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Abstract: A OO laser particle removal system was built that enables the removal of 001 pme aluming particles from silicon
substrates, This system has roster sean capabilitics to clean large surfices. which were analysed using a particle counter,
After deposition and removal of 0.1 wm aluming particles; the fnal concentration 18 less than 25 particles em ™ for particle
clusters between 0.1 and 10 pm, The efficiency of particle removal 15 nearly independent of the iser Nuence berween 0,63
and 2.9 0 e and drops suddenly below 065 1 em -~

Reésume : Un loser COy o é1é utilise pour la réalisanon J “un disposint de nettoyage de substrs de silicmm, permetiini
Penlévement de particules d'alumine de 0,1 pm. Le disposiaf a la capacité de traiter de larges surfaces par buliage du
substrnt; ln enracténsation de telles zones netloydes a e rdalisde griee & un comptéur de particules, Aprés dépdl el
enlévement de panticules d°nlumine de 0,1 pm, I concentration fnale est inféricure & 25 particules ¢m L pror dles
npgloménits de particules de taille comprise entre 0,1 et 100 pe Pour un Tux laser compris entne 0,65 ¢ 29 1 em

I"efficacitd du procédé demeure inchangée; elle décroit ay-dessous de 0,65 1 em

1. Introduction

Aceording 10 an mdustry survey published in 1994 [ 1], con-
tamination by parlicles is one of the most important problems
(o the microeleetronic industry. Particles cun mask patterns
during photelithography [2], geperate defects in epitaxial
provwlh, inerense electromigration in metallic Tines [3, 4], and
lower the gate oxide breakdown voltage [3]. With today’s
desipn rules, particles 4s small as (0] pgm o digmeter are
considered potenual killer defects [6].

Tradiceenal wet cleamng methods have several shorcom-
ings; they are almaost inefficiem for 0.1 wm particle removal,
inherently incompatible with cluster tools, expensive when
using ultrahigh purity chemicals, and envirenmentally harm-
ful, Therelore, new cleaning fechnigues that do pot have these
drawhacks ure being developed [7, 8]

0y laser-assisted particle removal (LAPR) is one of these
promising new methods, developed by Allen and co-workers
|9-13], to remove small particles from contanuinaied surfaces.
[n this wechmgue, a film of water s first deposited onio the
surface o be ¢leaned, A pulsed CO, laser emimng at 10,6 um
is then used 1o irradiate the surface. s radiation is absorbed
by the liguid film, inducing its explosive evaporation. The
resultant acoustic wave produces forces of sufficient magni-
tude 1o expel particles from the surface,
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Allen et al [9] demonstrated the removal of particles
greater than | pm in diameter using a scanning electron mi-
croscope at a low magnification {(whole waler showny, Tao
understand the phenomena invalved in laser-assisted particle
removal, they investigated the fuence thresholds for particle
removal (2.2 1 em *) and shoek wave generation (4.2 1 em 4,

I'he work we report here carnies an with the development
of using CO, laser as an efficient cleaning tool. We myvest-
gated the removal of 0.1 wm aluming particles from silicon
surfuces with water used ns an energy transfer medinm, By
using an optical microscope in the dark feld mode at 50
magnification as well as a particle counter, we were able (o
detect submicrmetre particles on large surfaces and provide
guantitative results on the efficiency of particle removal as a
funcrion of the CO, laser fluence: The optical microscope was
also used at 1000x magnification to detect possible damage o
the surface and 1o measure the sizes of particle clusters re-
maining on the surface atler cleaning,

2. Experiment

The experimental sep is shown schematically in Fig. 11 A
Lumonics 540 CO- laser emitting at 106 um in the pulsed
mode was used. The output eneroy was 0.9 | and the pulse
duration of 0.2 us. The multimode beam was vertically devi-
ated with & mirror at 43 and then focused on the sample
surface using & converging germanium lens with'a focal length
of 30 cm. In the standard cleaning configuration, the incident
fluence at the substrate was about 3 J em™,

