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ABSTRACT In this paper a new laser-based technique for the removal of nanoparti-
cles from silicon wafers, called matrix laser cleaning, is introduced. In contrast to
the already existing technique dry laser cleaning damages of the substrate can be
avoided. Furthermore no liquids are used, avoiding problems that occur, e.g. in steam
laser cleaning and other wet cleaning techniques. We show that damage free particle
removal of polystyrene particles with diameters of at least down to 50 nm is pos-
sible with a cleaning efficiency very close to 100% within a single shot experiment.
Furthermore the cleaning threshold is independent of the particle size.

PACS 64.70.Hz; 68.43.Vx; 81.65.Cf

1 Introduction

The removal of nanoparticles
from semiconductor and other delicate
surfaces is of great interest for appli-
cations in the semiconductor industry
and nanotechnology. The ongoing trend
to further miniaturisation decreases the
size of particles that can produce defects
in electronic circuits or nanostructures
furthermore. According to the interna-
tional roadmap for semiconductors [1]
in 2009 a cleaning technique should
be able to remove particles down to at
least 35—50 nm in diameter. Despite the
progress in the conventional techniques
like megasonics [2, 3] there are still fu-
ture cleaning problems that have not yet
been solved. One alternative cleaning
approach that might solve such future
problems is called laser cleaning [4],
where the sample to be cleaned is irradi-
ated with a short, in most cases nanosec-
ond, laser pulse. The advantages of this
technique are cost efficiency, environ-
mental friendliness and the fact that this
is a contact free cleaning method where
single areas of a wafer or a lithographic

mask can be selectively addressed. So
far two major laser cleaning approaches
can be distinguished. The first one is
called dry laser cleaning (DLC), where
the surface to be cleaned is directly il-
luminated by a laser pulse without any
pre-treatment or additional layer [5]. At
first it was assumed that the accelera-
tion forces produced by thermal expan-
sion of the substrate and the particle
due to absorption of the applied irradi-
ation are sufficient to remove the par-
ticles. However, detailed analysis shows
small defects at the former particle pos-
itions [6—8]. These defects are created
by local ablation underneath the par-
ticles due to a near field enhancement
and constitutes an additional cleaning
mechanism [9]. Furthermore it has been
shown that this mechanism is the dom-
inant one [10], so that to our knowledge
for all laser parameters investigated so
far within DLC no damage free par-
ticle removal has been achieved. In the
second approach, called steam laser
cleaning (SLC), a liquid, in most cases
water or water/alcohol mixture, is ap-
plied to the sample prior to the laser
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pulse [11, 12]. The laser energy gets ei-
ther directly absorbed inside the liquid
or transferred from the substrate via
heat transfer, leading to bubble nucle-
ation and a subsequent explosive evap-
oration of the liquid layer. In this way
we achieved particle removal of poly-
styrene particles with diameters down
to 140 nm, without damaging the sub-
strate [13]. Nevertheless liquids are not
wanted in the semiconductor industry
due to various reasons, e.g. the risk of
watermark formation or possible dam-
age of structures due to capillary forces.
Furthermore a complete wetting of the
substrate is an inevitable prerequisite
and complex drying steps have to be
added after the cleaning process. In this
paper we introduce a third and new tech-
nique, called matrix laser cleaning that
incorporates all the advantages of SLC
without the use of liquids.

2 Basicidea

The principal idea is to em-
bed the particles into a matrix of a gas
condensed at low temperatures onto the
sample into the solid phase (see Fig. 1a).
Thereby, the used gas must fulfil the fol-
lowing specifications:

1. At first the pressure of the triple
point should lie above the working
conditions. Thus, the matrix subli-
mates instead of going through the
liquid phase, so that the problems
mentioned in Sect. 1 can be avoided.
In fact, depending on the substrate,
dewetting can also occur for the
quench condensed molecular solids
that are used in our technique. Nev-
ertheless these wetting transitions
are on the timescale of minutes and
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FIGURE 1 Sketch of the experimental situation.
Before the laser pulse (a) the particles were em-
bedded in a solid matrix. After the laser shot (b)
a small part of the matrix in the vicinity to the
substrate undergoes a phase transition forming an
expanding vapour layer acting on the particles. In
addition the major part of the matrix leaves the
surface as an intact layer, resulting in a drag force
acting on the particles due to adhesion forces

above and therefore far beyond the
timescale of our cleaning process.

