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Chapter 6

STEAM LASER CLEANING OF SILICON SURFACES:
LASER-INDUCED GAS BUBBLE NUCLEATION AND
EFFICIENCY MEASUREMENTS

P. Leiderer, M. Mosbacher, V. Dobler, A. Schilling, O. Yavas,
B. S. Luk'yanchuk, J. Boneberg

The removal of dust particles from semiconductor surfaces requires new cleaning
strategies such as Steam Laser Cleaning (SLC). It is based on laser-induced
explosive evaporation of a liquid layer applied on the surface. We have
investigated the laser-induced nucleation and growth of gas bubbles at
silicon/water, silicon/isopropanol and silver-film/water - interfaces by light
scattering and surface plasmon spectroscopy. The achieved superheating of the
liquid before bubble nucleation sets in strongly depends on the substrate
roughness. On rough metal films it is only about 30 K in water, compared to
about 150 K on smooth silicon surfaces. Isopropanol (IPA) on smooth silicon
surfaces could be heated to 116°C, corresponding to a superheating of 36 K. In
combination with numerical calculations it was possible to determine the heat
transfer coefficients silicon-water (&= 3 -10” W/m® K) and silicon — IPA (& =1
107 W/m® K). Using optical techniques we have measured the pressure wave
created by the growing bubbles and the bubble growth velocities. For a
quantitative study of the efficiency of SLC we deposited spherical colloidal
particles on industrial silicon wafers. We observed a sharp threshold for particle
removal at 110 mJ/cm® (laser A = 532 nm, FWHM = 8 ns) which is independent
of the size (diameter 800 nm down to 60 nm) and material of the particles and
efficiencies above 90% for particle removal. On the basis of our results we
discuss the validity of the existing SLC models and the perspective of the
application of SLC as an industrial cleaning tool.
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1. Introduction

The interest in nanostructures at surfaces is growing rapidly due to the
enormous importance of such structures for basic science and for
applications in numerous areas like electronics, optics, data storage, sensor
devices etc. As the size of such structures keeps getting smaller, the
influence of contaminating dust particles, even if they are tiny, is more and
more detrimental. This is in particular true for microelectronics (Honig,
1988; Hattori, 1990; DelJule, 1998), where the typical width of the structures
nowadays is already close to a hundred nanometers, and further reductions
are in sight (Sematech Inc., 2000). A single dust particle of the same order
of magnitude present on the surface during the chip production process can
lead to a malfunction of the whole chip.

Mechanical cleaning techniques like ultrasonics, wiping and brushing,
as they are presently used, are either not very efficient in removing very
small particles or due to the mechanical contact give rise to new impurities
by abrasion. Therefore alternative methods are very desirable (Kohli, 2002).
An in principle very promising technique is the so-called "Laser Cleaning"
(Bauerle, 2000): the contaminated surface is heated by a short laser pulse,
and the thermal expansion of the irradiated area, if rapid enough, is expected
to kick the particle off the surface (Zapka, 1991; Tam, 1992; Engelsberg,
1993). This method is contactless, and the surface region where a dust
particle is identified (e.g. by means of light scattering as in commercial
wafer inspection tools) can easily be addressed in a controlled way.

It has been demonstrated that pulsed laser radiation is indeed capable of
removing dust particles from a surface (Zapka, 1991; Tam, 1992;
Engelsberg, 1993; Kelley, 1993; Vereecke, 1999; Halfpenny, 1999; Lu,
2000 a). Yet a closer inspection reveals that there is a great danger to
modify the surface locally at the former positions of the particles, e.g. create
crater-like structures (Leiderer, 2000; Lu, 2000 b, 2002; Mosbacher, 2001,
2002 a, b; Miinzer, 2002). This can be ascribed to the enhancement of the
incident light field in the vicinity of the particle (Luk yanchuk, 2000, 2002;
Mosbacher, 2001; Miinzer, 2002). For very smooth and delicate surfaces,
like those of commercial silicon wafers with an RMS roughness below 0.2
nm, this method is hence not applicable, because the surface defects
generated by the cleaning process would be as serious for the further
production steps as the presence of the impurity itself.
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A slight modification of the cleaning procedure, however, appears to be
able to solve this problem: just before the application of the laser pulse a
thin liquid film is condensed on the surface, which then is evaporated
explosively by the pulse, and the vapor jet carries the particle with it. This
"Steam Laser Cleaning" (SLC, in contrast to the "Dry Laser Cleaning",
DLC, described before), was introduced by several research groups about a
decade ago (Beklemyshev, 1987; Assendel’ft, 1988 a, b; Imen, 1991; Zapka,
1991). In the following years several groups started to investigate the details
of the SLC process (Park, 1994 a, b, 1996 a, b; Tam, 1995; Héroux, 1996;
Boughaba, 1997; Leiderer, 1998; She, 1999; Mosbacher, 2000, 2002 a, b).
The present article gives an account of the recent developments and the
underlying physical phenomena of this technique.

2. Experimental

A quantitative analysis of the laser induced bubble nucleation process as
well as the determination of cleaning efficiencies of SLC heavily relies on
well defined, reproducible experimental boundary conditions. Therefore in
this section we will describe the important aspects of our experimental
setup.

2.1. Sample preparation

The preparation of samples used in bubble nucleation and SLC efficiency
experiments is one of the most critical issues in the described experiments.
Slight deviations in the preparation e.g. of contaminated samples may lead
to results that are more difficult to interpret or even do not reflect the
focused problem. In the following we will describe the preparation of the
substrates and liquids used in our experiments.

Metal films on glass: In the experiments that monitored the bubble
nucleation process via Surface Plasmon Spectroscopy we used thin silver
films as substrate. These films are most suitable for the excitation of surface
plasmons. A film of about 50 nm thickness was evaporated in high vacuum
either onto the base of a heavy flint glass prism (n = 1.75 for A = 632.8 nm)
or onto a microscope slide (SCHOTT; BK7 glass). A 2 nm thick chromium
interlayer was used to increase the adhesion between the silver film and the
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glass prism. The films prepared in this way are optically smooth, yet on the
nm scale are rough in comparison with silicon wafers

Industrial silicon wafers: As silicon substrate we used <100> industrial

silicon wafers (Wacker Siltronic, Burghausen, Germany) with an RMS
roughness of 0.2 nm. The wafers were cleaned in isopropanol (IPA) in an
ultrasonic bath and subsequently have been dried in a nitrogen gas flow.

Water: The water used both in the bubble nucleation and SLC
experiments was Millipore water. In the bubble nucleation experiments an
additional 200 nm particle filter prevented the contamination of the liquid
cell.

Isopropanol (IPA): The Isopropanol (2-Propanol (CH;),CHOH), in
industrial applications often abbreviated as [PA, was used as bought from
the supplier. According to the supplier's specification the purity was at least
99.8%.

Contaminating particles: Most studies on laser cleaning use irregularly
shaped particle contaminants (e.g. Al,O;, Si;Ny) to investigate removal
efficiencies. Although they may reflect the actual shape and size distribution
of contaminants in a real world wafer cleaning process, they are unfavorable
in experiments aimed to investigate the underlying basic processes.
Therefore, we have used spherical colloidal polystyrene (PS; Interfacial
Dynamics Corporation, Portland, OR 97224 USA) and SiO, (Bangs
Laboratories Inc., Fishers, IL, USA and Duke Scientific Corp., 2463 Faber
Place, Palo Alto, CA 94303, USA) particles. Their small size distribution (+
5% for PS, £ 20% for SiO,) compared to irregular particles and their
spherical shape enable studies of removal efficiencies for various well-
defined sizes and facilitate future comparisons with theoretical models.
Some experiments were also performed using irregularly shaped Al,Os
particles (SUMMIT CHEMICALS EUROPE GMBH, Diisseldorf, Germany)
as contaminants.

The particles were deposited on the silicon sample by a spin coating
process. After dilution with IPA (1:2500) the particle suspension was spun
onto the silicon wafer (2000-3000 Rpm). By adjusting the rotation speed,
the concentration of particles in the suspension and the total amount of
suspension applied onto each sample we were able to prepare samples with

more than 95% of isolated spheres at particle densities >107 —10®
(depending on the particles size) per cm* (Mosbacher, 2000).

