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A device touches a conductor

ElectroStatic Discharge ,

Charged Device Model (CDM)
(ESD)
A sudden flow of electricity

between two electrically
charged objects

A person touches a device What about chiplets?
Human Body Model (HBM) No standard yet, but...
Charged Chiplet Model ? (CCM)
Wh&

&R

O
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Every semiconductor presentation has to start with... Moore’s Law
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Except... Cerebras — 4 trillion transistors — August 2024

cerebras

= 3 generation Wafer
Scale Engine

= 46 225 mm?
= 900 000 compute cores

= 44 GB on-chip memory
= TSMC 5nm technology

Cerebras Wafer-Scale Engine

“Cerebras Systems Unveils the Industry’s First Trillion Transistor Chip”, https://www.cerebras.net/press-
release/cerebras-systems-unveils-the-industrys-first-trillion-transistor-chip/, accessed 18 August 2024
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Memory and some Al cores are beyond Moore’s scaling
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How will this
continue!?

Transistor count

What can we
expect!

“mmec :



High Numerical Aperture (NA) Extreme-UV (EUV) Lithography
AMSL high NA EUV machine =gl E200

*  Imec press release, “Imec and ASML open joint High NA EUV Lithography Lab offering an early development platform to the leading-edge semiconductor ecosystem”, 3 June
2024, https://www.imec-int.com/en/press/asml-and-imec-open-joint-high-na-euv-lithography-lab-offering-early-development-platform, accessed: 18 August 2024.
*  Imec press release, “Imec demonstrates logic and DRAM structures using High NA EUV Lithography”, 7 August 2024, https://www.imec-int.com/en/press/asml-and-imec-

open-joint-high-na-euv-lithography-lab-offering-early-development-platform, accessed: 18 August 2024.
9
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Lithography field (reticle) size limits the number of transistors on a monolithic die

EUV today Reflection angle is too wide! EUV tomorrow
0.33 NA 0.55 NA 0.55 NA

=

~8 degrees ~8 degrees
EUYV today EUYV tomorrow
Field size: 26 x 33 mm Field size: 26 x 16.5 mm
Maximum single-exposure Maximum single-exposure
monolithic chip size: 858 mm? monolithic chip size: 429 mm?

“mmec o

Jan van Schoot, “This Machine Could Keep Moore’s Law on Track”, IEEE Spectrum, 2023,

https://spectrum.ieee.org/high-na-euv, accessed 18 August 2024
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Multi-die (chiplet) systems will continue Moore’s law

10,000 - 10M+

10/mm?2 /

<1,000 ey | <.05p.ub5

<100 10/mm? P
10/mm?

r,_.,.}._.,‘..._.._:;r:, Illillllllll.ltllellllljll:li
b oy :.;J - - = L

' :‘é‘}f-’ﬁ.‘.r_{:.| t <.5pJ/bit 3
<1.5pJ/bit J]___:_*_‘,_L—L Multi-Die Era

SysMoore

=
7]
=
Ly
=

—— « Angstrom Era

Nanosheet

28nm - 10pym

Transistors

Aart de Geus, “Chapter |: SysMoore — Systemic Complexity with a Moore’s Law Ambition!”, https://www.synopsys.com/multi-die-system/how-multi-die-systems-will-change-semiconductor-design.html, accessed 20/10/2023
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ogic device roadmap



Logic Scaling Roadmap

Standard cell evolution enabled by new device architectures

3nm 2nm 1.5nm Inm and beyond
PP:44-48, MP: 21-24 PP:40-44, MP: 18-21 PP: 40-44, MP: 18-21 PP:38-42, MP: 15-18

FinFET Nanosheets, BPR Forksheets, VHV std cell arch. CFET, BEOL w/ airgaps 2D atomic channels
5T 5T <5T 4T <4T

WS, 2D channel FET

J Buried power rail (BPR) | ' Nanosheets

PP: poly pitch (nm)
MP: dense metal pitch (nm)
13 VHYV: Vertical-Horizontal-Vertical CFET: Complementary FET
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Thick-oxide transistors more challenging in new technologies

FinFET Nanosheet CFET
introduction scaling extension introduction scaling
N3 N2 Al4 Alo

Thick-oxide |/Os

Cor.e ITETI = =] == = = IEIEI IEIEI = 2.3xVDD

Logic 6T 5.5T 5T 3.5T+ 35T+
2022 2025 2027 simple inverter
finFET nanosheet nanosheet outer-wall forksheet CFET CFET
CPP 48 CPP 48 CPP 45 CPP 42 CPP 42 CPP 39-42
Cell ~156nm Cell ~132nm Cell ~1 15nm Cell ~90nm Cell ~69nm Cell ~56nm
(a
2.5V/1.8V
no room for .
gate metal — Core-transistor I/Os
nanosheet VO [IBM, IEDM 21] ||m
- T = 2..3xVDD I/O
' o Gate et
ga
- made of stacked
10 FinFET .
Sisiberete core transistors

