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Picosecond pulsed underwater laser ablation of silicon and stainless steel: 
Comparing crater analysis methods and analysing dependence of crater 
characteristics on water layer thickness 
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A B S T R A C T   

Liquid layer thickness dependence of 515 nm, 7 picosecond pulsed laser ablation of stainless steel 304 and silicon 
is analyzed. Ablated crater volume and diameter are compared to ablated craters in ambient air by means of a 
novel, objective numerical procedure. While silicon ablation under a water layer is found to be more efficient in 
terms of removed material volume per pulse than ablation in ambient air, an opposite trend is found for stainless 
steel 304. For both materials, the ablation efficiently drops when the liquid layer thickness is decreased to 1 
milimeter. A probable reason for the ablation efficiency drop is persistent bubble formation.   

1. Introduction 

Ultra short pulsed under liquid laser ablation is a field of science 
which is actively studied in the context of eye surgery [1], nano particle 
production [2] and surface texturing [3]. In terms of material removal, 
ablation under a water layer is known to create deeper craters for 
femtosecond pulsed laser ablation of brass [4] relative to ablation in 
ambient air. A similar trend has been observed for nanosecond pulsed 
ablation of silicon [5,6] and aluminum [7]. The cause for this ablation 
efficiency increase in the case of nanosecond pulsed laser micro
machining of silicon was attributed to an increase of plasma density 
created during the ablation process and the generation of a shockwave 
due to cavitation bubble formation [8]. The timescales at which these 
phenomena take place were nicely categorized by Dell’Aglio et al.[9] 
and play a role in under water ablation aside from photon-carrier, car
rier-carrier and/or carrier-phonon interaction typical for in air ablation 
of metals [10,11] and semi-conductors [12]. Specifically in the context 
of nanoparticle generation, work has been performed on the analysis of 
the cavitation bubble formed in under liquid pulsed laser ablation. X-ray 
illumination was used to analyze bubble content [13,14] and strobo
scopic shadowgraphy imaging is often employed to study bubble dy
namics [15,16]. Shockwave and bubble dynamics were also studied as a 
function of liquid layer height over the sample [17]. The effect of liquid 
layer height on post-ablation crater depth has been identified for 
nanosecond pulsed ablation of silicon [18] as well as for aluminum [19] 

and Inconel 718 [20] drilling. Results in these works show a strong 
relation between crater depth and liquid layer thickness. In particular, 
the depth of ablated craters in silicon shows 0.1 mm sensitivity to layer 
thickness changes [18]. Ablation experiments with a layer accuracy of 
this liquid level has not been performed for other materials, which im
plies that there is room for further research on under liquid ablation 
using a set-up that facilitates a layer thickness with sub-milimeter 
precision. 

Comparison of in air and under liquid experimental results would 
require an analysis method which allows for the unambiguous com
parison of the properties (volume, diameter) of craters. Typically, crater 
circumferences which are drawn ’manually’ in microscopy images, are 
used to determine a radius and circle centre that ’best’ fits the crater. For 
craters which are not perfectly circular, this approach is far from trivial 
and highly subjective. The depth profile of under water ablated craters 
are known to be non-gaussian shaped for ultrashort pulsed ablation on 
silicon under certain parameter conditions [21], which hampers the 
effectiveness of crater diagnostics. Alternatively, crater profiles have 
been measured and integrated relative to a reference plane to yield a 
crater volume [22]. In this approach, the choice of reference plane 
placement is presumably based on unablated sample material surface 
roughness, though the exact definition of this plane is typically not 
defined. This would mean that local inhomogeneities in the surface 
roughness are not taken into account in the volume deterimnation which 
complicates the determination of the crater volume accurately. 
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The goal of our presented work is therefore twofold: First, to obtain 
crater data on under liquid ablation with a layer thickness that is defined 
with sub-milimeter accuracy and second to analyse these craters using 
an objective volume determination method that allows for compensa
tion for local surface roughness inhomogeneities. 

2. Material and methods 

2.1. Laser setup 

The laser setup is outlined in Fig. 1. A 7 ps pulsed Yb:YAG laser 
source (TruMicro5050 of Trumpf, Germany) with a fundamental 
wavelength of 1030 nm was frequency doubled to 515 nm using a sec
ond harmonic generator (SHG). The beam quality of this source equals 
M2 ≤ 1.3. Hence, its fluence profile is nearly Gaussian. The pulse fre
quency was set to 1 kHz to avoid the laser-beam interaction with laser 
induced cavitation bubbles. A combination of a λ/2-plate and a polar
izing beam splitter was employed to attenuate the laser beam. A galvo- 
scanner (IntelliScan 14 of Scanlab, Germany) in combination with an F- 
theta telecentric lens (F-theta-ronar lens by Linos AG, Germany) with a 
focal length of 100 mm was used to focus the laserbeam into an optically 
transparent and watertight box, see Fig. 2. The focus of the laser beam 
was measured outside of the watertight box to be 23 μm using a beam 
profiler (MicroSpotMonitor by Primes, Germany). To align the galvo- 
scanner with respect to the box, a linear stage was used (ATS150 of 
Aerotech, USA). The optically transparent walls of the box consist of four 
4 mm thick 50 by 50 mm square silica glass plates and a base plate of 
aluminum. The glass plates were coated with a visible light anti- 
reflective coating. The box was mounted to an xy-stage (two 
ALS20020 stages of Aerotech, USA) to allow accurate positioning of the 
box with respect to the incident laser beam. Two steel gauge blocks with 
a thickness defined with an accuracy better than 1 μm were mounted to 
the inside of the wall facing the incident laser beam using magnets 
placed on the outside of the silica glass, see Fig. 2. 

