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Out lineOut line
• Particles & surface
• Particle deposition (Air)
• particle adhesion (Air, liquid) 
• particle removal

– Wet cleans
– Dry cleans

• O3 remote plasma
• Supercritical CO2 cleaning 
• Cryogenic Aerosol cleaning

– PLASMAX
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Particles & wafer surfaceParticles & wafer surface

AdhesionAdhesion

RemovalRemovalDepositionDeposition

• Brownian motion
• Gravity
• Inertial motions
• External fields

• Brownian motion
• Gravity
• Inertial motions
• External fields

• Dissolve/decompo
se

• Detach by under 
etching

• Detach by collision
• Shear forces 

• Dissolve/decompo
se

• Detach by under 
etching

• Detach by collision
• Shear forces 

Wafer

• Electrostatic force
• van der Waals 

force
• Born repulsion

• Electrostatic force
• van der Waals 

force
• Born repulsion
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Particle dynamicsParticle dynamics

• Particle dynamics depends on particle size• Particle dynamics depends on particle size
ParticleGas molecules
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Free molecule
regime Continuous

regime
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Mechanism of the particle deposition in the AirMechanism of the particle deposition in the Air

No external field
• Brownian motion
• Inertial motion

No external field
• Brownian motion
• Inertial motion

Brownian motion
Gravity
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External field
• Gravity force
• Coulombic force
• Thermophoretic force
• Diffusiophoretic force

External field
• Gravity force
• Coulombic force
• Thermophoretic force
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Particle deposition in the Air (no force)Particle deposition in the Air (no force)

• Brownian motion : random collision of 
particles due to thermal motion 

• Brownian motion : random collision of 
particles due to thermal motion 

ParticleGas molecules

pp

Bc

dd
TkCD 1

3
∝=

µπ

• Inertial motion : when gas flow direction
changes, large particles do not follow 
the flow and collide with the surface. 
If a particle enters a gas stream, it 
adopts the velocity of stream after time 
τg

• Inertial motion : when gas flow direction
changes, large particles do not follow 
the flow and collide with the surface. 
If a particle enters a gas stream, it 
adopts the velocity of stream after time 
τg
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Particle deposition in the Air (External forces)Particle deposition in the Air (External forces)
External force Stokes resisting force 

• Gravity force :(mpg) particles fall on the 
wafer (important for large particles)

22
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pc

g ddgCv ∝=
µ
ρ

pp
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EZeCv 1
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µπ• Coulombic force :(ZeE) particles accelerate 

under electric field (important for small particles)

• Thermophoretic force :(Temperature gradient)  
particles move from warmer (high KT) to the 
cooler(low KT) region (independent of size for <1µm particles 

)

T
T

Kv Kinematic
rth ∇−=

µ

• Diffusophoretic force :(in multi components 
gas systems)  particles move in direction of 
diffusion flux of the heavier gas component
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Particle deposition in the plasmaParticle deposition in the plasma
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Brownian motion

Gravity

Coulombic

Thermophoretic

Pressure (Torr)Pressure (Torr) 10010 -4

Log/log

• Pressure : see figure  

• Temperature  : Tvth ∇∝

• Electric field : due to different ion 
and electron mobility in plasma

Eve ∝

• RF : particles are suspended in the 
plasma-sheath boundary ( competition 
between Coulombic and gravitational  and/or 
thermophoretic forces)
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Adhesion Forces in the airAdhesion Forces in the air
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• Electrostatic force : External+ image 
(between charged particle and induced charge on wafer)

Particle

x
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• Van der Waals force : Short range 
attractive forces due to charge density 
fluctuations of the molecules (Surface ⎟⎟
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• Born repulsion force :due to electronic 
charge overlap of particle and surface 
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Liquid flow
diffusion

Diffusion layer
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ce• Van der Waals interaction :(3nm) 

• Electrostatic interaction : (κ-1)Debye-Huckle 

length (thickness of the electrostatic double-layer)

• Short range interactions : (1-3 nm) solvation 
and other types of steric forces (i.g. attractive hydrophobic 
forces, chemical bond) 
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Particle-Surface interactions in the liquidsParticle-Surface interactions in the liquids
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Particle-Surface interactions in the liquidsParticle-Surface interactions in the liquids

