= Proceedings of 20" International Congress on Acoustics, ICA 2010

104 2070

23-27 August 2010, Sydney, Australia

Influence of gas type on ultrasound cleaning efficiency

S. Brems (1), M. Hauptmann (1,2), E. Camerotto (1,3), X. XiuMei (1), T.-G. Kim (1),
H. Struyf (1), P.W. Mertens (1), M. Heyns (1,4) and S. Degendt (1,3)

(1) Interuniversitair Micro-elektronica Centrum vzw, Kapeldreef 75, B-3001 Leuven, Belgium
(2) K.U.Leuven, Laboratorium voor Akoestiek en Thermische Fysica, Celestijnenlaan 200D, B-3001 Leuven, Belgium
(3) K.U.Leuven, Afdeling Moleculair Design en Synthese, Celestijnenlaan 200F, B-3001 Leuven, Belgium
(4) K.U.Leuven, Departement Metaalkunde en Toegepaste Materiaalkunde, Kasteelpark Arenberg 44, B-3001 Leuven, Belgium

PACS: 43.35.Ei, 43.35.HI

ABSTRACT

Acoustic intensity is a very important parameter in high frequency ultrasound cleaning. The intensity variations in a
cleaning bath are measured with a raster scanned hydrophone and the results are simulated through the spatial im-
pulse response method. Furthermore, acoustic reflections on the cleaning bath walls are minimized with damping ma-
terial. The influence of different type of gases (oxygen, argon, nitrogen and carbon dioxide) on the ultrasound clean-
ing efficiency is investigated. Gas concentrations of oxygen and carbon dioxide are directly measured. The cleaning
results indicate that oxygen, argon and nitrogen give comparable cleaning results whereas particle removal with dis-

solved carbon dioxide gas is completely absent.

INTRODUCTION

The manufacturing of integrated electronic circuits (IC’s)
involves numerous cleaning steps in which contaminants
need to be removed. These contaminants are often subdivided
in organic, metallic and particle contamination. Here, the
removal of particulate material is considered. Due to the ever
decreasing structure dimensions of IC’s, the particles that
need to be removed become continuously smaller. The gen-
eral accepted rule is that the maximum allowed particle size
should not be bigger than half of the critical structure dimen-
sion. Pure chemical cleaning, which is based on the undercut-
ting of particles, is often used to remove particle contamina-
tion. The undercutting decreases the van der Waals interac-
tion force between the particle and the substrate, which facili-
tates the removal process. In order for this cleaning method
to be effective, more than two nanometer of substrate loss
should be allowed [1]. However, this amount of substrate loss
is not acceptable anymore according to the ITRS roadmap,
because today’s structure dimensions are too small. To solve
this issue, an additional physical cleaning force could be
applied in an attempt to lower the material loss. Several phys-
ical cleaning methods could be applied, including megasonic
cleaning [2], high velocity spray aerosol [3], laser clean-
ing [4], solid aerosol spray [5]... All those physical cleaning
methods exert an additional physical force on nanoparticles
which promotes the cleaning process.

Lateral atomic force microscopy measurements are able to
determine the collapse force of (semiconductor) structures
and the removal force of particles [6,7]. These measurements,
performed in air, have shown that a physical cleaning process
window exists [7]. In principle, it should be possible to re-
move all nanoparticles with a size above the critical dimen-
sion without impacting fragile structures. However, physical
cleaning techniques result today in a rather large distribution
of physical forces. As a consequence, some of the generated
physical forces are too large and they will not only remove
particles but also result in damage [8]. Our goal is to optimize
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the physical force distribution and, as a consequence, minim-
ize damage creation. It is important to maintain a reasonable
cleaning rate during this optimization process.

