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Understanding Supply Chain Yield Dynamics

Requires Complex

Enterprise-level Supply

Chain Optimization:

Big Data
Digital Threads

Package to Tool
Correlations

Real-time Dashboards

Best in Class Yield
Analytics

Solutions Must Remove Risk from
the Electronics Supply Chain

===« Structural Failures

.4 Component Matching

=== Package Interconnection Delays

=@ Bump Coplanarity

== Device Parametric Variation

== Performance Failures

== Process Tool Failure

=== Device Contamination



New Paradigms are Required

Advanced analytics requires an approach completely
different from that of traditional empirical analysis.

Traditional empirical

analysis

What data are
available?

What information
can we learn from
these data?

What insights can
we generate with this
information?

How do we use
these insights to
\ly | make decisions?

McKinsey&Company

RUDOLPH

TECHNOLOGIES

VALUE

/
Advanced analytics

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?

Why did it
What happen?

How can we

' ?
What will make it happen?

2
happen’ { Prescriptive ]
Predictive Analytics

happened?
Diagnostic

[

Descriptive Analytics

Analytics I

Analytics

DIFFICULTY

v



Data Preparation




Data Preparation is Critical

‘ 80-20 Rule: 80% of a typical data science project is sourcing, cleaning, and preparing
the data, while the remaining 20% is actual data analysis

Data Collection Data Preparation Data Analysis

=l

.

‘ ’
Difference
o0
data
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Design Info

Parametric
Test Data
Equip Data
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hread Synchronization Engine ™

FDC Client

Select a Wafer

Predictive Analytics Client

. Select trace to
Perform Analytics .
control data size

FDC - Config. Trace
Establish sampling rate

Select Signal Define the trim

Which runs

FDC Wafer
Run

FDC Server

Stores RAW FDC
Data

Thread Synchronization Engine™
Alignment and Trim Engine

. ' , aligned data
settings alignment
server side
DB / Extract

Predictive Analytics Server

YMS Server

Stores the
Metrology Data

Potential alignment
Stats Calculations

Automate this process at the end of a wafer run

Inspection
Wafer Run
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Step Cut Data Joining...

Conventional Cut Laser Cut Conventional, Laser + Metrology
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Batch PLSR

Hoteling T2 for Visualization
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Multiple Algorithms — for Multiple Purposes




Mathematics of Predictive
Each Technique has Strengths

Dynamic
PLS - Tlm'e - Cluster
Warping
A\ [0)V/:N e —
Supervised UVA/ .MVA Un-Supervised Adaptive
PCA o Visual Pre-filter Prioritization ) BEEtich
Univariate Supervised

Validation Quantification Trees

Unsupervised Supervised

Visual TYPES OF MACHINE LEARNING Prioritization

1 Frncopel Componert: Scome Pk Sl@® i § L U T Sharnge . D
= 4 Vield Mine - ER. Spt By = | ReraL

e Edge He Flow-2Average < 34820
r

PCA - Identify Clusters Decision Trees — Prioritize Results MLR - Quantify Results
What Defect Excursions? Which Signal to Adjust? How Much to Adjust?
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Problem Statement

. Box-Whisker Chart --

a5

117: D1

o

Chamber 1
39,8445
04840

23485

117: CD1

ANOVA F Stet. = 138.3144, % Difference = 1.7904%, p-value = 00000

Chamber 2 Chamber 3
303048

01886 0 B Box-Whisker Chart -- 116: EtchRate

147 1
14718 24

Charmber

» Etch Rate is tighter in
absolute terms

 Chamber 1 still shows a
wide distribution
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13385
13387
13385
13380
13378
13377
13388 ¢
13387
13388
13357
13348
13347
13338
13337
13325
13327
13315
13317
13305

