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A pulsed KrF excimer laser was used to remove several types of submicron-sized 
particles from silicon surfaces. Polystyrene latex particles, 0.1 pm and larger, were 
removed from silicon surfaces by dry laser cleaning (no water layer condensed on the 
surface) but Si02 particles could not be so removed. However, during steam laser 
cleaning, in which a thin film of water is deposited on the surface as both an energy 
transfer medium and an adhesion force reduction agent, these 0.1 - 0.2 pm SiOz particles 
were almost entirely removed. Calculations of the various forces contributing to 
adhesion indicate that hydrogen bonds are the major contributor to the adhesion of 
inorganic particles to substrate surfaces. Photoacoustic detection, using piezoelectric 
transducers, monitored the surface vibrations induced by the laser pulses. 

Keywords: Excimer laser; steam and dry cleaning; submicron particulate removal; 
photoacoustic detection; hydrogen bonding 

INTRODUCTION 

As the requirements for increased device performance and reliability 
have become more and more stringent in the era of VLSI and ULSI 
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silicon circuit technology, there is a continuing need to develop more 
effective techniques to clean smaller and smaller particulates from 
microelectronic surfaces [l]. More than 50% of yield losses in inte- 
grated circuit fabrication are due to micro-contamination [2]. Such 
particles can cause surface conduction, decrease minority carrier life- 
times during high-temperature processing, or can cause blocking and 
masking during photolithography [ 11. Traditional cleaning techniques 
may damage delicate parts because they rely on mechanical contact 
forces and chemical reaction, and they do not efficiently remove sub- 
micron particles [3-51. 

Laser cleaning techniques demonstrate a high potential for this task 
because of their high efficiency, simplicity, speed and low cost [6,7]. 
There are two types of laser cleaning methods used to date [6-lo]. 
The first, called steam laser cleaning, has a high cleaning efficiency, 
made possible by the use of a thin film of water as an energy transfer 
medium and adhesion force reduction agent. The second is dry laser 
cleaning which is simpler, in that no liquid is involved; it is com- 
patible with cluster tools. In order to help understand the laser clean- 
ing mechanism, several techniques have been developed to measure 
the photoacoustic waves induced by laser pulses incident on the 
substrate surface [ 1 1 - 131. The piezoelectric transducer is one of them. 
It is simple and can monitor surface vibrations during laser cleaning. 

In preliminary studies, we reported that several kinds of 
submicron-sized particles could be removed during steam cleaning 
by a COz laser [14,15]. At the COz laser wavelength (10.6pm), the 
laser energy is strongly absorbed by the water film and partially 
absorbed by the silicon wafer. To compare with a process in which 
the laser energy is absorbed at the substrate surface, we have used a 
KrF excimer laser because, at the wavelength used (248 nm), water is 
transparent and the silicon substrate has a very short optical pene- 
tration length (5.5nm). Other advantages of the excimer laser are 
that it has a uniform laser beam and high photon energy (5 eV). In the 
work we report here, 0.1 pm polystyrene latex (PSL) particles were 
efficiently removed from a silicon surface by dry laser cleaning while 
0.1 - 0.2 pm Si02 particles could only be efficiently removed by steam 
laser cleaning. We have determined the photoacoustic wave spectra 
for the two cleaning methods and use it to understand the two laser 
cleaning techniques . 
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EXPERIMENT 

The experimental setup is shown schematically in Figure 1. Optical 
pulses from an MPB Technologies, Inc., AQX-150 excimer laser, 
operating at the KrF wavelength of 248 nm, with a 22 ns pulse width at 
half maximum (FWHM) and 200mJ of pulse energy, were directed 
onto a 6 mm x 18 mm aperture which was imaged onto the sample 
wafer using a 100 mm focal length lens. The energy fluence of the laser 
pulse was monitored by using a beam splitter and a joulemeter in front 
of mirror 1. The wafer sample was mounted face down on a computer- 
controlled XYZ stage so that the area irradiated by the laser could be 
varied by scanning in the XY directions, and laser energy densities on 
the wafer surface could be varied, in the range 50- 1000 mJ/cm2, by 
changes in the Z-axis position. 

