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Abstract—A 2 orders of magnitude range of van der Waals
interactions is considered here to take the majority of the va-
riety of shapes and materials of actual particles into account.
Comparing these interactions with the repulsive forces gen-
erated by electrostatic charges, drag, surface tension, shock
waves, high accelerations and aerosol particles, the intrin-
sic capabilities and limitations of the different cleaning pro-
cesses can be predicted. Three kinds of particle-removal pro-
cesses have been identified — universal processes capable of
removing all particle sizes and types, even from patterned
wafers, processes that present the same theoretical ability
but are actually limited by the accessibility of the particles,
and finally cleanings that are not able to remove all particle
sizes.
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1. Introduction

The continuous increase of IC integration density requires
a reduction of both device dimensions and the correspond-
ing amount of the material used. Consequently, the con-
centration of contaminants affecting the fabrication yield of
very competitive microelectronic manufacturing is becom-
ing smaller and smaller. Therefore, cleaning performance
has to be continuously improved to remove the ultimate
traces of contamination, such as particles, metals, organics,
bases and anions.

According to the International Technology Roadmap for
Semiconductors [1], smaller and smaller particle sizes will
have to be eliminated as the device dimensions decrease:
50 nm as from 2004 and 10 nm in 2016.

Particles will probably be the most challenging type of con-
tamination in the near future as the removal mechanism
in the conventional Standard Clean 1 (SC1) [2] process
is mainly based on a controlled consumption of the layer
under the particle. But this consumption will be rapidly
prohibited as the accuracy of the device dimensions (im-
plantation, silicon on insulator, etc.) are now approaching
the under-etching thicknesses required for particle removal.

In this work, fundamental particle-substrate interactions
due to van der Waals, drag and surface tension forces, as
well as electrostatic charges, are used to understand the in-
trinsic capabilities and limitations of the wet SC1 process
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and emerging new techniques such as explosive evapora-
tion, high velocity sprays, acoustic waves, laser and cryo-
genic techniques.

2. Forces acting on particles

The main forces likely to be exerted on fine particles
are calculated in Table 1. It can be seen from this table
that the main four parameters that drive the particle ad-
hesion/removal mechanisms are the electrostatic, van der
Waals, capillary and drag forces [3].

Table 1
Orders of magnitude of the different forces acting
on a 100 nm spherical particle in a solution
with the density of 1

Forces Order of magnitude | Proportionality
(N) (R: Radius)

Van der Waals 10~7 R
Electrostatic 10~8 B
Capillary 10-8 R
Drag 10- .
(water, 10 m/s)

Gravitation 10-16 '
Archimedes 10~!7 R?
Hydrostatic 10~21 R3

2.1. Capillary forces

The surface tension 7, is due to the cohesion between the
molecules of the media and tends to minimize the inter-
facial areas. It represents a force per unit of interfacial
length. In the case of the reference spherical particle, the
maximum capillary force is obtained when the liquid wets
the particle material perfectly and the gas/liquid interface
is acting on the whole particle perimeter (see Fig. 1):

Fy =27RY,. 1
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Fig. 1. Schematic of the maximum capillary force acting on
a particle at a liquid/gas interface (case of contact angle = 0).

2.2. Drag forces

The viscosity of the moving fluids induces a drag force
on the particles. In the case of a spherical particle of
diameter D placed in a flow velocity V,,, this force is given
with a good approximation [4] by the Stokes law up to the
Reynolds number of ten'. In the case of a particle deposited
on a surface, an additional constant of 1.7 accounting for
the effect of the surface must be added [5]:

Fprag =1.7-3nuDV), (2

where u represents the fluid viscosity: 10~ kg/m-s for wa-
ter at 20°C.

This force is theoretically able only to push the particle in
parallel to the surface. It can be expected that an asper-
ity on the particle or on the substrate will transform this
tangential force to a lift-off momentum [6]. In the case
of non-spherical particles, the drag forces are generally
higher.

