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. L. infineon
Basics of Statistics Qe iliee
PCM: Process control monitoring

o: standard deviation of a distribution
M: mean value of a distribution
LSL and USL: lower and upper spec limit

CPK: (process capability index) The value is the distance from
the mean value p to the nearest spec limit in units of 30
(three times standard deviation)

LSL H USL

] CPK = min(

AU

Copyright © Infineon Technologies 2008. All rights reserved. Page 4

USL —p p—-LSL
36 3o




“"PCM Simulation” Test Bench
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Six-Sigma Design (nfineon

M Six-Sigma is a statistical target
B The Six-Sigma concept is widely used in industry and business
B Managers like to use it as a buzz word

B Almost none of them can explain what a OSix-Sigma designO
should be
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Six-Sigma Qatineon

In literature I found
“Six-Sigma criterion mesa o-get a yield 99.9993% (99.9997%
one side) or discard(of 6.8ppm (3"4ppm one side)”

without any further comment.

Some calculations with Excel
x*g (function "normdist”) deliver

N yield [%] | discard [ppm]

68,2689%  317310,508
2 95,4500%  45500,264
. 3 99,7300%  2699,796
4 99,9937% 63,342
4,5 99,9993% 6,795

_Q ) 5 99,9999% 0 A
6 0
Y o-range 100,0000
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Six-Sigma Ctineon

“Six-Sigma” was invented by Motorola in the 1980s when they had
some issues with quality. The standard deviation “"Sigma” was
related to short-term data.

“Six-Sigma criterion means to get a yield of 99.9993%."

short-term long-term

A link is missing that leads us from a short-term statement to a
long-term statement.
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Short-term data (Infineon.

LSL USL

PP P> > > P P> P> > >

Measured
over 1 month

An example for short-term data is PCM data in a monthly report.
If PCM spec limits are defined like in the figure, a PCM structure
is a Six-Sigma-Design by construction.
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Long-term data (Infineon

LSL USL

—

ilr
Measured
over years 1

An example for long-term data is product data collected over a
long time during manufacturing in order to determine the yield of
a product. Yield which we want to predict is always related to

long-term.
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The link from short-term to long-term data

LSL

4.50
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L M Mu
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P P P P €
Measured 1

d

(infineon

CPK>=1.5is the
required value
for all PCM key

parameters.

.

\ 4

Long-term data = superposition of short-term distributions
with a possible mean value shift up to +-1.50.
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Six-Sigma Qatineon

"4ix-Sigma criterion means to get a yield of 99.9993%."

yield [%] | discard [ppm]

68,2689%  317310,508
95,4500%  45500,264
99,7300%  2699,796

w N -

99,9993%
99,9999% 0,57
6 100,0000% 0,002
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Targets for Statistical Simulation (Monte Carlo) (afineon

Process variations in simulation models have to be long-term,

because

B We want to produce a product over several years

B We are interested in yield over a long time

O,PCM—target - O
MC-Sim — “long—term
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Statistical Simulation (Monte Carlo) (Infineon.

Assumption 1
A symmetric Gaussian distribution with CPK=1.5 is a good
approximation for long term PCM data.

ML H Hu

1.50 . 1.50 Target
LSL > USL LSL usL
4.50 [ 4.50 4.50,,, 4.50,0n
> > > >4 W L 14—»4—»4—»4 > > > —> > <
"JV L —I r ‘
ong-term Measure
I_r-l LU0 DRI g ey I / )
Estimated long-term PCM not Monte Carlo target distribution
Gaussian Gaussian
CPK>=1.5 CPK=1.5
one side discard=both side (both side discard)/2=one side

discard<=3.4ppm discard=3.4ppm
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Monte Carlo Simulation

LSL

4. 50|Om_1J

—p P ¢ ¢ {1 ¢

Target

USL

4.50Iong

1

Simulated
PCM

—p P P ¢

(infineon

Fitting target
for process
variations

C)-PCM_Iong—Ta rget=
(USL-LSL)/9

Assumption 2
If a statistical simulation (Monte Carlo) matches a CPK=1.5 PCM
distribution for all PCM key parameters, then the process variation
parameters are also good for product simulation of long-term
statistic.
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Yield prediction with Monte Carlo Simulation (for _.—
Gaussian distribution) (Infineon.