2.2. Samples 

Two sample materials were used. A silicon waver (thickness 1050 
μm) with crystal orientation <100> was cut into samples of approxi
mately 20 by 10 mm. Additionally, a stainless steel 304 plate was cut 
into samples of 20 by 20 mm, embedded into an epoxy and subsequently 
polished to obtain a surface rougness of Ra 0.16 μm. Prior to the 
experiment, samples were mounted inside the optically transparent box 
by pressing the sample into the gauge blocks, after which both sample 
and gauge block were ’locked’ inside the box by means of magnets, see 
Fig. 2. The demineralized water was poured in the box to fully submerge 
the sample. During the experiments, power measurements were per
formed directly in front of the optically transparent box using a power 
meter (PM100A of Thorlabs, Germany) and a power sensor (S130VC of 
Thorlabs, Germany). 

3. Theory 

The height profiles of ablated craters were measured by means of 
confocal laser scanning microscopy (CLSM, VK-9710 of Keyence, Japan) 
using a 1024 times 768 pixel camera. The confocal microscope has a 1-σ 
repeatability error of 0.02 μm. 

The height profile of under water ablated craters are known to be 
non-gaussian shaped for ultrashort ablation on silicon under certain 
parameter conditions [21], which hampers the effectiveness of crater 
diagnostics by means of Liu’s method, also known as the D2-method 
[23]. In this section, a novel numerical method is introduced to deter
mine both the volume and the equivalent diameter of craters. 

3.1. Ablation conditions 

Craters were processed using 50 consecutive laser pulses at varying 
levels of pulse energy on silicon and stainless steel. The ambients 
considered are demineralized water and air. For water, experiments 
with a liquid layer thicknesses of 1, 2, 3, 4 and 5 mm were performed. 
The effective pulse energies at the surface of the sample were deter
mined by compensating for reflection losses [24]. At 515 nm, the 
refractive index of silicon is nsi = 4.211+0.0417i [25] and the refractive 
index of stainless steel 304 is nss = 2.000+3.471i which was determined 
by ellipsometery. The indexi of air, silica and water equals nair = 1.000 
[26], nsilica = 1.462 [27], nwater = 1.330 [28]. Resulting transmission 
values are presented in Table 1 and a more elaborate procedure for the 
computation of the stainless steel values in Table 1 may be found in 
existing literature [29]. Effective pulse energies for all ambients and all 
samples were varied between 1 and 10 μJ. Focus conditions under liquid 
were determined by offsetting the focus distance in air by a distance H as 
a function of liquid layer thickness hl and the refractive index of water 
according to [30], 

H = hl(1 − 1/nwater). (1)  

3.2. Crater analysis method 

The purpose of this section is to obtain an objective measure of the 
amount of removed material from the sample due to laser processing. 

Fig. 1. Schematic of the laser set-up used. Numbers denote: 1: laser source, 2: 
1/2λ plate, 3: polarizing beam splitter, 4: second harmonic generator, 5: galvo- 
scanner, 6: optically transparent and watertight box, 7: beam dump, 8: mirror. 

Fig. 2. Render of the optically transparent and watertight box mounted with an 
epoxy embedded sample. 

Table 1 
Transmission values for silicon and stainless steel 
ablation in air and water.  

sample and ambient T 

Tsilicon,air  0.578 
Tss,air  0.354 

Tsilicon,water  0.703 
Tss,water  0.443  
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The region Ω covered by the confocal image is divided into two 
sections: a band region Ωb on the outer edge of the image, and a middle 
region Ωm in the centre, see Fig. 3. Ω is covered by a Cartesian array of N 
rectangular quadrilateral cells each with center points (xi, yi) and cell 
area ΔA, where i is the sequence number of the cell and x and y are 
Cartesian coordinates. Altitudes of the cells are stored in an array zi with 
i = 1,2,…,N. Three corrections of the altitude data zi are required: 

a. a correction to remove noise generated during the confocal im
aging process, 
b. a correction to obtain altitudes relative to the unprocessed surface, 
c. a correction to avoid false removal contributions due to surface 
roughness of the unprocessed surface. 