258



Fig.1. Typical sample as used in the laser cleaning experiments imaged in an
scanning electron microscope. The displayed area is 4.8 mm x 4.8 mm and the
particle size is 110 nm.

A typical example can be seen in Fig. 1 where 110 nm sized PS particles
were deposited onto a Si wafer. The prevention of particle agglomerates on
the samples is important for quantitative experiments, as such agglomerates
complicate the interpretation of cleaning results (Halfpenny 1999) and
exhibit a different cleaning behavior compared to single particles (Leiderer,
2000; She, 1999).

2.2. Laser Sources

In our experiments we applied different laser sources. For the nucleation of
gas bubbles on metal substrates we have used both KrF excimer laser pulses
(A =248 nm, FWHM = 25 ns, spot size 1 x 1 ¢m?) and the pulses of a Q-
switched Nd: YAG laser (1 = 532 nm, FWHM = 8 ns). As probe lasers we
utilized a cw Ar -ion laser (1 =488 nm, 175 mW) in the SLP - experiments
and a HeNe - laser (1 = 633 nm, 5 mW) for the excitation of surface
plasmons and the detection of contaminating particles.
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2.3. Surface plasmon probe and optical reflectance probe

The experimental setup for the surface plasmon probe (SPP) of the laser-
induced bubble nucleation at a liquid-solid interface is depicted in Fig. 2.
After the application of the silver film, the prism is mounted on a cuvette
filled with Millipore water.

Surface plasmons are excited optically at the silver-water interface via
attenuated total reflection (ATR) in the Kretschmann configuration using a 5
mW HeNe probe laser (Kretschmann, 1968). Bubble nucleation takes place
at the silver-water interface upon heating by a KrF excimer laser pulse
through a quartz window. Any transient change of the surface plasmon
resonance angle due to a change of the dielectric function of the water layer
on the silver film induced by bubble nucleation, temperature rise, or
pressure changes, is monitored by a fast photodiode (rise time < 1 ns). The
signal is amplified using an ac-coupled 1 GHz bandwidth amplifier, and
recorded on a 500 MHz digitizing storage oscilloscope. As indicated in Fig.
2, it is calculated that the appearance of a vapor layer of 1 nm thickness will
cause a significant shift of the surface plasmon resonance to a smaller angle
of incidence and thus lead to a transient change in the measured intensity, if
the angle of incidence of the probe laser is kept fixed. It should be pointed
out here that the existence of a vapor layer is just an assumption at this
point.

In order to directly compare the results of the novel SPP with the
previously used optical reflectance probe (ORP), a second HeNe probe
laser, incident from the front side through the liquid and probing the same
spot as the SPP, is used to monitor simultaneously the transient reflectance
changes caused by light scattering on bubbles.

If not stated otherwise, the SPP measurements presented in the
following have been performed by setting the angle of incidence for the
probe beam to the middle of the left wing of the surface plasmon resonance
at about 53.1° as shown in Fig. 2. In order to verify that no reversible
changes of the optical constants of the silver film took place upon laser
heating, the complete plasmon resonance curve has been measured prior to
and after each series of experiments.
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Reflectivity (%)

Fig. 2. (a) Experimental configuration for the ns time resolved study of pulsed laser-
induced bubble formation at a liquid-solid interface using the surface plasmon probe
(SPP) and optical reflectance probe (ORP) techniques. (b) Calculated shift of the
surface plasmon resonance curve caused by a 1 nm thick vapor layer at the water-
silver interface.
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2. 4. Scattered Light Probe (SLP)

Fig.3 shows the setup for the bubble nucleation experiments. In order to
nucleate the bubbles a Q-switched Nd: YAG laser (4 =532 nm, FWHM =8
ns) heated the silicon sample. The pulse energy was split (BS) and measured
for each individual pulse by an energy meter (FM: Field Master, Coherent).
Sample and liquid were placed in a fused silica cuvette that could be heated
up to 360 K. The growing bubbles were monitored by a cw Ar-ion laser (4=
488nm, P = 175 mW), which was focused onto the sample.

Both the specular reflected beam of the Ar-lon-laser and the light
scattered by the nucleated bubbles were collected in forward direction (as
shown in the diagram), the scattered light in addition also perpendicular to
the incident ray (similar setup, not shown in the diagram). For all the light
detection we used fast photodiodes (PD: FND 100, rise time < 1 ns) covered
by interference filters (IF). Using a polarizing beam splitter (PBS) the
reflected beam was decomposed into its p- and s-polarized constituents that
were detected individually.

2. 5. Evaluation of the cleaning efficiency

In principle there are two ways of determining the cleaning efficiency of
laser cleaning. Either the efficiency is evaluated on the basis of a direct
observation in an optical or scanning electron microscope (Halfpenny, 1999;
Lu, 2000 a; Fourrier, 2001) or by indirect probe techniques such as light
scattering measurements (Mosbacher, 2000).

Recently (Mosbacher, 2000) we have compared both methods in
measuring the particle removal efficiency in SLC experiments on bare
silicon wafers. Direct observation and light scattering were found to provide
consistent results even for particles as small as 100 nm in diameter.
Therefore, we chose the light scattering approach in our experiments, as it
increases the speed of data analysis.

Using a photomultiplier we were able to detect scattered light from
particles with diameters down to 60 nm. The detection of the scattered light
from these particles represents the detection limit of our present setup, but
might be extended to even smaller sizes by the application of lasers with
higher intensity and shorter wavelengths.
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Fig. 2.3: Optical determination of laser induced bubble nucleation via Scattering
light probe (SLP) (details see text).

A 5 mW HeNe laser illuminated a spot with a diameter of < 0.5 mm,
which corresponds to several hundred particles at the particle concentration
used. This high number of spheres ensured a small statistical error in our
experiments, as we were able to monitor several hundred lifts off processes
at the same time.

2.6. Determination of laser fluence

The determination of laser fluence in the SLC experiments using the Nd:
YAG-laser is described in detail in (Mosbacher, 2000). In brief, the laser
fluence was determined relative to the well-known (Kurz, 1983; Lowndes,
1983; Boneberg, 1993) laser fluence of about 310 ml/cm® (at the laser
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parameters used in the experiments) necessary for melting of a surface layer
corresponding to the optical penetration depth of molten Si. In contrast to
the solid state molten silicon is metallic, and hence the phase transition is
accompanied by an increase in reflectivity. This increase is detected by a
time-resolved monitoring of the reflected light of a HeNe laser (4 = 633 nm)
during the experiment.

In the experiments designed for the determination of laser induced
bubble nucleation in bulk liquids we chose another, intrinsic laser fluence
calibration method. During the experiment we found a distinct change in the
reflectivity of the water-silicon-system. As computer simulations of the
temperature dependency of this reflectivity show, this change is primarily
caused by the temperature change in the water and hence to the applied laser
fluence. Based on this, it can be shown (Dobler, 2002) that the integral

945 (Rp_(t)

W= |

4us 0.p

- lj dt ~ @, (D
containing the reflectivity change in p-direction is directly proportional to
the applied laser fluence. The upper boundary of the integral is given by the
limit of detection time; the lower boundary of 4 pus was chosen in a way that
at this time no gas bubbles were present on the surface any more. Hence it is
possible to determine from the measured reflectivity changes of the system
the applied local laser fluence right at the area where the bubble nucleation
is probed.

3. Laser induced bubble nucleation and pressure
waves

In SLC the laser induced evaporation of the applied liquid is responsible for
the ejection of the contaminating particles from the surface. Hence any
deeper understanding of the SLC process requires an investigation of the
laser induced bubble nucleation at the substrate - liquid interface. In this
section we will both review results on the bubble growth dynamics obtained
on rather rough metal films as well as recent results from experiments
carried out on industrial silicon wafers.
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3. 1. Theoretical background

The boiling of liquids is of great relevance for a broad variety of technical
applications. Therefore a large amount of literature can be found on this
topic. In contrast, there are only a few publications on the early stage of
boiling, the nucleation of the gas bubbles. Below we will briefly summarize
the relevant theoretical background necessary for the interpretation of our
experimental results.

