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Abstract. We report a quantitative investigation on the ef-
ficiency of the steam laser cleaning process using ns and ps
pulses. Well-characterized polymer particles with a diameter
of 800 nmdispersed on commercialSi wafers were chosen as
a modeling contaminant system. As a result of our investiga-
tion, we show for the first time the feasibility of performing
efficient steam laser cleaning withps laser pulses and com-
pare the achieved efficiency with the one obtained forns
pulses. For ns pulses, we found a cleaning fluence thresh-
old of 50 mJ/cm2 that is independent of the pulse durations
(2.5 nsand8 ns) and the wavelengths (532 nmand583 nm)
used. The application of ps pulses (FWHM= 30 ps, λ =
583 nm) lowered this threshold to20 mJ/cm2. Both clean-
ing thresholds are far below the melting thresholds for these
laser parameters. Cleaning efficiencies> 90% were reached
for both pulse durations.

PACS: 81.65.C; 79.60.Bm

The removal of particles fromSi surfaces is a permanent
problem for the electronic industry, as such initial contam-
inants may disturb the subsequent structuring processes.
Because of the decreasing size of the structures on microelec-
tronic chips, it is necessary to remove particles with increas-
ingly smaller sizes. Unfortunately, conventional methods
such as ultrasonics cannot provide the necessary forces to
remove particles with dimensions on the nanometer scale
with high efficiencies [1]. Therefore, new techniques have
to be developed. One promising idea is the use of short
laser pulses for particle removal, the so-called laser cleaning
process [2–8].

In the case of the steam laser cleaning process, a thin li-
quid film is condensed onto the substrate, and subsequently
the system is irradiated with a short laser pulse. The energy
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absorption in the substrate leads to a fast temperature increase
both in the substrate and, because of heat transport, also in
the liquid film. Bubble nucleation at the solid/liquid interface
and the subsequent explosive vaporization of the liquid cause
the removal of contaminants.

Here we report on quantitative measurements of the ef-
ficiency of steam laser cleaning that uses ns and ps pulses
with different wavelengths and pulse durations. For the de-
termination of the efficiency, we use colloidal particles with
a well-defined size as model contaminants, deposited as iso-
lated particles on theSi surface.

1 Experimental details

1.1 Sample preparation

For a systematic investigation of the steam laser cleaning pro-
cess, it is necessary to use particles with a well-defined geom-
etry whose properties such as size or material can be varied
in a controlled way. Since this is not possible with the irreg-
ularly shaped alumina particles commonly used, we changed
to small monodisperse polystyrene (PS) spheres [9]. For the
experiments reported here, we used spheres with a diameter
of 800 nm; a different set of experiments [10, 11] was car-
ried out with particle diameters ranging from60 to 800 nm.
All these different particles were prepared on theSi wafers
in the same way: after rarefaction with isopropyl alcohole
(IPA) the particle suspension was deposited on the wafer by
a spin coating process. For samples with isolated particles
to be obtained, the coagulation due to capillary forces dur-
ing the drying process had to be kept to a minimum. This
was achieved by high evaporation rates of the colloidal sus-
pension and a low concentration of colloid spheres in it. In
this way, we were able to prepare samples with mainly iso-
lated spheres (> 95%, cf. Fig. 1) at high particle densities (the
mean distance obtained from image processing was about
10µm). Details on this procedure will be published else-
where.

http://www.springerlink.com/content/100501/
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Fig. 1. A typical sample (4.3µm×5µm) before cleaning showing a random
distribution of isolated colloidal PS spheres with a diameter of480 nm

1.2 Efficiency evaluation

The efficiency of the process was determined by the meas-
urement of the particle concentration via light scattering. For
this purpose, we used a5-mW HeNelaser focused at the cen-
ter of the cleaned region. The specular reflection of this probe
laser beam was blocked and the scattered light detected by
a photodiode. For the improvement of the sensitivity of the
light detection system, theHeNe laser beam was chopped
at a frequency of about1 kHz by means of an acousto-optic
modulator, and the detector signal was measured with a lock-
in amplifier phase-locked to the frequency of the chopper. The
size of the region illuminated by the probe was on the order
of 100µm. This is much smaller than the cleaned area; thus
it was ensured that a homogeneously irradiated region was
monitored. At the same time, this size was sufficiently large to
cover several hundred particles at the concentration used, en-
suring a small statistical error by monitoring several hundred
lift-off processes at once.

