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a b s t r a c t

Thermal based laser surface cleaning could strongly depend on the temporal pulse shaping of laser. In

this study, we have investigated, based on a Finite Element Method (FEM), the effects of different

temporal pulses (Excimer laser, 248 nm, 26 ns), including rectangular and Gaussian shapes, in laser

cleaning of microtapered slots covered by oil film (1.0 mm thick). The FEM model was verified with an

analytical solution for a flat surface, and then applied to the tapered micro-slots structure. Plasma

shielding effect as an important factor was included in current model. The temporal heating profiles

with various laser fluences at different locations of micro-slot were obtained. Corresponding cleaning

effects on the cross section of oil film were illustrated. Besides, a mesh size control equation was

derived, which could ensure the modeling accuracy (o3% deviation). This work has laid down a

theoretical base for further research work in laser cleaning of tapered micro-slots.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Laser cleaning is a rapidly expanding subject within the laser
material processing field in the last 20 years. It has been shown
that pulsed laser cleaning is able to remove the contaminants
from the various material surfaces and effectively protect the
substrate from being damaged because of non-physical contact
and precise control of the laser ablation depth [1–3]. This cleaning
method was initially attempted to process the semiconductor
material (silicon) by Tam and Zapka [4,5]. Their experiments
indicated that various conformations of contaminants could be
successfully cleaned by a pulsed laser. The ultraviolet light with
wavelength of 248 nm irradiated by excimer laser provides higher
emission current on the surface, which could enhance the clean-
ing effect [3]. Meanwhile, more and more laser cleaning tasks
have been finished by nanosecond laser recently due to its
outstanding short pulse duration. Compared with continuous
wave or millisecond pulse lasers, nanosecond laser could provide
higher peak power, furthermore boost the cleaning efficiency per
pulse. Also, short pulse (ns pulse) and its low duty cycle could
greatly restrict the expansion of heat affected zone on the
cleaning target surface. For this reason, the substrate could be
better protected from the heat damage [3]. Therefore, nanosecond
laser has become the mainstream of equipment in laser cleaning
ll rights reserved.
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field, and many achievements are obtained by previous research-
ers [6–8]. On the other hand, tapered silicon micro-slot is a
common structure in chemical etching of silicon wafer, and has
been widely used in semi-conductor industry [9,10]. In the mass
production, the silicon wafers could be sealed by a thin layer of oil
as in fabricating of the 3D micro-gears or the microelectrome-
chanical systems (MEMS) devices, which could be the residue that
adheres on the tapered micro-slot after chemical etching [11,12].
Despite the work by Lee et al. on laser cleaning of plasma-etching-
induced polymer residuals in 800 nm deep hole [13], there has
been no report on laser cleaning of tapered micro-slots.

During the laser cleaning process, high energy densities
provided by pulsed laser provoke abrupt heating–cooling cycles.
Material absorption of the laser energy and corresponding heating
on the surface could be mathematically expressed by the heat
conduction differential equations with either analytical or numer-
ical solutions [14–17]. The temporal shapes of laser play an
important role and the thermal history of the material is sig-
nificantly influenced by it. Compared with analytical solutions,
FEM (numerical) is applied to complex geometry. Its calculation
progress is theoretically expressed as a numerical approach of
partial differential equations (PDE) using integral equations and
proper boundary conditions [18]. The established literatures
proved that plasma shielding effect should be concerned in the
simulation of laser processing involving high intensity laser beam
vaporisation of materials, because a large amount of electrons,
ions and excited neutrals coexisting would absorb the laser
energy and form a plasma cloud above the target surface, which
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may partially or fully block the energy input from the laser beam
[19,20].

In this paper, a mesh size control equation was initially
derived and an FEM model was developed based on two temporal
beam shapes (rectangular and Gaussian). This was verified with
established analytical solution for a flat surface model. Compre-
hensive modeling of laser cleaning of tapered micro-slot layered
oil film was consequently carried out after the above verification.
The optical thickness of plasma cloud was assumed to evenly
increase during the pulse duration, and had uniform absorptivity
for the laser energy. Corresponding temporal heating profile and
cleaning effect on the cross section of the oil film were illustrated.
Material phase change, reflectivity changes at locations and
temperature dependent material properties were taken into
account in the modeling.
2. Numerical simulation

