Exploring JMP DOE design and
modeling functions to improve

sputtering process

Ting Cheng; Yue Cui
APPLIED
@ MATERIALS -

make possible

Applied Materials External



Agenda - Six Sigma DMAIC Black Belt Project (using JMP)

CTQ1>=0.5(!)
CTQ2 <= 0.05
CTQ3 <= 0.05
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Root cause and
capability analysis

Measurement .
system assessment

Baseline hardware v' Goal plot
— 3 tuning knobs v' Desirability
Xy, Xy, X3) function
Baseline capability v' Multivariate
analysis method |
v Monte-Carlo v Graphic analysis
simulation
Baseline model
establish
v" Augment DOE
v RSM

v Prediction profile
v' Interaction profile

« Hardware modification
— Introduce X,
* Process improvement
v Interactive graph
v" Augment DOE
v' RSM
v" Desirability function
v' Interaction profile
* Robust DOE Modeling
v GOSS
v’ Stepwise fit
v Desirability function

« Control plan and
control method

« Knowledge
transfer
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Baseline capability — Monte Carlo Simulation

CTQ1: LSL >=0.5

Histogram
LSL Density
B ---D\._rer_all
?‘—“‘ —Within
(; I I{J!1I - 02 I IO:SI - {JLil 05
Process Summary .
« Sample mean outside
LSL 0.5 ..
N 10000 spec limit, -ve Ppk
Sample Mean 0219963 e«  Baseline process
Within Sigma  0.058054

Cwverall Sigma  0.059605

result can not meet

Stability Index 1.028264 CTQ1 spec
Overall Sigma Capability
Index Estimate L r 95%
Ppk -1.564 -1.586 -1.
Ppl B -1.586 -1
Nonconformance

Expected Expected
Portion Observed %___Within 2t Qverall %
Below LSL 00,0000 90,0990 00,0000
Total Qutside 00,0000  09.99090 00,0009

CTQ2: USL <=0.05

Histogram
UsL Density
== =Cverall
;a‘ —Within
7
I-'[].I'DSI I {; 0.05 il
ProcessSummary .  gample mean ~ upper
ust 0.05 spec limit, Ppk ~ 0
M 10000

* 48% of baseline
process result did not
meet CTQ2 spec

Sample Mean 0.049091
Within Sigma 0.029074
Crverall Sigma  0.029391
Stability Index 1.010887

Overall Sigma Capability
Index Estimate Lower95% Upper95%

Ppk ) (1 0.004 .
Ppu 010 0.004 0,

Nonconformance

Expected Expected
Portion Observ ithi erall 35
Above USL 47,2000 48,7536 487
Total Qutside 47,2000 48,7536 487

CTQ3: USL <=0.05

Histogram
usL Density
= = =Cverall
F. — Within
} —1
0 0.05

Sample mean outside
spec limit, -ve Ppk
64% of baseline
process result did not
meet CTQ3 spec

Process Summary e

UsL 0.05
N 10000
Sample Mean 0.060028
Within Sigma 0.026427
Cwverall Sigma 0.026759
Stability Index 1.012573

Overall Sigma Capability
Index Estimate Lower 95% Upper95%

Ppk
Ppu
Nonconformance
Expected Expected
Portion Observed % Within % Owerall %
Abowe USL e 5o00 b4.7835 o008
Total Qutside B3.6800 04.7835 64.6085
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Baseline condition @ baseline model — design evaluation

Histogram

LSL Density
- = =Cwverall

il o

\

LB o e L i e e
0 01 02 03 04 05

Requirement

Baseline capability:

Baseline process (condition 1)
cannot meet the CTQ1 requirement
Need to determine if the hardware
has the capability to meet
requirement for CTQ1

Subject matter expert (SME)
advised shift process condition 1 to
process condition 2 based on
hypothesis #2
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Process tuning

\ Confounding Analysis:

Scatterplot Matrix * Resolution ||:X1 + X3 @ 0.4352

* Resolution IlI: low confounding risk
10

Color Map on Correlations
X2 s

X1#%2
X1*%3
X2*x3

* = =

Condition 2
Hypothesis #2\1. - . j
5 1 ® -
5 . . . Design evaluation
0 .
é 1:0 12 1|4 1IE 1|8 I {; I 5I I 1:0
X1 X2
Condition 1
Hypothesis #1

Scatterplot Analysis:

« Data collected not in orthogonal structure

« 2 step evolution design

* Widen the process range to meet spec
for CTQ1

* Weak prediction capability in white area

«  Good prediction for condition 1 & 2 Cl AFERER.
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Baseline condition @ baseline model — RSM
CTQ1 CTQ2 CTQ3 Effect Summary

Actual by Predicted Plot Actual by Predicted Plot Actual by Predicted Plot Effect Summary
0.20 0.16 .
0.5 | 014_' Source LogWorth
0’ . | . X2 1.811 . R |
- 015+ > — 0472 vt X3 7.647 | |
T 04 = 5 . — |
¥ £ = X 6.033 |
- = % < 010 . . :::
o . % 0.10- i g o] . X1*X3 3733 —F
5 03 g 7 ] X1*%2 2.640 |
0.08 . :
W 1 % ] X2*N3 2.613 |
02 " 0.05- 0.06
1 L ]
Ll
T ' T ' T ! T ' T T T T T T 0.4 — T T T T T " T T T T Q ’)
02 02 o4 03 e 0.05 0.10 0.15 0.20 004 006 008 010 012 014 016 Improved CTQ1"
CTQ1 Predicted RMSE=0.0327 R5q=0.92 CTQ2 Predicted RMSE=0.0108 RSg=0.92 T3 Predicted RMSE=0,0091 RSq=0.80 P .
. PValue=<.000 Prediction Profiler
Summary of Fit Summary of Fit Summary of Fit a
HE 0921232 RSquare 792340 RSquare 0.589565 = 0553
R Adj 1,806357 . : & [0.498,
Square Adj g RSquare Adj 0.50921 RSquare Adj 0.85469 U 0.609]
Root Mean Square Emmor 0.022657 Root Mean Square Error 0.010787 Root Mean Square Error 0.009002 '
Mean of F'ESF":"”SE 0.205383 Mean of Response 0.123657 Mean of Response 0110749
Observations (or Sum Wats) 26 Observations (or Sum Wagts) 26 Chbservations (or Sum Wats) 26
—— o 0170
] 0.20 3 8BS =19 2 n1sz,
04 A 83 015 " ___/312 g o X1 — 9|7 T es| 0189
X1 N L I SR - P B —_— -~ x U 008 =
] i - g 010~ e & E
027 - 0.05 0.04
. Hypothesis|#1 020- 0.16 . o D147
1. ypothesis 12 20 12 0123 0 = 5 & [0.131
i — 1= m 0,12 — = 12 = sl
04 - N - 015 — 0 — o 3 5 X2 = e
L X2 = I R K“::lﬁl X2 - °l % G o0s- . - " S
1 0 o U A0 2 [ 3
0.2 ’ 0.05 0.04-
| : 1 0167 . -
] 20 |Hypothesis #2 o0 I P 20
04— 20 _ 015 = T ) o \ _ 0 X3 b
1T~ 0| — ’ © g E 0104 “\‘\\_\ of 0 “ 5 Uooe ’ B -
0] T - : . 95% confid i | of
: 0.05- 0.04- 95% confidence interval o
' T T T 171 | | | | T | L q[- [ L L LA LV L L .
chupeg o o ooy SIEEiE & = & SEEET I R e CTQL1 is (49.8%~60.9%)
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Optimized solution: maximize desirabllity for (baseline model; N.A)

Trade-off for CTQs

Legend
<1 Overall Sigma, LSL Only
[= Overall Sigma, USL Only

——
Goal Plot g

2.5

ra
=]

Spec-Standardized Std Dev

=
Ln

Spec-Standardized Mean

Process condition 1->process condition 2:
« Improve CTQ1
« Compensate CTQ 2&3

| Applied Materials External

Find optimized solution via desirability function

For CTQ1:

Maximum plateau
(any value >=target is
equally preferred)

¥ Response Goal X
CTQ1
crQl Values Desirability
High: | 0.65]| 0.9819 |
Middle: || 05]] 0.0819
Low: [ 035] | 0.066 |
imporance: 15

| _OK || Cancel || Help |

For CTQ2&3:

Minimum plateau
(any value <=target is
equally preferred)

Prediction Profiler

_ 0.250
< n.227,
“ p.200]

0.068
ﬁ' [0.058,
Y 0.079

3 0.077
< [0.068,
“ 0.086]

ty

0.02407

Desirabili

¥ Response Goal X
CTQ2&3
Q2 Values Desirability
High: [ 0.08] | 0.01]
Middle: || 0.05] | 0.99]
Low: | 0.02]| 0.9
Importance: [ 1]

