Airport Hotel [§EF

Xinzhuang Fuduxin €1 Taipei City

Chang Gung Memorial Hospital

Uayuan) (8 Taoyuan City Taishan (.5

IS8 Taipei Main Station

B (EE
EEas-

National Taiwan Sport University £/
15} Hengshan

) Taishan Guihe L
%% Linghang
v:3 Taoyuan HSR Station
'3 Taoyuan Sports Park
v} Xingnan . Express Train Station @ In-Town Check-In @ Taiwan Railway
. Commuter Train Station @ Tax Refund ¥=—2 High Speed Rail
.vi8 Huanbei =
z () Under Construction Lost & Found E] ipei Metro

Laojie River
£y Zhongli Railway Station 1 Route Extension



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

Nanosheet

Transistor

Tight space sheet reduces para C.

N/P are different

' . Ill w ‘
« A 3
.

BL/WL Voltage

SRAM Fully Functional at 0.46V

sEsemzmszmmsmmmmmzes oo
“ﬁﬁ%:ﬁﬁjirjﬁ
il lll I
Cell Vi

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

T
{ T
=l

Density scaling

1.5-2.0x

Nanosheet



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

CFET Process Challenges o/nFET drain

connection

p channels, and SLs

High AR & Low-R metal

gap-fill

« Vertically stacked dual metal
gate process is needed.
(recess and deposition)

Multi-Vt for both n/pMOS

(independent gate control)

« Creating isolation between
NMOS/PMOS gate

High aspect ratio etch

(Same as nanosheet)

Low resistance metal
gap-fill

(dielectric isolation)

Top nFET
Bottom pF

W
V W’



Record High 2DEG Mobility (2.4 M cm?/V s)

3.0x10°
m > 5x10° Background charges: 1.2 x 1014 cm-
oX B
> CL Rl LN '-
~ [ m N
£ 2.0x10° F =
o m 20% enhancement
2 15x10° b
=
o loxwo'p M
= Background charges: 2.3 x 1014 cm-
QO s50x10° F
g m
N 00 » » » »
0.0 5.0x10°  1.0x10"  15x10"  2.0x10"  2.5x10"

Electron density (cm'z)

M. Yu. Melnikov et al., APL, 106, 092102 (2015).
Collaborate with Prof. S. V. Kravchenko, Northeastern Univ.

2.4 x 10° cm?/V s by the reduction of
background charges from 2.3 x 104 cm=3to 1.2
x 1014 cm3,

54



[3]

__ 107
D RP-CVD
7 2]
e 2DEG in s-Si QW [%]/,,0
f:, _ 108
3=
e
e
c 10°
o LEPE-CVD
O
(D]
6 4
oo 10
T W
ala
AN N
103
1980 1990 2000 2010 2020 2030

Year

[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



Ge electron mobility GeSn hole mobilit

(=2}
o
o

Stress =1 GPa  —=—Uniaxial (111) [-110]
~o— Uniaxial (110) [-110]
Uniaxial (001) [110]
=== Ge (111) unstrained
Si (001) unstrained
—<_=Si universal (Takagi)

5
o O
o O

S(100)/J<110>
T=300K

N

f—+— Tnm cap WrR¥0.400°C Capless

—~ [ —=— 1nm cap "
" [ —+— 2.8nm cap & ap .
[—v— Ge W/ RTO 550°C[8] *_ C¢ control 250°C)
| | | L . I T T T——S8iuniversal N\

02 04 06 08 10 1. ez ppet
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=
L
>
=
8
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=

Mobility (cm?/V-s)

* Ge has higher electron mobility than Si.

« GeSn/Ge has higher hole mobility than Si.
56



Something new about group IV

Misfit (%)
8 12

0 4 16 20
- GaPM mAlAs ' Direct gap
- 0.25K P : 1 0.6
2.0 - 015K — — —Indirect gap
[ ~~
<~ 1.6 FLD-si*
> c=0.66nm GaAs 0.8 %
S_), a=0.4nm 8.5K ~—
o 1.2 [ (DFT)®m  0.4K 1.0
@© posi®e 12 O
@) [ LAK e c
- 08 045K - @
c [ {20 @
g ol Strained SiGe- I7n7SKb C>U
: LD-Ge*. ogsk1 4.0 ;
0.0} T=0K ™K I
- : *Thel: misfit of Ionsdalleite(LD) structulre is based on Sli(lll) . .
0.54 0.56 0.58 0.60 0.62 0.64 0.66

Band calculation of LD Ge: .
P.-S. Chen et al., J. Phys. D: Lattice Constant (nm) H.-S.Lan et al., PRB 95,

Appl. Phys. 50, 015107, 2017. 201201(R), 2017
* Ge has high electron and hole mobility but large misfit.

* y>0.41=> Ge, ,Sn,becomes topological semimetal/ zero bandgap
semiconductor (E,=0)

 Hexagonal Si/Ge is possible with new properties



Misfit (%)

0 4 8 12 16 20 0 4 8 12 16 20
3 .. T T T T, T
22f WMo gAA ' Direct gap  GaPMhe. - mAlAS ____ Direct gap
20 25k \ — — — Indirect gap1%® 2 o [ 025K P — — —Indirect gap 0.6
1.8F 015K 0.15K
1.6 F ! .
5 . {08 = LD si* . g AlSb
~— 14F GaAs : < 1.6 }LD-Si m’
> 2 8.oK ' {10 2 > F c=0.66nm GaAs\: AN 10.8
L 1'0 E gm 4K li, ® 9 [ a=0.4nm  8.5K
% o-a F 14K, Y o 12[CFNm 04K 1.0
B F 045K, = Ly
=) 0.6 F ‘~ Insp 120 & o S 1.2
O E TR 5_|- w FLAK e
% 04F  Strained SiGe 085kla0 —. = 0.8 045K"
m %2 lo E £ : 2.0
0.0 3 © [ Strained SiGe:- InSb
-0.2 F =~ m 04r InA 77K
—04f Sn [ LD-Ge’y 40K 0.85k1 4.0
—0.6 TR Ll M P 1 A 0.0 i T=0K .5K - Sh {1 10.0
0.54 0.5 0.58 0-60 0.62 0.64 0.66 ’ *Thelz misfit of Ionsda:leire(LD) structulre is based on Sli(lll) , ,
Lattice Constant (nm) 054 056 058 0.60 062 064 066

Figure 1. The plot of bandgap energy/wavelength versus Lattice Constant (nm)

lattice constant/misfit for [[I-V, Si/Ge/Sn. The numbers below

the chemical symbols are electron and hole mobilities in units
of cm?/Vs. The solid lines indicate direct bandgaps.?® (The red Lan et al., PRB 95, 201201(R), 2017

symbols are column IV elements.)

