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Abstract. The efficiency of the “steam laser cleaning” pro-  Previous investigations focused on the demonstration of
cess is examined. For the investigation of the physics of pathe cleaning effect itself [4—7] and on the study of the bub-
ticle removal from the particularly interesting surface of sili- ble nucleation and growth process [12—14]. To the best of our
con we have deposited well-characterized spherical polymémowledge only a few quantitative measurements on the in-
and silica particles of different diameters ranging from sev{luence of the process parameters of the steam laser cleaning
eral tens to hundreds of nanometers on commercial waferaser fluence, particle size and material) on the cleaning effi-
As a result of our systematic study we observe a sharpiency have been reported. However, these experiments were
threshold of the steam cleaning proces¢ Ht mJcnm? (A=  performed either with irregularly shaped particles that tend
532 nm FWHM = 7 ng which is independent of the size (for to form coagulates and thus inhibit a quantitative analysis of
particles with diameters as small 66 nm) and material of single particle removal [8—11] or the cleaning efficiency was
the particles. An efficiency abo@% after 20 cleaning steps investigated only for a few different kinds of particles [9, 10].

is reached at a laser fluenceldfo mJcn?. Experiments with  For a systematic investigation of the underlying physical pro-
irregularly shaped alumina particles exhibit the same thresteesses on the cleaning behaviour we changed [15] from the

old as for spherical particles. irregularly shaped alumina particles commonly used as test
particles to small monodisperse polystyrene (PS) or silica
PACS: 81.65.C: 79.60.Bm (Si0O,) spheres [16] with diameters in a range frénmup

to 800 nm This allows studies on the size and material de-
pendence of the cleaning efficiency. Preliminary results for

) . ) PS particles with diameters &00 nm have already been
The removal of submicron particles from highly damageablgyresented in [17].

surfaces poses an increasing challenge to engineers world-
wide. Unless removed, these particles are responsible for pro-
duction losses or malfunctions, e.g. in electronic circuits [1]1
One way to overcome the strong adhesion forces acting on
the particles is to make use of inertia effects. High accel-

erations on the order af0°g are needed for particle re- After rarefaction with isopropyl alcohol (IPA) the particle
moval [2] which cannot be provided by conventional methodsyspension was deposited onto the wafer surface by spin coat-
such as ultrasonics [3]. It has recently been demonstratgfly. Since we were interested in the preparation of samples
that particles Al20s, Si0z, MgO, SiC, CeQ;, BC) as small  wjth isolated particles, high evaporation rates and low con-
as 100 nmin diameter can efficiently be removed by lasercentrations of colloids were chosen for drying in order to
cleaning [4—-10]. In this “steam laser cleaning” process, a thifkeep coagulation to a minimum. We were able to prepare
|IqUId f||m IS Conqensed' Ontp the SubStrate and'then evaps'amp|es W|th essentia”y iso|ated Spher&sgal)/o for par-
orated momentarily by irradiating the surface with a shortjc|es with diameter- 300 nn) at high particle densities. The
laser pulse. The energy absorption in the substrate leads frcentage of isolated particles increases with particle diam-
a fast temperature increase both in the substrate and, duedgyr. An example of PS particles with diameterg86 nmis

heat transport, in the liquid film. Bubble nucleation at theghown in Fig. 1.

s_olid/liquid.intgrface and the subsequent expl_osive vaporiza- For a comparison with previous studies [4—6,8-11] we
tion of the liquid cause the removal of contaminants. have in addition chosen commercially available micropolish
- powder [18] with a mean diameter 800 nmas a source of
*Corresponding author. (E-mail: mario.mosbacher@uni-konstanz.de)  alumina @l,O3) particles that were applied to the sample in

