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Abstract
Ablation with ultrashort laser pulses as a surface micromachining tool was studied using a hybrid die-excimer laser system 
that has high energy per laser pulse (tens of mJ’s), about 600 fs pulse duration and low repetition rate (2 Hz). The effect of 
ablation on the material microstructure with this high energy pulsed laser system was studied. Micropillars were fabricated 
by laser ablation using a spot size of hundreds of micrometers. Two methods were tested for micromachining. Multiple laser 
pulse ablation on a standing sample resulted in a columnar microscturcure around the micropillars. This unwanted structure 
was avoided by beam scanning, resulting in a rather homogeneous ditch. By HR-EBSD measurement it was found that the 
heat affected zone is less than 1 �m , which was confirmed by numerical temperature simulations, too. The dislocation density 
measured below the specimen surface was unaltered, meaning that no significant crystal degradation occurred. In summary, 
large-scale micro objects with a diameter in the order of 100 �m without significant change in the crystalline microstructure 
below the surface, like large-scale micropillars for compression tests, can be fabricated.
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1  Introduction

Surface machining can be performed using several tech-
niques depending on the required accuracy or the required 
modification or preservation of the structure of the mate-
rial. Laser systems have various applications, one of them 
is machining and micromachining. If the pulse energy of a 
laser system is high enough, it can be used for removal of 

material, that is called laser ablation. Since laser systems 
can produce very stable and controllable pulses, they can 
be an appropriate tool for precise surface micromachining 
[1–3]. In some cases the machined object needs to meet very 
strict characteristics. One of these cases is the fabrication of 
micropillars for deformation tests.

Plastic deformation of microscale specimens like micro-
scale columnar objects, i.e., micropillars, has been an emerg-
ing research area of metals and other materials in the last 
two decades [4–14]. These deformation tests show that 
plastic deformation of objects with size of a few microns is 
significantly different from the deformation of macro-sized 
objects. Their deformation curves show a very complex and 
individual behavior, and is strikingly different for each and 
every specimen. This particular behavior is unpredictable 
and is very sensitively dependent on almost all aspects of 
the experimental conditions, e.g. microstructure, dislocation 
configuration and deformation mode [15–18]. It means that 
to measure the true statistics of the plastic deformation of 
the given sample, the fabrication process must not modify 
the original microstructure of the volume where the defor-
mation will take place during the compression test. Thus 
the measured deformation curve is determined only by the 
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original material properties. Often for these tests microscale 
columnar objects, micropillars are fabricated and com-
pressed. These objects are machined into a bulk specimen, 
often single crystal, by focused ion beam (FIB) milling. The 
FIB technology is suitable for very exact micromachining, 
for example this is a common and widespread technology for 
manufacturing ∼ 50 nm thin samples for transmission elec-
tron microscopy [19]. Or, for the fabrication of micropillars, 
a vertical ditch can be milled around a circle or a square on 
the specimen surface, resulting in a column with a constant 
cross section, creating a straight column. During FIB mill-
ing the left over material, which is the pillar, is not altered in 
the characteristics that determine plastic deformation. Some 
ions get implanted close to its surface [20], but the disloca-
tion structure is not altered [21].

FIB manufacturing is a precise tool for nano- or micro-
manufacturing, but is ineffective for fabrication of larger 
pillars [22] due to the low material removal time-rate. Thus 
by FIB only fabrication of objects of dimensions of maxi-
mum few tens of microns is possible. Therefore producing 
objects, in our case, pillars, which would bridge the micro- 
and macroscale, are almost impossible. Recently, as a new 
approach, femtosecond laser ablation has been introduced to 
produce larger micropillars [23–29], tensile test dog-bones 
[30] or cantilevers [31]. Its high material removal rate and 
its low effect on the material microstructure mean that it 
can be a tool to produce or prefabricate larger pillars, or 
any larger microscale object. Prefabrication, that needs to be 
finalized by FIB milling, is doubly useful. On the one hand, 
by prefabrication much of the material is removed. On the 
other hand the FIB milling of a prefabricated pillar is much 
faster since the material removal rate of the FIB milling also 
depends on the angle between the ion beam and the surface 
normal [32]. This means that straightening and polishing an 
existing wall is preferable to trenching. Therefore, prefabri-
cation improves the finalization FIB processing significantly.