ORI (B

Wen-Chieh Chen et al., “A 1.8V GPIO with Design-Technology-Reliability Co-Optimization in Sub-3nm GAA-NS Technology”, JSSC, 2024. [CFET]: ). Ryckaert et al., “The Complementary FET (CFET) for CMOS scaling beyond N3,” in 2018 IEEE Symposium on VLS|
Technology. doi: 10.1109/VLSIT.2018.8510618. [intel 15] - C.-H. Jan etal., "A 14 nm SoC platform technology featuring 2nd generation Tri-Gate transistors, 70 nm gate pitch, 52 nm metal pitch, and 0.0499 um2 SRAM cells, optimized for low power, high performance and
high density SoC products," 2015 VLS| Symposium [imec VLSI 217 - Hellings, Geert, et al. "Si/SiGe superlattice I/O FinFETs in a vertically-stacked gate-all-around horizontal nanowire technology." 2018 VLS| Symposium, 2018. [IBM, IEDM 21] - Bhuiyan, Maruf, et al.
"Gate-Last I/O transistors based on stacked gate-all-around nanosheet architecture for advanced logic technologies." 2021 IEDM, 2021.
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https://doi.org/10.1109/VLSIT.2018.8510618

Si bulk is disappearing — FET self-protection is reducing

Bulk CMOS SOl

Bulk CMOS FinFET
Drain Drain
No bulk, but
functional
backside!
Bulk

Source Source Source Source
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Diode performance is not improving

Planar technologies are better for ESD protection

= Technologies scale

= Diode ESD performance does not scale up

= BSPDN and wafer thinning

= Diode performance is reduced

25
50 (b) == 700um
€ 3 300nm
= o 20F-35
< 40 - -9, 97
£ S 6 2o
= 3g - < 15
2 ¢ =o= pW (b)] E
gl‘ [A. Griffoni, 2009] 1 X 5.0 NW .
5% 2.5 —Q g
& 159 [S+H. Chen 2014 & — <
10 s. Thus 2007] [S.-H. Chen, [S.-H. Chen, 2015] ) 0.4 0.6 0.8 1.0 = 8
L ~1 5 ,2013] , <15 Si thickness [um]
Planar SOI FF Bulk FF Bulk FF Bulk FF SOl GAA Bulk GAA 0 90 110
(32nm) (32nm) (32nm) (<32nm) (<20nm) NW NW Anode-to-Cathode (nm)
= |Increased resistance = lower ESD

S.-H. Chen et al., “vfTLP characteristics of ESD diodes in bulk si gate-all-around vertically stacked
horizontal nanowire technology,” in 2017 EOS/ESD Symposium. doi: 10.23919/EOSESD.2017.8073454.
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performance

Left: K. Serbulova et al., “Impact of Sub-um Wafer Thinning on Latch-up Risk in STCO
Scaling Era,”, EOS/ESD Symposium, 202 1. doi: 10.23919/EOS/ESD52038.2021.9574787.
Right: W.-C. Chen et al., “ESD Challenges in 300nm Si Substrate of DTCO/STCO
Scaling Options,” [EDM 2023. doi: 10.1109/IEDM45741.2023.10413663.


https://doi.org/10.23919/EOSESD.2017.8073454
https://doi.org/10.23919/EOS/ESD52038.2021.9574787
https://doi.org/10.1109/IEDM45741.2023.10413663

VDDIO(=3VDD)

3xVDD general-purpose 1/O

made with core transistors MI)'_Dq
3vDD
= ~|.25x area penalty compared 5 "G QD—D e
to thick-oxide equivalent (16nm e oD "S'Ns /O vss-
. . e N02
FinFET) (this is w/o ESD layout) v,
. . : L
Including drain ballasting — no Noo—] L. My
penalty!
o ' VSSIO
= Dynamic bias needed to avoid S === pmmmmmmmmmm——m——m——m——— oo
I voD domaln: | 2xVDD and 3xVDD domain }
overstress D. _" Pre- Pm’:NGl Level PzalNo:l Slew-Rate| "2/ :
"1 | Driver : || Shifters | Control Stacked |
L Py2' -FETs
Output stage L | ~ Output Driver
|
|

= GAA = no thick oxide, core From/ To 1

Dynamic Gate Bias To/ From

G
for
~

Internal w/ Time Delay Control |« External
/O only solution Lol | ¥ G2
| 1| Level- :
< | Input | Hysteresis
C , | Buffer !I ll gr(\)i‘f'tvgr =1 Control |
I‘ ) ! J|'
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in Sub-3nm GAA-NS Technology”, JSSC, 2024.