“New Materials for Post-Si Computing”,
MRS Bulletin, Vol. 39, No. 8, pp. 658-662,
August, 2014

*Sn Is zero bandgap semiconductor due to band inversion.
y>0.41 > Ge, ,Sn, becomes zero bandgap semiconductor (E,=0) 58

Wavelength (um)



MOST advanced FINFET on the market

- 2007 APL 2021 TSMC ISSCC

e :
. TN 2
ERRR RPN Ut AT SR W e R o

g [ — — -Universal Moblity
E 08 [ —=— Bulk 5i PFET ﬁ
~ pog |—~—Si Ge, PFET
2 I
! (2007-2020)
g | 3x
s 300 -
2 20|
- 100 [ T T
g 0 [ 1 " 1 L 1
010 Em':;:e . "I'?:Hd;:“m ) 030 Mark Liu, Plenary Session 1.1, ISSCC 2021.

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)

* Siy,Gey g channel with 1nm Si cap, having higher mobility(3X) than Si.
|t takes 13 years to commercialize HMC. 59



Silicon Crystal Structure (Ge, SiGe, GeSn)

Unit cell of silicon
crystal Is cubic.

Each SiI atom has
4 nearest
neighbors.

SI sp3
Conduction band
IS ?

Valence band is ? "




4.5nm High-k

“—»

0.7nmIL

0.543nm

» The distance between the Si
Ref: Mark Liu, Plenary Session 1.1, ISSCC 2021. atoms iS 0136 nm.
* Dumbells

Ref: C.-N. Hsiao et al., Nanoscale Research Letters, 2014. 61



N5 vs N3

i N3E vs N5 N3 vs N5

Industry-leading Advanced Technology Portfolio

Speed
Nanosheet A N2 Improvement +18% +10% ~ 15%

@ Same
s Power

FinFET
- ﬂ»‘ NG~ N3E° N3P° N3X
Power
/‘-N,a.. NSP,  NAP. N4X. Reduction@ | 4% 2% ~ 30%

NORE Logic Density 1.7x 1.6x

2021 2022 2023 2024 2025

HVM Start Q2/Q3 2023 H2 2022

(Image credit: TSMC)

= 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.



FinFlex: N3 Node(2)

3-2 Fin 2-2 Fin 2-1 Fin
Block Block Block

I l Ultra power-

Efficient Coreéfficient + ultra 8 s /
dense

Ultra high-

//
Diagram 2: N3 with FINFLEX enables a designer to choose the ideal FIN configuration for each functional block on

performance CPU

cores

= 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.



FinFlex: N3 Node(1)

@ FINFL=X" : Ultimate Design Flexibility

From Vmax/Fmax to low-Vdd/power-efficient compute cores - all on the same die

Cortex-A72

N3E 2-2 Fin

Core Area (pm?)

(Image credit: TSMC)



N5 vs N3

i N3E vs N5 N3 vs N5

Industry-leading Advanced Technology Portfolio

Speed
Nanosheet A N2 Improvement +18% +10% ~ 15%

@ Same
s Power

FinFET
- ﬂ»‘ NG~ N3E° N3P° N3X
Power
/‘-N,a.. NSP,  NAP. N4X. Reduction@ | 4% 2% ~ 30%

NORE Logic Density 1.7x 1.6x

2021 2022 2023 2024 2025
HVM Start Q2/Q3 2023 H2 2022

(Image credit: TSMC)

= 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.



Status Quo of Industry for 3/2nm

2018 IEDM Samsung 3nm (?) 2021 IBM 2nm (3)

NS width
1 AN Wt RS

MBCFET

2025 Intel 18A (4)

P - s 8
3 ‘.‘_, : l_‘.r... -“)
TSMC 2nm technology node,
3 stacked nanosheets.
( ) Mark Liu, Plenary Session 1.1, ISSCC 2021.

RibbonFET, 4 stacked nanoribbons 4 Stacked nanorlbbons
Ref: Intel Accelerated, July 26, 2021. (In early development)

2024 Intel 20A (4) 3 stacked nanosheets.

(-

66



Samsung GAA MBCFET

GAA MBCFET™ *

Nanosheet

Ref: IEDM 2022 SC1 Samsung



2GAP and beyond

2GAP MBCFET™ 3GAP MBCFET™

Logic Current 4, GAA Channels GAA Channels

%
s

Drive per Area

Logic Density

4LPE FinFéT 3GAP MBCFET" 2GAP MBCFET"

2-nanometer node is called 2GAP and is planned to enter mass production in
2025

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.



N2 Offers Full-node Performance and Power Benefit .m;'..",:.”
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Beyond 3 nm

Post the 2021 Nature Electro n S
Highlight (July, 2021)/ VLSI 2021

7 stacked GeSi nanowires

1,,=140pA
400k —6500|1Alp.m
atV_ =v_=0.5V

v, ~0~1V
300F fap=0.1v

per stack (uA)
n
=3
o

D
ry
(=]
(=]
T

=3
«
=3
=3
=3

=
o
o
(=]
=1

3]
=3
=3
=1

So
[=]

0.5
Vos (V)

-
=3

10°[10 stacked Ge . Si, .
[wlo parasitic

N W B Ul OO NN o0 W

o 10° V_=0.5V,
B o nngsv
. : % 10 .
Ge Si [YJF A Ti 8 10? $8=76mV/dec

Nature Eléctronics, Vol. 4, July
2021, 452.

