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Abstract. We report a quantitative investigation on the ef-absorption in the substrate leads to a fast temperature increase
ficiency of the steam laser cleaning process using ns and jp®th in the substrate and, because of heat transport, also in
pulses. Well-characterized polymer particles with a diametethe liquid film. Bubble nucleation at the solighuid interface

of 800 nmdispersed on commercidli wafers were chosen as and the subsequent explosive vaporization of the liquid cause
a modeling contaminant system. As a result of our investigathe removal of contaminants.

tion, we show for the first time the feasibility of performing Here we report on quantitative measurements of the ef-
efficient steam laser cleaning withs laser pulses and com- ficiency of steam laser cleaning that uses ns and ps pulses
pare the achieved efficiency with the one obtainedrfsr with different wavelengths and pulse durations. For the de-
pulses. For ns pulses, we found a cleaning fluence threskermination of the efficiency, we use colloidal particles with
old of 50 mJcn¥ that is independent of the pulse durationsa well-defined size as model contaminants, deposited as iso-
(2.5nsand8 ng and the wavelength$82 nmand583nn) lated particles on th8i surface.

used. The application of ps pulses (FWHM30ps A =

583 nn) lowered this threshold t&0 mJcn?. Both clean-

ing thresholds are far below the melting thresholds for thes& Experimental details

laser parameters. Cleaning efficiencie®0% were reached

for both pulse durations. 1.1 Sample preparation

PACS: 81.65.C; 79.60.Bm For a systematic investigation of the steam laser cleaning pro-
cess, itis necessary to use particles with a well-defined geom-
_ ) ) etry whose properties such as size or material can be varied
The removal of particles fron$i surfaces is a permanent jn 3 controlled way. Since this is not possible with the irreg-
Problem for the electronic |ndUStry, as such |r.]|t|a| Contam'ular'y Shaped alumina partic'es Common'y used, we Changed
inants may disturb the subsequent structuring processe&g small monodisperse polystyrene (PS) spheres [9]. For the
Because of the decreasing size of the structures on mmme'%xperiments reported here, we used spheres with a diameter
tronic chips, it is necessary to remove particles with increaspf 800 nm a different set of experiments [10, 11] was car-
ingly smaller sizes. Unfortunately, conventional methodsied out with particle diameters ranging frod® to 800 nm
such as uItr{asomcs_ cannot pr_owde the necessary forces i these different particles were prepared on Biewafers
remove particles with dimensions on the nanometer scalg the same way: after rarefaction with isopropyl alcohole
with high efficiencies [1]. Therefore, new techniques havqipa) the particle suspension was deposited on the wafer by
to be developed. One promising idea is the use of shog spin coating process. For samples with isolated particles
laser pulses for particle removal, the so-called laser cleaning pe obtained, the coagulation due to capillary forces dur-
process [2—8]. _ ~ing the drying process had to be kept to a minimum. This
In the case of the steam laser cleaning process, a thin §gas achieved by high evaporation rates of the colloidal sus-
quid film is condensed onto the substrate, and subsequenfiénsion and a low concentration of colloid spheres in it. In
the system is irradiated with a short laser pulse. The energyis way, we were able to prepare samples with mainly iso-
— lated spheres{ 95%, cf. Fig. 1) at high particle densities (the
*Corresponding author. (E-mail: mario.mosbacher@uni-konstanz.de) mean distance obtained from image processing was about

COLA99 — 5th International Conference on Laser Ablation, July 19—23,10um). Details on this procedure will be published else-
1999 in Géttingen, Germany where.
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£ ; g8 ; pumped mode-locked dye laser [12]£ 583 hm FWHM =
: . et et . 2.5nsor 30p9. The pump laser beam sizes at the sample
. & . | site were about mn?. Determination of the laser fluence is
S L described in detail in [13, 14].
: . 5y e 2 Results
Ess ; ; 2.1 ns pulses
e 2 ’ - Results of the energy dependence of the removal efficiency
Lg% e s - of PS spheres (diamet800 nn) by the steam cleaning pro-
" s . e e ° ’ cess with the application afs pulses (FWHM=8ns 1 =
o A e 532nm FWHM =25ns A =532nm FWHM = 25ns
£ . ot A s A =583 nmare plotted in Fig. 2. As has already been shown
Fig. 1. A typical sample 4.3 jum x 5 um) before cleaning showing a random N @ Previous examination _[1_0]1 the re_moval process for our
distribution of isolated colloidal PS spheres with a diamete4&d nm 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
1.2 Efficiency evaluation at a fixed fluence for better illustration.