Lok |[ Cancel || Hep |

® 0.02 desirable
® no CTQ meet success criteria
® Hardware limitations

@
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Y, &X,

Smaller Y,: smaller CTQ2 & CTQ3

S
Correlations
somerpota
0.10-] Q2 ‘ar "
0.10 0.15 0.20 0.25 0.20 \ } 012': : o
SME decided to introduce Y, , a measurable o] )
» Reflects process intrinsic property e ' -
- Affects CTQ2 &CTQ3 SRR 1 i
- Y,>0, +ve process o] 2 B “
* Y,<0, -ve process e e
* Y,~0, neutral process = smaller CTQ2 &CTQ3 T A e A R R AR AT
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Next: add in X, impact Y,
(Hypothesis #3 & Hypothesis #4)

@
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Validate X, impact on CTQ2&3

Without X, With X,

Scatterplot Matrix

10

Simple screen of conditions for Y ,<O0:
-Ve process

X1 | x2 X3 | x4 | ya

15 12
20
10

10

H
6

16 5 1

4
2
0

12 14 16 18 0 5 10
X1 X2 Xi X2 X3 ]

Y4 (without X4) |

« X, has impact on Y, can impact CTQ
2&3

 Wide range of Y,, potential solution with
two step process

0.10 0.15 0.20 0.25 0.30

Tuning range (orthogonal)  Tuning range

« X1:13~19 « X1:13~19
« X2:0~12 « X2:0~12
« X3:0~10 « X3:0~10

| Applied Materials External ® X4 5~13 @ ﬁE‘EHEE




Analyze & improve model: design evaluation (CTQ1, 2 &3)

Prescreening Data collection Design evaluation

Scatterplot Matrix

o | -

X1 X2 X3 X4

H1*X2

X1*x4

¥
S

X2*X3

X1*X3

X1
X2
X3
X4

Irl

Prior data collection

« Validated X,

» Prescreen conditions of interest (higher
value of X,)

* Provide most Y, conditions

« X, might have interactions with other Xs

Mm 0 2 4 6 810
X3

Scatterplot Analysis: Confounding Analysis:

« Wide range (with X,) » Low confounding risk

« More data collected at » Data structure good for
conditions of interest modelling

» Not most orthogonal structure

| Applied Materials External @ ﬁARl'Elﬁ!EIE
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Analyze & improve model: model evaluation (CTQ1, 2 &3)

CTQ1

Actual by Predicted Plot
06 . >
4 -
0.5
= | -
E L]
=z 04 . .
o 1 .,
[VILES . -
L
7 .
02- ~un” "
%
-
01

L R
01 0.2 03

LU
04 05 0.6

CTQ1 Predicted RMSE=0.047 RSq=0.20

PValue=<.0000)

Summary of Fit

RSquare
RSquare Adj (LES5006
Root Mean Square Error 0.047035
Mean of Response 0.318036
Observations (or Sum Wagts) 36

13
0.5 “ T 13 13
02 — — Y| — 19| %
01 ] -
051 —Hypothesis #1, __—2| _—"1
3 2 h2 w . ol =
03— 0 [ — LS
013
E 10
05+ ~ 10
i A0 i
03] == 0| —~ - | B
E 10 —
0.1
05-: 13
39 < 49 13
ozl T 13| _—7 — 49 X4 =
Tl Tt | — -
0.1 B
T T T T T T 17T T T T TTTTTTTITTITITT T T T T T
Mmoo~ o o un o OMNTWOOMN WO o N
Hypothesis #2
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cTGQe CTQ2

G2

Q2

CT

Q2

Actual by Predicted Plot
20%—
ERES
]
<
o
o
O 10%
5%
: 1 z T T
0% 5% 10% 15% 20%
CTQ2 Predicted RMSE=0.,0218 RSq=0.85
A7) i
Summary of Fit
RSquare 0.845758
RSquare Adj thl 5405
Root Mean Square Error 0.021763
Mean of Response 0.102236

Observations (or Sum Wagts) 36
15%2 X1 _,.d::;
] —_—
5%
15% - X2
sl
15%
. xs \_—
L ‘“"/
1 =~ |nmn
B "\\\
LEEr — | — X4
7 i - —
5% o
1 EE:] EE:]
T T T T T 1T T T T T T T T T T 17T T T T T T
Mmoo~ o o ;oo SRTwmonN W ® o T