2.3. Van der Waals forces

The particle-substrate attractions due to the van der Waals
forces result from the dipole/dipole interactions between
their constitutive molecules. These forces are so high that
the particles are generally flattened on the substrate. The
integration of the interactions between all the constitutive
volume elements of a spherical particle or an infinite flat
particle both on a perfectly flat substrate are given by (3)
and (4), respectively:

AR
Fow = o~ 3
AW = o3 3)
AS
Faw = —= 4
vdW 677.']’13 ) ( )

where: R — particle radius, & — particle-substrate dis-
tance (the minimum distance equal to the Lennard-Jones
distance of hg = 0.4 nm for the considered materials),

"For a 100 nm particle, the Reynolds number of 10 corresponds to
a water flow velocity of 100 m/s!

12

A — the Hamaker constant (depends on the particle, sub-
strate materials and on the nature of the media: interaction
transmission), S — facing particle and substrate surface.

The Hamaker constants for different particle/substrate mate-
rials can be calculated using the data and the formula given
by Israelachvili [7]. The results listed in Table 2 show that
van der Waals forces for typical particle materials on SiO;
substrates can vary by one order of magnitude depending
on the media.

Table 2
Hamaker constants in water and in air calculated
from reference [7]

Media | Al,03/SiO, Si0,/Si05 PSL/SiO,
Water | 1.6-1072°7J | 6.5-10721) | 1.0-10720]
Air 96-107207J | 6.3-100207) | 75-10720 ]

The difference between van der Waals attractions acting
on the reference rigid and spherical particle and on ac-
tual particles is investigated here. The consequence of the
non ideality of the actual particles: flattening, non specific
shape, roughness, partially embedded, etc., can finally be
considered as an additional flat surface in contact with the
substrate.

In this work, the difference between the ideal and rigid
sphere and the actual non-ideal particle is arbitrarily ex-
pressed by the fraction f equal to the surface in contact
divided by the maximum surface that a particle of the same
dimension is able to present TR?:

S
TR?’

f= &)

In this way, f is null for an ideal particle and reaches 1 for
a particle presenting the maximum surface in contact.

For a quasi-spherical particle presenting a small flat contact
area, the total van der Waals forces can be considered as
the sum of the contributions from the non-deformed parti-
cle and the contact surface [8] with the latter dominating
the contribution from the spherical particle. Therefore, the
ratio R between the van der Waals attraction of the actual
and the ideal (rigid and spherical) particles can be approx-
imated by the equation:

AR+AS
_6h2 6mhd _ R
;R = OO gy (6)
6h?

The results have been plotted in Fig. 2 for particle sizes
ranging from 10 to 150 nm. It can be seen that the van der
Waals forces increase rapidly with the non-ideality of the
particles and can be more than 2 orders of magnitude higher
than those for the ideal particle. This effect decreases with
the particle size. Finally, due to a large variation range
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of the Hamaker constant and considerable impact of the
particle, van der Waals interactions can vary to a very large
extent for the different existing particle types.
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Fig. 2. Ratio R between van der Waals forces calculated for

the reference rigid sphere and particles presenting a flat surface
in contact. This surface is given in percentage of the area of
the sphere cross section which represents the maximum contact
surface for a given particle size.

In this work, we arbitrarily chose to consider the van der
Waals forces present in the system consisting of a rigid
sphere of Al;O3 on SiO; substrate because its Hamaker
constant is the highest of those listed in Table 2. In or-
der to account for a shift from ideality, a range of the
Hamaker constants of up to 2 orders of magnitude above
the value mentioned above is considered. This approach
enables a very wide majority of actually observed parti-
cles to be covered but clearly does not take into account
the extreme cases of flat-shape particles made of materials
exhibiting very high Hamaker constants.

The substrate roughness is not considered here as it gen-
erally decreases the contact areas leading to lower van der
Waals interactions.

