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Laser cleaning of alumina particles on glass and silica substrates:
Experiment and quasistatic model
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Silica and microscope slides that had been pretreated with a variety of wet chemical, ultrasonic and
laser irradiation surface preparation methods were contaminated with alumina particles of around 3
mm. The samples were prepared and processed without delay so as to avoid capillary condensation
in a high humidity environment and thus ensuring that the process is dry laser cleaning. They were
then irradiated with a pulse of 248 nm radiation from a KrF excimer laser, over a range of fluences.
The laser cleaning results show that, in this case, the surface preparation method appears to have
little effect on the laser cleaning efficiency. They also demonstrate that the threshold fluence for
particle removal of silica is approximately eight times higher than that for microscope slides, when
so prepared. In contrast, application of Arnoldet al.’s thermal expansion model of laser cleaning in
the quasistatic limit to this material system predicts that the threshold fluence for silica will be about
15 times greater than that for glass. One possible explanation for this discrepancy may be that the
particle’s absorptivity~0.16! is inaccurate. A value of 0.35 gives good agreement between theory
and experiment. ©2003 American Institute of Physics.@DOI: 10.1063/1.1572541#
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I. INTRODUCTION

Laser cleaning is an innovative recent technique for
moving contamination from surfaces. It offers many adva
tages over conventional cleaning techniques. It is fast
efficient and dry laser cleaning is a noncontact cleaning p
cess that does not require the use of solvents. Laser clea
has been demonstrated to clean both metallic and nonm
lic surfaces and to remove particles as small as 65–80 n
diameter~see, for example, Ref. 1, and references there!.
On glass surfaces removal of particles as small as 0.3mm
has been demonstrated.1–4

In most laser cleaning studies done to date the metho
introducing the particles used is generally well characteriz
However preparation of the surfaces is usually less w
characterized. In particular, the effect of various surfa
preparation methods on the cleaning efficiency has not b
thoroughly investigated. The effect of capillary condensat
on silicon wafers when left in an open laboratory enviro
ment compared to cassette loaded wafers kept in clean r
conditions has been measured.1,5

The motivation for this study comes from earlier wo
done at Macquarie University that showed that silica surfa
that were irradiated with sequences of UV laser pulses
came more hydrophobic and alumina particles adhered
strongly to such surfaces compared with untreated surfac6

Thus the surface chemistry of the substrate exerts a st
influence on the adhesion of the particles to the substrat

In another study done at Macquarie it was shown th
contrary to the predictions of thermal expansion models~see
Sec. II!, the threshold fluence appeared to be independen
the absorptivity of the substrate.1,7 This result was demon

a!Electronic mail: spleasan@physics.mq.edu.au
b!Electronic mail: debkane@ics.mq.edu.au
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strated by comparing the threshold fluence required to
move alumina particles from glass microscope slides
silica slides. The main difference between these two s
strates is the much greater absorptivity of glassA
594.74%) compared to that of silica (A50.6%). The rea-
son for the disparity between the theoretical prediction a
the experimental results was hypothesized as being du
the existence of a layer of moisture and hydrocarbon c
tamination on the substrate surface. The effect of this laye
contamination is it gives similar surface absorption for d
ferent glass substrates.

This study investigates the effect of various pretre
ments on the surface chemistry of silica. It also looks at
effect that these methods have on laser cleaning efficie
The effect of three surface preparation methods on the l
cleaning efficiency is investigated for both glass microsco
slides and silica slides. The three treatments are ultras
cleaning in xylene, hydrogen peroxide cleaning, and ult
sonic cleaning in xylene followed by laser treatment.

II. THEORY

Arnold et al.8 have presented a detailed model of las
cleaning based on the thermal expansion mechanism. Un
in previous models presented in the literature it treats ther
expansion of the substrate and particle in a unified fash
and it also accounts for the effect of the elasticity of t
particle and substrate.

