Single-shot nanosecond laser ablation of Ni in low and
high viscosity liquids at different temperatures
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We study the ablation efficiency of nickel submerged in
water, ethanol, ethylene glycol, and glycerol, and also in
ambient air for reference by single-shot nanosecond laser
pulses with a special interest to see whether the liquid
viscosity plays an important role on the topography of
ablation craters. From the characterization of surface
topography with a white light interferometry-based
profilometer we find a clear difference in the ablation
efficiencies in ethylene glycol at room temperature and
glycerol at 100 °C for which the viscosities are rather
similar. This suggests that the liquid viscosity itself would
not play a major role during the formation of ablation
craters.

Laser ablation [1] occurs as a result of highly nonlinear
interactions between a laser pulse and a target, and lots of
studies have been undertaken to understand the complicated
dynamics [2-21] with some recent theoretical models [22,23].
Apart from the basic interest, laser ablation is an undoubtedly
versatile technique, and roughly speaking there are two ways of
applications. One way is to utilize blown-out particles as a
means to synthesize nanoparticles [24-37], and another way is
to utilize the laser-ablated surface itself, which is usually called
laser texturing or laser processing [38-40]. The former is a
convenient way to synthesize nanoparticles colloids with lasers,
and there are many studies on the synthesis of nanoparticles
through laser ablation of solid targets in water and various
organic liquids ([31,35] and references therein). As for the latter,
most studies focus on the surface morphologies upon laser
ablation in air, water, and organic liquids, and very few studies
report the surface morphologies of laser ablation in
moderate/high-viscosity liquids such as ethylene glycol [16] and
glycerol [15]. We should note that not only the atmosphere (i.e.,
gas or liquid environments) but also the pulse duration (i.e.,
femtosecond, picosecond, or nanosecond duration) is an
important parameter to affect the ablation dynamics with more
thermal effects by nanosecond pulses.

In either case, one of the advantages to perform laser ablation
in liquid lies in the enhancement of ablation efficiency. This is
because ablation occurs in a very confined space surrounded by

the liquid (so-called confinement effect), so that the recoil
pressure upon ablation boosts the drilling of the target.
Obviously laser ablation in liquids is a very complicated process,
since it involves the formation of plasma and bubble consisting
of both target material and liquid component in gas as well as
liquid and solid phases: Under the typical laser parameters
employed for laser ablation, i.e., femtosecond, picosecond, or
nanosecond laser pulses with a pulse energy of sub-mJ to a few
tens of mJ and spot diameter of a few tens of um, the plasma
emission lasts for tens of nanosecond to a microsecond while
the bubble starts to grow about the same time, reaches the
maximum size in about one or two hundred microseconds, and
then collapses [31,35]. If a short (< picosecond) laser pulse with
a spot diameter of nearly diffraction limit, i.e., ~1 um is
employed, the bubble lifetime can be much shorter than 100
microseconds. There are a few studies which report the
influence of liquid properties on the topography of ablated
surfaces, but the liquids employed in those studies are low-
viscosity liquids such as water [4,6,9,15,17,20,21] and alcohol
[15,18]. As for laser ablation in moderate/high-viscosity liquids
to modify the surface morphology we are aware of only a few
works [15,16], and in particular reference [15] was devoted to a
comparative study of high energy (>300 mJ/pulse) nanosecond
laser ablation of Al and Ti alloys in water, isopropanol, and
glycerol at room temperature [15], and the authors concluded
that the density, thermal conductivity and acoustic impedance
of the liquids play a dominant role in ablation efficiency.

To investigate the influence of liquid properties on the
topography of ablated surfaces single-shot rather than multi-
shot laser ablation is much more effective, since, for the case of
multi-shot laser ablation, possible presence of microbubbles
formed by previous laser pulses and shot-to-shot change of the
target surface morphology will obscure the fundamental
differences caused by laser ablation in different liquids. Varying
the temperature of high-viscosity liquids is also a way to
highlight the role of such liquids, because their viscosities
significantly decrease with increasing temperature.