Vo V)

» 10 stacked Ge, ¢:Si, s NAnowires without parasitic channels
* lon= 6500 pA/pym at Vo, = Vpg = 0.5V
« SS =76 mV/dec and l5\/loee~1E5 (Unpublished)
71
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NTU 2021 12 stacked 16 stacked

NTU 2020 [IEDMNTU 2021 VLSI 7 stacked GeSi GeSi
4 stacked GeSB stacked GeSi  GeSi (SpineFET)  (SpineFET)
B = ‘ X L P

3 (Splfﬁ)

%
Yoty
\":
‘&Q

\;.
®
®
@®
®
‘®
‘®
®

= N W s U O N o o

NTU 4 stacked NTU 8 NTU 7 NTU 12 NTU 16
nanosheets stacked stacked stacked stacked
Yu-Shiang Huang et al. . .
and C. W Liu, nanosheets nanowire nanowires nanowires
International Electron Yi-Chun Liu et al. and C. S
Devices Meeting (IEDM), W. Liu, Symposium on _ _
2020. VLSI Technology Yi-Chun Liu et al.
(VLSI-Technology), and C. W. Liu,
2021. Symposium on
VLSI Technology
(VLSI-
Technology), 72

2021.



NTU 2021
3 stacked GeSi
{110} TreeFET (*)

NTU 3 stacked
TreeFET

Chien-Te Tu et al. and C. W.
Liu, EDL2022

NTU 2021 (2D)
8 stacked GeSn
Ultrathin bodies

NTU 2021
8 stacked GeSn
Nanosheets

NTU 8 stacked NTU 8 stacked

ultrathin bodies nanosheets
Chung-En Tsai et al. and C. Chung-En Tsai et al. and C.
W. Liu, International W. Liu, International
Electron Devices Meeting Electron Devices Meeting
(IEDM), 2021. (IEDM), 2021.
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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.

. : 4 s
103 8 wide GeSn ultrathin bodle?od 2 2000 T v S5y
T T T T T ~— = r"‘l"ll = =U.
10° S$S=78mV/dec J4¢* & k.
< 10" = v .= -0.5V,{10° e B
3 100 0.05V 1010“" = £oz
o &
x 10_1 100 E g"""’ Eo-' 170 meV
U 102 90nm 41072 £ u
3 107} |Parasitic Si 0% § s b
N o4 leakage~6% 10° 2 £ ’
by 185 10"5 =
5 S 0
Qpcfy. o8V T :g_s"’ 3 1 2 3 4 5 6
_n1 o’ _ et Thoay(NM)
-8
10
Ves V) T T T T T
—#— w/ external compressive strain
250¢ ]
o lonVou= 005V, 1, =1 in 1V, ranosheet —e— w/o external compressive strain|
10 . 59%, along <110> ch |
OIS e L LET / o along channels
103 GeSngm INss {lmzuws » g‘;:‘ ,’:‘\w LR 200 Maaig’edvic’:‘:ﬂl _—
This work,-1" 73> ~,Ultrathin bodies
LO°F (nss) ;k_*' (Snm)A.w
n 8 GeSn
~. 10° o™ 050 gt
=z q |aGnimm
_01 04 *lgy extracted —* A gE::i::::;
. from 1, Voo This work r'-*“l Thick
103 8 GeSn .-._-.: nanosheets
2 I, per footprint: V_ = -0.5V [~
1040 100 1000 10000

C.-E. Tsaietal. and C. W. I, per footprint (nA/um)
Liu, IEDM, 2021.

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

» The 8 stacked GeSn ultrathin bodies (~3nm) have record o/l Of 1.4x107 at
Vps= -0.05V among GeSn/Ge 3D pFETSs.
Thoay ¥ @ Quantum confinement energy T = o L

* Mechanical bending with external compressive strain = |5 T
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Benchmark of p.

—
g 0l 2P p-contact
S e e
> | |
- — | |
> =1 !
® Ll =
‘® 107} i1 ;
Qo i o |
- : [ |
8 B | [13] P.-C. Shen et al., Nature,
-~ b - 2021.
< Pl i [15] H. Yu et al., TED, 2016.
8 1010 L_n : :_:_: [16] E. Rosseel et al., ECS Trans,
> 2020.
Vv N
RCAORN &E [17] C.-N. Ni et al., VLS|, 2016.
& K NS [18] J. Maassen et al., APL, 2013.
& o R [19] Z. Zhang et al., EDL, 2010.
& N & [20] N. Stavitski et al., EDL, 2008.
Do Vv ,3,\,3," [21] C.-E. Tsai et al., TED, 2020.
Q" N [22] H. Miyoshi et al., VLSI, 2014

2D materials have higher p. than group-IV materials.
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2022 Symposium on VLSI Technology and Circuits Plenary
Session #2 tsmc

Innovative Semimetal Contact

: : - Semimetal (Bi) has
- Bismuth (Bi) and Antimony (Sb) for 2D .
(Bi) _ y (Sh) zero Schottky barrier
Transistors height due to near 0
DOS at E..
Bi-contacted MoS, FET 102 S
g b ACT 2.-MoS,
20 i ' i -WS
~— 7 . - 2
(Source) § DN'A (IMEC) Ni
o © Ag/Au
" : : o 0 (TSMC) Sn A
Dlelecf[rlc (SiOy) -g i
Gate (p**-Si sub.) 95 I (TSMC)'SEA Bi (Best
U ~ -~ &~ nFET,
= imit == _ TSMC/MIT
®* Bi: record low contact resistance and 5 ST R SR e )
record high on-state current R ol 2R
° Sh: low contact resistance and enhanced L% _ 105 o
thermal stability Carrier Density (cm-)
° Top ContaCt VS Edge Contact Nature, 2021 (MIT/TSMC); IEDM 2021 (TSMC)

