The Challenges of Lithography

Jack Chen
NanoPatterning Technology Co.
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What we want

Faster, lighter
More integrated functions
Less power dissipation
Cheaper

Custom design/Personalized design

Privacy and Security
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Moore's Law Keep Going...

mm?2 [ Transistor $ / mm? $ / Transistor
(log scale) (log scale) (log scale)
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10 nm and 7 nm forecasts are Intel estimates, based upon current expectations and available information.
Source: Intel
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IC Knowledge cost models:
Chip Industry is succeeding In
scaling density and costs.

Cost Projections

Relative Wafer Cost Relative Density Relative Cost Per Unit

2 layer CFET 1000.00 ¢
no litho shrink F

HNW —p F ! Mo shrink
with FinFET

EUV . cost adder
Mo shrink

at 16nm for
first FinFET

Beginning
of multi-
patterning

Relative wafer cost
Relative density
Relative cost

(Source: Scotten Jones presentation ai2017 SEMI ISS)
SEMI Industry Strategy Symposium (ISS)
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Technology options at technology nodes (DRAM half-

pitch, nm)
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first year of IC production 200912010 2011 ] 20122013 2014 2015]2016| 2017 2018 2019 2020 2021 | 2022
DRAM Y2 pitch (nm) (contacted) 52 45 40 36 32 28 25 23 20 18 16 14 13 11
Flash 2 pitch (nm) (un-contacted poly)(f)| 38 32 28 25 23 20 18 16 14 13 11 10 8.9 8.0
193 nm immersion with water &’//////////

MPU/DRAM time line

193 nm immersion double pattern narrow
EUV (DRAM/MPU) options [ N N A
EUV
193 nm immersion double/multiple
pattern i
ML2 Fre R )\ LA
imprint

0 pPro DD O ) DELIO
EUV
innovative 193 nm immersion multiple
pattern .
ML2 i YA ASS SIS AP,
imprint

directed self-assembly
interference lithography

EUV

ML2

imprint

directed self-assembly
interference lithography

flash time line

narrow options

This Ithe key indicates the time during which research, development and qualification/pre-production should be taking place for the solution.

end in

research required

development underway

gualification/pre-production
confinuous improvement



“The limit of lithography will not be in resolution but in
economy.”

— Dr. Burn J. Lin, in 1987




All about Money / Time!

« R&D, Capital investment and Readiness in time




HOW IMMERSION IMPROVES DOF e
Water_l'44
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Burn Lin, Plenary talk in Waler
Immersion Workshop
2002, Antwerp

aF,, quality improvement over time

Process optimization A Mask issues for 157nm
crystal 1 S
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Pellicle: soft / hard - transmission ~80%

- Best Performance Data —-PSM * transmission uniformity
dia 385 x 40 \ =P

Purging = radiation hardness
N \ . 2 = reticle heatina
Parameter variation: 1\ 1 ).6 90 nm 1:1 80 nm 1:1 60 nm
9 dia385x46 7 e

Isolated
\ o = 112 nm / |

3 dia 320 x 49 mm Si containing resist
(On organic arc)

120 nm - E 1 3 Imgge displacement (transtation)
NBHFEA F-Polymer : ¥ 24 S ot | ;
(On organic arc) s -

100 nm
Low absorbing

e LR USRS First scanner was
o e 774 4 | ready to ship!

resist
(On organic arc)

Sept 5, 2002

“xpasure done on Exitech 0.6 NA stepper at ISMT 13
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Innovation-2:

Original layout is
decomposed by standard
DPT methods

- conflicts noted

Polygons causing DPT

conflicts can be placed on|
3" mask.

But no guarantee that 3«
mask is conflict free

— reticle (mask)

13.5 nm

0.33 b
26 x 33 mm?

4x

18/16/13 nm

flexible

collector desigr
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SADP push out EUV

pacer-is-diele D
selF-uhgned double patterning (SADP)
metal process

- >
n =
Spacer deposil'ion [ E B |\

Spocer oich gl Bl B

Copper fill and CMP _;——/

EUV Source - Principle of operation

Droplet
Generator

Desired shapes |

Mandel mask and etch |

Scanner

L]
¥ D metrology for
Collector source to scanner
X
\ alignment
.T‘m catch

Source Pedestal

Intermediate
Focus Unit

Beam

Transport

Scanner Pedestal

Fab Floor
CO2 system

H

 —— |
| s |

PP&MP Seed unit

Power Amplifiers
Sub-fab Floor

eb14d Jun'14 Feb-Apr15

GmbH, Winfried Kaiser

EUVL Symposium 2015 Maastricht

2019/3/1

October 72015 Full size proto

(attached to wafer)

Nov'13
Half size proto

Oct'12 May'13 Full size proto  Final size (full field)

50 mm X 50 mm

T1Tmm x 11mm .
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All about Money / Time!