In this work we carry out a comprehensive study of single-shot
nanosecond laser ablation of Ni substrates in low-viscosity
liquids, i.e., water, ethanol (ET), moderate-viscosity liquid, i.e.,



Table 1. Properties of the employed liquids under the atmospheric pressure. Ty,: boiling point, p: density, n: viscosity, n:
refractive index, w: beam diameter at the target, VP: vapor pressure, C: specific heat, c: speed of sound, Z: synthetic acoustic
impedance at the interface with Ni, P: plasma-induced recoil pressure.

To(°C) p(g/em®) n(mPas) n  w(um) VP(Pa) C(g'°CY) c(m/s) Z(gecm?Z?)  P/Puater
Water (RT) 100 1.00 1.0 1.33 174 2336 4.18 1480 2.9 x 10° 1.00
ET (RT) 78 0.79 1.2 1.36 176 5800 2.42 1170 1.9 x 10° 0.78
EG(RT) 112 200 143 181 7 238 1670 3.6 x 105  1.09
197
EG(100 °C) 1.06 2.1 1.41 180 2005 2.74 - - -
GOL(RT) 1.26 7650 148 184 0.02 239 1920 4.6x105 1.20
290
GOL(100 °C) 1.21 10.9 1.45 183 26 2.83 1765 4.2 x 10° 1.16
Iris role on the topography of ablation craters, because, naively the
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Fig. 1. Experimental setup.

ethylene glycol (EG), and high-viscosity liquid, i.e., glycerol
(GOL), and also in air for reference (Table 1) with a special
interest to see whether the liquid viscosity plays an important
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viscosity itself does not play a major role during the formation
of ablation craters.

Figure 1 shows the experimental setup. We use Ni substrates
(15 x 15 x 0.1 mm?, Nilaco Co.) as targets of laser ablation. In
order to ensure that each laser pulse interacts with an Ni surface
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Fig. 2. (a) Morphologies of the ablation craters at different pulse energies under different environments. (b) Cross-

sectional shapes of the craters cut at their centers.



with the same morphology and also to reduce the error of the
crater depth measurements, Ni substrates are polished with a
precision lapping machine (MA-150 Musashino Denshi, Inc.)
with 1 um diamond slurry for 30 minutes to reach the surface
roughness of < 100 nm. After cleaning the polished Ni substrate
with water, ethanol, and acetone, we put it in a petri dish and
very quietly pour the various liquids, i.e., pure water, ethanol
(ET) (>99.5%, FUJIFILM Wako), ethylene glycol (EG) (>99.5%,
FUJIFILM Wako), and glycerol (GOL) (>97.0%, FUJIFILM Wako).
The thickness of liquid layers above the Ni target is set to be 5
mm for all ablation experiments. For ablation we employ the
second harmonic of Nd:YAG laser (INDI 30, Spectra Physics,
pulse duration 8 ns, maximum repetition rate 10 Hz, maximum
pulse energy 80 mJ at 532 nm, M?~5) and operate it at 1 Hz.
After the aperture set at the diameter of 4.5 mm, the laser beam
is focused to the Ni target with a f=200 mm plano-convex lens,
and pulse energy after the lens is controlled to 0.5, 1.0, 1.5, and
2.0 mJ with a half-wave plate and polarizing beam splitter cube.
For the ablation experiments in EG and GOL at 100 °C, we
employ a hot plate (Fig. 1). Heating the EG and GOL, however,
results in the liquid evaporation and the mirror fogs up. To
prevent the fogging, we introduce a film heater clipped on a
slide glass (Fig. 1). In all liquids we adjust the focus to the best
position, and repeat the single shot laser ablation of a fresh Ni
surface 5 times by picking up a single laser pulse with an interval
of 75 seconds using a shutter and translating the target by 1.5
mm with a motorized XY stage after each shot. All together we
create only 5 x 4 = 20 ablation craters in each solution to
suppress the contamination of the liquid by the ablated
fragments. After completion of laser ablation in each liquid at
each temperature, we clean the laser-ablated Ni substrate with
pure water and dry it in air.