Since the prepared samples consist of mainly isolated par-
ticles that are not geometrically correlated, the scattered in-
tensity I is essentially directly proportional to the numberN
of particles in the scattering area, which has been checked in
a different set of experiments [11]. For that reason, we will
denote the quantity(1− I/I0) as “cleaning efficiency”; the
symbols I0 and I denote the scattered intensity before and
after the cleaning, respectively.

1.3 Cleaning setup

The liquid film for the steam cleaning was obtained by con-
densation of a burst of water/alcohol (10% IPA) vapor sup-
plied through a nozzle above the wafer surface just before the
arrival of the laser cleaning pulse to the surface [4]. By ellip-
sometric measurements, we determined the thickness of the
liquid layer to be approximately300 nm.

The cleaning process was carried out using two differ-
ent pump laser systems providing several different pulse du-
rations and wavelengths: An Nd:YAG laser (λ = 532 nm,
FWHM = 8 nsor 2.5 ns) and a pulsed dye amplifier seeded
either with acw dye laser beam or with a synchronously

pumped mode-locked dye laser [12] (λ= 583 nm, FWHM=
2.5 ns or 30 ps). The pump laser beam sizes at the sample
site were about1 mm2. Determination of the laser fluence is
described in detail in [13, 14].

2 Results

2.1 ns pulses

Results of the energy dependence of the removal efficiency
of PS spheres (diameter800 nm) by the steam cleaning pro-
cess with the application ofns pulses (FWHM= 8 ns, λ =
532 nm; FWHM = 2.5 ns, λ = 532 nm; FWHM = 2.5 ns,
λ= 583 nmare plotted in Fig. 2. As has already been shown
in a previous examination [10], the removal process for our
samples is completely statistical, making quantitative studies
feasible. Thus we included in the figure only the results ob-
tained for a cleaning process induced by 20 consecutive shots
at a fixed fluence for better illustration.

In another work [11], we were able to show that for
steam laser cleaning with laser pulses of FWHM= 8 nsand
λ = 532 nm, there exists a universal cleaning threshold of
about50 mJ/cm2 for the removal of particles with diameters
of 60–800 nm. This threshold value is also found in the ex-
periments presented here. An explanation of this identical
threshold value for all three sets of laser parameters can be
given from the underlying physical process responsible for
the cleaning effect – the nucleation and growth of bubbles
within the heated liquid. This nucleation is a direct conse-
quence of the heat transfer from the substrate to the liquid,
and thus the dynamics of bubble growth is governed by the
transfer of heat into the liquid layer. Especially the penetra-
tion of the 373 K isotherm into the liquid layer limits the
bubble growth velocity, as bubble growth in layers with tem-
peratures below373 K is impossible.

Numerical simulations [15] were applied to compute tem-
perature profiles of the liquid layer for the pulse parameters

Fig. 2. Cleaning efficiency for steam laser cleaning of800 nmPS spheres
using ns pulses of several durations at different wavelengths. The results
correspond to a cleaning process induced by 20 consecutive laser shots at
a fixed fluence
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used. A comparison of the results shows similar spatial tem-
perature profiles for the layers adjacent to theSi surface by
the time the surface reaches its maximum peak temperature,
especially for the layer of liquid heated to more than373 K.
From there, one should expect the same cleaning thresholds
(determined by the onset of bubble nucleation) for the differ-
ent laser parameters applied in our experiments. It should be
noted, however, that as soon as the wavelength decreases to
the UV, there should be a different threshold, because of the
small optical penetration depth inSi.

Above the cleaning threshold, we again obtain a simi-
lar behavior for all three sets of laser parameters. After
a steep increase just above the threshold, cleaning efficien-
cies of> 90% (after 20 cleaning steps) are reached at about
75 mJ/cm2 for the2.5-nspulses and at about100 mJ/cm2 for
the8-nspulse. We point out that these high cleaning efficien-
cies are reached at energy densities that are lower by a factor
of 2–3 than the melting thresholds of a bareSi surface for the
given laser parameters. With respect to industrial applications
where surface damage has to be avoided, this result is one of
the major advantages of the steam laser cleaning process as
compared with the dry laser cleaning. In dry laser cleaning,
in which the thermal expansion of the substrate is responsi-
ble for the particle removal, high cleaning efficiencies with ns
pulses are reached only at energy densities much closer to the
melting threshold [16].

