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BiTS Workshop. The content reflects the opinion of the authors and their respective
companies. They are reproduced here as they were presented at the 2017 BiTS
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ldentifying the Path to Success for
Industry 4.0

Thomas Sonderman
VP & GM, Integrated Solutions Group

RUDOLPH
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Market Driven Challenges

GROWTH IN THE INTERNET OF THINGS

THE NUMBER OF CONNECTED DEVICES WILL EXCEED 50 BILLION BY 2020

e 2020

BILLIONS OF DEVICES
50

1992 - e
™ INCEPTION.

] - -
1988 1992 1996 2000 2004 2008 2012 2016 2020
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What is Industry 4.07
Wikipedia...

“... cyber-physical systems monitor physical processes, create a virtual
copy of the physical world and make decentralized decisions.

Over the Internet of Things, cyber-physical systems communicate and
cooperate with each other and with humans in real time...”

Mechanization, Mass production,
water power, steam assembly line,
power electricity

Computer and Cyber Physical
automation Systems

RUDOLFPH 6
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Components of Industry 4.0
Attributes of all these connected “things”

Discoverable

@)
e
- Autonomous e oR 5
- Model-based Q I\ ol o
. Communicative @ ° @5 9 Q75 0.0
L ® © O
« Self-monitoring O o NV
: o 0
Secure o -
e

Standards-based

Imagine the collaborative behavior that could emerge !

RUDOLFPH 7
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Solutions MUST Enable Industry 4.0

The Drive Towards Increased Productivity

The evolution toward smart manufacturing is enabled by the
confluence of

. Connectivity

Robotics Network

Manufacturing Connectivity
. Automation oy DS gii:::s
o Computing Power T i ;
i Agile J)
Manufactufing
¢ Intelligent Software % _
:\r;l;er::%ae::‘tturing e Customization N '\ ' Intelligent
o . Knowledge- . Software 7 )\ Systems
Ab|||ty to Man age z:::;i‘:i’ve o MD;:::S‘:CS Infrastructure " {/ Highl{;c::nnebct::,d
y L A
MASSIVE DATA mix, agile Anvaa::tciis ::;vfeal:-t?:ee ¢ U

manufacturing Field Data Big Data /

¢ applications Local Data
Collection

Cloud Storage

o000
3D 35888
Printing

be B 2
CEXIE] g’/‘y’ - Processing
Intelligent \_}” Smart
Machines Warehouse

Automation

Sensors

Electronics Suppliers Who Act Decisively will Benefit
by Creating Added Value for their Customers

RUDOLFPH
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Key Challenges in Bringing ICs to Market

e
I: _EE - r urd
Product Management Manufacturing Supply Chain Management

Design for Profitability Ramp and Availability Data Democracy

+ Product concept/circuit design * Multiple data consumers * Multiple design groups

* Reticle set design * Design + Challenging wafer fab,

* Product design debug & * Foundry management Assembly/Test and system

optimization * Customers integration
* Test program debug * Suppliers « Complex entity name changes

Integrated Solutions are Required

Real-Time Web Based

Layout Aware Analysis Fab-to-Field / Field-to-Fab Reporting and Drill Down

RUDOLFPH 9
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Understanding Supply Chain Yield Dynamics

Requires Complex
Enterprise Level
Supply Chain
Optimization:
* Big Data
 Digital Threads

===«@ Structural Failures
== Component Matching

===@ Package Interconnection Delays

===4@ Bump Coplanarity
» Package to Tool

Correlations i e
=@ Device Parametric Variation

* Real-time Dashboards

. . === Performance Failures
* Best in Class Yield

Analytics
===@ Process Tool Failure

=@ Device Contamination

Solutions Must Remove Risk from

the Electronics Supply Chain

RUDOLFPH
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IC Fabrication Information Flow

Design-based
Yield Diagnostics

Process Statistics
and capability

Knowledge Process Control —

- = O
1’ =] and Metrology [= Adaptive Test

e e

Design statistics
& care-abouts

Process/Design
Sensitivities

RUDOLFPH
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Converting Data into Actionable Intelligence