3.1.1. Kinetic limit of superheating

In Fig. 4 we show schematically part of the phase diagram of a one-
component liquid. The vapor pressure curve separates the regions where the
liquid and the vapor are the thermodynamically stable phases. This curve
represents the equilibrium state of a flat liquid-vapor interface. A liquid is
called superheated if its temperature (at a given pressure p) is above the
temperature 7y, (p) on the coexistence curve:

7(p)>T..(p). @)

Such a state can be achieved, e.g., by heating the liquid at constant pressure,
as it is mostly done in the experiments described below and schematically
indicated by the path 4 — B in Fig. 4. One should add that strictly speaking
the pressure will in general increase by some amount due to the effects of
thermal expansion. The degree of superheating which can be obtained is
affected by two limits:

Thermodynamic limit (spinodal line): In a certain region of the phase
diagram the liquid is intrinsically unstable, because the compressibility of
the system is negative in this range. Fluctuations in density, however small
they are, will therefore grow spontaneously. The boundary of this region is
the so-called spinodal or thermodynamic limit of superheating Tt( p)

defined by thermodynamic states where

P

3
oV ®

T,n
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Fig. 4. Schematic p-T - phase diagram of a pure liquid. The path 4 —> B
corresponds to the experimentally realized isobaric heating.

The calculation of the spinodal according to equation (3) is hampered by
large uncertainties, because an equation of state is required, whose
parameters are not known from experiment in this range. One therefore has
to rely on extrapolations (Avesisian, 1985).

Kinetic limit: In the region between the vapor pressure curve and the
spinodal the liquid is in a metastable state. In this range a critical nucleus is
required for the formation of growing bubbles. If a bubble is smaller than
this critical size it will shrink and eventually disappear. The rate J of the
formation of critical bubbles grows rapidly in a narrow temperature range,
giving rise to a relatively sharp "cloud line" 7, (p) in the metastable region,

where the initially transparent liquid becomes cloudy due to the enhanced
light scattering from the gas bubbles (or droplets in the case of a
supercooled vapor).

A review of the methods used to determine the limits of superheating
and relevant data are presented in (Avesisian, 1985). The thermo-dynamics
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of superheated liquids is discussed, e.g., in (Debenedetti, 1996; Skripov,
1974, 1988).

For the critical nucleation rate the typical value cited in the literature is
10" m”s™. This is a convention. Taking into account the conditions of our
experiment, with an effective volume of 50 x 20 x 0.3 mm’ = 300 mm" to be
probed, and a rate of one nucleus during the time of superheating (roughly 1
us), a more adequate value is J,, = 10> m™s™ in our case.

3.1.2. Nucleation theory

Nucleation of a critical nucleus in the volume of the liquid, in the absence of
a wall, dust particle etc., is called homogeneous nucleation. By contrast,
heterogeneous nucleation is defined as taking place at the interface between
the liquid and a wall or other inhomogeneity like a dust particle. In addition
there might be gas or vapor bubbles trapped in grooves or cracks of the
surface, which can also act as a nucleus for growing vapor bubbles. In the
following we discuss these effects and their implications (for more details,
see Refs. (Avesisian, 1985; Carey, 1992; Debenedetti, 1996).

Homogeneous nucleation. The pressure p, in a vapor bubble with
equilibrium radius r,, depends on the surface tension o and the pressure in

the surrounding liquid p, via the Young-Laplace equation. From this

equation it can be derived that the equilibrium radius is given by (Carey,
1992)
20

F,, = .
" P (T))expv(p, - p,. (1)) RT,]- p,

“

Here v, is the specific volume of the liquid (assumed to be
incompressible), and 7jand p,,(T;) are the temperature of the liquid and
the corresponding saturated vapor pressure, respectively.

An expansion of the Gibbs free energy G in a Taylor series around the
equilibrium radius shows that in a superheated liquid such vapor bubbles are
not stable, because AG(r) has a maximum at ,, . This follows from the fact
that for » — 0also G(r)— 0, and G(r — )< 0 (Carey, 1992), leading to a
form of G(r) as shown in Fig. 5. The (unstable) equilibrium radius is
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therefore also the critical radius 7, : bubbles with a radius »>r, grow
spontaneously, whereas smaller bubbles collapse.

AG A

AGel-----

>
Ter \ T

Fig. 5. Schematic representation of the Gibbs free enthalpy AG of a bubble as
function of its radius. Bubbles nucleated in a superheated liquid grow if their radius
exceeds the critical radius 7, .

The number N :0‘“ of bubbles forming spontaneously from thermally

induced fluctuations in a superheated liquid with n molecules via
homogeneous nucleation follows a Boltzmann distribution

NP =N, exp{— AICG—(T)} (5)
B

where N, is the number density of the molecules in the liquid. This leads to

a rate J (number per volume and time) for the spontaneous formation of
bubbles with the critical size r,. (Avesisian, 1985; Carey, 1992) of

AG }
J=kN, exp[—ﬁ}:kao exp|:— 1670 2}. (6)
kT 3kBTl(77 Psar _Pl)

Here k, denotes the molecular evaporation rate, and
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l

Hence the rate is a function of both the pressure in the liquid and the
temperature 7. Since the temperature-dependent quantities show up in the
exponent, the nucleation rate varies quite strongly with temperature.
Depending on the derivation different values for the prefactor &, are found

(Avesisian, 1985; Carey, 1992; Kagen, 1960; Katz, 1973). A comparison of
the various models is given in Debenedetti, 1996. It turns out that the exact
value is of minor influence on the experimentally observable nucleation
threshold, because the exponential rise of the nucleation rate with
superheating leads to an extremely sharp increase over many orders of
magnitude within a narrow temperature interval.

Heterogeneous nucleation. Heterogeneous nucleation is the technically
more important case, since liquids are most often heated via the container
walls, and it is also the relevant case for SLC. The Gibbs free energy of the
system is now a function of the contact angle & of the liquid at the
interface. The nucleation rate at a perfectly smooth surface can be derived in
a similar way as above. Since the bubble is to be nucleated at an interface,
Eq. (5) is modified to (Carey, 1992)

N, =Ny exp{— —AkG(;)] ®)
B

where N 5/ ? is the number of molecules per unit area at the interface. The

resulting nucleation rate J is:

J_N02/3(1+cos6’) [3Fajm exp{— 167 Fo’ } )
2F zm 3ks (1 Py — 11 )

where

F=F(¢9)=i(2+3cos«9—cos3 0). (10)
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Once again one finds an exponential increase over many orders of
magnitude in a very narrow temperature interval, giving rise to a relatively
sharp nucleation threshold. Results for non-planar geometries, e.g. in and
around tubes, are given in the review of Cole, 1974.

The relevant material parameters for water, namely vapor pressure
P, (T), surface tension o(T')and density p(T'), are plotted in Fig. 6. Using

these values the nucleation rate J(@) can be calculated. The results for

several contact angles are shown in Fig. 7 as a function of temperature. It is
obvious that the limit of superheating 7., (the "cloud line" mentioned

above) drops significantly for contact angles above about 80°. We note that
the non-monotonous behavior of 7, as a function of &, as described by

Carey, 1992, is not reproduced with the material parameters of water shown
in Fig. 6.

It should also be mentioned that a description in terms of equilibrium
thermodynamics, as it is given here, is strictly speaking only approximate,
because nucleation of embryonic gas bubbles is a dynamic process and
therefore should also be treated by a dynamic theory. Moreover, in the
experiments large temperature gradients appear, which are also not included
in this treatment.

Nucleation at gas bubbles. When a surface is immersed in a liquid, air
or vapor bubbles can be trapped in grooves at the surface, if the contact
angle of the advancing liquid @, is larger than the angle y of the groove

(Carey, 1992; Debenedetti, 1996). Such inclusions act as nucleation sites,
when the liquid is being superheated, and vapor bubbles start growing from
there. The theoretical treatment depends on the details of the groove
geometry and therefore can be quite complicated. Since this situation of a
rough surface is the "normal" case in technical applications, a large amount
of literature exists both with respect to theory and experiment, which is only
to be mentioned here (Carey, 1992; Tong, 1997)

3.2 . Experiments on metal films

Having summarized the relevant aspects of nucleation theory, we will now
discuss experimental findings of laser induced bubble nucleation. First
experiments in this field have been carried out on thin silver films, detecting
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the nucleated bubbles by the optical reflectance probe (ORP) technique. The
sensitivity of this technique, however, is limited to bubbles that exceed in
diameter 1/2. Only by the application of evanescent waves in Surface
Plasmon Probe (SPP) experiments we have been able to monitor the early
stage gas bubble formation. The order of the following discussion will
follow the life cycle of the bubbles and therefore start with the SPP results.

