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Abstract

Multimode Nd:YAG pulse laser was applied to remove micron and submicron particles by vaporizing a thin paint film pre-coated
on super-smooth optical substrate surface. By analyzing the poor absorption of the optical glass substrate to the irradiative Nd:YAG
pulse laser, the removal mechanism of contaminated colloidal particles from the super-smooth surface through vaporization of a volatile
solid film is described. A limit analysis was proposed to determine the lower and the upper threshold of laser fluence for cleaning the
SiO, contaminants from super-smooth K8 optical substrate. Relevant experiments on laser cleaning of micron-polishing particles from
super-smooth K8 optical substrate confirmed the usefulness of this method in assisting the selection of effective cleaning fluence for
accomplishing high cleanliness, which was in a range of 80-90% of the predicted upper threshold.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Surface cleaning is an important branch of surface engi-
neering. Although there exist numerous processes in clean-
ing optical substrate surface, the individual processes have
their respective limitations. Typically, plasma cleaning is
susceptible to damaging surface and impractical for remov-
ing residues from high-performance surfaces, while water
jet spray cleaning has unsatisfactory efficiency [1-3]. Most
of these techniques involve the use of chemical and aqueous
solutions [3,4].

Majority of current techniques for cleaning optical sur-
face are largely associated with chemical-mechanical super-
sonic or megasonic processes [2,5,6], which are generally
very complicated and difficult to remove micro-particles.
The use of chemical solutions or solvents in cleaning [4] may
cause etching effect and thus damage the surface of substrate
material, thus fatally jeopardizing the quality and reliabil-
ity of the high-performance optics and components in their
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service life [7]. Furthermore, micro- or sub-micro-contami-
nants on the substrate may also cause the problems of light
diffusion, scattering, refraction and reflection. Consequently,
the surface integrity, the structure and physical characteris-
tics of the substrate are degraded, which badly influences the
successful transmission of light or some special character-
istics of a coated film. Laser cleaning method [8—15] subse-
quently emerges as an alternative approach to overcome the
above-mentioned setbacks for removal of these harmful and
tiny contaminant particles from an optical and super-smooth
substrate. There are fundamentally two distinguishing
approaches, respectively, dry and steam laser cleaning, for
removing particles from solid substrate using laser as pro-
pounded in the available literature [9,11-14]. The dry laser
cleaning approach merely involves with the incidence of
laser beam directly onto low melting temperature contami-
nants adhering on the surface so as to evaporate them. The
steam approach is normally associated with the application
of an assisting liquid film onto the cleaning surface for re-
moving substances, and the cleaning of high melting-point
temperature substances occurs only by the thrust action of
the evaporating liquid film.
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Fig. 1. Physical model of laser cleaning.

To remove particles from the surface of various solid
substrates [12—14] like silicon and silicon carbide, mag-
netic head, aluminum oxide, lithography membrane mask,
metal (i.e. aluminum, tin and copper), and quartz, etc., using
laser, Lu et al. [13,14] have found that the cleaning effi-
ciency varies with the laser fluence, the absorptivity to the
pulsed laser radiation of the particles, and the substrate sur-
face. The theoretical models that they established [12—14]
for laser removing particles from the solid surfaces were
merely for substrate surfaces or removing particles having
good absorptivity to laser. Their models fail to provide useful
prediction when both substrates and contaminant particles
are transparent and have poor absorptivity to laser. More-
over, some optical glass devices are not laser absorptive for
both substrates and residual polishing particles, and have
super-smooth substrate that has strong hydrophobic charac-
terization. Furthermore, making a continuous and uniform
liquid film of a few micrometers thick by steam condensa-
tion technique [12—14] is difficult. Therefore, the techniques
of both steam laser cleaning and dry laser cleaning are not
suitable for cleaning these types of optical glass surfaces.

This paper explores an analysis for cleaning poor laser-
absorptive contaminated colloidal dioxide particles from
poor absorptive and super-smooth optical glass sub-
strate using a Nd:YAG laser having 1064 nm infrared
(IR). The use of such a Nd:YAG laser to clean the
contaminated colloidal dioxide particles requires new
ideas to overcome the problem of poor absorptivity of
both adhering dioxide particles and optical glass sub-
strate, and also the problem of hardly condensing an
aqueous thin film on the super-smooth substrate sur-
face. A layer of volatile black paint film of a few micro-
meters thick was thus used to cover the contaminated parti-
cles on the substrate as shown in Fig. 1. Such a black paint
layer aims at absorbing most fluence irradiating from a
pulsed laser and thus creating explosive evaporation to thrust
up the adhering particles without any remnant on the sub-
strate surface. Furthermore, any residual contaminants, due
to (1) the sputtering of re-condensation of vaporized paint va-
por onto a specimen and (ii) re-descending of thrust-particles
as a result of (i), can be further removed by either rinsing
in distilled water or pressurized air blowing. Generally,
nanosecond pulse lasers normally generate laser beam in
ultra-violet (UV) band whilst millisecond pulse lasers usu-
ally emit IR beam. Although optical glass substrates have
poor absorptivity to both UV and IR beams, they have

