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Optical transmission measurements of explosive boiling and liftoff
of a layer of micron-scale water droplets from a KrF laser-heated
Si substrate

Sergey |. Kudryashov?
Department of Chemistry and Biochemistry, Florida State University, Tallahassee, Florida 32306-4390

Susan D. Allen®
Department of Chemistry and Biochemistry, Florida State University and Department of Electrical and
Computer Engineering, FAMU/FSU College of Engineering, Tallahassee, Florida 32306-4390

(Received 13 May 2002; accepted 6 January 2003

Water plume velocities were measured in air by optical transmission as a function of laser fluence
using a KrF laser for explosive boiling and liftoff of a layer of micron-scale water droplets from a
laser-heated Si substrate of interest for laser particle removal. The thickness of the superheated
water layer near the water/Si interface determines acceleration and removal of the water droplets
from the Si substrate. @003 American Institute of Physic§DOI: 10.1063/1.155527]2

INTRODUCTION aperture in its center was imaged by a cylindrical lens
(f=10cm) at normal incidence onto a 0.25 mm thick
Si(100 wafer with a pre-deposited thin layer of watgig.

1). The laser beam has nearly rectangular and Gaussian flu-
nce,F, and distributions in the horizontéX) and vertical

directions (see the insets in Fig.)lrespectively, with
lle__

Deposition of a thin, submicron to several micron-thick
liquid layer as an energy transfer mediy&TM)* on con-
taminated critical surfaceg.g., Si masks telescope opti&
was found in the early 1990s to enhance laser cleaning 0O
such critical surfaces:® Since then, explosive boiling of a

liquid layer near a substrate surface and evaporation of thgharactgrgt\;c/: dllmezzl((;ns ]:Xf: 5h andeoy"=1.5 mm. Lase:j
whole liquid layer together with contaminants in the form of energy[0.2 J/pulse£3%) after the aperturewas attenuate

a vapor-droplet plume was determined as the basic mech&Y color filters(Coming Glass Worksand was measured by
nism of this steam laser cleanif8LC) technique. Threshold SPIitting off part of the beam to a pyroelectric detedtGen-

conditions (temperature, pressure and laser flugrfoe the €€ ED-500. The water dosing system usSecbnsisted of a

onset of boiling were experimentally measured for waterSOUrce of pressurized nitrogen with a trigger valve, con-

different alcohols and their mixtures using “bulkseveral ~Nected to a bubbler immersed in a glass flask filled with
mm thick liquid layers*® In these experiments, the liquid heated de-ionized water and directed _onto the Si surface
layer is sufficiently thick that removal of the liquid does not through a heated output nozzle. The dosing systgas pres-
occur. Many important experimental parameters of SLcSure of 0.7 bar, flask water and nozzle temperatures of 40 °C,
e.g., vaporization thresholds and plume velocities, have nd#0sing pulse of 0.5)swas employed to deposit a layer of
yet been studied for different laser heating conditions and thwater droplets several microns in diameter on the Si wafer
thin liquid layers of variable thickness or water droplet layersPlaced 5 cm from the nozzle. Micron-scale water droplets are
actually used in laser particle removalwhere the liquid or  formed because the native oxide film present on a Si sub-
drop]et |aye|' deposited is Comp|ete|y evaporated in the prostrate stored under ambient conditions does notl\ﬁ/éﬂ'he
cess. In this work velocities of a water plume produced in aieXcimer laser was fired 0.05 s after the end of each liquid
by KrF laser heating of a Si substrate with a pre-depositedilm deposition step. Deposition and removal of the water
layer of micron-scale water droplets were measured at variayer were measured in real time by observing the optical
ous laser fluences using an optical transmission technique.reflectance/scattering of a continuous w#ea) HeNe laser
focused on the center of the irradiated area. Since the
micron-scale water droplets are relatively dense and the ex-
cimer laser beam is much larger than the droplet size, the

The beam from a 248 nm, 20 ns KrF excimer laserPlume that results from explosive boiling of the water drop-
(Lambda Physik, LPX 210with a 1 cmwide vertical slit lets behaves as if it originated from a thin continuous layer of
water. Propagation of the water plume along the normal to

_ _ __ , , the Si surface was investiged using another cw HeNe laser

dpermanent address: Institute for High Energy Densities, Joint Institute ob tightly f ist di t f0.08 ith a 5

High Temperatures, Russian Academy of Sciences, 127412 Moscow, Ru eam tghtly ocusedwais ) 'ame_er oru. mpwith a

sia; present address as of 5/3: Laser Diagnostics Laboratory, General Physm focal length lens at various distancésibove the center

ics Institute, Vavilove Str., 38, 119991 Moscow, Russia; electronic mail:of the KrF laser spot on the wafer. The HeNe laser and

sergeikudryashov@hotmail.com . e .
YPermanent address: Vice Chancellor for Research and Academic Affairsfocusmg lens were mounted on a one-dimensional stage and