2. Second the solid layer should be
transparent for the applied laser
wavelength. Thus the laser energy
gets absorbed inside the sample
and solely coupled into the matrix
film by heat transfer. This leads to
a strongly inhomogeneous tempera-
ture profile with its maximum at the
interface to the sample and a decay
on the order of the thermal diffusion
length [, ~ 2+/Dt (with the heat dif-
fusivity D and the laser pulse length
7). As long as the film thickness d
is larger than /; (this is the case in
all our experiments) only a small
fraction of the film in the vicinity
of the substrate undergoes a phase
transition, producing a compressed
vapour layer with initial thickness
dyap acting on the particles as well as
the adjacent solid layer (see Fig. 1b).

We could show by interferomet-
ric measurements that the solid part of
the matrix leaves the surface as an in-

tact layer, as in the case of a liquid
film [14, 15]. This will also be the sub-
ject of future publications.

Two different cleaning mechanisms
contribute to particle removal.

The first results from the momen-
tum transfer from the gas molecules to
the particles. This mechanism also oc-
curs if the particle diameter 2r is smaller
than the initial gas layer thickness dyap,
where we have a situation similar to
MALDI [16]. A more detailed analysis
using Euler’s equation for the gas layer
results in a driving force F = 2mvrvy /I,
with the mass m of a gas molecule, the
collision frequency v, the particle radius
r, the starting velocity vy of the solid
layer and the thermal diffusion length
I;. The second cleaning mechanism only
occurs if the particle diameter 2r is
larger than the initial gas layer thickness
dyap. Since dy,p s assumed to be on the
order of a few namometers as in the case
of a liquid film [15], this condition is
fulfilled for all technically relevant par-
ticle sizes. Thus the upper part of the
particles stays embedded inside the still
solid part of the matrix leaving the sur-
face, resulting in a drag force based on
van der Waals forces. Since the contact
area between the matrix and the particle
exceeds the one between the particle
and the substrate by far, this drag force
should also exceed the adhesion forces
between particle and substrate.

3 Experimental realization
and results

In the following we present
our experimental setup, as well as the
first cleaning results for polystyrene par-
ticles. A frequency doubled Nd:YAG
laser (532 nm, 9 ns FWHM) was used
as cleaning laser. As matrix material
we chose carbon dioxide. To prevent
condensation of unwanted species all
experiments were carried out in a cus-
tom built vacuum chamber. Furthermore
the chamber was flooded with carbon
dioxide several times before each meas-
urement. The solid films were prepared
by a quench condensation technique.
Therefore, the samples were mounted
on a sample holder cooled by liquid ni-
trogen down to temperatures between
135 and 175 K. After the desired tem-
perature was reached a gaseous flow
of carbon dioxide was blown over the
sample leading to condensation of the

solid film with condensation rates be-
tween 40 and 350 ML/s. The films were
controlled in situ by optical techniques.
From the fact that no scattered light
was detected during the whole film con-
densation process we conclude that the
films are homogenous on the order of
optical wavelengths and thus effective
medium theories can be applied. Fur-
thermore, reflectometry allows to con-
trol the film thickness with an accuracy
of 3 nm. In addition, the amplitudes in
the reflectometry measurements yield
an optical refractive index for the ma-
trix of n =1.31 at 660nm. In com-
bination with the value of n = 1.41
for solid CO, [17] this leads to solid
fractions inside the matrix of 77% ac-
cording to Bruggemann [18] and 78%
according to the Maxwell-Garnett the-
ory [19]. It has been shown by Falk
[20] and Weida [21] that CO, films con-
densed at growth rates between 36 and
105ML/s and substrate temperatures
T > 50 K (confirmed experimentally up
to 120 K) exhibit a polycrystalline struc-
ture. Since our films were prepared at
the same growth rates and only slightly
higher temperatures we presume that
these possess a polycrystalline structure
with a porosity around 20%.

If one measures the laser fluences
necessary for particle removal over the
applied CO, film thickness an oscil-
latory behaviour with a periodicity of
about 185 nm is found. This behaviour
becomes clear if one considers condi-
tion (2) in Sect. 2. The laser energy is
only absorbed inside the substrate and
the solid matrix just acts as a transpar-
ent overlayer. Due to an interference
effect this overlayer leads to a thickness-
dependent reflectivity R(d) and thus
also a thickness-dependent transmis-
sivity into the substrate. Therefore, the
applied laser fluences have to be nor-
malized by the varying transmissivity
to receive the fluence absorbed inside
the substrate, denoted as “effective laser
fluence” F.i = F(1 — R(d)) in the fol-
lowing.

Considering the effective cleaning
fluences for rather large particles with
diameters above 300 nm reveals that an
applied layer of CO; does not contribute
to particle removal at all. The effective
fluence for particle removal for all inves-
tigated film thicknesses equals the one
with zero film thickness. Furthermore
particles with diameters above 300 nm
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FIGURE 2 Effective laser fluence necessary for particle removal for small polystyrene particles (left: 190 nm in diameter, right: 50 nm in diameter) depen-
dent on the applied CO, matrix thickness d. Above a certain film thickness the MLC cleaning mechanism sets in. In the case of the 190 nm sized particles
this results in a decrease of the cleaning threshold fluence to the universal MLC threshold. In the 50 nm case cleaning only occurs above this film thickness,

since these particles cannot be removed by DLC

could be removed at laser fluences,
where the CO;-layer still remained on
the surface. Thus we conclude that large
particles are removed by dry laser clean-
ing mechanisms.

