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Outline

 |ntroduction to Onto Innovation

* R2R control overview
— Threaded control vs. Non-threaded control

* CVD process R2R case study

— Use of data analytics to facilitate controller
design and implementation

« Conclusion
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Introducing Onto Innovation Wafer Fab Equipment (WFE)

Market Share by Revenue

Greater Scope and Scale Benefitting
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Onto Innovation Software Solutions

VISUALIZATION ' .
Interactive drill down

Configurable dashboards

MODELING

Use traditional statistics and MVA
techniques to enhance process
models

Automate yield learning I I

IMONITORING m
Focus on yield limiting defects to STeGevaD BieGEyVer
Defect ADC

decrease yield production times
Classified

Use process data to improve
analysis and tighten limits Defects

Summary
Statistics

Process
Settings

CONTROL

- Use R2R and FDC to control and
monitor process

Discover FDE Discover R2R

. . Equipment
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Run-to-Run Control

Feedforward

*Film Thickness

l

Target ;

*Target Thickness

Controller

Setting

Disturbance

L

* Time

 Feedforward Control (Open-Loop Control)
— A disturbance is measured, and the measurement is used to decide how to adjust a setting to keep output

on target

Feedback

Process I——>

— No output measurement, cannot account for unmeasured disturbances

» Feedback Control (Closed-Loop Control)
— An output is measured and the measurement is used to decide how to adjust a setting to keep output on

target

— Don’t need to know disturbances, so don’t measure them

Output
* Final Thickness
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How Run-to-Run Control Can Help

Drive processes to target

— Achieve proper film thickness, uniformity, stress, CD,
overlay

— Increase process capability (Cp&Cpk) and yield

Reduce OoC/O0S, rework, pilot & monitor runs,
— Increase tool up time
— Increase throughput and reduce cycle time

Allow tools to run longer between PM
— Increase time between replacements
— Reduce consumables

Make adjustments automatically
— Reduce engineering time
— Eliminate human error

SIMILAR CYCLE IS REP
EATED
LAY DOWN META
BETWEEN TRANSISTLOHE‘KS

PATTERNS A
REPEATEDL

NEW PHOTORES,
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Mark C. Hersam, Northwestern University

on

-
G

innovation..

o



Partitions (Threads)

Unique combinations of manufacturing context attributes, e.g., machine, product, layer, etc.

Each partition has individual control loop using data only from itself.

Proper definition of partitions separates
disturbances into different groups (partitions) so
that variability within each partition should be
much smaller than the overall variability.

Over-definition of partitions may undermine
controller performance and lead to large number
of partitions and data poverty.
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High-Mix Challenges and Solutions

10 Steppers

h |
h |

» Hard to keep low-running products updated if they require their own

partition
- Traclé time and number of wafers/runs since partition was last
tune
— Control-oriented dispatching to help ensure partition state will be
upda)ted (e.g., Anderson and Hanish, IEEE Trans. Semicond. Manuf., 200 Products
2008

— Require send-ahead/pilot if last tuning was long ago (e.g.,
Krumanocker and Yelverton, APC Conference, 2015

— Similar partitions ée.g., reticles) can be combined into a partition
group that share data with each other —

. . . . —— 20 I

— Controller flexible enough to allow partition criteria change —— Erec\,'(fuit

— Hierarchical partition definitions (e.g., Yelverton and Agrawal, SPIE,
2014; Sun, APC Conference, 2017)

if(timeSincelastTune(MP_AlignmentOffset_Prirl) <(3600*24*180)) then
(MP_AlignmentOffset_Prim1) else(

if{timeSincelastTune(MP_AlignmentOffset_Prim2)<(3600724*180)) then 2 Reticle
MP_alignmentOffset_Priml  Layer, MetToTool, Product, RefTool, Reticle (MP_AlignmentOffset_Prim2) else( per Level
MP_AlignmentDffset_Prim2 | Layer, Product, RefTool, Reticle if{timeSincelastTune(MP_AlignmentOffset CR1)<(3600°24*180)) then
MP_AlignmentOffset CR1 Layer, Product, Reticle (MP_AlignmentOffset_CR1) else( _ .
MP_AlignmentOffset CR2  Layer, Product - 80’000 InteraCtlonS
- - : if{timeSincelastTune(MP_AlignmentOffset_CR2)< (3600 24*180)) then
MP_AlignmentCffset_CR3 Customer, Layer, Process (MP_AlignmentOffset_CR2) else(

if{timeSincelastTune(MP_AlignmentOffset_CR3)< (3600 24*180)) then
(MP_AlignmentOffset_CR3) else(

innovation..
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Non-Threaded Control
e.g., Wang et al, APC Conference, 2013