Shape and depth of ablation craters are measured by white
light interferometry based 3D surface topography measurement
system (Profilm3D, FLIMETRICS). In Fig. 2(a) we show the color-
coded topographies of the ablated craters in different
environments (air or liquids) at different pulse energies (0.5, 1.0,
1.5, and 2.0 mJ) and temperatures (RT or 100 °C). Initially, with
the translation distance of 0.5 mm and time interval of 1 second,
reproducibility of the ablation craters is not good, and this is
particularly true in GOL. But after changing them to 1.5 mm and
75 second, reproducibility becomes very good even in GOL.
Indeed, the choice of the relatively long translation distance of
1.5 mm and time interval of 75 seconds for the employed pulse
energies is to suppress the influence of microbubbles produced
by previous ablation events. We also notice that the craters
formed in air are shallow at any pulse energy and similar is true
for ET, while those formed in water are deeper. This implies
that, although the viscosities of water and ET are very similar,
topographies of the craters formed in those liquids are clearly
different. To understand the observed difference between
water and ET we recall that the supercritical temperature and
pressure of water are 374 °C and 22.1 MPa, respectively, while
those of ET are 243 °C and 6.4 MPa. Therefore, ET in the vicinity
of the ablation target would be in the supercritical state for a
longer time than water [41]. Since the density of supercritical
fluid is between that of gas and liquid, the above consideration
qualitatively explains why the topography of crater formed in ET

-
(@) 20

—e—ET
—e—EG_RT
—e—EG_100

{ —e—GOL_100]

Diameter (um)

9
_Fluence (chmz_)

(b) —e—Air

—e—H20
—e—ET

—e—EG_RT |
—e—EG_100

F N
—_

} —e—GOL_100

Depth (um)
n

3 6 9
Fluence (J/cm?)

() et

=Y
[=2]

-
N
|
1
m
[n]
A
a

}/{

/
— |

;
—

Volume (x 103 pm?)
=]

4
—" ] . .
0 —" —
3 6 9

Fluence (J/cm?)

Fig. 3. Variations of (a) diameter, (b) depth, and (c)
volume of ablation craters in air and different liquids as
a function of laser fluence.

is between those in air and water. As for EG and GOL, while their
specific heats are similar to that of ET the boiling temperatures
are much higher than ET (Table 1). This explains why the
confinement effects of EG and GOL are much larger than ET. It
is, however, difficult to explain the topographical difference of
the craters formed in EG at RT and GOL at 100 °C. While their
viscosities and specific heats are both very similar (Table 1), our
results in Fig. 2 show that the craters formed in EG at RT and
GOL at RT are obviously different. Note that the topographies of
the ablation craters presented above are much better defined
than those reported in a related paper in which nanosecond
1064 nm laser pulses with 367 mJ pulse energy are employed
under the tight focusing condition.
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Fig. 4. Variations of the squared crater radii in air and
different liquids as a function of laser fluence.

To be more quantitative, the first thing we must consider is to
take into account the different laser beam diameters at the Ni
target in air and different liquids. First, using the well-known
formula for focusing the beam diameter at the target in air, W,

, is estimated to be about 150 um. Using the relation,

Jnf

lig = f Wair

with
f'= o f — (g —2)(f —h)

where Wi is the laser beam diameters at the target in a liquid,

while f and f'are the focal lengths of the lens entirely in air

and partially in a liquid with a liquid layer thickness of h. The
estimated beam diameters are listed in Table 1. We notice that
the beam diameters in liquids are about 15-25 % larger in liquids
than that in air, 150 um, and they are similar in water and ET,
and also in EG and GOL. We also estimate the Fresnel reflection
loss at the air-liquid boundary to find that they are all 2-3.5 %
and hence negligible.