relatively poorer absorptivity to IR. As successful clean-
ing implies that the surface integrity of a cleaned substrate
should be properly maintained, the use of millisecond pulse
lasers can minimize the absorption of laser fluence into the
substrate and consequently alleviate any possible thermal
effect to the surface of the optical glass substrate. Since the
cleaning principle is to thrust the adhering SiO, and pol-
ished optical glass particles from the substrate surface by
vaporizing the covering black paint film, the other advan-
tages of using the millisecond pulse lasers, rather than the
nanosecond pulse lasers [7—14], are: (i) lower energy den-
sity in avoiding possible surface damage of a substrate as
the black paint film in irradiation spot is being completely
evaporated; (ii) increasing cleaning efficiency due to larger
irradiating spot; and (iii) the shape pattern of irradiating
spot can be suitably adjusted and changed from circular to
rectangular so as to control effectively the cleaning unifor-
mity in a cleaning path.

Results of some preliminary experiments showed the
workability of such approach was reasonably acceptable.
However, the fact that the physical properties differ from
the type of adhering particles and/or the black paint film to
another type, from one thickness to another thickness of the
painted film, leads to difficulty in the setting of the laser for
proper removal of the particles and the assisting black paint
film. To facilitate the effective performance of laser clean-
ing, preliminarily quantitative theory for the black paint
film assisting laser cleaning should thus be produced. Due
to the complex mechanisms involving with the evaporating
paint film and with the removal of the colloidal silicon from
the super-smooth glass surface, exact formulation of the
laser cleaning seems impossible. An approximate upper and
lower bound analysis to predict the maximum and mini-
mum energy required for cleaning off the colloidal particles
is thus proposed in this paper. The lower bound analysis
predicts the laser fluence for overcoming the overall inertia
and contact force of an adhering particle with the surface of
substrate. The upper bound analysis predicts what amount
of the required laser fluence is likely to damage the surface
of substrate [16]. Scanning electron microscope (SEM)
micrography of samples cleaned with laser fluence setting
somewhere between the two bounds of the predicted limits
gave good cleaning conditions on the surface. Experimental
results showed that the adequate fluence setting in achiev-
ing good removal should be in the bound of approximately
10-20% below the upper threshold.

2. Theoretical model

The three modes of mechanisms in removing contami-
nant particles in a volatile solid film by a laser (Fig. 2)
normally are: (a) lifting mode that occurs when the normal
component F;, of a working force surpasses the inertia and
overall contact force of particle with surface of substrate;
(b) sliding mode that occurs when the tangential component
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Fig. 2. Three mechanisms in laser removal of particles from a substrate.

F of a working force surpasses the static friction force on
the particle; (c) rolling mode that occurs when the over-
all torque about a point contact is equal to zero (assum-
ing that the force component to create such torque is force
F}). Although the actual mechanisms may be the combina-
tion of these three modes, exact analysis to proportionate
the contribution of each mode is almost impossible. Since
laser cleaning is mainly to burn off or to lift up the contam-
inant particles from the substrate surface, the components
of the removing force contributing to the sliding mode and
rolling mode in the laser cleaning are much less than the
lifting mode [17]. Therefore, the minimum removal force
F produced by the cleaning laser should be equal to and/or
greater than the normal components of the lifting force F,,
i.e. FL = Fp. In view of a cleaned substrate surface should
preserve its integrity, also excessive laser fluence likely to
damage the surface of a substrate, the upper bound of the
incident laser fluence needs to be limited to that below the
possible softening of the interfacial surface of a substrate.

2.1. Lower threshold of the laser beam force

Since the melting temperature of colloidal particles ad-
hering on substrate surface is much higher than the volatile
paint film, the intensive fluence of laser beam will vaporize
the paint immerging the particles so rapidly that it would
reasonably not create any adverse effect on the up-lifting
of the particles (Fig. 1(b)). When a particle with mass m
is lifted up to overcome (i) the gravitational acceleration g
and (ii) the normal adhesion F between the particle and the
super-smooth substrate surface, the particle removal force F;,
can thus be approximated as F}, > Ft + mg. Subsequently,
the lowest threshold of the force F. generated by laser beam
is thus expressed as

FL =F, > Fr + myg. (1)

Frin Eq. (1) can be used as a basis for setting laser fluence
for removing contaminant colloidal silicon dioxide particles
from the super-smooth optical substrate. Its analysis thus
played an important role in saving the cost and time for the
laser cleaning experiments.