£X

X

cTQa

Q3

TQa

103

CTQ3

Actual by Predicted Plot
15%
El
"]
<
g 10%+
=
u
5%
i ’ T T ! T !
0% 5% 10% 15% 20%
CT03 Predicted RMSE=0.0196 RSg=0.85
Summary of Fit
RSquare 0E
RSquare Adj
Root Mean Square Error 0.019636
Mean of Response 0.098031
Observations (or Sum Wagts) 36
15%
10%2 X1 - —_
5% i
1 19 19
15%
1] T — x2
5%
1 0z
] Hypothesis #3
15% )
10%- e 3 S
sl —— | — -
1 00
15% I R
] - x4
10%- | -
5% ~
] 13 13
T T T T T T T T TTTTTITTTTITTTT TTTTTTT T
fe g2 ©° e orTomgn wegod

LX

44

£X

174

Effect Summary

Effect Summary
Source LogWorth
X2 7.562
K2*K4 5.074
X4 4.440
X1*X2 2.952
X1 2.800
X3 2,705
X2*K2 2.277
X2*K3 1.705
X173 1.627
K4rK4 1.569

PValue

0.00000

=
]
I !

0.00001
0.00004 ~
0.00112
0.00126 ~
0.00197
0.00328
0.01972
0.02359
0.02696

Only factor with Pvalue<0.05

included in model

Rsquare > 80%; Rsquare-
Rsqgaure Adj < 10%, Pvalue
=< .0001; adequate models
Hypothesis #1~#4 validated
with interaction profilers

Optimized solution?

Qll ARERER.



No optimized solution via desirability function, BUT
Baseline hardware (without X,)

Prediction Profiler

— 0.250
< .227,
“ p.200]

0.068
§ [0.058,
Y 0079

n 0.077
< [0.068,
Y 0.086]

ty

0.02407

Desirabili

Improved hardware (with X,)

Prediction Profiler
~ 0.401 05
O 0347,

o T35 15%
5% | 10%
10%]

5%

1
% 0.75
©0.268462| 05
g 0.25

® 0.02 desirable

® no CTQ meet success criteria

| Applied Materials External
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Desirability

© Improved desirability
® But still low (0.27)
© Al CTQ improved

@ But not all meet requirement

in one step

Y4 (with X4)

BUT

—

—

1
02 -0a 0 01

02 03 04 os PPLIED
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Potential solution: two step process

One step process Prediction Profier

@ maximized

desirability Bon N
Experiment ‘ Experiment -
Unit Unit

[
¥

0.75

abilit

£0.268462 05
[ ]

X :
X5 4= N
D& SREEE Y R R S LT
° X4 x4 2 X1 K3 Desirability
process 0rocess
condition 1 ==~ condition 2
Experiment ‘ il ‘ ?
Uni : Ml L )

mmmmmmmmmm

¢ X,2 A new model

1
1
1 « X532 9 variables in total
1 .« X, 2

| Applied Materials External « Duration (1&2)  Duration (1&2) @) APPLIED
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Two step process: strategies

Strategy 1: 9 variables with DSD modelling

B I I ;;” . .
- Bl « 25runs at least for first trial
6600 - Good orthogonal structure
P iy « RSM model (9 variables) constructed
88 8:8:8:%.. . .
High cost

40140 1101410130 1301-101101

Design i T
Run Intercept X11 X31 X41 X22 X32 X42 Duration . : i . .
: I I I : 11T « 6runs for 7 variables (super-saturated)
- - . B N'lz .3 . & 1 .
; I : §11T s _ (scr(—?-en out 2 first: X, of step 1 and X, of step 2)
N N (fE@@s&. - Twoindependent blocks for each process step
- - = - fie e BB oo AR oB

weatatatit e No interaction between factors cross blocks
« Orthogonal data structure in each block
« Main effect considered only

DSD Augment DOE

e 17 runs e +8runs  Valid without
« High cost typically interaction Low cost :
* |nteraction e Medium cost <+ Low cost May need further DOE design
added e |nteraction e One main - . -
Proceed with strateqy 2: cost savin
added effect only 9y J

| Applied Materials External @ ﬁARI'IEHEIg



Two-step process strategy: narrow down parameters

Step 1: CTQ1 > 0.5 (good for CTQ1)

X1 | x2

X4

- cra1

Y4

20

18

16

14

12

15

10

12
1
10

w
1

e T (¢ T VY R S =Y
L L1 L

14

12

10

8

[3

4

Determined range for X;, X3, X4; X, fixed
Step 2: Y,<-5% (sum net process, good for CTQ2 and CTQ3)

