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The 2" inspection revolution

KLA 2020, Circa 1984

The tool that
sparked the
yield
management
revolution

VLSlresearch

K4

KLA 2020 WAFER INSPECTOR

K4

The KLA 2020 is a fully automated
in-process wafer inspection system
with on-line, real time (process) feedback.

“The Measured Difference”
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Early 90s: The Birth of Yield Management

8

< 3
Industry Average Probe Yield Curves How Time-to-Market Drives In-Line vs. End-of-Line Inspection &

DRAMs, measured after repair) Process Diagnostics (results from 2 4Mb DRAM producers 1) 2

R&D | mmn | Full Production 5

100% ; = Yield S
>’ 120% 2
Time Endofline A

] to Market 11 A e 3

s 60% o

- In-Line 0
© 60% Rt =
5 § 30% §
ﬁ 40% > 0% 3
C

-30%1- ©
&

20% | 0% 2
1992 g

E - : f Time =

e 4 5 & 7 to Volume 5
Source: VLS| RESEARCH INC £

BEO0S o

og

c

2

Process Diagnostics Helps Speed ... Which. .. — oo iy
- = —=- o

i

® Time-to-Results ® Raises Yields § E

e S

to-M v fit £ b

e ok ® Raless P Need to % _____________ T _.2

- Extract 2

® Time-to-Value e | Retum-on-Assets Information = 2

® Time-to-Money ® Raises Your Companies Stock Price feome ce g

-800 -

s Year =l

Time a3l

Source: VLS| RESEARCH ING hr]

Source: VLS(RESBRGK& 85009 _t:

*Dnm has been normalized to 5000, 200mm WSW line. 8

5

o

(%]

24 Feb 2019
V LS I rese O rC h aee |nte”|gence tO make better deC|S|OnS faSter Copyright © 2019 VLSI Research Inc. All rights reserved. Distribution rights contained in T&Cs.


https://www.chiphistory.org/109-change-in-chip-making-and-how-it-is-driving-process-diagnostics

Metrology Time Machine: As the 1990s close,

you still see it as humans clustered around a tool ...
but it’s data not images that are being looked at
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We learned that Process Control
iIncreases the value of wafers out

Engineering Analysis Inline Monitoring Process & Tool Monitoring
Problem Solving: Yield Learning: Productivity:
*  Quickly find and fix sources * Find all defect sources in a »  Catch specific process tool,
of yield loss process flow cell, or module excursions
+ Systematically improve yield * Reduce baseline defectivity * |dentify good/bad tools
» Characterize new process * ldentify process excursions « Disposition of good/bad
* Yield ramp quickly wafers
Facilitate faster yield ramp Sensitivity to capture all defect Identify bad process, bad tool, bad
types chamber in production
Identify systematic defects
Productivity to produce the data Inspector Requirements
Perform high sampling rates necessary to identify process issues « Sensitivity and selectivity
* High throughput
Flexibility to identify the process » Easy to use
layer that is the source of defects * Low cost of ownership

(yield correlation)
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Yield Management's ROI is Enormous

Return on Metrology Investments
° $24 of IC sales returned for every $1 in the Semiconductor Industry

of installed Process Diagnostic -
equipment in 2018

— Up 73% since 2003

$20

» This was critical part of enabling $15

Moore’s Law to continue

Integrated Circuit Revenues per
Installed S of Metrology Equipment

Ry
=
o

2003 2008 2013 2018

Copyright @ VLS| Research Inc. All rights reserved.
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Moore's Law and its
Allies

Component density doubles
every two years

due to
geometry shrinks
for roughly the
same areal cost

Gordon Moore - 1975

Gordon Moore in 1975 Source: Intel
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Value Growth in
Semiconductors is created
through FIVE mechanisms:

* Moore’s Law: Economic Performance
* Dennard’s Law: Device Performance m
 Koomey’s Law: System Performance =

* Metcalfe’s Law: More Users

* Emergent Behavior: Innovation

VLSII’GSGOI’Ch ... intelligence to make better decisions faster



Is it time for a new revolution?