2.4. Force originating from electrostatic charges

Material surfaces usually present electrostatic charges that
originate from ionization or dissociation of functional sur-
face groups in chemical equilibrium with H' ions from
the media (pH). In a liquid, a large number of charges are
available close to the surface”. Ions carrying charge of the
sign opposite to that of the surface (the counter ions) are
immediately attracted to the surface, masking its surface
potential until apparent neutrality is reached. As shown in
Fig. 3, the surface charge density is characterized by the
Zeta potential. This potential is due to the contributions
from the particle charges and the retinue of counter ions

2Even in the case of ultra pure water, there is a sufficient reservoir of HT
and OH™ of 1077 mole/L.
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sufficiently attached to the particle surface when it moves
against the liquid (shear layer), e.g., under the influence of
an electric field.

The thickness of the diffuse layer results from the com-
petition between the electrostatic attraction exerted on the
counter ions that build up at the charged surface and their
re-diffusion to the bulk solution. A high temperature and
a low ionic strength, therefore, enhance the diffuse layer
thickness.

Diffuse layer
Shear layer
Helmholtz or Stern layer

Zeta potential
Potential

Distance

Fig. 3. Representation of a negatively charged particle dipped in
an electrolyte.

Substrate

Fig. 4. Representation of a negative particle dipped in an elec-
trolyte.

In fact, at very small particle/substrate distances, the major
interactions caused by the charged surfaces are not due di-
rectly to the electrostatic forces but to the entropic contribu-
tion [9]. As shown in Fig. 4, the counter ion concentration
is very high in between the particle and the substrate due
to the overlap of the particle and substrate diffuse layers.
This leads to the differential pressure between the top and
bottom of the particle, expressed below:

F, = (Cq—C)KT, ©

where: k — the Boltzmann constant, 7 — absolute tempera-
ture, C — concentrations.
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Figure 5 shows the evolution of the Zeta potential versus
pH for Si and SiO; as substrate materials and one of the
most electropositive particle materials — alumina.
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Fig. 5. Evolution of Al;O3, Si and SiO, Zeta potentials ver-
sus pH.

In order to facilitate particle removal and to prevent any
re-deposition it is to be hoped that charges gathered on
all particle types and on the substrate are of the same sign
leading to electrostatic repulsion. This condition is fulfilled
in both A and B areas.

The forces originating from electrostatic charges can be
calculated by solving the Poisson-Boltzmann equation [7].
They are favored by:

— high absolute values of surface potential (same elec-
trical sign), the area B is generally better in this re-
spect than the area A;

— high ionic force (densification of the diffuse layer
increasing the entropic force);

— high temperature (k7" factor in Eq. (7)).

3. Particle removal mechanisms

Theoretical performances of conventional and prospective
particle cleaning processes are discussed here.

3.1. Cleaning by etching and electrostatic repulsion

This cleaning mechanism consists in separating the particle
from the substrate by consuming the substrate, the particles,
or both, until the repulsive forces of electrostatic origin
exceed the van der Waals forces. This means that the pH
has to be adjusted in the area A or B. As shown in the
example of Fig. 6, electrostatic forces decrease more slowly
with the distance than van der Waals interactions. Therefore
a liberation distance always exists regardless of the particle
size and charge (theoretically 1.6 nm in the case of an ionic
force of 0.5 M in Fig. 6).
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Fig. 6. Comparison between the order of magnitude of van der
Waals forces (hatched area) and forces of electrostatic origin at
different ionic strengths as a function of the separation distance.
Calculations of van der Waals forces for distances lower than
0.4 nm and calculations of electrostatic forces for distances lower
than 2 nm are not valid.

This theoretical etching thickness is increased in practice
by the dynamic behavior of the removal process. Indeed,
at the beginning of the separation, a competition occurs
between the etching speed and the re-attraction speed of
the particle due to van der Waals interactions (see Fig. 7).