It considers van der Waals attraction and elastic forc
so that the force of adhesion is given by

F52prw2
h3/2r 1/2

u
, ~1!

wherer is the radius of the particle,w is the work of adhe-
2 © 2003 American Institute of Physics
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sion between the particle and the substrate,h is the total
deformation of both the particle and the substrate and
given by

h~ t !5 l ~ t !1r ~ t !2x~ t !, ~2!

where l is the displacement of the substrate andx is the
position of the center of the particle from the initial~nonde-
formed! substrate surface. Finally,u characterizes the elasti
properties of the particle/substrate system and is defined

u5
3

4 S 12sp
2

Ep
1

12ss
2

Es
D . ~3!

HereE is the Young’s modulus and subscriptss andp denote
the substrate and particle, respectively. The equation of
tion for the particle–substrate system can then be written

d2h

dt2
1g

dh

dt
5

1

m S 2prw2
h3/2r 1/2

u D1
d2l

dt2
1

d2r

dt2
. ~4!

In the case of an absorbing particle with no thermal c
tact with the substrate, the increase in the particle diame
Dr , is given by

Dr ~ t !<
bpAp

4cprp
f~ t !, ~5!

whereb is the coefficient of volumetric thermal expansio
A is the absorptivity,f(t) is the laser fluence as a function
time, c is the specific heat capacity andr is the density.

The expression for the surface displacement,l (t), de-
pends on the relative dimensions of the laser beam, the
that is heated and the distance that sound travels during
laser pulse. For the case where sound leaves the heate
gion in the axial direction and both heat and sound are c
tained within the laser beam diameter in the lateral direct
for the pulse duration~i.e., whennst. l a1 l T and l T,w0

andnst,w0 , wherens is the velocity of sound in the sub
strate,t is the pulse length,l a is the absorption length andl T

is the thermal diffusion length! dynamic effects can be ig
nored and it is possible to treat the expansion as being
sistatic@see Fig. 1~a!#. For this casel (t) is given by

l ~ t !5
11ss

12ss

bs

3csrs
fa~ t !, ~6!

wheres is the Poisson ratio andfa(t) is the transient ab-
sorbed fluence.

The model predicts two separate cleaning regimes
pending on the value oft0 , the characteristic oscillation pe
riod of the particle~approximately 10 ns for particles with
radius of 1 mm! with respect to the laser pulse time,t.
Consider the pulse shape described by

I ~ t !5I 0

t

t
expS 2

t

t D . ~7!

This pulse shape is used because it is a fit to that of the
laser used in the experiments~see Fig. 3!. The threshold
fluence,f th is then given by the following expressions:8
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f th5K21H 0.84~2pw u!2/3r 1/3 t!t0 ,

3e2

2

1

5.57

t2w

r 2rp

t@t0
, ~8!

whereK is

K5
l 1Dr

f
5S 11ss

12ss

bsAs

3csrs
1

bpAp

4cprp
D . ~9!

The factor 3e2/2 that appears in the inertial cleanin
regime is due to the exponential pulse shape. Note tha
Ref. 8 a factor of 3/4p appears instead. This is the factor f
a cosinusoidal pulse rather than the exponential pulse u
here.

The factor 1/5.57 is a semiempirical correction fact
that is obtained by evaluating Eq.~4! numerically and com-
paring the numerical solution with the analytical solution.

FIG. 1. Schematic diagram showing the relative dimensions of the heat
sound in the substrate:~a! quasistatic unilateral expansion;~b! dynamic
unilateral expansion~after Ref. 8!.

FIG. 3. Pulse shape fitted with exponential function, Eq.~7!.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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Table I gives the values of the above quantities for a
mina, silica, and glass.

Sincenst, l a1 l T for both glass and silica (nst is 47.3
mm while l a1 l T is 193mm for glass and 63.3 mm for silica!
the sound does not leave the heated region in the axial d
tion @see Fig. 1~b!# and the problem needs to be consider
dynamically. The theory for the dynamic case is develope
Ref. 9. In this article the problem is treated using the qua
static approximation. The threshold fluences derived by
method will provide an upper bound for the actual thresh
fluence since the surface displacement is described by

l ~ t !5
11ss

12ss
E

0

nstb

3
T~z,t2z/ns!dz. ~10!

This will always be smaller than the static limit which
found by lettingns→`.