3.2.1. Detection of bubble nucleation via SPP

As already mentioned, several effects may influence the position and shape
of the surface plasmon resonance (Herminghaus, 1990). In order to determine
the contribution of the temperature rise in the silver film, experiments have
been conducted first with the bare silver film in the absence of liquid. Only
a slight transient decrease in the reflected intensity is observed in this case
when the laser pulse heats the film, due to the combined effect of plasmon
resonance shift and broadening. However, if the experiment is carried out
with a water-filled cuvette, the amplitude of the reflectance drop is
drastically increased. As calculations show the change of the optical
properties of the dielectric half space (in our case water) due to a given
temperature rise (Schiebener, 1990) causes a much larger shift of the surface
plasmon resonance than a change of the optical properties of the silver film
(Johnson, 1972) induced by the same temperature rise. Consequently, the
resulting shape of the surface plasmon resonance curve is predominantly
governed by the changes of the refractive index of water as function of the
temperature and can be used to probe the bubble growth.

Bubble nucleation threshold. As long as the laser fluence is below a
certain value (which corresponds to the threshold for bubble nucleation, see
below), the SPP signal exhibits no particular extra features, as shown in the
topmost trace of Fig. 8a). When the excimer laser fluence is increased
further, however, an additional structure in the SPP signal is observed as
seen in the lower traces.

A hump in the reflectance drop starts to appear at an excimer laser
fluence of @ = 10.5 mJ/cm’, and becomes more pronounced with increasing
laser fluence. The appearance of this hump can be interpreted as the onset of
bubble nucleation at the water-silver interface. The surface plasmons are
effectively scattered by the bubbles, and consequently the surface plasmon
resonance is broadened and shifted, resulting in a temporary increase of the
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SPP intensity. When the bubbles collapse, the surface plasmon resonance
becomes narrower again and the SPP signal decreases to a level, which is
given by the resonance shift due to the actual temperature present at the
water-silver interface.

For the laser fluence of @ = 10.5 mJ/cm® numerical computations based
on the 1D heat transfer equation yield a peak temperature of 7= 384 K at
the water-silver interface, i.e., a surprisingly low liquid superheating of only
about 10 K! This superheating is of the same order as derived for a similar
system by Park, 1996. While the hump in the plasmon signal starts to appear
at @ = 10.5 mJ/ecm’ and becomes more pronounced with increasing laser
fluence, the simultaneously acquired reflectivity signals for ORP exhibit no
particular features up to a fluence level of @ = 19.5 mJ/cm®. Above this
threshold fluence, for which computations predict a peak temperature of 7 =
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473 K at the water-silver interface (liquid superheating » 100 K), a transient
decrease in the ORP signal starts to appear as shown in Fig. 8b). This result
clearly demonstrates the high sensitivity of the surface plasmon probe to
small bubbles, which collapse before they grow up to the order of the probe
beam wavelength and therefore remain invisible to the ORP.

The difference in the threshold fluences acquired using these two
different methods can be explained by assuming that the threshold
temperature obtained using the SPP corresponds to the temperature where
bubble nucleation sets in, and the threshold temperature obtained using the
ORP corresponds to the temperature where bubble growth becomes
effective.

Bubble-induced pressure waves. In studies using piezoelectric
transducers we have demonstrated the generation of high intensity acoustic
pulses on a nanosecond time scale due to rapid bubble growth (Yavas, 1994
a, b, ¢). This enhancement of the acoustic pulse intensity by the rapid bubble
growth process is thought to play a major role in the removal of
submicroscopic particles in SLC. Since the piezoelectric transducer
measurements could not provide the absolute pressure amplitudes, a
quantitative data analysis was not possible with this method.

Applying the SPP, however, this quantitative information can be
obtained on a nanosecond time scale (Schilling, 1996; Yavas, 1997 b). In
order to eliminate any temperature effects, the experimental setup presented
in Fig. 2 has been slightly modified as shown in Fig. 9. A thin quartz slide is
placed in the water at a variable distance from the prism. The quartz slide is
coated with 20 nm chromium and 60 nm silver on the surface facing the
prism. The irradiation of the quartz slide from the rear side results in a
sudden heating of the silver film and in bubble nucleation at the silver-water
interface. The acoustic pulse generated during this process propagates
toward the prism and can be detected by the SPP. The known relation for the
dielectric constant of water as a function of pressure (Schiebener, 1990) is
utilized to extract the absolute pressure amplitudes from the shift of the
surface plasmon resonance curve. An example for the transient SPP signal
resulting from the pulse and acquired using this setup is presented in Fig. 9.

A detailed description of the data acquisition system and the analysis of
the SPP signals, i.e., conversion into absolute pressure amplitudes, is given
elsewhere (Schilling, 1996; Yavas, 1997 b). The signal exhibits several
peaks according to the propagation of the acoustic pulse in water and its
repeated reflection between the prism and the quartz slide. The first peak
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Fig. 9. (a) Experimental configuration for the absolute measurement of acoustic
pulse amplitudes on a nanosecond time scale using the surface plasmon technique.
In order to eliminate thermal effects on the silver film probed by SPP, the pressure is
generated on the quartz slide upon excimer laser irradiation. (b) Transient pressure
signal acquired using the surface plasmon probe.
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corresponds to the acoustic pulse generated at the silver-water interface after
its propagation to the surface plasmon detector film. The second peak
represents the acoustic pulse after its round-trip between the prism and the
quartz slide, reflected at the water-silver interface. Part of the acoustic pulse
is transmitted into the quartz slide and is reflected back at the quartz-water
interface, which is detected as the third peak in the SPP signal. Since the
acoustic impedance of quartz is higher than the one of water, the reflection
at the quartz-water interface leads to a phase change of =z, and the
compressive wave is converted into a tensile one, manifested in a negative
pressure signal. The successive peaks 4 and 5 are caused by multiple
reflections of the acoustic pulse in the quartz slide. By changing the distance
of the quartz slide from the prism, and by using quartz slides of different
thickness, we have verified that the peaks in the SPP signal represent
multiple reflections of the acoustic pulse as described.

The width of the acoustic pulse is measured to be about 40 ns, which is
much shorter than the previously measured pressure pulse width of » 100 ns
using the photoacoustic probe beam deflection technique (Park, 1996 b)
demonstrating the improved time resolution of the SPP. Due to the localized
probe depth (» 200 nm), the SPP provides the real pulse profiles, while the
photoacoustic deflection probe detects generally a larger pressure pulse
width because of its integrating nature, i.e., the finite probe beam waist and
the interaction length of the probe beam. According to our measurements
the peak amplitude of the initial pulse amounts to » 2.5 MPa for the laser
irradiation a laser fluence of @ = 43 mJ/cm’, and in the successive echoes
its intensity gradually decreases due to reflection and absorption losses.

Fig. 10 displays the measured peak pressure amplitudes as function of
the incident excimer laser fluence. In the plot an arrow indicates the
threshold laser fluence for the onset of bubble nucleation as determined by
optical reflectance probe measurements. The plot clearly demonstrates the
enhanced pressure generation by rapid bubble growth. An increase in laser
fluence results in an increased maximum pressure. This pressure can both
result from a faster bubble growth due to a higher superheating of the liquid
as well as activation of more nucleation sites and hence an increase in the
number of generated bubbles. The onset of a plateau, however, indicates that
in the fluence range used saturation sets in for the maximum achievable
bubble size, their growth velocity and/or number density of bubbles.

276



(— T T T T I T T T 3
3 & ‘ . -
' B
o |- .
A i
£ | ¢ -
2 _
[ 9 7
a9 threshold from ]
I ORP
L measurements .‘ R
F .“ﬂ* ]
0 IR I L | [ [ ]
0 20 40 60

Fluence (mJ/cmz)

Fig. 10. Peak pressure amplitude as a function of the applied laser fluence measured
by surface plasmon probe. The arrow marks the threshold for bubble growth as
determined by optical reflectance probe.

Pressure amplitude of the same order of magnitude, but about two to
three times lower, has been previously measured for a similar system using
photoacoustic probe beam deflection and piezoelectric transducer
techniques (Park, 1996 b). The discrepancy can be attributed to different
samples and to the difference in temporal resolution of the test methods.