In this paper, we will focus on megasonic cleaning, which is
a type of acoustic cleaning in a liquid medium. The ultra-
sound has typically a frequency in the range between
500 kHz and 5 MHz. There are four physical mechanisms in
the megasonic cleaning process which are believed to assist
in the removal of nanoparticles. First of all, there is the
acoustic boundary layer streaming or Schlichting streaming.
However, it is experimentally shown that Schlichting stream-
ing alone is unable to remove small particles (< 400 nm) [9].
All other physical forces in megasonic cleaning are related to
the presence of small bubbles in the cleaning liquid. These
bubbles can be nucleated during the rarefaction part of the
sound field. Once the bubbles are present, they will react on
the sound field and oscillate. The bubble oscillation causes
streaming around the bubble, which might remove nanopar-
ticles. This liquid streaming is generally known as micro-
streaming. If the bubbles have the resonant size and the
acoustic power is high enough, the microbubbles can collapse
near a surface which creates a water hammer pressure on that
surface. This water hammer pressure is definitely large
enough to remove particles but it might also be responsible
for damage creation. The fourth physical force which might
be present in megasonic cleaning systems is the emission of a
shockwave during bubble collapse. However, this pressure
wave has only been observed experimentally in ultrasonic
systems. The presence of these shockwaves is currently un-
clear in higher frequency acoustic cleaning systems.

Since it is known that the removal of nanoparticles is asso-
ciated with the presence of bubbles, the gas concentration and
type of gas are very important parameters in this cleaning
process [10]. Nevertheless, only very little experiments are
known which investigate the influence of the type of gas on
cleaning performance [11]. In order to optimize the physical
force distribution in megasonic systems, it is important to
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control and optimize all parameters that are involved in the
cleaning process. These variables include temperature, type
and amount of dissolved gas, acoustic field distribution, type
of liquid, use of surfactants, frequency of the acoustic field...

EXPERIMENTAL SETUP
Megasonic cleaning setup

The megasonic cleaning setup consists of a large bath with
inner dimensions of 40 by 40 by 40 cm®. The total tank vo-
lume is 64 liter, which can be refreshed within two minutes.
The liquid temperature is approximately 20.5°C and the large
liquid rate minimizes temperature variations during the appli-
cation of an acoustic field. The transducer mounted at the
side of the tank consists of three piezo elements and the ac-
tive area is ~ 60 cm?. Acoustic reflections can have a large
impact on the sound field and, as a result, on the cleaning
efficiency [12]. The tank walls and the edges of the transduc-
er are covered with damping material, commercially known
as Aptflex F28, which minimizes acoustic reflections. A
diffuser is placed at the bottom of the tank in order to optim-
ize the liquid flow in the tank. An overview of the system is
given in Figure 1.
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Figure 1 Schematic presentation of the megasonic cleaning
bath

Deionized water (DIW) is used plant-wide with guaranteed
low concentrations of dissolved O, and CO, (< 5 ppb), and
some uncontrolled concentration of dissolved N, from the
water storage buffer tanks. This DIW is send through three
parallel membrane contractors connected to a vacuum line.
This procedure removes all residual gases from the DIW
cleaning liquid to a level below our detection limit. Next,
three parallel placed liquid membrane contractors are inte-
grated in the gasification system. The contractors are con-
nected to a pressurized gas line (O,, Ny, CO, or Ar) which
allows us to accurately gasify the cleaning liquid. Oxygen
concentrations are measured with a PreSens oxygen sensor.
The working mechanism is based on the quenching of sono-
luminescence caused by the collision between molecular
oxygen and luminescent dye molecules in the excited state.
CO, concentrations are determined by conductivity mea-
surements [13].

Particle contamination procedure

First, Si wafers (200 mm) are cleaned with an O3-last clean.
Next, the wafers are contaminated with monodisperse 78 nm
SiO, particles using a spin contamination technique. This
results in a high amount of particles (~10%cm?) on the wafer
surface. The wafers are aged for 2 hours in a relative humidi-
ty of 40 percent before cleaning in the megasonic bath. A
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constant aging time is preferred since strong particle adhesion
can be caused by chemical reactions (after initial hydrogen
bonding) that take place in presence of moisture and long
aging times [14,15]. Each wafer clean is followed by a 1 min
spin dry process. Cleaning performance is evaluated by mea-
suring local PRE using light scattering in the haze mode
[16,17]. This process performance is quantified with particle
removal efficiency n expressed in percentage and is defined
as

where o, is the initial surface concentration after the conta-
mination procedure and o is the surface concentration after
the cleaning procedure.

