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The Vertical  Furnace
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Load Position vs Process Position

Elevation

Surrounding heaters and insulation 
not shown here.

Load Position Process Position



AEC/APC 2008 5
17 September 2008

Vertical Furnace Model

Full non-linear radiation and conduction model

Two radiation bands ( < 3.3 microns >= 3.3 microns )

Temperature dependent silicon properties (IR transmission and 
thermal conductivity)

Real-time wafer stack vertical position included

Fast model suitable for real-time execution
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Model-Based Control Design

Build Physical
Model

Collect Closed-loop
Data

Adjust Uncertain
Model Parameters

Adjust Controller
in Simulation

Repeat if necessary

The Design
Process

Design Controller
in Simulation

Compare Data
to Model
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Closed-loop Simulation 

Model-based 
multivariable 
feedback controller.

Sensor Temperatures

Power Commands

No overshoot in 
sensor temperature

y5 (bottom) ramps from room temperature

Sensors 1-4 are maintained at process temperature
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Baseline Wafer Uniformity, No Tuning

5 Bottom
wafers

5 Top
wafers

25 Product wafers
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Wafer Temperature Uniformity: Optimal
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Sensor Failure

What happens if a sensor fails?

o Could abort, but that might ruin a batch of wafers

o Could hold last good value of power, but that might be bad

o Use physics-based model to build a Model-based Estimator
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Sensor Failure

Simulate a failure where sensor 1 drops out at t = 2000 s
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Estimator Design - Background
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Estimator Design - Example

1
2

3

4 5



AEC/APC 2008 18
17 September 2008

Overview

Vertical Furnace Model

Closed-loop Simulation

Temperature Uniformity

Sensor Failure

Estimator Design

Failure Accommodation

Summary



AEC/APC 2008 19
17 September 2008

Failure Accommodation

Zoom in on
t = 2000 s
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Failure Accommodation

Sensor 1

Sensors 2-51
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Failure Accommodation

Actual Wafer Process Temperature

process wafers

Accommodation is very 
good for this situation. 
No change in σ.
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Summary

Developed detailed heat transfer model of furnace.
o Realistic and complex radiation properties
o Dynamic geometry (wafer stack position)
o Fast, real-time model

Developed model-based multivariable feedback controller.
o Robust regulation and tracking
o No overshoot
o Good temperature uniformity

Developed model based estimator
o Use as virtual sensor to predict unmeasured temperatures.
o Demonstrated use for sensor failure accommodation.