What a yield do I need to predict? (e.g. 99,73% corresponds to a
range of +-3 o)

LSL USL

yield [%] |discard [ppm]

30 30
—> —> PldPHle—> —>

|_|_|— Simulated
1. 1 1 1.1 11

range is in spec -> test passed

68,2689% 317310,508
95,4500% 45500,264
99,7300% 2699,796
99,9937% 63,342

5 99,9993% 6,795

99,9999% 0,573
100,0000% 0,002

o als » N -
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Introduction, "PCM Simulation” Test Bench (afineon
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Sensitivity Matrix

Giineoy

In general a simulated PCM parameter depends on several model

parameters e.g. ISAT_N_S depends on 5 model parameters.
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Sensitivity Matrix for PCM

207

W=0e0O39=9T

Model parameters

(infineon

All dependencies of PCM parameters on model parameters are included
in the sensitivity matrix S (normalized here)

o o o o o = o 5
223l d g g3
Sensitivites S = % §| =3 > Zl 2
= ) o o 2 = E’
T_GOX 1,01 0,00 0,00 0,00 0,00 0,00 0,00 0,00
PMOS_L_VTL 0,02 0,00 | 0,00 1,07 000 | 000 000 0,00
PMOS_L_K 0,76 9 0,14 0,62 0,74  -0,04 | 0,00 0,00 0,00
PMOS_L_ISAT 052 | -014 | -0,61 PM,QS 001 | 0,00 0,00 0,00
PMOS_S_ISAT 043 @-133 | -045 -069 -023 [ 000 000 0,00
PMOS_S_RON 048 |p-150 | -057 -032 -001 | 000 000 000
HVPMOS_VTL 0,00 a-o,os 000 000 000 | 091 002 0,06
HVPMOS VTS _ )
rvemos K| oss D os | oo oo o0 | oot T%EMOR,
HVPMOS_ISAT 029 -027 | 000 000 000 | -0,74 -055 0,00
HVPMOS_RON 011 -0,13 | 000 000 000 | -006 -025 1,07
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Example: correlation coefficient of -0.86 Cinfineon

Scatterplot
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New Modeling Method for Monte Carlo Simulation Cinfineon

from correlation analysis

| | of PCM data/
from simulations spec limits

' 4 v !
S - goy({w) -S" = Cov(P)
]

to be calculated

Il model parameter variations
I complete set of model parameter correlation coefficients
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Flow Statistical Parameter Calculation

PCM Simulation Test Bench
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Standard Deviations of PCM Parameters

Parameter Name Unit (USL-LSL)/9 | Simulated | Deviation
T GOX nm 4,444E-01 | 4,517E-01| 1,64%
PMOS L VTL \% 1,867E-02 |2,015E-02| 7,97%
PMOS L K A2 2,211E-07 | 2,102E-07 | -4,94%
PMOS L _ISAT A 1,544E-06 | 1,634E-06 | 5,79%
PMOS S ISAT A 1,778E-05 | 1,792E-05| 0,78%
PMOS S RON Ohm 3,556E+01 |3,681E+01| 3,54%
HVPMOS_VTL \% 2,333E-02 | 2,363E-02| 1,27%
HVPMOS_VTS \% 2,000E-02 |2,362E-02 | 18,10%
HVPMOS_K A2 4,500E-06 | 4,396E-06| -2,30%
HVPMOS_ISAT A 6,667E-06 |6,271E-06 | -5,93%
HVPMOS_RON Ohm 2,000E+02 |2,081E+02| 4,03%

Copyright © Infineon Technologies 2008. All rights reserved.