« 2D R, is still worse than Si



(Fig. 4d)

d 1200

oy Of Bi-1L M0S, FET

(Fig. 4f)

10° 5

High-field
lop = 1,135 tA um™ —
1=, Velocity saturation ~ n,, = 4.5 x 10" cm=2
1 000 Bi-1L MoS, FET Channel-limited
’ IRDS HP B mo’; """ 1L MoS A
= 103_: 2024 f-\_\. +—»Bi-1L Mo 5 (2% 10™ cmr?)
IE : : Bi coxoo---g--- )
= 800 ] - Bi-1LWS,
i {E‘ ] &° S\ Bi-1LWSe,
= 3 (ol
5 600 - < 102 E Ag
% % ] Contact-limited
= i 14
c 400- ] n S0 1
‘© 1 hBN/Co, 00%7
5 ] 101 - Ni, o3 w=20cm2 Vsl
E Au Ny = 1.5x 10" cm2
200 A Vpp=1.5V
0.65V <€V, 0.8V
0 Vs =-10V CGPM Low=Lg
i -— >
T T v T T 100 — — — T —
0 0.5 1.0 1.5 ] 0 100 1 000 Ref. P.-C. Shen et al.,
Drain voltage (V) Channel length, L, (nm) Nature, 593, 211-217,

2021.

2D FETs have lower |5 than Si-based FETs
(should be compared at same Vo).
« VGS =30V for beyond 1nm node??? 77



Low |, /high V44 of 2D channels
Benchmark of |qy

nFET PFET

Reference VLSI 2021 Nature 2021 IEDM 2021 I[EDM 2021 I[EDM 2021
(NTU) [1] (MIT) [2] (NTU) [3] (NTU) [3] (Intel) [4]
7 stacked 8 stacked 8 stacked

Channel Geg 95Sip 05 MoS, GeyoSng Gey gSng; thick WSe,

nanowires ultrathin bodies nanosheets

lon at Vps= ;%?/OOEC/“T 42pA/um at 910uA/um at 4400uA/um at VSP*_J;{A‘\//“\T at_ )

+1V Oi’\_/ DS™ Vou=Vps= 1V Vou=Vps= -1V Vo, =Vps= -1V G™ 1\’ , DS™

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

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




|C/Semiconductor

H X BR A E TP T 5 TER

Diodes 52.58B > 52.68B
Discrete - -
EZmall Signal Transistors | 52.2B—252.48
515.88 FoWer ransse| 511.0B = 512.2B
521.68B
Rectifiers | 53.1B = 53 .48
Cpto-
electronics Thyristoes | 50.7B = 50.7B
W 521.78 Other Discretes | $0.38 - S0.38
Scemiconductor 522.48
52938.38 CEensos &
5314.48 Actuators
Analog 542.3B - 54528
56.98
2B )
58 Micro. SE0.6B = SE7.7B
FY2010 i Logic 577.4B 3 58178
FY2011(E} $249.98
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IC Revenue
. per Transistor

~
8
)
-
<
Q
o |
o
0
(a4

EDA Revenue
per Transistor

1E+17 1E+18 1E+19
Cumulative Transistors

« EDA 2% of Semi. 45,938 people 10B 2019

« Tsmc : 50,000 40 B (E) 2020



Please Refer VLSI short course 2022 by Marko
Radosavljevic, Intel (many sidles from his
short course)

> Back-end

Upper level:
Front-end + middle-gag-o|

Inter-level metal

Lower level:
> Front-end + middle-end

e Stacked Transistors/
|IC on IC
* Most difficult part: Battle field



TFT on CMOS

000

CMOS

CMOS

\

e a-IGZO

 No grain boundary
* Mobility ~ 20 cm?/V-s
(Higher mobility is better)

» Poly-Si

« High mobility (=100 cm?/V-s)
« Grain boundary
« Laser annealing

« 2D material

« Ultra high mobility
« Size too small (cm x cm)

« CMOS s hard to realize transistor stacking due to epitaxy

difficulties.

 TFTs Is easier to stack compared to CMOS

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



Transistors Stacking(monolithic-epi) — CFET
(N+1 node)

Stacked CMOBS S~
CMOS 2D CMQOS Inverter Dy
(NR) :
. (—]
Nanoribbons = 3D Stacked Sp BN
- CMOS Inverter G ﬂseparation
» PDr sy
2 X Dy
| oevicel || ‘
ol |
e e )

C. -Y. Haung et al., IEDM, 2020 Dp
S.Subramanian et al., VLSI, 2020

 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.

* ggTransistor innovation of CFET architecture enables 50% area scaling by reducing
cell height.



CFET NAND

3D structure

—iL

circuit

* out
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Cross-section

40nm 20nm
20n 20n
VDL

Metal pitch=40nm

IE .t %;

86



Transistor architectures beyond stacked NS = footprint |

CFET (Complementary FET)

W
T remnch

Contact

Ge Nanoribbon
Bonding Oxide

Trench
Contact

N -Epi
S

N-Epi
sS/D

Si FinFET

Intel

Sequential CFET W.Rachmadyetal,

IEDM, 2019, pp. 697

ullll!lll: 13nm Intel
' d
‘u" v;

gr

d
H
1)
2
.
!
.
B
:
K

T

O e e o o R W e e
.

