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CO, laser-assisted removal of submicron particles from solid surfaces
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A CO, laser-based system was used to provoke the vapor-assisied removal of contaminating
particles from different kinds of surfaces. Particles of alumina. silicon carbide, boron carbide, and
cerum dioxide. with a size as small as 0.1 jam, have been efficiently removed from silicon. gold,
and silicon dioxide surfaces. The dependgnce of the cleaning efficiency on the laser Huence was
investigated; a threshold was found at 0.65 Jem® and the efficiency was highest for a Auence
ranging from 2.9 10 3.2 Mem? for silicon, and 3.2 Jem® for gold and silicon dioxide surfaces. The
amount of the water vapor which condenses at the surface was also found to play a major role, the
best results being obtained with a condensed thickness calculated to be 6 um. The zeta potential
yvilue of the contaminant particles with respect to that of the surface greatly influences the cleaning
process, © 996 American Instimate of Physics. [50021-8979(96)05806-2 |

I. INTRODUCTION

Surface comtamination by particles is one of the most
serious problems faced by the microelectronic industry,' and
more than 50% of yield losses may be atnbuted to at * As
deviee Teqtures shrink, smalier and smaller particles become
potential killer defects. In today's submicron integrated cir-
cuil technology, particles of 0.1 gm dismeter or less are po-
tential sources of circuit failure ™

Because the total elimination of conmamination sources
during [C processing operations is not presently achievable,*
surfuce cleaning is the most frequently applied step dunng
circuit manuficture, The most widespread cleaning tech-
niques in the industry make use of liquid chemicals” which
are themselves sources of contamination.’ While ultrapure,
low particulate grade chermcals and water could be used,
they suffer from the drawback of increased cost. Moreover,
these wet cleaning methods are not compatible with the pro-
cess integration trend in which cluster waols play a major
role. Another shorteoming of these techniques is their inabil-
ity to efficiently remove particles of (L1 pm size and smaller.

Oiver the last few years, the development of new, liguid
chemicals free, cleaning technigues has attracted an increas-
ing interest.” Laser cleaning is one of these promising new
dry techniques. A pulsed laser beam irradiating a surface is
used as a fast, localized heating tool 1o expel the contaminat-
ing particulates, An energy transfer medium is generally used
at the surface to improve the process efficiency, Using water
s such a medium, the first studies were carned oul by Allen
and co-workers,” ™, where a CO, laser (10,6 ym) removed |
pm AlO; particles from silicon substrates: the laser radia-
tion was absorbed by deposited water which explosively
evaporated, generating forces sufficient to expel the particles.
In a similar fashion, Zapka and co-workers'"™ " used an ex-
cimer laser {248 nm); the main difference here lies in the fact
that the liquid energy transfer medium was transparent 10 the
laser beam, which was absorbed by the substrate surface that,
in wrn, transferred energy to the liqmd film. In this case. it
was demonsteited that the fluence required for efficient
cleaning was far smaller than in the case of CO,-based
process,'* However, the use of a CO; laser is more attractive
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because it mukes the cleaning process independent of the
nature of the substriate surface. This advantage cavsed us o
adopt it

Eor both series of sudies deseribed above, the expen-
mental investigations focused on the monitoring and charae
terization (nucleation, particle removal threshold and shock
wave generation) of the explosive evaporation, in order
understand the particle removal mechanism;” % 1 no
quantitative data were presented on the concentration al pur-
ticles on the comtaminated and post-cleaned surfaces, and
only low magnification scannming ¢lectron HETOSCOPE M-
graphs were shown. Moreover, particulate Lypes were Lt
to alumina, polystyrene latex, and gold, while the effect of
the nature of the contaminants on the cleaning process effi-
ciency was nol discussed. Furthermore, in the case ol the
CO, laser-based process, the investigation was limited o |
pm and larger aluming particles.

In the work we report here, the CO; laser-induced, water
vapor-assisted, removal of particles of size runging from 1
to 10 pm was thoroughly investiguted as a function of the
laser fiuence, the thickness of the energy transfer medium
{water in our case) and the nature of the surfaces and pir-
ticles. Silicon (8i), aluminum (Al), gold (Au), and silicon
dioxide (510,) surfaces were considered. Adurmina (Al0,),
magnesium oxide (Mg0O), silicon carbide (8iC), cenum di-
oxide (Ce0.). baron carbide (BT, and diamond (€} particles
were used as contaminants.