RESULTS
Acoustic field measurements and simulations

The acoustic field has been measured with a needle hydro-
phone (Onda HNR-500) with an aperture diameter of
500 um. The hydrophone was scanned with an Aerotech
XYZ positioning system which is controlled with a labview
program. The scan area is 60 by 70 mm? and the hydrophone
is raster scanned in steps of 1 mm. The acoustic field intensi-
ty variations are shown in Figure 2.
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Figure 2 Acoustic field intensity variations in front of the
transducer at a distance of approximately 145 mm.

The sound field distribution was also calculated with the
field Il program [18,19]. The simulation is done through the
spatial impulse response model. This response gives the emit-
ted ultrasound field at a specific point in space as a function
of time, when the transducer is excited by a Dirac delta func-
tion. The acoustic field is then calculated by convolving the
spatial impulse response with the excitation function of the
transducer. The focus of the transducer in the simulations was
put to infinity. Figure 3 show the simulated acoustic intensity
variations at a transducer-hydrophone distance of 80, 100,
120, 140, 160 and 180 mm. The simulated area is 80 by
80 mm? and the simulation is performed in steps of 1 mm. It
is clear from the acoustic measurements and simulations that
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Figure 3 Simulated acoustic field intensity variations in fror
of the transducer at a distance of 80, 100, 120, 140, 160 an
180 mm.

a large variation of the sound field is present, which is typical
for the near-field or Fresnel zone of the transducer [20].

Figure 4 shows the simulated acoustic field intensity at
145 mm. The main features in the simulations correspond
reasonably well with the hydrophone measurements shown in
Figure 2. In the simulations as well as in the experiments,
four intensity peaks can be observed around the center of the
image and also several peaks are present in the outer regions.

Influence of type of dissolved gas

In the particle removal experiments, the water was fully
saturated with argon, nitrogen, oxygen or carbon dioxide. A
small amount of visible bubbles were present in the connec-
tion pipes between the gasification system and the megason-
ic cleaning bath. These bubbles are blocked by the diffuser
and transported along the walls of the tank to the surface of
the tank. The saturated condition is confirmed with oxygen
concentration and conductivity measurements in the case of
oxygen and carbon dioxide, respectively. The total cleaning
time in the particle removal tests is 4 minutes.

The measurements showed that it was impossible to observe
any particle removal when DIW was saturated with carbon
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dioxide. An applied electric power of 2.5 W/cm? in saturated

Figure 4 Calculated acoustic field distribution at 145 mm
from the transducer. The main features correspond to the
hydrophone measurements.

CO, water was not enough to get any cleaning. Even at this
high power, no bubbles could be visually observed in the
cleaning liquid. This remarkable result can be linked to the
experiments of Kumari et al. [21]. It was shown that Ar, O,
and N, are capable of generating a sonoluminescence signal,
while sonoluminescence was completely absent in CO, gasi-
fied water. It was also shown that CO, is an inhibitor of
sonoluminescence when the cleaning liquid is gasified with
sufficient amounts of oxygen gas.
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Figure 5 Particle removal efficiency maps for oxygen, nitro-
gen and argon saturated water as a function of power density.
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Figure 5 shows the particle removal efficiency maps of oxy-
gen, nitrogen and argon saturated DIW. It can be seen that
even at very low power densities of 0.167 W/cm?, which
corresponds to a total power of 10 W, megasonic cleaning is
feasible. The particle removal efficiency is averaged over an
area of 60 by 60 cm?, where the acoustic field is maximized
and the averaged results are summarized in Table 1. It can be
seen that oxygen, nitrogen and argon are quite comparable in
removal efficiencies. The differences which are present might
be removed by optimizing gas content for each gas indivi-
dually.

Table 1. Averaged particle removal efficiencies [%]

KI‘\’/‘/"(’;;Z) 0.167 0.251 0.336
Oxygen 16.5 65.5 72.5
Nitrogen 21.6 715 66.7
Argon 7.7 16.9 69.5

CONCLUSIONS

The acoustic field of a transducer with an active area of
~ 60 cm? has been evaluated with hydrophone measurements
and simulated with the spatial impulse response model. The
data and simulations clearly show near-field acoustic max-
ima, which influence the uniformity of megasonic cleaning. It
was shown that DIW saturated with carbon dioxide gas re-
sults in no particle removal, while DIW with saturated argon,
nitrogen and oxygen gas can clean already at low powers and
their particle removal efficiencies are comparable.
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