Direct proof for laser-induced bubbles. The fact that the reflection of
the acoustic pulse at an acoustically less dense medium leads to a phase
change, i.e., to the conversion of the compressive pulse into a tensile one,
could be used to directly prove the generation of bubbles by excimer laser
heating of the water-silver interface. As long as a bubble layer is present at
the water-silver interface on the quartz slide, the acoustic pulse will be
reflected as a tensile wave, since the reflection will take place at a water-
vapor interface. When the bubbles collapse and the reflection takes place at
the water-silver interface, the reflected pulse will be compressive.

This has been verified by placing a quartz slide close to the prism and
successively increasing the distance after each excimer laser pulse.
Representative results are depicted in Fig. 11. They clearly demonstrate the
existence of bubbles up to several hundred ns after the excimer laser pulse,
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manifested by a tensile reflected acoustic pulse. Although our previous
studies already had delivered a clear evidence for laser-induced bubbles, the
results presented here provide a more direct proof for such bubbles at a
liquid-solid interface.

The amplitude of the reflected pressure pulse as a function of the
distance d between the quartz slide and the sample surface (first echo) is
plotted in Fig. 12. At d = 180 mm (the smallest distance that could be
achieved experimentally), corresponding to a delay time of about 240 ns, the
pressure amplitude has a negative value, as already seen in Fig. 11. As the
distance is increased, the pressure peak drops in magnitude, changes sign
around d = 0.5 mm, and then approaches a positive saturation value. We
interpret this dependence as a gradual decrease of the bubble size and/or
number, which already proceeds after 240 ns, and a complete collapse of the
bubbles when the signal reaches saturation after about 1.8 ps.

Bubble growth velocities. Besides the determination of bubble
nucleation thresholds the measurement of bubble growth velocities is also of
great interest for the understanding of SLC. Models that predict particle as a
result of shock waves generated by explosively growing gas bubbles rely on
this parameter (Lu, 1999).

It is well known that the transition from Rayleigh to Mie scattering
occurs at a bubble radius R, of about 1,,,./2m, (Born & Wolf, 1999).

Accordingly we could use results from the optical reflectance probe
experiments to determine the bubble growth velocity in excimer laser heated
silver film-water systems (Yavas, 1994 c). Kim, 1996, independently
confirmed the obtained value of 3.6 m/s.

Let us compare these experimental value with the one predicted by
hydrodynamics. We start from the Rayleigh equation that describes the
mechanical energy balance for a bubble growing in an incompressible ( p;, =

const) liquid (Carey, 1992):

‘probe

2 2
ROR3 di) - b, -p.- 22| (a1
dt 2\ dt £ R

Here p, is the pressure of the vapor at the corresponding temperature,

p., 1s the ambient pressure and o is the interfacial tension. In its early
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Fig. 12. The amplitude of the reflected pressure pulse as a function of the distance
between the quartz slide and the SPP sample surface. Only at a distance d = 1.3 mm
the signal reaches saturation, indicating that up to the round-trip time corresponding
to that distance, 1.8 ps, bubbles are present after their generation by the excimer
laser pulse.

stage the bubble growth is inertia-controlled and 2c/ R is much smaller
than p, — p . Neglecting this expression in Eq. (11) we obtain

d*R 3(drRY 1
2 (-, 12
e 2(01:) pl(pv p.) (12)

If one furthermore assumes that the inertial force oc R is negligible, one
obtains the expressions for the bubble growth velocity v

v=R= g—pv_pw, (13)



and the maximum growth velocity v, ..

v, =R= EM, (14)
3 P

that are commonly used (Yavas, 1994 b; Lu, 1999) in computations of
growth velocities for the modeling of SLC. In our opinion this formula
overestimates the actual situation. Inserting the experimental parameters
given in (Yavas, 1994 ¢) results in a bubble growth velocity of about 10 m/s,
about a factor of 3 larger than the experimentally determined value.
Considering the gas-bubble expansion process as a reversible one, the
relation between the pressure in the vapor and the bubble radius is given by

P (®)=p[ ] (15)

However, in reality the requirement of a reversible process will not be
fulfilled due to the dissipation of energy via heat conduction, viscosity, etc.
A thorough analysis of these dissipation processes requires the
understanding of the actual dissipation mechanism and the numerical
solution of hydrodynamic equations. Some of these examinations were done
in the papers of (Matsumoto, 1990, 1991 a, b; Kameda, 1993). Nevertheless,
a simple estimation can be obtained by merely introducing a relaxation time
7, which characterizes the dissipation. Taking into account this relaxation
term and additionally considering the inertial force we derive a modified
Rayleigh equation

d’R 3(drRY 1 R\ t
R PR o “Llop . 16
0 2(6#) py {pm(R) ap|=— |~ P (16)

In this equation the adiabatic process corresponds to the limiting case of
T — o, whereas the non-adiabatic case is modeled via a finite value z#0.

For convenience in the numerical calculations we introduced
dimensionless variables into this equation. Numerically we computed the
bubble growth velocities resulting from the simplified Eq. (14) and for the
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cases of adiabatic and nonadiabatic vapor based on the modified Rayleigh
Eq. (16). The resulting velocity as function of the normalized time is plotted
in Fig. 13. From the comparison it is obvious that by considering the energy
dissipation the bubble expansion velocities are reduced by a factor 2-3
compared to the simplified approach and are in good agreement with the
experimental values.

3.3. Bubble nucleation on silicon wafers

Since the application of SPP in bubble nucleation studies relies inevitably
on a substrate where surface plasmons can be excited, this method is not
applicable to studies on silicon wafers. On the other hand, silicon wafers are
the key material in semiconductor industry and SLC of these substrates is
based on the laser induced bubble nucleation and explosive evaporation of
the applied liquid. Hence reliable information on the bubble nucleation
thresholds and bubble growth dynamics is needed not only for practical
application of SLC but also for its theoretical modeling.

oo
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v, Adiabatic vapor

N
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Fig. 13. Computed bubble growth velocities applying different simplifications of the
Rayleigh equation.
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In order to probe the bubble nucleation on silicon wafers we therefore
monitored the light of an Ar-lon probe laser that was scattered by the
bubbles (SLP). The experiments on rough metal films described above
revealed only small superheating of the water layer of about 10 K, compared
to the theoretically predicted values at a perfectly smooth surface of about
200 K. To verify the interpretation that these results are dominated by
surface roughness, we performed a series of bubble nucleation experiments
on smooth substrates as well as on substrates with controlled roughness. As
in an application of SLC typically mixtures of water and IPA are used, we
additionally studied the bubble nucleation for the system IPA-silicon
(covered by a native oxide layer).

3.3.1. Water on smooth silicon wafers

As the first system for the bubble nucleation studies we chose water
(starting temperature 23 °C) on a silicon wafer (RMS roughness 0.2 nm)
(Mosbacher, 2002 a).

Detecting nucleated bubbles by scattered light. Increasing step by
step the pump energy delivered by the Nd: YAG laser, we first detected an
increase in the system's reflectivity R for the Ar-Ion laser both for the s- and
p- polarization. This can be clearly seen in Fig.14 a, where we have plotted
the relative reflectivity change for both polarizations as a function of time.
Within a few hundred nanoseconds the reflectivity increases and afterwards
decreases during about 10 us. Although qualitatively the signals for both
polarizations do not differ, the reflectivity increase for p-polarization is
much higher when compared to s-polarization. This can be explained by
taking into account the initial reflectivity for the two polarizations at an
angle of incidence of 82 °of the probe laser and the temperature dependence
of the reflectivity values.

At moderate laser fluence no bubble nucleation took place and hence
no scattered light was detected (Fig. 14 b). A slight increase in laser fluence
changes this scenario. Above a certain, well-defined threshold we observed
scattered light both in the plane of incidence of the probe laser (denoted by
|) and perpendicular to this plane (L). The scattered signals, shown in Fig.
15 b, indicate the presence of nucleated gas bubbles on the silicon surface
(Yavas, 1993). After a time span of about 800 ns the scattered light
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disappears, which shows that the nucleated bubbles exist for a well-defined
lifetime.