These three corrections are subsequently discussed in the following 
section. To remove noise generated by sharp gradients on the surface of 
samples, the data is smoothened as follows: 

zn+1
i =

1
4
∑

j∈Ii

zn
j , n = 0, 1, 2,…, ns − 1, (2)  

where Ii is the index set of the four neighboring cells of cell i and ns is the 
number of smoothing operations. Next, the height of the unprocessed 
sample surface is linearly approximated as 

zo
i = a+ b1xi + b2yi, (3)  

in which the coefficients a, b1 and b2 are to be determined. The RMS 
error of the approximation over the outer region Ωb is defined as 

∊(a, b1, b2) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

〈(zi − zo
i )

2
〉b

√

, (4)  

where 〈.〉b denotes the average over Ωb, 

〈.〉b ≡
1

Nb

∑

i∈Ib

(.)i, (5)  

with Nb the number of cells belonging to Ωb and Ib the set of index values 
refering to grid points in Ωb, 

Ib ≡ {1⩽i⩽N|(xi, yi) ∈ Ωb}. (6)  

The coefficients in (3) are determined by minimizing ∊ w.r.t. a, b1 and 
b2. With the approximation z0

i of the unprocessed surface known, the 
relative altitude data ̃zi are defined as 

z̃i ≡ zi − zo
i , i = 1, 2, 3,…N. (7)  

Then points considered to be part of the crater are defined as points 

satisfying z̃i < z̃☆, where z̃☆ is a threshold. This threshold is required, 
because without it the number of ’improper’ crater points on an un
processed sample would be equal to half the total number of points, 
which is evidently not useful. The number of improper crater points can 
of course be made zero by choosing ̃z☆ sufficiently small, but this would 
induce an unacceptable underestimation of the ”real” number of crater 
points. The strategy chosen in this work is to derive an approximate 
expression for the relative error in the number of crater points Nc as a 
function of z̃☆, and to choose an acceptable value of this error from 
which the corresponding value of ̃z☆ follows. 

The relative error in Nc is estimated by first estimating Nc itself as 
being approximately equal to the number of elements in the laser spot, 

Nc ≈ Ns, (8)  

as the diameter of the laser spot is known. The error ΔNc in Nc, is equal 
to the number of improper crater points in the region outside the laser 
spot, 

ΔNc = α(N − Ns), (9)  

α is defined as the fraction of improper crater points within any given set 
of points of unprocessed surface. The relative error β in Nc is now simply 

β ≡
ΔNc

Nc
≈ α(N

Ns
− 1). (10)  

The fraction α can be derived from the band region by counting the 
number of points in the band satisfying ̃zi < z̃☆ and dividing that number 
by the total number of points in the band. Once a value for β is chosen 
and the corresponding value of ̃z☆ is determined iteratively by matching 
the relative number of improper crater points in the band with the value 
of α from (10), crater area, effective crater diameter and the crater 
volume are computed as 

Ac = NcΔA, dc =

̅̅̅̅̅̅̅̅
4Ac

π

√

,

Vc = −

(
∑

i∈Ic

z̃i

)

ΔA.

(11)  

3.3. Parameter validation 

Suitable values of the three parameters of the numerical approach in 
Section 3.2 have to be formulated: 

a. the fraction of band points: Nb/N, 
b. the acceptable relative error in the number of crater points: β, 
c. the number of smoothing iterations required to remove measure
ment noise from the confocal data: ns. 

To determine Nb/N, an unablated silicon sample and an unablated 
stainles steel sample were selected and the value of Nb/N was varied 
between 0 and 1. The values of the coefficients a, b1 and b2 were 
computed for each value of Nb/N and divided by their absolute value at 
Nb/N = 1. The result is plotted in Fig. 4. The figure reveals that for Nb/

N < 0.01 the values of a, b1 and b2 are quite insensitive for variations in 
Nb/N. However, for Nb/N = 0.01, the total number of elements in Nb is 
small which causes resolution issues when determining z̃☆ for small β 
values. Therefore, Nb/N is chosen to be equal to 0.1. 

The value of β is chosen by observing the sensitivity of z̃☆ with 
respect to β for the band region of samples. Fig. 5 shows the values of ̃z☆, 
averaged over all samples, as a function of β, computed through (10) 
where α(z̃☆

) is determined from the band region Ωb with a fixed value of 
Nb/N = 0.1. In addition, ̃z☆ is also shown seperately as determined from 
the band of an unprocessed sample. Remarkably, the two graphs show 

Fig. 3. Schematic impression of cell-centered region Ω with shaded band re
gion Ωb and middle region Ωm, including cells and center points. The back
ground image is an image of a crater ablated under a water layer on sililcon, 
which is added here for illustration purposes only. The shown number of cells is 
not representative of the total number of grid points used in the analysis. 
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that the band area of ablated samples changes during the ablation pro
cess. Hence, thresholds are determined based on the band region of 
unablated silicon and stainless steel. An error margin of 1% is main
tained for all samples considered, so β is chosen 0.01 which amounts to a 
threshold ̃z☆ of − 0.4980 μm for silicon and − 0.29637 μm for stainless 
steel. These thresholds are applied for all craters analysed. 

To determine the number of smoothing iterations ns,Nc is plotted as a 
function of the number of iterations in Fig. 6 for craters shot using an 
effective pusle energy of 3, 6 and 9 μJ. The values stabilize after about 7 
iterations and therefore ns = 7 is maintained for all samples considered. 