Particle attraction

: Electrostatic force
(entropic)

Substrate : Van der Waals forces

-,

Fig. 7. llustration of the dynamic behavior of the particle re-
moval process by etching and electrostatic repulsion.
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Fig. 8. Cleaning of 3000 SiO, particles deposited on a 200 mm
SiO; substrate in HF solutions exhibiting different etching speeds
(ionic strength and pH constant: 0.024 M and 1.4, respectively).
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This phenomenon is verified in Fig. 8. When the etching
speed is low, a higher material consumption is necessary to
reach the nominal removal efficiency that is also lower. Par-
ticle removal processes, such as SC1 [2], IMEC clean [10],
DDC [11, 12], etc., therefore have to present very fast etch-
ing kinetics. This requirement is compatible with the fast
processes necessary for the new single wafer cleaning tools.

Particle removal by etching and electrostatic repulsion does
not seem to present any limitation in terms of particle size
since the necessary consumption of the material is accept-
able. In practice, this amount can be limited by increasing
the etching speed, the ionic force of the solution and abso-
lute values of Zeta potentials.

3.2. Cleaning by drag forces

As shown in Fig. 9, drag forces induced by a continuous
liquid jet are able to sweep along even very small parti-
cles. Nevertheless, very high pressures (50 bars) have to
be used to have a chance of removing all particle types
with a micro spray. In this calculation, we assume as
the initial approximation that the thickness of the lami-
nar boundary layer is zero just under the jet impact and
that the order of magnitude of the drag force is approxi-
mated by (2). The jet therefore has to scan the whole wafer
surface.

10°

F=1.7-3quDV

P=%pV — — — jet speed: 100 m/s (50 bars)
10‘6 1 ,] et Speed: 1 m/s

N

10'9 ‘ T T
0 50 100 150 200

10"

Force [N]

10"

Particle diameter [nm]

Fig. 9. Van der Waals and drag forces.

This cleaning method does not seem to be suitable for
patterned wafers where particles are not accessible to
the jet.

3.3. Cleaning by shock waves

The instantaneous overpressure induced by a shock wave
(water hammer) on the cross section area of a particle
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generates a force likely to overcome the attractive van der
Waals forces according to:
nD?
Fhock = TPCVa (8)

where: D — particle diameter, p — mass density of the
media, ¢ — wave velocity in the media (c = 1500 m/s in
water), V — speed of the media versus the particle.

Droplet jet. The particle removal process using a jet of
droplets called “Soft Spray” has recently been proposed.
It consists in spraying a mixture of liquid and gas onto

Gas and liquid droplet mixture
400 m/s

O t=02ups t=10.6 s
—_—>
600 m/s

Fig. 10. Evolution of high velocity liquid droplet crashing at
a perpendicular surface. Calculations taken from [13].

the wafer leading to a very high velocity heterogeneous
jet. The generated droplet is projected onto the substrate
with speeds in the range of 400 m/s. As represented in
Fig. 10 calculations show that, when crashing, the droplet
front even accelerates and strikes the particle at a speed of
about 600 m/s [13]. Unlike a continuous jet, the exerted
force is generated here by the shock wave from the droplet
front applied to the particle surface.

Resonant acoustic cavitation. Cavitation in a liquid is due
to the implosion of p-bubbles after the loss of the equilib-
rium pressure conditions between the inside and outside the
bubble: 4y
'g
-, ©)
where: ¥, — liquid/gas surface tension, D — bubble diam-
eter.
The density of the energy liberated during bubble collapse
is considerable as temperatures of 3000 K and pressures of
1000 atm are reached very locally. The bigger the bubble
the higher the potential liberated energy. When a bubble
collapses close to the surface, it can induce a microjet of
liquid toward the surface that can reach a very high velocity
of many hundreds of meters per second. This jet produces
a very intense local shock wave. This phenomenon has
been observed with a high-speed camera on bubbles in the
mm range [14] and by nanosecond electrochemistry [15]
with bubbles generated in an ultrasonic bath at 20 kHz.
Acoustic cavitation has been observed in the megasonic
range — up to 850 kHz — by sonoluminescence [16]. Nev-
ertheless, it is not possible to conclude that the shock waves
produced with megasonic frequencies that generate smaller
bubbles are also induced by the same jet phenomenon.
As shown in Fig. 11, the periodic pressure wave variations
generated in a sonic bath tend alternatively to increase and