* Maintain state vector X(k) with an element for each independent context

» Measured output predicted by linear combination of states based on context of run

y=[10--01--10--] X +u=Tooll +Layer2 + Product1 + u

« Share information between partitions, therefore potentially less send-ahead/pilot wafers

— Controller performance may deteriorate without frequent model update
(e.g., Zou et al, APC Conference, 2014)

* Less straightforward implementation; not for strong non-linear interaction among states
— Not practical for production use when numbers of states change

— Threaded control works as well when noise is present
(e.g., Hanish, AEC/APC Symposium, 2005)

Tooll
Tool2

Layerl
Layer?2

Product1
Product?2
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CVD Process Flow

* R2R solution introduced for all product lines with about 14 product families and 4 layers to be controlled.

Layer 1 Stack
Layer 1 Dep Thickness Layer 2 Dep Thickness
Measurement Measurement

Layer 4 Stack
Thickness Layer 4 Dep Thickness Layer 3 Dep
Measurement Measurement
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CVD Controller Design

11

* Process model

— LayerThickness = DepRate * ProcessTime

« EWMA tuner

— PredDepRate(n+1) = (1-A)*PredDepRate(n) +
A*ObservedDepRate(n)

- Strategy components
— Setting: ProcessTime

— Model parameter: DepRate
— Feedforward: PreThickness
— Constant: A, Thickness,, DefaultDepRate

— DSP: DSP_Thickness,
DSP_UsedProcessTime

— Qutput: PostThicknessan,

— Derived output: ObservedDepRate = (PostThk

UsedProcessTime

- PreThk) / UsedProcessTime

Pre-Thickness

Measurement

Post-Thickness
Measurement

Layer 1, Layer 2 e
_________ ) eeapac (

Components

@ Revision Properties
4 || Constants
g C_DefaultDepRate
7 C_DepTarget
fdl C_Lambda
4 P50 Data Sampling Plans
1 B5F DSP_Thickness (Default)
1 B5F DSP_UsedProcessTime (Default)
4 |py Derived Values
1 lpy DV_PreviousLayerThickness (Default)
= Feedforwards
4 |¥| Model Parametars
& MP_DepRate (Default)
4 | Qutputs
el LayerThickness (Default)
# | ObservedDepRate (Default)
# 4| Thickness (Default)
# 4| UsedProcessTime (Default)
4 B Settings
& 5 ProcessTime (Default)

Process Time

Layer Thickness

800 +
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Process Time
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Total R2ZR/RMS Solution

Discover R2R Recipe
Recipe Setting

* Recipes stored as templates

 Setting values supplied by R2R controller _
and inserted into recipe body at runtime Setting Name | Tag
* Reduce number of recipes to manage (e.g., ProcessTime %ProcessTime%

Echevarria and Sun, APC Conference, 2019)
ASCII Recipe Contents

<Deliv4d>None</Deliv4>
Discover R2R Controller SACS> | o
<EndStepCriteria>By Time</EndStepCriterji>
ProcessTime = 27 <MaxTime>27</MaxTime>
</Step>
</Steps>
</DepositionRedpe>

4

At runtime, the ProcessTime value is
substituted into the recipe before
downloading the recipe to the machine.
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Dep Rate Partitioning

» Separate disturbance into machine and material
— Partition machine disturbance by machine
— Partition material disturbance by product, layer, etc.

« Partition CVD controller by tool and layer at least

0. 74
0,72
a.7
.63
0. Bk
0. b4
.62

0.6

0. 74
0.7z
0.7
0.6%
0.EE
0. 64
0,62
0.6
0,58
0.56
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— Observed dep rate is stratified by layer

— Variability within each layer is much smaller than
overall variability

CyD-01 obsecved Dep Rate

A ]

1E0 2

cWD-02 obserwed Dep Rate

i P PP

s0 100 150 200 250 3

Products

-

——— Layers
per Product
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Results with Tool/Layer Partition

« Simulated 679 runs on 2 tools and 4 layers within 2 months

* Results estimated significant reduction in thickness variability which

corresponds to up to +38% increase in Cpk with optimized A

» Current thickness data is skewed too. R2R will drive it back to target

14

Machine
ChwD-m g5
USL: 62 .4 &e
Mean: B0 &0
C Awy: 533725 58
L5L: 57 6 CE

Machine
CwD-01 L
(4
J5L: 524 (1]
Mean: B0 53

C Avy: 590902 c;
LSL: 57 6

Laper 2 Thicknsss - Ho RIR
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Laper 2 Thickness - R2ZR Partitioned by Lawer