The advantage of ultrashort pulses compared to longer 
pulses is that while they can provide a significant material 
removal rate, ultrashort laser pulses cause low degradation 
in the material surrounding the ablated spot, heat transfer 
from the irradiated spot is negligible. The heat affected zone 
(HAZ) that surrounds the ablated spot is very thin [26, 33], 
and recently it has been found that lattice defects like dislo-
cations that would modify the plastic deformation properties 
of the specimen, are not injected far from the area of laser 
ablation [28, 34, 35]. Thus it can be suitable for micropillar 
fabrication.

The goal of this work is to investigate the effects of laser 
ablation on the left over material (the produced pillar) using 
a high energy per pulse UV laser system. These effects can 
stem from various phenomena, e.g. recrystallization due to 
heat transport, effect of mechanical shocks caused by the 
expansion of the material being ablated (dislocation creation 

and injection, fatigue) or the related light-material interac-
tion (method of excitation, photon energy) and many others.

2 � Experimental setup

The hybrid dye-KrF excimer laser system used is described 
in detail elsewhere [36, 37], here we summarize only the 
properties that are important for the micromachining and 
give a short description of the pulse generation. It provides 
ultrashort, 600 fs long pulses at the wavelength of 248.5 nm . 
The output beam has a square-shape cross section with side 
length of 4 cm. The beam profile has a super-Gaussian 
energy distribution, which can be characterized by a flat top 
distribution in the center of the beam. The pulses are gener-
ated by several, consecutive steps in the laser system. Firstly 
a seed pulse is generated by a distributed feedback dye laser. 
After consecutive steps of amplifying through other dye 
lasers and beam shaping the pulse serves as a seed of an 
amplifier of 497 nm wavelength and Gaussian-distribution. 
This, after frequency doubling, serves as a seed pulse of 
the final, KrF excimer amplifier, giving an UV pulse. Its Kr 
and F medium is excited by an electric discharge, creating 
a KrF excited dimer medium. The pulse passes through this 
medium, thus is amplified, four times. Regarding the spa-
tial distribution of the laser beam, the output has a flat-top 
like distribution, because the cross section of the discharge 
inside the KrF excimer amplifier has a square-like distribu-
tion. There are several processes which influence the spatial 
distribution of the beam. The frequency conversion before 
the UV amplification acts as a highly effective spatial fil-
ter. The amplification passes in the KrF medium affect the 
spatial distribution by the large gain, which leads to top hat 
profile. Spatial filtering is introduced before the final ampli-
fication stage to reduce the amplified spontaneous emission 
(ASE) and has a smoothening effect on the spatial distribu-
tion (reducing the role of the high spatial frequency compo-
nents). In our experiments an aperture was used to transmit 
the most homogeneous part of the beam, where the energy 
density variation was less than 5%.

Using an aperture the most homogeneous part of the 
beam, where the energy density variation was less than 5%, 
was let through. The beam was masked then focused by a 
46 cm focal length lens, thus achieving an energy density 
giving a high ablation rate. Firstly the beam was masked 
by an annular aperture and irradiated a standing sample. 
Secondly a square mask with side length of 2.5 cm was used 
with a moving sample. In the latter the sample was moved 
with a speed of 100 �m∕s along linear segments. This was 
carried out on a custom-made moving stage, equipped with 
stepper motors controlled by a custom-made code through 
an Arduino controller. One step size was 2.5�m . The scan-
ning velocity was chosen so that between two laser pulses 
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the laser spot was moved only by a fraction of its side 
length. The incident spot size was hundreds of �m’s. The 
pulse energy measured after the mask was 5 mJ and 20 mJ, 
respectively. Ablation was done in ambient air. To avoid 
plasma formation in the air, the sample surface was posi-
tioned within the focal distance, close to the focal point. For 
the sample processing 2 Hz repetition rate was used as it was 
the maximum repetition rate of the system.