Wen-Chieh Chen et al,, “A 1.8V GPIO with Design-Technology-Reliability Co-Optimization



Tapered full-metal lines can improve both RF & ESD performance

| Mg, 10 Pad |
lEcpad . :':: ; —Cpad
(8) Cop |
®
Q M,E|: ‘E%l' : o
€ . L.
- ctrate Cu Cu Cm M Cu substrate
E Mz 1k { ] L
=" [ Cm " ~ [l Cwm
M, i i}
5 L . R Fx
‘7,20 ‘7,20 ‘7,;,0
(04 (04 (04
(] (] (]
[ My, /O Pad |
Cpaa T Cmp Cop pad

Tapered

C, of M, to M (fF)

Better RF performance!

40

[#]
(=]
T

(]
(=]

-
o
T

T T T

Measurement

Min-spacing

=R ;ﬁ@;ﬂr Watla sl T s

'~ 30% (28 GHz)

A O R

1 1 1

15 20 25

Frequency (GHz)

30

VFTLP 1, (A)

Improved VFTLP robustness!

DC I, (A) @V, =1V

1E-10 1E-8 1E-6 1E-4 0.01
Lo ' T 1., 4118A
4+ [r:}-
o—F »
[Br ~3.805A
Jprrrenenenas F
=
2 :
1h--e 5_
—a—Full Metal
—e— Taper Full g
0 . s . . .t
3 6 9 12 15 18

VFTLP V, (V)

Technology: 28nm CMOS
Target application: RF/High-Speed I/O

Co-Optimization on RF/High-Speed I/O Pad: Efficient ESD Solution for 5G Heterogeneous

Wu, W.M. Et al,, 2020. RF/high-speed 1/O ESD protection: Co-optimizing strategy between BEOL
Stacking Interface in Advanced CMOS Technology”, international ESD Workshop 2021.

capacitance and HBM immunity in advanced CMOS process. TED

Wei-Min Wu, “



ilizing the chip backside



Backside contacts are very exciting option for ESD

front-sideMll..lI..... :
n-FET p_FET n-FET via 0 SID epl . FSM“_(, ' ' ' !\’0' ' '
ke i iad

back-side M1

[A. Veloso, VLSI 2022]

“The Transistor: An Indispensable ESD Protection Device — Part 2”, InCompliance 2023, https://incompliancemag.com/the-
transistor-an-indispensable-esd-protection-device-part-2/, accessed |8 August 2024.
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Vertical ESD diode
Traditional ESD diode Vertical ESD diode

N+ N+
Cathode

vy
7
ey ]

P-substrate An Od e Backside Metal
Rotated
STI Diode

X

Proposed ESD diode: layout area reduces ~67%
and It2/area increases 3x

Kateryna Serbulova et al. "Enabling Active Backside Technology for ESD and LU Reliability in DTCO/STCO." In 2022 IEEE Symposium on VLS| Technology and Circuits (VLS| Technology and Circuits)
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Thin backside and backside implants reduce latch-up risk!

P+ BS contacts P+ and N+ BS contacts
9 | A 5.00 9 5.00
2.00 % 2.00 G
=7 1.00 S E7 1.00 S
g 0.50 S 0.50 S
s o 5 o
O 0.20q, o 0.20q,
E 0.10 0] E 0.10 o
Q3 0.05 % Q3 0.05 %
1 0.02Q 1 0.02
0.27 0.01 0.27 0.01
0.15 0.20 0.25 0.30 0.15 0.20 0.25 0.30
Tsi [um] Tsi [um]

Kateryna Serbulova et al. "Enabling Active Backside Technology for ESD and LU Reliability in DTCO/STCO." In 2022 IEEE Symposium on VLS| Technology and Circuits (VLS| Technology and Circuits)
2
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Optical I/O

ESD from optical fibers, right?



“External” communication with “internal” level of ESD protection

l1I-V laser diode Ge photodetector
In-Package Optical 110 Module Si Photonics Optical /O Module
; » (Bi)CMOS
ASIC/FPGA/CPU Qptical Module KisexiCiode . MF Array A
— Modu!la_t;v :'f' 1 .h ’ Photodetector Fiber Edge Coupler
000000 0000000

TSV

Si waveguide Si/Ge modulator

Perfect example of heterogeneous integration!