Tool state Wafer State Product State

B

PROBE/TEST
- :

. J=F
ik

METROLOGY
— =

; PROCESS

INTEGRATED
SOLUTIONS

RUDOLPH 4
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Data at Rest

Terabytes to
exabytes of existing
data to process

Big Data Defined

Volume

Data in Motion

Streaming data,
milliseconds to
seconds to respond

O
@
O

@

Data in Many
Forms

Structured,
unstructured, text,
multimedia

\

Data in Doubt

Uncertainty due to
data inconsistency
& incompleteness,
ambiguities, latency,
deception, model
approximations

RUDOLPH
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* Truthfulness, accuracy or precision, correctness

www.bitsworkshop.org
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Why Can’t Decisions Be Made Quicker?

<

Not aware Data exists?

Not aware Data was useful?

Limited access to data? Cost to get more Data is high?
Eg; physical FA, BITmap, Inspections, etc)
IP protection issues? Other
Silo’ed data — data loading & transfer issues? R on
Ownership/Control issues within Org? ea’s? S

Too much “Raw” Data?

Manual analysis, not enough manpower?

Don’t fully trust data? (why can't it be automated?)

Often inaccurate in past?

Nowhere to store data?

RUDOLPH 14
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New Paradigms are Required

Advanced analytics requires an approach completely different

/
Advanced analytics

from that of traditional empirical analysis.

Traditional empirical

analysis

What data are
available?

What information
can we learn from
these data?

What insights can Q
we generate with this

information?
How do we use
these insights to

\ly | make decisions?

McKinsey&Company

RUDOLPH

TECHNOLOGIES
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What data must we
collect to get the
information we want?

What information
do we need to get
these insights?

What insights do
we need to make
these decisions?

What are the critical
decisions?

Value

www.bitsworkshop.org

What
happened?

Descriptive

How can we
make it happen?

What will
happen?
Whydidit [
happen?

Diagnostic

—>
Difficulty Bkt
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Electronics Supply Chain Optimization

Analytics Across the Value Chain

Deep into
the process

Bi-Directional Communication

% Enterprise FDC

J L | TraceData Fault Detection with Wafer/Die Level Correlations

RUDOLPH
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Design /IP Optimization Process Optimization

Leakage Perf/Power Control Equipment “
Yield/Cost Cycle Time Metrology Cycle time

Data Generation and Warehousing

Integrated Yield Improvement Infrastructure

Test Optimization

Burn-in

Adaptive test Repair

Test Chip Defect Design Process Test and System
Data Data Statistics Metrology Diagnostics Test Data

Equipment Productivity
Data Data

RUDOLFPH
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Intelligent Analysis Engines

Control

DATA STREAMS

Wafer-centric Tool-centric
Metrology Control Process
E-Test Tools Defect Tools Tools Tools Tools
Real-time
Data Collection Design B Metrology Sort Yield, MES & Parametric
info data Parametric Equip data Test data

DATA WAREHOUSE

Data Modelling

On demand

_ Adaptive
Analytics

Knowledge
Library

Thread Deep
Synchronization Learning
Engines Algorithms

DVANCED ANALYTICS ENGINE

S

RUDOLPH 18
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P(E|D) =

RUDOLP

0G

* Probability =» Bayesian Predictor

P(D|E)xP(E)

P(D)

* Information =» Adaptive Decision Trees

Outcome 1

D - Decision O = Uneertainty (external gvent)

I1ES

Advanced Predictive Analytics
PIES Algorithms for Machine Learning

* Error =» Partial Least Squares

PREPROCESS X and y
ESTIMATE the first “weight loading vector” w.

X:y'wT+Ex (.\'T:wyT)
W=xXTaTn '
BLOCK X

w=w" fm (normalization)
t=Xw (scores)

1=X"t(t"0™  (loadings)
Loop Relate the vector t with the biological activity y
a=(t"97t"y

E=X-t"

e=y-qt

X=E

Update X and y |

Repeat for the next “weight loading vecior”.