Compared to the situation when laser fluence below the nucleation
threshold was applied, the shape of the reflected intensity signal changes
only a little. A small dip in the s-polarized intensity is the only hint on the
nucleated bubbles. From this comparison it is clear that the detection of
scattered light is a much more sensitive tool to monitor the dynamics of
laser induced bubble nucleation and especially determine the threshold laser
fluence for nucleation. Only a further increase in the applied pump laser
fluence creates enough bubbles to allow bubble detection in the reflected
light.

The nucleation temperature. We repeated these experiments for
different starting temperatures of the water. Typical examples for the
maximum of the scattered intensity as function of the applied pump laser
fluence are shown in Fig. 16 for starting temperatures 7, of 23 °C and 70
°C. Remarkable for both cases is the well-defined, sharp threshold in laser
fluence, below which no bubble nucleation is detected. A comparison of
this threshold for the two starting temperatures shows that for 75 = 70 °C
much less laser fluence is needed to nucleate bubbles.

This result can be interpreted in the following way: the bubble
nucleation rate J increases by several orders of magnitude in a narrow
temperature interval. Hence below some sharp temperature threshold of the
water layer adjacent to the substrate surface no bubbles will be nucleated,
whereas above this threshold many bubbles form. During the heating the
liquid temperature is raised at constant pressure p, up to the kinetic limit of

superheating T, (po). An increase in the starting temperature of the water

results in less energy AE that must be deposited in the liquid for heating it
up to 7, . In our case, this energy is deposited via heat transfer from the

silicon substrate, which is heated by the pump laser. Assuming a constant
heat capacity of water and silicon at the temperature intervals considered
here 1 one can write for the threshold laser fluence @,, :

T, —Ty<cAE ~Tj

i

~T,ocd,. (17)

In order to verify this linear dependence of @, on the starting
temperature 7; we repeated the detection of threshold fluences for a total of
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interface at a laser fluence of 71 mJ/cm?, which is below the bubble nucleation
threshold.
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Fig. 16. Maximum scattered intensity of the probe laser as function of the applied
pump laser fluence for different starting temperatures 7; of the water. Note the well-
defined, sharp threshold of bubble nucleation in laser fluence.
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six more starting temperatures in the interval between room temperature and
87 °C. A plot of these results in Fig.17 clearly underlines the theoretical
prediction; the threshold fluence decreases linearly from ®, = 72 mJ/cm’
(Ty =23°C) to 51 mJ/em? (T, = 87°C).

Moreover it is possible to extract the maximum superheating
temperature of the water from the obtained data. If the starting temperature
of water were to reach the superheating temperature present in our
experiments, Eq. (17) predicts that no additional energy from the pump laser
will be necessary to create gas bubbles. Hence the intersection of the linear
fit of the threshold laser fluences for different starting temperatures with the
x-axis of the diagram reveals the superheating temperature of the water
layer. In our case the extrapolation results in a value of 250°C + 30°C,
where the error is due to the fact that the extrapolation has to be done over a
large interval in temperature.

The value of 150 K + 30 K is the first superheating temperature for laser
induced bubble nucleation ever determined experimentally on a smooth
substrate. Compared to the values of about 10 K measured on metal films by

B0
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laser fluence Fy [mlfom™]
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o
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starting temperature Ty [FC]
Fig. 17. Threshold fluences for laser induced bubble nucleation at a silicon/ water
interface as function of the starting temperature 7, of the water layer. An

extrapolation of the linear dependence yields a superheating temperature of 250°C +
30°C of the water.
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SPP and 30 K + 30 K determined on silver films in a control experiment
using SLP, our value is much closer to the theoretical prediction of 205 K
(see Fig. 7), especially if the experimental error is considered.

3.3.2. Water on structured silicon substrates

The observed high superheating values for water on smooth silicon
substrates support the interpretation that the small superheating found
previously for water-metal film-systems is due to the surface roughness. In
order to corroborate this assertion we have performed nucleation
experiments on surfaces with controlled roughness.

Silicon samples with controlled surface roughness. A controlled
modification of the surface roughness of the silicon was achieved by
creating well-defined holes with a diameter of a few hundred nanometers in
the surface (Lu, 2000 b, 2002; Mosbacher, 2001; Miinzer, 2002). For this
purpose we utilized a method described in detail in (Miinzer, 2002).
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Fig. 18. A typical hole on a silicon wafer structured by nano near filed drilling as
imaged by an atomic force microscope. The size of the imaged area is 3 x 3 mm?,
the white line indicates the cross section displayed in the right image.

In brief, we applied spherical PS colloidal particles 810 nm in diameter
onto the substrate as described in Section 2. Illumination of the samples
prepared in this way with a fs laser pulse (4 = 800 nm, FWHM = 150 f5s)
results in particle removal (Mosbacher, 1999, 2001) in a dry laser cleaning
(DLC) process. Since for the applied laser parameters the dominating
cleaning mechanism in DLC is local substrate ablation caused by the
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enhancement of the applied laser fluence in the near field of the particles
(Mosbacher, 2001, 2002 a) holes are created at the former position of the
particles. A typical example of such a hole is shown in Fig.18. By adjusting
the number density of the colloidal particles and hence the hole density on
the surface we could control the roughness of the surface.

Nucleation thresholds. In the same way as discussed above for smooth
silicon wafers we measured the nucleation thresholds in laser fluence for the
structured substrates. A typical result obtained for 7, = 70 ° C is shown in
Fig. 19. In comparison to the results obtained on smooth surfaces the
nucleation threshold is not as pronounced: the slope of the signal increase is
much smaller and rather similar to the results obtained on silver films.

Nucleation temperature. Repeating the above experiment for different
starting temperatures 7; of the water, we again obtained a linear dependence
of the threshold laser fluence on 7j (see Fig. 20). Extrapolating the
obtained results to vanishing fluence yields a nucleation temperature
of (160 £ 13) °C. Consequently, the superheating is reduced to 60 K on
these rough surfaces in comparison to the value of 150 K measured on
smooth surfaces. Calling to mind the superheating of about 30 K measured
by SLP on rough silver films this finding clearly confirms that the extent of
superheating in laser induced bubble nucleation is dominated by the surface
roughness of the substrate. The locations of roughness act as nucleation sites
for the gas bubbles and are therefore responsible for the different
superheating temperatures measured on the various substrates.

3.3.3 IPA on smooth silicon wafers.

As in SLC typically water/I[PA - mixtures are used (Tam, 1992), we also
investigated the laser induced bubble nucleation at a silicon-IPA interface.
Qualitatively the results are very similar to the ones obtained for the silicon -
water system. Fig. 21 shows the extrapolation of the threshold fluences in
order to obtain the bubble nucleation temperature. Compared to the boiling
point of 82°C the nucleation temperature of (116 £ 5) °C exhibits only a
small superheating of about 30 K.
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Fig. 19. Intensity of the light scattered by bubbles nucleated in water (7, = 70°C) on
a rough silicon surface. Note that the threshold is not as sharp as for smooth
surfaces.
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Fig.20. Threshold fluences for bubble nucleation on rough silicon surfaces as
function of the start temperature 7,. The extrapolation to vanishing fluence yields a
nucleation temperature of (160 & 13) °C.
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3.4. Heat transfer coefficient

It is well known that there exists a discontinuity in the temperature profile at
boundaries between different materials. This is due to the finite heat
conductivity of the boundary region. The so-called heat transfer coefficient

e=2 (18)

quantifies this thermal boundary resistance as a function of the heat flow O,

the boundary area A4 and the temperature jump AT .

With regard to laser cleaning the thermal resistance obviously limits the
heat flow from the substrate into the liquid and thus lowers the liquid
temperature considerably. However, none of the published computations of
temperature profiles in laser cleaning (Lu, 1999; Wu, 2000) incorporates
this fact. Probably one reason is that although the phenomenon is well
investigated for low temperatures below 50 K (Kapitza resistance, see
Swartz, 1989) and for technical applications at room temperature, for long
time scales (several seconds) and macroscopic dimensions (Nusselt-number,
see Cerbe, 1999), there are no data at ns time scales and nm length scales,
which would be needed for the interpretation of laser cleaning results.

The data obtained in the bubble nucleation experiments allow us now
for the first time to determine the heat transfer coefficient at these scales.
Fig. 22 shows computed maximum temperatures of the water layer adjacent
to the silicon surface as a function of different assumed values of the heat
transfer coefficient & between silicon and water. Our computations are

based on the 1D heat equation implemented in a finite element algorithm
and use temperature dependent material constants. The calculations have
been done for different starting temperatures of the water and the
corresponding experimentally determined laser threshold fluence for bubble
nucleation was applied.

