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ABSTRACT 

An overview is given of recent achievements of the Materials Processing Branch of the Short Wavelengths and 
Interactions with Materials (SWIM) program at Macquarie University. This research focuses on using short- 
pulsed UV lasers and other novel W sources to clean small particles (including sub-micron particles) and 
hydrocarbons 6om optical, optoelectronic and photonic materials. 

1. INTRODUCTION 

Most cleaning in semiconductor fabrication and optical manufacturing contexts is carried out using multi-step, 
wet cleaning processes in combination with ultrasonic and megasonic cleaning. The results achieved are not 
always adequate, especially for the removal of particles of sub-micron and micron size. Additionally, it is 
desirable to develop cleaning processes that can he integrated directly into production lines and avoid the need to 
remove the product to a cleaning station. Other motivations include the reduction of water and chemical usage in 
the processes. Laser cleaning is being very actively researched as a potential non-contact, integmtable cleaning 
process. The advances being made in laser cleaning at this time are mostly of a scientific nature, as researchers 
elucidate and develop the physics, chemistry and materials science relevant to understanding laser cleaning 
processes [I]. Further opportunities exist for using electric discharge lamp sources in the W and VUV, for the 
removal of hydrocarbon contamination, in particular [Z]. Our investigations of laser cleaning of particles 6om 
glass surfaces commenced on a small scale in 1995 with the initial motivation of cleaning optical fibre end faces. 
Recently, the research programme has been expanded and we report here an overview of achievements &om 
these studies. Recent achievements include: 

Elucidating the effect of “normal” environmental contamination of glass (including high quality 
optical surfaces) on laser cleaning ofparticulate contamination from that glass [3]. 
Testing the most advanced theoretical descriptions of short-pulsed, dry laser cleaning [3]. 
Establishing that there is no energy advantage from scanning the laser beam used for particulate 
removal from glass and optical materials [4]. 
Establishing that there is an energy advantage from using smaller laser beam size, including line 
beams, due to three-dimensional effects in the temperature profile of the surface [4]. 
Demonstrating laser cleaning of optical wax and thenno-polymers from glass and photonic 
components and showing the different mechanism by which this occurs for different mountants - 
vapourization or laser ablation. The results inform the choice of optical mountants for subsequent 
ease of removal [5,6]. 
World fmt use of novel W sources at 172 nm [7,8] for cleaning applications. 

2. EXPERIMENT 

Fig. 1 shows a schematic of a typical laser cleaning experimental set-up used in the SWIM laboratory. A review 
of this and otber methods that have been applied in laser cleaning can be found in reference [9]. The laser used 
was a PulseMaster PM-848 KrF excimer laser (GSI Lumonics, wavelength 248 nm, pulse length 8 ns, pulse 
energy up to 500 mJ, beam size up to 2.5 cm x 1 cm). A spherical lens was typically used to focus the beam to a 
smaller size so that several regions could he irradiated with different fluences on a single sample. A beam 
attenuator (OPTEC AT-4030) was placed in the beam path before the spherical lens to vary the laser pulse 
energy (and hence fluence) without altering the laser operating conditions or the focussing optic. The attenuator 
was used to vary the energy of the irradiating pulse between zero and maximum energy. 

Computer controlled motorised stages (Physik Instrumente C-842 Version 2.20) were used to locate the region to 
be treated in the beam path and to translate this region to be in-line with the optical microscope for before-and- 
after-treatment imaging. The optical microscope is either an Olympus CHJJ or Hirox giving magnification up to 
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2500x. Images were viewed using a CCD or video camera attached to the microscope and a Sanyo high- 
resolution monitor. Images before and ailer irradiation were captured via a frame grabber (Data Translation DT- 
55) .  The resulting images were processed and recorded with Global Lab Image or Image-Pro Plus processing 
software. The total irradiated area was monitored by joining several images within the irradiated area end-to-end. 
An area of 530 pm x 350 p n  was recorded in each image at a magnification of 1OOx. Various methods of sample 
preparation, both substrate preparation and the method of introducing the particles, were used in the studies and 
these are described in [3-5,9]. 
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Fig. 1 : Schematic of a typical experimental layout for laser cleaning. 

