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We have been studying laser cleaning of hydrocarbon and
particulate contaminants from silica and glass substrates [4].
At low to medium laser pulse fluences (100-~800 mJ/cm2),
using a KrF excimer laser, successful laser cleaning can be
achieved. At higher fluences laser induced optical damage is
observed. In the case of optical damage associated with
particles on the surface, this can be systematic and repeatable
in nature, compared to the statistical cracking and pitting
phenomena found in laser induced optical damage of glass
surfaces more generally (a much studied laser material
interaction reported in, for example, the long running series of
Boulder Damage Symposia, published in the SPIE
Proceedings series). An optical surface profiler is used to
study the optical damage.

Abstract—Irradiating silica microspheres, on a silica or
glass surface, with single, high-energy, laser pulses from a
KrF excimer laser, has generated a wealth of different
micron and sub-micron, topological patterns in the
substrate. Optical surface profilometry has been used as
the experimental technique to study the patterns formed.
Comparison of the experimental results with theoretical
results from sophisticated models developed by
Lukyanchuk and co-workers, and Arnold and co-workers
is presented.
I.

INTRODUCTION

A micron sized spherical silica particle on a plane substrate
(microscope glass or silica in this study ) is illustrated in fig. 1.
An incident laser beam (plane) is also indicated. Geometric
and near field focusing of the laser field leads to field
enhancement by the spherical particle over an area small
compared to the geometric shadow of the particle. This
focussing plays an important role in dry laser cleaning and has
been used for nano-patterning in laser material processing [14]. Kofler and Arnold [1] have developed a theory, based on
matching the Bessoid integral of field diffraction with that of
geometric optics to describe the general axially symmetric,
strongly aberrated focusing. An example of their predictions
for a transparent particle with diameter of a few wavelengths,
calculated for a wavelength of 248 nm, are shown in figure 2
(normalized irradiance in the x-z and y-z planes) and figure 3
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for z =1.02a, where a is the particle radius, a=4μm).
Luk’yanchuk et al [2] have developed a theory which models
the particle on the surface, taking account of the
backscattering from the surface. They call this the “particleon-the-surface, Bobbert and Vilger (POS-BV) theory”. The
results of this theory for a 2 μm diameter polystyrene particle
on a GeSbTe substrate are illustrated in figure 4 along with
results from Mie scattering theory, for comparison. It is clear
that one effect of the backscattering from the surface is to give
enhancement of the subsidiary maxima to values greater than
1. The insert in figure 4 shows the ring pattern obtained on the
surface for a threshold field of 0.87 times that of the incident
field. Luk’yanchuk et al have demonstrated the ring patterns
by ablation of a GeSbTe film at sufficiently high irradiance.
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Figure 1. Spherical silica particle on a plane substrate subject to
irradiation by a plane laser beam.

Figure 2. Normalized irradiance in the x-z plane (left) and y-z plane (right), λ
= 248 nm, n=1.5. The spherical particle is situated at the origin. Reproduced
with permission from [1].
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Figure 3. Normalized

E 2 , H 2 and S 2

dimensions 55 x 20 x 2 mm3 and flatness better than λ/2. The
silica microspheres were applied to the substrate by the “dip
and tap method” [4, chapter 4]. The laser system used for the
experiments is a GSI Lumonics PulseMaster PM-848 KrF
excimer laser with a wavelength of 248 nm, pulse energy up to
450 mJ at an average power of up to 80 W. The pulse length is
8 ns. The experiments use a single laser pulse of irradiation.
Images of the particle on surface samples are recorded by
standard optical microscopy, both before and after laser
irradiation. A computer controlled translation stage is used to
precisely move the sample from in front of the microscope,
where a before image is taken, to the path of the laser for
irradiation, and back to the microscope where an after image is
captured. Optical surface profilometry is carried out off-line.
Evaluation of how the optical surface profiler “sees”
microspheres on the surface has been reported in [8]. The
optical damage sites, after laser-assisted removal of the
microsphere, are a much simpler case for study with the OSP,
presenting a single surface. All the samples studied are low
reflectance samples which presents challenges in achieving
sufficient irradiance in the “sample” light component to be
combined interferometrically with the reference light of the
profiler. If there is insufficient fringe contrast in the resulting
interferogram, parts of the surface may not produce any
information in the resulting surface profile.

in the normalised x,y plane

for z =1.02a, where a is the particle radius, a=4μm, λ = 248 nm, n=1.5.
Reproduced with permission from [1]
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III.
Rings

Figure 5 shows a selection of surface topologies found from
optical profiling of the microscope-slide-glass surface that was
immediately below a 5 μm diameter silica microsphere when
irradiated with the laser pulse. At laser pulse fluence of ~1
J/cm2 evidence of laser induced optical damage becomes
clearly apparent in the modified surface topology in the
experiment. At fluence of the order of 2 J/cm2 (as shown in
fig. 5) this takes the form of rings consistent with a sequence
of a melt, photoelastic reforming, followed by resolidification
of the glass surface. The radius of the rings scaled with the
radius of the microsphere. A typical sequence was 0.50 # 0.05
μm for the first “bright” ring, 1.15 # 0.05 μm for the first
“dark” ring, 2.0 # 0.2 μm for the second “bright” ring, and
2.50 # 0.05 μm for the microsphere radius. Values of these
radii for ten samples were in the range 0.5 - 0.7 μm for the
first “bright” ring, 1.15 -1.70 μm for the first “dark” ring,
2.00 – 2.55 μm for the second “bright” ring, and 2.50 – 3.25
μm for the microsphere radius. In order to compare the
resulting ring pattern with those suggested by [1] and [2] we
note that [1] does not predict any enhanced irradiance rings
beyond 0.2 times the microsphere radius. The detail in fig. 1
would all fall within 1 μm of the microsphere centre (ie the
position of the first bright ring). With a lateral resolution of
0.150 μm for the optical surface profiler no fine detail, such as
shown in fig. 1, will be observable. The existence of the
second bright ring at ~2 μm is strong evidence that
enhancement of the subsidiary rings as predicted by the POSBV theory ([2] and fig. 4) is appropriate for the particle/laser/
surface interaction being observed.
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Figure 4. Calculated Sz irradiance field on the GeSbTe surface for a 2 mm
diameter polystyrene particle, irradiated with non-polarised, normally incident
laser at 248 nm wavelength. Inset shows rings for a threshold of 0.87 times the
incident irradiance. Reproduced with permission from [2].