CALCULATE the regression vector
b=w(L W'y’

» Similarity = k-nearest Neighbor

a S=Aunny = Ly U Ly,
(k;’\'.’\"rq(a,}.k))

|Ls| < k| Ly U Ly| = k,

Ly = {si|si € 5,

Va5 € § — Ly = d(sq, 85) > d(sq,8:)},

Lt = {sg,5n|8g, 80 € S,d(sg,8q) = d(sn,34),
Vs; € Ly = d(sy,8:) < d(sqg,84),

Ws; €5 —{LyU L} = d(sq,8;) > d(sq,54)}

www.bitsworkshop.org
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PCA ' Univariate
Validation

Unsupervised

Visual
L = =

Supervised
Visual

UVA / MVA
Pre-filter

........

o=

Multivariate Analysis
Which lots behave differently?

RUDQLPH

Burn-in & Test Strategies Workshop

NPI Modeling Algorithms

Which parameters are critical?

www.bitsworkshop.org

Predictive Analytics for Industry 4.0

Comprehensive Algorithm Suite

Dynamic
- Tlm-e . Cluster
Warping
ANOVA —_—

Un-Supervised
Prioritization

TYPES OF MACHINE LEARNING

Rotas

—N Adaptive

Supervised
Quantification

What is the predicted yield?

Decision
Trees

Supervised
Prioritization

TEm

Predictive Analysis

20
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PLS (Partial Least Squares Regression)

' SN

. . ot / ; ;
gl \pObserved variables | - - /| Predicted variables | - —

» Multi-variate prediction modeling

« Linear Regression: Y ~ X

* Project observed (X) variables and T
predicted (Y) variables to a new space

T=E

80

i d Bl

. .:-'g.i ihiete ¢ e
SR P ill' ol
ey H 5o

| Correlation Chart & Data in new space R

te
80

Prediction Result

a
2
B AR
R | S
g TR
o, S

.-;_.!.,-.
o 1l
ar L

|
T T T T T
an 40 50 60 70 80 %90

RUDOLFPH

Burn-in & Test Strategies Workshop www.bitsworkshop.org March 5-8, 2017




BiTS 2017 Keynote

Parameteric Interpolation
Thin Plate Spline Regression (TPS)

2 4 625
§ 620
%— tiooo N 615

Erirzzziizziz:izzdo[ben Measured samples
%_::: =2 = = = = 1 60
600

50 100 150 200

Etps E ”yi ”2

5 625

520
s 615

610 Predicted values
B 605

600

RUDOLPH 22
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Decision Tree Mathematics

What is a decision tree?
» Sequential statistical test

« ldentify primary cause/effect
+ Continuous Variables
* Liner regression or curve fitting
» Categorical Variables
* ANOVA
* Time Based data

 Split data based on primary effect

» Repeat to create tree with 2N
branches

* More than one valid predictor
* Show best answer first
» Presentation-ready graphics

RUDOLPH

TECHNOLOG

%" Yield Mine -- 1: BONDFAIL ; PACKAGE Score - 0.99932

PACKAGE = PK-2
s N;u

030D ATE < 114111995 09:23:00 FM
1

|
BUBCONTE = CONTE-E
- 1
VES

BONDFAIL = 2 5222 BONDFAIL = 25361
=620 =43

BONDFAIL=38411  BONDFAIL =274
= (M=165)

. Box-Whisker Chart

Box Plot of BOMNDFAIL (Grouped by SUBCONTR)

CONTR-2 CONTR-B CONTR-C CONTR-D
hean 2.7633 38411 2.3687 2.5512
S .Dev. 14238 2.3252 0.2520 10751
Court 55 72 48 62
Range 4.9480 9.7996 3.4349 49917
SUBCONTR

PACKAGE = PKG-2

Production Limits

23
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Intelligent Digital Threading™

RUDQLPH
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Digital Threading - Multichip Module

Helping Automotive Customer Achieve “Zero Defect” Goals

CMO
@ Sensor Wafer Cap Wafer ASIC House

7 1 Lot: L58280001.4 Lot: E1234.3

R ‘r»“\‘ :\‘[ b}

WaferBonding

Sensor after
Lot: E1234.3 Lot: U5678.2 . .
chain driving

yield

Final Parts after

Assembly (SMB)
Lot: U5678.15

RUDOLPH 26
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Digital Threading — Multi-chip Module

