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Potential Flow
U∞ 

@ x = 0 ; vx = U∞; for all y > 0
@ y = 0 ; vx = vy = 0; no slip condition
@ y = ∞ ; vx = U∞, vy = 0; a flat plate scenario

For Ultrapure Water, the Schmidt number, Sc ≅ 1000 >>1.

Organic polymer photoresist
Semiconductor Wafer

UPW w/ Ozone

Flow

x

y

Viscous Flow
Inertial
Effect

vx = 0

Boundary Conditions:

δδδδm δδδδc

ττττyx = - µµµµ
δδδδ
δδδδy
vx
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Mass Transfer Equations

Continuity Equation:
δδδδvx
 δδδδx

δδδδvy
 δδδδy+ =  0

Conservation of Momentum:

δδδδvx
 δδδδtρρρρ δδδδ

δδδδx
vx vy  µµµµ

δδδδ2

δδδδx2
vx δδδδ

δδδδy
vx vx

X momentum;

δδδδ2

δδδδy2
vx+ + + = dP

dx
- + + gρρρρ

Conservation of Mass:

δδδδCO3
δδδδt

+ vy
δδδδCO3
δδδδy

=  DO3/H2O
δδδδ2CO3

δδδδy2
δδδδCO3

δδδδx
vx+

δδδδ2CO3
δδδδx2 +
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These equations can be solved for the Flux of Ozone through the
boundary layer, by determining the concentration boundary layer
thickness δδδδc.  This can be determined from a scale analysis
relative to the momentum boundary layer thickness δδδδm .

Combining the equation of motion with the continuity equation;

setting η =  y(U∞ /µx)1/2 = 5

using a boundary layer velocity of vbl = 0.99 U∞

=
δδδδm
  x

5
(Re)1/2
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Combining this Equation of Motion with the Continuity
Equation, for y << δm , using the combination of variables
technique, these equations can be solved to yield;

Very near the plate.vy   ≅≅≅≅
νννν y2

δδδδm
3

 vx   ≅≅≅≅
U∞∞∞∞ y
δδδδm

δδδδ
δδδδx

vx vy
δδδδ
δδδδy

vx vx+ δδδδ2

δδδδy2
vxνννν=

For steady state conditions, w/ an incompressible fluid and a
steady stream, the x momentum equation can also be
simplified to;
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+ vy
δδδδCO3
δδδδy

=  DO3/H2O
δδδδ2CO3

δδδδy2
δδδδCO3

δδδδx
vx

The Conservation of Mass equation simplifies to;

The concentration boundary layer thickness, δδδδc, can be
estimated from a scale analysis with the momentum
boundary layer thickness, δδδδm.
This leads to;

δδδδc =
δδδδm

(Sc)1/3

δδδδc
x = 1

(Re)1/2 (Sc)1/3

Ozone Flux:       NO3   =
 DO3/H2O-

δδδδc
CO3
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Plans: Selectively form radical at wafer surface, not in bulk sol’n.
Form high pH/OH environment on wafer surface,
Apply O3/UPW at low pH with acid prefeed,
Generate radicals near organics in boundary layer.
Model mass transfer/kinetics.

Ozone/Water Chemistry
O3  +  H2O O2  +  2OH*

O3  + HO2* OH- +  2O2

OH*, HO2*,*O2
-,*O3

- ,O3  +  CHn  CHm + CO2  +  H2O

O3  + OH* O2  +  HO2*
pH controlled

Published data indicates oxidation of 10 - 25% of C bonds in PR.
Industry adds radical scavengers to suppress radical reactions.
Radicals are  superior oxidizing agents relative to ozone.
O3 will not attack C--C single bonds, radicals will.
Can the radicals be used to oxidize the PR?

High pH

O3  + OH- HO2
-  +  O2

O3  +  HO2
-
  OH* +  *O2

- + O2

O3  + *O2
-  *O3

- + O2

 *O3
- + H2O OH- + OH* + O2
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O3/UPW

O3

Exhaust

H2SO4
NH4OH

TOCpH

Analytical

Additives

TOC pH GCMS

O3 Contact Chamber
Pall Disso3lve Ozonation Module

Modified
Sievers 

800 TurboSievers 
800 Turbo

Exhaust
Single Wafer Processor

Quartz  Chamber
Portable
Aquafine

185 nm UV

Flow
Control
Valve

Ozone
Generator

O2
Bottle

Stir Bar

O3 Monitor

Experimental Setup
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Quartz Tank Reactor
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#
Broad 

UV
185 nm 

UV

2.38% 
TMAH 
Soak   

30 min

28% 
NH4OH 
Soak   

30 min

10% 
NaOH 
Soak  
1 sec

1% 
NaOH 
Soak   

30 min

10% 
H2O2 
Soak   

30 min

100% 
Acetic 
Acid  
1 sec

12% 
Acetic 
Acid   

30 min

pH     
2-3     
w/ 

H2SO4

pH    
10-11 

w/ 
NH4OH

28% 
H2O2  

1mL/min 
to 1L/min

Quiescent 
O3/UPW 

Bath

O3/UPW 
Sprayed 
Onto Dry 

Wafer

O3/UPW 
Flowing 
(1 L/min)