Il EXPERIMENT

The experimental setup is presented in Fig. 1. A TEA
CO- laser (Lumonics 840), emitting at 10.6 gm in the pulsed
mode was used. The output energy was 0.9 J, with a pulse
duration of 0.25 us. The multimode beam wus vertically de-
flected with a mirror at 45° and then focused on the sample
surface with a converging lens whose focal length was 30
cm:

To deposit the water film in a reproducible maoner only
at the irradiation location, a volume of nitrogen. gis was senl
through a container, half-filled with detonized (D) witer
heated to 40 °C, to carry the vapor o a heated (50 °C) copper
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FIG. 1, Schematic of the OO lpver-nduced, vapor-assisted pamiche reimoval
selup

nezzle held near the surface o be cleared. A pulse-timing
unit permitted first nitrogen W expel the water vapor for a
given time, varyving between 0.1 and 2.5 5, resulting in con-
densation on the colder target surface. The laser brradiation
wis then trggered; absorption of the beam by the water film
led to explosive evaporation, generating lorces of sufficient
magnitude to eject particles from the surface

The sample was mounted face down on a computer
controlled X Y2 stage. Displacement perpendicular to the op
tical axis (X)) was used 1o scan the waler surface 1n order 1o
clean large areas, while displacement along the optical axis
(£) was vsed to vary the laser fluence from 0.5 10 25 Jem®
The laser fluence values were determined by dividing the
laser pulse energy by the laser spot area at the substrate
surface. The error in such a determination was calculated to
be of 0%,

To reduce the probability of contamination by ambient
air, the experimental serp was located in a class 500 clean-
roem, under laminar fliow hoods which provide a class 10
working zone.

The samples used were bare 100-mm-diam {100) 51 wa
lers, some of which were covered with & 100 nm thermally
grown 510, layer to provide 510, surfaces (05-N, atmo-
sphere, 1280 *C). Aluminum- and gold-coated surfaces were
obtamed by evaporanng about 100 nm of these matenals on
bare 5i wafers. The panicles used o0 comaminate the sur-
faces were AlO;, MgO, SiC, CeO,, BC, and C, all supplied
by the Beta Diamond Corp.

The depesition of the particles was carried out using two
different methods: elecirostatic attraction or cofloidal solu-
tion spinning. For electrostatic attraction, & potential of 3 kV
was applied to the substrate and particles held on a spatula
were gently moved a few centimeters away from the surface.
The resulting concentration of deposited particles was suffi-
ciently large W permit the chservation of the localized
cleaned region, To obtain lower and more uniform parnicles
concentration, less than | mg of particles powder was mixed
with 100 ml of DI water; drops of this colloids! solution
were deposited 1o form uniform film on the surface and spun
al KK} pm.

To observe particies on any kind of surfaces. an optcal
micrascope (Nikon, MM-111) in either bnght- or dark-field
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FIG 20 Dark-tield oprcal micrograph 15020 ol o 80 sorlieg contanmima
with 001 germ-dham Ady U0 particles, Thie e ol the eleamesl vesion i sl

Laser Muence! 2.9 Fem

mode was used ar magnifications  canging from Sk
1000, The bnght-licld dlummation was used o dele
damage to the surface as well as bl contamination, 7
dark-teld mode was wsed 1o detect submcron particles ov
large arcas (ahout @ mm’), To obtain quantitatve data
particle contamination on 51 surfaces over lirge areas, a los
scanning particle counter {Pamicle Measurnng Systeims, T
SAS 36001 was used. This ool uses scattered light 1oelassi
particles according to their spheacal equivalents from O,
10 e It must be emphasized that the counter is calibraie
for polystyrene lutex (PSL) spheres; because of the «diffe
ances in the optical properties of the contminants and 1l
calibrating  PSL, the diameters obtained are PSL-sphe
equivalent.