Wafer fabrication of all
ASIC Sensorl module components
Traces parent lots and
‘ all children through:

* Sort

.. .
o
- S 2 Cap Assembl
= ensor Sse Yy
(= .
= Final test
-
B
i
Conmenality Chart
08/19/2010 —— Lot=0438762. 10
06/12/2010 —— Lot-0438782. 11
Leot=0438782. 29
06/05/2010 - —— Lot=EST94. 1:0428381. 45
05/23/2010 - —— Lot=ESTS4.1;0428391. 46
05/22/2010- Lot=EST34. 1:042039L. 47
—— Lot=EST94. 1: 0428381, 48
E;’:é;ﬁgis Lot=EST94. 1,0438762. 28
M i —— Lot=ESTS4. 1: 0438752, 21
£ o5/01/2010 Lot=EST84. 110436762 28
S 04/24/2010 —— Lot=EST94. 1:0438T82. 29
Lot=E3T84. 1,0436762. 30
04/17/2010 —— Lot=EST94. 1;0438T52, 56
04/10/2010 Lot=ESTS4. 1,CJ090. 10
04/03/2010 Lot=EST84. 1,C]080. 11
06/27/2010 Let=EST94. 1;CT090. 12
/e __/_/; e N
03/13/2010 Front End SOI‘t Let=ESTS4. 1;CJ090. 15
03/06/2010 - gl Lot=EST84. 1:C090. 9
= Lot=E:
3 Lot=E:
g Lot=E
E Lot=E:
Lot=E
£ Lo
Lot=
Lo
LoicEsers | otares 11
Lot=ESST3. 10436762, 12

A long cycle time process — Die bank
After die bank the lot is split into many lots
Prior to die bank there are 4 lots moving through the fab. These are

the 4 lots in this multi-chip module

RUDOLPH

TECHNOLOGIES
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MCM — Analysis Of All Manufacturing Data

Bar Chart

Fail Bin 25 has the

highest ratio at
Final Test. The
corresponding

:
parametric
I e e

parameter is Isb_H,
which was tested at
Sort as well.

EN@25deg_HBIHE_YTELD

EN@120de gC_HETH2S_YTELD-
EN@120degC_HBINL4_YIELD
EN25 degl_HBIN19_YIELD
EN25 degf_HBIHZE_YTELD
£ ENB120degC_HELN23_YIELD
EM@120de gC_HETHE_YTELD
EN25 degf_HBIH14_YTELD
EN@120degC_HBIN2S_YIELD
EN@25dezl_HBIN1E_YIELD

EN@25 degls_HBIHZ1_YTELD

Post Digital Threading, you can analyze all
components’ data collected:
* Inline parametric

WET or E-test data

Sort Bin/Parametric

Final Bin/Parametric

RUDOLFPH

www.bitsworkshop.org
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Cum Probability Plot — Parameter @ FT and Sort

Q- Chart

‘= Paran=YDI34A_FT_2.0_Lsb_H_RESULT
= Paran=YDI34A_SORT_POST_Tsb_H_i_RESULT

Cunulative Probability

Plot the sort parametric value and the final test

patrametric value

» There is a paramteric shift during packaging

» The yield on this multi-chip module is very
sensitive to paramertric variation

Genealogy associates sort lot number with final test lot number
« Combined dataset shows parametric shift due to packaging

RUDOLFPH
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Advanced RF Device
Digital Threading — Duplexer Example

Process Measurement Type
FE MES o Equip ID
£ T —> Metal Layer Thickness
vaporation i Defect Inspection
—— Finger width/Spacing
=4 Litho -
o Defect Inspection
M—_‘” Electrical Test #1
i Electrical Test #2
o FE MES & Equip ID
- A Metal Layer Thickness
Evaporation -
i Defect Inspection
. <-J|=> Finger width/Spacing
Lith
N o # Defect Inspection
<« Electrical Test #1
pr—> Electrical Test #2