J. inck, et al, imec ine, 2018. - sicon
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https://www.imec-int.com/en/imec-magazine/imec-magazine-october-2018/silicon-photonic-interposers-for-400gb-s-and-beyond-optical-interconnects

Optical diodes still need electrical power = ESD risk during assembly

Chip Handler Chip Handler

CMOS Diel CMOS Die2

ESD Threat During Assembly

Optical wave

Laser
3 — -

si waveguide

Si/Ge Modulator Ge Photodetector

Optical Interposer

S.-H. Chen, K. Serbulova, et al., “ESD Robustness of Germanium Photodetectors in Advanced Silicon Photonics Technology”, EOS/ESD Symposium 2024.
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and backside connections need

2.5D and 3D interconnect



3D interconnect landscape + CDM ESD protection target voltages

_ PoP 2.5D-Chiplet  +— 3D-SoC . CMOS2.0
3D-SIP D2W W2w 3D-IC
Package stacking ,© Multi-die Packaging | Die Stacking , Die Stacking = Wafer-to-Wafer Wafer-to-Wafer  Transistor
o Interposer “2.5D” ubump Hybrid Hybrid bonding Sequential Stacking
o Embedded Die bonding

m — E—
LT TN TV RV T TN Dobebeleet

3D Interconnect Pitch scaling>

| | |
Imm  400um 100 um 40pm  20um 10 pm 4um  2um lum 400nm  200nm 100nm 40nm
. . . . , l 3D Interconnect Density (#/mmzL
| | | | | | | | |
I 10 102 103 10* 10° |06 107 108

CDM Target level for D2D interface

*
J0V..5V S5V..3V ov

" mmec [G. Van der Plas, E. Beyne, VLSI Circuits 2021.; S. Lin et al. VLSI Symposium 2024.; Industry Council on ESD Target Levels, "White Paper 2-2", 2023]

27



ESD protection of every signal pin will be difficult for W2W hybrid bonding,
we need to investigate ESD prevention also!

Pitch [nm] Px Py Area [um?]
O
. R \‘e&,\ 1000 1075 | 931 .00
£ =
g R
= ?’SO Low-Density D2D A 500 537 465 0.25
a % Interfaces 3
e oV f— > { 225 pm bump pitch) '_||0- -
2 = Scaled ubump,/ ’
3 caling to sV D2W hybrid
g broader S ,/, Ar'ea/pad
K _ production C)%-IO s JRe
= N ——— High-Density D2D i {
s Vi e - Interfaces W2W hybr II fF IOV CDM b S
E 3V —J (510 umbump pitch) |16 >
£
£ > l0-! 100 o' 102
= Year of Volume Production Pitch [um]

2024 2028 —}7
= The question is how do we meet 5V CDM
targeted voltage for stacking technologies?

= Towards OV CDM?

[Industry Council on ESD Target Levels, “White Paper 2-2”, 2023]

* [Y-K. Chen IEDM2020]
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Voltage Suppression Lowers Voltage in Bonding

TT 1,

C'\[\(‘.r/

constant

A’ Q9 809 ST

“mmec

> A’ Q’ 80’ gr

€A

C=— Q=CV

d

Voltage suppression effect:
W2W > D2W



W2W Bonding shows Superior Voltage Suppression

1.0} Simplified hybrid bonding 12.0
Die size = 100 mm?
©
S +65%
'ZE 0.5t 1.5
>
v

0.0} S »e0 1.0
10T 107 10° 10* 10°
Spacing [um]

100} simplified hybrid bonding

coupling

|
Vreduction (%)

e}

ul

(o]
o

= D2W: 1 65% in C and | 91% inV

= Voltage suppression :WW2W > D2W 100 450 1800
Die Size (mm?)

coupling

[S. Lin et al. VLSI Symposium 2024]
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ol and bonding process assessment
comes more important than ever



Die-to-wafer (D2W) bonding process assessment

Pickup nozzle 1

1

Diced wafer
PR UESD rlskv Flip and
s = S $ — align Bond
LTLTLT LT Bonding nozzle %
Load Die pick-up Transfer die ' E—
devices (front side)  (to back side) ESD risk §,

a >-:>°

Full wafer Repeat for every die

M.'Si i 3@; S. lacovo, S. H. Chen, G. Van der Plas, and B. Eric, “ESD process
sssss 11 n nd 3D bonding technologies,” in EOS/ESD Symposium Proceedings, 2023.