The Transistor Pricing History of Moore's Law

« Moore’s Law
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We can't stop

« Koomey’s Law: Compute
Power Efficiency Doubles
* Made possible by ...
— Better architectures
— Faster & more power stingy
transistors and interconnect
 We need this to solve even
bigger problems

« Leads us to new compute
architectures

— neuromorphic
e even quantum

Koomey's Law
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Compute Architecture 101

« von Neuman Architecture
* John von Neuman created in 1945

— Any stored-program computer
* Processing unit:
— ALU + registers
« Control unit:
— Instruction resister + program counter
* Memory unit
— For data & instructions

* |nstruction and data fetch cannot
occur

simultaneously...“bottleneck”
— Because both share the same bus

24 Feb 2019
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Compute Architecture 101

 Neuromorphic Architectures
e Carver Mead coined NM in 1990

— Biologically inspired networks or ...
» Mostly still deep in research

» Holy grail is a memory-centric
architecture
— But Analog
— Not Digital
* “Think outside the von Neuman box”

— Atrtificial networks that run on a von
Neuman Architecture
* Most commercial Al systems are in this
class

— Don’t be fooled, a GPU is still a von
Neuman Architecture

24 Feb 2019
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Al Drivers: Data & Memory are the
Food & Water of Al systems

Data growth is exponential

Why it will continue?
The

History of Progress is all about
Information Storage and
Retrieval

Self-Driving cars have to crash
into trees a thousand times before
they learn that it’s a bad idea

PetaBytes-per-Year
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Internet Data Traffic History and Forecast

====|nternet Data Traffic
e=mm\obile
=== |0T /Al

Source: Cisco, Intel, VLSI
2005 2010 2015 2020F 2025F

Copyright © VLSI Research Inc. All rights reserved.
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Al: Cognitive ... or why Smart is the new dumb

 What's changed:
— Smart is simply a different interface
— Cognitive is when hardware
understands borderline cases

 For example
— Smart is asking, ‘play “l can’t get no
satisfaction”
* Uber deep learning AZ accident
» Google cats vs. dogs
— Cognitive is asking, “tell me if Julie
comes back after curfew”?

« That change is a revolution in what
needs to be done with silicon

24 Feb 2019
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CA 101: Deep-Learning Network Models

* Fully-Connected Recurrent

» Locally-Connected Recurrent
» Sparsely-Connected Recurrent
* Feed-Forward with some Recurrence

e Feed-Forward
— Most common in the wild

Graphics Source: A Survey of Neuromorphic Computing and Neural
Networks in Hardware; Catherine D. Schuman, Thomas E. Potok,
Robert M. Patton, J. Douglas Birdwell, Mark E. Dean, Garrett S. Rose,
James S. Plank, arXiv:1705.06963v1

24 Feb 2019
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Al 101: Semiconductor Needs

Training:

» Super Computers

« GPUs
— Massively parallel
— Ideal for matrix math

* Needs heterogeneous integration
— With lots of HBM

« FPGAs

— For testing various algos, models, and network
topologies

VLSI ) ) o 24 Feb 2019
research ... intelligence to make better decisions faster
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Al 101: Semiconductor Needs

Deployment:

Custom ASICs

— Needs heterogeneous integration
— Needs lots of volume to justify cost

— Or when system-level profits or subsidies
can offset the costs
» APT’s SpiNNaker
* IBM'’s TrueNorth
» Google’s Tensor TPU
* HP’s Memristor

« FPGAs
— Quick solution when volumes are low
— But expensive and high power needs

24 Feb 2019
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The Al Roadmap needs

manufacturing innovation

Analog AI Cores
Analog Al Cores Py With Optimized Materials
» Al moves from today’s GPU/CPU Digital AI Cores
. with Approximate Computing
architectures through ... ORI |
 Digital Al cores and onto ... 100,000 o
.I
* Analog Al Cores £ 10,000 o=
— AKA in Memory Computing (iMC) % 1,000 .7,7
‘6 100 g :' Industrytr nds using
10 \/ existing baEe t'echnologie_s
for deep learning
1 cornputaticfns

2014 2016 2018 2020 2022 2024 2026
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Analog in-Memory Computing

The von Neumann Bottleneck is real: Google’s AlphaGo needed >10,000X
the power of Lee Sedol’s brain to beat him at Go. iIMC helps solve this, but
new materials and in-process inspection methods will be needed.