A specially-designed liquid film deposition system was used to coat 
the sample at the irradiation location prior to laser exposure. This 
system utilized a burst of nitrogen gas into a stainless steel cham- 
ber half-filled with deionized (DI) water typically kept at 40°C by a 
stainless steel isolated heater; the water temperature was measured 
by a stainless steel isolated thermometer. The nitrogen gas input of 

Aligning Laser beam 

C y l i n ~ c a l  Focusing lens 

Rectangular Aperture 

FIGURE 1 
photoacoustic waves. 

Experimental setup for excimer laser cleaning and the measurement of 
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4700 ml/min entrained a controlled volume of water vapor, which was 
directed toward the wafer surface by a stainless steel nozzle, kept at 
45°C. Gas valves controlled by computer were opened for 0.2 seconds, 
and water vapor condensed as a thin liquid film, several microns thick, 
on the colder wafer surface. Three laser pulses, separated by 0.1 se- 
conds, were triggered 0.1 seconds after the deposition of the water 
vapor. During laser cleaning, the wafer was linearly stepped after each 
water vapor burst. The overlap of the laser beam was kept at - 10%. 
We used multiple scanning in order to cover the gaps between previous 
step scanning and to remove any recontaminating particles. The laser 
energy flux was carefully maintained below the silicon surface damage 
threshold that we determined, about 360 mJ/cm2 for dry cleaning and 
200 mJ/cm2 for steam cleaning. 

The samples were 100 mm (100) silicon wafers, whose surfaces were 
cleaned and made hydrophilic using a modified RCA recipe [15]. The 
particles used to contaminate the surface artificially were Particle 
Measuring System, Inc., 0.1 pm polystyrene latex (PSL) and Beta 
Diamond Corp., 0.1 -0.2 pm agglomerated Si02. The particles were 
deposited onto the wafer surface using a Particle Measuring System, 
Inc., particle generator. A Particle Measuring System, Inc., SAS 3600 
laser scanning surface inspection system was used to count the par- 
ticles on the wafer surface. 

In the photoacoustic wave (PAW) experiments, a Panametrics, Inc., 
V109 1 broadband piezoelectric transducer was attached to the wafer 
backside with vacuum grease used as the transducer coupling medium. 
The signal from the transducer was fed into a HP 54201D digitizing 
oscilloscope (at a sampling rate of 200MHz and a bandwidth of 300 
MHz) either directly, or through a HP  8447A preamplifier for low- 
intensity signals. 

RESULTS 

The evaluation of the removal efficiency was carried out in a 30mm 
circle inside a 50mm x 50mm cleaned square. Particle densities, for 
PSL and SiOs on the silicon wafer surface, as a function of their size 
distributions, before and after dry and steam laser cleaning are found 
in Figure 2. Almost all the PSL particles 2 0.1 pm were removed by 
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In ( a )  kmoval  of PsL particles 

dry cleaning at 326mJ/cm2 but the dry cleaning of SiOz particles was 
inefficient. However, using steam cleaning with a laser energy flux 
reduced to 180mJ/cm2, most of the Si02 particles 20.1 pm were 
removed; it was not necessary to use steam cleaning to remove PSL 
particles from the silicon surface because they were essentially 
completely removed by dry cleaning. Any particles remaining after 
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FIGURE 2 (a) PSL particle densities before and after dry laser cleaning. The laser 
energy flux was 326 mJ/cm2, 2 cleaning cycles; (b) S O 2  particle densities before and after 
dry laser cleaning. The laser energy flux was 3 14 mJ/cm2, 4 cleaning cycles; (c) Si02  par- 
ticle densities before and after steam laser cleaning. The laser energy flux was 180 mJ/cm2, 
5 cleaning cycles. 
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FIGURE 2 (Continued). 

cleaning may be due to several sources: strongly-adhering original 
particles, recontamination by the ejected particles near the surface, a 
transfer from adjacent uncleaned areas and contamination by the 
steam cleaning liquid deposition system. We used the particle density 
remaining after cleaning to quantify the cleaning efficiency. 