Charker 4

Chamber 1
133239
008

134
00847

CD control in chamber 1

* Does not match other
chambers

* Has a bimodal distribution

116: EtchRate

ANOVA: F Stet. =177 5780, % Difference = 0.1432%, p-value = 0.0000

Chamber 3 Chamber

133180 133180
00081 00044
155 147
00543 00238

Chamber

11



Simple Chamber Matching

& Equipment Study on 6: Chamber

65 M1 RF-Sigma3 [6: Chamber] 66: M1 RF Reflect-Sigma3 [6: Charnber]
162 :
144 ' =
124
13
08
06
04 k-
022
Chamber 1 Chamber 2 Chamber 3 Chamber 4 Chamber 1 Chamber 2 Chamber 3 Chamber 4
M 0.3480 0.6201 0.2903 05753 M 05782 15832 1133 1.6091
= Dev: 0.3933 0.5830 0.4223 05295 = Dev: 06188 0.3508 0.4969 06365
Court: 134 147 155 147 Court: 134 147 155 147
Range: 1.4138 1.5097 1.4934 15136 Range: 28747 22184 28665 26742
ANCVA: F Stat. = 446345, pvalue = 0.0000 ANCVA: F Stat. = 59,2513, pvalue = 0.0000
67: M1 Power-Sigma3 [6: Chamber] 68: Gas(1) Flow-Sigma3 [6: Chamber]
i 0164
503 0142
457 iRIE
40+ 01 T
357 0.08- :
302 0.06- o
252 0043 ¥
20- 0.0z j_
Chamber 1 Chamber 2 Chamber 3 Chamber 4 Chamber 1 Chamber 2 Chamber 3 Chamber 4
M 30,4327 286305 327424 251334 M 0.0096 0.0496 01438 0.0000
= Dev: 24151 26226 3.8694 24760 = Dev: 00188 0.0255 0.0085 0.0000
Caurt: 134 147 185 147 Caurt: 134 147 185 147
Range: 13.2550 19.6111 255243 11.9357 Range: 0.0700 01059 0.0455 0.0000
ANCVA: F Stat. = 18687154, pvalye = 0.0000 ANCVA: F Stat. = 2467 3637, pvalue = 0.0000

al2falafsle]7 [8]a]10]11]12]13]14] 16]

59 variables do not match
F-test values are very significant
Need a better method
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Chamber Match using PCA

% Principal Components Score Plot EI@
% fiz: | Component 1 - " hwis. | Component 2 - Marks: | Hone - Sub-Groups Chamber [#E] - ﬂ

@ Chamber=Chamber 1
4+ Chamber=Chamber 2
@ Chamber=Chamber 3
@ Chamber=Chamber 4
= Chamber=[Missing]

Component 2
R A - T R T S L R~ )
P (O L S P I VI S ST ST A

Component 1
Ellipse; Hotelling T2 (0.95)

« Hoteling's T2 Graph shows 60% of all chamber variation in 2 dimensional graph
» Circle is “3 sigma”
« Sometimes 3 sigma is not good enough

* What is driving the difference?
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Etch Rate
M2 Temp Mean is the
most important variable.
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© Chamber=Chamber 3
© Chamber=Chamber 4

13375

1337~

133657
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13355
1335

13345

1334
= 13335

ae;
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1333

13325

13322
133152
13312
13.305-
1337

13295

0.1

59.94

59.92

5986

sa78 598 982 5984

5976

5974

6004

6002

5998
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5988

5972

sa7

60.08

60.06

&0

59.96

5958

M2 Temp-Mean

« Etch Rate is stratified by M2

Temp Mean and chamber.

