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ABSTRACT— Micro size craters were created by
interaction of nanosecond laser beam with
titanium target in liquid media. The dimension
of crater i.e. depth and width is important in
some applications such as micromachining.
When the interaction occurs in liquid
environment, the ablated materials from the
target expand into the liquid. The ablated
material can affect the interaction process if the
ablated material concentration increases. In this
paper, we study the effect of ablated materials
in liquids on the crater width. The crater
dimension was characterized by using an optical
microscope. The results show that not only the
type of environment liquid is important in the
final size of the created craters, but also the
laser fluence and the liquid depth in which the
interaction takes place is important in the
crater size.

KeywoRbDs: Crater width, High power pulsed
laser, Laser ablation, Liquid ambient, Titanium
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|.INTRODUCTION

Laser induced ablation has been used in the
last decades as a capable method in industry
and medicine because of its extending unique
advantages. Micromachining, nanoparticle
production, pulsed laser deposition and
material identification are some examples of
the most widely used applications of laser
ablation in the industry [1]-[4].

Laser ablation is usually induced by focusing a
high power pulsed laser beam on the surface of
a target material. A portion of the beam energy
is absorbed by free electrons on the target
surface and the material heats up as a
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consequence of electron-phonon interaction. In
low fluences, the target surface is only melted
and evaporated. The melted material flows due
to the temperature gradient on the surface and
as a result, the surface structure modifies. It
has been found that under different conditions
of laser pulse duration, different kinds of
micro and nano structures can be formed at the
irradiation ragion [5], [6].

If the laser fluence is sufficiently high, a
plasma plume can be formed and the material
is removed from the surface as excited
electrons, ions and neutrals. The hot plume
expands and (except in vacuum interaction
medium) generates a shock wave that expands
with supersonic velocity toward the laser beam
[7]1-[9]. Therefore, as a consequence of
considerable material removal, a crater forms
at the irradiation region. Several processes
such as normal boiling, homogeneous boiling
and bubble formation may occur depends on
laser beam characteristics, target material
properties and interaction ambient [10]-[14].

Nanoparticle production and micromaching by
laser ablation in liquid as an interaction
medium have been interested in recent years
because of some advantages of liquid with
respect to air [15]-[23]. Synthesizing of
nanoparticles by using laser ablation in a
liqguid medium is much simpler and easier
procedure compared to the conventional
chemical methods [15], [16]. The possibility of
controlling the size of the produced
nanoparticles is also a prominent feature of
this method. Material processing with laser
ablation can be strongly influenced by laser
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beam parameters such as wavelength, energy,
beam spot width, number of pulses and pulse
duration [11]-[13]. The properties of ambient
medium are also very effective at the crater
morphology, depth and width [14], [17]-[23].
Due to higher pressure and temperature of the
plasma in ambient liquid with respect to those
in ambient air or vacuum, craters with greater
depths and widths can be formed in laser
ablation in ambient liquid. The liquid
environment can also result in the elimination
of debris redeposition at the irradiated region.

Many researchers devoted their research to
study laser ablation of different solid targets in
liquid medium. For example, by ablating
silicon target with a KrF excimer laser, Zhu et
al. obtained higher values of crater depth for
ambient water in compare with those in
ambient air [18]. In our previous work, we also
investigated the effect of pulse number and
laser intensity in laser ablation of aluminum
targets in both air and water [23].

It must be noted that the control of crater
width is an important issue in material
processing with laser ablation. In the case of
laser ablation in liquid ambient, the ablated
material expands into the liquid medium
during the irradiation time and thereafter.
Practically, irradiating the target with the first
few pulses leads to a small increase in the
concentration of the ablated (removed)
material in the liquid medium. However, if the
interaction takes place with higher number of
pulses, the amount (concentration) of the
removed material in the liquid increases.
Therefore, in the condition of irradiation with
high pulse numbers, the laser beam may reach
the target surface after passing through liquid
with highly concentrated micro/nano size
ablated particles. In such condition part of the
laser beam energy gets absorbed by these
particles before reaching the target surface.
Obviously, the absorbed energy is related to
the concentration of the suspended micro/nano
particles in liquid. As a result, some issues
such as the heat affected zone (HAZ), and the
geometrical features of the crater on the target
surface may be significantly influenced by the
ablated micro/nano particles.
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To our best knowledge, there is no report to
show the effect of absorption of light by the
ablated material on crater dimensions i.e.
crater depth and width.