Particle close to surface but not attached

p
el

w
elvdW VVVU ++=ninteractio

repulsionU 0ninteractio >
x

attractionU 0ninteractio <

p
el

w
elvdWel VVUVV +≈⎯→⎯>> ninteractio

0,0

0,0

p

p

>>

<<

w

w

ζζ

ζζ

0,0

0,0

p

p

<>

><

w

w

ζζ

ζζ

repulsion 

deposition 

wΨ

SΨ

wζ
x

P
ot

en
tia

l E
ne

rg
y

pΨ

SΨ

pζ
x

P
ot

en
tia

l E
ne

rg
y

Notation info
last page



Particle Deposition & Removal 13

A.
R

as
te

ga
r M

ar
ch

. 2
00

3

ζ potential and pH of solutionζ potential and pH of solution
wΨ
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• Iso-Electric Point(IEP) (Point of zero charge) 
positive and negative charges are equal

Notation info
last page
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• ζw depends on surface electrostatic 
potential and ionic strength

pH Ψw ζw

pH Ι ζw

pH below IEP

pH Ψw ζw

pH Ι ζw

pH above IEP
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Adhesion in liquids (summary)Adhesion in liquids (summary)

• Ionic strength of liquid(I) :Range of electrostatic interaction

IINe
Tk

A

B 1
2000

1
2 ∝=

ε
κI Vel VvdW > Vel deposition

• Zeta potential(ζ) :
signsamethewζζ ,p repulsion 

attraction signoppositewζζ ,p

• Particle size(dp) :(figure)

Diffusion constant (D)
Pa

rti
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te

Particle diameter 
(µm)

1010 -2

Log/log

Notation info
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Controlling of the particle adhesion in liquidsControlling of the particle adhesion in liquids

• Deposition       Removal process can be 
controlled by controlling the Zeta (ζ)potentials

• Zeta potential(ζ) :can be controlled by adding 
surfactants to acidic solutions

• Surfactants

Hydrophobic
part

Hydrophilic
part

Anionic (R-SO3-)

Cationic (R-NH3+)

Nonionic

ζ  potential (mV)          (HCL, pH 3.3)
Surfactant No Anionic Cationic

Si -23 -32 +63
Si3N4 +43 -52 +45
SiO2 +7 -7 +55
Polystyrene
particles

+39 -67 +78

Si-PSL d R R
Source: M. Itano et.al.  Daikin Industries
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Particle RemovalParticle Removal

Particle attached 
to the wafer 
surface

Particle attached 
to the wafer 
surface

• Breaking the 
vdW forces

• under etching

• Breaking the 
vdW forces

• under etching

• Lift-off from 
the surface

• Repulsive 
forces

• Zeta potential

• Lift-off from 
the surface

• Repulsive 
forces

• Zeta potential

• Transport 
away from 
surface

• Diffusion
• Convection

• Transport 
away from 
surface

• Diffusion
• Convection
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Typical Wet CleansTypical Wet Cleans

Object Chemical Popular
name

Particles APM(NH4OH/H2O2/H2O)(1:1:5) RCA  (SC-1)
Organics SPM(H2SO4/H2O2) (5 or 8:1)

APM(NH4OH/H2O2/H2O)
Piranha
RCA  (SC-1)

Metalics HPM(HCl/H2O2/H2O) (1:1: >5)
SPM(H2SO4/H2O2)
DHF (HF/H2O)

RCA  (SC-2)
Piranha

Native Oxides DHF (HF/H2O)    (1:>50)
BHF (NH4F /HF/H2O)

Diluted HF
Buffered HF

SPMSPM APM
(SC-1)
APM
(SC-1)

DHFDHF HPM
(SC-2)
HPM
(SC-2)

DryDry
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Wet Cleaning RoadmapWet Cleaning Roadmap

Single wafer 
clean

Single wafer 
clean

Hybrid WET/DRY clean +
surface preparation

Hybrid WET/DRY clean +
surface preparation

Advanced wet cleanAdvanced wet clean Full dry cleanFull dry clean

SPMSPM
Meg

(SC-1)

Meg
(SC-1)QDRQDR OFROFRHFHF OFROFR SC2SC2 OFROFR

Meg
rinse

Meg
rinse DRYDRY

Dilute
(SC-1)

Dilute
(SC-1)QDRQDR OFROFRHFHF OFROFR

Meg
rinse

Meg
rinse

SOM
O3

SOM
O3

Dilute
HCl

Dilute
HCl

Marangoni
Dry

Marangoni
Dry

QDRQDR HF/HClHF/HCl
SOM

O3

SOM
O3

Rinse+Oxide
regrowth

Rinse+Oxide
regrowth

Rinse+ 
marangoni dry

Rinse+ 
marangoni dry

HF/HClHF/HCl
DI H2O

O3

DI H2O
O3

Rinse+Oxide
regrowth

Rinse+Oxide
regrowth

Rinse+ 
marangoni dry

Rinse+ 
marangoni dry

Single tank 
clean

Single tank 
clean

Multiple or single 
chemistry clean

* QDR: Quick Dump rinse
OFR: Overflow rinse

Single wafer
clean

RCA clean

Diluted 
chemistries

Reduced clean 
(IMEC clean)