06

03

04

03

02

/

N\

0%

-10%

-20%

+Vve process

X1

X

X3

. X4

20

18

16

14

12

15

10

12

10

8

3

4

2

0

—
o

Determined range for X,, X3, X,; X; fixed

| Applied Materials External
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12

10

8

&

N
LA

* Known benefit process most from past learning

50%
45%
40%
35%
30%
25%
20%
15%
10%

5%

0%
-5%

-10%
-15%
20%

)

-Ve Process

@
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Modeling via stepwise after GOSS

Stepwise fit with main effect only

Fit Group
Response CTQ1
Effect Summary

Source LogWorth
X41(10.6,13) 123100
X7(0.75,085)

Summary of Fit
RSquare 0.8761
RSquare Adj

Root Mean Square Error

1.220 1 |

106
079351

0.026458

Mean of Response 0.445

Observations (or Sum Wats)
Analysis of Variance
Sum of
Source DF
Model 2 0.01485000
Ermor 3 0.00210000
C. Total 5 0.01695000

Parameter Estimates

1]

PValue
0.04666
0.04784

CTO1

Squares MeanSquare  F Ratio

0.007425 10.6071
0.000700 Prob > F

0.0436%

Term Estimate Std Error tRatio Prob>[t| VIF

Intercept
X41(10.6,13)
X7(0.75,085)

0.0375 0.011436
0.025 0.010801

04575 0.011456 2993 <0001
3.27 0.0467 1
3.24  0.0478" 1

Response CTQ2
Effect Summary

Source

LogWorth

32004 1.680 ]
X31(8,12) 1.405 [0

Summary of Fit
RSquare 0.914802
RSquare Ad] 0.858154
RootMean SquareEor  0.003848
Mean of Response 0.050667
Observations (or Sum Wyts) 6
Analysis of Variance

Sum of
Source DF

Model 2 000110275 0.000551 16.1247
Error 3 0.00010258 0.000024 Prob> F
C. Total 5 0.00120533

Parameter Estimates

Term Estimate StdError tRatio Prob> ||
Intercept  0.053625 0.002532 2118  0.0002°
X31(8.12) -0.008875 0.002532 -3.51 0.0393*
X32(0,04) 0.0106667 0.002387 447 0.0209%

PValue
0.02089
0.03924

CTQ2

Squares MeanSquare  FRatio

0.0248*

VIF
1
1

Response CTQ 3
Effect Summary
Source LogWorth
X7(0.75,085) 2,858 [
X11(13,15) 1.883 [0
X42(10.6,13) 1760 [N
Summary of Fit
RSquare 0.997501
RSquare Adj 0.993752
Root Mean Square Emor ~ 0.0008%4
Mean of Response 0.064367
Observations (or Sum Wats) 6
Analysis of Variance
Sum of
Source DF

Model 3 0.00063863
Error 2 0.000001860

8e-

-7

Squares MeanSquare  F Ratio
0.000212 266.0972

Prob > F

C. Total 5 0.00064023 0.0037*
Parameter Estimates

Term Estimate Std Error tRatio Prob>|t] VIF
Intercept 0.06325 0.000387 16331 <0001 2
X11(13,15 000335 0.000387 865 0.0131° 1
X42(10.6,13)  -0.0029 0.000387 -7.49 0.0174 1125
X7(0.75,085)  0.0104 0.000387 2685 0.0014% 1125

Optimized solution via desirability

Prediction Profiler

0.55
0.50-]
0.45

_ .48
2 [0.423,
Y 0,544

0,044
o [0.023
Y 0.058]

o D.054
O [0.050,
0.057]

cT

¥

0.966017

irabilit

Des

PValue
0.00138
0.01310
0.01737

CTQ3

| Applied Materials External

12.5-]

12

13

135

14+
14.5-

13
X11

12

15-]
11
125

15

13
X4 2

LT e

T
w
r~
=

0.25+
0

Desirability

'|_

Each CTQ has validated model (P<0.05)
Rsquare Adj. ~0.8
VIF<5

Provide with optimized solution with
desirability > 0.96 (>>0.27>>0.02)

Lock process parameter (high desirability)
Next step: OFAT change duration for steps to
find optimized

@l RERER.



Summary

= Different IMP tools involved in data analysis throughout DMAIC project

— Baseline capability analysis: Monte-Carlo simulation, Goal Plot

— Root cause analysis: Multivariate Method, Graphic Analysis

— DOE: Augment DOE, GOSS, Design Diagnostic

— Model and prediction: Fitting, Prediction Profile, Interaction Profile
— Screen condition of interest: Interactive Graph

— Decision making: Desirability Function
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