2.1.1. Total inter-adhesion force

Adhesion forces between colloid and solid surface have
been investigated both theoretically and experimentally as
described in literature [18,19]. By simplifying the shape of

Fig. 3. SPM profile of a super-smooth surface.

colloidal particles as spherical, the total adhesion force be-
tween a particle and super-smooth substrate surface is thus
composed of: (i) Van der Waals force (Fy ), (ii) electrostatic
attraction force (Fy) and (iii) capillary force (F¢). Instead
of expressing Fr as a vectorial summation of the three cap-
tioned force components, its maximum value is taken as the
three forces orientating in a same direction as

FT:Fv+Fd+FC- (2)

2.1.1.1. Van der Waals force. According to Derjaguin—
Mullur—-Toporov (DMT) [19], the Van der Waals attrac-
tion F, between a micron rigid particle with equivalent
diameter d and a clean flat surface can be expressed as:
F,=hd/(16nz%), where / is a material-dependent Liftshitz—
Van der Waals constant, and z is the atomic separation
between the particle and the actual flat surface. Although
roughness on physical surfaces inevitably affects the mag-
nitude of F, [20], the measured roughness of super-smooth
substrate was only 0.374 nm (Fig. 3), which has negligible
effect on the value of van der Waals interaction and thus can
be assumed completely flat. Furthermore, much harder of op-
tical substrate than the particles of colloidal silicon dioxide
allows the assumption of the attraction to be only sufficient
to deform the colliodal silicon dioxide. As a result, the DMT
model [19] describing the attractions between the particle
and substrate is not applicable. In view of the fact that the
mutual attraction between the colloidal silicon dioxide parti-
cles and the rigidly super-smooth optical glass would result
in compressive interactions at the central contact zone and
tensile interactions around its outer surrounding, the John-
son—Kendall-Roberts (JKR) model [21] of adhesion force
is thus used, which is

Fy =301+ 72 — yi2)nR/2, (3)

where y; and 7, are the surface tension of particle and sub-
strate, respectively, 7, is their interfacial surface tension,

and normally (y; + y2 — y12) = 2/71)2-

2.1.1.2. Electrostatic attraction. A colloidal particle ac-
quires charges when its surface is exposed to a liquid. Due
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to the weak alkalesence of silicon dioxide particles within a
paint film of colloidal suspension, the surfaces of both par-
ticles and super-smooth substrate are charged electrostati-
cally with opposite sign. The electrostatical charging at the
interface between the colloidal film of silicon dioxide and
the substrate is normally termed as “electrical double layer”.
The force Fy in the electrical double layer thus plays an im-
portant role in adhering the micro-particles onto the substrate
surface. Let the colloidal particle with radius R be spherical
and the contact potential of its contacting surface, z away
from the super-smooth substrate, be Ay, the attraction Fy
of the double layer charge is thus expressed [21,22] as

Fy = neo(R/z)(AY ), )]

where ¢ is the permittivity of free space, and Ay is generally
taken in range of 0.0-0.5 V.

2.1.1.3. Capillary force. The assumed spherical silicon
dioxide with radius R possibly forms a convegent and di-
vergent channel with the substrate surface (Fig. 2), which
creates a capillary action to drag in the applied black paint
film that melts under laser irradiation. The wetted surface of
these Si dioxide particles by the residual melting film with
surface tension y3 produces a capillary force F, approxi-
mated as

F.=4nysR. (5)

2.1.1.4. Total adhesion force Fr. Substituting Egs. (3)—
(5) into Eq. (2) allows Fr to be written as

Fr=(3/2)(y1 + 72 — y12)7R
+7eg(R/z)(AW)? + 4mysR. (6)

Eq. (6) establishes the lower threshold of the lifting force
F, to overcome the adhesion force Fr and the gravitational
force mg of a contaminant particle (see Eq. (1)). For remov-
ing the contaminants using a laser system, the laser fluence
must be sufficient to generate this lowest limit of /. Sub-
stituting Eq. (6) into Eq. (1) gives the lower threshold of a
laser cleaning force F,.

