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Organics, as exemplified by the 
fingerprint, and particulates or 
dust on optical surfaces are fa

miliar problems for anyone in optics. 
For critical optical surfaces such as those 
exposed to high intensities, or where 
minor contamination significantly de
grades performance, such contamina
tion can be more than just a nuisance, 
causing optical component damage or 
extensive downtime for cleaning and 
part replacement. For state-of-the-art 
semiconductor devices, low level metal 
contamination also must be removed. 
The cleaning of critical surfaces must, 
therefore, address organics, inorgan
ics—particularly metals, and particu
lates. Because of potential recon
tamination of cleaned surfaces by liq
uids, an ideal cleaning technique would 
utilize gas phase reactants to produce 
gas phase products that could be easily 
removed from the system. Promising 
optically based cleaning methods for 
organics and particulates are being de
veloped and optical techniques for 
metal removal are possible (see Ashby, 
page 19, Ref. 1). 

O R G A N I C R E M O V A L 

Although a laser source is not normally 
used, optical energy drives the U V / 
ozone process for the removal of or

ganics.1 The basic premise is the use of 
ozone to oxidize organic materials, in
cluding remaining photoresist in semi
conductor manufacture, to C O 2 and 
H2O and the corresponding S and N 
oxides, as appropriate. A U V source of 
wavelength less than 245 nm produces 
both O3 and atomic O from O2, both of 
which can react with contaminant mol
ecules to produce volatile oxides. A con
venient source is a low pressure Hg 
lamp in a fused quartz envelope, which 
produces 184.9 and 253.7 nm. The exact 
cleaning mechanism is not yet clear and 
also may involve U V excitation of the 
contaminant molecules themselves. 

P A R T I C U L A T E R E M O V A L 

The current "killer" defect for submi
cron scale semiconductor manufactur
ing is particulate contamination. A 
"dust" particle 1/3 to 1/10 of the smallest 
device geometry present during photo
lithography or other processing could 
cause device failure. Particles are also 
implicated in the degradation and dam
age of high density magnetic storage 
(hard disk) and high power laser op
tics. Traditionally, particles have been 
removed using wet processes such as 
ultrasonic and megasonic cleaning. Be
cause the removal forces scale as the 
mass of the particle in these traditional 
techniques while adhesion forces scale 
as the particle diameter, micron and 
smaller scale particles become increas
ingly difficult to remove. In addition, 
the trend toward dry processing for 
electronics and moisture sensitive sub
strates and coatings in optics requires 
the development of new technology. 

L A S E R A S S I S T E D P A R T I C L E R E 

M O V A L 

Recently, several laser cleaning tech
niques have been developed that can 
be described according to where the 
laser energy is deposited and its subse
quent effect: (1) the particles or the sur
face absorb the laser energy, producing 
forces by rapid thermal expansion suf
ficient to "bump" the particles from the 
surface;2 (2) the laser energy is absorbed 
by an energy transfer medium adsorbed 
under and around the particle, leading 
to explosive evaporation of the medium 
and propulsion of the particle from the 
solid surface, much like a small rocket 
engine; 3 , 4 , 5 (3) the laser energy is ab
sorbed by the substrate with subsequent 
heating of an adsorbed energy transfer 
medium and explosive evaporation.6,7 

In our initial experiments in laser 
assisted particle removal (LAPR, type 2 
above), the adsorbed energy transfer 
medium is water and the laser is a TEA 
C O 2 at 10.6 and 9.6 μm. Under these 
conditions, polystyrene and alumina 
particles deposited on Si substrates can 
be efficiently removed under ambient 
laboratory conditions.4,8 Although wa
ter is used as the energy transfer me
dium, LAPR is still a "dry" technique 
since the water is adsorbed onto the 
surface from the gas phase. 