3. RESULTS 

3.1 LASER CLEANING OF PARTICLES FROM GLASS AND SILICA CONTRASTING DIFFERENT 
SURFACE PRE-TREATMENTS 

The laser cleaning efficiency was measured as a function of single laser pulse fluence for two different glass 
substrates: microscope slides and fused silica, with 3pm alumina particles as the contaminant. The two glasses 
have different physical properties. Microscope slides have a higher thermal expansion coefficient and high 
absorption at 248 nm. These quantities are much lower for silica [3]. Additionally, two (microscope slides) or 
three (silica) surface pre-treatments were used to clean the surface prior to introducing the alumina particles. 
Ultrasonic cleaning in a xylene solution prepares a hydrophobic glass surface, hydrogen peroxide cleaning 
prepares a hydrophilic glass surface and laser pre-treatment can prepare either a hydrophobic or hydrophilic 
surface depending on laser pulse parameters. A hydrophilic surface was used in this study. The laser cleaning 
results for microscope slides (fig. 2(a)) and for silica (fig. 2@)) show no significant differences depending on the 
pre-treatment. The threshold fluence for silica is 8 . 1 ~  that for microscope slide glass. The quantitative and 
relative threshold fluence for the two glasses has been modelled using the theory developed by Amold et al. [IO]. 

.' 

Fig.2: Cleaning efficiency as a function of single laser pulse fluence for (a) microscope slides and 
(b) fused silica. The pre-treatments are: Xylene (ultrasonic cleaning in a xylene solution), H202 
(hydrogen peroxide cleaning) and laser (laser treated with 425 pulses of 1330 d/ctn2). 

3.2 THERMAL EXPANSION LASER CLEANING MODEL APPLIED TO ALUMINA PARTlCLES ON 
GLASS AND SILICA SUBSTRATES 
Amold et. al. have presented a detailed 1-D thermal expansion model of dry laser cleaning [lo]. In contrast with 
previous 1-D thermal expansion models it treats the system of substrate and particle in a unified way and it also 
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accounts for their elasticity. It has predicted laser cleaning threshold fluences close to those observed 
experimentally for dry laser cleaning of silicon wafers [IO]: This is in contrast with the results of earlier I-D 
thermal expansion models which gave threshold fluences 2-3 orders of magnitude larger than those observed 
experimentally. This model has been M b e r  developed to predict the ratio of the threshold fluence for the same 
material particle on two different substrates [ 3 ] .  Also, applying the model to low absorption substrates requires 
that it be derived for the dynamic case instead of the quasi-static case. The latter is appropriate for materials such 
as silicon, where all the laser irradiation that reaches the substrate surface is absorbed there. Space constraints 
mean the equations for the model can not he detailed here hut the key result for the ratio of the threshold fluence 
(4) for silica and microscope slide glass (for the quasi-static case) is: 

I + U  P A  P,A, A h  - Kzim 

4+ K ' h  l - m a  3C,P, 4C,PP 
, w h e r e K = ( z " - + -  1. 

The quantity K involves the absorptivity A, the volume thermal expansion coefficient p, the Poisson ratio a and 
the specific heat capacity, c for the materials of the substrate (subscripts s) and the particle (subscript p). The 
absorptivity for the two glasses has been measured. Using reference data for the bulk materials for the other 
quantities a value of 1.9 is predicted for the ratio using the dynamic case as compared to 15.9 fiom the quasi- 
static case. These compare with 8.1 fiom the experiments. Critical evaluation of the comparison of theory and 
experiment enables further development of both. Proposals for those things which still need to be included in 
the Amold model are 3-D effects due to focussing and defocusing of the laser hy the particles, and, further 
evaluation of how materials' properties for small particles differ fiom those of the bulk. Comparative 
experimental and theoretical studies of the same particle type on multiple substrates, and multiple particle 
material on same substrate will continue to play a key role in developing both experiment and theory as 
demonstrated by this initial study. 