At this threshold fluence the water layer must reach the temperature 7,

for all starting temperatures. If the assumed value of & is too small or too

large, however, the water layer will reach maximum temperatures that are
different for each starting temperature. It can be seen from these
computations that for all starting temperatures of the water the graphs of the
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Fig. 21. Threshold fluences for bubble nucleation in IPA on smooth silicon surfaces
as function of T,. The extrapolation to vanishing fluence yields a nucleation
temperature of (116 £+ 5) °C.

calculated maximum temperatures as function of the assumed heat transfer
coefficient intersect at one single point. This point is given by a value of
S0 =3 10" W/m’K and a maximum water temperature of 250 °C - just as
determined experimentally. Therefore this z-value represents the heat

transfer coefficient in the studied system. Interestingly the computations
exclude values of & < 3 -10° W/m’K, as in this case the equilibrium boiling

temperature of 100 °C is not reached for all starting temperatures.
In the same way we can determine the heat transfer coefficient for [PA
on a smooth silicon wafer (see Fig. 23). Here the computations reveal a
value of &, =1 -10" W/m’K. Again, values smaller than &,, ==5 -10°
W/m’K can be excluded as the boiling temperature is not reached for all 7.
The ratio &5, /&y,0 = 0.33 can be understood qualitatively in the frame

of the theory of acoustic impedances. A comparison of the acoustic
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impedances of IPA (Z,,, = pc=0.947 -10® kg/m’s) and water (Zy,0=149
-106 kg/m’s) shows that the transmission probability o si_ssp4 for a phonon at

perpendicular incidence on the silicon - [PA interface is smaller than for the
silicon - water system.

4. Removal of particles on surfaces via laser
induced bubble nucleation: Steam Laser
Cleaning

The forces exerted by the laser induced explosive evaporation can be used to
remove particle contamination from surfaces. In this process called Steam
Laser Cleaning (SLC) a liquid is condensed onto the surface to be cleaned
and irradiated by a laser pulse. Clearly the experiments on laser induced
bubble nucleation in bulk liquids described so far provide an important basis
for the understanding of the SLC process. However, it should be pointed out
that the bubble behavior described above is characteristic for bulk liquid
rather than thin liquid films. Studies on film boiling still have to be carried
out in future experiments.

4.1. Efficiency measurements
4.1.1. Dependence on the number of applied laser pulses

Clearly, with view to applications, the most interesting question in a surface
cleaning process is its efficiency. More precisely, one is interested in the
minimum particle size that can be removed, the percentage of particles of
different size that can be removed, and in the process parameters necessary
for particle removal.

As described in Section 2 we have used spherical colloidal particles
made of PS and SiO, as model contaminants in our cleaning studies. For
these particles we have determined cleaning efficiencies for a wide range of
particle sizes. While varying the process parameters regarding the applied
Nd: YAG laser (number of pulses, laser fluence) we have up to now not
varied the liquid film properties. The film thickness was kept at a constant
value in between 200 nm and 400 nm as determined by reflectometry. We
also did not vary the composition of the liquid; a mixture of water (90%)
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and IPA (10%) was evaporated in all experiments.

When preparing samples with a high density of particle contaminants
(average distance about 10 mm) of course one must make sure that they do
not influence each other during the cleaning process. Fig. 24 shows the
removal efficiency for 800 nm silica spheres as a function of laser fluence
for 1, 2, 10, 20 cleaning steps. At a laser fluence of 115 mJ/cm? the first
pulse removes only 5 percent of the particles, whereas at the somewhat
increased level of 140 mJ/cm® already nearly half of the particles are
detached under otherwise identical conditions.

If the majority of the particles is bound to the surface with the same
energy, as one might expect for almost monodisperse spheres, the
probability P that a particle is removed by an individual laser pulse should
only depend on the applied laser fluence F and not on the previous pulses.
Hence when a sequence of n pulses is applied, the fraction of remaining
particles N, /N, (where N, is the initial particle number) should be

given by

L =(1-P). (19)

An analysis of the data presented in Fig. 24 indeed confirms this prediction
experimentally, as demonstrated in Fig. 25, where we have plotted data for
(1-1/1,) versus the number of applied laser pulses for a laser fluence of
115 mJ/em® per pulse (I, denotes the initial scattering intensity.) According
to the argument given earlier the quantity 7//, is equivalent to the fraction

of remaining particles. Hence (1—1/1,) is the fraction of removed particles,
which we denote in the following as "cleaning efficiency". Using Eq. (19)
one expects that (1—1/1,) should vary as (1 —(1-p) ) The full line in Fig.

25 represents this quantity with P taken to be 0.05, as derived from the
datum point for the first pulse. The agreement between the data and this line
is quite satisfactory. Therefore the removal process for our samples appears
to be well controlled and statistically independent for different particles,
making quantitative studies feasible.
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4.1.2. Dependence on the laser fluence and variation of particle size

Results of the energy dependence of particle removal by the steam laser
cleaning process for PS spheres with diameters of 800 nm, 500 nm, and 60
nm are plotted in Fig. 26. With regard to a better illustration of the cleaning
behavior the results for 20 cleaning steps are plotted, which is justified by
the statistically independent cleaning behavior.

For all sizes we obtain a similar behavior of the efficiency as a function
of laser fluence: a steep increase in the cleaning efficiency at of @ = 110
mJ/cm®. This absolute value of the threshold fluence was determined as
described in Section 2. A comparison of the laser fluence needed for
cleaning to the one necessary for melting the optical penetration depth of the
silicon substrate resulted in a value of 0.35, which corresponds to above
quoted threshold fluence.

297



100 - i
_ B experimental values

90 theoretical prediction

80 1
70 1
60- ///

cleaning efficiency [%]

T L T T T
10 15 20
number of cleaning steps

Fig. 25. Comparison of the experimental data from Fig. 24 obtained at a laser
fluence of 115 mJ/cm® and of the theoretical value provided the particles are
detached statistically independent.

The same cleaning threshold was found for PS spheres with diameters
of 235 nm and 300 nm. These results are not shown in the graph for the sake
of clarity. At fluences above 170 mJ/cm” more than 90% of the particles
were removed after 20 cleaning steps (steam pulse plus laser pulse). For
comparison the threshold where a (bare) Si surface would start to melt at the
laser parameters used here is 270 mJ/cm’.

In order to study the influence of the particle material on the cleaning
efficiency we used silica spheres with diameters of 800 nm and 500 nm and
polydisperse alumina particles with a mean diameter of 300 nm. Once again
we obtain the same threshold as for PS spheres (Fig. 27) and the same
dependence of the cleaning efficiency on the laser fluence. Thus the
cleaning threshold is independent of both particle size and material for the
investigated particles. Experiments using slightly different laser parameters
(A =583 nm, FWHM = 2.5 ns and 7 ns as well as A =532 nm and FWHM =
2.5 ns) revealed again the same cleaning threshold as reported above
(Mosbacher, 2000).

298



1909w ps, 800nm AxSN
14 PS, 500nm 'l'
I

804 X PS, 60nm ?
60 E

40

cleaning efficiency [%]

20+

onset of melting
| melting of optical penetration depth

X
0 T T T Tl T T T T T T T 1
0 50 100 150 200 250 300 350
laser fluence [mJ/cm?]

Fig. 26. Experimentally determined cleaning efficiencies as a function of applied
laser fluence for various PS spheres. The cleaning threshold is size independent and
the cleaning efficiency exhibits a steep increase above the onset of cleaning.

100 ] [ P=N :1::
= SiO,, 800nm o :
1o SiO,, 500nm =
801x ALO,, 300nm Tﬂ% T §

X
ol o5

40

20 I

" onset of melting

cleaning efficiency [%]
melting of optical penetration depth

0 50 1(l)0 N 1é0 2C|)0 ZéO 3(|)O 3£'I>O

laser fluence [mJ/cm?]
Fig. 27. Experimentally determined cleaning efficiencies as a function of applied
laser fluence for particles of different geometry, material and size. A material- and

size independent threshold and a steep increase of the cleaning efficiency was
monitored.