) \
AR e bbb bl il
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3 24%
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Cp = 0.816624

Cpk = 0603105
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Cpk = 0.83041
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0.3,0.1

0.5,0.2
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-
G
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Results with Tool/Layer/Product Partition

- Significant further Cpk improvement at Layer 3 & 4

 Controller performance deteriorates for Layer 1 & 2

* Process engineer raised concern about data starvation for low-running

Machine
CWD-01
CWD-02

J5L: 4160
Mear: 400

A 395,54 380

L5L: 334.0

Maching
CwWh-01
CWh-02

5L 4160
Mean: 400

C Awg: 309830 590

L5L:3584.0
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products

Laper 3 Thickness

420

- Ho RIR

410

330

Laper 3 Thickness
420

- BRZR Partitioned bp Laper & Product

410
400

380

Cp= 142152
Cpk = 12318

Cp= 176213
Cpk = 1.74226

Maching 450
440
ChD-02 430

J5L: 444 704 420
Mean: 427 & 410
g 427 745 400

L5L: 410.496
Machine 450
441
CwvD-02 420

LSL: 444 704 920
Mean: 427 & 410
CoAwn 427 367 400

L5L: 410496

Laver Cpk Optimal A
YEr' | Increase | (CvDO1, CVD02)

1

2
3
4

Layer 4 Thickness

3%
35%
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37%

- Ho RZE

0.5,0.4
0.2,0.5
0.5,0.5

0.7,0.7

Cp = 0843373
k= 0836223

[]
20 410

1] 20 100

1z0

Laper 4 Thickness - RIR Parctitioned by Laper & Product

Cp = 116705
Cpk = 115118
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ANOVA for Dep Rate in Discover Yield
* Verifies significant dep rate variability in Layer and Tool but less variability in Product

 Guides design of partition scheme and prioritizes sources of disturbances B

MP_AlignmentOffset Prim2  Layer, Product, RefTool, Reticle
MP_AlignmentOffset CR1  Layer, Product, Reticle

MP_AlignmentOffset CR2Z  Layer, Product
- MP_AlignmentOffset CR3  Customer, Layer, Process
[ <‘> '
= =

Sub-G

55 (Sub-Grouping) | df Ms 5% (Error) | df M5 55 (Total) | df

F Stat. p-value -

e Machine 0.0330 1 0.0330 0.5173 677 0.0008 0.5503 (678  43.2362

2, 7006E-11

0.9301 0.4692

T - Run Code 0.0017 4 0.0004 0. 5486 674 0.0008 0.5503 678 0.5252 0.7172
) < | [T == N T |

= ] : ‘ a T T ‘

1= | £l

Product 0.0103 13 0.0008 0.5400 665 0.0003 0.5503 678

N 4L T ‘ |

i+
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Analyzing Dep Rate Offsets by Product

ciD-01 observed Dep Rate

0.7z
. ag . . oy
 Dep rate variability in Product not significant suggests controller
0,68
. ., .
remain partitiol ed by tool/layer to C]UICkly capture trend but dep rate =
B4
. .
offset can be applled to achieve better control between pI’OdUCtS
0.E
co 100 150 200 250
Machine=CVD-01, Layer=1 Machine=C¥D-01, Layer=2 Machine=CWD-01, Layer=2
ANOVA: F Stat, = 2.5993, % Difference = 4.1847%, p-valus = 00069 ANCHA; F Stat. = 17775, % Difference = 3.1070%, p-valus = 00869 ANGVAF Stat. = 16.0467, % Difference = 2 9778%, pvalue = 1 2379643
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Modified Controller Design

18

Process model
— LayerThk = (DepRate,qyjayer + Offset

EWMA tuner

— PredDepRate(n+1) = (1-A) * PredDepRate(n) + A * (ObservedDepRate(n) — Offset)

Sample dep rate offset from YMS

tooI/Iayer/product)

MName

C_Dep
C_Dep
C_DepR
C_DepR
C_DepR
C_DepR
C_DepR
C_DepR
C_DepR
C_DepR
C_DepR
C_DepR
C_DepR
C_DepR
C_DepR
C_DepR
C_DepR
C_DepR