2.1. Boundary conditions

There are three types of heat transfers involved in the laser
heating model: conduction, convection and radiation. The
absorbed laser light energy changes into thermal energy at the
laser material interaction zone on the substrate surface, and the
temperature would rise above the melting point of the material.
Then phase change occurs immediately. The heat flow process
involved is dominated by conduction [21]. In this period, some of
the heat in the melt pool may be lost to environment in the
electromagnetic wave form, which is called radiation heat trans-
fer, and does not require the presence of a medium. Thermal
convection interaction describes the thermal energy in laser
beam-material interaction zone dispersed by the influence of
environmental fluid flow [22]. Considering the short pulse dura-
tion and high peak power for nanosecond laser, thermal convec-
tion and radiation only take small proportion of energy diffusion
in bulk of material, which is neglected in current model [23]. The
thermal conduction is the only formation of heat transfer chosen
in ANSYS software. Thus, several assumptions are ensured in this
paper.
(1)
 All entities in this model are defined as homogeneous bodies,
and corresponding thermal properties are isotropic.
(2)
 Laser beam intensity distribution is an ideal flat top beam.
The loaded power intensity in the beam irradiation area is
constant.
(3)
 The power loss in the form of convection and radiation are
neglected. The thermal conduction is the only formation of
heat transfer in this model.
Fig. 1. (a) The dimension of micro-slot structure and (b) temporal
(4)
varia
The multiple reflection that would happen inside micro-slot is
neglected. All reflectivities used this model is based on the
wavelength 248 nm.
(5)
 The sublimation and recoil pressure of material is ignored in
this model. The phase change follows the classic solid–liquid–
vapor order, and the energy consumed during this process is
represented by the enthalpy of material.
Following heating process and boundary conditions are
described by Eqs. (1)–(4) [24].
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where r is the density, C is the heat capacity, t is the time, r is the
radial position, H(T) is the enthalpy function that incorporates the
phase changes of the material, k is the thermal conductivity, z is
the depth, T is the temperature field, Tbp is the boiling point, T0 is
the ambient temperature, I is the laser beam intensity distribu-
tion which can be expressed by space and time domains equa-
tions. All differential equations of laser irradiation on the solid
surface are calculated in the non-linear solution mode [25].

2.2. Modeling geometry and reflectivity

The model geometry consists of a 1.0 mm thick uniform oil film
covering a tapered micro-slot structure. The taper angle was 101.
Fine element (side length o50 nm) was employed to mesh the oil
film part to elevate the accuracy. The schematic and dimensions
are shown in Fig. 1(a). Two reflectivities are involved to distin-
guish the locations of the slot (top surface, bottom and side
walls). The reflectivity of the oil was 0.048 for the top surface and
the bottom and 0.397 for the side walls. The reflectivities of
silicon were to 0.675 (top surface and bottom) and 0.687 (side
walls) [26,27].

2.3. Temporal pulse shapes

Rectangular and Gaussian pulses were separately loaded. The
intensity of single rectangular pulse can be expressed by [17],

I0ðtÞ ¼ I0Hðt‘�tÞHðtÞ ð5Þ

where I0(t), I0, H and t‘ are intensity of incident laser, the
maximum intensity, Heaviside function and pulse duration
tion of the intensity for rectangular and Gaussian pulses.
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respectively. The laser fluence, fR, for this pulse is:

fR ¼ I0t‘ ð6Þ

Meanwhile, the intensity of the Gaussian pulse is given by
following equation [17],

I0ðtÞ ¼ I0
t

t0

� �b

exp b 1�
t

t0

� �	 

ð7Þ

where b describes the temporal shape factor, and t0 is the
duration that intensity increases to the maximum value from 0.
The expression of fluence, fG, for Gaussian pulse is defined as
[17],

fG ¼ I0t0expðbÞ
Gðbþ1Þ

bbþ1
ð8Þ

Here the shape factor b is set to 1, G(bþ1) represents the
gamma function which equals to the factorial of b here. The
relationship between t‘and t0 can be obtained by Eq. (7),
approximately as t‘ ¼ 0:409 t0. For comparison, the aforemen-
tioned two pulse shapes were calculated for the same fluence,
fR¼fG, which makes their integrations with the same squares on
the intensity shape, as shown in Fig.1(b).
2.4. Material properties