Using the estimated beam diameters at the target we can
estimate the laser fluences in different liquids, and plot the
diameter, depth, and volume of the ablation craters that are
formed under the different environments as a function of laser
fluence. The results are shown in Fig. 3. As shown in Fig. 3(a),
the diameter of the crater in each environment linearly
increases as the laser fluence increases, and at a given laser
fluence, the crater diameters are air < ET < water < EG at 100 °C
< EG at RT < GOL at 100 °C < GOL at RT. Similar is true for the
volume (Fig. 3(c)). In contrast, the depth of the ablation crater
does not show a very clear trend (Fig. 3(b)).

Using Fig. 3(a) we plot the squared crater radius, R? as a
function of natural logarithm of laser fluence, In F, and the
results are summarized in Fig. 4. The squared radius of the

ablation crater, R? and laser fluence, F, are connected through
[42,43],

R’=alnF

with a being a constant. Thus, the x-intercept of each line
represents the ablation threshold fluence, Fiw, and from Fig. 4
we find that they are 0.53+0.09, 0.23%0.04, 0.21*0.01, 0.29
+ 0.08, 0.22 + 0.06, 0.57 = 0.03, and 0.62 = 0.08 J/cm?,
respectively, in air, water, ET, EG at RT, EG at 100°C, GOL at RT,
and GOL at 100 °C. Note that estimating the considering the
Ablation threshold fluence of Ni in air is in reasonable
agreement with the reported value [44], and those in water, ET
and EG are relatively similar and lower than that in air.
Interestingly, the threshold fluences in GOL at RT and 100 °C are
both higher than that in air.

To find a clue to explain the different ablation efficiencies in
different liquids, we now consider the pressure exerted to the
target under the confined geometry through the formation of
laser-induced plasma. The plasma-induced recoil pressure
under the confined geometry, P, is written as [45]
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Fig. 5. Variations of the (a) squared crater radii and (b)
volume of ablation craters in different liquids as a
function of acoustic impedance.
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where P is in units of GPa, and Z”q and Z, are the acoustic

impedances of the liquids and Ni target with Z being a synthetic
impedance of those in units of gcm2s?, while | is a laser
intensity in units of GW/cm?. ¢ represents a fraction of the
internal energy representing the thermal energy, and it typically
takes a value of ~0.1 for 10 ns pulses [45]. The estimated
synthetic acoustic impedances are listed in Table 1. Using the
above expression for the plasma-induced pressure and the
values of synthetic acousticimpedances listed in Table 1, we find
that the relative pressures exerted to the target during the laser
pulse are 1:0.78:1.09:1.20:1.16 in water, ET, EG at RT, GOL at RT,
and GOL at 100 °C, respectively. (We cannot estimate Z and
hence p/ P, ier for EG at 100 °C, since the speed of sound of EG

at 100 °C is not available.) This order is in good agreement with
the experimentally measured diameters and volumes of
ablation craters presented in Fig. 3(a) and 3(c). To better see the
correlation between the ablation efficiency and employed
liqguids we show in Fig. 5 the squared radii and volumes of the
craters as a function of acoustic impedance associated with

different liquids. We can clearly see the nice positive correlation.

This clearly shows that the acoustic impedance or plasma-
induced recoil pressure plays an important role on ablation
efficiency in liquids.

In conclusion we have carried out a comprehensive study on
the topographies of laser ablation craters by single-shot
nanosecond laser pulses onto Ni substrates submerged in
various liquids at different temperatures. We have found that
the volume as well as diameter of the ablation craters well
represent the ablation efficiency, and it is in increasing order of
air < ET < water < EG at 100 °C< EG at RT < GOL at 100 °C < GOL
at RT. We have estimated the plasma-induced recoil pressures
exerted on the Ni target in the liquids to find that different
ablation efficiencies in different liquids at different
temperatures can be well-explained by the different recoil
pressures. This suggests that, although we were initially
motivated to investigate the ablation efficiencies in liquids with
different viscosities, perhaps liquid viscosities themselves do
not play a major role during the formation of ablation craters.
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