%529 % 456 * B
2008 4 6 H

& % %

JOURNAL OF SEMICONDUCTORS

Vol.29 No.6
June, 2008

Numerical Study on Hydrodynamic Forces for Micro Particle
Detachment by Droplet Impact”

Sun Zhenhai'***" and Han Ruijin®

(1 Shanghai Institute of Microsystem and Information Technology, Chinese Academy of Sciences, Shanghai
(2 Grace Semiconductor Manufacture Corporation s Shanghai

(3 Graduate University of the Chinese Academy of Sciences, Beijing

200050, China)
201203, China)
100049, China)

Abstract: This paper presents the results of a numerical investigation of micro-sized particle removal by droplet impact.

Computational fluid dynamics simulation is used to calculate the flow distribution of droplet impact on a flat surface. The

hydrodynamic forces exerted on the particle are then computed. Key factors controlling particle removal are discussed.

Both hydrophilic and hydrophobic surfaces are considered. The flow distributions, especially the front edge expanding upon

impact at microscale,strongly depend on surface wettability. The associated hydrodynamic forces on the particles vary ac-

cordingly. In addition, the impact on a dry surface can produce higher removal efficiency than that on a wet surface. Under

the same impact conditions,the drag force exerted on a particle residing on a dry surface can be three orders of magnitudes

larger than on a wet surface. Improving droplet impact velocity is more effective than improving droplet size.
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1 Introduction

Preparation of clean silicon surfaces is one of the
most important tasks in the semiconductor manufac-
turing industry. It accounts for more than 20% of the
operations and is considered to be a key factor in the
final device performance. The shrink of line widths.,
the increase of wafer sizes, and higher aspect ratios
present unprecedented challenges for the control of
particulate contaminants and surface roughness. The
front end of line (FEOL) critical particle size is ex-
pected to decrease to 25nm by 2009 . Silicon loss and
oxide loss per cleaning step are expected to decrease
to 0. 04nm by then. Highly diluted chemicals are used
during conventional RCA cleaning to minimize the
silicon and oxide losses, but it is difficult to remove
particles to the extent desirable with such highly dilu-
ted chemicals. The smaller the particle, the more dif-
ficult it is to remove. In general, the adhesion force
consists of the van der Waals force and the electro-
static double-layer force. Qin and Li*' studied the
mechanism of traditional wet chemical cleaning. Both
numerical model prediction and experimental data
showed the amount of undercut became unacceptable
when removing nano-particles using chemical clean-
ing. Especially for the ultra thin gate oxide pre-clean-
ing, the roughness caused by chemical etching could
induce severe leakage current™ . In order to enhance
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particle-removal efficiency,a physical aid such as me-
gasonic agitation is generally employed. Megasonic
agitation has been used for many years in wafer
cleaning, but acoustic agitation achieving a high parti-
cle-removal efficiency of 80% or higher damages the
70nm wide polycrystalline silicon gate structures™ .
Reducing the megasonic power can reduce the megas-
onic damage to the 70nm structures, but it also reduces
the particle-removal efficiency.

With the size of device structures decreasing to-
ward 45nm and below, damage-free cleaning without
sacrificing the particle-removal efficiency becomes a
more difficult challenge. An alternative physical tech-
nique, the mixed water/gas jet spray cleaning tech-
nique,has recently been reported. This technique has
an advantage over the megasonic technique because it
can remove smaller particles due to the greater impact
of micro droplets at a high speed. Thus,the spray at a
high flow rate (or at high speed) of the carrier gas
with no added chemicals can essentially remove all
particles on unpatterned wafer surfaces without any
material loss caused by chemical etching. However, a
water/gas jet spray at a high flow rate can easily
cause damage to fragile structures on patterned wafer
surfaces. As the flow rate decreases, the degree of
damage decreases, but at the same time, the particle-
removal efficiency also decreases. In order to remove
particles using the mixed liquid/gas jet spray with a
low flow rate, additional chemical processes (such as
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APM or HF/H, O, /H,O mixture) to weaken the par-
ticle adhesion by etching silicon oxide under the parti-
cles have been proposed. In order to get a fine control
of the spray cleaning process,understanding the parti-
cle removal mechanism of micro droplet spray is nec-
essary, especially the physical force applied to the
particles on wafer surface, which has not been well
studied.

There are several studies describing the droplet-
wall interaction progression”~"'. When the droplet
size is in the scale of micrometres, it is difficult to
study the droplet impact progression experimentally.
For the application in spray cleaning,the understand-
ing of hydrodynamic forces on the micro-sized parti-
cles plays a key role for cleaning efficiency improve-
ment. In this study. the hydrodynamic forces exerted
on particles by droplet impact are evaluated numeri-
cally. Computational fluid dynamics (CFD) simula-
tion is used to compute the flow distributions and to
calculate associated hydrodynamic forces for particle
removal.