P.O. Box 179, Akansas State University, State University, AR 72467; elecShifted p.erpendiCUIar to the_ Si wafer plane .in 0.5 mm steps,
tronic mail: sdallen@astate.edu along with the corresponding fast photodiode detector. A
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FIG. 1. Experimental setup for transient plume transmission studies: BS— o
beam splitter, L—focusing lenses, PD—fast photodiodes, target—Si wafer 3
on a three-dimensional stage. Insé®:Laser power temporal dependence E
of the KrF laser andb) Gaussian distribution of fluendein the vertical(Y) 7]
direction. %
—
) ) ) 16" 0 107
LeCroy 9360 storage oscilloscope triggered by an electrical t(s)

pulse from a fast photodiode, which detected part of the ex-

cimer beam scattered directly from the slit, was used td-IG. 2. Characteristic water plume transmission transients at different flu-
record water plume transmission transients delayed by th@NcesFma: Z=(a) 0.5 and(b) 2.5 mm. The delay time values, , are
time of flight,tp, of the plume to the HeNe probing distance shown for different fluences by several arrows.

and to measure the laser pulse energy in each pulse. The gas

valve and excimer laser were triggered manually in single- ] )

shot mode with corresponding delays using a pulse generatéf?”ab'e parameters. In order to have a simple analytical de-

(Stanford Research Systems DG 535 scription of the vapor plumes we employed a one-
dimensional model of continuous viscous flow assuming

thin, homogeneous initial liquid layers.

RESULTS AND DISCUSSION The f(t) functions employed fit th&—ty curves quite
The water plume transmission transients for constantvell [Fig. 3@)]. At fluences of 0.32, 0.45 and 0.76 Jicm
water dosing conditions, different probing distances and peagood agreement is observed between the calculated maxi-

laser fluences oF ,,,=0.32—0.76 J/cf i.e., above the ex- mum plume propagation distanc¥Tyam, (2.88+0.14,
plosive boiling threshold of water on a Si surfa¢e.2  2.87+0.14 and 2.8% 0.03 mm, respective)yand the experi-
Jien?),® but below the ablation threshold of $about 1.4 mentally observed valu@,,~3 mm. The corresponding
Jient),2? are presented in Fig. 2. The maximum probe dis-Tg,m, values are different (0.140.02, 0.210.03 and 0.25
tance,Zax, iS approximately 3 mm, where detection of the =0.01 ms, respectivelyand the calculated/, values de-
plume transmission transients becomes very unstable berease with an increase i, [Fig. 3b)]. The different
cause of three-dimensional rarefaction, dispersion, vaporizaFq,y,Vvalues that characterize viscous drag damping of water
tion, turbulence and other instabilities in the pluhas well  plume motion may mean that the simple one-dimensional
as the decelerating effect of viscous air drag. As shown irviscous continuous flow plume propagation model used is
Fig. 2, the plume transmission varies much less at largenot really applicable in this case. For example, we have as-
distances Z=2.5 mm) than it does near the Si surfacgé ( sumed that the droplet structure on the surface does not af-
=0.5 mm). fect vaporization and that the plume always consists of the
A characteristic parameter of the transmission transientsame size and density droplet and vapor mixture. A more
is the plume arrival time at the HeNe probe posititg, complex model would include these and other effects such as
depending orZ and defined in Fig. 2 as the onset of the dropthree-dimensional rarefaction, dispersion, turbulence and
in HeNe transmission. The experimental datZ asp trajec-  other instabilities in liquid plumes. The, values obtained,
tories for severaF,,, values are given in Fig.(d). These however, seem to be a good estimate of plume initial veloci-
Z—-tp curves were fit with an exponential function ties, at least for small propagation distances whérdp
f(t):Vonamt{l—exp*"Tdam’ﬂ. The initial plume velocity at curves can be linearized and viscous drag and plume
Z=0, V,, and the viscous drag velocity damping time, instabilities neglected. The resulting initial velocities,
Tgamp» Which takes into account the decelerating viscousV,~10-20 m/s, are very low relative to the supersonic ve-
drag force in air for the water vapor plumes were used asocities expected for condensation products formed during
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spinodal curve up to the critical poift.Thus, V, should
scale as/e,pXLgep/L, in qualitative agreement with theoret-
ical predictiond® and the experimental results of this work.
The decrease of 5(F a0 With an increase ik 5, is shown
in Fig. 3(b) with lift-off (plume velocities of 10—20 m/s for
our experimental conditions.

CONCLUSIONS

Water plume velocities were measured in air by an opti-
cal transmission technique as a function of laser fluence for
explosive boiling and liftoff of a thin layer of water droplets
on a Si substrate heated by a KrF laser. The results are coun-
terintuitive in that the initial velocity of the vapor/droplet
plume decreases with an increase in laser fluence. The thick-
ness of the near-surface superheated water layer in the drop-
lets determines the acceleration and removal of the entire
water droplet layer from the Si substrate. At higher fluences,
the water in contact with the hotter laser-heated Si substrate
reaches the critical temperature faster, and liftoff limits addi-
tional heating by the substrate. For lower fluences, the longer
heating time results in a thicker heated layer and more total
energy in the water droplets. These results help in under-
standing and optimization of laser particle removal via ex-

FIG. 3. (a) Z-tp trajectories and their exponential curve fits at different plosive boiling of a thin deposited liquid or droplet film.
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