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Importance of Adhesion
In the Semiconductor Industry
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Forces In Particle Adhesion
Comparison of Adhesion Forces

Order of Magnitude Change in
Interaction due to:

Magnitude| Range
Interaction Force | (kJ/mol) (nm) Presence [Geometry |Roughness |Deformation
Chemical Bonds | 100--1000| 0.1--0.2 | Ocasionally 1--2 1--2 1--3
Always
van der Waals 10--100 | 0.4-->100 Present 1--3 1--2 1--2
Electrostatic (non In Air or
double layer) 0.1--10 0.4--20 Vacuum 0--1 0--1 0--1
Electrostatic In Electrolyte
(double layer) 1--20 2--100 Solutions 0--2 0--2 0--2
Between
Hydrophobic 10--100 0.4-75 | Hydrophobic 1--3 1--2 1--2

How Factors Affect Force

geometry

roughness

deformation

contact area

separation distance
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Adhesion Forces Considered
van der Waals
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Current Adhesion Models
Electrostatic

Poisson-Boltzmann Equations

van der Waals

Point-by-point additivity
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Frequency

Importance of More Realistic Models
Distribution of Adhesion Forces

Predicted Adhesion Force(s)
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Importance of More Realistic Models |l
Relative Contribution of Each Force

Ideal Real

Electrostatic
Interactions
Contribute more to
Adhesion Force

- EDL dominates

—  vd\W dominates

Interactions between a PSL Particle and Silicon Dioxide Surface
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Experimental Approach Overview

|dentify key properties that control Model to predict || Model validation: compare with
adhesion and quantify their effects interaction force experimental measurement
A |
Nanoindentation AFM: SEM:
Df((e):;r:ea;:on Roughness Contact area vdW model* AFM measurements
profile roughness, contact area, vdW Hamaker Constants
deformation / |
s el ougneos, contact <y AFM measurements
?\bljgd nle °S - g T Electrostatic and vdW
odels area, deformation

| Pl |

Surface Potentials  Particle Geometry

_=_ Increase in Salt
¢ Mc’entration

v

vdW + EDL model
real roughness,

AFM measurements

i Electrostatic and vdW

—>

pH N\ geometry, deformation
v v I
Future Work vdW + EDL model

AFM measurements

Other Factors

TK. Cooper, A. Gupta, and S. Beaudoin, J. Colloid and Interface Sci. 234 (2001) 284.

+ Other Interactions Other Systems
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Experimental Measurements
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van der Waals Adhesion Model

Mathematical Surface

TR
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SEM AFM
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van der Waals Adhesion Model
Determination of Hamaker Constants, A,,;

Provides

» Further validation of the vdW adhesion model
* An intrinsic measure of the forces important in thin film adhesion

Model Parameters Isolate Intrinsic Adhesion Validation

UHV AFM

Contact Area van der Waals Model:

.%

Integrate vdW Force
over Surfaces

AFM
Measurements
l * AFM Measurements of A,
Deformation * QOut of contact

* Theoretical
Hamaker <4—) |- Literature Values
Constant
For Systems of PTFE, Cu,
force/depth profile Ag, TiN, SiO,, Parylene

Load (mN)




Hamaker Constants

Comparison of Experimental and Literature Hamaker Constants

|
Parylene I
uv g Range of Literature
Values
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Hamaker Constant (J x 10-20)

* Good agreement for surfaces with small asperities: Ag, Cu, SiO,
* Poorer agreement for surfaces with large asperities: Parylene, PTFE, TiN

(Roughness generated with hemispherical asperities) 12/34



Surface Roughness Models

Identify key properties that control
adhesion and quantify their effects

interaction force

A

Model to predict |,

Model validation: compare with
experimental measurement

AFM measurements
vdW Hamaker Constants

/ |

Y v
Roughness — real roughness, contact g
HoeEE area, deformation
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v ¢ /
; ' |
> <>
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Limitations of vdW Model

Hemispherical Asperity Surface Roughness

Measured parameters (constraints) . Horizontal Cross Section
= Heights of asperities, h
= Standard deviation of asperity height

» Fractional surface coverage by the
asperities

1004

a0+ h
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Hemispherical asperities placed on surface until constraints are
met

AFM scan of actual Cu surface Hemispherical asperities model of Cu surface
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Measured parameters
= Distribution of asperity heights must

Limitations of vdW Model I

Hemispherical Asperity Restrictions

be normal

= Parameters don’t vary with AFM scan

size

» Individual asperities present
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New Surface Roughness Models

Provides

« Ability to generate rough complex surfaces
» More accurate surface models
» More accurate adhesion model predictions

Combination of Ideal Shapes Summation of Sine Waves

— mmaameny

AFM —» Surface Roughness =% Model —» Predictions made with

Scans Model Roughness Model
Surface Map Surface Map Force Predictions
Fourier Surfaces Fourier Force Predictions
Fractal Surfaces Fractal Force Predictions
Hemispherical Surfaces Hemispherical Force Predictions

&

Comparison with AFM
measurements
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Hemispherical Asperity Model
Smooth Copper Surface

Direct Surface Map AFM Scan Model Surfaces
Section of AFM Scan
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10 nm

Histogram Comparing Predicted Adhesion Forces
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Hemispherical Asperity Model
Rough Copper Surface

AFM Scan Model Surface

100 nm

Histogram Comparing Predicted Adhesion Forces
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Model Surfaces Generated with Fractals
Model Surface

100 nm

Frequency (% of 100)

Weierstrass-Mandelbrot equation
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Model Surfaces Generated with Fourier Transform

Histogram Comparing Predicted Adhesion Forces
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Experimental Hamaker Constants (J)