* Second variable needed to
explain stratification.
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Two Way Interaction

- Etch Rate

& Yield Mine -- Yield Mine of ER; Split By 13.3122; GasA Flow-Mean 5core = 0.98360

GasA Flow-Mean < 54818

M2 Temp-Mean < 38.8332

EtchRate = 133204 N !
ER: Split By 13,3122 = >=13.3122 e 3|°
(00.6%, N=272)
EtchRate = 133331
ER; Split By 133122 =>=133122
(100.0%, N=50)

T Rlgt ary
Rotatior: 345°. Elevation: 314"
EtchRate = 133108
ER; Split By 133122 =>=133122
(100.0%, N=32)

GasA Flow and
M2 Temp Mean
Impact Etch Rate
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Step Duration-StenVahia < AAN0 3473
A ¥-Y-Z Chart - M2 Temp-Mean vs, EtchRate v, Gasé Flow-Mean

=5 IR 5

Decision Tree also chooses
M2 Temp Mean, but GasA
Flow is more important.

=3 e |

H-Y-F Chart

31
54 GashFlow-ean
)

o
2 Temp Hleanaor




Critical Variables to FDC Sensors

= | PCA/PLS Model
* Visual display of raw matching

; fﬁ‘h | Contribution plot
: ||||T[|TTT|| T S e « ldentify top variables

== Correlation Plot
s * How much do | need to move it?
\\ « How much does it explain?
& Vel ne (S
—— Yield Mine
‘ ‘ * Ranked variables by...
...a second model

How can we identify
top parameters for

== | MLR Plot
* How much

\\ variation is

T~ explained?

RUDOLPH

TECHNOLOGIES




ﬁ_ (5110 anmpdalg-uonen g dals

E ~(r L) snmpdais-faw ) 4] oD
S(E11e) snmpdalslawn | Ju] spiausg Jy
Flz 1) srmadeis-fawl) dul swnL uo Y
“(LLLE) anepadars-law L 44 ¥SPOD IS
” (4 1#) anpepdais-fawn) ) Bury snoo 4 ebueyd
~(B0 1) snmpdais-(aw | 4] spouioe 3

- (201#) dn sBueys

~(01) snmpdeis-(aw | 4y Buves ) mqweyd
(201#) srmpdars-aw ) 4u] Bunes D swsed
~(c01#) cowdis-ssad S99

(Z01#) cewdis-ssalg S99 JRURD

~(00 1) gewdis-( Lwxr dw)

(g6 £RwBis-( L0y dw)

~(262) Eowbis-(ziier duy

” (168) eowbis-(ZW)y dwi

~(96#) powbs-(LWs0d 2D

~lge#) cewls-(Ldsod 12

(vEa) cewbs-(Z)s0d 2o

- (e6d) ERWBiS-(ZI0S0d 1D

~(ZE#) EvWES-UOESOd Ddv

” (15#) eowbis-paunD yonyd

-(D6#) pewds-abeyos yonud

~(202) cewBiSol  TER D

~(t0#) cowBiS-s581d iR

(zog) cowbis-dway LW

~(se#) cowbis-dwa | I

-(pes) cowlis-dway Zw

~(128) cowlisod (plses

” (Bag) cewbiswol (Z)zed

~(292) eowBis w04 ()50

(1a¢) cowbis-sawod LW

~(902) EPwWES-Iaay 4 LW

~(50#) cowls- 4y LW

- (pag) cewbis-apsy 448 2N

-(eou) cowbis- 44 TH

“(zag) cewbis-amssaly Jaquey

- (B5#) UBaK-5591d 59O

” (25#) USI-332Ud SRO JIWID

-(9ga) uep-{ L)X dw)

~(55e) uespe L)y dw)

Plot

Ibution

X Parameters

Contr

(p5a) ueap-(Zp0xr duw

c(Es#) RS H-(ZIDY “dw)