In general, in the investigation of the dislocation dynam-
ics pure single crystals are the most commonly used to avoid 
the effects caused by grain boundary and solute atom pres-
ence [4, 16]. Metals are also of common interest. Zinc is 
often used for micropillar compression tests as it gives a sig-
nificant acoustic emission signal [38]. To select the sample, 
such features as availability, cost efficiency, and heat affect 
sensitivity, were considered. Since zinc has a low melting 
point and yield stress on certain lattice planes, single crystal-
line zinc was found to be the most suitable material.

Firstly polycrystalline zinc (Zn) samples were used for 
testing pillar fabrication by laser microfabrication. To test 
the effects of laser irradiation on the material microstructure 
a random oriented bulk zinc single crystal was machined. 
For its preparation first it was mechanically polished using 
AlOx particles with an average diameter of 1 μm . This was 
followed by electropolishing with Struers D2 electrolyte at 
10V and a maximum current of 2A for 10 s. During this 
preparation process, the sample remains in a single crystal 
form verified by EBSD measurements. Microscopy was car-
ried out to see the possible changes in the material micro-
structure induced by the laser ablation process. Firstly a 
Hitachi S-4700 field emission gun scanning electron micro-
scope (FESEM) was used to capture low magnification, large 
depth of field electron images. For focused ion beam (FIB) 
polishing and high-resolution electron backscatter diffrac-
tion (HR-EBSD) investigations a FEI Quanta 3D dual-beam 
scanning electron microscope (SEM with field emission gun 
and FIB) was used.

3 � Temperature calculations

The processes initiated by ultrashort pulse laser ablation 
are extremely complex: electron excitation, electron–elec-
tron and electron–lattice interactions [39, 40], phase transi-
tions, material transport [41] can compete simultaneously 
during and after the laser pulse. Temperature profiles were 
calculated from the beginning of the laser pulse till 1ns by 
a simple one-dimensional simulation, detailed in [42, 43]. 
The calculations were based on the numerical solution of 
the thermal diffusion equation using the method of finite 
differences. The starting temperature was 300K. The simu-
lation took the reflection and absorption of the laser pulse 
into account, thus giving a more realistic result than an 

estimation of the thermal diffusion length. For the calcula-
tions a custom made program was applied, written in Pascal 
code. The simulation took the temperature dependence of 
thermal properties into account. The thermal data of zinc, 
like the latent heat of melting, the latent heat of evaporation 
and specific heat was used to calculate the thickness of the 
layer, where the crystalline structure was disrupted and the 
material transformed to gaseous phase. The region that had 
a temperature above the vaporization temperature of zinc at 
atmospheric pressure (1180K) was considered to be ablated 
and removed. No heat exchange between this region and 
the region below this ablated layer was considered. Other 
effects like thermo-mechanical shocks, gas transport pro-
cesses, plasma formation and plasma absorption (plasma 
shielding) were not included in the model.

With these simulations our goal is to compare our experi-
mental results with the estimated temperature distributions.

4 � Results and discussion

4.1 � Laser ablation experiments

4.1.1 � Standing target processing

The first experiments were performed using an annular aper-
ture. The aim was to fabricate pillars with the aspect ratio as 
in [9, 44], which can be used for compression-deformation 
tests [4]. For these tests pillars with height of several �m’s 
are fabricated. For instance the pillars were 12 � m high in 
[44]. Laser prefabrication of micropillars gives the possibil-
ity to fabricate larger pillars, for instance they were 50� m 
high in [24], but even higher pillars can be of interest. This 
amount of material to be removed has to be matched to the 
ablation rate, i.e., the thickness of the material removed per 
shots. The ablation rate is determined by the energy density 
of the focused laser beam [45–48]. Assuming a 150 � m wide 
ditch around the pillar on both sides plus a pillar of the same 
width, the whole spot diameter for standing target processing 
needs to be 450� m. Even with the high-energy (20 mJ per 
pulse) system used in our experiments the energy density 
is approximately 10 J/cm2 in this case. Ablation of copper 
is measured in [46] and is also widely used for micropillar 
tests [24]. Based on the data of [46] an ablation rate of 200 
nm/pulse can be approximated for 10 J/cm2 fluence. From 
this it is easy to see that about 750 laser pulses are required 
to produce a column with a height of 150 �m.