2.2. Upper threshold of laser beam force

The proposed laser cleaning method (Fig. 1) involves with
the application of a thin film of /4, thick black paint, cover-
ing the silicon dioxide particles adhering on a super-smooth
optical substrate. The cleaning action is accomplished by
the incidence of fluence sufficiently high to evaporate the
black paint that generates pressure thrust to lift the adher-
ing particles away from the surface of the substrate. As a
laser beam with focusing diameter D is irradiating on the
pasted paint film, the expansion of the paint on top of adher-
ing particles may have residual pressure to reduce the lifting
effect of the particle by the subsequent evaporation of the
paint below. Modeling in this paper assumes the laser inten-
sity being sufficiently high to evacuate rapidly the preceding

evaporated layer of paint so that the residual effect is neg-
ligible. As a result, the explosive shock wave generated by
evaporation of the paint from the bottom semi-spherical half
surface of a contaminant pushes the contaminant upwardly
away from the super-smooth surface [23,24]. Although high
incident laser fluence ¢ always creates high explosive evap-
oration, too high the value of ¢ may possibly burn the sub-
strate surface in the cleaning operation, which subsequently
degrades the functionality of the substrate. Preserving sur-
face integrity of a substrate (Section 1) is therefore one of
the prime important issues for determining the success of
a cleaning method. The upper threshold of laser fluence in
laser cleaning thus limits the minimal thermal energy just
at a verge to skin-melt slightly the substrate surface. As
the modeling is only an approximation, it therefore assumes
that the applied black paint film and the contaminant sil-
icon dioxide particles structurally form among themselves
as a monolithic layer on the substrate layer, thus creating
a two-layer system with perfect thermal contact interface.
The fast evaporation rate of the paint under laser irradiation
means that (1) the effect of latent heat of paint on the temper-
ature and fluence, and (ii) the heat transfer to the surround-
ing of a focusing area A¢(=nD?/4, see Fig. 1) are negligible.
Therefore, the laser fluence distribution over 4 is assumed
uniform [16] and the conductive heat dispersion in the ef-
fective thermal column A¢h, is one dimensional from top
to bottom of the black paint film. Moreover, the absorbed
laser fluence by the irradiated surface in a thermal column
Arh, is assumed approximately equal to g4y, and the evap-
orating vapor of the black paint is assumed obeying the law
of ideal gas. As only the upper threshold of fluence energy
is interested in the analysis, it is further assumed that the
laser fluence in a thermal column is effectively constrained
within the column itself.

2.2.1. Heat transfer analysis in laser cleaning

Assume that there is not any plasma formation at and on
the surface being irradiated by the incident laser fluence, the
governing heat conductive equation and the relevant bound-
ary conditions for the monolithic layer can be written as [20]

ana(;c,t) = oy 627;;(,1)’ t>0,0<x<h (7)
and for the substrate as
0T4(z,1) *Ty(z,1)

o T 82

t>t, 0<z< 00, z=(x—hy), (8)

where 7' is the excess temperature compared with the am-
bient temperature 7,, at an interested location x away from
the paint surface, o = k/pC), is the thermal diffusivity in
terms of the thermal conductivity k and the heat capacity
per unit volume pC,, t is the time taken for the excess
temperature 7', at the interface between paint film and sub-
strate, to change from zero, o and oy are, respectively, the
thermal diffusivity of the film and the substrate, k¢ and K
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are, respectively, the thermal conductivity of the film and
the substrate, p;Cp; and p,Cpy are, respectively, the heat
capacity per unit volume of the film and the substrate. Fur-
ther initial and boundary conditions of temperature and heat
transfer for both monolithic layer and substrate layer are

Tf(x90) = 05 TS(Za 0) = 05

0T¢
—Kf Tt = qu, Tf(ho, t) = TS(Oa t):
X lx=0
e anfx’t) _ _KsaTsSz,t)
ox x=hy vz z=0

Use of Laplace transforms to transfer the time variables in
both Egs. (7) and (8) gives

g
T -

FTi(x,s) in(x,S) =0,
0x? o

.

TS > TR

@) S5 g =0, (10)
0z2 ol

where Tg(x,s) and T(z,s) are, respectively, the Laplace
transform of 7 in the region of film and substrate. Subse-
quently, the Laplace transform of the boundary conditions
in Eq. (9) can be written as follows:

7 A s :
B wa = 2 Fo(ho,s) = Ty(0, 5);
X x=0 s
aff(x,s) afs(zas) .
— Kf——— —Rs ’
ax x=hg aZ z=0
Ty(c0,s)=0. an

The solutions of Eq. (10) can be written in the form

Te(x,s) = iqi‘élf
’ =0 KfS\/S/O(f

X {B"+1 exp (f\/hv/Tf[Z(nH)hofx])
+B" exp (—\/%[Znho + x]) } ,

294t o (-
o Sk/df(l—i-é);B exp( \/s/og {(H—Zn)ho

+Z\/Off/<xs:|) , (12)
where & = (Kks/Kr)\/5/%s//5/or = K5/ kg /0 / /0, and B =
(I =8)/(1+&). Let F(s)=1/(s+/s/os) exp(—+/s/aex) and

the inverse transform of F(s) be as

L™ YF(s)} =2\/ast/n exp<xz>
Aot

TS(Z»S) =

—xerfc x>0, 00 >0 (13)