C_Dep

ateOffzet

ateOffset

I

RateOffset

* ProcessTime

Layer f

RateOffset =

P P2 P2

ateOffset 3

ateOffset 3

ateOffset
ateOffzet
ateOffset
ateOffset

ateDffzet

(HEF

[ ST (S T S R SN 9

ateOffset 3

VR

ateOffset 3

VR

atelffset

vEF

ateCOffset

(W

ateCffset
ateOffzet

ateOffset

RateOffset

A S O N 4

Indexing

Machine W Product W Value

0
3049 0.016

0.008

on
on

Cy 058 0,006
CA 149 0.008
C 058 0.014
C 049 0.018
CA 058 0.02

CA 2 028 -0.012

P P

(o T B T B e O s T O e O o O o O o O o Y e O s O e O o A e B
=N o ¢ Y T T YT T T TN

C ) 029 -0.006
CVD-02 3049 0.014
CvD-02 3056 0.014
CvVD-02 3058 0.006
CvD-02 3024 -0.008
[ ? 3027 -0.006
' 2 3028 -0.006
CVD-02 3049 0.006
C\ 2 058 0.012
CvVD-02 3060 0.008
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Results with Modified Control Model

- Significant further improvement for Layer 2, 3 & 4 even
comparing to partition by tool/layer/product

» Handles low-running products better

Maching 420
CvD-01
cvpgz 40
USL: 4160
Mean: 400 330
CoAwer: 303 54 380
L5L: 384.0
Machire 420
CWD-01 4110
DAL,
Mear: 400 &30
CoAwgr 399535 380
L5L: 3840
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Laper 3 Thickness - Ho RZR

Laper 3 Thickness

- B2 Partitioned by Laper

an 100 120 140

Cp= 142152
Cpk=1.2318

Cp = 20327
Cpk = 2.01228

tachine 450
440
CywDh-02 430

LIEL: 444704 420
fean: 4276 410
Lo 427 745 400
L5L: 410.436

Machirne

4E&0

ChwD-02 440

LU5L: 444704 4zp LR AW

Mearn: 427 6 420
C & 427284 440
LSL: 410496 4qp

Laver Cpk Optimal A
YEr | Increase | (cvDO1, CVD02)

1

A WD

9% 0.2,0.4
48% 0.2,0.2
56% 0.2,0.2
54% 0.2,0.2

Layer 4 Thickness - Ho RZR

wbmw—m:

[
20 41

Laper 4 Thickness

B0 a0 100

- BEZR Partitioned by Laper

120

Cp = 0.843373
k= 0836223

Cp = 131043
Cpk = 1.28623
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Frequent Offset Update Maintains Controller Performance

Simulated modified control model with new production data

Controller performance deteriorates as old products phased out and new products coming in

Obtaining new dep rate offsets by product helps maintain controller performance

YMS can periodically re-analyze offsets and update R2R model

) Laper 2 Thickness - Wo RZR l:p = 1.70967 : Metro
Machine 420 Cok = 1 B5912 CVvD-01 Tool
CVD-01 pr=1. Context .
CD-02 410 ontex /|\Deposmon Thickness
USL: 4160 400 Time \

hear: 400 3910
C Awey: 309 527 280

\ y
@ Discover R2R

L3L:3584.0
. Laver 3 Thickness - RZR Partitioned by Laner ':p = 1E|:|544 Coefficients
T e Cpk = 1.80426 requested
) 1 pr=1 at run time
CyD-02 410
JSL: 4160 400 e sl SO Tt it el ittt $@$HEEE- @ ———— ™M™ ) pmmmemmarrme e N\ b e
Meap: 400 240
C Awg: 400.01 P e————————————————————SS | A I - == = N Wl e
L5L: 384.0 50 100 150 200 250 20 Ny e g T s
Wachine Layer 2 Thickness - B2R Partitiomed by Laver l:p = 1.98215 e

CD-01 420 . Cpk = 1.97769 :
CvD-02 410

USL 4160 400 Eh
fean: 400 290 rv-'—_

C Avg: 400036
L5L: 3840 ==l

Offset
Discover calculation

Yield

Discover Yield script (scheduled periodically)

50 100 150 200 250 300
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Summary

« Traditionally, R2R controllers handle disturbances with partitions/control threads

« Data analytics can be employed to
— Guide design of partition scheme and prioritize sources of disturbances
— Improve control model with offsets within partition to achieve better control
— Re-analyze offsets periodically to help maintain controller performance

* Results from CVD process showed significant Cpk improvements

21
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