In our photoacoustic experiments, the piezoelectric transducer was 
placed at different locations on the silicon wafer backside. We found 
that the PAW signal propagated along the substrate surface, per- 
pendicular to the laser focus line, and was reflected at the wafer edge. 
These results were similar to the visual results of AI2O3 powder pat- 
terns in a recent paper [ 161 but, in our case, we used the laser scanning 
surface inspection system to analyze a much lower surface density 
of particles (PSL and SO2) along the PAW signal propagating path. 
We found that only those particles directly in the laser beam were 
removed, although the energy even a significant distance away was 
sufficient to do so. 

Figure 3 shows the PAW signal for dry and steam laser cleaning 
detected by the piezoelectric transducer located at the center of the 
silicon wafer backside, directly opposite the laser beam. The peak value 
of the PAW signal detected during steam cleaning at a laser energy flux 
of 187 mJ/cm2 was about two times greater than that detected during dry 
cleaning at a similar laser energy flux of 195 mJ/cm2. It was necessary to 
use a laser energy flux of 310mJ/cm2 during dry cleaning for the PAW 
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REMOVAL OF PARTICLES FROM SILICON 173 

signal to reach the same level as that during steam cleaning at a laser 
energy flux of 187 mJ/cm2. 

DISCUSSION 

From our experiments, we conclude that PSL particles may be 
removed by dry cleaning while SiOz particles can only be removed by 
steam cleaning. We also found that the PAW signal at any laser flux 
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FIGURE 3 The photoacoustic wave signal: (a) dry laser cleaning at a laser energy flux 
of 195 mJ/cm2; (b) steam laser cleaning at a laser energy flux of 187 mJ/cm2; (c) dry laser 
cleaning at  a laser energy flux of 310mJ/cm2. 
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FIGURE 3 (Continued) 

was larger during steam clean. In this section, we will briefly explain 
these experimental results. Several review papers on particle adhesion 
to various substrate surfaces [17-191 suggest that van der Waals, 
capillary and electrostatic forces were involved in holding particles to 
the substrate surface. The van der Waals force consists of two terms: 
one term treats the particle as a non-deforming sphere while the other 
considers particle deformation; usually, the second term is dominant. 
The deformation area can be calculated using the JKR model [20] but 
this does not appear suitable for PSL particles [21]. We use the 
equations given in these papers, plus experimental deformation data 
on PSL [21,22], to calculate the adhesion forces of 0.2pm PSL and 
SiOz on silicon substrate surfaces; the PSL contact radius was found 
[22] to increase slowly with the residence time of the particle on the 
surface but our residence time, invariably less than 3 hours, was too 
short to cause a noticeable change in the contact radius. The results 
are given in the Table I. We find that the van der Waals force 
deformation term is predominant for both kinds of particles; in 
comparison, capillary forces are much smaller and electrostatic forces 
may be neglected. It should be noted that the van der Waals force of 
PSL is much larger than that of Si02 because PSL is a softer material 
and has a much larger deformation. Based on these calculations, the 
PSL particles should be more difficult to remove, but the laser cleaning 
experiments give the opposite results. To explain this contradiction, we 
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TABLE I The adhesion forces of 0.2 pm PSL and SiOz particles on the silicon surface 

Adhesion forces Dry cleaning Steam cleaning 
PSL particles SiO, particles , 9 0 2  particles 

(0.2 lIm) (0.2 Ilm) (0.2 Pm) 

van der Waals 160 mdyn 17 mdyn 8.9 mdyn 
(deformation) 
van der Waals 1.4mdyn 2.7mdyn 1.4 mdyn 
(non-deformation) 

Electrostatic 0.004mdyn 0.004mdyn 0.35mdyn 
Chemical Bonds none surface hydroxyl surface hydroxyl 

Capillary 4.7mdyn 9.0mdyn 0 

consider the adhesion force contribution of hydrogen bonding between 
the hydroxyl group on the surfaces of inorganic particles and those on 
the silicon surface [17,23,24]. 