X
vV 4OCft’

in which erfe is a complementary error function. Using the
inverse Laplace transform, T'¢(x,s) and Ts(z,s) in Eq. (12)
can be, respectively, transformed to

> g4
Ti(x,t) = Z qK—:B"+1 (\/40fft 7

n=0
[2ho(1 + 1) — x]*
xexp{ dart
2h0(1+n)—x)
—[2ho(1 + n) — xJerfc ————
[2A0(1 4 n) — x] NZETT
— q4i ,, (2nho + x)?
—B 4ot -
+nz:; . {\/ ol /nexp{ yy
2hon — x
—(2hon + x)erfc ——=
@+ e 7
and
. 2gA; B"
Ts(z,t) = \ 4dost/T

xexp { (/o7 + (1 + 20l }

Aot

—[zv/og /ot 4 ho(1 + 2m)]

[z/ o /ot + (1 + 2n)ho]
xerfc{ NeTr }) .

The temperature on the surface of the applied paint film can
subsequently be obtained by the substitution of x = 0 into
the first expression of Eq. (14) as

- 2
1. =y L ( Fart X oxp {[M(H)]}
n=0

(14)

4ot
—[2ho(1 + n)] x erfe W)
+§ g { Vastmexp [_ (2:;:32}
—2nhgy x erfc \/Z%t} ,
non=y 2 B (m
=0
X exp {—[(l tti:lt)h()]z } — ho(1 + 2n)

(15)

[z+/ o /ots+(1 + 2n)ho]
xerfc { Nerr, }) .
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Egs. (14) and (15) provide a mean for proper selection
of the laser fluence for an anticipated cleaning. The time
t taken to accomplish the upper temperature limit 7¢(0,¢)
that softens the surface of substrate material at the bottom
surface of the applied paint film is firstly computed using
Eq. (15). Its value is then substituted into the second and first
expressions of Eq. (14) for estimating the temperature pro-
file within the film and the surface temperature of the film,
respectively. By doing so, the upper threshold of the laser
fluence can be determined after the justification of whether
force generation matching that calculated in Section 2.2.2
below.

2.2.2. Laser cleaning force

The strong shock wave generated by explosive vapor-
ization of the applied paint film under irradiation of high
laser fluence [23,24] pushes the micro-contaminants up-
wardly from the optical substrate surface. Such pushing
force must be much larger than the adhesion force Fr as
described by Eq. (1). Assuming that the distribution of ap-
plying pressure over the irradiated area Ay is uniform and
the thermodynamic of the vaporized paint can be treated as
ideal gas, the explosive vapor pressure P, at a vaporization
temperature 7 can thus be related as [25,26]

AH, (1 1
P, = Py exp M, Tb_? s (16)
S

where AH, is the enthalpy of vaporized paint at boiling
temperature Ty; M) is the universal gas constant; P is the
saturated vapor pressure of the melted paint at a known
boiling temperature 7. P, should be sufficiently large to
complete the vaporization of the black paint in an effective
thermal column 4¢h,, and is thus expressed as

Py = Py + p1gho/2 + 4y3/D, (17)

in which Py = 1.01325 x 10° N/m? is the ambient atmo-
spheric pressure, p;ghy is the static pressure of the melting
black paint that has density p;, ¢ is the acceleration of grav-
ity, y3 is the surface tension of the melting black paint, and
D is the laser beam diameter.

Successful removal of a contaminant from the surface of
a super-smooth substrate by the vaporizing black paint film
requires sufficiently large laser cleaning force Fi to over-
come the resultant of the viscous resistance of the vaporiz-
ing black paint and the atmospheric pressure acting on the
film. The laser cleaning force F can thus be related to both
P, and P, as

Fi = R*(Py, — 61Ry3V — Py), (18)

where R is the radius of the contaminant particle; y3 is the
surface tension of the melted paint film; V ~ 10>~10° m/s
is the moving velocity of contaminant. Eq. (18) provides the
theoretical upper threshold of the laser cleaning force Fi, for
lifting the contaminant particle from the adhered surface of
a substrate.

3. Numerical predictions

Successful laser cleaning requires a sufficiently large laser
irradiating fluence to vaporize the black paint film produc-
ing a lifting force larger than Eq. (1) and smaller than
Eq. (18). Eq. (18) limits the laser fluence to prevent the glass
substrate surface from damage. Although the higher laser
fluence certainly gives better cleaning effect, it has higher
probability in degrading the servicing quality of the sub-
strate. Numerical prediction to determine the laser cleaning
threshold and the substrate damage threshold governs the
proper selection of laser fluence. Predictions using analysis
in Section 2 and the parameters in Table 1 were performed
and presented in Figs. 4-8.