Reduced clean 
(IMEC/Ozone)

Single tank 
clean

Source: Paul W. Mertens (IMEC)
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Megasonic & Ultrasonic CleansMegasonic & Ultrasonic Cleans

• By reducing the boundary layer 
increases transport of chemicals

Ultrasound Megasound100 kHz 0.8 1.2 MHz0.8 1.2 MHz
Cleaning

Acoustic waveAcoustic wave

Boundary layer
• Physically transfer energy to the 

particle and helps in removal

• Cavitation

• Less effective to sub 100 nm 
particles

• Higher frequency leads to better removal of 
small particles and less cavitation

Source: D. M. Knotter ,Cleaning Expertise Center, Philips Semiconductors  

Shear 
velocity



Particle Deposition & Removal 20

A.
R

as
te

ga
r M

ar
ch

. 2
00

3

DryingDrying

IPA

IPA +H2O

co
ol

er
s

IPA drying :IPA evaporates and vapor 
remove water droplets form surface

Marangoni drying 
• IPA diffuse into water close to surface (A) 

IPA vapor

water B A

Marangoni flow

than far from surface (B)
• IPA concentration gradient leads to 

surface tension gradient(γB > γA )
• Marangoni flow goes from low γA towards 

high γB
• Marangoni flow can also remove particles
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Super critical fluid cleansSuper critical fluid cleans

No surface tension :Excellent wet-
ability to all surfaces- (deep vias) 

Solid

Sublim
ation

M
el

tin
g

Boiling

Gas

Fluid

Tc

Pc

Super
critical

Co-solvent(1%) :required for cleaning 

SC CO2 :TC=31.06 C, PC=73.8 Bar 

Compatibility :compatible with low-k T
P
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Cryogenic Aerosol Cleaning ( Ar, CO2)Cryogenic Aerosol Cleaning ( Ar, CO2)

Solid

Sublim
ation

M
el

tin
g

Boiling

Gas

Fluid

Tc

Pc

Super
critical

Temperature

Pr
es

su
re

Aerosol :Created by cooling a gas and 
rapid expansion  

Cleaning mechanismCleaning mechanism

Collision Liquid flow

Sublimation/Evaporation Thermal stress

Solid Ar Particle

Liquid

Solid Ar shell

Source: M. Okada et.al. J.Vac. Sci. Technol. B20, 71(2002)
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Remote Plasma CleansRemote Plasma Cleans

Wafer

Metal window

Quartz window

Sapphire disk

Plasma flow

ExhaustLo
g 

A
ct

iv
e 

Sp
ec

ie
s 

C
on

ce
nt

ra
tio

n

H/O Atomic Ratio in Plasma

O* H*
Interesting Operation Area

Oxidizing Reducing

After Etch After dry plasma After rinse

• Oxidation:  CHNSO +O*  CO2 + H2O+ NO2 + SO2

• Reduction: CHNSO +H*  CO2 + (-C-HX)+ CN + H2S
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PLASMAXPLASMAX

Working mechanism:
• Mechanical excitation
• Plasma properties
• Surface chemistry
• gas flow   vibration

ga
s 

fe
ed

vi
br

at
or

Plasma

issues:
• acceleration uniformity across 

the wafer
• mounting conditions

Source: W. H. Semke et.al. J.Vac. Sci. Technol. B18, 3221(2000)
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Summary & ConclusionsSummary & Conclusions

Air
• Brownian motion, Culombic & Thermophoretic are important
• Thermophoretic forces can be used as pellicle for EUV masks 

(Carmelo Romeo LITH115) 

Liquid
• Zeta potentials can be used to control repulsion or adhesion to the surface

DepositionDeposition

RemovalRemoval
Wet clean is favored
• Easier to remove metals (high solubility) and particles (ζ control)
• Energy gain in separation of particles in liquid compared to gas
• Possibility of megasonication     better energy transfer (30nm particles removal)

• Single chemistry (Ozone based) + Marangoni dry is promising
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• Remote plasma + Etch residues, organics
- Plasma damage, particles

• Supercritical fluids + HAR structures 
- Require co-solvent

• Cryogenic Aerosols + Good particle removal, 
- Substrate damage

• PLASMAX + Particle removal
- Uniformity

• Liquid Assisted Laser + No aggressive chemistry 
- Substrate damage

Other Cleaning TechniquesOther Cleaning Techniques
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NotationsNotations
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