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PCM: Process control monitoring 

σ: standard deviation of a distribution 

µ: 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 µ to the nearest spec limit in units of 3σ 
(three times standard deviation) 
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“PCM Simulation” Test Bench 
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Six-Sigma Design 

n Six-Sigma is a statistical target 

n  The Six-Sigma concept is widely used in industry and business 

n Managers like to use it as a buzz word 

n Almost none of them can explain what a ÒSix-Sigma designÓ 
should be  

Set date 
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Six-Sigma 

Set date 

In literature I found 
 
“Six-Sigma criterion means to get a yield 99.9993% (99.9997% 
one side) or discard of 6.8ppm (3.4ppm one side)” 
 
without any further comment. 
 

σ-range yield [%] discard [ppm] 
1 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 
5 99,9999% 0,573 
6 100,0000% 0,002 

σ 

x*σ 

discard/2 yield 

Some calculations with Excel 
(function “normdist”) deliver 

x: σ-range 
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Six-Sigma 

Set date 

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

discard/2 

short-term long-term 

“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. 

A link is missing that leads us from a short-term statement to a 
long-term statement. 
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LSL USL 

6σ 

µ 

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. 

6σ 

Measured 
over 1 month 

Short-term data 
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LSL USL 

Measured  
over years 

Long-term data 

µ 

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 USL 

µ µU µL 
1.5σ 1.5σ 

Long-term data = superposition of short-term distributions 
with a possible mean value shift up to +-1.5σ. 

Measured 

4.5σ 4.5σ 

CPK>=1.5 is the 
required value 
for all PCM key 
parameters. 
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Six-Sigma 

Set date 

 
              criterion means to get a yield of 99.9993%.” 
 

discard/2 

long-term 

σ-range yield [%] discard [ppm] 

1 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 
5 99,9999% 0,573 
6 100,0000% 0,002 

 
“Six-Sigma 
 

short-term long-term 

 
“4.5-Sigma 
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Targets for Statistical Simulation (Monte Carlo) 

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

because 

n We want to produce a product over several years 

n We are interested in yield over a long time 

4/22/13 

termlong
targetPCM
SimMC −
−

− =σσ
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Statistical Simulation (Monte Carlo) 
Assumption 1 

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

LSL USL 

4.5σlong 

Target 

4.5σlong 

LSL USL 

µ µU µL 
1.5σ 1.5σ 

Long-term Measured 

4.5σ 4.5σ 

Estimated long-term PCM not 
Gaussian 

CPK>=1.5 
one side discard=both side 

discard<=3.4ppm 
 

Monte Carlo target distribution  
Gaussian 
CPK=1.5 

(both side discard)/2=one side 
discard=3.4ppm 
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Monte Carlo Simulation 

LSL USL 

4.5σlong 

Target 

4.5σlong 

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. 

Simulated 
PCM 

Fitting target 
for process  
variations 

σPCM_long-Target= 
(USL-LSL)/9 
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Yield prediction with Monte Carlo Simulation (for 
Gaussian distribution) 

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

σ-range yield [%] discard [ppm] 

1 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 
5 99,9999% 0,573 
6 100,0000% 0,002 range is in spec -> test passed 

3σ 

µ 

3σ 

Simulated 

USL LSL 
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Introduction, “PCM Simulation” Test Bench 
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Sensitivity Matrix 
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In general a simulated PCM parameter depends on several model  
parameters  e.g. ISAT_N_S depends on 5 model parameters. 

ii pmS 
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Sensitivity Matrix for PCM 

Sensitivites 
gl

ob
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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 0,00 0,00 0,00 0,00 

PMOS_L_K -0,76 0,14 0,62 0,74 -0,04 0,00 0,00 0,00 
PMOS_L_ISAT 0,52 -0,14 -0,61 -0,84 -0,01 0,00 0,00 0,00 
PMOS_S_ISAT 0,43 -1,33 -0,45 -0,69 -0,23 0,00 0,00 0,00 
PMOS_S_RON 0,48 -1,50 -0,57 -0,32 -0,01 0,00 0,00 0,00 
HVPMOS_VTL 0,00 -0,05 0,00 0,00 0,00 0,91 0,02 0,06 
HVPMOS_VTS -0,01 -0,08 0,00 0,00 0,00 1,15 0,00 0,00 