However, it is known that femtosecond laser ablation of 
a single pulse creates a rough surface profile [49, 50], and 
ablation of several laser pulses creates a variety of surface 
structures with sizes ranging from hundreds of nanometers 
to several micrometers, even with the same height as the 
ablated ditch [51–53]. The applied ultrafast KrF laser has 
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higher coherence than ns excimer lasers, because it inherits 
the coherence of the seed pulse, which was generated by a 
distributed feedback dye laser. As a consequence, the scat-
tering of the laser pulse from the irregularities or the edge 
of the mask may produce interference. LIPSS formation due 
to interference of the scattered and incoming laser light may 
initiate the cone structure formation as described in [54] 
These columns could be an obstacle for the deforming pillar 
during the compression tests. Figure 1 shows a SEM image 
of a laser ablated area on a standing sample. The random 
columnar structure observed by others is present also after 
our micromachining process. This shows that it is not pos-
sible to create a free-standing microcolumn using a standing 
sample due to the columnar structure that is left over around 
it after laser ablation.

4.1.2 � Scanning processing

An advanced beam homogenisation method has been devel-
oped for a similar laser system [55] that utilizes both two-
photon absorption and variable beam displacement. In our 
second series of experiments a scanning method was applied 
to create a homogeneous ditch, to fabricate a free-standing 
pillar. The sample was moved along a line. Therefore we 
implemented beam displacement only. This method has the 
benefit of averaging the beam in the direction of scanning. 
To test this method two intersecting lines were ablated onto 
the specimen, shown in Fig. 2.

It shows that beam scanning is an effective way of 
homogenizing in the scanning direction: no large undulat-
ing columns can be observed, the ditch is homogeneously 
deep in this direction. However, ablation was not homoge-
neous in the direction perpendicular to the scanning direc-
tion. A wavy structure was observed, which was likely the 

consequence of diffraction and focusing. At the intersection 
of the two lines on Fig. 2 the superposition of the two wavy 
system can be observed.

This clearly demonstrates that the columnar structure that 
has approximately the same height as the ditch, shown on 
Fig. 1, was the effect of beam inhomogeneities in case of 
using this high-energy UV laser system with a zinc sample.

The beam scanning method was used to produce a pillar. 
The laser beam was scanned around the prospective pillar as 
illustrated in Fig. 3, resulting in an unablated region with the 
cross section of a square. During this the laser beam passed 
along linear segments that have a length of twice the spot 
size plus the pillar size.

Fig. 1   SEM image of the sample surface that was ablated with a 
standing target

Fig. 2   Two intersecting straight lines ablated onto the sample using 
beam scanning in one direction. The columnar structure observed 
after static laser spot position is not present

Fig. 3   Scanning path of the laser spot (grey) around the prospective 
pillar (black)
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The scanning velocity was chosen so that between two 
laser pulses the laser spot was moved only by a fraction of its 
side length, the scanning speed was 100 �m∕s . The incident 
spot size was chosen to be hundreds of �m ’s as it gave the 
best results.

The SEM image in Fig. 4 shows a pillar made using this 
method. Redeposition was observed both on the whole 
surface of the pillar and on the ditch and its vicinity. The 
brightness of the secondary electron image is increased by 
the redeposited oxide particles. The inner area of the SEM 
image, covered by the ablation products, can be well sepa-
rated from the intact zinc surface, which has a darker shade 
in the outer regions. We tested placing the sample both hori-
zontally and vertically, and a significant amount of redepo-
sition was observed in both cases. After the laser ablation 
process, the redeposition must be removed to obtain a clean 
single crystal object.

