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Case Study Outline
• The Problem
• The Experimental Design
• Results
• Analysis

– ANOVA
• Verification
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Reference
• Case Study is from:

– Quality Engineering using Robust Design
– Madhav

 

S. Phadke
– Prentice Hall, 1989

• Case study is in Chapter 4.



4
© Joseph J. Nahas 2012

10 Dec 2012

The Problem
• Multi‐wafer Reduce Pressure Polysilicon

 
Deposition System

1.

 

Number of Polysilicon

 

defects too large and random:
Varies from 50 to 5000 defects/cm2.
No model for defect generation.
Need to reduce number of defects.

2.

 

Variation in the thickness of the polysilicon

 

deposited on wafers.

Pump

3 Zone Furnace

D
oo

r

Gas Inlet

Pressure
Sensor

2 lots of
25 wafers
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Case Study Outline
• The Problem
• The Experimental Design
• Results
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– ANOVA
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The Experiment
• Test three wafers along with 47 dummy wafers for each 

 experiment.
– Wafers 3, 23 and 48.
– 47 wafers provided a dummy full load on the system.

• Each test wafer tested at top, middle, and bottom of wafer.
• Tests:

– Defect density (counted under a microscope)
– Polysilicon

 

thickness.
The run‐time was adjusted via engineering judgment to limit the range of
the thickness.
The thickness divided by the time gave the deposition rate.
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Experimental Parameters
• Continuous Parameters

– Deposition Temperature
– Deposition Pressure
– Nitrogen Flow Rate
– Silane

 

flow Rate
– Settling time after placement in System

• Discrete parameter.
– Cleaning Method

Baseline has no cleaning.

• How many level of each?

Two Levels – no nonlinearities Three Levels shows nonlinearities
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Experimental Parameters with 3 Levels
• Deposition Temperature

– +/‐

 

25 C from baseline Temperature
• Deposition Pressure

– +/‐

 

200 mtorr

 

from baseline Pressure
• Nitrogen Flow Rate

– ‐75 and ‐150 from baseline Flow Rate
• Silane

 

flow Rate
– ‐50 and ‐100 from baseline Flow Rate

• Settling time after placement in System
– +8 and +16 min from baseline settling time.

• Cleaning Method
Baseline did not use any cleaning.
Try two other cleaning methods, CM2 and CM3
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Taguchi L18
 

Array
• Fractional Factorial Experiment

– Advantage
Fewer runs

– Disadvantage
Not enough runs to show interactions 
between parameters.

• 18 Experimental Runs
• Up to 8 Parameters

– Note that one parameter has only 

 two levels.
• Use columns marks as A, B, C, D, E, 

 and F for the experiment.
– Except for the first column, the choice 

 is arbitrary.

NIST Tabulated Designs

http://www.itl.nist.gov/div898/software/dataplot/designs.htm
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The Experiments
• It took 9 days to conduct the 18 experiments.
• Using DoE

 
requires patience but the rewards can be worth it!
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Measures
• Defect Density

– Primary goal – too many defects causes wafer rejects
– Wide range of values from 0 to thousands of defects per cm2.

• Polysilicon
 

Thickness Uniformity
– Range of thicknesses in runs
– Need to measure how uniform the thicknesses are

On a wafer
Wafer to Wafer

– Can use time to adjust actual thickness once process is under control.
• Polysilicon

 
Deposition Rate

– Improving the defectivity

 

but significantly lengthening the process 

 time would trade one cost for another.
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• The Problem
• The Experimental Design
• Results
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– ANOVA
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Defects Results
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Defect results
• 9 results for each experiment.
• Measure: log of mean square 

 surface defects.
−10 log(sum(defects2)/9)

• Note: positive is good!
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Thickness Results
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Thickness Results
• Thickness Measure: Ratio of sample mean squared to sample 

 variance
– 10 log (m2/s2)

• Rate Measure:
– 10 log(Dep

 

Rate)
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Results Summary
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Results Summary (Reordered Notation)
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Defect Responses to Parameters
• Averaging for 6 experiments for each level.
• For T = Level 1 = T0

 

– 25 average experiments 1, 2, 3, 10, 11, 
 12.  



20
© Joseph J. Nahas 2012

10 Dec 2012

Log Defect Density vs. Parameter Level
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Thickness Variation response to Parameters
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Log Thickness Variation vs. Parameter Level
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Deposition Rate response to Parameters
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Log Deposition Rate vs. Parameter Level
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Deposition Rate vs. Parameter Level
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Case Study Outline

• The Problem
• The Experimental Design
• Results
• Analysis

– ANOVA
• Verification
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Conclusions (So far)
• Temperature

– Reduction of 25 C results in:
26 dB (‐50.1 to ‐26.2) (20X) reduction in root mean square surface defect 
count. (good)
5.3 dB (34.1 to 28.8) (2X) reduction in deposition rate. (bad)
The effect on thickness uniformity (0.2 dB) is small.