3.1. Selection of laser fluence

At a specific pulse of a pulse laser, the achievable surface
temperature T of the black paint film interfacing with the
substrate increases linearly with the laser irradiating fluence
(Fig. 4). The rate of increment increases with pulse dura-
tion. At the respectively selected pulse duration of 1, 5, 10,
15, and 20 ms, the corresponding laser fluence to initiate the
vaporization of the applied paint film surface is 14 x 10°
(ie. 14 I/mm?), 8.13 x 105, 6.25 x 10°, 5.13 x 10°, and
4.87 x 10° J/m”. Whilst the corresponding estimated value
for commencing the melting of substrate is approximately at
45.8 x 10° (i.e. 45.8 J/mm?), 25.7 x 108, 20.1 x 10, 15.6 x
10%, and 14.8 x 10% J/m?. The effective laser fluence se-
lected should therefore lie between the individual predicted
threshold pairs.

3.2. Threshold of vaporization pressure and laser fluence

Fig. 5 shows the relationship between the surface temper-
ature and the vaporization pressure of the film. When the film
vaporization pressure reaches the value of 2.75 x 10 N/ m?,
the temperature of the film is approximately equal to the
melting point of the optical substrate. This indicated that
the vaporization pressure of the film should always be kept
below 2.75 x 10° N/m?, otherwise damage of the substrate
surface occurs. Fig. 6 shows the temperature distribution
across the film thickness when the irradiating laser pulse
duration is at 5, 10, 15, and 20 ms, respectively. It illus-
trates that the paint film surface is below its vaporization
temperature of 1275°K [27] when laser fluence ¢ is equal
to 5 x 10° J/m?, implying that the laser fluence obviously
can never remove any contaminated colloidal particle from
an optical substrate. When the laser is operating at a flu-
ence g of 10 x 10 J /m2 with pulse durations beyond 15 ms,
the removal of the contaminants may barely occur since the
temperature in the paint film is just ranging between its boil-
ing and evaporation points. When a laser with fluence g of
20 x 10° J/m2 and pulse duration of either 15 or 20 ms is
irradiating a paint film, the bottom temperature of the film
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Table 1
Parameters used in numerical predictions
ho (um) Ap AH;, (J/mol) z (m) &0 (A2 s*/m? kg) y1 (N/m)
3 0.82 34008 4x107° 8.85 x 10712 18 x 103
pi (kg/m’) p2 (kg/m®) pp (kg/m®) ks (W/m K) Cpr (I/kg K) 73 (N/m)
1380 2650 2560 1.114 117 47.8 x 1073
Tins (K) Tm (K) Ty (K) ke (W/m K) Cp2 (J/kg K) 72 (N/m)
2502.2 590.2 820 0.15 720 10.1 x 10—3
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Fig. 4. Predicted surface and bottom temperature of the film at different levels of laser energy fluence. Pulse duration (#): e 1 ms; %5 ms; 10 ms;
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is thus exceeding the softening temperature 1883.4°K of the
optical substrate. Meanwhile when ¢ is at 15 x 10° J /m2 and
pulse duration is 10 ms, the bottom temperature of the paint
film is closer to the substrate softening temperature that is
likely to vaporize the film and yet to keep the integrity of
the surface of the substrate.

3.3. Optimal laser fluence for laser cleaning

Numerical prediction provides information for better se-
lection of the laser fluence for laser cleaning operations.
However, the range is so wide (Sections 3.1 and 3.2) that it
requires further narrowing down in order to facilitate the ef-
fective cleaning operation. When the vaporizing pressure of
the paint film is sufficiently high, the vaporized paint tends
to thrust up the adhering contaminants rapidly from the sub-
strate surface. Fig. 7 illustrates the individual characteristics
and the contribution of van der Waals force, electrostatic
force and capillary force to the overall adhesion of a particle
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Fig. 5. Relationship between film vaporization temperature and pressure.

having radius R. It indicates that the contribution of Van der
Waals force is dominantly large whilst the capillary force is
almost insignificantly small. For a polishing colloidal silicon
dioxide with size of 0.2 pm adhering onto a super-smooth
glass substrate, its overall adherence force was calculated as
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0.399 x 107° N, that is 3.668 x 10° times of the value for
the relative gravity of the particle. Any practical cleaning
method is difficult to achieve so huge an acceleration except
an efficient laser cleaning technique. The cleaning force pro-
duced by the vaporization pressure of the black paint film
for removing a particle of radius R can easily be evaluated
from Fig. 8. The relationship of vaporization pressure and
the particle removal force as shown in Fig. 8 illustrates that
the cleaning force is smaller than the adhesion force when
the radius of the particles is 0.1 um, thus implying that the
contaminant particle can never be removed under such cir-
cumstance. As the particle radius increases to 0.2 pm, the
laser cleaning force becomes larger than the adhesion force
of a particle when the vaporization pressure is beyond the

x 107

—— Total adhesion force
—%— Van der Waals force
—x»— Capillary force
—+— Electrostatic force