4.2 � Damage of the material microstructure 
and surface redeposition removal

The EBSD technology is able to reveal the crystal phase 
and orientation, and nowadays there is an emerging and 
widely accepted methodology for strain calculation from 
EBSD pattern shifts developed by Wilkinson et. al. [56]. 
The presence of lattice defects modify the distance between 
the lattice planes, therefore the electrons which are diffracted 
will travel to the detector on different paths, thus modifying 
the EBSD pattern. Using several steps of filtering, cross-
correlation of the obtained Kikuchi-patterns and eventually 

stress–strain calculations one may determine the so-called 
geometrically necessary dislocation (GND) density [57, 58]. 
The GND density corresponds to the density of the dislo-
cations that are trapped due to strain gradient fields. It is a 
good measure to describe the geometrical arrangement of 
dislocation structures, the internal stress distribution of the 
system or the polarization state of the dislocation ensemble 
[59].

The laser ablation was carried out on a single crystal sam-
ple according to the section 4.1.2. The pillars were posi-
tioned onto the edge of the sample as it is required for EBSD 
measurements.

Figure 5a shows a pillar fabricated into a single crys-
tal. It is covered by redeposited material. For high quality 
EBSD mapping this redeposited material on the pillar’s 
surface must be removed. This was done by FIB polishing. 
Using FIB polishing an exact thickness of the surface can 
be removed, but only slowly, and on a small area. The FIB 
polishing was performed with a finishing Ga+ current of 
3 nA. The relatively low ion current and setting the ion beam 
parallel to the pillar’s axis minimize the FIB effect on the 
crystalline structure and result in an EBSD ready surface. 
The pillar was FIB-polished close to its top as indicated in 
Fig. 5b, making possible the measurement of the crystal ori-
entation and the GND density under the redeposited mate-
rial. In our case, the deposits have porous structure, on the 
contrary to the original crystal, which makes them easily 
distinguishable, see Fig. 6a and b.

The measured GND density map and the crystal orienta-
tion map, obtained by the EBSD measurement, is presented 
in Fig. 6a and Fig. 6b, respectively. The calculated GND 
density values were the same as we measured previously on 
the same intact Zn single crystal, presented in the supple-
mentary material of [38]. These results mean that the laser 
processing did not give any increment in the dislocation den-
sity, and the crystalline microstructure was preserved during 
the ablation process.

A thin layer is observed at the transition from the non-
porous (crystalline) to the porous (redeposition) zone. 
This transition zone is indicated by the high GND density 
region (marked by deep purple colour) between the crystal-
line (orange colour) and the porous (white colour) parts in 
Fig. 6a. In this narrow layer higher dislocation density was 
measured not because of real dislocation content, but due 
to the sensitivity of the HR-EBSD technique. We assume 
that this layer is the heat affected zone. Its thickness is def-
initely smaller than 1 �m . Note, that its real thickness is 
smaller than that is apparent in Fig. 6a, since the FIB cut-
ting was performed with a low inclination angle, i.e. the 
angle between the pillar surface and the direction of the ion 
beam, that resulted in an oblique cutting in depth. This is 
in a good agreement with the results of [26, 28, 33–35], 
but it is important to emphasize the difference between the 

Fig. 4   A pillar fabricated with the described beam scanning method. 
The scale bar indicates the width of the pillar and the ditch, while the 
value on the picture indicates the height of the pillar
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micromachining processes. For instance, compared to [35], 
we used a laser beam that was normal to the sample sur-
face, and we used a flat-top beam profile laser system. In 
our case the energy density, that determines the ablation 
rate, and according to [60] determines crystal damage as 
well, was constant in space due to the flat-top beam profile. 
The total energy per pulse, which can be another parameter 

of fundamental importance, was at least a magnitude higher 
than used by others for pillar fabrication [23–29].