In this paper, we studied experimentally the
influence of the amount of the ablated material
on the crater widths. The ablation process
occurs during the irradiating of a titanium
target by Nd:YAG high power pulsed laser in
three different environment i.e. distilled water,
acetone and ethanol. In a separate experiment
the irradiations took place at a fixed laser
fluence while the target was placed at different
depths in distilled water. The experiment was
also performed for different laser fluences in
distilled water and a constant water depth. The
results show that the crater width is very
sensitive to the amount of energy received on
the target surface.

1. EXPERIMENTS

Figure 1 shows a schematic diagram of the
experimental setup. A high power pulsed
Nd:YAG laser with 1064 nm wavelength, 10
ns pulse duration and 10 Hz repetition rate was
used to induce ablation. The Nd:YAG laser
beam was initially expanded by a beam
expander and focused on the target surface by
a doublet lens (f ~ 18 cm,) providing a beam
spot radius of ~ 150 um at the target surface.
As this figure shows, in each irradiation a
small portion of the beam was reflected by a
splitter and the beam energy was recorded by a
pyroelectric energy meter. Titanium with the
thickness of 3 mm was irradiated in three
liquid media (distilled water, acetone and
ethanol). In order to perform experiments in
liquid medium, the titanium target was placed
in a small cell.

In each irradiation, the titanium target was
exposed to the laser beam within a certain time
in which the total number of pulses irradiated
on the target surface was 1500. In the present
paper, the effect of ablated material
concentration (in liquid) on crater width was
studied while different laser fluences and
liquids were used in the experiments. In the
experiment, firstly the titanium target was
irradiated with specific laser fluence (and with
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1500 shots) while the target was placed in a
specific depth (of the ambient liquid). Then the
target moved to a fresh region and the
irradiation was repeated again. In the second
irradiation one can assume that the ablated
material (of the first irradiation) absorbs part
of the incident laser beam energy, and reduce
the loaded energy at the target surface. This
process was repeated for eight fresh regions of
the target surface. It must be noted that at each
step, the accumulation of removed material in
the liquid medium increases. Therefore the
transparency of the liquid medium reduces
more after each step.

Nd:YAG N Mirror  Splitter
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Fig. 1 Schematic diagram of the experimental setup.

For estimating the amount of ablated material,
a cone shape geometry was assumed for the
crater. There are some reports indicating the
creation of craters with almost cone geometry
by nanosecond laser ablation of metals and
semiconductors [23], [24]. Therefore, the
crater volume can be calculated based on the
crater dimensions (depth and width). In our
experiment, the depth of produced craters was
measured by using an optical microscope with
maximum magnification of 1000x. The
microscopic images of the craters were
analyzed by image processing software and the
craters’ width were characterized. The amount
of the removed material from each crater can
be estimated when the crater volume is known.
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In the experiments, we focused our study to
evaluate three different issues which affect the
crater characteristics. First, we studied the
effect of laser fluence delivered on the target
surface  (without considering the light
absorption by ablated materials and
environment liquid) at a constant water depth
(the distance "d" in Fig. 1 in which the
titanium target is placed). In the second
attempt the irradiation was performed in
distilled water at a constant laser fluence
(without considering the light absorption by
ablated materials and environment liquid) and
the effect of water depth was investigated. In
the third experiment, three liquid material
(distilled water, acetone and ethanol) were
examined and the laser fluence (without
considering the light absorption by ablated
materials and environment liquid) and liquid
depth were kept constant (55 J/cm? and 10 mm
respectively).

11l.RESULTS AND DISCUSSION

Typical images of the craters on the titanium
surface are shown in Fig. 2. The data for this
figure are summarized in table 1. Each crater
was produced by irradiation of the titanium
target surface (total pulses of 1500). The
results show that the crater width is varied for
different conditions of laser fluence and liquid
ambient.

Table 1 The information about the target surface
images in Fig. 1.