Ill. RESULTS AND DISCUSSION

Static laser cleaning was carried out by hist sending
burst of vapor to the substrite surface! the vapor pulse dur:
tion was | s and o How rate of 3000 mbmin was used, givie
a volume of mitrogen of 83 ml. Precisely (1.2 s after tho vape
burst, three laser pulses were triggered at intervals of 1 5
assure that all the water had been removed: an interval of |
between the successive pulses was chosen 1o avoid excessi
heating of the substrate. This procedure was repeated fiv
times for a complete cleaning of the irradiated spot whos
size was 747 mme for a Auence of 2.9 Jem®, Figure 2 show
a typical dark-field optical micrograph ol the edge of a
gion cleaned using a laser fluence of 2.9 Jem®, The particle
used were 001 gem ALy and the surface was silicon, Th
right side of the micrograph corresponds o the originall
contamindted surface, while the left side is a region of th
cleaned area.

Cleaning by laser rastering was done by maoving th
sample 3 mm in a straight line alter every burst of vapor an
three laser pulses. This was repeated over a 24x24 mn
square and analysis was carmed owt with the particle counle
ina cirele 20 mm m diameter mside the eleaned square, |
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Fig. 3, histograms of the numbers of particles on the surfuce
are given as a function of their size in microns. The laser
fluence used for the cleaning is 2.9 Jem®. Eighty particies,
all smaller thun | gm, were counted on the original surface
|Fig. 3a}). DI water deposition without particles resulied in
only a shight increase in the number of particles [Fig. 3(b)],
whereas deposition of the 0. |- gm-based AlO; colloidal so.
lutin resulted in a large number of punticles deposiied [Fig.
3(c)]. The particles distribution was centered al a size of 2
s, Such g shift with respect o (0.1 gam was atributed o the
formation af clusters during deposition due to the high con-
cemtration of particles in the colloidal solution. Moreover, the
concentration of these clusters was high enough 10 vell the
parlicles which appear on the surface before deposition. As a
consequence, the laser counter was not able 1o detect them
and a reduction in the number of 0.1 gm particles was ob-
served after the ALQ, deposition [Fig. 3(ch]. After one clean-
ing scan [Fig. 3{d}], some paricles were removed, the clus-
ters: become smaller and the largest number of paricles
cortesponded to a size of 0.2 pm, After three scans [Fig.
3el], the distribution of the particle sizes had its maximum
at 0.1 gm. Following seven scans [Fig. 3(1], the number of
particles reached a lower limit essentially equal to that before
deposition, although, a few particles larger than | um re-
mained an the surface. These results clearly show that laser
cleaning is efficient in removing alumina particles as smail
as L1 pem,

A. Variation of the amount of water
Table | shows results obtained on the removal of 0.1 gm
Al particles from a Si substrate when the volume of ni-
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TABLE 1. Influznce of the flowing nitrogen volume on the number of par
ticles on silicon surfaces before and after cleaming, The contuminant was (),
pim ALOy . Laser fuence: 2.9 Jem®. Number ol cleaning scans; 4. The daa
were obiained using the particie counter.

Peumber of particles

Number of panticles after after Toor cleaning

Vodume of nitrogen contaminaion SIS,
20 ml |5 1480
B0 mi |99 145
170 mi 1959 Tty
2D0F il 1386 A

trogen was vaned by changing the vapor burst pulse dura:
tion, The data represent the number of particles after depo-
sition and after four laser cleaning scans. For a nitrogen
volume of 20 ml, cleaning was clearly inefficient because the
amount of water was oo small, although cleaning was elti-
cient for volumes of 80 and 170 ml. When the nitrogen vol-
ume regched 200 ml, the amount of water on the surlbee
became o large, and it was not completely removed during
laser irradiation,

The mimmmum nitrogen volume giving adequate ¢lean-
ing, around 80 ml (Fig. 3), corresponds to an estimated waler
thickness of 6 wm. calculated for an arca of the vapor circle
of 10 cm®. The reguirement of & minimum water film thick
ness more than 60 times the particle diameter is probably due
1o an complete coverage of the Si surface for smaller film
thicknesses due to larger spacing between the condensed mi-
crodroplets, To confirm this hypothesis, we atfempted pur-
ticle removal with a nitrogen volume of 80 ml from a Si
substrate made hvdrophobic by HF etching. As can be seen
in Fig. 4, cleaning was inefficient because the surfuce was
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EIGA Infloence of the laser flusnce on the cleaning efficiency for differcnl
aurlaces, MO inefhigient cleaning; OFT: optimal clerning, NT: not freated

not uniformly covered by water, Le. there were interstices
between droplets, due to the high contact ungle.