Sample preparation—colloidal particles as model
contaminants
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the same way as the spherical particles. However, the per- Using microscopes [optical microscope and scanning
centage of coagulates was quite high, indicating that thesslectron microscope (SEM) depending on the particle diam-
samples were not suitable for obtaining quantitative informaeter] it is possible to monitor the particle concentration in the
tion on the removal process of single particles. cleaned area. Figure 2 shows the same area of a sample con-
taminated with PS sphere®00 nmdiameter) before (Fig. 2a)
and after (Fig. 2b) one cleaning step (application of vapor
2 Experimental setup and subsequent laser pulse). Particle removal is clearly visi-
ble. As the applied laser fluence was only slightly higher than
A Nd:YAG laser ¢ =532 nm FWHM = 7 ng with a Gaus- the cleaning threshold, not all particles were removed. Those
sian beam profile was used for cleaning an area of abouthich are left on the surface remain in their position indicat-
1 mn¥. This area was much larger than the area in which paring that there was no recontamination in the monitored area.
ticle removal was monitored (diameter0.5 mm). For this SEM images also demonstrate this cleaning effect for dis-
reason the laser fluence in the test area can be consideredtiastly smaller particles (Fig. 3). The picture shows the edge
homogeneous. of the region irradiated by the cleaning laser pulse (marked by
The calibration of the laser fluences in the monitored arethe white line) of a sample prepared with PS particles which
was carried out applying three independent methods: the firare 60 nmin diameter. Cleaning is obvious on the left-hand
one, based on an approach by Liu [19], uses a phase trar@de. Outside the cleaned region, the original colloidal par-
formation of a thin (approX50 n) GeShfilm on a glass sub- ticles can be seen. To our knowledge, this is the smallest size
strate, as described in detail elsewhere [20, 21]. Secondly wef particles ever removed by laser cleaning.
used a pinhole that allowed only the center part of the beam Although the application of microscopes provides a direct
to pass (where the laser fluence is quite uniform) and deriveithage of the cleaned regions we applied a different method
the energy density from the measured transmitted light pulsir the analysis of the process in our systematic studies:
and the known pinhole area. As a third, independent methoal measurement of the particle concentration via light scatter-
we determined the threshold cleaning fluence relative to thimg yields the same quantitative information but increases the
melting threshold o8i, monitored in the same experiment via speed of data analysis. Using a photomultiplier we were able
ns time-resolved reflectivity measurements. The laser fluende detect scattered light from particles with diameters as small
necessary for the onset of melting of tBesurface is well as60 nm The detection of the scattered light from these par-
known [23—25], and it constitutes a critical value, to which allticles represents the detection limit of our present setup, but
the fluences used in laser cleaning of silicon should be conmight be extended to even smaller sizes by the application of
pared, because for all practical applications melting has to basers with higher intensity and smaller wavelengths.
strictly avoided. A 5-mW HeNelaser illuminated a spot with a diameter of
Similar to earlier work [6] the liquid film (thickness < 0.5 mmwhich corresponds to several hundred particles at
200-400 nm) required for the steam cleaning was obtained bythe particle concentration used. This high number of spheres
condensing a burst of wat&cohol 5% isopropanol for en- ensured a small statistical error in our experiments as we
hanced wetting) vapor supplied through a nozzle above theere able to monitor several hundred lift off processes at the
wafer surface just before the pulse. same time. Since the prepared samples consist of mainly iso-
In order to evaluate cleaning efficiency we followed twolated particles that are not geometrically correlated the scat-
different methods of particle detection, namely direct obsertered intensityl is directly proportional to the numbéy of
vation in a microscope and light scattering by the particles. adherent particles in the scattering area. A comparison be-

Fig. 2a,b.A typical site of a sample34 um x 49 um) contaminated with PS
spheres of diamete800 nm The reduction from 20 to 12 in the number of
ey : : Liee . : particles befored) and after p) one cleaning step (application of steam and

i MRS o v : subsequent laser pulse) corresponds very well with the decrease of the scat-
Fig. 1. A typical sample 4.3 um x 5 um) before cleaning showmg arandom tered intensity tb4% after the cleaning. The particles visible in the picture
distribution of isolated colloidal PS spheres with a diamete4&d nm are single spheres besides two dimers
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170 mycn? more than90% of the particles are removed
after 20 cleaning steps. For comparison, the threshold where
a (bare)Si surface would start to melt at the laser parame-
ters used here i870 mJcn?. The difference of a factor of

3 in the cleaning and melting threshold is a considerable ad-
vantage with respect to industrial application where surface
damage has to be strictly avoided.

In order to study the influence of the particle material on
the cleaning efficiency we used silica spheres with diameters
of 800 nmand 500 nmand alumina particles with a mean
diameter 0f300 nm Once again we obtain the same thresh-
old as for PS spheres (Fig. 5) 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 particles investigated. Experiments using slightly differ-
ent laser parameters &£ 583 nm FWHM = 2.5 nsand7 ns

Fig. 3. The edge (indicated by white ling of the cleaned arealQum x
6.5um) of a sample contaminated with PS partic&nmin diameter as .
seen in the SEM. Cleaning of single spheres is clearly visible, the percenfiS Well ash = 532 nmand FWHM= 2.5 ng revealed again
age of coagulated spheres is higher for these small particles than for larghhe same cleaning threshold as reported above [17].