Eliminate the Map DNNs NVM materials

Von-Neumann Bottleneck to analog cross-point arrays in array crosspoints
to store weights

weagy sEs
L
.
.

gesd ¥ F @

Source:lBM Research Al Hardware Center
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The IMC neuromorphic quality challenge

* Moore’s law was about more 1
transistors, all of which only -
have 2 states

— Digital Transistors can work with
sloppy controls, as long as an ‘eye’ can
be made out

» Analog memory virtually has an

infinite number of states, but
— All cells need to closely match

— Need a linear and symmetric
conductance curve

Digital

24 Feb 2019
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Finding Defects is not enough anymore
Variability will be key

* Analog iMC needs much
tighter variability control than
digital 0 Yy T

 The move from error
component parts to Edge
Placement Error (EPE) is the
right direction

Digital

Source: VLSIresearch

* Need materials uniformity and
repeatability as well

Chip Variability Distribution Needs

VLSII’GSGCH’Ch ... intelligence to make better decisions faster s
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The good news: We're already on the way

« Solving Power and 1 ]
Performance issues means -
lowering variability in
manufacturing

Slo Low
oPpPy Variability
Digital Digital

* While putting manufacturing
on the road to neuromorphic

Analog IME I
0 1
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Lower Variability = Greater Reliability

* A critical need for automotive 1 ]
— Used to be solved by being 3 -
generations behind
— Compute needs have pushed

: Slo Low
them to the leading edge oppy Variability
Digital . .
Digital

* While putting manufacturing

on the road to neuromorphic
Analog iMC 0 - I

Lower Variability
24 Feb 2019
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Single-Digit-nm Process Control Challenge
every hanometer matters in 3D processing

Tolerances
EPE
Overlay Budgets
Process Windows A Growing

Gap

Source: VLSIresearch

Moore’s Law may be slowing ...
Tolerance Requirements are not

Source: KLA

You can't fix what you can’t find ... You can’t control what you can’t measure

24 Feb 2019
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More is at stake than ever before

Wafer
Value at
Stake

Nodes

Tolerances
EPE
Overlay Budgets
Process Window,
Film Sta

A Growing
Gap

Source: VLSIresearch

Moore’s Law may be slowing ...
Tolerance Requirements are not

VLSI ) ) o 24 Feb 2019
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Variability Control Directly Affects Profits

Poor variability control is expensive . o
— Costs in Power, Performance, and _ Chip Sort Distributions
L High
Reliability ...
— Things we can’t afford to leave on the
table

The best chips sell for more

But they cost the same to make

Performance

Hence, they are far more profitable

Lﬂ'l.|'|.l' Souiree: Vi SIresearch

High

Variability control must be in-line

— Lots of knobs to control Low

Power

24 Feb 2019
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The need for a new inspection revolution

* Finding Defects is not enough anymore

— Controlling variability will be key to ensuring that all cells and
interconnect are structurally right as designed

* The implementation of Al in Automotive makes this a much
more important imperative

« Hence, manufacturing will have to go through a dramatic
change that we haven’t seen since KLA introduced yield
management concepts in the early nineties

— There are powerful forces taking us to Variability Management

VLSII’GSGCH’Ch ... intelligence to make better decisions faster



Non-Litho Errors Dominate
Rising non-Litho errors means more complex process control

Process control inside and outside
Unknown  scanner CD the litho cell is critical for meeting
o precess variability requirements

Metrology

Deposition

Single-machine

Process
Overlay

Overlay

Pattern Error
Sources

Wafer Shape

Mask CDU/PPE

CDU = Critical Dimension Uniformity
PPE = Pattern Placement Error

Source: KLA
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Design Aware Inspection:
What being done for defects needs to be done for variability

Inspection Discovery Sampling

 For faster and better P A
inspection recipes k=l fﬁ:ﬂ
e o T
* Improved Paretos

3900 Series 2930 Series

y pin-point™, super-cell™
i
. ofaII defect types, on all layers die areas, nuisance suppression
important e i
° PaSS on Wh at’s not Discovered Defect Types
— For better cost control E |

« Systematically debug %.

processes and improve —_— ——
gl

Source: KLA
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EUV implementation accelerates trend

for more Process Control
193i to EUV Lithography

193i EUVL

T
T

» Value of inspection increases
with lithography

» The cost of lithography scan is
increasing substantially with EUV
— Lower throughput
— Higher system value
— Higher adjacent costs
o