2 Particle-surface interaction

When a droplet impacts on a flat rigid surface
where a stationary particle resides,there are three po-
tential particle removal mechanisms: lifting, sliding,
and rolling. Before going into the details of the parti-
cle removal mechanism, let us briefly review the
forces acting on a particle. The Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory describes the ad-
hesion force of a micro-scaled particle adhering to a
surface, which consists of the van der Waals force and
the electrostatic double layer force. The van der
Waals force is
Ad
12h*
where A is the Hamaker constant, d is the diameter
of the particle, and & is the separation distance be-
tween the particle and the substrate (for smooth sur-

dew - (1)

faces.it is taken as the Lennard-Jones separation dis-
tance,0. 4nm)

The above equation does not take into account
the adhesion force due to deformation. The deforma-
tion between the particle and surface depends on the
physical properties of the materials involved. The par-
ticle and surface properties determine whether the
particle or the surface will deform and what kind of
deformation occurs. There are three classic treatments
on deformation: DMT (Derjaguin-Muller-Toporov) ,
JKR (Johnson-Kendall-Roberts), and MP ( Maugis-
Pollock) models. The JKR and DMT models describe
the adhesion of an elastically deforming system. The

MP model,on the other hand, describes tensile inter-
action and plastic deformation. In our study, the MP
model is applied for the silica/substrate system".
Bowling®' gave the total adhesion force including the
component due to the deformation:

Ad 2a’

o (1 )
where a is the contact radius between the deformed
particle and the substrate. Additional contact area by

F\'dw - (2)

deformation makes the adhesion force larger than
without deformation.
The electrostatic double layer force is

ch = &Od(lpf * ‘Iff)) X Kei){j’ox [ ?%Wé) N e%h}
4 I —e™ v, + Y

3
where ¢ is the medium dielectric constant, e, is the
permittivity of free space, ¥, and ¥, are the surface
potential of the substrate and the particle, d is the
particle diameter, & is the separation distance be-
tween the particle and the substrate,and « is the re-
ciprocal double layer thickness--.

For many micro-scale particle systems, the elec-
trostatic double layer force is much smaller (2~ 3
magnitude lower) than the van der Waals force when
the particle and surface are in contact'"’. In this pa-
per.we focus on the van der Waals force.

3 Droplet-particle interaction modeling

When an incident droplet impacts on a dry sur-
face,in general, there are two possible outcomes of
the post-impact process. At low impact velocities, the
droplet may deposit on the surface and form a liquid
film;at high impact velocities, the droplet may splash
and secondary droplets may form. The droplet impact
hydrodynamics has been investigated theoretically
and experimentally in the past years (Hartley & Brun-
skill 1958; Ford & Furmidge 1967; Stow & Stainer
1977;Mao et al.1997; Rioboo et al.2001). Most ex-
perimental studies of droplet impact and spreading
have been performed using a high-speed camera. For
the hydrodynamic force on the adhering micro-sized
particle,a numerical approach was made available on-
ly for the laminar flow boundary layer. In our study,
the droplet impact produces unsteady flow. Forces ex-
erted on the particle cannot be predicted by the em-
pirical expressions used for laminar flow. In this pa-
per.the hydrodynamic forces on the particle are in-
vestigated by computational fluid dynamics simula-
tion.

A two-phase flow approach is employed using the
FLUENT VOF multiphase model, with the droplet as
the liquid phase and the surrounding air as the gas
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F, Point around which
rolling can occur

