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** Forces calculation

Hypothesis:

* Assume the wafer with contaminating particles 1s flat

The contaminating particle 1s represented by a sphere

The roughness of the particle 1s represented by some

uniformly distributed hemispherical hard asperities

The substrate possesses infinite volume

The molecule to molecule mteractions is pair wise
additive van der Waals interaction potential

 The separation between the particle and the substrate
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surface 1s less than 10 nm



* Particle to particle van der Waals mteraction potential
is defined as

_X«/m
w(r)=——C i X

X2+ 22 iz

dx X

 van der Waals interaction potential between particle and
a flat substrate 1s given by the infmitive integration

xdx
n 2

x*+z°

W(D)=-27Cp, | dz|;
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 Adhesion force for a hemispherical asperity on the
surface of a particle is obtained by differentiating W(D)
with respect to z and is given by .

(A 1s Hamaker constant) ( w
4
F = Ags |:1 4 22:| & ) N

- 6(D+€S)3D2 &, Y\ // L

D

» Adhesion force for a smooth spherical particle with
radius R 1s given by

F.(D)= AR

6(D+¢.)
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* Frictional force for a hemispherical asperity on particle
surface 1s obtained by differentiating W(D)
with respect to x and

is given by F - e, {H 22}

* 32(D+e ) D’ £

* Frictional force for a smooth spherical particle with radius

R 1s
Fo(D)= - o
32(D+¢,)
» Adhesion force for a colloidal particle with N asperities 1s
4
Fy=F, +NF, = AR 2 NA8S3 2 1+22
6(D+¢)) 6(D+¢) D &,
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* Frictional force for a colloidal particle with N asperities 1s

AR NrAg! D
L= = — | 1+2—
32(D+¢,)" 32(D+¢,)’D E

S

F.=F._+NF

SX

e Ratio of Frictional force to adhesion force for a colloidal
particle

u=F,/F,=37/16

A schematic of a flat,
smooth surface and
rough spherical
colloidal particle.
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0 Cleaning Experiment Setup and Measurements
1 Rotating S1 wafer (4” dia)
1 Fixed piece of smooth brush (3/8” dia)
7 5-hr soak in DI

1 Friction behavior measured as function of speed and load
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Schematic view
of test machine
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Stribeck Curve and Lubrication Regimes
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Friction Coefficient versus Speed (in water)
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stribeck curve (1cm)
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Adhesion
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This slide shows the
surface roughness
measurement on brush
using the TaylorSurf
Profilometer. Even
through the roughness
(Ra=6.75 um) is rather
large the surface is not
smooth at sub micron
level.
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¢ Forces applied on a colloidal particle during cleaning

 F, adhesion force between
particle and substrate (wafer)

 F, frictional force between
particle and substrate (wafer)

 F, adhesion force between
particle and brush

* Fpirictional force between particle and brush
* F,Hydrodynamic drag force

* F,, Mechanical (contact) force

iin RIPPEY" FRIRBANKS



< FEA of interaction between one particle and one

asperity on brush surface

The particle on the substrate surface 1s assumed

rigid and the soft asperity represent t!
roughness of brush surface. The mecl

he mICTro
hanical

interaction between the particle and the brush
surface 1s modeled as contact behavior in 2-D
situation. While the asperity slides through the

particle 1n steady state, contact forces are

calculated.
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s FEA mesh for contact of particle and asperity of brush

contact_1
0DE: ts3.o0db ABAQUS standard 5. 8-18 fun Feb 24 13:21:05 AST 20

-:litep: step 1 Tncremnsnt 81: step Time = i0. 00
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> FEA results for contact of particle and asperity of brush

5, Miszes
(Awe, Ccrit,: 7GR

LO00e-01
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VE0De-01
V33301
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contact_1
O0E: t=3, odb ABAQUS/Standard G, 8-1% sun Feb 24 13:21:05 AsT 20
%tep: step 1 Tncremnsnt 81: step Time = i0. 00

Primary War! 5, Mises
Deformed Wac: U Deformation Scale Factoro: +1,000e+00
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<+ Normal Force versus Displacement
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< Shear Force versus Displacement
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“* Example

A colloidal particle with radius R=0.3 pum, asperity
radius of 0.5 um and a separation distance of 0.05 pum.
The forces applied on the particle are calculated from the
above equations using Hamaker constant A=1.6*10-20 (J).

Fy=9nN

Fr=5.3nN

Fy; = 25 nN (Shear force from FEA results)
F, =2nWR(1+r*/RD)

Fp=uk,

W is thermodynamic work of adhesion, r 1s contact
radius, and D 1s separation.
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¢ Cleaning Mechanisms

 Particle removal by large adhesion and friction
forces F, and Fr.

 Particle removal by the combination of mechanical
force F,; and adhesion and frictional forces F, and Fr.

* Particle removal by mechanical force F,, alone.
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»» Conclusions:

* Frictional forces must be considered for removal force
estimates.

» Total force needed to removal a particle is a combination
of adhesion force and frictional force.

* For particle removal we must consider the mechanical
properties of the brush asperities and the adhesion
between the brush and the particle.

Y

i RIPPEY" FRIRBANKS



i

Acknowledgments

UAF's Alaska Space Grant Program Fund

President Special Projects Fund.
Alaska EPSCoR
Arctic Region Supercomputing Center (ARSC).

O O O O

RIPPEY"

IIIIIIIIIIIIIIIII