4. Results and discussion 

In this section, the volume Vc and squared diameter d2
c as functions of 

pulse energy are presented and a comparison between the conventional 
’D2-method’ and the square of the numerically obtained crater diameter, 
d2

c , is discussed. Finally, a selection of crater morphologies is also pre
sented by means of a set of combined light and confocal microscopy 
images. Cross-sections of a selection of craters are also provided. For the 
complete numerical analysis, about 1100 craters were analyzed. For 
every pulse energy level at every ambient, 5 craters were analyzed. 

4.1. Crater volume and area 

The crater volume Vc and diameter dc data for silicon and stainless 
steel are shown in Figs. 7 and 8 respectively. 

In literature, it is typically assumed that the volume of a crater scales 
as ζln2Ep/Eth with scaling factor ζ, ablation energy threshold Eth and 

pulse energy Ep [22]. In air ablation on zinc [31], as well as various other 
metals [32–34] were analyzed using this method. 

Fitting volume data in the presented work yielded unacceptably 
large errors for the fit coefficients, presumably because the pulse energy 
range used in our work is inconsistent with the chosen range in other 
studies. One paper for example, considered an effective pulse energy of 
about 1–2.5 μJ on silicon [35], other work takes into account a much 
larger range with less data points per energy interval [22]. For this 
reason, the fit was omitted in our data. 

Fig. 7 shows the volume data for silicon and stainless steel in 
different ambients. Numbers were added to the graph to indicated trend 
breaks. For silicon ablated under a 1 and 2 mm water layer, crater 
volume strongly increases for the first 2.5 μJ up to point . This increase 
is much steeper than the increase observed for silicon ablated in ambient 
air, for which volume increases up to point ②, at 5 μJ. Beyond points 
and ②, volume increase as a function of pulse energy seems to converge 
to similar values for silicon ablated under a 2 mm water layer and 
ambient air results. In contrast, for a 1 mm water layer, additional trend 
breaks at points ③ and ④ occur causing the graph as a whole to show 
’oscilatory’ behaviour when pulse energy is increased beyond 2.5 μJ. 
Silicon ablated under a 3,4 and 5 mm water layer exhibit similar 
behaviour as their 2 mm water layer counter part, showing a trend break 
at point ⑤, for 2.5 μJ. For stainless steel ablated under a 2 mm water 
layer, a trend break similar to the one observed for silicon is indicated by 
point ⑥ at 2 μJ. Interestingly, an initial trend break for stainless steel 
ablated in air is shown much later, at point ⑦ at 4.5 μJ whereas for 
stainless steel ablated under a 1 mm water layer the first trend break 
occurs at 3.5 μJ. For both the 1 and 2 mm water layer results, volume 
remains constant after the first trend breaks, with the 1 mm results even 
showing a decrease in ablated volume when pulse energy increases past 
point ⑧. This decrease also shows up for stainless steel ablated under a 

Fig. 4. Absolute coefficient values a through b2 for an unprocessed silicon (top) 
and stainless steel (bottom) sample. Values are scaled relative to their value at 
Nb/N = 1. 

Fig. 5. z̃☆ values averaged for all in air and under water ablated craters, aswell 
as z̃☆ values for unablated samples. Thresholds were obtained for the band 
region of each sample and are shown as a function of β. Nb

N = 0.1. 
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3, 4 and 5 mm water layer, at point ⑨ for 2.5 μJ. Generalizing the trend 
breaks for in air and under water ablation, it is evident that:  

– Crater volume as a function of pulse energy can be subdivided into 
two regimes, regardless of ambient. The pulse energy that seperates 
the two regimes is different for ambient air and water and also varies 
with ablated material. This pulse energy is 5 μJ for silicon ablated in 
ambient air and 2.5 μJ for silicon ablated under a water layer. For 
stainless steel the regime transition occurs at approximately 4.5 μJ 
for ambient air and 2.5 μJ for under water ablation.  

– 1 mm water layer results deviate significantly from results obtained 
under thicker water layers: on silicon, several trend breaks are 
observed and for stainless steel the trend break between the two 
regimes occurs at 3.5 rather than 2.5 μJ. 

In all subsequent graphs, the two general regimes will be indicated. 
Interestingly, on silicon a 5 mm water layer ambient yields the largest 
ablated volume, far outperforming ablation in air. On stainless steel 
however, ablation in ambient air yields much larger craters than abla
tion performed under a water layer. Of all the different water layers 
used, a 3 mm water layer seems to yield the largest craters at a pulse 
energy level of 2.5 μJ. Both for silicon and stainless steel, reducing the 
water layer below a 2 mm water layer proves detrimental to crater size. 
During the ablation process, bubbles were observed in the liquid which 
were ’stuck’ between the optically transparent box wall and the sample, 
possibly causing the reduction in crater volume. 

Calculated diameter values are shown in Fig. 8. For in air ablated 
craters, stainless steel d2

c values in Fig. 8 show two different slopes in 
regime I and II whereas for silicon, the second regime is identified by 
constant d2

c values. This constant region will be adressed further in 
Section 4.3. The results in Fig. 8 show nearly constant d2

c values as a 

function of pulse energy for regime I for silicon ablated craters under 
water. For regime II the exact opposite is observed: d2

c values increase 
steeply. An exception to the aforementioned observations are the results 
obtained under a 1 mm water layer. Echo’ing the volume results, the 1 
mm water layer results for silicon seem to exhibit ’oscilatory’ behaviour 
as a function of Ep for regime II. For stainless steel craters created under 
a water layer, a slight increase in d2

c values is observed for regime I while 
diameter values are nearly constant for regime II. 