* Resist

* Metrology

* Reticles

« Consumables

» Higher need for inspection and
increasing sampling

Cost per scan increasing with EUV
Integration costs
New materials

VLSI ) ) o 24 Feb 2019
research ... intelligence to make better decisions faster
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Design-Integrated Inspection for PWD

» Broadband optical inspection + design enables hotspot discovery for efficient
process window discovery

Pattern search enables millions of
hits per POl in the reticle

Design-enabled discovery
Product Layout of 11 yield killer hotspots

Mask OPC/Process 477 million Care Areas generated for all hotspots
Re_work Pricriy Hotzpot
15386155
w e o2 592900 fomaoz 592900 501582234103
94890 46898
! lll H—] I | |—I l!‘ New Dis B(CC:15) 4602
| i !
fotil TS 1 2 3 4 5 6 7 8 9 10 1

Source: DOI: 10.1109/ASMC.2016.7491105 (imec) and DOI: 10.1109/ASMC.2017.7969272 (imec)

VLSII’GSGCH’Ch ... intelligence to make better decisions faster
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Fab-Wide Process Control
Big data analytics for feed-back and feed-forward control loops

Address fab-wide sources of variation
» Optimize processes

« Augment information available for tool corrections
Source: KLA

5D Analyzer® '
Data Analysis and Patterning Control

Quantify
error,
feedback and
error, fix SpectraShape™
CD/Shape
© SpectraFilm™ feedback and

Film Uniformity/Bandgap Etch fix P4
H ensArray® » L—
V n Situ Temperature - WaferSight™ PWG
fims Wafer Shape and Geometry Archer™ /ATL™
- Overlay Error

RTP/RTA Scanner

Films
24 Feb 2019
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If you build it ... they will come

Renewed Growth
Potential

300/200mm
& — Demand Holiday = Cloud/loT
2 £ 80 Ve f
£ o Boom Times for Drlv.e. or B Mobile
30 - WEE based on productivity over
= = . yield mutes
5= driving Yield from " Internet
g @ ,,  thetypical 20-40% demand for WFE
[T
£ of the 70’s, as it W PC
=
stole Ss from
20 - materials B Mainframes & Minis
0 : M Aerospace/Military
1960 1970 1980 1990 2000 2010 2020 2030
Copyright @ VLS| Research Inc. All rights reserved.
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React Fast
or become somebody
else’s Lunch

Leave your card to get
VLSI's free summary newsletter:
Semiconductor WEEK

Or e-mail us at: clientservices @ vlsiresearch.com

This presentation will be available at WeSRCH.com

24 Feb 2019
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Now make decisions even faster with VLSI's app
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about VLSlresearch

VLSlresearch is an award-winning provider of market research and economic analysis on the technical,
business, and economic aspects of the semiconductor supply chain. Providing intelligence for faster
and better decision making, seasoned executives in high technology, government, and finance rely on
VLSlresearch’s insights to guide them to the right decisions. The formula is simple: Better intelligence
leads to better decisions which deliver better results. Founded in 1976, VLSIresearch is the leading
technology research and advisory company focused on semiconductor related manufacturing. The
company’s website is www.vIsiresearch.com.

Research and Services

« The Chip Insider® « Semiconductor Analytics ¢ Customer Satisfaction
* The trusted advisor * Know when it’s turning * Brand management

« The ForecastPro as it turns « Test Connectivity Systems
- The semi ecosystem * Critical Subsystems » Consulting

« Equipment Databases * Eq Supply Chain
« Semi Equipment
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http://www.vlsiresearch.com/
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Meet the Team

- : it
G. Dan Risto Puhakka John West Andrea Lati Lisa M. Steele Manjesh Singh
Hutcheson President Managing Director, Director, Vice President CIO
CEO and VLSlresearch Market Research
Chairman of the Europe

Board

Affiliates

Kaz Hayashi, Managing Director, Japan

Steve Huang, Managing Director, China Mainland

VLSII’GSGCH’Ch ... intelligence to make better decisions faster

Young Soo (YS) Im, Managing Director, Korea
Philip Wang, Managing Director, Taiwan
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VLSlresearch Websites

VLSIresearch.com
* Award-winning market research and analysis
» For research on semiconductors and manufacturing economics

History.org
* Preserving the history of semiconductors for future generations
e Virtual history museum
« Based on industry donations

weSRCH.com

 Where Technology = Opportunity
» Avirtual science & engineering conference
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Terms and Conditions, Notices, and Disclaimers, etc.