Of the quantities appearing in Eq.~8! only the factorK
will vary significantly between glass and silica. Thus, t
ratio of the threshold fluences for silica and glass will
equal to the ratio ofKglass/Ksilica. Putting in the values given
in Table I gives

fsilica

fglass
5

Kglass

Ksilica
515.2. ~11!

Thus the model predicts that the threshold fluence for si
will be approximately 15 times that for glass. The advanta
of studying this ratio is that many of the quantities will ca
cel out. For example, the ratio is independent of the part
radius, the pulse length, the work of adhesion and the ela
properties of the particle.

TABLE I. Material values for alumina, glass and silica~the densities of the
substrates were measured directly, along with the absorptivity of si
Other values were taken from Ref. 7!.

Particles: Alumina

Specific heat,cp 754 J kg21 K21

Volumetric thermal expansion,bp 26.431026 K21

Poisson ratio,sp 0.22
Young’s modulus,Ep 4353109 N m22

Density,rp 4000 kg m23

Absorptivity, Ap 0.16

Substrate: GlassÕsilica

Specific heat,cs 772 J kg21 K21

Volumetric thermal expansion,bs

~Microscope slide! 21231027 K21

~Silica slide! 15.331027 K21

Poisson ratio,ss 0.17
Young modulus,Es 7.031010 N m22

Density,rs

~Microscope slide! 2437 kg m23

~Silica slide! 2185 kg m23

Speed of sound,ns

~Microscope slide! 5556 m s21

~Silica slide! 5868 m s21

Absorptivity, As

~Microscope slide! 94.74%
~Silica slide! 0.6%
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Finally, by considering the ratioDr /(Dr 1 l ) it is pos-
sible to estimate the relative contributions of substrate
particle expansion to the cleaning process. For the alum
silica system, particle expansion dominates (97% contri
tion! whereas for the alumina/microscope slide system
opposite is true (6% contribution from particle expansion!.

III. LASER CLEANING EFFICIENCY

A. Experiment

1. Surface preparation and treatment

The effect of surface preparation, prior to the introdu
tion of alumina particles, on the subsequent laser clean
efficiency was examined. Two kinds of substrates were us
glass microscope slides and fused silica. The glass mi
scope slides measured 25.4 mm3 76.2 mm3 1 mm. The
silica slides were Corning 7940 silica, a high purity synthe
amorphous silicon dioxide manufactured by flame hydro
sis, and measured 55.0 mm3 20.0 mm 3 2 mm. Three
different preparation techniques of the surface were used~i!
hydrogen peroxide cleaning,~ii ! ultrasonic cleaning in xy-
lene and~iii ! ultrasonic cleaning in xylene followed by lase
treatment of the sample.

~i! The hydrogen peroxide cleaning method involv
soaking the slides in warm methanol~95%) for 10
min. The slides were then dried in air and put in
solution of hydrogen peroxide~27.5%) and one-tenth
volume of AR grade ammonium hydroxide solutio
This solution was then heated to 45–50 °C for
min. The slides were dried and rinsed in about 300
of Milli- Q water. They were then boiled in Milli-Q
water for 1 h. Finally they were rinsed once more
Milli- Q water. After cleaning, the slides were store
under Milli-Q water to prevent hydrocarbon depos
tion from occurring.10

~ii ! The xylene cleaning method involved placing th
slides to be cleaned in a beaker of xylene and th
cleaning them ultrasonically for 10 min. The slide
were then rinsed with methanol.

~iii ! After treatment~ii ! the slide was irradiated with 425
pulses of 1330 mJ/cm2 248 nm laser radiation prior to
coating it with particles.