Combining Figs. 7 and 8, it seems crater volume increase is accom
panied by an increase in crater diameter on silicon in ambient air for 
regime I, whereas in regime II this increase is due to an increase in crater 
depth. Interestingly, this trend seems reversed for silicon ablated under a 
water layer. For stainless steel craters created in ambient air, volume 
and diameter increase occur simultaneously over both regimes. For 
stainless steel, the relation between volume and cross-sectional area 
increase under water is fairly straight forward: the initial volume in
crease in regime I is coupled with a slight increase in diameter and in 
regime II both volume and cross sectional area are mostly constant. 

4.2. Numerical versus visual crater diameter determination 

Conventional characterisation of a crater involves measuring the 
diameter dp of the perceived (by the human eye) crater. The square of 
this diameter plotted as a function of pulse energy forms the basis for 
Liu’s method [23]. Results of this method applied on the data set are 
shown in Fig. 9. Light and confocal microscopy images for different 
pulse energies for air and specific water layer thicknesses were com
bined and are shown in Fig. 10. Note that in this figure the light mi
croscopy image is provided in grayscale whereas regions included in the 
area computation and volume computation of (9) are colored, based on 
the colorbar indicated in Fig. 10. 

Fig. 6. Number of crater cells as a function of smoothing iterations for craters shot using 3, 6 and 9 μJ on silicon in ambient air (top left), silicon under a 4 mm water 
layer (top right), stainless steel in ambient air (bottom left) and stainless steel under a 4 mm water layer (bottom right). Crater cell numbers are scaled using their 
value for 0 smoothing iterations. 
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Fig. 7. Crater volume data as a function of pulse energy for silicon (top) and stainless steel(bottom) ablated using 50 consecutive pulses in ambient air, 1 mm and 2 
mm water layer (left) and in 3, 4 and 5 mm water layer (right). The number of measurements per mean is 5. 

Fig. 8. Numerically computed d2
c data as a function of pulse energy for silicon (top) and stainless steel(bottom) ablated using 50 consecutive pulses in ambient air, 1 

mm and 2 mm water layer (left) and in 3, 4 and 5 mm water layer (right). β = 0.01, Nb
N = 0.1. The number of analyzed craters per pulse energy level is 5. 
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Fig. 10 shows that ’cauliflower-like’ structures form around a central 
crater for craters created under a water layer. This structure formation is 
especially severe for craters shot on stainless steel and for high pulse 
energy levels. Comparing Figs. 8 and 9, it is apparent that the quantative 
difference between d2

p and d2
p results are vast. Qualitatively, d2

c and d2
p 

results obtained for under water ablated silicon and in air ablated 
stainless steel seem similar, whereas for in air ablated silicon and under 
water ablated stainless steel even a qualitative comparison between the 
d2

c and d2
p results yields no similarites. It is interesting to note that the 

oscilatory behavior apparent for d2
c results obtained on silicon under a 1 

mm water layer seem to be present in the d2
p results for both silicon and 

stainless steel. 
To analyse the differences between the d2

c and d2
p graphs, cross- 

sections of craters belonging to the different regimes are displayed in 
Fig. 11, in which the relative altitude of the cross-sectional areas of 
several craters are shown. The red dashed and green dotted line lengths 
are equal to dp and dc for each crater and their y-value corresponds to the 
relative altitude z̃ at which they were measured or computed. The 
relative altitude is scaled using the threshold z̃☆. Fig. 11 shows a sig
nifcant increase of dp from regime I to regime II in ambient air for silicon. 
Conversely, dc stays nearly constant, explaining the constant d2

c for 
regime II for in air ablated silicon in Fig. 8. For ablation under water, the 
difference between dp and dc is significant because of small portrusions 
on the outer edge of the crater cross-section, which have hardly any 
depth and are therefore not taken into account for dc while they do form 
part of dp. These portrusions are part of the aforementioned cauliflower 
structures. The relative difference between dp and dc remains largely 
constant from regime I to regime II for silicon ablated under a water 
layer, which explains why even though dc and dp values differ, the 
general trends in Figs. 8 and 9 are similar. 

For stainless steel ablated in ambient air, the general trends of Figs. 8 

and 9 for regime I and II are similar. Under water obtained dc and dp 
results vary a lot, mainly due to the cauliflower portrusions on the outer 
edge of the crater increasing the dp values relative to their dc counter 
parts. As cauliflower structures become more apparent for higher pulse 
energies, the discrepancy between dc and dp values increases from 
regime I to regime II. Interestingly, crater depth and width actually 
decreases over this pulse energy range as well, which explains the 
decrease in dc value as regime I changes into regime II. The decrease in 
crater size coupled with the severity of the cauliflower structure for
mation seems to suggest that a significant part of the laser deposited 
energy does not end up at the crater centre but rather is diverted to the 
perimeter of the crater where it is responsible for the creation of the 
cauliflower portrusions. 