2.2 ps pulses

When the pulse duration is decreased from ns to ps, the
amount of heat energy diffusing in depth in theSi wafer dur-
ing the pulse absorption lowers. In particular, the thermal
diffusion lengths inSi at583 nmfor an8-nsand a30-pslaser
pulse are1.26µm and 109 nm, respectively. The compari-
son of these lengths to the optical penetration depth inSi at
583 nm, 1.7µm, indicates that for theps pulses, the fluence
required to bring the surface to a given peak temperature is
smaller than fornspulses.

In view of the investigation of the physical processes
of steam laser cleaning, when one changes fromns to ps
pulses there are two important consequences. First, the melt-
ing threshold of the bareSi surface will decrease some-
what. Second, the shorter pulse length will affect the clean-
ing threshold. In addition to the heat conduction inside the
wafer on this threshold shift, another process becomes im-
portant: the nucleation of bubbles. High cleaning efficiencies
are reached only by the heating of the substrate/liquid inter-
face as well as a sufficiently thick liquid layer to allow bubble
nucleation and growth. When applying ps pulses, several sce-
narios for the latter might be possible. Due to the shorter pulse
length, a higher superheating of the liquid can be achieved,
which leads to higher bubble growth velocities and therefore
to higher cleaning efficiencies. Another possibility would be
that the heating of the liquid layer takes place on a time scale
longer than the ps pulse duration and the heating of theSi.
This would lead only to a small reduction in the cleaning
threshold.

Because of the existence of effects affecting the steam
cleaning process in opposite directions when the pulse dura-
tion is reduced, we experimentally investigated the influence
of pulse duration on the cleaning threshold and the behavior
of the cleaning efficiency.

For a comparison betweenns and ps steam laser clean-
ing, we plotted in Fig. 3 the cleaning efficiency as a func-
tion of laser fluence for pulses with FWHM= 30 ps and
λ = 583 nm, as well as for ns pulses with FWHM= 2.5 ns
andλ= 532 nm. Since we found the same cleaning threshold
for‘ all ns, the experiments have included only those obtained
at 532 nm, 2.5 ns. For theps laser system, the energy output
fluctuations are much higher pulse by pulse than those for the
ns systems. These fluctuations were monitored and result in
the horizontal error bars in Fig. 3. The influence of the energy
fluctuations in the ns regime was negligible (≤ 5%) and thus
is not included as error bars.

As for ns pulses, we found a sharp cleaning threshold
for the ps steam laser cleaning; it is, however, much lower:
about20 mJ/cm2 (FWHM= 30 ps, λ= 583 nm). The numer-
ical simulations reveal for this fluence similar peak surface
temperatures of theSi as for thens cleaning threshold. This
decrease in the threshold value is expected from the scenario
of energy absorption and heat diffusion in the substrate de-
scribed above.

Of importance with respect to applications is also the
regime where efficient cleaning takes place, i.e, the fluence
interval where cleaning efficiency exceeds, e.g.,90%. This is
found at fluences of> 750 mJ/cm2 for both pulse durations.

For semiconductors, the melting threshold can be de-
termined experimentally by means of real-time reflectivity
measurements with ps resolution [17], because of the high
reflectivity of the liquid phase. The threshold value for the
onset of melting of the cleanSi wafer was found to be ap-
proximately220 mJ/cm2; this is in good agreement with our
numerical simulations and is the value already determined for
FWHM= 20 ps, λ= 532 nm[18].

Efficient cleaning takes place at energy densities below
the melting threshold by a factor of 3, as is the case for ns
pulses. This is sufficient for safe application of the process.
Comparing the ratios of melting threshold to cleaning thresh-
old, we obtained a value of 5 for the ns pulses but a factor of
11 for the ps regime.

The decrease of the cleaning threshold and the fact that
with the application of ps pulses, efficient particle removal
can be achieved, may indicate that still the time scale of sub-
strate heating is not too short to allow enough heat diffusion

Fig. 3. Comparison of the cleaning efficiencies of ns and ps steam laser
cleaning (FWHM=2.5 nsand30 ps)
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into the liquid. On the other hand, the ratio of melting thresh-
old to efficient cleaning threshold remained nearly constant
in our experiments. This could be taken as support for the
assumption that much shorter pulses would not result in an
increase in efficiency of the process. However, in order to
further investigate this and to reveal the role of superheat-
ing, time-resolved experiments on bubble nucleation upon
ps-pulse laser irradiation must be performed.