In another work [11], we were able to show that for
The efficiency of the process was determined by the measteam laser cleaning with laser pulses of FWHE\ nsand
urement of the particle concentration via light scattering. Foih = 532 nm there exists a universal cleaning threshold of
this purpose, we usedsamW HeNelaser focused at the cen- about50 mJycn? for the removal of particles with diameters
ter of the cleaned region. The specular reflection of this probef 60-800 nm This threshold value is also found in the ex-
laser beam was blocked and the scattered light detected Ipgriments presented here. An explanation of this identical
a photodiode. For the improvement of the sensitivity of thethreshold value for all three sets of laser parameters can be
light detection system, theleNe laser beam was chopped given from the underlying physical process responsible for
at a frequency of about kHz by means of an acousto-optic the cleaning effect — the nucleation and growth of bubbles
modulator, and the detector signal was measured with a lockvithin the heated liquid. This nucleation is a direct conse-
in amplifier phase-locked to the frequency of the chopper. Thguence of the heat transfer from the substrate to the liquid,
size of the region illuminated by the probe was on the ordeand thus the dynamics of bubble growth is governed by the
of 100pm. This is much smaller than the cleaned area; thugransfer of heat into the liquid layer. Especially the penetra-
it was ensured that a homogeneously irradiated region wd®n of the 373 K isotherm into the liquid layer limits the
monitored. At the same time, this size was sufficiently large tdubble growth velocity, as bubble growth in layers with tem-
cover several hundred patrticles at the concentration used, gperatures below873 Kis impossible.
suring a small statistical error by monitoring several hundred Numerical simulations [15] were applied to compute tem-
lift-off processes at once. perature profiles of the liquid layer for the pulse parameters
Since the prepared samples consist of mainly isolated par-

ticles that are not geometrically correlated, the scattered in-

tensity | is essentially directly proportional to the numbér @ PS, 800nm Brs, 532 nm. 20 pulses
of particles in the scattering area, which has been checked 4 O PS,800nm, 2.5ns, 532 nm, 20 puises
a different set of experiments [11]. For that reason, we will + £ P, 800, 25, 563 nm 20 pulses
denote the quantityl —1/1p) as “cleaning efficiency”; the } : :
symbolslg and | denote the scattered intensity before anc 0,8+ - '
after the cleaning, respectively. > (3 : 8 ; s
g 06 % £ e
O .o 1 2
1.3 Cleaning setup ® ‘2 3
2 04- % ‘g 1B
The liquid film for the steam cleaning was obtained by con-§ -
densation of a burst of wat@lcohol (L0% IPA) vapor sup- © : § 2
plied through a nozzle above the wafer surface just before tt 0.2 % : |
arrival of the laser cleaning pulse to the surface [4]. By ellip- :
sometric measurements, we determined the thickness of tl g -
liquid layer to be approximatel$00 nm ) 50 100 150 200 250 300
The cleaning process was carried out using two differ: laser fluence [mJ/cr]

ent pump laser systems providing several different pulse du-

. . . Fig. 2. Cleaning efficiency for steam laser cleaning8if0 nmPS spheres
rations and Wavelengths' An Nd:YAG lasex :é 532nm using ns pulses of several durations at different wavelengths. The results

F_\NHM = 8nsor 2.5ng and a pulsed d_ye amplifier seeded correspond to a cleaning process induced by 20 consecutive laser shots at
either with acw dye laser beam or with a synchronously a fixed fluence
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used. A comparison of the results shows similar spatial tem- For a comparison betweears and ps steam laser clean-
perature profiles for the layers adjacent to Biesurface by ing, we plotted in Fig. 3 the cleaning efficiency as a func-
the time the surface reaches its maximum peak temperaturtin of laser fluence for pulses with FWHM 30 ps and
especially for the layer of liquid heated to more tiB&#8 K.~ A =583 nm as well as for ns pulses with FWHM 2.5 ns
From there, one should expect the same cleaning thresholdadi = 532 nm Since we found the same cleaning threshold
(determined by the onset of bubble nucleation) for the differfor’ all ns the experiments have included only those obtained
ent laser parameters applied in our experiments. It should kst 532 nm 2.5 ns For thepslaser system, the energy output
noted, however, that as soon as the wavelength decreasedltetuations are much higher pulse by pulse than those for the
the UV, there should be a different threshold, because of thes systems. These fluctuations were monitored and result in
small optical penetration depth 8i. the horizontal error barsin Fig. 3. The influence of the energy
Above the cleaning threshold, we again obtain a simifluctuations in the ns regime was negligible $%) and thus
lar behavior for all three sets of laser parameters. Afters notincluded as error bars.
a steep increase just above the threshold, cleaning efficien- As for ns pulses, we found a sharp cleaning threshold
cies of > 90% (after 20 cleaning steps) are reached at aboubr the ps steam laser cleaning; it is, however, much lower:
75 mJcn? for the2.5-nspulses and at abo@®0 mJycn? for  about20 mJycn? (FWHM = 30 ps A = 583 nn). The numer-
the8-nspulse. We point out that these high cleaning efficiendcal simulations reveal for this fluence similar peak surface
cies are reached at energy densities that are lower by a factemperatures of th8i as for thens cleaning threshold. This
of 2—3 than the melting thresholds of a b&iesurface for the decrease in the threshold value is expected from the scenario
given laser parameters. With respect to industrial applicationsf energy absorption and heat diffusion in the substrate de-
where surface damage has to be avoided, this result is one sdribed above.
the major advantages of the steam laser cleaning process as Of importance with respect to applications is also the
compared with the dry laser cleaning. In dry laser cleaningiegime where efficient cleaning takes place, i.e, the fluence
in which the thermal expansion of the substrate is responsinterval where cleaning efficiency exceeds, €9@%. This is
ble for the particle removal, high cleaning efficiencies with nsfound at fluences of 750 mJcn? for both pulse durations.
pulses are reached only at energy densities much closer to the For semiconductors, the melting threshold can be de-