4.3. Crater morphology 

Silicon crater evolution in air and water has been thoroughly covered 
in literature [21,36]. The results in Fig. 10 confirm that craters in 
ambient air are initially wider and shallower than their under water 
created counterparts. For the 8 μJ results obtained under a water layer, 
the crater seems to split into two excentric circles rather than a single 
circle shown for lower pulse energies. This behaviour was also reported 
in earlier work [21] and it was suggested to be caused by laser-induced 
effects in the water, though no specific mechanism was mentioned. The 
stainless steel results in ambient air show an affected zone surrounding 
the crater for all pulse energies and a central crater which grows as pulse 
energy increases. The cauliflower like structures for stainless steel ab
lated under a water layer cover a larger area the shallower the liquid 
layer as may be observed in Fig. 10. Additionally, the structures become 
more prominently visible for higher pulse energy levels. The speckle-like 
structures observed for the under liquid ablated craters were formed 
during the process of exposing the sample to ambient water, but do not 
seem to be caused by the ablation process itself as a post-process analysis 

Fig. 9. Squared diameter (measured, d2
p ) data as a function of pulse energy for silicon (top) and stainless steel(bottom) ablated using 50 consecutive pulses in ambient 

air, 1 mm and 2 mm water layer (left) and in 3, 4 and 5 mm water layer (right). The number of measurements per pulse energy is 5. 
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of unablated material showed similar structures. A confocal data anal
ysis shows that the structures are pits and are thus not flat regions on the 
sample surface. 

A possible culprit for the cauliflower like crater structure under 
water for both sililcon and stainless steel could be bubble formation. 
Cavitation bubbles induced during the ablation process tend to have 
lifetimes of a few microseconds [9], which is much shorter than the 
interpulse time in our experiments and is therefore not likely to influ
ence the process. However, persistent microbubbles are known to occur 
during the laser ablation process [37,38] which linger relatively long 
near the laser-material interaction zone and show lifetimes into the 
milisecond range. Such bubbles would surely cause scattering of the 
incident laser beam, increasing the ablated area beyond the region one 
would typically expect. 

4.4. Threshold values 

A relation between the square of the diameter of a crater and the 
pulse energy is typically formulated as [23] 

D2 = 2ω2
0ln

Ep

Eth
, (12)  

with D2 the square of the crater diameter, ω0 the 1/e2 laser beam spot 
radius, Ep the effective pulse energy and Eth the energy ablation 
threshold. From this, a fluence ablation threshold Fth can be determined 
as 

Fth =
4Eth

πω2
0
⋅
1
T
, (13)  

in which T is the material and ambient transmission value given in 

Fig. 10. Microscopy images of craters ablated at 
(form left to right) 2, 6 and 8 μJ. From top to 
bottom: silicon craters ablated in air, under a 2 
mm and under a 4 mm water layer, stainless steel 
craters ablated in air, under a 2 mm and under a 
4 mm water layer. Colors denote filled contour 
levels, all images were scaled according to the 
same scale bar indicated to the left. Values of the 
colorbar are provided in μm. Black and white 
sections are not taken into account for the 
computation of the crater area and volume.   
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Table 1. Compensation for the transmission values is required to allow 
comparison of results in this work to literature. For d2

c values, fitting 
relation (13) to stainless steel craters ablated under a water layer is 
pointless due to dc values being nearly constant as a function of pulse 
energy. For similar reasons, d2

c and d2
p values for silicon craters ablated 

under water in regime I are not used to fit (13) to either. Due to the 
oscilatory behaviour of d2

p values as a function of pulse energy for 
ablation performed under a 1 mm water layer for both silicon and 
stainless steel, these results are not suitable for comparison to Eq. (13) 
either. Finally, the ’oscilatory’ behavior shown for d2

c values for silicon 
ablated under a 1 mm water layer inhibits the use of the fit as well. Thus, 
Eq. (13) is fit to data in regime I in ambient air for both silicon and 

stanless steel for d2
c and d2

p values, to regime II for a 2 − 5 mm water layer 

for silicon for d2
c and d2

p values and to regime II for stainless steel for d2
p 

values. Fit values are compared to literature threshold values in Table 2. 
For the ablation threshold of silicon, 4 mm was selected as the desig
nated reference water layer thickness to compare the literature to. 

No literature reference for under water ablation of stainless steel 
could be found. The literature reference for under water ablated silicon 
[39] refers to a 10 mm water layer thickness experiment performed used 
a femtosecond pulsed laser, whereas our results were obtained using a 
picosecond pulsed laser at smaller liquid layer thicknesses. Although 
much information is available on the ablation of silicon under a water 
layer [21,36,41], no suitable reference for the threshold of under water 

Fig. 11. Cross-section, obtained by confocal micro
scopy measurements, of craters created on silicon 
(left) and stainless steel (right) in air and water. For 
each regime identified a crater is shown. For regime I 
craters created using 2 μJ are shown, for regime II 
craters shot using 8 μJ are shown. dc and dp values 
are shown at their measured or computed relative 
altitude z̃. The y-axis is scaled using the altitude 
threshold z̃☆. The centre of gravity of each cross- 
section was set as the origin in each image.   
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ablation on silicon using a picosecond pulsed source could be found. For 
stainless steel ablation a reference [40] is added for the 50 pulse ablation 
of stainless steel using a 10 picosecond pulsed 1030 nm laser source. For 
under liquid ablation of stainless steel, no reference was available. 
Computed threshold values as well as their literature counter parts are 
displayed for all ambients in Fig. 12. 