• Pressure
– Reduction of 200 ntorr

 

results in:
20 dB (‐47.4 to ‐27.5) (10X) reduction in root mean square surface defect 
count. (good)
2.8 dB (34.8 to 32.0) (37%) reduction in deposition rate. (bad)
The effect on thickness uniformity (0.9 dB improvement) is small.
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Results on Same Scale
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Conclusions (so far) (cont.)
• Nitrogen Flow Rate

– Small improvement opportunity.
• Silane

 
Flow Rate

– Small improvement opportunity.
• Settling Time

– Increase by 8 min. results in:
11 dB (‐51.5 to ‐40.5) (3.5X) improvement in root mean square surface 
defect count.

• Cleaning Method
– Adding Cleaning (either method) results in:

6.7 dB (27.0 to 33.7) (2X) improvement in thickness uniformity.
CM2 could be performed in the reactor so is easier.
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Case Study Outline

• The Problem
• The Experimental Design
• Results
• Analysis

– ANOVA
• Verification
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Analysis of Variance (ANOVA)
• A formalized statistical method for determining the 

 significance of parameters in the variation of a response.
• One Factor ANOVA: Are the results of multiple experiments 

 on one factor equivalent?
• Multi‐factor ANOVA: what is the influence of the various 

 factors on the variation in the response?
• References in NIST ESH

– 1.3.5.4
– 1.3.5.5
– 7.4.3 and subsections 1‐8
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Expansion of Variance Calculation
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Sums of Squares for Analysis of Variance
• Grand Sum of Squares

– Analogous to Total Power
• Sum of Squares due to Mean

– Analogous to DC Power
• Total Sum of Squares

– Analogous to AC Power
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Defect Density ANOVA

• Mean Square = Sum of Squares / Degrees of Freedom = Variance
• F = Mean Square / Error Mean Square = Variance Ratio

– Compare to F(α, Df

 

Parameter, Df

 

Error)
• Estimate of the Error STD= Sqrt(Mean

 

Square Error/Values at level)

* indicates parameters “in the noise” added to the error.
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Log Defect Density vs. Parameter Level

+/- 2 Sigma
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Thickness Variation ANOVA

* indicates parameters “in the noise” added to the error.
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Log Thickness Variation vs. Parameter Level

+/- 2 Sigma
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Deposition Rate ANOVA

* indicates parameters “in the noise” added to the error.
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Log Deposition Rate vs. Parameter Level

+/- 2 Sigma
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Case Study Outline
• The Problem
• The Experimental Design
• Results
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– Building a Model
• Verification
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The Defect Density Model

• Model Parameters
– ai

 

= Ai

 

–

 

μ
– bi

 

= Bi

 

–

 

μ
– etc.

• μ
 

= ‐
 

45.4

η(Ai,B j ,Ck,Dl ,Em,Fn ) = μ + ai + bj + ck + dl + em + fn + ε
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Thickness Variation Model Parameters
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Growth Rate Model Parameters



44
© Joseph J. Nahas 2012

10 Dec 2012

Case Study Outline
• The Problem
• The Experimental Design
• Results
• Analysis

– Building a Model
• Verification
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The Decision
• Temperature

– Decrease Temperature 25 C to setting 1
• Pressure

– Hold Pressure at setting 2
• Nitrogen Flow

– Hold Flow at setting 3
• Silane

 
Flow

– Hold Flow at setting 3
• Settling Time

– Increase settling time by 8 min, setting 2.
• Cleaning Method

– Add internal system cleaning method, setting 2.

• Engineering decision to decrease defects as cost of process 
 time.
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Results of Old and New Setting 
 Predictions

• Defect Improvement
– 39.1 dB (~ 90X)

• Thickness Variation Improvement
– 9.2 dB (~3X)

• Deposition Rate
– ‐

 

5.1 dB reduction (1.8 X slower)
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Actual Results
• Defect Improvement

– 600/cm2

 

to 7/cm2.
– 39.1 dB (~ 90X) Prediction
– 38.7 dB  Actual

• Thickness Variation Improvement
– 0.028 to 0.013 sigma/mean.
– 9.2 dB (~3X) Prediction
– 6.6 dB Actual

• Deposition Rate
– 60 A/min to 35 A/min.
– ‐

 

5.1 dB reduction (1.8 X slower)
– ‐

 

4.7 dB Actual
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