« R&D, Capital investment and Readiness in time
« Wafer cost
« Cycle time

Capital depreciation

Contribution of Capital to Wafer cost =

Throughput X Uptime




Tool price doubles every ~4.5yrs

120M @ 2018
Lithography system price evolution

100M
Wafer Size 160mm 300mm
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Area Throughput doubles every ~ 7.4yrs

275wph @ 2018

_ _ NXT:2000i
ASML system throughput improvement drives CoO

Wavelength Wafer size
m ArFi [] 150 mm
ArF /A 200 mm

m KrF
m i-Line < 300 mm A &
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EUV may not save cost!

EUV extension roadmap

introduction 55 WPH 125 WPH 145 WPH 185 WPH Overlay [nm]

2013 NXE:37 R 7

3.5

Roadmap: October 2018
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Resist Performance trade off
Throughput!

* Progress on Resist Sensitivity =~ = '

Tuning nobs:

-- Image contrast

-- Resist performance

-- Smoothing techniques

g
S
E
14
5

smo{thing

@ ) o(mifcm? "
———— —_— Open Innovation Platform®
e2015TsmMC. Ltd  Jack Chen@ EUVL Svmposium 2015. Maastricht

Jack Chen, EUVL Symposium 2015




HI-NA EUV has a half field!

@ reticle

104 mm @

Anamorphic
Projection,
e.g. with

MAG 4x in x
MAG 8x iny

— s

CRAO 6°
NA >0.5

=>» Half field or double masks!

R
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EUV simplity process and
shorten cycle time!

EUV alternatives are very costly and complex ASML

Immersion Multiple Patterning

EUV

ilqr COSII.! B Hard mask

Single
exposure

Slide 19

Process Steps

CMP

Dry Etch

Metrology
Il Lithography
B Track

Deposition

I Clean

LE3 = 3x Litho-Etch, “Triple patterning”
LE4 = 4x Litho-Etch, “Quad patterning”

SAQP = Spacer Assisted Quad Patterning
Cut = Separate Litho-Etch step




EUV simplity overlay tree!

Patterning complexity reduced with EUV

through less patterning and metrology steps

28 nM A 20 nm A 10 nm . 7 nm with EUV

af

S

. =3 S -
Masks Masks Masks

_m 20 nm 10 nm T nm all immersion T nm all EUV

# lithography steps 6

=%: critical alignment

overlay step -
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* “The limit of lithography will not be in resolution but
In economy.”

— Dr. Burn J. Lin, in 1987
e “The devilis in the mask!”

— Dr. Burn J. Lin, in 2007
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All about Money / Time!

R&D, Capital investment and Readiness in time
Wafer cost
Cycle time
Mask cost

Capital depreciation

Contribution of Capital to Wafer cost = e AU e

Mask cost

Contributi Mask to W t =
ontribution of Mask to Wafer cos Wafers #

—
_—

Transistor cost? Chip/function/devic

S

e pricel
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Escalafting cost of a mask-set

Process (microns) 2.0 0.8 0.6 |0.35 |0.25 |0.18 |0.13 |0.1
Single Mask Cost ($K) | 1.5 1.5 250 [ 45 7.5 12 40 60

# of Masks 12 12 12 |16 20 26 30 34
Mask Set cost ($K) 18 18 30 |72 150 [ 312 | 1000 | 2000

Mask Set Cost of Mature Technonogies

1
1996 1998 2000 2002 2004 ..
Year PR

180nm 130nm 65nm 40nm 28nm

source: friends of AnySilicon a P"y‘EiHCDﬁ




TSMC Mask and Wafer Counts

10-99  100-999 1000- > 5000
5000

No. of wafer per mask set

SMC Mask Count

Mask layers B Cut/Block masks

80,
70+
60"
50
40+
30¢
20}
10+
0

n
V4
n
O
>
0
o
Z

Percentage of mask set

Source: IC Knowledge LLC




Less Masks doesn’'t save money!