Electrical Test #3

Wafer Test

33

Electrical Test #4

"

Electrical Test #5

P—_______y Electrical Test #6

SAW Ll UBM Control b Metrology Metal Thickness
Back End <:#:> Wafer Bumping ¢> Metrology Bump Data
BAW Q#Q UBM Control #b Metrology Metal Thickness
Back End ¢#9 Wafer Bumping #b Metrology Bump Data
o Trace Files < SAW/BAW to Panel
C#b Flip Chip # Metrology Bump Data
<-|J:> Flip Chip * Measurement Ceramic Panel
T

Visual data (Good / Bad)

1

Final Electrical Test #2

RUDOLPH

TECHNOLOGIES
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Advanced RF Device
Digital Threading — Duplexer Example

4” SAW Wafers 8” BAW Wafer

DT B = e | N roiome i =

Final Panel (Combined)

anel
QQQQQ To T e[S oot == e =]

RUDOLPH 31
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Intelligent Visualization

settings

Filters & display

Prod_Filter

Legend

Yields by location & week

“Vield & Loss (%)

Week 30
Week 31
Week 32
Week 33
Week 34
Week 35

100%
90%
200M
g 80%
HIE
. = 3
Yield by week oo | [ E 0%
& location
60%
oM
5 2 a =] 5 50%
i 1 &1 1 1 e

SAW
HQTCF 4

Yields by product family

Yield by
product family

HQTCF 6

W Loss %)
W Totzi Count
W Vield (%)
Aggregation

Defect Bin Yield

Timeframe
Last 12 Wesks

Location

Fail count

Prod_Area
FE

Technology

[0

Prod_Family
(an

Product

(Al -
Layer
B (Al -
Equipment

[ -

Lot filter

Lot

(Al -
Lot type
- Production Lot -

Plot sorting

FailCount -

Yields by layer
100%

0%

80%

Yield by

70%

Yield & Loss (%)

layer ID
B0%.

0%

AOI_PSN AOl_nach_BCE __AOI_donuts_nach_RD AOLDQ

0K

Yields by product
am _ .
? - Yield by
EHIE product ID
wm B E
60%
oM Wi304  Wi152  W4E3  WHO94  WA099  WI305  Wi162
< >

Fail count

Yields by equipment

80%

Yield & Loss (%)

60%

[ Yield by Aol

Fail count

tool ID

Yields by lot

Yield & Loss (%)

RUDOLPH
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Yields by class & method

Yield by

ield & Loss (%)
8
2

@
2
Ed

Finger Finger Metal

www.bitsworkshop.org

Parficle

Alignment
Failure

Finger

Yield by class method
& defect class

Finger Metal Parficle

g
Fail count

g

Alignment
Failure
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Industry 4.0 Analytics Platform

Value added App Machine Builder Application Predictive
Services Development Services Support Analytics

Device Connect Data Security & Event

. . Calculation Predictive
Data Ingestion Role Detection & o -
Data Processing L= Mgmt. Notification & Engine Analytics
CONTROL LEGACY '
<
SYSTEMS AND DC Historian . “Open Architecture
NETWORKS Py Common System
Interface

10220 € "ETHERNET/IP PLUG &
PLAY NETWORKS

Closed Systems/
Proprietary Networks

IOT DEVICES, i
SMART ASSETS o

- hd ' = Advanced Soft Sensors

. " Y = temp+press/2-flow?
Sensor Intelligent Motor 3D, Robotics Smart £

Linear and PLS Regression

Networks Control Machines Support Vector Machines

RUDOLPH

TECHNOLOGIES
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Summary

» The Goal is Actionable Intelligence

* New Analytical Paradigms will be
Required

* Requirements:

* The Right Data =» Actionable,
Secure, Relevant and High Integrity

At the Right Time = Current,
Accurate and Transparent

* In the Right Format = Visible,
Predictive and Prescriptive

RUDOLFE
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Thank you!

info@rudolphtech.com
www.rudolphtech.com
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