HVPMOS_K -0,38 0,42 0,00 0,00 0,00 0,21 0,74 0,00 
HVPMOS_ISAT 0,29 -0,27 0,00 0,00 0,00 -0,71 -0,55 0,00 
HVPMOS_RON 0,11 -0,13 0,00 0,00 0,00 -0,06 -0,25 1,07 

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

Model parameters 

P 
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Example: correlation coefficient of -0.86 

PMOS_L_ISAT [A] 

H
V
PM

O
S
_V

TS
 [

V
] 

Scatterplot 
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New Modeling Method for Monte Carlo Simulation 

)()( PCovSMCovS T =⋅⋅ !"! #$

from simulations 

from correlation analysis  
of PCM data/ 
spec limits 

to be calculated 

!   model parameter variations 
!   complete set of model parameter correlation coefficients 
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Monte Carlo Simulation 

Sensitivity 
Analysis 

Correlation 
Analysis 

Correlation 
Coefficients 

Corr(P) 
σ-Targets, Correlations 

Sensitivity  
Matrix S 

StatFit 

PCM Database / Spec Limits PCM Simulation Test Bench 

Samples  
for Psim 

model parameter 
standard deviations 

correlation 
coefficients 

StatCheck 
σ(Psim), 

Corr(Psim) 

no match 

check selection of 
model parameters 
and/or spec limits 

match 

finished 

Flow Statistical Parameter Calculation 
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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 V 1,867E-02 2,015E-02 7,97% 

PMOS_L_K A/V^2 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 V 2,333E-02 2,363E-02 1,27% 

HVPMOS_VTS V 2,000E-02 2,362E-02 18,10% 

HVPMOS_K A/V^2 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% 
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Correlations extracted from PCM measurements 

PCM 
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T_GOX 1,00 -0,39 -0,54 0,51 0,06 -0,04 -0,38 -0,39 -0,20 0,43 0,17 
PMOS_L_VTL -0,39 1,00 0,86 -0,91 -0,05 0,22 0,92 0,94 0,00 -0,64 -0,08 

PMOS_L_K -0,54 0,86 1,00 -0,98 0,08 0,30 0,77 0,82 0,01 -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 0,95 -0,09 0,00 -0,81 0,59 -0,38 
PMOS_S_RON -0,04 0,22 0,30 -0,29 0,95 1,00 0,17 0,25 -0,82 0,41 -0,35 
HVPMOS_VTL -0,38 0,92 0,77 -0,83 -0,09 0,17 1,00 0,98 0,06 -0,70 0,03 
HVPMOS_VTS -0,39 0,94 0,82 -0,86 0,00 0,25 0,98 1,00 0,00 -0,66 -0,11 

HVPMOS_K -0,20 0,00 0,01 0,00 -0,81 -0,82 0,06 0,00 1,00 -0,71 0,10 
HVPMOS_ISAT 0,43 -0,64 -0,56 0,60 0,59 0,41 -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 
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T_GOX 1,00 -0,46 -0,64 0,49 0,04 -0,12 -0,46 -0,47 -0,21 0,43 0,13 
PMOS_L_VTL -0,46 1,00 0,82 -0,91 -0,03 0,27 0,94 0,95 0,08 -0,62 -0,06 

PMOS_L_K -0,64 0,82 1,00 -0,97 0,12 0,35 0,76 0,79 0,05 -0,50 -0,35 
PMOS_L_ISAT 0,49 -0,91 -0,97 1,00 -0,08 -0,34 -0,84 -0,86 -0,04 0,54 0,27 
PMOS_S_ISAT 0,04 -0,03 0,12 -0,08 1,00 0,94 -0,05 0,02 -0,81 0,61 -0,38 
PMOS_S_RON -0,12 0,27 0,35 -0,34 0,94 1,00 0,24 0,31 -0,77 0,41 -0,34 
HVPMOS_VTL -0,46 0,94 0,76 -0,84 -0,05 0,24 1,00 0,99 0,13 -0,68 0,02 
HVPMOS_VTS -0,47 0,95 0,79 -0,86 0,02 0,31 0,99 1,00 0,07 -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 0,43 -0,62 -0,50 0,54 0,61 0,41 -0,68 -0,64 -0,81 1,00 -0,04 
HVPMOS_RON 0,13 -0,06 -0,35 0,27 -0,38 -0,34 0,02 -0,07 0,12 -0,04 1,00 
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Conclusions 

n  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 

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

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

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