3 Conclusion

We have demonstrated the feasibility of steam laser cleaning
with ps pulses for the first time and have been able to quanti-
tatively compare the cleaning efficiency to that achieved with
ns pulse experiments. The latter reveals a cleaning threshold
of 50 mJ/cm2, and no significant influence of pulse duration
(2.5 and 8 ns) or wavelength (532 and 583 nm) was found.
For ps cleaning pulses, we obtained a cleaning threshold of
20 mJ/cm2 (30 ps, 583 nm). Cleaning efficiencies of more
than90% are reached for both ns and ps pulses at fluences
about a factor of 3 lower than the melting threshold of the
substrate, which has been determined to be220 mJ/cm2 for
the case of ps pulses. Thus for industrial applications con-
cerning the suppression of substrate damage, bothnsandps
steam laser cleaning seem to be promising when compared to
traditional methods.

Acknowledgements.This work was supported by the Optikzentrum Kon-
stanz and the EU (TMR ERB-CT98-0188, “Modeling and diagnostic of
pulsed laser-solid interactions: applications to laser cleaning”). N. Chaoui
acknowledges the funding of his stay at the Instituto de Optica, CSIC
(Madrid) through the TMR ERB-CT98-0188. J. Siegel acknowledges with

pleasure the funding of the European Union through a Marie Curie Fellow-
ship (ERB0001GT954352) within the TMR program. We thank the group
of J.V. Garcia-Ramos at the Instituto de Estructura de la Materia, CSIC,
Madrid for generous support in experimental needs. Wacker Siltronic sup-
plied the industrial silicon wafers.

References

1. J. Bardinan: InParticles on surfaces, ed. by K.L. Mittal (Plenum, New
York 1988) p. 329

2. W. Zapka, W. Ziemlich: Appl. Phys. Lett.58(20), 2217(1991)
3. K. Imen, J. Lee, S.D. Allen: Appl. Phys. Lett.58(2), 203 (1991)
4. A.C. Tam, W.P. Leung, W. Zapka, W. Ziemlich: J. Appl. Phys.71(7),

3515(1992)
5. J.B. Heroux, S. Boughaba, I. Ressejac, E. Sacher, M. Meunier: J. Appl.

Phys.79, 2857(1996)
6. Y.F. Lu, W.D. Song, K.D. Ye, M.H. Hong, D.M. Liu, D.S.H. Chan,

T.S. Low: Appl. Surf. Sci.120, 317 (1997)
7. A.C. Engelsburg: Proc. SPIE3274, 100 (1998)
8. G. Vereecke, E. Röhr, M.M. Heyns: J. Appl. Phys.85(7), 3837(1999)
9. Interfacial Dynamics Corporation, Portland, Or 97224 USA

10. P. Leiderer, J. Boneberg, M. Mosbacher, A. Schilling, O. Yavas: Proc.
SPIE3274, 68 (1998)

11. M. Mosbacher, V. Dobler, J. Boneberg, P. Leiderer: (unpublished)
12. J. Siegel, J. Solis, C.N. Afonso, C. Garcia: J. Appl. Phys.80, 6677

(1996)
13. J. Siegel: InStructural transformation dynamics in Ge films upon ul-

trashort laser pulse irradiation(Ph.D. thesis, Universidad Autonoma
de Madrid 1999)

14. J. Solis, C.N. Afonso, S.C.W. Hyde, N.P. Barry, P.M.W. French: Phys.
Rev. Lett.76(14), 2519(1999)

15. J. Bischof: In Metallische Dünnfilmschmelzen nach Pulslaserbe-
strahlung: Phasenumwandlungen und Instabilitäten(Ph.D. thesis,
University of Konstanz 1996)

16. M. Mosbacher, V. Dobler, J. Boneberg, P. Leiderer: CLEO/Europe –
EQEC (1998), CPD2.12 (1998)

17. J. Siegel, J. Solis, C.N. Afonso: Appl. Phys. Lett.75, 1071 (1999)
18. L.A. Lompre, J.M. Liu, H. Kurz, N. Bloembergen: Appl. Phys. Lett.

430, 168 (1983)


	Text1: 
	Text2: First publ. in: Applied Physics / A, Materials Science and Processing, 69 (1999), Supplement 1, pp. S331–S334
	Text3: Konstanzer Online-Publikations-System (KOPS)
URL: http://www.ub.uni-konstanz.de/kops/volltexte/2007/2874/
URN: http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-28747