The energy consumed by phase change has taken into account
the material properties and reflects on the temperature depen-
dence of enthalpies. All the temperature dependent and constant
properties of crystalline silicon and oil irradiated by the excimer
laser (248 nm wavelength) are given in Tables 1 and 2 [28,29]. Tmp

and A represent the melting point and absorptivity respectively in
the tables.
2.5. Mesh element

To attach the temperature dependent enthalpies non-linear
solution method is selected. For this reason, convergence condi-
tions have become stricter than linear solution mode, which can
easily lead to non-convergence on the mesh elements with a high
node number. Considering the calculation speed and uneven
meshing on the interface between oil film and silicon substrate,
pyramid elements with 5 nodes were applied.
Table 1
Material properties of crystalline silicon [28,29].

r (kg/m3) 2320 Tmp (1C) 1414 Tbp (1C) 3265 A 0.325

T (1C) 27 227 427 727 927 1227 1412 1727 2227

H (J/cm3) 3.286 354.9 727.1 1320 1739 2406 2842 8213 9537

k (W/m K) 148 76.2 51 31.2 25.7 22.5 22 20 18

C (J/kg K) 705 830 860 880 910 920 925 930 930

Table 2
Material properties of oil film [28,29].

r (kg/m3) 860 Tmp (1C) �10 Tbp (1C) 280 A 0.95

T (1C) 0 37 54.8 67.9 82.5

H (J/cm3) 214.2 241 276 298 327

k (W/m K) 0.18 0.17 0.15 0.15 0.13

C (J/kg K) 1680 1700 1780 1900 2090
2.6. The plasma shielding effect

The mechanism of material ionisation is sophisticated and
strongly affected by many factors including material properties,
concentration and thickness of plasma electrons and the ion
cloud. However, for calculation purpose a simplified model is
established based on Beer–Lambert law, which assumes that a
layer of plasma contacts the evaporation face closely. Its expres-
sion is given as [30],

IsðtÞ ¼ I0ðtÞexpð�aLÞ ð9Þ

where Is(t) is the temporal laser intensity at the sample surface, a
is absorption coefficient of plasma cloud, L is the thickness of
plasma cloud. The thickness of plasma cloud, L, is given by [31],

L¼ cst 0otot‘ ð10Þ

where cs is the hydrodynamic expansion velocity of the plasma,
which approximates to 340 m/s. The absorption coefficient a is
deduced from the Eq. (11), which is expressed by [32]

a¼ 4pkext

l
ð11Þ

where kext and l are extinction coefficient of material and
wavelength of laser, respectively. From the established literature,
it is known that absorption coefficient is also related to the laser
output power [33]. In this case, absorption coefficient, a, is
assumed as 4.23�104/m.
3. Results and discussion

3.1. Mesh size

In the course of building the current model, it was found that
the side length of the mesh element, l, should be smaller than the
state diffusion of the material, which ensures that boundary
conditions could link each node and be loaded on the individual
element for the best accuracy. The schematic of pyramid mesh
element and its side length are illustrated in inset in Fig. 2(a). The
equations of diffusivity, D, is given by [34],

D¼
k

rC
ð12Þ

where D is the thermal diffusivity.
The state diffusion, J, is expressed by

J¼ G
ffiffiffiffiffiffiffiffi
Dt‘

p
ð13Þ

where J and G are the state diffusion and empirical factor
respectively. The empirical factor G could further improve the
accuracy of the model. In this case, considering the calculation
time, the empirical factor G is derived to be 0.9 through the
practical comparison of the temporal rise curves for multiple
values. Due to the fact that the thermal conductivity of the oil film
is low, the state diffusion of oil, J, is only 54.9 nm based on Eqs.
(12) and (13). Therefore, the side length of the mesh element
should be below this value, and all the numerical solution in this
paper are based on the geometry meshed by the element whose
side length is below 50 nm. The analytical solution of rectangular
pulse laser heating substrate is used to verify aforementioned rule
[17], and the curves using the multiple mesh sizes are also
involved, as shown in Fig. 2(a). The black curve in Fig. 2(a) is
the standard analytical heating curve. It is found that the curve for
lo J (red) is much closer to the result of the analytical solution
than the curves for the other mesh sizes.
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3.2. Flat surface model

A flat surface model (z¼0) is established to verify the feasi-
bility of FEM (numerical) model from the proportions of peak
temperature and peak temperature time between rectangular and
Gaussian pulses on temporal heating profiles. Fig. 2(b) shows the
temporal heating profiles initiated by the rectangular and Gaus-
sian laser pulses with the same fluence solved by the numerical
(dot line) and the analytical (solid line) methods. The analytical
profile is obtained from the established literature [17]. Its analy-
tical proportions between two pulse shapes are defined as the
criterion, which would be compared with that for numerical
solution. The normalised peak temperature and peak temperature
time for the rectangular pulse are set to 1.0 in Fig. 2(b). The FE
modeling result is plotted and compared to the analytical one.
Plasma shielding effect is temporarily ignored from the FEM
model for the objective comparison with the established litera-
ture under the same modeling conditions.