A different picture arises for the re-
moval of smaller particles with diam-
eters below 300nm. For applied film
thicknesses on the order of the respec-
tive particle radius the effective fluence
for particle removal drops to a con-
stant particle size-independent value
significantly below the one for zero
film thickness (Fig. 2a). Comparisons
with measurements on bare CO, ma-
trix films show that this value equals
the ablation threshold of the matrix it-
self, indicating the onset of an addi-
tional cleaning effect induced by the
ablation of the CO, matrix. This ef-
fect becomes even more pronounced for
particles smaller than 150 nm in diam-

cleaned area

FIGURE 3  Scanning electron microscope image
of the edge of an area cleaned by matrix assisted
laser cleaning. On the right the particles (50 nm
diameter, polystyrene) have been removed with
a cleaning efficiency close to 100% within a sin-
gle shot experiment. Even after detailed analysis
no damages to the substrate have been observed

eter (Fig. 2b). These particles are no
longer removable by dry laser cleaning.
Nevertheless, Fig. 3 shows a scanning
electron microscope image of the bor-
der of an area cleaned by matrix laser
cleaning. The particle size is 50 nm, to
our knowledge the smallest particles
that have ever been cleaned by laser
based techniques. We achieved a clean-
ing efficiency very close to 100% within
a single shot experiment, which leads to
the assumption that the minimum size
limit of particles that can be removed
has not yet been reached.

4 Discussion

As shown above matrix laser
cleaning is a cleaning method that starts
working for particles smaller than
300 nm, while for larger particles no
additional cleaning effect occurs. This
behaviour is quite unusual, since for
smaller particles a bigger fraction con-
tributes to the short ranged adhesion
forces to the substrate and thus particles
normally become harder to remove the

smaller they are. A reason for this can
be found in a comparison between the
CO, ablation threshold (and thus also
the threshold for matrix laser cleaning)
and the dry laser cleaning thresholds
for different particle sizes. As can bee
seen in Fig. 4 for large particle sizes
the DLC threshold lies far below the
ablation threshold of the CO, matrix.
Therefore the particles are removed by
the DLC mechanism even at fluences
where the matrix stays on the surface.
Indeed, in these cases damages similar
to those found in DLC [22] are found at
the former particle positions. However,
due to the increasing DLC threshold for
decreasing particle size [23] at a particle
size around 300 nm the DLC threshold
fluence intersects the CO, matrix abla-
tion threshold, leading to an additional
cleaning mechanism induced by the ab-
lating matrix. Furthermore this mech-
anism is supposed to be the dominant
one, since even after detailed analysis
no defects typical for the DLC mechan-
ism have been found in this particle size
regime.
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trix laser cleaning and dry laser
cleaning at the same substrate tem-
perature for different particle sizes.
For larger particle diameters the
DLC threshold (solid line) lies far
below the CO, ablation thresh-
old. For decreasing particle size
the DLC threshold increases, lead-
ing to an intersection with the CO»
ablation threshold around particle
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sizes of 300 nm. Thus matrix laser
cleaning starts to work at particle
sizes below 300 nm
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We are aware of the fact that the
choice of carbon dioxide as matrix ma-
terial might not be the optimal one with
respect to applications. At first the sam-
ples have to be cooled down to about
170K before quench condensation of
the matrix becomes possible. Second,
the ablation threshold and thus also
the cleaning threshold is quite close to
the melting threshold of bare silicon,
bearing the danger of substrate dam-
age. Reasons for this might be found
in a bad thermal contact with the un-
derlying silicon sample or the dynamics
of the induced phase transition itself,
which will be the subject of further
investigations. Therefore, with respect
to industrial applications there might
be more suitable matrix materials than
carbon dioxide with a lower ablation
threshold and a higher condensation
temperature (among the possible candi-
dates might be materials like naphtha-
lene). Also, the possibility to remove
particles from substrates other than sil-
icon and even structured substrates will
be the objectives of future experiments.
Nevertheless, we already show that ma-
trix laser cleaning is a powerful tool
for damage free removal of the small-
est particles from silicon wafers (see
also some preliminary results in [24]).
In combination with a conventional pre-

cleaning step followed by a selective
matrix laser cleaning step of the remain-
ing particles, this technique might be an
alternative to conventional techniques in
the future.
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