Monolithic CFET

87
C.-Y. Huang et al., IEDM,

2020, pp. 425



Self-Aligned 3D Stacked
CMOS

5 ' s. (034)
4

PMOS

Intel Innovation Day 2021 C.-Y. Huang et al, IEDM 2020

» Self-aligned 3D stacking eliminates the need for wafer bonding process and separate bottom/top
device process = lower cost; more process flexibility;
* High aspect ratio leads to process complication; less flexibility for heterogeneous channel material

M. VLSI 2022 Technology Short 8
Radosavljevic, Course: Monolithic and 8
Components Heterogeneous Integration

Research/Intel



Self-Aligned 3D Stacked CMOS Example
FINAL DEVICE [1]

BotTtom PMOS FINFET

\GARE 4

Top NMOS NANOSHEET FET

"R GATE
P 1 ' »

U ' 3 \
- \
'8 A

(a) (b)

_____________

(e TEM cross-section images of the final bottom PMOS FinFET and top h
NMOS nanosheet FET.

« Both PMOS and NMOS devices shown above have L;= 20nm, fin pitch
L of 45nm and contact-poly pitch (CPP) = 90nm.

S
S.Subramanian etal, VLSI2020
M. VLSI 2022 Technology Short 8
Radosavljevic, Course: Monolithic and 9
Components Heterogeneous Integration

Research/Intel



Self-Aligned 3D Stacked CMOS Example

DEVICE PERFORMANCE

[2]

i a. Lc—20mm I~zm o

g IE-06} “®g_Wpy=20um{ [ Weny=20nm 8 1
— 1E-07} r e 1
: r D/ 1
= 1E-08 | : o

- 1E-09 Bottom PMOS o 1 o Top NMOS !
S 7 [ FinFET \. 1 nanosheet FET]
5 1E-10} \“1 2 1
£ Vp=-0.8V V,=0.8V

A 1E11} ° 1 D 3

09 06 03 00 03-03 00 03 06 09
Gate Voltage V (V)

Gate Voltage V (V)

1E-04 .
1E-05 5

=
1E-06 o
1E-07 £

~
1E-08 £
1E-095"
1E_10§
1E11E

[ID is normalized to the device footprint. ]

/

* |-V of bottom PMOS FinFET and top NMOS nanosheet FET. NMOS -V
curve is from the wafer with 525 °C epi.

» Device dimensions/architecture and process flow needs to be
refined to achieve performance targets.

\

J

e
S.Subramanianetal, VLSI2020
M. VLSI 2022 Technology Short 9
Radosavljevic, Course: Monolithic and 0
Components Heterogeneous Integration

Research/Intel



Self-Aligned 3D Stacked CMOS Process
Flow

Si/SiGe epitaxy stack
Si/SiGe nanoribbon fin patterning
Poly dummy gate patterning
Gate spacer formation
[Vertica"y stacked dual S/D EPI ]
Interlayer dielectric deposition and polish

Poly dummy gate removal

Si nanoribbon release (SiGe etch)
High-k deposition

[Vertically stacked dual metal gate ]

Inner contact/outer contact/inverter contact etch
Contact metal/W fill and CMP

C.-Y. Huang et al, IEDM 2020

* Key module enablers for self-aligned 3D stacking are vertical stacked/isolated dual S/D epi and dual WF
process within high aspect ratio trench depth

M. VLSI 2022 Technology Short 9
Radosavljevic, Course: Monolithic and 1
Components Heterogeneous Integration

Research/Intel



Gate spacer etchand 2™ spacer deposition  P-EPI depositionon  Top Si NR reveal N-EPI deposition
S/D recess and seal thetop NRs  bottom NRs

No P-EPI on (c)
 top NRs

P-EPI |P-EPI

C.-Y. Huang et al, IEDM 2020

» Vertically stacked/isolated dual S/D epi process critical for performance, yield and reliability co-
optimization

M. VLSI 2022 Technology Short 9
Radosavljevic, Course: Monolithic and 2
Components Heterogeneous Integration

Research/Intel



Self-Aligned 3D Stacked CMOS -
Dual Metal Gate

(a) HK/P-WFM/W-dep W recessand  N-WFM/W dep 1E3
Release P-WFM removal W polish Vp=0.05V Vp=0.05V
r ‘ r 1 r ‘ r 1 m 1E-5
1E-6
I E m E 16 m
_—=_ " 3w | 2 .. it
-] o 5 m
1E-8
AV,~350mV 1E-8
AV;~350mV
1E-9 1E-9
1E-10 A4 1E-10
-1.5 -1 -0.5 0 0.5 -0.5 0 0.5 1 1.5
Vs (V) Vs (V)

PMOS and NMOS V; can be adjusted for a range of ~350 mV with different
WFM and thickness.

C.-Y. Huang et al, IEDM 2020

» Vertically stacked dual metal gate process requires integration/patterning scheme optimized for high
aspect ratio stack.

M. VLSI 2022 Technology Short 9
Radosavljevic, Course: Monolithic and 3
Components Heterogeneous Integration

Research/Intel



Self-Aligned 3D Stacked
CMOS Inverter

. -+-Vcc=0.75V
VSS Ll -=-Vce=1V
-e-Vcc=1.25V

0 0.5 1
C.Y. Huangetal, IEDM 2020 Vin (V)

= Vertical interconnects enable demonstration of simple logic gates

M. VLSI 2022 Technology Short 9
Radosavljevic, Course: Monolithic and 4
Components Heterogeneous Integration

Research/Intel



Scaled Self-Aligned 3D

Stacked CMOS
i

M. Radosavljevic et al, IEDM 2021

=Stacked dual epi demonstrated in scaled self-aligned devices

M. VLSI 2022 Technology Short 9
Radosavljevic, Course: Monolithic and 5
Components

Heterogeneous Integration
Research/Intel



Scaled Self-Aligned 3D
Stacked CMOS

1.0E-03 1.0E-03
1.0E-04 1.0E-04
1.0E-05 1.0E-05
E E
3 1.0E-06 3 1.0E-06
2 3
1.0E-07 1.0E-07
1.0E-08 - 1.0E-08
1.0E-09 . 1.0E-09 " "
-2 -1 0 1 -1 0 1 2
Vg (V) Vg (V) M. Radosavljevic et al, IEDM 2021