Both the hydrogen peroxide cleaned slides and the la
treated fused silica slides were strongly hydrophilic while t
xylene cleaned slides were hydrophobic. This could be
served by placing a drop of de-ionized water on the surf
of the slide and measuring the angle of contact that the w
made with the surface. A more detailed analysis of the s
face chemistry was done using time of flight secondary
mass spectroscopy and the results are presented in a sep
paper.11

2. Particles

Each slide was coated with 3mm sized alumina particles
~Baikolox ‘‘agglomerate free’’! using the ‘‘dip and tap
method.’’1–4 The slides were tapped sharply against a h
surface to remove excess particles. They were then place

a.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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a stream of nitrogen gas to remove any loosely bound
ticles. The dip and tap method with ‘‘dry’’ particles results
a distribution of particles and agglomerates in the ran
3–10mm.1

3. Laser Cleaning

Figure 2 shows the experimental setup used to mea
the laser cleaning efficiency. A single pulse of 248 nm rad
tion from a GSI Lumonics PM-848 KrF excimer laser w
used. The pulse length was 8.1 ns which was found by fit
the pulse shape with the function given in Eq.~7! ~see Fig.
3!. The fluence was varied using an Optec AT4030 atten
tor. A spherical lens with a focal length of 96 mm at the las
wavelength was placed behind the attenuator. The sam
was located 9 mm behind the focal point of the lens. T
gave beam dimensions of 7 mm3 3 mm on the sample. The
rectangular beam had a Gaussian profile along both a
The viewing system records areas of 530mm 3 350mm and
nine such regions within the treated area were monito
These images were taken from an array of 33 3 contiguous
areas close to the center of the laser beam. The images
obtained using an Olympus microscope with an ULWD C
Plan 403 objective@numerical aperture~NA! 5 0.50# which
had a Pulnix TM-6CN charge coupled device cam
coupled to a computer via a frame grabber board for an o
all magnification of 4003. The sample was mounted in
sample holder that was attached to a Physik Instrumente
cision translation stage. This enabled the sample to be tr
lated laterally for viewing and then be accurately relocated
the same place for a comparison of the same area before
after irradiation.

Image Pro Plus Ver. 4.1~Media Cybernetics! image
analysis software was used to measure the total area of
ticle coverage of both the before and after irradiation imag
This was done for all nine images and an average clea
efficiency was calculated from these figures.

B. Results and Discussion

Figures 4 and 5 show plots of cleaning efficiency vers
fluence for silica and microscope slides. They show that,
both silica and microscope slides, the substrate prepara
method has little effect on the cleaning efficiency provide

FIG. 2. Schematic diagram showing the experimental arrangement for
cleaning.
Downloaded 16 Feb 2009 to 137.111.132.185. Redistribution subject to A
r-

e

re
-

g

a-
r
le

s

s.

d.

ere

a
r-

re-
s-

n
nd

ar-
s.
g

s
r

on
a

clean surface is prepared. This is a somewhat surprising
sult since the different hydrophobicity of the xylene clean
and hydrogen peroxide cleaned slides might be expecte
have a big effect on adherence of the particles to the surf
It also is in contrast with earlier work done with a copp
vapour laser that showed that particles did not adhere
strongly to slides which had been previously irradiated w
UV irradiation.6

The results also indicate that microscope slides are ea
to clean than silica slides. For silica the threshold fluen
~defined as the fluence at which cleaning starts to occur! is
about 815 mJ/cm2 whereas for microscope slides it is abo
100 mJ/cm2. Thus the ratio of the threshold fluence of silic
to that of microscope slides is approximately 8. This is
qualitative agreement with the thermal expansion mode
laser cleaning which predicts that high absorbance substr
will have lower threshold fluences than substrates with low
absorbance. Microscope slide glass has a much higher a
bance than that of pure silica.

This means that there must be a contribution from s
strate expansion to the laser cleaning process. If there w
no such contribution then only particle expansion would o
cur and there would not be a difference in threshold flue
between the two substrates.

However Arnoldet al.’s model in the quasistatic limit
overestimates the ratio of the threshold fluence of silica
that of glass. It gives a value of about 15 whereas the exp
mentally observed value is closer to 8~see Sec. II!. One

er
FIG. 4. Plot of cleaning efficiency vs fluence for silica slides.