ones

4 Discussion and conclusion
tween the microscopic and light scattering measurement of
the particle removal shows a very good agreement of botfihe objective of the experiments presented here was to in-
methods. The number of adherent point scatterers in Fig. 2 iestigate the physics of particle removal during the steam
reduced fromNg = 20 to N = 12 corresponding to a clean- laser cleaning process. In order to control the particle prop-
ing efficiency of (1— N/Ng) = 40%, whereas the scattered erties (size, material) we chose monodisperse spherical par-
intensity of theHeNe laser measured for the same sampleticles as contaminants. From the identical results obtained for
exhibited a reduction ofl4%. This close agreement shows these spheres and the irregularly shapeds particles (see
that the application of the scattering intensity for the detecFigs. 4, 5) we infer that colloids are a realistic model system.
tion of the number of particles on the sample is justified Application of these spherical particles that were dispersed
We will therefore denote in the following the quantity—  as isolated contaminants on the sample allowed us to obtain
I/10) as “cleaning efficiency” wherdy and | denote the quantitative information on the cleaning efficiency for a spe-
measured scattered intensity before and after the cleaningfic particle size as we did not face the problem of agglomer-
respectively. ation of the species common for th&,O3 particles [29].
We have investigated the cleaning efficiency of the steam
laser cleaning process as a function of laser fluence (
3 Experimental results 532nm FWHM = 7 n9g for different particle sizes ranging
from 60 nmto 800 nmand for PS an&iO, spheres. In con-
Results of the energy dependence of particle removal by thieast to observations in a different “dry” laser cleaning pro-
steam laser cleaning process for PS spheres with diametersagfss [4] we did not find different cleaning thresholds for the
800 nm 500 nm and60 nmare plotted in Fig. 4. As already different particles, but one universal threshold for all inves-
shown in a previous investigation [15] the ablation process
for our samples is completely statistical making quantitative
studies feasible. With regard to a better illustration of the 444
cleaning behavior the results for 20 cleaning steps are plotte ®  PS, 800nm AL
For all sizes we obtain a similar behavior of the efficiency 14 PS,500nm
as a function of the laser fluence: a steep increase inthe clec 804 X PS, 60nm
ing efficiency at a laser fluence d¢f = 110 mJcn?. This ] %
absolute value of the threshold fluence was determined tz . |
)
] 1

X gl

x|

the three methods [22] described in Sect. 2. FromGle&b
method we obtained a value of 1315 mJcn?, the calibra-
tion via determination of the irradiated area gave a value 0o 40-
100-110 mJcm?. A comparison of the laser fluence neededs
for cleaning to the one necessary for melting resulted il§
a value of 0.35 which corresponds to a cleaning threshol 20+ §
fluence of aboul10 mJcn? deduced from the known flu- 1 -
ence [23-25] of abou810mJcn? for melting of a sur- 0 — ,.5. —
face layer corresponding to the optical penetration depth ¢ 0 50 100 150 200 250 300 350
moltenSi. _ laser fluence [mJ/cm?]

. Th.e same cleaning threshold was found for PS SphereF?g. 4. Experimentally determined cleaning efficiency as a function of
with diameters o235 nmand300 nm These results are not appiied laser fluence for various PS spheres. The cleaning threshold is size-
shown in the graph for the sake of clarity. At fluences abovéndependent and exhibits a steep increase above the onset of cleaning

fficiency [%]

onset of melting

melting of optical penetration depth
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Fig. 5. Experimentally determined cleaning efficiency as a function of ap-

plied laser fluence for particles of different geometry, material and size. 7.

A material- and size-independent threshold and a steep increase of the
cleaning efficiency was monitored

tigated contaminants at a laser fluencel®® mJcn?. This
observation is also in contrast to a recent theoretically pre:
dicted particle-dependent cleaning threshold for the steam

laser cleaning by Lu and coworkers [28] and to experimentah2.

findings of She and coworkers [11] regarding the removal of

Al,O5 particles where lower thresholds for larger particles are!3-

reported. However, these larger particles were agglomerateg,
of smaller, arbitrarily shapedl,O3 particles and a thicker

(nm) liquid layer was used which makes a direct comparisonis.

with our experiments difficult and might be an explanation for
the different results.
Previous studies [27] on bubble nucleation on bare sur-

faces have shown that the liquid has to be superheated;.

to a certain extent before bubbles are formed. Numerical

computations of temperature profiles for the liquid layer 18- ;
19. J.M. Liu: Opt. Lett.7(5), 196 (1982)

implementing the 1D heat equation [26] and temperature-
dependent material properties yield a laser fluence of about
50 mJcn? to reach the boiling temperature of the liquid

and thus allow bubble nucleation. As the liquid tempera-21.

ture at110 mJcn? is much higher we assume a scenario
of superheating also for our experiments and conclude tha
the value of the universal cleaning thresholdldd mJcm?

is determined only by the onset of bubble nucleation. The2s.
universality of the threshold in the steam laser cleaning pro<24.

cess implies that the maximum acting forces in this proces
are well above the adhesion forces. Cleaning efficiencies o
more thard0% were reached at fluence levelslg0 mJcn?,

well below the onset of melting of a bare [38] surface of
270 mJcn?.

The universal cleaning threshold and the distinct differ- 21

ence between cleaning and melting threshold are considerablg
advantages with respect to possible applications over the so-

called dry laser cleaning where the threshold is size- and9.
material-dependent [4] and the efficiencies are lower [31].30-

Thus, steam laser cleaning allows particle removal at lower

and therefore safer laser fluences, which is essential for avoids; .

ing surface modifications.

3.

4.
5.
6

26.
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