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

M. VLSI 2022 Technology Short 9
Radosavljevic, Course: Monolithic and 6
Components Heterogeneous Integration

Research/Intel



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

(a) (b) Trench TreV\r:ch

Contact Contact

PMOS MG

"
Ge Nanoribbon

Bonding Oxide

\

w
Trench
Contact

W
Trench
Contact

VCC

outer
contact

Inverter
contact

N-Epi
S/D

Si FinFET




Tier 1
A

3D Sequential Integration (bonding)

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

A}

contact

<

3D
contact

I

~

[}

—

4

‘
@

Bottom MOSFET process Top active layer creation: Top MOSFET process 3D contact
with or w/o interconnects Future MOSFET channel BEOL

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

Sequential process = Thermal budget constraints for
og tOp devices processing.



Sequential vs. Self-Aligned 3D stacked CMOS

Sequential 3D stacked CMOS
* Separate top and bottom layer processing
- Top Ge * Flexible to co-integrate heterogeneous
R channel materials
*  Thermal budget limit
Bottom i " "
Si Device * Top devices not self-aligned to bottom devices
* Higher cost

Top Device

Fabrlcatlon

Bonding/
Cleaving

Self-Aligned 3D stacked CMOS

3D Stacked
Device

* Self-aligned fin and poly patterning for top and
bottom devices

* Similar flow as conventional 2-D CMOS - lower cost

* Higher aspect ratio process complication

High AR poly High AR EPl and MG

M. Radosavljevic, Components VLSI 2022 Technology Short Course: Monolithic and
Research/Intel Heterogeneous Integration

O o

intel.



Sequential 3D Stacked CMOS Examples

Top finfets

I 3D Stacked Device
(| Top Device
- I Il I (Si, Ge, llI-V,
g : or GaN)

Ijﬂuuliu

P. Batude et al, IEDM 2011 A. Vandooren et al, IEDM 2018 W. Rachmady et al, IEDM 2019

OWSICNIO;

ulk

3

l Bottom
Device

T
Bottom b
finfets

- — (Si, Ge, I1I-V,
Pl or GaN)

Si Transistor ‘g 5
(top device layer) a g

~{ N
GaN Transistor/ { B'
(bottom

device layer)

H. W. Then et al, IEDM 2019

* Sequential 3D Stacking opens up flexibility for independent optimized N and PMOS devices

* Require layer transfer technique for heterogenous integration

* Thermal budget of top transistor is limited — Gate stack quality, S/D dopant activation and interconnect

M. Radosavljevic, Components VLSI 2022 Technology Short Course: Monolithic and
Research/Intel Heterogeneous Integration

-

intel.



Sequential 3D Stacked CMOS Process Flow

Trench
Contact

Top Channel
layer

N
Ge Nanoribbon
Bonding Oxide

Si Substrate Si Substrate

Hydrogen Top Device Dewce

Donor Wafer ! E
Implant “Fabrlcatlon ———

l 3D Stacked

Device
Bonding/ Device
Cleaving

Trench
Contact

Si Substrate Si Substrate

Si FinFET

Bottom Device Oxide dep /

Wafer CMP W. Rachmady et al, IEDM 2019

* Top channel layer uniformity/quality post layer transfer
* Gate stack quality to account for thermal budget, S/D dopant activation and interconnect

— O -

VLSI 2022 Technology Short Course: Monolithic and

M. Radosavljevic, Components
Heterogeneous Integration

Research/Intel

intel.



Y (mm)

-100

Sequential 3D Stacked CMOS —Key Modules [1]

150
100
50
0

-50

150
-150 -100 -50 0 50
X (mm)

M 1o s 7

. 2000 ‘\Ge (100)
.f." “\ Ge Donor
> 1500 - AQ
£ N
2. N

J \
51000 . Layer
2 &' ~_ Transfer
= 500 {.5/(100) . Ce
=R e
x | 0 TUsseaadd

0

n (em™)

1E+16 1E+17 1E+18 1E+19

TOXE Growth (A)

Bottom Si NMOS

-
(=}

o

H

N

Sub-1A Growth

Gate Stack A

Gate Stack B

Gate Stack C

...... ! e Galte Stack D

0
300 350 400 450 500 550 600 650 700

Anneal Temp (C)

W. Rachmady et al, IEDM 2019

Top layer Ge thickness uniformity post layer

transfer critical for device variability control

donor wafer post layer transfer

M. Radosavljevic, Components

Research/Intel

VLSI 2022 Technology Short Course: Monolithic and

Heterogeneous Integration

Maintained Ge layer mobility benefit over Si vs

Capacitance (Flcm?)

Top Ge PMOS

10kHz to 1MHz

EOT=5.7A

Dit <4E11 eV-icm?2

5 0 0.5
Vg (V)

* Both bottom and top device requires careful
gate stack process optimization to account for
additional thermal budget for bottom device
and low thermal budget for top device

-

intel.



Sequential 3D Stacked CMOS —Key Modules [2]

3D Stacked Device
[ Top Device
Im (Si, Ge, 111-V,

or GaN)
<= Bonding Oxide

Bottom
Device
(Si, Ge, l11-V,
or GaN)

Bonding Oxide
Thickness
-> N/P separation

W. Rachmady et al, IEDM 2019

150

— — —
[ w o
= = =

Frequency (GHz)

=

100

”r,(\‘=30 nm )
Weny=5nm
" CFET \H 1

Monolithic

Sequential ]~
“FET

Fin Pitch=21 nm
(‘Plf=45‘nm .