Pi - P()ut =
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decrease the bubble diameter to satisfy (9). Bubbles are
initially present as germs in the media. When a bubble
grows, its exchange surface increases, making the desorp-
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Fig. 11. Evolution of bubble sizes in an ultrasonic excitation

until collapse (experimentally observed at the resonant size of the
bubbles).

tion of the dissolved gas present in the supersaturated liquid
easier. In this way, during the successive pressure cycles,
the bubbles grow until they reach the resonant size that
depends on the acoustic wave frequency.

In water, neglecting the effects due to surface tensions and
considering the transformations as adiabatic, the resonant
frequency fo of bubbles is proportional to their radius R
with a good approximation:

Ry fojg ~ 3.26. (10)

Thus R="175 um at 40 kHz and 3 um at 1 MHz.

At this frequency, the oscillation speed of the bubbles is
maximum leading to the well known resonant cavitation
phenomena observed in ultrasonic baths [17].

The megasonic efficiency strongly depends on the con-
centration and nature of the dissolved gas. High quanti-
ties of poorly soluble gas seem to be favorable for parti-
cle removal [18]. Acoustic wave transmission in the media

10-5 7 > e
7 e —_—
F=7pcV e . —
6 - -
. -~ Droplet jet 600 m/s |
10 - P < plet)
J e
. 3 US 140 m/s
Z 5
o 10 A
2
S
=
10° 1
10-9 -+ T T ]
0 50 100 150 200
Particle diameter [nm]

Fig. 12. Van der Waals and shock wave forces due to droplet
jets and ultrasonic waves.
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is limited by the presence of big bubbles. Acoustic waves
generate different streamings that prevent reattachment by
carrying the removed particles far from the surface [19].
Extensive efforts still have to be made to understand the
actual removal mechanisms occurring in megasonic baths.

Cavitation is able to overcome van der Waals forces and,
unfortunately, even to deteriorate the quality of the mate-
rial. Using higher frequencies leads to smaller bubbles and
consequently lower energies, which partly prevents mate-
rial and pattern degradation but theoretically also decreases
the removal forces for cleaning particles (limitation for the
biggest size). Using a lower acoustic power leads to the
same effect.

As shown in Fig. 12, the shock waves are theoretically able
to remove all types and sizes of particles.

3.4. Cleaning using capillary forces

Capillary forces can potentially remove particles when they
are located at the liquid/gas interface. This configuration
is achieved, for example, during fast evaporation of a lig-
uid phase or when wafers cross the liquid/gas interface of
a bath.

Fast evaporation. This consists first in depositing a liquid
medium at the wafer surface and then evaporating this lig-
uid phase very quickly by decreasing the pressure (Fig. 13).
The last fragments of the liquid can pull the particles off by
the capillary force (or by simple mechanical drive). Differ-
ent fluids have been envisaged, such as H,O, CO,, NH3, ...

Fig. 13. Tllustration of the cleaning principle by fast evaporation.

Bath interface. A.F.M. Leenaars [20] studied the capillary
forces acting on a particle attached to a vertical substrate
and located at the meniscus level of the air/liquid inter-
face of a bath. In the particular case depicted in Fig. 14
(the liquid wets the substrate and not the particle), the
maximum force is given by (11):

0
F™ =27RY, sin? (E) cos . (11)

As seen in Fig. 15, theoretically, the capillary forces are not
able to remove all types of particles, even in the favorable
case of particles perfectly hydrophilic in water (a case of
high surface tension).
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Substrate )
Meniscus

Fig. 14. Forces exerted on a particle attached to a substrate
located at a gas/liquid interface.

removing fine particles. To improve the removal capability
of laser cleaning, a thin layer of liquid is first condensed
from steam onto the substrate. In this case, the cleaning

Force [N]
=)

just before silicon melting
-9
1 O T T T

0 50 100 150 200

Particle diameter [nm]

10°

F, =2mRy cosa

1()’6 R Capillary forces

Force [N]

0 50 100 150 200

Particle diameter [nm]

Fig. 15. Evolution of the van der Waals and maximum capillary
forces (cos & = 1, ¥, = 0.072 N/m).