For spherical water droplets of about 10 pm in diameter
irradinted by a CO, beam (10.6 pm). Dusel ef al " showed
that the maximum temperature elevation oceurred at the back
(opposite to the imadisted side) of the droplet. Therefore an-
other possible explunation of the mtrogen volume threshold
is that o minimum water amount is required to oblain liguid
droplets on the surface that focus the laser beam and induce
4 maximum film heating close to the substrate. gjecting par-
ticles more efficiently.

B. Variation of the fluence and the nature of the
surface

Figure § shows the results for the variation of the laser
fluence on different surfaces. For bare Si substrates, the re-
sulis were recorded with both the optical microscope and the
particle counter. For the later, the cleanliness was assumed
1 be optimal when the amount of particles remaining on the
surface after cleaning was essentially the same as before par-
ticle deposition. For all other surfaces, only the mitroscope
was used because the particle counter was calibrated for Si
substrates, In this case, optimal cleaning was defined as the
case for which there were essentially no particles visible in

dark-field mode at a magnification of 303 4s shown on the
left side of Fig. 2. which should be compared to the right
side. Good cleaning is defined as the case in which the initial
concentration is partially reduced by the cleaning process.

For Si. there is a threshold at 0.65 Jem®, under which
cleaning is inefficient. The cleaning was good between 065
and 2.9 Jem® and optimal between 2.9 and 3.2 Tem?®, Ower
1.2 Jem?®, damage 10 the surface was observed with the op-
tical microscope. The cleaning threshold value meastred
(0,65 J/em®) is lower than that ohtained by Allen et al, (1.4
Jem?®) for | pm ALO, pa.rti::.h:s..ﬁ This threshold at (L65
e’ may correspond to the limit helow which the heating
of the liquid film was nonuniform and accurred only at the
<urface. It may also be the minimum power NECessity Loy
produce an acoustic wave at the front of the film which
would he reflected by the substrate, thus ejecting water and
particles, Alternatively, it may he associated with the maxi-
mum temperture that the waler muy reach without boiling
this temperature is given by T =097, =309 °C, where T,
is the critical temperature of the water.”” Beyond 3.2 Jem®,
ripples on the substrale surface were observed with the opti-
cal microscope. Such surfuce defects are similar toe hose
widely reported in laser processing gtucdies'" '™ and may re-
<ult from interference phenomeni between incident and scat-
tered radiation at the surface.

On gold and Si0;, cleaning wis optimal between 3.2
and 6.2 Jem?, which means that dark-lield micrographs were
comparable 1o those obtained for St at the optimal uence
(left side of Fig. 2). However, the cleaning of aluminum wis
optimal for a fluence of at least 6.2 Jem®, and only good at
1.2 Jjem®. The reason for this different behavior for the alu-
minum surface is not yet understood; the optical and thermal
properties of this matenial are gimilar 1o these of gold, for
which the cleaning was optimal at 3.2 Jem®, 1t must be
emphasized that with the durk-field microscope at a high
magnification, a large amount of small scattermg cenlers wias
observed at the aluminum surface which may possibly indi-
cate an extensive roughness of the surface, The eflect of
roughness on van der Waals attraction forces depends on the

TABLE 11, Number of contaminating panicles on silicon surfices béfore and after cleaning, as o function af the
nature of the coptaminants. Laser fluence: 2.9 Jem®. The dais were obtained using the particle. counter. Th

isoeleciric points of some materials s aluo giver.