O3  
(mg/L)

UV-UPW-
O3 

(1L/min)
UV-H2O 
(1L/min)

Stir 
Bar

1 8.1
2 8.1
3 12.1
4 12.1 7
5 12.1 7
6 12.1 7
7 12.1 7
8 12.1 7
9 16.4 7
10 16.4 7
11 0.0
12 16.4 7

13 8.2 7
14 7
16 16.4 7
17 16.8 7
18 9.2 7
19 0.0 0
20 8.1 7

21 8.1 7
22 1.1
23 0.9
24 7
25 12.2 7
26 3.9
27 3.4
28 2.8
29 2.2 7
30 5.1
31 8.2
32 12.2
33 12.2
34 12.2
35 12.2
36 12.2
37 12.2
38 12.2
39 12.2
40 12.2

Wafer Pretreatment
UPW 

Pretreatment Treatments
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DUV PR Removal Rates
Initial Thickness vs Time

DUV PR Removal
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DUV PR Removal
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DUV PR Removal
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Spray Tank Set UP

Wafer at 45’ AngleSprayer

Water
Level

PR Bubble
Forming
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Wet Wafer
After processing

Reflective
Water

Beads up 
On PR
Coated
Areas

Bottom of PR
Removal edge.
Bubble formed
Full of Water.
Bubble open

on top

PR Removal
Area
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Wet Wafer
after processing

Side View

Water beads
on PR coated 

areas

Large PR bubble
formation
at bottom

full of water
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Dry Wafer
after processing

PR Removal
Area

Discolorization
of PR

Reflective
areas are
pockets
where PR
has lifted
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Expanded Area

Complete Removal
Of PR in this area

PR Removal
Edge PR Follicle

Lifting Off
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Experimental Setup
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Top of Wafer

Bubble location

Bubble 
location

Bubble Formation PR Oxidation
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Expanded Bubble Area

Bare
Silicon

Complete 
PR removal

PR follicles
Lifting up

PR Coated Silicon
Interface
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6711
5892 6770

44 6651
0

4488 4647 4241 6208

4917 4181 5752 5484
5921

5269 3855 5293 6641 6815 6574

5316 2908 5244 6081 6658 6585 6719

4861 3683 5655 6626 6351 6669

2944 5270 6500 6459 6363

5707 6065 6727 6270
6669

6365 6494
6711 6607

6701

Left Average = 4729 Right Average = 6365
Rate 42 15

Average = 5542
Rate 29

Wafer 6
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Broad UV, 2.38% NH4OH, O3/UPW

Broad UV
Exposure

5 days

TMAH
Exposure
30 min.

Entire Wafer
Immersed in

UPW for 60 min.
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Ozone attack on PHS
Criegee Intermediate Formation

Poly-4-Hydroxystyrene

OO OHC
H5C2O

H5C2O

.. ..
..

-
O O O..

..:
+

OH

O
O

O

Primary Ozonide

O OH

O
OO

Criegee Intermediate

C
C

H

. .

H3C C
H5C2O

H5C2O
H3C OH

C
H5C2O

H5C2O
H3C
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Ozone attack on PHS: Ketone, Anhydride, Peroxides

O OH

O
OO

Criegee Intermediate

C
C

H

. .

C
H5C2O

H5C2O
H3C

+O+OH

O OH

O

O

Ketone

C

C

H

H
. .

C
H5C2O

H5C2O
H3C

O OH

O

OH

Peroxide

C

C

H

OOH

C
H5C2O

H5C2O

H3C

O OH
O

O
C

C
O

Cyclic Anhydride
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Hydroxyl Radical Attack; Carboxylic Acid Formation

+ H*+ H+, e- (aq)

Poly-4-Hydroxystyrene

O OH

185 nm UV
H2O

O O*

O O O O

H2O
C

OH

Carboxylic Acid

C
H5C2O

H5C2O
H3C C

H5C2O

H5C2O
H3C

C
H5C2O

H5C2O
H3C C

H5C2O

H5C2O
H3C
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Control Wafer
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UPW/O3 Only
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UV Wafer Pretreatment with O3/UPW
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Acetic Acid Pretreatment, UPW/O3
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NH4OH Pretreatment, UPW/O3
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UV with H2O Only
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Future Research Plans

•   Fluoresce OH* radicals with Thiamine, measure with spectrophotometer.

•  Follow oxidation reaction with time using FTIR to track changes.

•  Coat Quartz wafers with DUV Photoresist, direct UV light thru quartz 
to underside of Photoresist.

•  Quantify bubble effect through surface image analysis.

•  Quantify oxidation via radical/ozone mechanism.
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