(infineon

Page 26



Correlations extracted from PCM measurements (infineon

- = = Z = s 2 =

E | E | ¥ | <
S 3188155 o | = 2
PCM o |l | A2 2|l o|ls|8 |8
I | o» e %) n %) p = a > >
— O S O O O o o > o o
S| & | S| |2 |>|=2|zz!|5 |5
o o o o T I I I
T_GOX 1,00 -039 -054 051 0,06 -0,04 -0,38 -0,39 -020 043 0,17
PMOS_L_VTL -0,39 1,00 0,86 -091 -0,05 022 092 094 000 -0,64 -0,08
PMOS_L_K -0,54 0,86 1,00 -098 008 030 0,77 082 001 -0,56 -0,34
PMOS_L_ISAT 0,51 -0,91 -0,98 1,00 -0,05 -0,29 -0,83 -0,86 0,00 0,60 0,29
PMOS_S_ISAT 0,06 -0,05 0,08 -0,05 1,00 095 -0,09 000 -0,81 059 -0,38
PMOS_S_RON -0,04 0,22 0530 -029 095 100 0,17 0,25 -0,82 041 -0,35
HVPMOS_VTL | 038 092 0,77 -083 -009 017 1,00 098 006 -0,70 0,03
HVPMOS_VTS | 939 094 082 -0,86 000 025 098 1,00 0,00 -0,66 -0,11
HVPMOS_K -0,20 0,00 001 0,00 -0,81 -0,82 0,06 0,00 1,00 -0,71 0,10
HVPMOS_ISAT | 0,43 -064 -056 060 059 041 -0,70 -0,66 -0,71 1,00 0,00
HVPMOS_RON 0,17 -0,08 -0,34 0,29 -0,38 -0,35 0,03 -0,11 0,10 0,00 1,00
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Simulated PCM Correlations

i E e |z |2 | @ 2 | 2

F | E <
S 1% a 8|85 5|5 28
C>§ I R T IR AR R o' | @ | S 0 | v
PCM O | 4|8 SR S RN g g b= o o
— O S O ®) ©) o o % E E
= o > = = > > I > >
o o o o I I I I
T_GOX 1,00 -046 -0,64 049 0,04 -0,12 -046 -0,47 -021 043 0,13
PMOS_L_VTL | 046 1,00 082 -091 -003 027 094 095 0,08 -0,62 -0,06
PMOS_L_K -0,64 082 1,00 -097 012 0,35 076 0,79 0,05 -0,50 -0,35
PMOS_L_ISAT 049 -091 -0,97 1,00 -0,08 -0,34 -0,84 -0,86 -0,04 054 0,27
PMOS_S_ISAT 0,04 -003 0,12 -0,08 1,00 0,94 -0,05 0,02 -0,81 0,61 -0,38
PMOS_S RON | 912 027 035 -0,34 094 100 024 031 -0,77 041 -0,34
HVPMOS_VTL | 046 094 0,76 -0,84 -0,05 024 1,00 099 013 -0,68 0,02
HVPMOS_ VTS | 047 095 079 -0,86 002 031 099 1,00 007 -0,64 -0,07
HVPMOS_K -0,21 0,08 0,05 -0,04 -0,81 -0,77 0,13 0,07 1,00 -0,81 0,12
HVPMOS_ISAT | 043 -062 -050 054 061 041 -0,68 -0,64 -0,81 1,00 -0,04
HVPMOS_RON | 013 006 -035 027 -0,38 -0,34 0,02 -007 0,12 -0,04 1,00
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Conclusions (infineon

B Target distributions for statistical process variations are
derived from PCM spec limits in order to fulfill the fab
process capability criterion of CPK>=1.5

B Target distributions for Monte Carlo are determined to be
long-term, O74get=(USL-LSL)/9

W Statistical Model Parameters are determined by solving the
complete covariance matrix equation (=backward
propagation of variances)

B Targets for PCM standard deviations and PCM correlations
can be reproduced accurately by Monte Carlo simulation
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