Fig. 2(b) shows that the temporal heating profiles and corre-
sponding proportions calculated by two methods are in good
agreement. It is observed that the result of the temperature
profiles for the rectangular laser pulse calculated by the FE
(numerical) model nearly coincides to the analytical one, and is
only slightly higher during the cooling period. For the analytical
curves (solid lines) the normalised peak temperature and peak
temperature time of Gaussian pulse are 0.67 and 0.92 respec-
tively. However, the peak temperature calculated by the numer-
ical solution is higher than these values reaching, 0.70, and a 3%
discrepancy appears. The main reason for this could be the error
of enthalpy values used in the non-linear solver [35]. Therefore,
the FE model is verified to be able to provide a reasonable result
for the simulation of laser cleaning with rectangular and Gaussian
pulses and the modeling error is low.

3.3. Tapered micro-slot modeling

The FE model simulation is that plane wave laser beam
(248 nm, 26 ns) vertically irradiating on the micro-slot structure.
The geometry has three parts: top surface (L1), side walls (L2) and
the bottom surface (L3), as shown in Fig. 1(a). The ambient
temperature is set to 20 1C. Fig. 3 shows that the temporal heating
profiles on the oil film surface (z¼0) irradiated by rectangular and
Gaussian pulses with 5 fluences (30, 40, 50, 60 and 70 mJ/cm2) at
three locations (L1, L2 and L3). Theoretically the oil film where
temperature is below the boiling point (Tbp¼280 1C, as shown in
Fig. 3) directly absorbs the energy from the laser and maintains its
Fig. 2. (a) Temperature profiles calculated by the analytical solution and numerical so

profiles on a flat surface irradiated by the rectangular and Gaussian pulses with the sam

respectively. (For interpretation of the references to colour in this figure legend, the re
liquid state. When its temperature is above the boiling point, the
phase change occurs immediately. The oil film starts transferring
into the plasma cloud that travels away from the surface towards
the laser beam. Meanwhile, the plasma cloud replaces the oil film
and absorbs the laser energy. Its temperature and thickness
would increase rapidly because of plasma shielding effect during
the pulse duration of nanosecond laser [36]. Therefore, the
temperature above the boiling point is the plasma cloud tem-
perature in Fig. 4. Also, the oil film where temperature is above
the boiling point is considered to be cleaned from substrate.

Fig. 3 (1–6) indicates that the peak temperatures on the
heating profiles are linear to the increase of laser fluences. The
curves of 70 mJ/cm2 have the highest peak temperature, as shown
in Fig. 3 (1–6). For the curve with the same fluence and location it
is found that the peak temperature of rectangular pulse approx-
imates 29% higher than that for the Gaussian pulse. The peak
temperatures for the rectangular and the Gaussian pulses occur at
26 ns and 24 ns respectively. Also, for both the rectangular and
Gaussian pulses it is observed that the temperature rise of the
side wall (L2) is far lower than those on the top surface and the
bottom of the slot. Its peak temperature on the side wall is only
about 10% of those on the other locations (L1 and L3) with the
same fluence, because the side walls (L2) have the smaller
horizontal projection and lower beam intensity. Meanwhile, the
3D temperature distribution of 40 mJ/cm2 for Gaussian shape at
10 ns is illustrated in Fig. 3 (7). The distributions for other
fluences are similar to it.

The cleaning depth and temperature distribution on the cross
section of the oil film for the rectangular and Gaussian pulses
with 70 mJ/cm2 are shown in Fig. 4. The smaller mesh size
(15 nm) is employed for the illustration of temperature distribu-
tion of oil film after laser irradiation. The elements where the
temperature is above the boiling point of oil are removed. From
Fig. 4, it is known that the cleaning depths for the rectangular
pulse are 130 nm (L1), 50 nm (L2), and 135 nm (L3) respectively,
and for the Gaussian pulse, the depths are 115 nm (L1), 40 nm
(L2) and 120 nm (L3) respectively.