2.5H

=
& N
T T

Adhesion force (N)

0.5

0 * * x

0 0.5 1 1.5
Radius of particle R (m) x 1078

Fig. 7. Relationship between particle radius and different adhesion force.

value of 1.5 x 10° N/m” and the laser fluence is ranging
from 14.35 x 10% to 20 x 10° J/m? (Figs. 4-6). From Figs. 5
and 8, the lowest laser fluence likely to start the movement
of the contaminant particle with radius of 0.3 pm (Fig. 4)
can be evaluated as 10.6 x 10 J/m?. Generally, the larger
the particle radius is the wider the selection range of laser
fluence is for removing the contaminant particle. The nu-
merical investigation undertaken in this study limits the size
of polishing colloidal silicon dioxide from 400 to 600 nm,
also the selection of laser fluence for removing the contam-
inant particles at and beyond 0.4 um in a 3 pm thick black
paint film ranges from 14.35 x 10 to 20 x 10° J/m?.

4. Experimental validation

Effective laser cleaning technique should completely re-
move the contaminated particles from a substrate surface
and yet retain the surface free from damage. Since the clean-
ing objects are poor absorption to IR and UV laser, and
super-smooth optical substrate surface has strong hydropho-
bic feature, black paint film is thus used to cover the con-
taminant particles on top of the substrate surface to form a
colloidal film for assisting laser cleaning. Experimental val-
idations of the proposed method incorporating the predic-
tions in Section 3 were thus conducted.

4.1. Experimental setup

A KLS 522 multi-mode Nd:YAG laser made by Switzer-
land LASAG Corporation was used in the experimental sys-
tem as shown in Fig. 9. The Nd:YAG laser has a wavelength
of 1064 nm, pulse width in the range of 0.05-20 ms with
a maximum pulse repetition rate of 1000 Hz, a maximum
peak pulse power of 6 kW, and average pulse energy of
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250 W and maximum pulse energy of 50 J. The laser would
be adjusted to give focal spots with diameter 0.2, 0.5, 1, and
1.5 mm, respectively, by suitably installing lens with focal
length corresponding to 50, 100, 125, and 150 mm. For the
experimental investigations below, the laser was set to give
a focal spot with diameter 0.5 mm and the pulse duration
was set at 15 ms.

4.2. Sample preparation

The original surface of specimens used in this experi-
mental study was taken after chemical machining process
(CMP) and all the large and loose particles prior to laser
cleaning were removed by ultrasonic cleaning method. The
micro-contaminants on optical substrates in the experiments
were composed of the suspension of polishing colloidal pow-
ders of silicon dioxide and particles of the polished substrate
itself, with sizes likely to be smaller than 600 nm. SEM was
used to take photographs of the contaminant particles on a
post-CMP surface of optical glass substrate (Fig. 10). Thin
film of black paint, which was volatile under the intensive
irradiation of laser fluence, was sprayed on the surfaces of
specimens in a container, with the spraying speed being suit-
ably controlled to give spray thickness of 0.1 pm/min. SEM
morphology of sprayed film on an optical substrate surface
was shown in Fig. 11.

CcCD

Reflector Reflector

Collimator

' Focusing Lens

Fig. 9. Schematic diagram of the laser cleaning system.

17

Fig. 10. Colloidal silica on the surface of Post-CMP K8 substrate.
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Fig. 11. Topography of a thin film coated on a post-CMP substrate surface.

4.3. Laser cleaning tests

Specimen was mounted on a specially designed and
computer-controlled universal inspecting table having six
free degree of motion. The incident laser-eradicated col-
loidal film at a preset place on the specimen at different
angles by controlling the linear and rotary motion of the
universal table. Cleaning path and profile were normally
dependent on the thickness and vaporization point of the
black paint sprayed on substrate surface. Change in fluence
irradiating on substrate surface was achieved by adjusting
the beam diameter, pulse duration, and pulse frequency in
computer software. Correct diameter and size adjustment of
laser beam was identified by a burn pattern that allowed
estimating the average fluence of individual settings. The
nature of multimode and non-Gaussian beam profile of the
laser system gave approximately uniform intensity so that
the fluence in the experiments was therefore an average
value of the beam. The energy of laser was automatically
detected by an energy-measuring instrument and displayed
on a computer monitor. A charge-coupled device (CCD)
with 5-2000 times of magnification was used to in situ
visualize the cleaning process whilst SEM was used to an-
alyze the laser-cleaned specimens. Furthermore, a particle
recognition system was used to analyze on-line the image
captured by both CCD optical microscope and the off-line
image of SEM. Tests were performed firstly by setting
the required laser fluence, focal spot diameter, and pulse
duration of the Nd:YAG laser, then starting the laser to
spot-irradiate the paint film accordingly.