0
(a)

. 48
30 60 9 120 150
N/P Separation (nm)

Dynamic Power (uW)

1350
”I’I,\ =30 nm 410000
1300 Wyy=5nm
1250 | 49900
Sequential s
Elzoo- / CFET 4000 E
NSO onolithi H 91
: Monolhitmc 9700 <
CHO00F  CFET - <
1050 # 19600
1000 + Fin Pitch=21n
CPP=45am 19500
950 1 A A A
0 30 60 9 120 150

(b) N/P Separation (nm)

S. Subramanian et al, VLSI 2020

* Bonding oxide thickness leads to strong trade-off between bonding void defects and performance

(parasitic capacitance and resistance modulation)

* Thinner bonding oxide without void defect is critical enabler for Sequential 3D performance gain

M. Radosavljevic, Components
Research/Intel

VLSI 2022 Technology Short Course: Monolithic and
Heterogeneous Integration

wo R

intel.



Io (A/fin)

Sequential 3D Stacked CMOS — Device Response

1.E-04

1.E-06 -

1.E-08 -

1.E-10 A

1.E-12 A
-0.5

Vs=0.5V

w
o s
o

',

" Vye=0.05V

Lg =25nm

->=Si NMOS Pre 3D stacking
-~8i NMOS Post 3D stacking

0.5 1
Vs (V)

1.5

_—

Rtotal (Q

700

600 -
500 -
400 -

300

200 -
100 +

ot
| /w‘ o
-=Si NMOS Pre 3D stacking
=8I NMOS Post 3D stacking
0 50 100 150
LG (nm)

E
@]

CIA (FI

3.0E-06

2.5E-06 -
2.0E-06 -
1.5E-06 -
1.0E-06 -
5.0E-07 -

= =Si NMOS Pre 3D
stacking

——Si NMOS Post 3D (%
stacking ‘&.‘"
4

£

24 :

A

0.0E+00 -

-0.5 0 0.5

Vs (V)

W. Rachmady et al, IEDM 2019

* Maintain bottom device integrity before and post 3D stacking is one of successful criteria

* Bottom device design requires consideration of additional layer transfer and thermal budget

M. Radosavljevic, Components

Research/Intel

VLSI 2022 Technology Short Course: Monolithic and

Heterogeneous Integration

-

intel.



Sequential 3D Stacked CMOS Inverter

Vee = 1V

Ge PMOS
Layer

Si NMOS
}' Layer

0 025 05 075 1
Vin (V)

= Vertical interconnects enable demonstration of simple logic gates

W. Rachmady et. al., IEDM 2019

M. Radosavljevic, Components VLSI 2022 Technology Short Course: Monolithic and
Research/Intel Heterogeneous Integration

Vo

intel.



Transistor architecture innovation continues
to drive Moore’s law scaling

s ™ \
Gate Gate "Cell Gate \
Pitch Pitch jHeight  NsN [==] Pitch = :
Scaling Scaling 1Scaling 8 = Scaling I
| 0O g p— [
NMOS PMOS [ ul [w=] == I
Gate Gate ‘ ‘ [ ’ ol == — |
I 0Ogc —
o) [=) ‘ — [
| I
: | == = [— [
L )
Planar FinFET I : T Stacked 1
Nanowire or Nanoribbon' Nanowire or Nanoribbon  2D-Material |
\\ 3D Stacking Transistors,’

Process and Packaging Innovations for
Moore’s Law Continuation and Beyond.
Robert Chau, [EDM, 2019, pp. 1.1.1-1.1.6.

M. Radosavljevic, Components VLSI 2022 Technology Short Course: Monolithic and
Research/Intel Heterogeneous Integration

-

intel.



Seguentia

Top Si PMOS

Heterogeneous 3D Stacked CMOS Inverter

(C) W =35nm
Isif Top
Gate
BOX

(d) W;;,=25nm  Bottom

(a)

» Si channel
(Layer
transferred)

Top Contact

Intravias

3 Gate
g
Bot Contact E
Backbarrier (c-GaN) Bot Gate
300mm Si (111) GaN NMOS Finfet
1.E-03 1.8 0.2 16
[(a) vp=-1.8v Vo318y (b) ()
1E-05 1 0.1 - 12
o s < <
= g —_ =0.9 £0.0 - - 83
- i a 3 £ 5
.07 A > = ]
LE® PMOS NMOS -0.1 - - 4~
finfet finfet
1.E'09 T T 0-0 T T T '0-2 T T T 0
-18 09 _ 0 0.9 138 0 0.9 1.8 0 0,9 1.8
Vg (V) v,, (V) V;, (V)

= Similar techniques can be applied to different materials and
app|lcatI0nS - e.g. |n pOWEI‘ dehvery H.W. Then etal, IEDM 2020

-

VLSI 2022 Technology Short Course: Monolithic and
7

M. Radosavljevic, Components
Heterogeneous Integration

Research/Intel

intel.
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3D IC (package)

e Scaling faces physical and cost limits.
e Size reduction

e High interconnect density
= Faster
= Less power consumption ST 77

e Hetero-integration 3D IC _:/“:'“'7-7

= Memory, logic, optical, MEMS, RF chip

Long Global
wire

shorter wire

TSMC course



From high integration to “disintegration”

Reassembled using 2.5D
(interposers) or 3D stacking

Breaking down the complex
System-on-Chip (SoC) into
smaller, more manageable

components connectivity

The blocks can be optimized
separately at design stage but
also at technology level

Advanced packaging for high-
bandwidth and low-latency

“unec ITFworo |



Chiplet Stacking/ Stacked Dielets

Memory

uP Core
I/0 Chip

OO0
PCB

« SOIC (tsmc)

 X-Cube (Samsung)

« FOVEROS (Unigue and special in
Greek) /EMIB (Intel)




Bonding methods

Die-to-Die
Known good

7/

Wafer-to-Wafer
Defective

-

Die-to-Wafer

Stacking procedure Pick & Place Wafer bonding Pick & Place

High production No Yes Middle

throughput

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




3DIC Technology

Microbumps, copper pillars, or
direct bond

Transistor/Wiring layers
Through Silicon Vias (TSV)s
Micro Bumps to package or

3D Chip Stack

Typical Dimensions: Thinned Chip : 25-50 um
Unthinned chip : 300 um
Microbump pitch : 25 um +
Direct Bond pitch : 1 um +
Through Silicon Via (TSV) Diameter : 5—10 um
TSV pitch : 25 um +