~(zs#) uear-(LIN)sod 20

~(1g#) s LI)SOd 1D

~(0G#) UeIW-(ZN)S04 20

~(Bre) uespe(zi)s0d 1D

(Lp#) UBa-UES0d Ddv

= (abe) Ueap-paLIND Yoy
“(5rE) usap-aBenos, oD
-(EF#) UBIWH0| 4 WERD

~(Zr#) UBBpEsald WERS SRS
: (1) uesp-s5814 wee D

(ope) ueap-dway iy

“(ee) ueap-dwa | Mp

(2£8) wesp-dwal ZW

ty Data

(zzg) wespwaold (seg
”:NS URS-saod LI

”HR& USSR Y LN

- (5 1#) USSI- 44 LW

~(2 ) USRSy Y TN
(L) uesp 4y ZH

(21#) Uesp-2uN33a. 4 JaqUIEY D

Top 4 variables control 80% of variation in CD and EtchRate

No Qual

A Principal Components Contribution Plot

»
o
=
&)
o]
~
o]
=
=
S}
LN
=

E52883885°58838388%
o oo o 0 o o0 o

« Without Quality Data tool matching may be expensive

BREA UOINGUILOD

-
A
—
o,
s
s




WG e
7

ST




Intelligent Analysis Engines

Control

DATA STREAMS
Wafer-centric Tool-centric

Metrology Process

E-Test Tools Defect Tools
Tools Tools

Big Data

Platform
DATA WAREHOUSE

/ Comparator _
,'/ H Advisory
' { Out Tool
Analyt!cs i Predictor )
runs in i Models H
background Database

Advisory

Learner
constantly
In Tool

ADVANCED ANALYTICS ENGINE

~ -
S~ D
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Data Democracy

‘I I ; .- /
Discover Review TrueADC
Equipment A )
| ™ [—
Process WORKS |I||]||m"_m_ I - |
Step 1 Step 2 Step 3
Any Supported Create/Select chart Combined to create powerful
Product... Element... interactive visualizations !

Easy web based drill down visualizations for the CEOs to Operators




Driving Equipment Productivity




lon Beam — Water Leak

Case Study: Predicting Unscheduled Downtime

Field Case Study — Start of Run Pressure

15% Reduction in

Maintenance Costs

1.00E-03

1.00E-03

Old Diagnostic Process

« Manually Pull logs — FSE Travel Costs
* Manipulate, Align and Filter data — Man Days

July 20 July 22 July 24
1.00E-04 4&*‘_’ """ - 1.006-04 f"‘: 1.008-04 s e
!.' ¥ 3
1.00E-05 3 1.00€-05 :: 3 1.00E-05 k
1
' '7@
e

« Offline analysis at HQ — Man Days

1.00E-06

* Unscheduled Equipment downtime
» Scrap Potential

1.00E-07

5 days to root cause identification

Ao ¥ ot

Pt~

Rudolph Monitoring

* Run Pressure is being constantly monitored
Critical timing after wafer clamp, before Gas flow starts
Model detects upward slope and alarms

« Automation automatically Notified

» Dashboards displays error state
* Equipment team know exactly what the issue is to resolve
Standard procedures now at customers site

RUDOLPH
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Prevented unscheduled downtime




lon Beam Optics
Case Study: Optics PM Prediction (Chriss el al, APC Conference, 2016)

Optical
Lens d>

» Higher Equipment uptime

. Poor intensity results . . e .
<= | poor Endpoint PM Quality Verification
<=im> __— Metrology * Ability to predict PM need

« MTBF iImprovements
I
Pre - PM Post — PM
Low intensity High intensity
Un- Stable Metrology Stable Metrology
: \ Good PM Window
. A
* ®
\
Sep 24 Sep 20 Oct4 Oct9 Oct 14 Oct 19 Oct 24 Oct29 Nov3 Nov 8 Nov 13 Nov 18 Nov 23 Nov 28 Dec 3
AU StartTime [2015)
Trace Data ) g ) g

Healthy PM... More frequent PM’s needed
Lowers MTBF
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Summary

* The Goal is Actionable Intelligence.
* New Analytical Paradigms will be Required.
* Intelligent Digital Threading™ is Essential.

» Across the Enterprise

* Deep into the Process

* Visible, Relevant, Secure, High-integrity Data is a Must.
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