Fig.1 Forces exerted on the particle when liquid passes over

phase. The flow field is computed in the unsteady
condition under incompressible and isothermal condi-
tions. The liquid droplet is formed by patching the lig-
uid volume fraction with a specified diameter at a
specific height from the flat surface. The droplet’s in-
itial velocity is also introduced through patching.
The particle on the flat surface is represented by
a solid sphere with a specified diameter. The particle
is considered as fixed on the flat surface,i. e., the
particle trajectory upon impact is not considered. The
drag and lift forces exerted on the particle are the hy-
drodynamic forces in the directions tangential and
normal to the surface respectively. Figure 1 shows the
forces on the particle, where Fp is the drag force, F,.
is the lift force,and F, represents the adhesion force.
Rolling is the most possible removal model'" .
The rolling criterion can be expressed as
My + Fpb + FLa = Fpa 4)
Equation (4) is derived from a moment balance,
where a is the horizontal lever arm, b is the vertical
lever arm, and My is the moment of surface stress.
The lever arm a and b can be calculated according to
the MP model. M, depends on the fluid viscosity, par-
ticle size,and flow velocity around the particle. Equa-
tion (4) indicates that drag force and lift force play a
critical role during the particle removal process.
Flow field distributions from simulation are vali-
dated first. Two validations are performed based on
the experimental data published by van Dam and Le
Clerc'" . The first set of images were captured when a
85um droplet impacted a dry hydrophobic surface
with a velocity of 5. 1m/s. The second set of images
were captured when a 66pm droplet impacted a dry
hydrophilic surface with a velocity of 11.4m/s. For
both cases,a 3D model is constructed. A 45" section of
a cylindrical computational domain is shown in Fig. 2.
Liquid volume fraction contour plots and video ima-
ges captured during impact progress are compared in
frame-by-frame fashion. The liquid spread ratio,
which is defined as r = d/D, (where d is the liquid
spread diameter and D, is the droplet initial diame-
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Computation domain of simulation case and computa-
(a) Computation domain; (b) Meshes
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ter),is used as the criterion when comparing the nu-
merical results and experimental images. The R
square, coefficient of determination,is used to evalu-
ate the goodness of fit curve. The R square of the val-
idation test-1 is 0. 97 (Fig. 3 (a) and (b)), while the R
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Fig.3 Model validation one: droplet impact on hydrophobic
surface The time interval between frames is 3ps. Impact condi-

tion:droplet size of 85,m,initial velocity of 5. 1m/s,static con-
tact angle of 35°.  (a) Frame-by-frame comparison; (b) Spread

ratio curve comparison
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Fig.4 Model validation two:droplet impact on hydrophilic sur-

face The time interval between frames is 0. 25us. Impact con-

dition: droplet size of 66pm;, initial velocity of 11.4m/s, static

contact angle of 15°.  (a) Frame-by-frame comparison; (b)

Spread ratio curve comparison

square of the validation test-2 is 0. 99 (Figs. 4 (a) and
4(b)).In both cases.the results show that the simula-
tion model is adequate for the simulation of the drop-
let impact process on a flat surface.

Once simulation results are validated, numerical
DOEs (design of experiments) are carried out. The
particle diameter used in all simulations is set at
0. 2pm. The simulation matrix is shown in Table 1.
The impact position is defined as the distance between
the particle and the center of droplet normal projec-
tion on flat surface. The wetting property of the sur-

Table 1 Simulation case matrix
Droplet Droplet Wetting Impact Particle
size/pm | velocity/(m/s) character position/pm | size/pm
Dry/hydrophobic
30 Dry/hydrophilic
20 Wet
Dry/hydrophobic 15 0.2
50 Dry/hydrophilic
Wet
30 30 Wet
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Fig.5 Drag force on a particle residing on hydrophobic/hydro-
philic surface when a 20pm droplet impacts with an initial ve-
locity of 30m/s

face is specified as hydrophobic and hydrophilic. For
the hydrophobic condition, the surface static contact
angle is set to 90°. For the hydrophilic condition,a 10’
static contact angle is used. In the wet surface cases,
we assume that the liquid thickness is 1pm. This is the
typical thickness after a 20pm droplet spreads and
rests on a flat surface under an initial impact velocity
of 50m/s.

The number of computation meshes ranges from
600000 to 900000. The time step used in the computa-
tion is 0. 001ps. The calculation time ranges from 30
to 100 hours for each case with 4 CPUs on a 64bit
Linux Cluster. The time history of forces exerted on
the particle after the droplet impact is calculated and
extracted.

4 Results and discussion

Because the particle is considered fixed on the
surface, particle trajectory is not considered. The drag
force and lift force are calculated separately during
the whole computation time.

The results of a 20pm droplet impacting on a hy-
drophobic dry surface show that when the front edge
of expanding liquid approaches the particle, the drag
force on the particle increases sharply in the liquid
spreading direction,then decreases to the negative di-
rection (Fig.5). The reason for the negative drag
force is that for the hydrophobic surface condition,an
air packet is formed at the lower side behind the par-
ticle due to poor wettability (Fig. 6).The pressure in-
side the air packet increases with time as a result of
compression. For hydrophilic dry surfaces, the force
increases sharply as the spreading liquid approaches
and stabilizes afterwards. The hydrophilic surface gets
wetted quickly so that there is less chance for an air
bubble to form behind the particle. Hence,there is no
backward pressure force on the particle. The drag
forces peak at the same time for these two cases. This
is because the computation duration is limited to the
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Fig.6 Liquid volume contour map:air packet behind the parti-
cle (0-air,1-water,flow direction:from left to right)

initial stage of droplet spreading, during which the
spreading velocity shows less difference.

The drag forces under different initial droplet
impact velocities are also computed and compared.
The results of drag forces when a 20pm droplet im-
pacting on a hydrophilic surface with initial velocities
of 30 and 50m/s are plotted together in Fig. 7. The
drag force of 50m/s is larger than that of 30m/s. This
is understandable because high initial velocity pro-
duces faster spreading velocity. The drag force is pro-
portional to the liquid velocity spreading over the
particle. In addition, the drag force of 50m/s pcaks
earlier due to its faster spreading velocity.