Reference: Paul Franzon, 3D-IC,2021

+ Smaller possible sizes for thinner wafer.
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Hybrid Bonding

CoRi ey, l -l

Plasma Activation/
Termination
Leverages industry
Align / Place Wafers (or Die) standard CMOS

Cu metalized surface

Reference: Paul Franzon, 3D-1C,2021
Reference: Chipwork

 Plasma active bonding
« 1.6 — 10 ym pitch in products today, used in many cell phone cameras
(6 pym pitch)
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Solder bonding Vs. Hybrid Bonding

Solder Attach
CuPillar +
- - -
P - - Solder
(uBumps)
1 i
Attach &
T - — Reflow
: |
Dispense
e = & Underfil

Hybrid Bonding
N HybridBonding

Pads + Specially
Fabricated
Dielectric
Surface

Room
Temperature
Initial Attach

High
Temperature
Anneal

HH.HH.H

Figure 2: Hybrid Bonding vs. Solder Attach.

Table 1: Area consumed by die to die IO connections at
different interconnect pitch values (40 um — 10 pm).

Current Generation |Next Generation |Next Generation
Processing Core
1X Bandwidth

Processing Core (Processing Core
1X Bandwidth |2X Bandwidth

10 Area % @ 40 pm -

33% [N 66%|Not Possible

10 Area % @ 20 pm .

10 Area % @ 10 pm

8% I 16% [N 33%
a%|ll 8%

Channel Length [mm]
o - N w > w

Eye Height [%])

0 20 30 40 50
Pitch [um]

(2)

10 20 30 40
Pitch [um]

 The larger area consumed by the IO connections results in

core power integrity

* Interconnect pitch value 1,channel length 1.
* Interconnect pitch value 1,the channel energy efficiency |.

Referance: Adel Elsherbini, et al., ECTC2021 (intel)
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Sony 3-layer multi-stacked CIS Structure

Pixel

Multi-stacked
BSI

Upper
Wafer

[ L
. mm w oo _ZDRAM
Interface
Silicon bulk
= = = Middle
A [ Wafer :
DRAM 111 511 e Logic ,
B EEE EEw B - substrate (Si)
Bonding
e T e -
m mmm  ommm o omm nerface -
BE BEE BEE  Wewmg SRS
w EwE EER B
ISP Lower
Silicon
bulk Wafer

total 130 um

Top View

I]Vo (TS\\’I)

Column ADCs x 2

Column ADCs x 2

Pixel - e

Interface belween|
Pixel and DRAM [

DRAM

Interface between|

DRAM and Logic

Logic —

» 3-layer stacked CIS of Sony include BSI, DRAM and logic using TSV.

Peripheral

TSV
(Pixel-DRAM)
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2-Layer Transistor Pixel Stacked CIS

2-Layer Pixel

Back-illuminated CIS Stacked CIS > 2-Layer Pixel CIS

Unit pixel
fééé%%%%?zﬁ;;;;;nansé;;;j:éégggggggggéEEfiiii;é;;ﬁf; PD ///////
/4# armyﬁ /ml array

Base substrate /" Circuit

7/Pixel transistor
/" Circuit

Conventional

v' 2-Layer Pixel has PD and pixel transistor on different silicon layers.
v" We can increase PD volumes and FWC.

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

Cu-Pillar Microbump

|

Build-up Cr / ETLET T Devices
Layers \ Substrate (Cannot see)

Interposer

RDLs: 0.4pm-pitch li

Reference: Paul Franzon, 3D-IC,2021

« Xilinx (TSMC) uesd 0.4 pym W/S interposer.
« High density silicon interposers are expensive.
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High Bandwidth Memory

| TSV(Through Silicon Via) Source: SK Hynix

« Stacked DRAM dies,
connected by TSVs

TSV Stack
Upto4ors8
DRAM dies

’ * Size reduction, but

high density
7

1 024-bit x 1Gtps

-:IZBGHBIsec (256GB/sec for HBM2)

-~ TSV Interposer |

e —————1 7
1024-bit //
8-Channel
Wide Interface

Interface

Copyright (c) 2013 Hiroshige Goto All rights reserved.



DRAM on Application Processor

Source: TSMC

e Vertical interconnects in
molding compound (TIV)

« Stacked DRAM dies on
application processor (AP)

g* L “h . No additional substrate

- Low cost




3-layer stacked CIS

1 s Fabrication Process 90 nm 1AL 5Cu CIS
Pixel Peripheral 30 nm 3AL 1W DRAM
40 nm 1AL 6Cu Logic
Number of effective 5520 (H) x 3840 (V) 21.2 M pixels
pixels
Image Size Diagonal 7.73 mm (Type 1/2.3)
Pixe| - o= Pixel Size 1.22 ym (H) x 1.22 pm (V)
Frame Rate (Still) 30fps at 4:3 19.3 Mpix
Pixel Readout Speed 8.48 msec at 19.3 Mpix (4:3)
Interf: 1S Supply Voltage 25vV/18V/I11V
n.e e n — Outputs MIPI (CSI2) DPHY 2.2 Gbps/lane
Pixel and DRAM or CPHY 2.0 Gsps/lane
DRAM Size 1 Gbit

DRAM
9> mmnvam A CIS
DRAM
Interface belween|_
DRAM and Logic :

!

Logic —

Ref: SONY, ISSCC 4.6, 2017.

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

https://lwww.systemplus.fr/iwpcontent/uploads/2017/07/SP17343 _Sony IMX400_Tri-
layer_Stacked CIS Flyer System_ Plus_Consulti.pdf