To deposit the water film in a reproducible manner only-al
the irradiated area, a home-made system was used, [t consisted
of a container, half-filled with detonized (D1} water that was
heated to 40°C. Nitrogen gas flowed through the container Lo
carry vapour i a copper nozzle near the surface o be cleaned.
A pufse-timing unit permitted the water vapour to be deposited
for periods between 0.1 and 2.5 5, resulting in the condensa-
ton of water at the colder target surface, This was immedi-
ately followed by the triggering of the laser
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Fig. 1. Schematic of the CO;, laser-assisted particle removal setup.
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The sample was mounted on an XY computer controlled
stape. Displacement perpendicular to the optical axs (X)) was
wsed 1o sean the waler surface to clean large areas, whereas
displucement along the optical nxis (£) was used o vary the
Lser Muenoe

o reduce the probability of contamination by ambient air,
the sample was held face down and the experimental setup
was placed inoa class 500 cleanroom under a laminar flow
hood that provided a class 10 workmyg arca

[he substrates used were [T mm <1000 sibicon waters not
subjected 1o any special treatment. The alumina particles (Beta
Diamoend Corp.y, of certified (01 pm size, were deposited by
mixing about 001 mg of particles with 100 ml DI water,
Draps of this colloidal selution were deposited on the surface,
which was then spun at 400 rpm; the particles remaming on
the surface exhibited a nearly uniform congentration

To ohserve the particles, an optical microscope, which can
be operated in either bright- or dark-ficld modes at magnifica-
tions ranging from 50x to 1000, was used. Bright-field illu-
mination was used to detect damage o the surface and flm
contamination, whereas dark-field illumination served to de-
tect submicrometre particles over arcas of about 9 mm®. A
laser scanning particle counter (SAS 3600, Particle Measuring
Svstems Inc.) was uscd o obtain quantitative data on larger
surfaces. This instrument classifies particles according to their
gize from 0.1 o 10 pm and is calibrated with spherical poly-
styreng latex (PSL) spheres. Since the shape and optical prop-
erties of alumina contammants differ from those of sphencal
P5L particles, the sizes given are PSL-sphere equivalents. I
must be emphasized that we have verified. using a particle
generator to deposit .1 pm AlLO; particles al 2 very low
surface concentration, ie., without formation of large size clus-
ters, that these PSL-sphere equivalent sizes correcily account
for the absolute size of the alumina particles.

3. Results and discussion

Figure 2 shows a dark-field optical micrograph of the edge of

a cleaned area, which is 7 % 7 mm?, using a fluence of 2.9
v, The right side shows the originally contaminated sur-
lace, whereas the left side 15 a part of the cleaned area. The
nitrogen Now was S000 mL min' and the vapour pulse dura-
tion was | 5. so that the volume of nitrogen mixing with the
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Fig. 2. Dark-fiekl optical micrograph {50x) of a silicon surface
contaminated with 0.1 pm aluming particles. The edge of the

-

cleaned region is shown, Lager fluence 15 2.9 1em :
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vapour in the contmner was 80 mlL and the thickness of the
water on the sample was estimated 1o be about & pm. Three
laser pulses (1 s between each pulse) were fired 0.2 5 afler the
vapour burst. The reason for using three pulses instead of one
is to be sure that all the water was evaporated. This eyvele (one
vapour burst and three laser pulses) was repeated five limes
for a complete stane cleaning (no scanning of the surface).

Figure 3 shows resulis obtained with a fluence of 2.9 J em =
using the particle counter, by scanning the sample to clean
large regions. The vapor pulse duration was 2 5 with a (low
rate of 3000 mL min™!, giving a volume of nitrogen of 160 mi.
After one burst of vapour and three |aser pulses, the sample
was moved 3 mm along a line 24 mm long. This cyele was
repeated to clean a square of 24 % 24 mm?®, Thie region ana-
lysed by the counter is a circle 20 mm in diameter mside the
square, s0 that the results were not biased by the edges of the
suare,