3.3 LASER CLEANING WITH SCANNED BEAMS AND LINE BEAMS 

A thin, elongated 'line' beam was used in laser cleaning studies to see if an energy advantage (more cleaning for 
the same amount of energy) could be achieved by scanning the beam "like a broom" as had been claimed in an 
earlier study [I I]. Also, this experiment tested whether the spatial dimensions of the laser beam affect the 
cleaning efficiency. The test system was 0.1 pm alumina particles on glass microscope slides which were 
ultrasonically cleaned in xylene and rinsed in methanol. The slides were exposed to the humid laboratory 
environment (-50% RH), to enhance cleaning via capillary condensation, before the particles were introduced. 
[4]. A cylindrical lens was used to focus the KrF excimer rectangular laser beam into a thin line beam. A 
motorised stage was used to control the scan rate. To avoid different beam overlaps when changing the speed, 
the repetition rate of the laser was adjusted so that the deposited energy per unit area remained the same. 
Altering the beam width required the deposited energy to he regulated by an attenuator. All experiments were 
performed with the laser beam at normal incidence to the substrate. Similar removal efficiencies were obtained 
(-63%) for scan rates between 0 and 4 d s  indicating that continuous scanning at these speeds does not produce 
an energy advantage. In contrast using a laser beam of smaller dimension did lead to improved laser cleaning 
results. In general, there was an energy advantage to using a narrower beam for fluences up to 70omllcm2. 
Above that optical damage was observed. The results indicate the beam dimension at which 3-D expansion 
becomes important. This provides input to theoretical modelling as discussed above. 

3.4 LASER CLEANING OF PARAFFIN WAX AND THERMOPOLYMERS 

Waxes and thenno-polymers are commonly used to mount optical and photonic materials prior to polishing and 
singularisation. These have been successfully laser cleaned fiom glass. Experimental evidence and theoretical 
modelling of paraffin wax particles shows the wax was vaporized by the absorption of the laser pulse [SI. The 
theoretical model leads to a prediction of the critical fluence for single laser pulse removal of dome-shaped wax 
particles which was in good agreement with that experimentally measured (220 d/cm2).  The model also gives 
insight into the geometries and relative thermal properties of the "particles" and surface, which were important in 
determining whether removal by vaporization was a viable process. Figd shows before and after images of 
paraffin wax particles on a microscope slide. 100% removal of the particles bas been affected with a single 
18CmJ/cm2 pulse. The analysis of the laser cleaning results include spatially resolved cleaning efficiency, 
particle size resolved cleaning efficiency (fig. 5 )  and total cleaning efficiency by utilising the capah 
Image-Pro Plus image processing package. Thenno-polymers were also able to be removed successfully, though 
it was harder to prepare thin film and particle samples of mountants with higher melting temperatures. The 
mechanism for removal of the higher melting point materials was ablation ratber than vaporization. 
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Fig. 4: Paraffin wax particles on glass, before and after laser cleaning with a single KIF laser pulse 
of fluence 180 mJ/cm2. The area imaged is 530 p n  x 350pm. 
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Fig. 5 :  Particle size distribution of paraffin wax on glass before and after laser irradiation. The 
results of seven images have been pooled. A laser pulse with fluence 218 mJ/cm2 was used. 

3.5 VUV SHORT PULSE LAMPS APPLIED TO HYDROCARBON CLEANING 

Dielectric barrier discharge (DBD) lamps represent an increasingly important source of vacuum ultra-violet 
0 and UV output for a host of industrial applications including cleaning [2]. A parallel research program 
within SWIM is to develop novel short pulsed, uniform emission UV and W DBD sources [7,8] to be applied 
in a broad range of applications including surface cleaning. The fluence of W sources at 172 nm based on Xe2 
that have so far been developed are very much lower than laser sources but the short pulsed nature of the output 
gives these sources significant advantage over other commercially available DBD sources as has been 
demonstrated in studies using the W source to remove normal environmental hydrocarbon contamination, 
waxes and thermopolymers. 

CONCLUSlONS 
A range of developments in the experimental science and theory of laser cleaning have been summarised along 
with demonstration of laser cleaning results of practical significance in the optical, optoelectics and photonics 
industrial contexts. Additionally, some of these processes have also been demonstrated with novel W sources 
which are being developed for these and many other applications. 
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