4.4. Results and validation of the cleaning laser fluence

Experiments were performed to validate the predictions
of laser fluence required in removing the contaminant par-
ticles from super-smooth substrate surface. Surface mor-
phology (Fig. 12) of the irradiated zone of black paint film
with 300 nm thickness under various fluence of a single
laser validated the change of cleaning efficiencies of the
substrate surface with incident laser fluence. At low flu-
ence of 5 x 10% J/m” that was below the predicted lower
threshold to remove contaminants and above the fluence to
commence the melting of the paint film (Fig. 4), surface

Fig. 12. Surface morphology of laser cleaning, 3 pm thickness film on
the substrate surface: (a) ¢ =5 x 10° J/m?; (b) ¢ = 9.34 x 10° J/m?;
(c) ¢ =1121 x 10° J/m?; (d) ¢ =152 x 10° J/m?.

morphology of the laser irradiated zone (Fig. 12(a)) showed
that the super-smooth substrate surface was still vividly
covered with a layer of remelting paint compound with
relatively stronger level of remelting in the center than
that around its surrounding. When the laser fluence was
increased to 9.34 x 10°J /mz, surface morphology of the
laser-irradiated zone (Fig. 12(b)) revealed the occurrence
of a relatively larger vaporized region on film that unveiled
some regions of the bare super-smooth surface, showing
the inefficient removal of the film. Although the surface
morphology showed sight of the nonuniformity of the laser
energy distribution that undisputedly affects the results
of cleaning experiments, the exploration of the vaporized
surface of the irradiated film deduced that the hypothesis
of approximate uniform energy across the focusing spot
was permissible. By further increasing the laser fluence to
11.21 x 10° J/mz, SEM morphology (Fig. 12(c)) showed
the exposure of substantially larger regions of substrate
surface with some film remains scattering over the irradi-
ated zone. The morphology suggested the film evaporation
(Fig. 12(c)) becomes the major cleaning mechanism under
the operational conditions, and higher cleaning efficiency
has been acquired when compared with that shown in
Fig. 12(b). At fluence of about 15.2 x 10° J/m?, surface
morphology in Fig. 12(d) gave idea that the film and parti-
cles were almost completely eradicated under the irradiation
of laser. The almost evenly distributed texture pixel on the
cleaned surface implied the cleaning due to vaporization of
film rectified the non-uniformly distributed fluence across
the laser focal spot. However, the darker pixel in the middle
of irradiated zone (Fig. 12(d)) was identified as trace of
re-solidification of some melted substrate material affecting
the reflection of light. This observation shredded light that
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Fig. 13. Laser cleaning surface with defects under improper parameters:
(a) ¢ =18.8 x 10° J/m?; (b) ¢ =23.8 x 10° J/m>.

the laser fluence of 152 x 10°J /rn2 was the critical value
(i.e. the upper threshold—see Fig. 4 and Section 3.1) for
complete removal of the particles from the substrate surface
sprayed with black paint film of 3000 nm thick. When the
laser fluence was set at 18.8 x 10° J /mz, cracks on cleaned
surface was observed (Fig. 13(a)) and seemed to propagate
around the interphase of glass crystallite due to the heat-
induced surface distensible fracture. When the laser fluence
ascends to 23.8 x 10° J /mz, the irradiated substrate surface
(Fig. 13(b)) gave sight of evaporation of substrate mate-
rial. The laser fluence corresponding to crack generation on
an irradiated optical super-smooth surface would be called
cleaning damage threshold. Results of these experiments
were almost consistent with the prediction and indicated
that the fluence for the effective cleaning should lie between
11.21 x 10° and 15.2 x 10° J/m?, preferentially within 10—
20% below the estimated upper threshold (see Fig. 4 and
Section 3.1).

5. Conclusion

Implementing a layer of black paint film covering the
contaminated particles on the substrate surmounted the dif-
ficulty of laser cleaning of poor laser absorptive silicon
dioxide contaminants from super-smooth glass surface. An
approach of limit analysis was proposed to provide data for
selecting parameters for the laser cleaning process. Predic-
tions of the limit analysis indicated the dependency of tem-
perature and pressure on the operating laser fluence, which
also governed the cleanliness and the cleaning efficiency of
a laser cleaning system. Predicted data also gave the lower
threshold of laser fluence to initiate the boiling of pain film
at the interface of film and substrate, and the upper thresh-
old of threshold that likely initiated the softening of the sub-
strate surface. Experiments on cleaning micro-particles on
K8 optical glass showed that the data predicted by the limit
analysis were reasonably agreeable with the experimental
results, also that the working laser fluence should be in the
range of 80—90% of the predicted upper threshold value.
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