MASK SET COST FOR 67 LAYERS

TNM NODE

Gartner ~2.5% of cost

M KrF/ArF Dry

W ArF Wet
EUV

W Set Cost

ArF only EUV 10 EUV 15 EUNV 17

EUV - $500k ArF Wet — $165k KrF/ArF Dry — $65k
BRYAN KASPROWICZ -~

- PHOTRONICS, INC.
General industry consensus:

* Cost of EUV mask <= Cost of 3x ArFi masks




Life Cycle of a EUV Mask tsirle

TSMC Property

Anthony Yen EUVL Symposium 2013

Blank . ) -
Supplier Blank processing Blank inspection

-

Blank inspection I—» Mask processing

ES : FS & BS
Inspection Clean-1 Repair Clean-2 I_ Inspection I

EUV scanner BS Inspection Pe"icle

life ti
Re-checkcyme ITe rime

FS Inspection

00S: Out of Spec; FS: Front Side; BS: Back Side

S— : — Open Innovation Platform®

©2(H3 TSMC, Ltd
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EUV Pellicle Life Time is concern!

Jack Chen, EUVL Symposium 2015 EUV Pellicle: film produced without printing

< defects. -- M. Lercel, 2017
FaII—on Partlcles on Mask Surface =¥

il f\”“H"H\HHWH HH\HHHHHW ‘ R
“. I 'p Y i” |
‘ IR

g ‘ T

« il '.{1\\

~1um ‘

Fall-on particle

Open Innovation Platform®

« The fragile <30-nm membrane has to be strong enough to
against high G-force, thermal loading, and H*!

« Broken pellicle becomes flake particles inside the scanner__

« Re-mounting pellicle takes long time due to_ inspeciiont =




Unhealthy Eco-System!

« Sole (EUV) scanner supplier, and very expensive EUV
scanner

* Only 3 giant ICMs

* Mask inspection, pellicle, and new resists still need
further development

« Can only pre-test at IMEC and a few academic sites
* High risk in developing new materials

« Extremely high mask cost for new product
development and prototyping
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Stronger resist Is required,
out...

Pattern dimension smaller

45nmHP 16-12

LF: ﬁ i‘ i J | ‘{: ‘. !;

quP

UV

iheidbnnl

Resist Film Thickness thinner

100nm

(Source: JSR Micro)




Risk or Opportunity?
Severe Reduction in Number of Fabs

Altis

Semiconductor (Source: IHS iSuppli)

Dongbu HiTeck Dongbu HiTeck

Grace Grace

Semiconductor Semiconductor

SMIC SMIC

UMC UMC

TSMC TSMC SMIC

Globalfoundries Globalfoundries umc

Seiko Epson Seiko Epson TSMC

Freescale Freescale Globalfoundries SMIC

Infineon Infineon nfineon UMC

Sony Sony TSMC

Texas Instruments ~~ Texas Instruments pents | Globalfoundries

Renesas (NEC) Renesas Renesas

IBM IBM IBM

Fujitsu Fujitsu Fujitsu

Toshiba Toshiba Toshiba

STMicroelectronics ~ STMicroelectronics STMicroslocironics TSMC
Intel Intel Intel Samsung

Samsung Samsung

130nm 90nm 65nm

Samsung Intel

45/40nm 32/28nm 22/20nm 10/7nm

2019/3/1

LETI Lithography Workshop 2019
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Demand for Maskless Lithography

» Niche applications for < 100nm Lithography

» Prototyping and low-volume special applications
using existing 8" or 12" Si technology

« 5G mmWave, RFID on IlI-V wafers
» Photonics, flat opfics, spectral filters

. Large size devices, ex: NIL mold Lo velune lio
each custom design!

Sub-50nm Wire Grid Polarizers (WGP)

one point

2019/3/1 LETI Lithography Workshop 2019
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N Unigue ID for Chip Security

Data security

2019/3/1 LETI Lithography Workshop 2019

Industrial infrastructure

loT gadgets

Digital rights managemen
Mobile storage
NglelgRelelfel

Automotive

Aviation

Medical ITE' |F=|_
Postal

Retail

=\
Defense spare IC’s for
20+ year old equipment

Luxury goods Wafer IC design Unique block
Bank bills, coins

P "
— e .
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MEB300 University-Industry Alllance

Since Oct'17

leti by FLX1200

Member companies
including ICMs, llI-V
foundry, Opftronics...

Locati .. NTHU."..'nc

nnnnnnnnnnnnn
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Summary

« Giving enough money and time, with all experts and
efforts in this SPIE society, any lithography issues can be
resolved!

» Impressive progress of EUV pellicle and NIL!

« EUV, mask-based lithography is a game for rich, big
companies and only good for high volume products.

« Considering economy, if no absolutely advantage
shown in fime, then the existing technology with the
least change will most likely do.

« To incubate the innovative niche applications, maskless
ithography with resolution <60nm is crucial.

2019/3/1 LETI Lithography Workshop 2019 tf;liiﬁ‘\,. "
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