To quantitatively analyze LAPR, 
we used a degenerate threshold model 
developed for analysis of laser dam
age.9 We assumed that the particle 
density and water adsorption around 
the particle on the surface are uni
form and that there is a single, sharp 
threshold in laser fluence for LAPR 

LAPR Threshold 

Wavelength (μm) 
9.6 
9.6 
9.6 

H2O/Si Abs.Depth 
16 μm/2 cm 

Particle 
1 μm PS 
5 μm A l 2 O 3 

9.5 μm A l 2 O 3 

Threshold (J/cm2) 
2.22 
2.23 
2.14 

10.6 
10.6 
10.6 

11 μm/.67 cm 1 μm PS 
5 μm A l 2 O 3 

9.5 μm A l 2 O 3 

1.41 
1.49 
1.45 

TABLE 1. LAPR THRESHOLDS AT LASER WAVELENGTHS OF 10.6 μM AND 9.6 μM 
FOR DIFFERENT PARTICLE CONTAMINATED SI SAMPLES [ ABSORPTION DEPTH = 
α(CM-1)-1]. 



for any particle/substrate/laser/en
ergy transfer medium system. The 
LAPR threshold fluence is, therefore, 
the minimum incident laser fluence 
that causes particle(s) to be removed 
from the substrate surface. Above the 
threshold, all particles are assumed 
to be removed. Using this model, the 
area cleaned by LAPR equals the irra
diated area above the threshold 
fluence, φ t h. For the Gaussian beam 
used, a plot of the cleaned area vs. In 
φ yields a straight line, the intercept 
of which is φ t h, as shown in Figure 1 
for 9.6 μm irradiation. 

The measured thresholds of LAPR 
are independent of particle composi
tion, size, and substrate absorption co
efficient for those systems investigated 
to date, but are a function of the ab
sorption coefficient of the energy trans
fer medium, as shown in Table 1. We 
conclude, therefore, that direct absorp
tion of the laser energy into the energy 
transfer medium is the dominant fac
tor under our experimental conditions. 
At energy densities greater than twice 
the particle removal threshold, a shock 
wave is generated—useful because it 
facilitates real time measurement of the 
explosive evaporation of the energy 
transfer medium as a function of dos
ing and irradiation conditions,10 but 
probably undesirable in practice be
cause of potential substrate damage. 

W H Y W A T E R ? 
We originally chose water as the en
ergy transfer medium because of its 
propensity to adsorb in surface defects.9 

The same strong intermolecular forces 
in water that cause it to adsorb in sur
face defects or under and around par
ticles on surfaces also allow it to be 
superheated significantly above the 
boiling point,11 with this excess energy 
being converted to kinetic energy on 
explosive evaporation. We have esti
mated the temperature of the water 
adsorbed around the particle using an 
adiabatic approximation. Temperatures 
close to the kinetic limit of superheat 
(575 K) are estimated for both 9.6 and 
10.6 μm irradiation at the threshold in
tensities. The estimated temperature 
rise of the Si substrate from direct ab
sorption under the same irradiation 

F I G U R E 1. P L O T S O F L A P R C L E A N E D A R E A V E R S U S LNφ0 F O R A G A U S S I A N B E A M 

[φ = φ0 E X P ( - r 2 / r 0

2 ) ] A T A L A S E R W A V E L E N G T H O F 9 . 6 μ M . 
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conditions is a few K. 
Using an excimer laser at 248 nm, 

submicron gold particles (0.2 μm di
ameter) have been removed from Si 
surfaces and x-ray lithography masks 
with and without an energy transfer 
medium.7 The LAPR methods involv
ing an energy transfer medium have a 
geometric advantage for submicron 
particle removal as the removal force 
scales approximately as the area of the 
particle while conventional methods 
scale as the mass. Water, ethanol, and 
2-propanol were used as energy trans
fer media, with water found to be the 
most efficient. At the excimer laser 
wavelength, the energy transfer media 
are transparent, but the substrate is 
highly absorbing (type 3 above). Al
though the energy thresholds for re

moval are approximately an order of 
magnitude less than that for the CO 2 

laser (0.35 J/cm2 for 0.35 μm alumina 
particles), the intensities are an order 
of magnitude higher due to the shorter 
pulse length. Substrate temperatures 
approximately equal to the critical tem
perature of water (647 K) have been 
estimated for these experiments (see 
case 3 conclusions above).12 

C O N C L U S I O N S 

The various LAPR and other optical-
energy-based cleaning methods offer 
significant promise for improving the 
yield in state-of-the-art semiconductor 
manufacture. The ability of lasers and 
other optical energy sources to provide 
energy at a distance targeted to a par
ticular substance makes them attractive 

for all kinds of contamination removal. 
While the driving force behind the ex
periments discussed herein is currently 
semiconductor fabrication, the tech
niques can also be used for critical opti
cal surfaces. 
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