Many solid surfaces contain potential hydrogen bond donors and 
acceptors. Because hydrogen bond formation has a low activation en- 
ergy, it occurs at room temperature, and the interaction of inorganic 
particles and substrate surfaces via hydrogen bonding is possible [23]. 
Water viscosity experiments have demonstrated the existence of hydro- 
gen bonds between spherical and flat silica surfaces [25]. Although the 
hydrogen bond is not a particularly strong bond (w 5 kcal/mole [26]), it 
is, nonetheless, stronger than a van der Waals bond (- 1 kcal/mole 
[27]). Thus, hydrogen bonding may play an important role in the 
adhesion of inorganic particles to substrate surfaces. This does not 
occur for the PSL particles because there is no hydrogen bond donor/ 
acceptor group on the PSL surface. More detailed discussions will be 
published in a subsequent paper [28]. 

During the laser pulse, both particle and substrate absorb laser 
energy and are heated immediately. Sudden thermal expansions of 
both particle and substrate then take place over a very short time dura- 
tion, through the thermoelastic effect [29]. It leads to the acceleration 
and ejection of PSL particles from the surface. For SiOz particles, 
the removal force is not strong enough to overcome the very large 
chemical adhesion force due to hydrogen bonding between substrate 
and particle, so most particles bound to the silicon surface cannot be 
removed by dry laser cleaning. 

During steam laser cleaning, the particles are covered by a thin film 
of water. Due to electrical shielding [16,18], the van der Waals force is 
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reduced, in our case, by about a factor of two; capillary forces are 
nullified, and direct hydrogen bonding from particle to surface may be 
replaced by bonding to free water molecules. This is one reason why 
surface vibrations having the same amplitudes, as shown in Figures 3(b) 
and (c), could remove Si02 particles only during steam cleaning; the 
values of the adhesion forces for Si02 during steam cleaning are also 
given in Table I. On laser exposure, except for that fraction used in 
thermal expansion, the laser energy is transferred to the liquid film. This 
transient heating of the deposited liquid film leads to its explosive 
evaporation at the interface. Bubble growth and collapse generate high 
pressure pulses and direct particles away from the substrate surface. 
The increase of the PAW signal during steam cleaning, as shown in 
Figures 3(a) and (b), presents an additional removal force due to the 
creation of bubble pressure during liquid film explosive evaporation. 
When the PAW signal propagates along the surface, the particles held 
tightly to the substrate surface cannot be removed, although the 
particles loosely connected in multiple layers can easily be cleaned. The 
photon energy of the excimer laser, 5eV, is much higher than that of 
the hydrogen bonds (0.1 eV) which hold the particles to the silicon 
surface; the laser energy is capable of breaking the hydrogen bonds. 
Considering that bubbles are generated only in the laser beam, the total 
removal forces can overcome the hydrogen bonding forces only in that 
area. 

CONCLUSIONS 

We have removed 0.1 pm PSL particles from silicon surfaces by fast 
thermal expansion during dry laser cleaning, but 0.1 -0.2 pm Si02 
particles could not be so removed. We suggest there are stronger 
hydrogen bonding adhesion forces between SiO2 particles and the 
hydrophilic silicon surface. On steam laser cleaning, the adhesion 
forces were greatly reduced, and the explosive evaporation of the 
deposited liquid film generated additional removal forces through 
bubble growth and collapse, permitting the removal of Si02 particles. 
Photoacoustic wave measurements demonstrate that steam laser 
cleaning generates higher PAW signals. The breaking of hydrogen 
bonds by direct laser irradiation and heating in the laser beam 
contribute to the local cleaning efficiency. 
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