Improvement in vdW Model Hamaker Constants with

New Surface Roughness Models
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Difference Between

Predictions (nN)
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Limitations on Hemispherical Asperity Model
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Electrostatic Interactions

Identify key properties that control
adhesion and quantify their effects

Model validation: compare with
experimental measurement

Model to predict
interaction force

A

| al |
v v

New vdW model
— real roughness, contact | g

area, deformation

AFM measurements
Electrostatic and vdW

| Pl |

Surface Potentials

Increase in Salt
4 Mc’entration P
N

Particle Geometry

v

vdW + EDL model AFM measurements

—> real roughness, <>
2 : Electrostatic and vdW
geometry, deformation
I
v v |
> <>
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Electrostatic Adhesion Model

Mathematical Surface
Maps

ot
5 b
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Topographic Data
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Applied Load
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‘ Removal Force Statistics \ 4 AFM force measurements
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Calculation of Electrostatic Forces in Adhesion Model

1.) Find v, q p

Reduce equation to a system of algebraic equations

Viw=xy Ww=y,onl, ¢q,=0u,/dnonT,

Residuals

Weighted Wy =010 +%0,+... g—¢,#0 onT, W, = Iw*qodr_jq*%dr v
W= ,Blwl +,32W2 +...¥v-v,#0 onI, cWo, =Il/l*q0dF—Iq*%dF g=Vy n,

Apply to Discretized
Boundary

o1

] ; N
g ; dr_:*t « " 1 N .
/fé I O Vi :;(medr‘ij%i _;l J.l-[q lWOi El//o,-:;(jnl//dr,)q

0i _ZNI: J}_ q* )//Oi

2.) Calculate force

Solve with quadrature

System of linear algebraic equations, solve for y or q

Solve for p

F o’ ‘ .
Area 2¢,e, +kTZ(Ci (0)_01‘0)

2

Integrate over surfaces /g:}: ? | F=Z{— O kY (e (0)-c, )

e I O 2¢,€,

Area
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Surface Potentials
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Particle Geometry
SEM Characterization
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PSL Interactions with SiO,

300
vdW Model
-/Predictions
[ J
250 * :
A Model
A
B A i D Predictions
— A <
z . Experimental
o 200 8 " H s Measurements
o = 5 =
S = E l
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@ 150" I l
5 s
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7 Rl
a B & B !
100 X] 53 °
B * !
2 ;
50" : '
A _E_ :
0 =+
2 4 6 8

pH (Constant lonic Strength 0.01 M)

= Electrostatic interactions do not have a significant effect at different pHs

= Large contact area between sphere and wafer dominated by vdW 28134



PSL Interactions with SiO,

300
vdW Model
. Predictions
250 R = :
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% “ % ! X Experimental
o 2007 A l Measurements
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50 4 :
A .
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Electrostatic interactions do not have a significant effect at different ionic strengths

lonic Strength (M) (Constant pH=2)

Large contact area between sphere and wafer dominated by vdW
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Alumina Adhesion Force(nN)

Alumina Interactions with SiO,

40 7

80
vdW Model
70 T . Predictions
H
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pH (Constant lonic Strength 0.01 M)
Electrostatic interactions do affect the adhesion force, which varies with pH
Large area between particle and wafer out of contact

Small contact area
30/34



Alumina Interactions with SiO,

80
vdW Model
701 . Predictions
4 s
Z ol i D Model
% A § Predictions
o
o 1 4 f B Experimental
= 50 - z ‘ , Measurements
2 407 . s
© °
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lonic Strength (M) (Constant pH=2)

= Electrostatic interactions do affect the adhesion force, which varies with ionic strength
= Large area between particle and wafer out of contact

= Small contact area
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Conclusions

Hamaker Constants

Measured Hamaker constants for:
- SiO,, Cu, Ag, TiN, PTFE, and Parylene,
Method of measuring Hamaker constants for new materials
Further validation of vdW adhesion model
Limitations of surface roughness models

Surface Roughness Models

Examined effects of model surface generated with fractals, Fourier transforms and
hemispherical asperities
Hemispherical asperity models
- Parameters cannot vary with AFM scan size
- Accurate for surfaces with small roughness
Fractal surfaces
- Difficult to generate and cannot be generated for all surfaces
Surfaces generated with Fourier transforms
- Accurate for all surfaces
Validation of roughness models through comparisons with AFM measurements

Electrostatic Double Layer Interactions

Small for particles with ideal geometry, vdW dominate
Contribute to adhesion force for asymmetrical particles
Modeled with boundary element method

Validated model through comparison with AFM measurements
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Future Work

Theory
» Particle geometry characterization
« Examine electrostatic interactions for the particle not in contact
» Cohesive failure of the particle or surface
» Investigation of other forces
- Isolate force with adhesion model

Applied
» Tailor systems to control adhesion force
- Strengthen adhesion force when desired
- Weaken adhesion force when particles must be cleaned from surface
« Use model to examine other systems of interest in other industries
« Combine all interactions and removal model in software package

Dialog . Untitled - adhesionvisual
Input Parameters File Edit iew Help

Hamaker Constant |3 4 x10™ [-20
fior System

Bulk Modulus of |3_2 10°
Softer Material i §

DS =227 INEE Nl EEMEMO0 =SSN

Farticle Radius (nm)  [350

Applied Load [nM] IZUU

Surface Morphology

Farticle Surface
Awerage dsperity nm) [37 Awerage Asperity [nm) (2.9
STD of Average
STD of Average 24 15
Azperity (hm) . RepEilpm)
Fractional Coveray ge |35 Fractional Covera ae 24
1] (%] I

Ready R
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