FIG. 5. Plot of cleaning efficiency vs fluence for microscope slides.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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reason for this is that the measured absorptivity values,
ticularly that for the particles, could be incorrect. Table
shows the theoretical dependence of the threshold fluenc
particle absorptivity. Even with a particle absorptivity of
there is still a difference in the threshold values of glass
silica indicating that there is still a contribution from su
strate expansion to the cleaning process. With a particle
sorptivity of 0 the ratio of the threshold fluences for sili
and glass reaches a maximum value of 1868. IfAp is 0.35
then a value of the ratio close to that of the experimenta
observed value is obtained.

The fact that the observed value for the ratio is less t
the maximum value predicted by the model whenAp is 0 is
significant. It suggests that both particle and substrate ex
sion contribute to the cleaning process. This is importan
emphasize since most laser cleaning models in the litera
treat particle and substrate expansion isolated from e
other.

The difference in threshold fluences of silica and glas
obscured if the fused silica sample is exposed to normal
vironmental contamination prior to laser cleaning. In th
case the laser cleaning results are similar for both mic
scope slides and fused silica.1,7 Thus, these results demon
strate the importance of preparing the surfaces in a well c
acterized manner immediately prior to applying particles
laser cleaning studies and the need to know the sur
chemistry relevant to specific industrial applications. The
sults herein, compared with those in Refs. 1 and 7, show
different laser cleaning results can be observed in the s
material system because of the chemical state of the sur

With the silica slides, for fluences in the range
0–1000 mJ/cm2 it is observed that the cleaning efficienci
are frequently negative. In other words the total area of p

TABLE II. Dependence of the threshold fluences of glass and silica sl
on particle absorptivity for a 3.0mm diam particle.

Silica Glass Ratio of
threshold threshold silica to glass

Particle fluence fluence threshold
absorpitivity ~mJ/cm2) ~mJ/cm2) fluences

0 60 326.7 32.3 1867.7
0.0025 19 860.5 32.2 616.8
0.005 11 881.8 32.2 369.0
0.01 6593.0 32.1 205.4
0.016 4294.9 32.1 133.8
0.02 3487.1 32.0 109.0
0.025 2822.2 31.9 88.5
0.05 1444.3 31.6 45.7
0.1 731.2 30.9 23.7
0.125 586.2 30.6 19.2
0.16 458.9 30.2 15.2
0.25 294.5 29.1 10.1
0.35 210.7 28.0 7.5
0.5 147.6 26.5 5.6
1.0 73.9 22.5 3.3
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ticle coverage increased upon irradiation by the laser. T
mechanism responsible for this phenomenon is the brea
up of agglomerates which disperses smaller particles ov
wide area and causes the total particle coverage area t
crease. The presence of agglomerates is due to the par
being attached to the surface in the dry state. While meth
that apply the particles in suspension can ensure that t
are fewer agglomerates present they may also leave res
solvent which may affect laser cleaning results by alter
the surface chemistry as illustrated in this study.

IV. CONCLUSION

The laser cleaning results show that the surface prep
tion methods used appear to have little effect on the la
cleaning efficiency, provided that the surface is clean and
before the particles are introduced and that the sampl
processed without delay. They also demonstrate that
threshold fluence for silica is approximately eight tim
higher than that for microscope slides, when so prepared
contrast, Arnoldet al.’s8 thermal expansion model of lase
cleaning, in the quasistatic limit, predicts that the thresh
fluence for silica will be 15 times greater than that for gla
One possible reason for this discrepancy is an inaccu
value for the particle’s absorptivity. If a value of 0.35 is us
then good agreement between theory and experiment is
tained. The experimental results obtained in this study ar
contrast with the similarity of laser cleaning results obtain
for different substrates when hydrocarbon contamination
moisture in higher humidity environments are present.1,7 The
results clearly demonstrate the need to take into account
substrate and particle expansion when modeling laser cl
ing.
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