Before particle deposition, the originally ¢lean surface, Fig.
3a, already contained 80 particles, all below | um, in the ercle
analvsed. After deposition of DI water. deliberately not con-
taminated, [ollowed by spinning, there was only a slight
increase of the number of particles, Fig. 3b. Afler particle
deposition, a large quantity of these particles remained on the
wafer, Fig. 3¢, the largest number of them corresponding to.a
size of 2 um. This is due to the formation ol clusters during
deposition. Moreover, the concentration of these clusters is
high enough to veil or screen the particles that appear on the
surface before deposition. As a consequence, the laser counter
is not able to detect them and a reduction in the number of 0. ]
um particles is observed after the Al,O; deposition, Fig. 3e.
After one cleaning scan Fig. 3d, some particles are remaoved,
the clusters become smaller and the largest number of particles
corresponds to a size of 0.2 pm, After three scans, Fig. Je, the
disiribution of the partcle sizes has its maxioom at (L] L,
Following seven scans, Fig. 3£ the number of particles reaches
a lower fimit essentially equal to that before deposition, These
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Fie. 3. Histograms oblaine! with the particle counter, showing 0.1 pm aluming particles on-a silicon substrate {z), before treatment; (4], after
deposition of D1 water only: {¢). ofier deposition of particles; (¢4, after cleanmy by laser rastering. Particle removal paLics, 1, aee also piven.
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results ¢learly show that laser cleaning is efficient in removing
alumina particles as small as 0.1 pm. The efficiency of the
cleanliness is defined, in a useful way, using the particle re-
moval ratio, 1, which is the ratio of the number of removed
particles to that at the starting point. All the sizes (0.1-10 pm)
are considered in defining 0.

The variation of the ¢leaning efficiency was also invest-
gated a5 a funclion of the laser fluence. Figure 4 shows the
particle size histoprams obtained after four laser cleaning
scans for a fluence ranging from 0,6 to 2.9 J cm . The vapor
pulse duration and the flow rate were, respectively, 2 < and
S000 mlL min ', giving a volume of nitrogen of 160 mL. The
starting size distributions, after particle deposition, were simi-
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lar 10 that shown in Fig. 3c. At 0.6 J cm™, the cleaning was
totally inefficient. the removal ratio being within the particle
counter error range. Between 0.65 and 2.9 J ¢m ?, the cleaning
process was greatly improved and was almost independent of
the laser fluence. Bevond 2.9 ] em™, ripples on the surface
were observed with the optical microscope. Such surtace de-
fects are similar to those widely reported 1n laser processing
works [14-17] and probably result from interterence phenom-
ena between incident and scattered radiation at the surface,

A fluence threshold between 0.6 and 0,65 1 em & was con-
firmed by analysing severnl experiments by optical micro-
scope. This threshold, which corresponds to an incident peak
power of 16 MW em %, is probably due to a physical change

0 Pand MRC Clonisda



1l

Can, J. Prys. (Suppl) 74, 1996

Fig. 4. Influence of the laser beam fluence on the efficiency of the cleaning process, charactenized using the particle removal ratio 7). Inttial
contamination of the substrates was (1,1 gwm Al.0O, particles. Vapor pulse duration, 2's; flow rate, 5000 ml min; volume of nitrogen, 160 ml,
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in the explosive evaporation process that generates the re-
mewval forces, This threshold may cormespond 1o that for the
water film to reach 18 maximum femperature (and pressure)
without boiling, which s given by T, = 091, = 309°C,
where 7, is the critical tlemperature of the water [18]. It may
also correspond (o the minimum fluence necessary o generale
an acoustic wave at the front of the film that would be re-
flected by the substrate, thus ¢jecting particles. Finally, this
threshold may also be the limit of uniform heating of the film:
below 0,63 1 em?, the temperature elevation would ocour
mainly at the front of the tilm,

4. Conclusion

A 0 laser particle removal system was bualt. It permits the
removal of 0.1 um alumina particles from silicon substiraies
over larpe areas due to its raster scan capabilities. A paricls
counter was used to oblain quantitative results after cleamng.
The final concentration of particles was less than 23 particles
em = for particle clusters between 0.1 and Tpm and less than
3 particles cm ™ for clusters between 1 and 10 pm. The cffi-
ciency of particle removal was nearly independent of the laser
fluence between (.65 and 2.9 ] ¢m ?, dropping suddenly below
65 e
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