For silicon ablated in air, the threshold obtained using d2
p values 

corresponds well to values found in literature, whereas for stainless steel 
this is not the case, likely due to the difference in used wavelength. For 
the reference found on the ablation of silicon under water, an effective 
pulse energy range of about 2.5 to 22 μJ was used. Additionally, an 800 
nm, 250 femtosecond laser source was used. These factors likely account 
for the large discrepency between existing literature and presented 
thresholds. Error bars for d2

c and d2
p obtained thresholds seem similar in 

size in Fig. 12, however the error in the fluence thresholds obtained by 
measuring the diameter of the craters is not necessarily a measure of the 
uncertainty with which the threshold could be determined. Rather, it is a 
measure of one’s abillity to draw circles consistently over ablated re
gions. Particularly for higher pulse energies and for under water ablated 
craters, Fig. 10 shows crater regions may possess a form that deviates 
significantly from a circular one. From this perspective, the error shown 
in Fig. 12 for the measured thresholds is more ambiguous than the 
threshold determined numerically. 

5. Conclusions 

Water layer thickness dependence of silicon and stainless steel 
ablation was investigated and compared to ablation in ambient air. 
Volumes and areas of the craters were analyzed using the conventional 
D2 analysis method as well as a newly created numerical objective 
approach. Two distinct regimes were found. Ablation data accquired 
using the new method agreed reasonably well with data obtained via the 
conventional approach, although significant deviation from literature 
reported values occured. Cauliflower-like structures hampered conven
tional D2 analysis for under water craters, particularly for higher pulse 
energies. For silicon, a 5 mm water layer was found to yield optimal 
results in water, whereas for stainless steel this was found to be 3 mm 
specifically at 2.5μJ. Ablation in air yields higher volume craters for 
stainless steel relative to under water ablation while for silicon an 
opposite trend is observed. Crater areas for higher pulse energies were 
found to be very dissimilar to a Gaussian profile, a possible culprit for 
this observed phenomenom is persistent microbubbles. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 

the work reported in this paper. 

Acknowledgments 

This work was supported by the European INTERREG project ”Safe 
and Amplified Industrial Laser Processing” (SailPro), as part of the 
”RegiOnal Collaboration on Key Enabling Technologies” (ROCKET), htt 
p://www.rocket-innovations.eu. 

References 

[1] L.J. Kugler, M.X. Wang, Lasers in refractive surgery: History, present, and future, 
Appl. Opt. 49 (25) (2010) 1–9, https://doi.org/10.1364/AO.49.0000F1. 

[2] B. Gökce, V. Amendola, S. Barcikowski, Opportunities and challenges for laser 
synthesis of colloids, ChemPhysChem 18 (9) (2017) 983–985, https://doi.org/ 
10.1002/cphc.201700310. 

[3] E.V. Barmina, M. Barberoglu, V. Zorba, A.V. Simakin, E. Stratakis, K. Fotakis, G. 
A. Shafeev, Surface nanotexturing of tantalum by laser ablation in water, Quantum 
Electron. 39 (1) (2009) 89–93, https://doi.org/10.1070/ 
qe2009v039n01abeh013877. 

[4] M.E. Shaheen, J.E. Gagnon, B.J. Fryer, Femtosecond laser ablation of brass in air 
and liquid media, J. Appl. Phys. 113 (21) (2013) 1–6, https://doi.org/10.1063/ 
1.4808455. 

Table 2 
Fluence ablation threshold values based on dp and dc compared to their literature 
counter parts. No logarithmic trend was found for d2

c in air so the corresponding 
threshold value has been omitted.  

Sample, ambient and regime Threshold type Value [J/cm2]  

Silicon, air, – Literature [35] 0.15 ± 0.01  
Silicon, air, regime I d2

p  
0.1321 ± 0.0505  

Silicon, air, regime I d2
c  

0.2600 ± 0.1569  

Silicon, water (10 mm), – Literature [39] 0.2 ± 0.03  
Silicon, water (4 mm), regime II d2

p  
0.9785 ± 0.1212  

Silicon, water (4 mm), regime II d2
c  

0.9042 ± 0.1455  

Stainless steel, air, – Literature [40] 0.07  
Stainless steel, air, regime I d2

p  
0.1933 ± 0.0589  

Stainless steel, air, regime I d2
c  

0.1991 ± 0.0596   

Fig. 12. Fluence ablation threshold values obtained for regime II for silicon 
(top) and stainless steel (bottom) using both d2

c and d2
p data. A literature 

reference is added for silicon results in ambient air [35] and under a water layer 
[39]. Note that the last reference only studied under water ablation for a single 
layer height. For comparison purposes, this value has been extended to all 
water layer thicknesses in the graph. For stainless steel, a reference for ablation 
in ambient air is also provided [40]. A reference for stainless steel ablation 
under a water layer was not found. 