melting threshold [16]. termined experimentally by means of real-time reflectivity
measurements with ps resolution [17], because of the high
2.2 ps pulses reflectivity of the liquid phase. The threshold value for the

onset of melting of the clea8i wafer was found to be ap-
When the pulse duration is decreased from ns to ps, theroximately220 mJcn?; this is in good agreement with our
amount of heat energy diffusing in depth in thiewafer dur-  numerical simulations and is the value already determined for
ing the pulse absorption lowers. In particular, the thermaFWHM = 20 ps » = 532 nm[18].
diffusion lengths irSi at 583 nmfor an8-nsand a30-pslaser Efficient cleaning takes place at energy densities below
pulse arel.26pm and 109 nm respectively. The compari- the melting threshold by a factor of 3, as is the case for ns
son of these lengths to the optical penetration deptBiiat  pulses. This is sufficient for safe application of the process.
583 nm 1.7 um, indicates that for th@s pulses, the fluence Comparing the ratios of melting threshold to cleaning thresh-
required to bring the surface to a given peak temperature isld, we obtained a value of 5 for the ns pulses but a factor of
smaller than fonspulses. 11 for the ps regime.

In view of the investigation of the physical processes The decrease of the cleaning threshold and the fact that
of steam laser cleaning, when one changes frato ps  with the application of ps pulses, efficient particle removal
pulses there are two important consequences. First, the mettan be achieved, may indicate that still the time scale of sub-
ing threshold of the bar&i surface will decrease some- strate heating is not too short to allow enough heat diffusion
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 in 1,0
portant: the nucleation of bubbles. High cleaning efficiencie: %?@ E

o PS, 800nm, 2.5ns, 532 nm, 20 pulses
v PS, 800nm, 30ps, 583 nm, 20 pulses

are reached only by the heating of the subsytateid inter- 084
face as well as a sufficiently thick liquid layer to allow bubble
nucleation and growth. When applying ps pulses, several sc »,
narios for the latter might be possible. Due to the shorter puls§ 0,6
length, a higher superheating of the liquid can be achieve@
which leads to higher bubble growth velocities and therefor g
to higher cleaning efficiencies. Another possibility would be-& 0.4+
that the heating of the liquid layer takes place on a time scal8
longer than the ps pulse duration and the heating ofSihe © 024 {
This would lead only to a small reduction in the cleaning %{
threshold.

Because of the existence of effects affecting the stear 0,0-+—v—-vp T . — . .
cleaning process in opposite directions when the pulse dur. 0 50 100 150 200 250 300
tion is reduced, we experimentally investigated the influenc laser fluence [mJ/icm?]
of pulse duration on the cleaning threshold and the behavigig 3. comparison of the cleaning efficiencies of ns and ps steam laser
of the cleaning efficiency. cleaning (FWHM=2.5 nsand 30 p3

melting threshold 30 ps
melting threshold 2.5ns
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into the liquid. On the other hand, the ratio of melting thresh-pleasure the funding of the European Union through a Marie Curie Fellow-
old to efficient cleaning threshold remained nearly constarghip (ERB0001GT954352) within the TMR program. We thank the group

in our experiments. This could be taken as support for th
assumption that much shorter pulses would not result in aj)
increase in efficiency of the process. However, in order to

f J.V. Garcia-Ramos at the Instituto de Estructura de la Materia, CSIC,
adrid for generous support in experimental needs. Wacker Siltronic sup-
ied the industrial silicon wafers.

further investigate this and to reveal the role of S“perheaheferences

ing, time-resolved experiments on bubble nucleation upon

pspulse laser irradiation must be performed. 1

3 Conclusion
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