Liquid

Figure Fluenczze depth Width Liqui_d
(J/em?) (mm) (um)  material
2(a) 90 10 338 water
2(b) 110 7.6 364 water
2(c) 55 10 303 water
2(d) 55 7.6 547 water
2(e) 55 10 265 ethanol
2(f) 55 10 282 acetone

According to the results shown in Fig. 2 and
table 1, the crater width is strongly depends on
the laser beam characteristics and interaction
ambient. There are great differences between
the results when the laser fluence or the
ambient parameters change. More detailed
analysis of the results is discussed in the
following sections.



M. Akbari and M.H. Mahdieh

Fig. 2 Typical microscopic images of the craters
formed on the titanium surface. The data of the
figure are summarized in table 1.

A. The Effect of Laser Fluence

In order to investigate the effect of laser
fluence on the crater width, the experiment
was performed using different laser fluences
but keeping the target surface at a constant
depth in liquid distilled water (d=10 mm in
Fig. 1). Figure 3 shows the crater width versus
the relative amount of ablated material at four
different fluences 55, 90, 110 and 130 J/cm?.
The results in Fig. 3 show that the crater width
increases with laser fluence. For instance, from
Fig. 3 it can be seen that the minimum crater
width of 470, 410, 390 and 320 pum were
obtained for the laser fluences of 130, 110, 90
and 55 J/cm? respectively. These results can be
explained by the following description. At a
constant water depth, the energy loaded on the
target surface is increased with increasing the
incident laser fluence. Practically, the total
spatial part of the beam can not contribute in
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laser ablation. The ablation can take place if
the laser intensity is greater than a threshold
intensity. In fact, in each irradiation only part
of the beam (where the intensity is enough for
ablation) can ablate the target surface. By
increasing laser fluence, the laser intensity at a
larger area become enough to ablate the
material, therefore larger crater can be created.
As a result, higher laser fluence leads to the
creation of craters with higher widths.

2
5004 m 55 J/cm2
. e 90 J/cm
~~ 2
= 450 . A 110 J/cmz
3 . + 130 J/cm
e A *
* .
§ 400 . * .
= s a
(- 3504 A °
8 * e,
u u

E 3004 [ ] L] A.Al IAI o °
O

250

0.0 01 02 03 0.4 05 0.6 0.7 0.8 0.9 1.0 1.1
Relative Amount of Ablated Material
Fig. 3 Crater width versus relative amount of

ablated material for 55, 90, 110 and 130 J/cm? laser
fluences and 10 mm water depth.

The crater width also decreases with
increasing of the relative amount of ablated
material for any specific laser fluence. As the
Fig. 3 shows, the craters width decreases
significantly for lower amounts of ablated
material and remains almost constant for
higher amounts of removed material. The light
absorption relates to the properties of the
ambient in which the light travels through.
Increasing absorbing species in the liquid
medium, results in reduction of transparency
of the liquid medium. During the ablation
process, the plasma plume expands and
ablated material (including liquid droplets,)
micro and nano particles are ejected from the
surface with high velocity [25]. The expanding
hot material cools down later and the ablated
material spreads out in the liquid medium. In
this case, a laser beam must travel through the
liquid which is enriched by ablated material.
As a result the beam energy is absorbed and
dispersed by the ablated particles. Thus, the
energy delivered on the titanium surface is
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reduced. In our experiment, when the first
crater is produced, the concentration of the
ablated micro/nano particles in the liquid is
low, therefore, their absorbing effect can be
ignored. However, for the next craters, the
laser beam propagates through a more opaque
liquid. As a result, part of the beam energy
gets absorbed and lower energy is loaded on
the target surface. Therefore, a crater with
smaller width is formed. It can be concluded
that the crater width decreases with increasing
the number of craters that are created.
However, the absorbing rate decreases with
exposure time. This can be seen in Fig. 3
which shows the crater widths remain
approximately constant at higher amounts of
ablated material.

B. The Effect of Liquid Depth

Figure 4 shows the crater width versus the
relative amount of ablated material at different
liquid depths. Figure 4 shows the results of an
experiment in which a titanium target was
irradiated in distilled water at a constant laser
fluence 55 J/cm?. The water depth was also
changed within a range of 6.7, 7.6, 8.5, and 10
mm to investigate the effect of water depth on
crater width.