By accepting this report, opening it, or using it you are agreeing to these terms. This report contains valuable proprietary information developed or acquired by VLSI Research at great expense. You have a
limited license to hold these materials but do not become the owner of any material. The materials provided are protected by copyright, trade secret, and trademark law. This presentation has been
approved by VLSI Research for public release with attribution. The information in the materials may be used by you on a limited basis in your own documents provided that those documents are not-for-sale;
VLSI Research’s name, brand, or trademarks are not used to endorse a product or company for sales purposes; VLS| Research is clearly referred to as the source of such information; and you obtain
written approval prior to use.

This report is provided on an "AS IS," "WHERE IS", "WHERE AVAILABLE", “WITH ALL FAULTS” basis. VLSI Research does not warrant these materials or the information provided therein, either
expressly or impliedly, for any particular purpose and VLS| Research specifically disclaims any express or implied warranties, including but not limited to, any express or implied warranties of TITLE,
ACCURACY, NON-INFRINGEMENT, MERCHANTABILITY or FITNESS FOR ANY PARTICULAR PURPOSE OR USE.

The sources of the information in this report include numerous individual reports, memos and bulletins from various segments of the industry, annual reports, financial reports, interviews, questionnaires,
surveys, technical symposia, trade journals, technical journals and individual assessments by knowledgeable company or industry representatives as well as our own analysis and judgment. Some
companies are more cooperative about providing information than others and some companies decline to provide or validate the accuracy of any information. Although the information provided is obtained
or compiled from sources VLSI Research believes to be reliable given the oftentimes difficult circumstances under which it is collected, VLS| Research cannot and does not warrant or guarantee the
accuracy, validity, truthfulness, timeliness, or completeness of any information or data made available to you for any particular purpose. In no event will VLS| Research be liable to you or any third party,
whether in contract, tort or under any other legal theory, for any direct, indirect, special, consequential or incidental damages, or any other damages of any kind even if VLS| Research has been advised of
the possibility thereof.

We receive letters and e-mails on current topics covered in our services and/or reports that are of interest to our subscribers, as well as comments on our reports. We value that subscriber input and like to
use it. By submitting such material to us, unless you tell us specifically not to publish it, or except to the extent that you give us an embargo date before which you instruct us not to publish it, you authorize
us to publish and republish it in any form or medium, to edit it for style and length, and to comment upon or criticize it and to publish others’ comments or criticisms concerning it, as the case may be.

This report may contain information concerning stocks that is obtained from the opinions of industry analysts. Quoted past results are not necessarily indicative of future performance. None of the
information should be seen as a recommendation to buy or sell any securities. We are not stock analysts or investment advisors. You should contact a registered investment advisor as to the nature,
potential, value or suitability of any particular investment action. No information provided is investment advice and any such information is just an opinion and is not tailored to the investment needs of any
specific person. Certain statements in this report, other than statements of historical fact, and other written or oral statements made by VLSI Research may be forward-looking. In some cases, you can
identify forward-looking statements by terminology such as "may", "will", "should", "expects", "intends", "plans”, "anticipates”, "believes", "thinks", "estimates", "seeks", "predicts", "potential", and similar
expressions. Although VLSI believes that these statements are based on reasonable assumptions, they are subject to numerous factors, risks and uncertainties that could cause actual results and
outcomes to be materially different from those stated or projected. Those factors, among others, could cause actual results and outcomes to differ materially from the results and outcomes stated or
projected in, or implied by, the forward-looking statements. You should understand that forward-looking statements are not guarantees of results or outcomes. New risks and uncertainties arise from time to
time, and VLSI Research can not predict those events or how they may affect you, the reader. VLS| Research Inc does not have any intention or obligation to update forward-looking statements after the

date of this report.

No part of this report may be used in any legal proceedings nor may any of these materials or the information contained therein be disclosed to any third party, including investors or affiliated firms belonging
to investors, outside directors or to your affiliated companies, or reproduced or transmitted to any third party, in any form or by any means — mechanical, electronic, photocopying, duplication, microfilming,
videotape, verbally or otherwise — without the prior written permission of VLS| Research.

The Chip Insider® and the CSS 10 BEST logo are registered trademarks of VLS| Research Inc. All other trademarks, service marks, and logos are the property of their respective owners.
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