For wet surfaces, in contrast, the hydrodynamic
forces are small. The drag force on a wet surface is
about three orders of magnitude smaller than that on
a dry surface under the same impact conditions
(Fig.8). On wet surfaces, the droplet momentum
transfers to the liquid film first. Through the liquid
film, forces are propagated to the particle. While on
dry surface, droplet momentum transfers directly to
the particle. Thus,when a droplet impacts on dry sur-
faces,higher removal efficiency can be achieved. For
wet surfaces, lift force and drag force are plotted in
Fig. 9. Lift force is about two orders of magnitude
smaller than drag force. Drag force dominates the de-
tachment of the particle on the wet surface when
using droplet impact.
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Fig.7 Drag force comparison between 20pm droplet impacting
at 30 and 50m/s
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Fig.8 Drag force comparison between 20pm droplet impacting
on dry/wet surface at 30m/s
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Fig.9
impacting on wet surface at 30m/s

Drag force and lift force produced by a 20pm droplet

The surface is prone to get wet during the actual
cleaning process due to multi-droplets spray. So, the
drag forces on a wet surface are plotted together
(Fig. 9). Different velocities under the same droplet
size and different sizes under the same velocity are
compared. The peak drag force of a 20p.m droplet im-
pacting at 30m/s is 1. 35X 10 *N; The peak of a 20pm
droplet impacting at 50m/s is 2. 82 X107 ®*N; The peak
of a 30pm droplet impacting at 30m/s is 1. 9 X 10 *N.
Drag force increases by 109% when velocity increases
from 30 to 50m/s (velocity increases by 67%).On the
other hand.drag force increases by 41% when droplet
size increase from 20 to 30pm (droplet size increase
by 50%) . Therefore,improving droplet impacting ve-
locity is more effective than improving droplet size.
Small droplets with high impact velocity can produce
high particle removal efficiency.

30F —— 20pm droplet 30m/s
L g —o—20pm droplet 50m/s
25 ¢ Q%Q,. —»— 30um droplet 30m/s

20+ ¥ Y
15F Jr f
J
§

101 4

Drag force/nN

02 04 06 038 1.0 1.2
Time/ps

Fig.10 Drag forces produced by different droplet sizes and ini-
tial velocities



1086 e

{ZNE S 4

% 29 &

According to the results in this study, the hydro-
dynamic forces produced by droplet impact range
from 1X10°® to 4 X 10 °N. They depend on the drop-
let impact velocity and surface condition where the
particle resides. The forces are also related to the par-
ticle size, which is not shown in this paper. In con-
trast, the adhesion van der Waals force between a
0. 2pm SiO, particle and a Si surface is in the range of
1X107° to 3 X 107"®*N (from the literature, the Ha-
maker constant A ranges from 8.5 X 107*" to 1.5 X
107"*).From Eq. (4) ,the left side of the equation will
be much larger than the right side. Particle removal
can be achieved. According to practical experiments
on spray cleaning, the removal efficiency increases
20% ~40% over conventional immersion cleaning'*’.
Many researchers studied the removal mechanism by

(2131 " The undercut

conventional immersion cleaning
etching is necessary to reduce the interaction between
the particle and surface. The particle is detached
when the electrical repulsive force becomes larger
than the adhesion force. On the other hand,no under-
cut occurs with spray cleaning. Thus, material loss can
be avoided. The numerical study of droplet impact can
play a key role for the removal efficiency improve-
ment in the implement of spray cleaning in advanced
VLSI processes.

5 Summary

The hydrodynamic forces exerted on micro-sized
particles by droplet impact are calculated and dis-
cussed. For a particle on a dry hydrophobic surface,an
air packet forms at the backside of the particle when
the front edge of spreading liquid passes over. It in-
duces a reverse direction drag force. When the parti-
cle resides on a wet surface, the hydrodynamic drag
force is three orders of magnitude smaller than that
on dry surface. The faster the impact velocity, the lar-
ger the drag force. The drag force is two orders of
magnitude larger than the lift force when the particle
resides on a wet surface. Thus.the dominant factor of
detachment is drag force. Smaller droplets produce

smaller drag force. In the cleaning process, there is a
tradeoff between the cleaning efficiency and the pat-
tern damage. Cleaning recipes can be optimized
through changing droplet sizes and impact velocity
according to specific applications.

The hydrodynamic force provided by droplet im-
pact in spray cleaning produces no material loss,while
high removal efficiency can be achieved. This study
provides numerical evidence of the high efficiency of
spray cleaning.
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