According to the results, the crater width
increases dramatically with decreasing the
water depth from 10 to 7.6 mm. Such results
may be due to the consequence of decreasing
of the laser transmission distance in water.
However, the crater width decreases slightly
with decreasing the water depth from 7.6 to
6.7 mm. A small reduction in crater width by
increasing the amount of removed material is
also seen in each water depth. The interaction
medium (distilled water) has a high absorption
coefficient at the wavelength of laser (~ 0.5
cm? at 1064 nm). As a result, the energy
received by the target surface was restricted to
lower value when the water depth is increased.
Therefore, the crater width reduces when the
target is placed in deeper water. The other
reason for such results may be explained by
taking into account the absorption of the
ablated particles in the passage of the beam.
By increasing the water depth, the distance in
which the absorbing species absorbs the beam
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energy increases. Such condition may lead to
decrease the received energy on the target
surface.
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Fig. 4 Crater width versus relative amount of
ablated material for 6.7, 7.6, 8.5 and 10 mm water
depths at 55 J/cm? laser fluence.

On the other hand, in lower water depths the
expansion of the plasma and the ablated
material are limited to a smaller distance rather
than that in a higher water depth. Therefore,
plasma with higher temperature and electron
density is formed at a lower water depth. Since
the trailing edge of the laser beam can be
absorbed more considerably in hot and dense
plasma than cold and dilute plasma, higher
values of energy reached on the target surface
at the higher water depth.

As shown in Fig. 4, crater width decreases
when the water depth is decreased from 7.6 to
6.7 mm. The data for 6.7 mm depth cannot be
explained easily. The results for this depth
could be very similar to that of 7.6 mm depth
and such similarities could be due to the
saturation of the beam fluence at depth higher
than ~ 7 mm. As explained earlier, three
factors are effective in the energy portion that
reaches on the target surface: the distilled
water absorption (at the laser wavelength), the
absorption of the beam energy by ablated
particles (and material) and finally plasma
absorption of the laser beam (the trailing
edge). The first two issues result in decreasing
the crater width at higher water depths, while
the last factor is more effective at lower water
depths. According to these results, in the
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condition of our experiment if craters with
larger widths are preferred, 7.6 mm water
depth is the best option.

C. The Effect of Liquid Material

Crater widths with respect to the relative
amount of ablated material in water, acetone
and ethanol (as the interaction ambient) are
shown in Fig. 5. In this experiment the laser
fluence and liquid depth were 55 J/cm? and 10
mm, respectively.
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Fig. 5 Crater width versus relative amount of
ablated material for three different liquid medium
(water, acetone and ethanol) as interaction medium
at 55 J/cm? laser fluence and 10 mm liquid depth.

Our results show that the crater widths have
almost similar trends for three liquid media,
i.e. fast reduction in the condition of small
ablation and slow reduction (remaining almost
constant) for the case of large ablation.
However, the amount of material that removed
from the titanium surface in water is almost
two and five times higher rather than those for
acetone and ethanol, respectively. Such results
show that more efficient ablation can be
achieved in water. Enhancement of the laser
ablation in water with respect to those in two
other liquids may be due to the consequence of
different ablation dynamic processes. The
dynamic processes include plasma formation
and expansion, ablated material expansion,
and shock wave development in liquids.

Excluding the data for the lowest amount of
the ablated material, it can be seen from Fig. 5
that the crater widths have larger values in
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water (as an interaction environment) with
respect to those in acetone and ethanol. Such
results may be due to the consequence of
different absorption coefficients in these
liquids at the laser wavelength. Further
investigations show that the size (and size
distribution) of produced micro/nano particles
is different when different liquids are used.
Such different sizes of produced particles may
be considered as the second reason of such
behavior.

1\V.CONCLUSION

Controlling the crater width in laser ablation is
very important in some industrial applications
such as micromachining. In this paper, we
investigated the effect of the ablated material
(in liquids) on the crater width. The effects of
laser fluence as well as interaction medium on
the crater width were evaluated. Titanium
target was placed in a liquid cell and the
irradiation was provided by focusing an
Nd:YAG pulsed laser beam on the target
surface. From the results it can be concluded
that the concentration of the ablated material
in the liquid medium strongly affects the light
absorption during its propagation through the
liquid ambient. From the results we also
concluded that greater values of crater width
were obtained at higher laser fluences. It was
also concluded that in our experiment
condition, a distance of 7.6 mm was the
optimum water depth to reach the maximum
width. The results of this experiment show that
the type of the liquid medium also effective on
the crater width.
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