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History

ÇмфулΩǎ 
o Lƴ ŜŀǊƭȅ улΩǎΣ ƳƻŘŜƭƛƴƎ ǿŀǎ Ƴƻǎǘƭȅ Chw¢w!b ŎƻŘŜǎ

Á¢ƻ ōŜ ŀ άƳƻŘŜƭŜǊέΣ ȅƻǳ ŀƭǎƻ ƴŜŜŘŜŘ ǘƻ ōŜ ŀ ǇǊƻƎǊŀƳƳŜǊ όƻŦ ǎƻǊǘǎύ

ÁModel development took months or years.

o Convective heat transfer 
ÁNatural convection (an 80x80 grid was big). 

ÁBoundary layer theory (Stan5).

Á.ȅ ƭŀǘŜ улΩǎ ƛƴŎǊŜŀǎŜ ŎƻƳǇǳǘŜǊ ǇƻǿŜǊ ƭŜŀŘǎ ǘƻ ōƛƎ ŀŘǾŀƴŎŜǎΦ

o Radiation heat transfer
ÁTables of view factor formula

ÁRay Tracing (slow, but capable of complex geometry).

ÁDirect Simulation Monte Carlo (DSMC) solves PVD problems.

o Radiative properties
ÁLƳǇǊƻǾƛƴƎ ƳŜǘƘƻŘǎ ƻŦ ƳŜŀǎǳǊŜƳŜƴǘ όC¢LwΣ ǎǇŜŎǘǊƻƳŜǘŜǊǎΣ Χύ 

ÁMie Scattering by small particles used better measurements and better codes

de VahlDavis (1983)
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History

ÇмффлΩǎ ό{/Ωǎ /ƻƴǘǊƻƭ 5ƛǾƛǎƛƻƴ ς1996)

o Significant increases in computing power

o 5ŜǾŜƭƻǇƳŜƴǘ ƻŦ {/Ωǎ Ǌŀȅ ǘǊŀŎŜ ŀƴŘ ƳƻŘŜƭƛƴƎ ŎŀǇŀōƛƭƛǘƛŜǎ
ÁDriven by Consulting in Semiconductor industry.

ÁNew ray trace codes allowed very fast models of conduction/radiation 
dominated problems.

ÁModels are now C-code, which makes them platform agnostic.

ÁResulting models run faster than real-time

o Transition to matrix-friendly tools (Matlab, Matrixx), the 
problem got much more user friendly.
ÁResulting models were further improved to make them even faster.

o With models faster than real-time, the feedback control 
problem is changed ςModel-based Control design.
ÁModel-based control enables more complicated control strategies.

ÁUse models to do virtual sensing, model-based estimators, etc.

Sun

Yƻƴŀ ϰ
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History

Ç нлллΩǎ Ҍ
o The models we build are good for high temperature 

conduction/radiation dominated problems. 
Á Convection handled as a boundary condition. Accurate directional radiative 

properties and semitransparent media.

o /ƘŜƳƛŎŀƭ ±ŀǇƻǊ 5ŜǇƻǎƛǘƛƻƴΣ ¢ƘŜǊƳŀƭ {ǘǊŜǎǎΣ /ƻƴǾŜŎǘƛƻƴΣ Χ ƻǳǊ 
approach had serious limits. FEM is required.

o 2006 ςSC found COMSOL! 
Á Equation-based approach appealing.

ÁMy first model: natural convection : 1983 ς1 year,  2006 ς1hr.

ÁaƻǊŜ ŎƻƳǇƭŜȄ άƳƻŘŜƭƛƴƎ ŦƻǊ ŘŜǎƛƎƴέ ƛǎ ƳŀƧƻǊ ŀŘǾŀƴǘŀƎŜΦ

Á The recent addition of surface-to-surface radiation ςvery good (accurate).

o COMSOL is a powerful tool for equipment design and evaluation.

o For fast models (100+ times faster than real-time), we use 
COMSOL to develop old-fashionedcorrelations.
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Purpose of Modeling

Fast models 
for Control 

(SC)

Detail models 
for Design 

(COMSOL)

ÅPerformance
ÅFlow 
ÅDeposition 
ÅGeometry
ÅStress
ÅCooling 
ÅΧ

ÅModel-based control
ÅVirtual sensing
ÅFeed-forward control
ÅOptimal fast ramps
ÅΧ

Wafer 
Bow/Stress

Complex 
geometry

Convective 
heat transfer
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Using COMSOL for 
άCŀǎǘ aƻŘŜƭέ ƛƴǇǳǘǎ
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Semiconductor Processing:

Rapid Thermal Processing
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Generic RTP System

A
xi

s 
o

f 
S

ym
m

e
tr

y

Wafer Guard ring

Window

Lamp1 Lamp2 Lamp3 Lamp4 Lamp5

Water-cool walls

Input
Power (5)

Sensor
Output (5)

An Axisymmetric model with 5 lamps and 5 temperature sensors

Image of actual RTP system. 
There are a few designs
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Tungsten Halogen Lamps

Total emissivity increases 
with increasing 
temperature.

Tungsten total emissivity

The lamp filaments are usually coils (helix).
Sometimes they are coils of coils, that is, a 
long coil of wire is coiled again with a larger 
radius.

Geometric effects can cause the 
άŜŦŦŜŎǘƛǾŜέ ŜƳƛǎǎƛǾƛǘȅ ǘƻ ōŜ ƭŀǊƎŜǊ 
than the emissivity of the metal 
surface itself.

D ~2-3 mm
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Closed-loop Soak

50 oC/s 

Soak

Pre-stabilization 

Initial ramp

Closed-loop control within COMSOL
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Advanced Materials:

aŜǘŀƭ hǊƎŀƴƛŎ /ƘŜƳƛŎŀƭ ±ŀǇƻǊ 5ŜǇƻǎƛǘƛƻƴ όah/±5ύ ŦƻǊ ǇǊƻŘǳŎǘƛƻƴ ƻŦ [95Ωǎ
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aƻŘŜƭ ƻŦ ±ŀƭŜƴŎŜ 9ǉǳƛǇƳŜƴǘΩǎ ah/±5 /ƘŀƳōŜǊ

Ç Chamber geometry details obtained from  U.S. Patent 8778079.

Ç Materials, if specified in patent, are indicated in figure.

gas injector 
assembly

support 
flange

arrangement for 
liquid cooling of 
curved chamber 
wall

reflector (moly)

lower flow guide

exhaust 
collection 

zone 

heat 
reflecting 
shields

heating 
element

multi-segment center rotation shaft

shaft sleeve (possibly sapphire)

alumina spacer

upper segment
of center shaft

reactor base 
plate 

reactor jar wall 

reactor jar top 
flange

wafer carrier (graphite, 
sapphire), top and bottom 
surfaces
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Temperature Distributions

Wafer carrier heated by tungsten filaments primarily by radiative heat transfer.

Ç Conduction heat transfer

Ç Surface-to-surface radiation

Ç /ƻƴǾŜŎǘƛƻƴ ǿƛǘƘ άǎǿƛǊƭέ Ŧƭƻǿ

Ç Temperature-dependent properties
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Heat Transfer Coefficient Correlation Derived from Simulations

This COMSOL result can be 
used for fast model-based 

control models