S. van der Linden et al.                                                                                                                                                                                                                        

http://www.rocket-innovations.eu
http://www.rocket-innovations.eu
https://doi.org/10.1364/AO.49.0000F1
https://doi.org/10.1002/cphc.201700310
https://doi.org/10.1002/cphc.201700310
https://doi.org/10.1070/qe2009v039n01abeh013877
https://doi.org/10.1070/qe2009v039n01abeh013877
https://doi.org/10.1063/1.4808455
https://doi.org/10.1063/1.4808455


Applied Surface Science 540 (2021) 148005

11

[5] S. Zhu, Y.F. Lu, M.H. Hong, X.Y. Chen, Laser ablation of solid substrates in water 
and ambient air, J. Appl. Phys. 89 (4) (2001) 2400–2403, https://doi.org/ 
10.1063/1.1342200. 

[6] K.L. Choo, Y. Ogawa, G. Kanbargi, V. Otra, L.M. Raff, R. Komanduri, 
Micromachining of silicon by short-pulse laser ablation in air and under water, 
Mater. Sci. Eng., A 372 (1–2) (2004) 145–162, https://doi.org/10.1016/j. 
msea.2003.12.021. 

[7] H.W. Kang, H. Lee, A.J. Welch, Laser ablation in a liquid-confined environment 
using a nanosecond laser pulse, J. Appl. Phys. 103 (8) (2008). doi:10.1063/ 
1.2905314. 

[8] L.M. Wee, E.Y. Ng, A.H. Prathama, H. Zheng, Micro-machining of silicon wafer in 
air and under water, Opt. Laser Technol. 43 (1) (2011) 62–71, https://doi.org/ 
10.1016/j.optlastec.2010.05.005. 

[9] M. Dell’Aglio, R. Gaudiuso, O. De Pascale, A. De Giacomo, Mechanisms and 
processes of pulsed laser ablation in liquids during nanoparticle production, Appl. 
Surf. Sci. 348 (2015) 4–9, https://doi.org/10.1016/j.apsusc.2015.01.082. 

[10] S. Nolte, C. Momma, H. Jacobs, A. Tünnermann, Ablation of metals by ultrashort 
laser pulses, J. Opt. Soc. Am. 14 (10) (1997) 2716–2722, https://doi.org/10.1088/ 
0022-3727/37/4/016. 

[11] B. Rethfeld, D.S. Ivanov, M.E. Garcia, S.I. Anisimov, Modelling ultrafast laser 
ablation, J. Phys. D: Appl. Phys. 50 (19) (2017). doi:10.1088/1361-6463/50/19/ 
193001. 

[12] S.K. Sundaram, E. Mazur, Inducing and probing non-thermal transitions in 
semiconductors using femtosecond laser pulses, Nat. Mater. 1 (4) (2002) 217–224, 
https://doi.org/10.1038/nmat767. 

[13] S. Ibrahimkutty, P. Wagener, T.D.S. Rolo, D. Karpov, A. Menzel, T. Baumbach, 
S. Barcikowski, A. Plech, A hierarchical view on material formation during pulsed- 
laser synthesis of nanoparticles in liquid, Sci. Rep. 5 (2015) 1–11, https://doi.org/ 
10.1038/srep16313. 

[14] S. Reich, P. Schönfeld, P. Wagener, A. Letzel, S. Ibrahimkutty, B. Gökce, 
S. Barcikowski, A. Menzel, T. dos Santos Rolo, A. Plech, Pulsed laser ablation in 
liquids: Impact of the bubble dynamics on particle formation, J. Colloid Interface 
Sci. 489 (2017) 106–113, https://doi.org/10.1016/j.jcis.2016.08.030. 

[15] R. Tanabe, T.T. Nguyen, T. Sugiura, Y. Ito, Bubble dynamics in metal nanoparticle 
formation by laser ablation in liquid studied through high-speed laser stroboscopic 
videography, Appl. Surf. Sci. 351 (2015) 327–331, https://doi.org/10.1016/j. 
apsusc.2015.05.030. 

[16] A. De Giacomo, M. Dell’Aglio, A. Santagata, R. Gaudiuso, O. De Pascale, 
P. Wagener, G.C. Messina, G. Compagnini, S. Barcikowski, Cavitation dynamics of 
laser ablation of bulk and wire-shaped metals in water during nanoparticles 
production, Phys. Chem. Chem. Phys. 15 (9) (2013) 3083–3092, https://doi.org/ 
10.1039/c2cp42649h. 

[17] T.T.P. Nguyen, R. Tanabe-Yamagishi, Y. Ito, Impact of liquid layer thickness on the 
dynamics of nano- to sub-microsecond phenomena of nanosecond pulsed laser 
ablation in liquid, Appl. Surface Sci. 470 (October 2018) (2019) 250–258. doi: 
10.1016/j.apsusc.2018.10.160. 

[18] S. Zhu, Y.F. Lu, M.H. Hong, Laser ablation of solid substrates in a water-confined 
environment, Appl. Phys. Lett. 79 (9) (2001) 1396–1398, https://doi.org/ 
10.1063/1.1400086. 
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