3.5. Cleaning using high acceleration

A very high acceleration due to the thermal expansion of
the substrate and/or the particles heated up with a laser
beam is likely to remove particles [21]. In this case, the
force exerted on a particle of mass m is, in the first ap-
proach, given simply by:

F=my. (12)

In practice, the acceleration is limited by the acceptable
laser fluence leading to the melting of silicon. This
threshold corresponds experimentally to the removal of the
first alumina particles of about 100 nm (optimistic sce-
nario). The corresponding acceleration calculated using
Eq. (12) is in the 10° g range and thus higher than the
one measured experimentally by Dobler ef al. [22]. Any-
way, as shown in Fig. 16, this method is not suitable for

112003

JOURNAL OF TELECOMMUNICATIONS
AND INFORMATION TECHNOLOGY

Fig. 16. Evolution of the van der Waals forces and the force gen-
erated by an acceleration able to remove the first 100 nm alumina
particles, in air.

mechanism proposed by [21] would be close to the phe-
nomenon of the cavitation process depicted above and con-
sequently to its performance.

3.6. Cleaning by kinetic energy

In 1988, researchers at IBM Watson Research Center began
to study cryogenic particle removal. This process uses the
kinetic energy of a distribution of solid aerosol particles ob-
tained for example by expansion cooling of gas such as Ar,
N2, etc., [23]. This aerosol is then eliminated by subli-
mation. The particles just liberated are evacuated far from
the substrate by thermophoresis or by a gaseous flow. If
we consider that only one aerosol particle of mass m and
velocity V reaches the particle at any one time, the removal
condition is given by:

[AR AR _1 ., 13
62 "' T 12my 2™
ho

Collective effects may however occur.

In order to be able to remove particles located in lines
and vias, the aerosol particles have to be smaller than the
pattern dimensions.

4. Conclusion

In this work a range of van der Waals interactions covering
2 orders of magnitude is considered to take into account the
majority of the variety of shapes and materials of the actual
particles. This range has been determined by considering
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the possible variations of the Hamaker constant and the
difference between the ideal rigid sphere and real particles
presenting finite contact areas, flattening effects, etc.

The different particle removal processes can be classified
according to the physical effects used, such as electrostatic,
drag and capillary forces, shock waves, acceleration, or ki-
netic energy. By comparing the attractive van der Waals
forces and those generated by these effects it is then possi-
ble to predict the intrinsic capabilities and limitations of the
different cleaning processes, particularly for the fine parti-
cles that have to be considered for the next IC generations.
Three kinds of particle removal processes have been identi-
fied, namely universal processes able to remove all particle
sizes and types even from patterned wafers, processes that
present the same theoretical ability but are actually limited
by the accessibility of the particles, and finally cleanings
that are not able to remove all particle sizes.

e Particle removal by etching and electrostatic repul-
sion is the process used the most often through
the SC1 cleaning step. This method does not seem to
present any limitation in terms of particle size since
the necessary material consumption is acceptable. In
practice, this amount can be limited by increasing
the etching speed, the ionic force of the solution and
absolute values of Zeta potentials. It is also possible
to remove all particle types by shock waves gener-
ated for example by megasonics in aqueous media.
Nevertheless this method is limited by the erosion of
the materials and by the mechanical resistance of the
microstructures.

e High-speed aqueous jets, droplet jets, and aerosol
sprays are theoretically able to remove all particle
types accessible to the jet. Limitations arise from the
mechanical resistance of the patterns and for particles
hidden in the microstructures.

e Methods using capillary forces and high accelerations
are not able to remove all particle types.
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