Sumber of pamicles after four cleaning SCAGTInEE

Mumber af Linelectnic
Particies particies afler Size Size patnt
{Diameter] contamination =1 gy | pum [pHI"
L 741 8 3 5-07
{1 gm}
Mg0 1270 365 33 124203
[1=5pm)
Driamond
=10 ,um‘.l BiE 39 0
Cells
c] s 1¥ 1] W]
{1 pumi ! 9
e 209 131 0
{1 jem}
B 978 1 %0 0
(1 pumi

"Reference 21
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TABLE III, Wan der Vaals adhesion fonces: berween 1 um particle and o plane sorface in air medium with &
particle-sorface separation asswmed to be | tim, The hardness of the particles materials is also given,

Purticle. material Hamuker coostant®

Hardness of the particles
miaterials”

o surface materinl Ao (107 0) Foree® (ni) {Moh hardness scale)
ALOy on 5 19.1 16

ALDy an AL, 14 12 g0

AlLDy on metals 05277 17-23
Mg on 51 1T 15 .0
SiC on 5 1w ) 9.2
Diamond on 5 m3 24 e
B e

*Reference 23,
PReference 24,

nature of the roughness,' In the case of surface asperities
larger than the contaminating particle size. these forces are
reinforeed since the effective contact area is mcreased. Such
extended asperities may affect our aluminum surfaces and
account for the particular behavior of these surfaces with
regard 1o the cleaning efficiency.

If one considers the optical (s 10.6 gm} absorption and
reflectivity, and thermal conductivity of each  surface
material,™ no relationship between cleaning efficiency and
these properties could be established. Such o result was ex-
pected since the radiation is absorbed in the liquid. These
results confirm that CO, laser cleaning has the potential to
remaove particles on surfaces of different natures.

C. Varlation of the nature of the particles

Table 11 shows that among all the particles used on Si
surfaces, only MgO was removed with a significantly lower
efficiency than Al,0;. The total number of MgO particles
was reduced, bur it was the only material for which tens of
remaining particles of sizes larger than | gm were detected.

Taking into account the optical (at 10.6 wm) and thermal
properties of the particles used.” ne correlation between
these parameters and cleaning efficiency was obvious. The
thermal expansion of particles, as described by Keliey and
Hovis* for a YAG laser, is not a dominant mechanism for
0, laser particle removal. Although one may suppose that
the adhesion forces are functions of the natwe of particies,
Table 11 indicates that there is no relationship between our
results and the calculated adhesion forces. The given values
are calculated for materials in air; the presence of a liguid
film may reduce the magnitude of these forces by a factor of
3—5 (Ref. 25} but should not influence their relative values.
An increase of these adhesion forces through particle defor-
mation has also to be ruled out on the basis of the hardness
data given in Table 11 since it appears that cerium oxide has
4 hardness equal to that of MgO.

A more satisfactory explanation may be arrived at by
considering the isoelectric points of the materials used. Table
Il incHeates that the isoelectric point of MgO is by far the
highest of all the materials used. Because the zeta potential
decreases as the pH increases,”® MgO is the only material for
which the zeta potential is strongly positive in D] water,
Since 51 has a negative zeta potential in water,”® the double-

J.Appl, Phys.. Vol 79, No. 6, 15 March 1896

fayer electrostatic attraction mechanism described by Dono-
van and Menon™ may play a major role for MgO, While for
all the other particles used, electrostatic repulsion may result
in a reduction of the adhesion forces and, therefore; in u
cleaning efficiency improvement, for MgO paricles the ad-
hesion forces are reinforced by the electrostatic attraction
due o the opposite signs and strong difference of the zeli
potentials between the particles and the 5i surlace,

IV. CONCLUSION

A CO, laser-induced, vapor-assisted particle removal
system, capable of raster cleaning, was constructed and
evaluated. A water film was used o absprb the LG pm
radiation. Its explosive evaporation resulted in the ejection of
the contaminsting particles. It was demonstrated that this
system is efficient in removing 0.1 um ALOy particles from
Si surfaces down to a concentration of 25 particlesfem?® for
imitial concentrations several orders of magnitude greater,

Cleaning efficiency exhibited a threshold at a fluence of
0.65 Jiem” and was optimal for a fluence varying from 2.9 to
3.2 liem® for Si surfaces, from 3.2 to 6.2 Jem® tor gold and
oxide surfaces and a fluence greater than 6.2 Jem® for alu-
minum. The minimum thickness of the water film necessary
for efficient cleaning was calculated to b about 6 gem. The
particle removal process was independent of the optical and
thermal properties of both surface and particles. However,
zeta potentizls of opposite sign for particles and surface
greatly reduced the cleaning efficiency.
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