Meanwhile, Fig. 5 describes the cleaning depth of rectangular
and Gaussian pulses as a function of fluence (20 mJ/cm2, 30 mJ/
cm2, 40 mJ/cm2, 50 mJ/cm2, 60 mJ/cm2, 70 mJ/cm2, 80 mJ/cm2,
and 90 mJ/cm2) at three locations (L1, L2 and L3). It is clear that
for the same location the cleaning depth is linear to the increase
of fluence. For the same location and fluence it is observed that
rectangular pulse could provide higher cleaning depth compared
with that of the Gaussian pulse. The difference between them is
from 10 nm to 20 nm. Also, it is found that the cleaning depth of
lution using FE modeling with multiple mesh sizes and (b) temporal temperature

e fluence. Solid and dot lines are calculated by analytical and numerical solution

ader is referred to the web version of this article.)



Fig. 3. Temporal heating profiles of at top surface (L1), side wall (L2) and bottom (L3) with multiple laser fluence for (1–3) rectangular and (4–6) Gaussian pulses. The 3D

temperature distribution of 40 mJ/cm2 for Gaussian shape at 10 ns is illustrated in (7).
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side walls (L2) is much lower than the other two locations under
the same laser parameters. The cleaning depth can drop to 0 at
low fluences, as shown in Fig. 5. The cleaning threshold is the
minimum input laser energy density required to remove the
contaminant. The cleaning thresholds of tapered micro-slot
structure depend on the cleaning depth at side walls (L2) and
can be predicted by the current model. All the predicted cleaning
thresholds for rectangular and Gaussian pulses are presented in
Table 3. It shows that higher fluences and extra pulse number are
required for the cleaning of side walls (L2). In addition, the



Fig. 4. The cleaning depths and temperature distributions on the cross section of oil film at top surface (L1), side wall (L2) and bottom (L3) for (1–3) rectangular and (4–6)

Gaussian pulses.

Fig. 5. The Cleaning depths of the rectangular and Gaussian pulses as a function of laser fluence (20 mJ/cm2, 30 mJ/cm2, 40 mJ/cm2, 50 mJ/cm2, 60 mJ/cm2, 70 mJ/cm2,

80 mJ/cm2, and 90 mJ/cm2) at three locations (L1, L2 and L3).
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cleaning depth on bottom surface is larger than that on top
surface, and the average difference is about 10 nm.

The phenomenon that rectangular pulse provides higher peak
temperature and larger cleaning depth could be caused by two
factors. Firstly, the rectangular pulse could keep the maximum
power intensity, I0, for the whole pulse duration (26 ns), which
benefits the accumulation of energy on the substrate surface.
Reversely, although Gaussian pulse has longer pulse output time,
it only achieves to the peak intensity at time, t0, and then the
power intensity starts to go down, as shown in Fig. 1(b). It is
known that the amount of energy provided by Gaussian pulse
would be smaller than that of rectangular pulse in the unit laser



Table 3
The cleaning thresholds on micro-slot model.

Temporal laser

pulse

Cleaning threshold

(mJ/cm2)

Rectangular 20

Gaussian 40
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output period. Secondly, as the main formation of thermal
transfer, thermal conduction continuously influences the tem-
perature rise at the substrate surface. Compared with the laser
power intensity absorbed by material surface, the intensity loss
led by thermal conduction at surface only takes the small
proportion of power intensity input in whole system which is
less than 1% in this case based on Eq. (3). The intensity loss could
offset part of the input laser intensity on the material surface. For
the rectangular pulse its working period is only the pulse duration
(26 ns), which is far shorter than that for Gaussian pulse. There-
fore, more laser fluence would be offset due to thermal conduc-
tion if Gaussian pulse is employed in cleaning task.
4. Conclusion

The FE model successfully simulates the laser cleaning of
tapered micro-slot structure irradiated by temporal rectangular
and Gaussian pulses, and the cleaning thresholds are predicted
based on it. A mesh size control equation has been derived, which
provides the modeling accuracy (o3% deviation) compared with
established analytical solution. The micro-slot model indicates
that the rectangular pulse has higher cleaning efficiency com-
pared to the Gaussian pulse, and cleaning depth at side walls (L2)
is lower than the other locations (L1 and L3) using the same laser
parameters.
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