299



4.2. Discussion and concluding remarks

Whereas the majority of publications on "laser cleaning" deal with DLC,
only few focus on the quantitative determination of removal efficiencies in
SLC and the investigation of the basic processes. Before discussing our
results described in the previous sections, we will highlight three of these
SLC studies in order to provide the necessary background.

In a recent theoretical study (Lu, 1999) have developed a first
approximate scenario for the SLC process. The most important prediction of
this treatment is size dependent cleaning threshold fluence for the removal
of particles from surfaces when using ethanol and acetone as liquids in the
process. Experimental results reported by (She, 1999) seem to indicate that
the predictions by Lu et al. are valid. Removing Al,Os - particles from NiP
surfaces and using a "micron thick" water film, She, Kim and Grigoropoulos
found that "the minimum laser fluence for removal of micron-sized or larger
contaminants was lower by a factor of about 2 than the fluence necessary for
complete removal of 0.3 pum particles".

The second theoretical description of SLC by Wu, Sacher and Meunier,
2000 also predicts a particle size dependent cleaning threshold. As in the Lu
model, the authors compute the pressure of a shock wave created by the
nucleating bubbles and deduce from this pressure the cleaning force exerted
on the contaminant particles. Interestingly the authors report some
experimental values. They found that for SiO, and AlLO; particles with a
mean diameter of 100 nm the particle removal threshold is identical and
very close to the threshold of bubble nucleation.

Our findings of a universal cleaning threshold in SLC are in serious
contradiction to the predictions of size dependent thresholds. The
universality actually refers to two aspects. First we noted an independence
of the applied particle materials PS, SiO, and Al,O; that was also reported
by Wu et al. Even more surprising, however, is the size independence,
especially if one brings to mind the large differences in the adhesion forces
of the particles used in our experiments. The difference in adhesion between
the smallest particles with 60 nm in diameter and the largest ones with a
diameter of 800 nm should vary by one order of magnitude, since the
adhesion force is proportional to the particle radius (Johnson, 1971; Heim,
1999).
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Although the investigations presented here are the first systematic
quantitative studies of cleaning thresholds in SLC, many open questions still
have to be answered prior to a full understanding of the processes
underlying particle removal in SLC. Most of these refer to the dependence
of the cleaning threshold and maybe its uniformity on process parameters
such as liquid film thickness, liquid composition or laser wavelength. For
instance one possible explanation for the different findings of the
Grigoropoulos group may be their film thickness of a few micron compared
to our 200-400 nm thick films.

The importance of controlling the liquid film properties and
understanding its influence on the SLC process becomes even more obvious
taking into account that the mechanism considered to be responsible for
particle removal - the explosive liquid evaporation - should depend critically
on the liquid film properties. As already mentioned above Wu et al. point
out a close agreement of the particle removal threshold and the bubble
nucleation threshold in their experiments. Indeed such an agreement
provides one possible explanation for the universality of the cleaning
threshold for particles completely embedded in the liquid film (Mosbacher,
2000). Should SLC be solely governed by an explosion of the liquid film,
the process consequently will be determined by parameters of the film rather
than particle properties.

Although this is a possible and plausible interpretation of our results,
still a lot of research has to be carried out in the field of laser induced
bubble nucleation and explosive film evaporation in order to unequivocally
clarify the relevant SLC processes. The experiments reported in the first part
of this paper were also motivated by this requirement. Improving techniques
such as Scattered Light Probes (SLP) and developing powerful tools like
Surface Plasmon Probe (SPP) we have been able to elucidate crucial details
of laser induced bubble nucleation on surfaces. These include the recording
of the pressure waves and detecting the associated pressure amplitudes in
the MPa regime. From the experiments we were also able to deduce the gas
bubbles growth velocities, which were found to be in the range of a few m/s.

Probably the most important results, however, are related to the
measurement of the laser threshold fluences necessary for bubble nucleation
and especially the related superheating temperatures of the liquids.
Superheating of the liquid can occur in SLC due to the deposition of the
laser energy during a very short time interval of a few ns. Since the pressure
amplitudes in SLC depend very strongly on the liquid temperature, the
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liquid superheating may be the key parameter of the process. One major
finding of our experiments in this field is the strong dependence of the
extent of superheating on the surface roughness. On thin metal films only
small amounts of superheating in the order of 10-30 K have been measured.
In contrast on smooth silicon wafers we measured superheating of about 150
K! Moreover, from these superheating temperatures it was possible to show
that the heat does not flow freely from the substrate to the liquid, but is
inhibited by the solid-liquid heat resistance described in the case of a
silicon-water interface by a heat transfer coefficient of 3 -10” W/m’K.

These two results - high superheating temperatures on smooth silicon
wafers and the existence of a finite temperature jump between substrate and
liquid - severely question the predictions of the existing SLC models (Lu,
1999; Wu, 2000). Both models strongly rely on several assumptions whose
validity must be challenged against the experimental findings. In reference
(Lu, 1999), e.g., the bubble growth velocities are computed using the
oversimplified formula (14) and our results on bubble growth and
superheating (Yavas, 1997 a) obtained on rough metal films are transferred
to the silicon-liquid system, which is clearly invalid. Additionally both
groups obtain the temperature of the liquid layer by a numerical computation
assuming a perfect heat flow from the substrate into the liquid. This is
invalid as well, which can be illustrated by the results of numerical
computations we carried out on our own. Inserting not only the correct heat
transfer coefficient but also temperature dependent material properties for
the liquid and the substrate, our calculations based on the 1D heat equation
(Bischof, 1996; Dobler, 2002) show temperature differences of liquid and
substrate of about 100 K!

Besides the above comments some even more fundamental questions
remain. Both models rely on the assumption that shock or pressure waves
produced by the growing bubbles/ growing vapor layer exert the removal
force on the particles. However, the details of this scenario are still open .

Is it really a vapor layer, as suggested by Wu, which is responsible for
the removal force? Or are a few gas bubbles enough, as it is incorporated in
the Lu model? Where are these gas bubbles nucleated - all over the bare
silicon surface as Lu suggests? In this case as well as in the assumption of a
vapor layer - why is it possible to perform “steam" cleaning just by
adsorbing a small amount of liquid at the particle-surface interstice via
capillary condensation (Fourrier, 2001; Mosbacher, 2002 a)? Here the above
approaches to explain the cleaning mechanism fail. And - related to the last
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comment - what is the influence of the film parameters, especially the film
thickness on the cleaning process and its theoretical description. Can the
results obtained so far on bulk liquid be transferred on liquid films? From
our point of view these open questions clearly show that still a lot of
experimental work on SLC and its fundamentals has to be carried out and
that all models proposed so far should be regarded as a first approximate
approach.

Even the experimental results pose questions: The threshold for bubble
nucleation by a single Nd: YAG-pulse measured for the silicon/bulk water
system is about 80 mlJ/cm’. When compared to the universal cleaning
threshold in SLC of 110 mJ/cm?® there is a difference, which will be the
subject of further investigations.

Of course all the results on basic processes like laser induced bubble
nucleation are very interesting on their own, however, in the end SLC is
intended to become a cleaning method applicable in the semiconductor
industry. Considering the unsolved questions raised above one might doubt
that there is any hope of developing SLC to be a reliable tool in the near
future.

We do not agree and believe, that SLC is extremely promising for the
process parameters we used. The existence of the universal cleaning
threshold at a laser fluence a factor of three below the melting threshold of
bare silicon shows, that it is possible to choose one fixed laser fluence well
below the substrate melting fluence to remove particles of a broad size
range. Moreover, this is also a considerable advantage in terms of possible
applications over DLC, where the threshold is size and material dependent,
the removal efficiencies are lower and particles smaller than 100 nm could
not be removed (Zapka, 1991; Mosbacher, 1998, 2002 a, b). Thus SLC
allows particle removal at lower and therefore safer laser fluences, which is
essential for avoiding surface modifications.

In the field of liquid parameters still a lot of systematic research has to
be carried out, however, our results with removal efficiencies of 90% for
particles 60 nm in diameter show that efficient cleaning is already possible.
Thus the basic prerequisite for a real world application of SLC is fulfilled:
the process works and suitable process parameters are known. Nevertheless
it is not clear whether these parameters are the optimum ones. This
optimization will be triggered by the growing knowledge on the
fundamentals of SLC and will, together with the investigation of different
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substrate materials, provide the field of future research on this exciting
topic.
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