ESD control process assessment becomes essential in adv. bonding

= Installing an ionizer is not
enough to guarantee 5V and 3V
CDM

= Only way to guarantee ESD
safety is customiyed prevention!

“mmec 0

ANSVESD SPI7.1-2020

ESD Association Standard Practice

ANSI/ESD SP17.1-2020 B

- —
o —

A
£5D

ASSOCIATION W&

For the Protection of Electrostatic
Discharge Susceptible Items —

Process Assessment Techniques

Elecirosratic Discharge Association
7900 Turin Rd., Bldg. 3
Rome, NY 13440

An American National Standard
Approved December 15, 2020



SD will change fundamentally



Shrinking bonding pads will make direct testing impossible

Field-induced-CDM (JS-002standard) Contact CDM (no standard)
Package-level test

Bare die/wafer-level test
1 €2 Pogo Pin

to Ground
Resistance

n 50 (2 Coax to 50 (2
V' Oscilloscope Input

ground plane

Pogo Pin
(Ground Pin)

Ground HY
Plane Supply

i i r
Dielectric K1
Layer

LICCDM ™ %-=ami"
probe T, S IIII¢

= C R
Resistor

Field Plate

[
=

ot
L

Wafer-to-Wafer bonding Pad size ~200..300 nm
p A— ‘/ Idlameter

10| pm  4um  2um 1||Jm 500nm 100nm '
3D Interconnect Pitch scaling

i
o=

Crrent (A)

(=1

Sub-ns pulse width!

. s o0 05 1o 1: 20 2 s, T Suzukiet al, EOS/ESD Symp. 2019.
mumec ' ' ' o - ~ M. Simicic et. al, EOS/ESD Symp. 2021. »



ringing it all together



ESD protection moves from core chiplets to active interposers

28nm FDSOI core M)

I/O + ESD
protection

65nm planar

active interposer '

passive interposer ‘
“unec

6 Chiplets
- (FDSOI28)

~h

Chiplet (16 cores)

f

D IL1D - 1
Active
Interposer
— (cMOs6s)
| 3DPlug(s) |

PEOPE1

PE2PE3

I

96 cores :
6 chiplets
3D-stacked on

active CMOS interposer

Next Chiplet (x6)

= Power supply Power supply | supply
S 3 38 8 8 8 8 88 Subimpsoiumd 8 8 8 8 8 8 8 8 K
- 4 L1-L2 - short reach - passive A - -
: * | 3DPlug(s)| tonextchiplet
o a1 L2-L3 - long reach - async. - active |4 ] s
E | sensor : L3-External-Mem - sync. - active '_ -
@ » «0.5v-1.1v MEM-I0 bridge
2 I | =
£ SCVR (1 per chiplet) | <————11]| SCVR (1 per chiplet) | =
Stress Sensors 2 5— T
2 e e (T
ETTTTY @ W @ N © N © N © N ) © N © N © N ©) 0
Clk, Rst, Config, Test Package Substrate 15-25 Voo 12 Vodinmpe” | a0

OwOmmD O O O O O

/O + ESD

\

P. Vivet et al,, “2.3 A 220GOPS 96-Core Processor with 6 Chiplets 3D-Stacked on an Active Interposer Offering 0.6ns/mm Latency,

3Tb/s/mm2 Inter-Chiplet Interconnects and 156mW/mm2@ 82%-Peak-Efficiency DC-DC Converters,” in 2020 IEEE International Solid- State

pp. 46—48. doi: 10.1109/ISSCC19947.2020.9062927.

Circuits Conference - (ISSCC), Feb. 2020,


https://doi.org/10.1109/ISSCC19947.2020.9062927

It’s all about rearchitecting towards a smart partitioning (CMOS 2.0)

J. Ryckaert and S. B. Samavedam, “The CMOS 2.0 revolution,” Nat Rev Electr

Eng, pp. 1-2, Jan. 2024, doi: 10.1038/544287-023-00016-3.

“mmec

Drive logic |
i i o o e o i s e D N A DA e A e e e e b i e N B R B N

: Dense logic Highest Cost

- Will drive scaling
crcontns S T T T T R e e T . 1

Lower Cost
- ESD protection

Same ‘look & feel’ as a classical CMOS platform
But offering versality for System optimization

38


https://doi.org/10.1038/s44287-023-00016-3

Conclusions

SDepi. Fsm1-2800 ',\’o' v -
nonvs TSl IR - 8- e -
« Sibulk is disappearin = Technologies become = Reusability of chiplets is
c PP & more function-specific needed to reduce price
- reates opportunit : T
for verticaFI)IZIiode 4 = ESD protection can = Standardization is a
move back to old tech. must !
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