II.

RESULTS & DISCUSSION

EXPERIMENT

The Optical Surface Profiler (OSP) [5,6], is semi-custom
WYKO NT 3300 from Veeco, and is used in white light
vertical scanning interferometry (VSI) mode. The resolution in
VSI mode is 3 nm vertically, and at the highest magnification
(50x) and field of view (FOV) (2.0x) is 150 nm horizontally.
The latter restricts the lateral resolution. The silica
microspheres being used from Kromasil [7] who specialise in
creating the spheres for chromatographic applications. The
diameters used in these experiments are 3.5 μm and 5.0 μm
nominally, and are both high purity silica microspheres with a
small amount of metal impurities <10 parts per million (ppm).
The substrates used were standard microscope slides
(dimension 75 x 25 x 1 mm3), and fused silica (UV7980) with
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When the substrate is fused silica the topology of the optical
damage is significantly different. The low absorbing substrate
in this case prevents strong coupling of the irradiance pattern
under the particle to the surface and no optical damage of the
type shown in fig. 5 is observed. Instead at fluences of the
order of 2 J/cm2 the focussing of the laser pulse under the
particle initiates a cracking phenomenon. Two new surfaces
are created, initiated from an apex at the centre of the particle.
Figure 6 shows the bivalve shaped pit left on the surface after,
two new surfaces have been created by cracking and the chip
of silica has been ejected from the site. It is possible to flow
these chips away from the surface in the laminar flow of gas
that is used to remove the ejected particles. It is unknown at
this time whether the cracking is initiated by nano-indentation,
by virtue of the spherical particle being pressed into the
surface, or whether it is the direct result of absorption of the
focused laser pulse in the substrate.

Figure 6. Optical surface profiles of the surface under a 5 μm diameter silica
spherical particle on fused silica, after irradiation of the particle with a laser
pulse of fluence ~2 J/cm2. The microsphere is removed as part of the
laser/particle/surface interaction. The two smaller bivalve shaped pits shown
are of the order of 40 μm x 20 μm. The depth of the pit valley is ~0.5 μm.

Surface topologies of the type shown in figure 5 can be
obtained on silica if an absorbing thin film is layered on top of
the silica to provide a medium for thermally coupling the laser
radiation to the silica. A film of black felt pen ink was used to
provide this thermal coupling. Figure 7 shows before (left
image) and after (right image) images of 5 μm silica spheres
on a silica slide. In each image the coated silica was on the left
and the uncoated silica on the right. For the top row irradiation
with a single pulse fluence of 1.24 J/cm2 was used and for the
bottom row 2.01 J/cm2. The particles are ~5 μm silica spheres.
The top row shows optical damage-free laser cleaning of the 5
μm silica spheres from the uncoated silica and similar contour
rings as for microscope-slide glass (more highly absorbing) on
the coated side. At the higher laser pulse fluence the topology
is unchanged for the coated sample. The uncoated fused silica

Figure 5. Optical surface profiles of the surface under a 5 μm diameter silica
spherical particle on microscope slide glass, after irradiation of the particle
with a laser pulse of fluence ~2 J/cm2. The microsphere is removed as part of
the laser/particle/surface interaction. The images shown vary slightly in their
calibrated size, but all are of the order of 7 μm x 8 μm. The valley to peak
heights of the rings range from 0.35 – 0.7 μm.

29
Authorized licensed use limited to: MACQUARIE UNIV. Downloaded on February 16, 2009 at 21:28 from IEEE Xplore. Restrictions apply.

shows the same bivalve shaped pit, due to cracking, as for all
fused silica samples in our studies (fig. 6). The laser
irradiation also removes the thin film of felt pen.
IV.

CONCLUSION

Contour patterning of microscope-slide glass mediated by
laser irradiation of a microsphere on the surface results in a
ring system contour profile consistent with the laser radiation
distribution on the surface due to focusing and backscattering
between the particle and the surface (POS-BV theory [2]),
when a laser pulse fluence of more than 1 J/cm2 is used. In the
case of a fused silica substrate irradiation of a microsphere on
the surface at high pulse fluence (greater than 2 J/cm2) results
in characteristically contoured pits from crack propagation and
material expulsion. The fused silica surface can be patterned
in a similar way to the microscope slide glass by introducing
an absorbing thin film to act as a thermal coupler for the laser
radiation to the silica slide. The use of a thin film as a thermal
coupler enables fused silica to be patterned as if it had a bulk
absorption coefficient of the laser radiation consistent with a
more absorbing glass such as microscope slide glass. It is
anticipated this will have practical application in materials
laser processing.

Figure 7. Optical micrographs of the coated silica (left side of each image) and
uncoated silica (right side of each image) with 5 μm diameter silica spherical
particles before irradiation (left image in each row) and after irradiation (right
image in each row) with 1.24 J/cm2 for the top row and 2.31 J/cm2 for the
bottom row.
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