We compared our experimental results about the thick-
ness of the HAZ with results of temperature simulations 
described in section 3. In the simulations the region where 
the temperature got elevated significantly is considered to 
be the HAZ. Using an energy density value of 10 J∕cm2 , the 

Fig. 5   Top: a pillar fabricated by laser ablation. Bottom: a small part of the top of the pillar was slightly FIB polished for EBSD measurement. 
Its vicinity is indicated by the green rectangle

Fig. 6   EBSD measurement of a pillar. The applied resolution (step size of the EBSD mapping) was 120 nm. Top: the measured GND density is 
found to be constant in space. Bottom: orientation map shows that the crystal orientation is homogeneous
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results obtained are shown in Fig. 7. We consider the HAZ 
to be the region where the temperature got elevated signifi-
cantly (100-200 K). Thus simulated thickness of the HAZ 
is only a few hundreds of nanometers, which corresponds to 
the results of our experiments.

It is important to note that the surface of the pillar, par-
ticularly its top, is covered by redeposited material. While 
creating the FIB-polished surface it was found that the mate-
rial removal rate of FIB milling was two times lower in the 
case of the redeposited shell, which was several microm-
eters thick. To remove easily this outer shell and to create an 
object with a crystalline surface an electropolishing process 
was applied, too. The conditions of this polishing method 
were similar to the parameters used for the preparation of the 
single crystal, mentioned above. The only difference was the 
that the applied duration was reduced to 5 s. This electropo-
lishing resulted in the removal of all the redeposited porous 
layer, but it was short enough to preserve the original shape 
of the laser-formed pillar, see Fig. 8.

5 � Conclusion

Surface micromachining was performed using a laser sys-
tem with femtosecond pulses. Columns (micropillars) were 
ablated into the surface of zinc samples. For this, a hybrid 
dye-excimer laser system, that has high output energy (tens 
of mJ) with a flat-top beam profile, and relatively low repeti-
tion rate (maximum 2 Hz), was used. Material microstruc-
ture degradation was studied using SEM and HR-EBSD 
techniques.

Two methods were tested for micromachining. First a 
mask was projected onto the surface of a standing sample. 
It was shown that the production of free-standing objects, 

like micropillars for compression tests, is not possible this 
way: after the ablation with multiple pulses a large, conical 
structure remains around the fabricated object.

In the second method, the beam was scanned several 
times around the prospective pillar, creating a ditch around 
the unablated area. This method resulted in a rather flat ditch 
without the appearance of a structure consisting of cones, 
and free-standing pillars were fabricated. It means that the 
conical structure that is commonly observed after femto-
second laser ablation of the very same spot are mainly the 
consequence of beam inhomogeneities of our system, thus 
can be avoided by scanning the laser beam.

The damage of the crystalline microstructure of the fab-
ricated pillar was examined by a HR-EBSD measurement. It 
was found that below the redeposition a thin layer is observ-
able. This layer was associated with the heat affected zone. 
The underlying material was unaltered during the laser abla-
tion. This result represents the capability of this laser abla-
tion process to maintain not only single crystal structure 
but other characteristics like dislocation density as well. 
Further investigations revealed that the laser generated, few 
� m thick porous, redeposited layer could easily be removed 
by a slight, rapid electropolishing that yields no significant 
changes in the sample’s shape.

This way of laser ablation with this high energy (20 mJ) 
per pulse, UV, ultrashort pulsed laser system is an appro-
priate and feasible tool to fabricate or prefabricate surface 
structures that have undamaged single crystal structure. To 
create an object with an exact shape, like a straight pillar, 
further, lower scale machining might be necessary. In case 
of pillars for compression tests, this further FIB machining 

Fig. 7   Computer simulated temperature distributions as a function 
of the depth. The curves correspond to different times after the laser 
pulse. The upper layer that’s temperature exceeds the evaporation 
temperature is considered to be removed. Only temperature values 
below the evaporation temperature are plotted

Fig. 8   SEM image of a pillar with the redeposited layer removed 
using electropolishing
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is significantly simpler and faster than FIB only fabrication 
of pillars. Hence the shape of the pillar has been created by 
laser ablation, and FIB milling of a vertical wall is faster 
than trenching. Furthermore most part of the material has 
already been removed by laser ablation.
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